
SUBJ 
MNG 
MB 

Gioin^ 
tSNIVEBSm pfpjf>J 

By L. J. BECHAUD, JR.* 

Director 
Newmont Exploration Ltd. 

' ' I '^HE less than favorable economic 
-B- weather prevailing in the business 

world lias continued to hold the 
damper on advancements in milling 
and minerals research. Toward year's 
end came announcements of strike set
tlements and cuts in prices of copper, 
zinc and lead. Anaconda's six week 
shutdown at Chuquicamata was ended 
November 14 with the New Jersey 
Zitic settlement being announced a 
few days later. The Bunker Hill strike 
ended near the close of the year. 
Earlier, settlement of the strike at 
White Pine was effected. 

Despite the presently retarded eco
nomic outlook, new plants were put 
into production, construction pro
ceeded on schedule at other proper
ties, and ambitious undertakings 
involving multi-million dollar expen
ditures were announced, particularly 
in the iron and steel industries. Mill 
men have not neglected improvements 
in milling circuits favoring automa
tion and automatic controls in the 
continuing search for lower costs and 
optimum performance. 

As usual, the greatest activity ap
pears centered in the iron and steel 
industry with plant expansions an
nounced for Reserve and Republic, a 
new taconite project being planned in 
Wyoming for Columbia-Geneva, and 
announcement of plans for three com
mercial installations based on the 
Strategic-Udy direct iron proces.?, 
two of these in Canada and one in 
the U. S. Vigorous activity was also 
afoot in the base metal industry, not
ably the announcement of construc
tion of integrated copper-lead smelt
ing facilities at Tsuineb in South-West 
Africa, Asarco's 15,000-tpd Mission 
project near Tucson, and bringing 
into production Southern Peru's To-
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Mill men continue their search 
for process improvements that 
will give lower costs and better 
performance 

quepala mill and smelter and Inco's 
Thompson project in Canada. 

Autogenous Grinding Under 
Intensive Study 

Efforts to reduce grinding costs 
have spurred interest in the possible 
benefits to be derived from autogen
ous grinding with attendant savings 
for crushing circuits. Extensive theo
retical and pilot plant studies of the 
dry-grinding Aerofall mill were made 
and reported on in two papers at the 
International Mineral Processing 
Congress in London in April. Results 
tend to indicate that metallurgical ad
vantages, in addition to low power 
and wear, may also be possible due to 
disintegration of the ore along grain 
boundaries to its natural grain- size. 
This would seem to be of particular 
importance for the dry processing of 
specular hematite or magnetite ores 
having a moderately coarse liberation 
size. Iron ore metallurgists, being 
well abreast .of developments, have 
had this mill under investigation for 
some time. 

Extensive testing is also well under 

Two s e m i t a c o n i t e 
p r o c e s s i n g p i l o ^ 
plants that will ut i
l i z e D r a v o - L u r g i 
magnetizing roosting 
kilns, similar to the 
one-half tph test 
m o d e l p i c t u r e d , 
are under construc
t ion on the Mesobi 
Range. These plonts 
will convert semito-
conite to a synthetic 
magnetite which can 
subsequently be re
covered using con-
ventionol magnet ic 

equipment 

way with the Hardiiige Cascade mill. -. 
The Quebec-Cartier installation a t v 
Lac Jeannine, employing twelve l?.-ff. : 
diam Cascade mills and due to com- •. 
mence grinding in December will be 
watched with interest by all mill men. 

Every flotation operator is well 
aware that his grinding mill effects 
changes in surface chemistry as well-, 
as performing the purely physical: 
task of comminution. These chemical -
changes are o f t en u n p r e d i c t a b l e , 
sometimes detrimental, and sometimes .. 
beneficial. Often deliberate attempts 
are made to enhance or to retard the-
chemical effects. As autogenous grind-., 
ing finds'more application in sulfide!*^ 
flotation plants, it will be of consid-i'. 
erable interest to observe and com-V,-
pare the chemical phenomena with", 
that of conventional methods. i;. 

Iron Ore Beneficiation ; r 

The past year has seen the active-' 
resumption of the steady technologi- •' 
cal progress in mineral preparation 
that has come to be expected of the 
iron ore industry. The increasing'y 
keen competition from high grade 
foreign ores and "manufactured" 
blast furnace burdens is forcing do
mestic operators to bend every effort 
to prepare chemically and physically ' 
enhanced materials having improved 
digestibility in the blast furnace. 

After many years of lying dormant, 
the technically sound process of mag
netic reduction has been dusted off . 
and is being carefully scrutinized for 
processing semitaconite such as that-
found on the west end of the Mesabi 
range. A Avealth of development work 
has gone into this process over the 
years and now it appears the next 
step to commercial reality will be 
taken as illustrated by the M. A. 
Planna Co. announcement of a S2,- .-
000,000 expenditure for pilot p'.ant 
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facilities in the Nashwauk-Cooley 
area. The favorable tax structure for 
scmilaconites created by the Minne
sota legislature in 1959 is reported to 
have influenced the decision for this 
expenditure. In some cases, a break 
on costs might be realized in grinding 
due to increased friability after heat 
treatment. Many different types .of 
furnaces have been investigated over 
the years for the magnetic roasting 
step and at present the Lurgi kiln ap
pears to be finding the most favor. 

Expansion in the capacity of its 
E. W. Davis works to 9,000,000 tons 
of pellets per year was announced by 
Reserve Mining Co. during 1960. This 
represents a 50 percent increase over 
present tonnage and reportedly would 
involve new crushing,' concentrating' 
and pelletizing equipment as well as 
rail and power facilities. 

The expansion of Cleveland-Cliffs' 
Humboldt plant on the Marquette 
range to an annual capacity of 650,-
000 tons of pellets was corripleted in 
1960. This plant has the first com
mercial Allis-Chalmers Grate-Kiln 
system of concentrate agglomeration 
and heat treatment of pellets. Plans 
-were also announced by Cleveland-
Cliffs to expand the capacity of the 
Republic low grade mine to 1,600,000 
tons of iron ore concentrates per year. 
Both Republic and Humboldt employ 
flotation for the concentration of iron 
minerals from the low grade jasper, 
and together with M. A. Hanna Com
pany's Groveland operation, also on 
low grade jasper, will provide a 
source of some 3,000,000 tons of 
highly beneficiated concentrates per 
year from the upper Michigan penin
sula. Adding to this, Erie Mining 
Company's production of pellets and 
the new goal of Reserv'e gives the 
phenomenal total of 20,000,000 an
nual tons of "manufactured" high 
grade product from the Minnesota-
Michigan ranges. 

Other Developments in iron Ore 
Concentration 

Other processes continue to be ex
amined closely to improve quality of 
product and to reduce costs. Improve
ment of quality of dense media 
through control of particle shape is a 
move in this direction. The rotary 
scrubber is also being re-examined 
to obtain a better understanding of 
the improvements to be expected by ' 
this method o£ removing loosely ad
hering silica from ore particles. 

Development of dry methods of 
iron ore concentration continues to 
be of interest, spurred by the activity 
in the Wabush area of Labrador. Low 

Pouring steel into an electric furnace 
during test run of the Strategic-Udy. 

process 

and high intensity magnetic separa
tors, principally of foreign origin, ap
pear to be attracting the most interest. 
But wet methods of separation have 
not been ignored. At least one com
pany has experimented with a new 
type of gravity separation device 
which, has produced remarkable re
sults in the extreme fine size range; 
this equipment is still in the experi
mental stage.. 
- Of considerable interest is the ex
pansion of Inco's iron ore recovery 
plaiit at Copper Cliff, Ont., to triple 
its present capacity. This novel proc
ess, which converts nickeliferous pyr
rhotite into agglomerated pellets of 
68 percent Fe content and recovers 
by-products of nickel and sulfur, is a 
tribute to the determination and in
genuity of Inco personnel. The high 
quality pellets are reported to be find
ing use as open hearth lump. 

Economics of Direct Reduction 
Still Coiitroversial 

A great deal of information on 
direct reduction of iron ore was pub-
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lished during 1960. While there is 
still considerable controversy over the 
economics of D-R in the U. S., there 
is little doubt but that in specialized 
instances a commercial operation can 
be mounted. .The Kellogg engineered 
HyL process at Monterey, Mexico, has 
been well described in the literature 
and is a case in point. More recently, 
a 500-tpd addition to this plant was 
announced. 

The well publicized Strategic-Udy 
process, while not yet commercial
ized, is being planned for installation 
at Anaconda, Mont. This-plant will 
produce steel from current and stock-

. piled slag. Canadian projects employ
ing the Strategic-Udy process have 
also been announced. One of these is 
for a 150,000-tpy plant for New My-
laraaque Exploration at Kingston, 
Ont. The other is for Quebec South 
Shore Steel at Varehnes, Que. 

Other D-R processes of commercial 
stature include H-Iron, Krupp-Renn, 
Hoganas, and the classic Wiberg-
Soderfors. All but H-Iron have been 
in operation a number of years. 
More recently, the H-Iron process for 
producing low-carbon iron powder 
was put into operation by Alan Wood 
Steel Co. at Conshohocken, Pa., and 
Bethlehem Pacific has engineered a 
second plant at its Vernon steel works. 

. The product from the latter plant will 
reportedly be charged to an electric 
steel-making furnace. 

Two newcomers on the scene dur
ing the latter part of the year were 
the Dwight-Lloyd McWane and the 
Allis-Chalmers Agglomeration-Reduc
tion processes, both in the develop
ment stage. The D-LM process em
ploys pre-reduction of a prepared and 
pelletized feed on a traveling grate 
followed by introduction of the pre -
reduced pellets directly to an electric 
furnace for steel making. This process 
appears to have the advantages of 
simplicity, close control, and flexibil
ity, and should appeal to operators 
who tend to shy away from the com
plexities of more sophisticated equip
ment. The Allis-Chalmers process is a 
unicfue combination of two concentri
cally aligned'"kilns, the inner kiln pro
viding for reduction by means of 
catalytically cracked hydrocarbon gas, 
with excess gas being burned in the 
annular space between the kilns to 
provide the heat. 

Interest in Automation Growls 

Interest in automatic control of 
mill processes in the mineral indus
tries continues to grow. Although the 
fully autoniated push-button mill, con
trolled by a computer, is still some-
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where in the future, advances have 
been made in applying mechanical 
and electronic controls to a number 
of unit operations involved in milling 
practice. 

True automation with its implica
tion of sensing and control devices, 
which are integrated by means of 
feedback systemsWith a sophisticated 
control cetiter, is probably closest to 
reality in those mineral industries 
where efficient materials handling 
contributes largely to economy of op
eration and process variables are reas
onably uncomplicated. These areas 
include pimarily such operations as 
cement plants and coal cleaning units 
where great progress in automatic 
control has been reported recently. 
Among the cement manufacturers re
porting such advances in automatic 
control are the Dundee, Mich., plant 
of the Dundee Cement Co., the Ada, 
Okla., plant of Ideal Cement Co., and 
Riverside Cement Co. 

The Dundee operation, while not 
under the direct control of a com
puter, utilizes an IBM electronic com
puter set-up for extremely rapid eval
uation of data to achieve-optimum 
operating conditions. The use of au
tomatic control of burners on the 
kilns, clay and limestone preparation, 
and closed circuit TV obsen'ation of 
transfer points are just a few of the 
devices reported to be incorporated 
in the Dundee plant. Other cement 
plants are understood to be attempt
ing to incorporate more direct control 
of unit operations into the electronic 
computer center. 

The Moss No. 3. preparation plant 
of Clinchfield Coal Co. has put prac
tically all materiab handling and op
eration of dense media separation 
under centralized control. Rail cars 
move by gravity and are controlled 
remotely by target and limit switches 
and compressed air operated retard-
ers. Handling, storage, and charging 
of the magnetite heavy medium to the 
separators is also under remote con
trol. Gamma ray absorption' devices 
are used to measure, report and re
cord the specific gravity in each of 
nine dense media units. Under such 
control, product quality is reported 
to be better and more consistent, and 
significant economy in labor costs 
have resulted. , 

In the field of metallic minerals, 
the iron ore processing plants con
tinue to lead in the field of automatic 
control of unit processes, particularly 
that of sintering. In addition, the ap
plication of computers to the prob
lem of optimizing the operation and 
burdening of blast furnaces has been 
widely reported. 

While the gool of o fully-automated push-button mill controlled by a computer is stil l 
in the future, mineral proccssers are making more and more use of both computeVs 

and automatic controls 

Instrumentation in the Non-
ferrous Industry 

Operators in nonferrous mills are 
• plagued with the ancient problem of 
having to tailor-make control devices 
to fit each and every situation. A few 
novel approaches to the control of 
pulp density and grinding mills have 
been reported recently. -

Asarco has two schemes under con
sideration for control of the grinding 
circuit for the new 15,000 tpd Mis
sion copper concentrator. The first 
method is based on a determination 
of the difference in the temperature 
of the feed water and the ball mill 
discharge. A large temperature differ
ence indicates the mill is underloaded 
and the electronic control system calls 
for an increase in the rate of feed. 

The second system depends upon 
measuring and constantly controlling 
pulp density of the ball mill discharge 
at a predetermined value by automa
tically adjusting the rate of feed of 
water to the mill. The water flow rate 
is measured in turn and this informa
tion is used to automatically com
pensate for fluctuations by adjusting 
the rate of ore feed so that the water 
and ore are in balance. 

The new Levack mill of Inco is re
ported to be extensively instrumented. 
Water addition to the classifiers is 
regulated by pulp density measuring 
devices based on gamma ray absorp
tion. In the flotation circuit, pulp 
density, pH and temperature are 
measured automatically and con
trolled from a central point. Thicken
ers and filters are instrumented and 

operated from another centralized 
control point. 

Much of the over-all problem asso
ciated with more complete automa
tion of mineral beneficiating plants 
is involved in the lack of suitable 
sensing devices for measuring process 
variables. Considerable progress has 
been made recently in the application 
of such techniques as gamma ray ab
sorption to determine pulp density as 
mentioned above. X-ray fluorescence 
is being employed by Anaconda to 
yield essentially continuous analyses 
for a number of elements in mill feed, 
concentrates and tailings. Kennecott 
is reported to be installing similar 
units at Utah Copper. While these ex
tremely rapid assay tools are not auto
matic control devices, they do give 
the operator a more up-to-the-minute 
picture of the performance of his mill, 
and certainly these techniques repre
sent one more advance toward auto
matic process control. 

Hydrometallurgy Confined Largely 
to Uranium and Rare Earths 

Significant new activity in the field 
of hydrometallurgy is still confined 
in large scale to the uranium extrac
tion field. Several new mills went into 
operation or were approved for AEC 
contracts, principally in the Gas Hills 
district of Wyoming. Extraction tech
niques in the new mills are standard 
acid-leach or carbonate-leach followed 
by liquid-liquid extraction and strip
ping units. 

The status of buying contracts'be
tween yellow-cake producers and 
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AEC for the 1962-1966 period con
tinued to be cloudy. General policies 
announced by AEC are, by apparent 
necessity, broad and somewhat nebu
lous so that each operator's position 
during the forthcoming period must 
be individually established. By the 
end of the year, the major portion of 
the established uranium' mills were 
reported to have reached new agree
ments with AEC regarding price for 
and amounts of yellow cake to be pro
duced. 

From a production standpoint, the 
application of hydrometallurgical 
techniques continued to be confined 
mainly to the rare-earths and nuclear 
products sectors of the industry. In 
the area of base metal production, an 
amine leaching process for producing 
high purity lead from mixed sulfide 
ores was developed at the University 
of British Columbia in cooperation 
with Sherritt Gordon Mines and was 
received with a good deal of interest. 

Briefly, the process consists of a 
pressure o.vidizing leach in acid me
dium to convert PbS to PbSO.,. The 
resulting lead sulfate is selectively 
leached at room temperature with a 
15 percent solution of diethy'ene tri-
amine which forms a lead complex. 
Lead is precipitated from the amine 
as a basic carbonate by the addition 
of COo. Silver free lead is produced 
from the carbonate by reduction. The 
amine leach solution is regenerated 
with CaO producing gypsum as a 
waste byproduct . 

In this process reagent consump
tion appears to be quite low. All steps, 
except for the initial oxidation and 
final reduction of lead, are conducted 
at room temperature and pressure. 
This appears to be a practical process 
having application to non-separable 
base metal bulk concentrates. Lead 
purity is said to be four nines. 

Wet Processes for GeO-and 
Cu Recovery 

At Tsumeb in South-West Africa 
a new wet process plant for produc
tion of germanium dioxide went on 
stream in the laiter part of the year. 
Sulfide. concentrates are roasted for 
selective oxidation of arsenic and ger
manium. Calcines are acid leached 
and pregnant solutioii is concentrated 
in a submerged combustion evapora
tor. Evaporator sludge and liquor is 
distilled with hydrochloric acid to 
produce germanium tetrachloride 
which is subsequently hydrolyzed to 
GeOj. 

Empressa Minera de Matos Blan-
cos S.A., has .initiated a project in 
Northern Peru designed to recover 
copper occurring predominantly in 

In recent years, the 
use of hydrocyclones 
in mineral processing 
systems has grown 

steadily 

ti h 

the form of basic -copper chloride, 
atacamite. The patented process con
sists of percolation leaching -with sul
furic acid followed by sulfur dioxide 
absorbtion to precipitate insoluble 
copper chloride. The pure chloride 
is then pelletized with limestone and 
coke and is smelted in three 4 by 
3-meter Lurgi rotary furnaces. Two 
additional furnaces are used to pro
duce wire bars. Plant is designed to 
handle 3000 tpd of ore. 

Although specific details are lack
ing, it is reported that a new tech
nique is under investigation by the 
British Department of Industrial and 
Scientific Research involving the use 
of napthenic acid in liquid-liquid ex
tractions. Priced more cheaply than 
alkyl-phosphoric acid, napthenic acid 
is reported to be equally effective. 

Segregation Process Revived 

The process of copper segregation 
is an example of an apparently dead 
horse which has recently shown sur
prising signs of life. While the exact 
mechanism of copper segregation has 
not been well defined, the over-all 
process consists of roasting oxidized 
copper ore with salt and carbonaceous 
material under controlled atmosphere 
conditions at 700-750° C. Sinml-
taneous chloridization and reduction 
of the copper mineral apparently oc
curs such that metallic copper is pro
duced in the form of separate well 
defined particles outside the ore ma
trix. This metallic copper is recover
able by standard flotation techniques. 

Interest in the segregation process 
lagged after two experimental plants 
in the Congo and Southern Rhodesia 
closed in the early 1930's due to eco
nomic and mechanical difficulties. The 
U. S. Bureau of Mines at Tucson re
cently undertook a renewed evalua
tion of the process. Partly as a result 
of this work and the natural interest 
in a process for recovering copper 

from oxide and silicate minerals, pilot 
plants have been built in Mexico at 
Santa Rosalia and d'Akjoujt in Mau-
retania. 

The first commercial segregation 
plant in the U. S. was recently put 
into operation by Trans-Arizona Re
sources near Tucson. The reactor in 
this plant is reported to be a 54-in. 
by 42-ft long indirect fired rotary 
kiln. 

A pilot plant of particular interest 
is that of the Berenguela mine in 
Peru which is built to handle one tpd 
of ore. Here the older technique of 
roasting in rotary kilns under a rela
tively static atmosphere has been re
placed by pelletizing the ground ore 
with coke and salt followed by roast
ing in a shaft furnace. Both copper 
and silver are segregated and recov
ered by flotation from a manganifer-
ous ore containing from one to two 
percent copper and five to twenty oz 
of silver per ton. An interesting fea
ture is the departure from the rotary 
or hearth type furnaces of previous 
plants. 

New Separation and Classification 
Methods 

A new and unique process devel
oped at Battelle, which is used to up
grade rock salt at the Detroit mine of 
International Salt Co., makes use of 
a differential in radiant heat absorb
tion to cause one fraction of "o re" to 
adhere to a heat sensitive belt. Other 
applications are possible. 

Dorr Oliver, Inc., introduced a new 
dense-media process claimed to be 
capable of treating the full size range 
from 21^-in. to 65-mesh. The process 
includes DorrClone cyclones, dense 
media ore classification units, and 
DSM screens. Feed is introduced 
under gravity head thus eliminating 
pumping of ore with media. Media 
losses are claimed to be drastically 
reduced. 
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A double-drum, concurrent style 
permanent ceramic magnet, wet-drum 
separator has been developed by 
Stearns Magnetic Products, Milwau
kee. The high strength ceramic mate
rial is said to provide savings in 
weight, operating and maintenance 
costs. Stainless steel is used for feed 
box and collection tank. 

Successful application of the Buell 
developed Gravitational-Inertial clas
sifier was reported on limestone and 
phosphate rock processing. This high 
efficiency dry classifier makes use of • 
aerodynamic principles not previously 

. utilized in classification. There are no 
. • moving parts in the separating cham-
" her proper, hence maintenance costs 

should be low. Once the cut point has 
been set it is claiiiied no further at
tention is required. The classifier 
makes its separation by entraining 
fine dust particles in an induced eddy -
current which exhausts from the top 
of the unit. The coarser particles, 
which cannot make the turn into the 
eddy chamber, fall by gravity through 
an opening in the bottom. A secon
dary air current is directed onto the 
falling coarse particles and removes 
adhering fines. 

Russians Dominate Flotation 
• Research 

Advances in flotation practice and 
research in the free world were at a 
modest level. New mills were designed 
but the flotation circuits reported 
rely mainly on the cut and dried 
standard techniques which have 
ser\'ed the industry so well in the 
past. 

Probably the most significant de
velopment in flotation was the domi
nation of the Soviets in the fields of 
both basic and applied research. At 
the International Mineral Processing 
Congress held in London during 
April, six of thirteen papers con
cerned with flotation were of Russian 
origin among a total of seven nations 
whose representatives gave papers. A 
cursory check of published articles 
reveals that a large and steadily in
creasing amount of work in flotation 
research is being conducted behind 
the Iron Curtain. 

During the past year in the Soviet 
Union, a large scale production plant 
was put into operation employing the 
L-P-F process on a copper ore. So
dium sulfide is used as' the precipi
tant, it being claimed-, that this is 
simpler, cheaper, and gives better 
grade of concentrate than does sponge 
iron. One Soviet paper again em
phasized the role and possible signifi
cance of gas precipitation in flotation. 
Indications are that losses of slimed 
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mineral might be reduced by making 
more effective u.se of this phenome
non. 

In North America, evidence of a 
growing interest in columbium was 
given by announcement from four 
different companies of the,develop
ment of a flotation process for con
centrating columbium minerals. Long 
chain amines, di-amines, and wetting 
agents is one combination; hydroxy-
quinoline chemicals for collector is 

used in another instance. 
On a laboratory scale, interesting 

results were obtained at Washington 
State University on flotation of au-
tunitic uranium ores with an aqueous 
emulsion of stearic acid, soap, and 
kerosene. The reagent also floats 
uraninite, uranophane, monozite, apa
tite, and with a soluble phosphate, 
chrysocolla is also reported to be 
floated. The only catch is that selec
tivity is not good. 

MINING EDUC-VTION 
(.Continued from pinjc 50) 

convincingly; If adequate favorable 
case history does exist, one of the 
most useful things that can be done is 
to pull it together and make it avail
able. 

In the modern scene, on-the-job 
training is necessary unless work-
study cooperative programs are de
veloped. Few companies offer it. Both 
educators and industry spokesmen 
hold that the job of the schools is to 
give a broad fundamental training, 
leaving much of the detail and most 
of the practical applications to indus
try. To be adequate in this context, 
on-the-job training consists of more 
than just learning the jobs and psy
chology of labor. It involves experi
ence in various departments of the 
company, reports from the trainee 
and from his immediate supervisor, 
correction, and periodic interv.iews 
with local top management. 

Nothing can be accomplished by 
retreating into the viewpoint that the 
young fellows are too soft or too de
sirous of made-to-order careers. To 
the extent that they may be found 
wanting in these respects it is the 
fault of conditions created by their 
elders. Anyway, we have to work with 
people as they are, not as they might 
have been. Furthermore, anyone who 
-̂ vill take the trouble to learn the 
viewpoints of young men will find 
that they lack neither intelligence, 
manhood or valid philosophies. Can 
they be blamed for taking advantage 
of the offers of better competitors for 
their services? 

Mining is a necessary, useful field. 
For people who thrive on challenges, 
it is continuously fascinating in its 
diversity, opportunity, geographic 
spread and incessant change. Until it 
regains status as a field of unusual 
opportunity and a home for an elite 
class of humanity we have no cause to 
be complacent. Meanwhile, there is 
much to be done involving coopera-. 
tion between the industry and edu
cators. 

MINING GEOLOGY 
(Coiiliniied from paije 57) 

the ore was deposited from a conce;> ' 
trated brine high in Na and Cl, and 
lower in K, Ca, Mg, B and.S04, con
taining only small amounts of the ore 
minerals, perhaps as little as ten ppm. 

A geologic therometer, that may be 
of great range and precision, has ten
tatively been established by R. N. 
Clayton of the University of Chicago 
and H. L. James of the Geological 
Survey. Using the O^VO" ratios of 
iron oxides, calcite and quartz,' tem
peratures ranging from 80° C (Iron 
River, Mich.) to 700° C ' (Iron 
Springs, Utah) have been estimated. 
Further data suggest that iron oxides 
of the main ore bodies in the Lake 
Superior region were formed from 
solutions isotopically similar to pres
ent-day fresh water. 

The year 1960 witnessed a continu
ation of the debate concerning basic 
theories of ore genesis. Many papers 
presenting discussions on this subject 
have been carried in Economic Geol
ogy. The conflict between the synge-
netic and epigenetic schools is some
times heated, but these debates, 
spurred by papers and discussions of 
such men as C. L. Knight, G. M. 
Schwartz, J. L. Kulp, R. H. Sales, H. 
L. James and many others, are a valu
able contribution to geological .sci
ence. 

Difficult Problems Ahead 
In conclusion, it can be stated that 

the mining industry has entered a 
period requiring considerable adjust
ment, both economic and technical. 
There will be difficult problems to 
solve in the immediate years ahead. 
Strong leadership and decisive action 
are needed to cope with rising costs, 
increasing taxes, restrictive legisla
tion, and competition from the Com: 
munist w^orld. At the same time, the 
industry is confronted with the task 
of constantly replacing and even ex
panding diminishing reserves in order 
to supply the free world with its vital 
mineral requirements. 
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ABSTRACT 

Harvey, W.W., 1980. Material balance as the basis for process control in electrowinning 
and electrorefining. Hydrometallurgy, 5: 295—304. 

Electrowinning and electrorefining, like chemical processes generally, are amenable to 
comprehensive material balance analysis for purposes of process control. However, current 
efficiency in electrowinning is insufficient to provide the requisite agreement between 
current and electrolyte flows on the one hand and observed concentration changes on the 
other. The many factors contributing to volume change and metal loss in electrowinning 
determine a "volume efficiency", as previously defined, which can differ significantly 
from 100%. Use of volume efficiency in conjuction with current efficiency is illustrated 
by experimental data for the case of nickel electrowinning employing a porous separator. 
In electrorefining, anode current efficiency is a major factor in the material balance. The 
chemical compositions of anodes and cathodes and their respective current efficiencies 
contribute the source terms for soluble impurity buildup in the electrolyte. An analysis 
is developed which takes into account the principal mechanisms of extraneous weight 
loss of anodes, including dissolution of oxide inclusions, disintegration and chemical 
corrosion. The considerations involved are illustrated for nickel impurity in copper anodes. 

INTRODUCTION 

Since publication of a previous communication [1] ori material balance 
in electrowinning, the author has received a number of inquiries relative to 
(a) the applicability of the formulism to the case of electrowinning cells with 
separators and (b) the feasibility of precisely treating material balance in 
electrorefining. The answer to both questions is affirmative. Of course, in 
the case of electrowinning in divided cells, there is a larger number of solu
tion compositions and volumes to be taken into account. For example, in 
conventional nickel electro-winning from sulfate electrolyte, a minimum of 
four solutions must be included in the material inventory, viz., influent 
electrolyte, catholyte, anolyte, and cell effluent. In electrorefining, anode 
composition and current efficiency dominate the material balance considera
tions, and an approach and frame of reference that differ from those appro
priate to electrowinning are warranted. Accordingly, electrorefining and 
divided-cell electrowinning are treated separately below. 
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ELECTROWINNING WITH DIAPHRAGM CELLS 

As stated above, the same conceptual framework pertains for electro
winning in cells with internal separators, or diaphragms, as for the previously 
illustrated case of electrowinning in diaphragm-less cells. Thus, a "volume 
efficiency", V.E. (%), may be defined (eqn. (1)) in terms of the mass w of 
metal deposited, the volumes V and V" of influent and effluent electrolyte, 
and the respective concentrations c' and c" of the metal being electrowon: 

w = V'c ' -V'c"-8w= V (c'-V.E.c"/100) (1) 

Note that most prior formulations of material balance in electrovidnning (e.g., 
ref. [2]) take V and V" to be sensibly equal and also omit consideration of 
a weight decrement, bw, which includes the resultant of errors in the measure
ment of volume and concentration as well as metal value actually lost from 
the electrowinning circuit. The previous communication lists a number of 
factors that contribute to volume change and metal loss in electrowinning. 

There are other and possibly more convenient ways of defining a volume 
efficiency in electrowinning, but this possibility has not been fully explored. 
As defined above, V.E. is given by 

V.E.= 1001 
i V bw\ I V" 8w \ 

(2) 

i.e., by the ratio of effluent to influent electrolyte volumes plus the ratio of 
apparent metal loss (or gain) to metal contained in the effluent electrolyte 
(approximately). In electrowinning cells with separators, the estimation of 
5 w requires a knowledge of any changes in volume as well as in concentra
tion of the distinguishable cell solutions. A method of V.E., CE. analysis 
-will now be illustrated for the case of conventional nickel electrowinning 
from sulfate electrolyte, following approximately the Outokumpu condi
tions [3,4]. 

In a four-day.nickel electrovrinning campaign, analyzed cell feed was 
transferred daily to a holding tank, from which it was metered into the 
cathode compartment. The partially nickel-depleted electrolyte flowed out 
under a small hydrostatic head through a permeable separator (cathode bag) 
into the anode compartment and exited the cell via an overflow. The weight 
of nickel deposited was 17.46 kg, as obtained by quantitative analysis of the 
weighed deposits, i.e., this figure does not include the small amounts of co-
deposited metals and oxide oxygen. 

Pertinent items of electrolyte inventory are presented in Tables 1 and 2. 
The net volume change was 847.4-862.5 1 = -15.1 1, or -1.8%. The volume 
of catholyte displaced by the nickel deposit, namely, 17.46 kg-f 8.90 kg/1 = 
1.96 1 is a correction to the apparent decrease of combined catholyte + 
anolyte volumes: 195.8 1 (end)-204.5 I (start) •̂  1.96 1 (displaced) = -6.8 1. 



TABLE 1 

Nickel electrowinning, material balance: inputs to system* 

Electrolyte Weight 
(kg) 

Density 
(kg/1) 

Volume 
(1) 

Ni 
(g/1) 

Ni 
(kg) 

H,SO. 
(g/1) 

H,SO, 
(kg) 

Initial holding tank contents 
Initial catholyte 
Initial anolyte 
1st day cell feed 
2nd day cell feed 
3rd day cell feed 
4th day cell feed 

43 .1 . • 
209.4, 
204.3, 
186.5, 
177.3, 
182.1, 

.1.2303 
1.2365 
1.2780 
1.2879 
1.2862 
1.2851 

73.7 
35.1„ 

169.4, 
159.9, 
144.8, 
137.8, 
141.7, 

73.78 
50.22 
50.76 
76.00 
79.89 
78.77 
78.40 

5.43, 
1.76, 
8.59, 

12.15, 
11.57, 
10.85, 
11.11, 

pH 2.86 
pH3.48 
38.15 
pH 3.00 
pH 2.63 
pH 2.80 
pH2.71 

Totals 862.5, 61.49, 

6.46, 

6.46, 

* Numbers shown as subscript are not significant; precision of liquid weight measurements ca. 0.05 kg, 
repeatability of nickel analyses ca. 0.1 g/1. 

to 
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TABLE 2 

Nickel electrowinning,, material balance; outputs from system* 

Electrolyte Weight 
(kg) 

Density 
(kg/1) 

Volume 
(1) 

Ni 
(g/1) 

Ni 
(kg) 

H,SO, 
(g/1) 

H,SO. 
(kg) 

1st day cell effluent 
2nd day cell effluent 
3rd day cell effluent 
4th day cell effluent 
Final anolyte 
Final catholyte 
Final holding tank contents 

207.9, 
175.8, 
166.0, 
199.7, 
154.0, 

88.6, 

1.2373 
1.2388 
1.2388' 
1.2394 
1.2410 
1.2365 

168.0, 
141.9, 
134.0. 
161.1 , 
124.0, 

71.6, 
46.4 

50.69 
51.09 
50.75 
50.08 
50.01 
51.35 
78.35 

8.51, 
7.25, 
6.80, 
8.07, 
6.20, 
3.68, 
3.63, 

45.04 
47.69 
50.06 
51.79 
48.60 
pH 2.54 
pH 2.88 

7.56, 
6.76, 
6 .71, 
8.34, 
6.03, 
— 
— 

Totals 847.3, 44.16. 35.42, 

* Numbers shown as subscripts are not significant; precision of liquid weight measurements ca. 0.05 kg, 
repeatability of nickel analyses ca. 0.1 g/1. 



299 

Part of this measured decrease in volume of cell liquids is ascribable to in
ability to effect quantitative withdrawal of anolyte and catholyte from the 
cell, and part may be due to changes in electrolyte levels. For prolonged 
electrowinning campaigns, these factors would exert diminished influence 
on overall solution inventory. However, there would still remain those con
tributions to a change in electrolyte volume such as evaporation, misting, 
etc., as enumerated in the previous paper [1] . 

Nickel recovery was nearly quantitative: 17.46 kg (deposited) + 44.17 kg 
(effluent)-61.49 kg (feed) = ••- 0.14 kg. The measured appau-ent gain in the 
quantity of nickel illustrates the point that the weight decrement (in this 
case, 5w = -0.14 kg) includes errors in the determination of volumes and 
concentrations. It is, therefore, an operationally significant quantity. An 
average effective volume efficiency can now be calculated according to eqn. 
(2): 

100 / -140 g \ 
V.E. = 847.4 1 =98.6% 

862.51 \ 50 g/1 (approx.) / 

It is interesting and significant that, for lack of prior knowledge of V.E., 
the electrowinning of this example was conducted on the basis of an apparent 
volume efficiency of 100%. In order finally to arrive at the target nickel 
concentration of 50 g/1 in the cell effluent (Table 2) by daily adjustment of 
the cell current, assumed values of cathode current efficiency were assigned 
as follows (successive days): CE. (assumed) = 97.5, 97.5, 94.5, 93%. By 
comparison, the actual overall current efficiency of nickel deposition was 
96.1%. Clearly, without accounting for Y'¥' V and 6u; =̂  0, aruexact correla
tion -will not generally be obtained between CE. and -Ac. 

It may be of interest to consider briefly the efficiency of the simultaneous 
anodic generation of acid, since erroneous interpretations are sometimes given 
to a measured deviation of -Ac(acid)/Ac(metal) from the stoichiometric 
value. In the example cited, the values of [H2S04/[Ni^*] on successive days 
were (Tables 1 and 2): 1.780, 1.656, 1.787, 1.829, as compared with the 
stoichiometric ratio 1.670. These results suggest that, on average, the current 
efficiency of anodic acid generation was appreciably greater than the current 
efficiency of cathodic nickel deposition, i.e., greater than 96.1%. 

In actual fact, anodic current efficiency was slightly less. Thus, total 
H2SO4 generation was 35.43-6.46 = 28.96 kg, yielding a real anodic current 
efficiency of 95.4%. As described in the previous paper [1], the same con
siderations relative to inclusion of volume changes and extraneous losses 
apply to the principal anodic reaction as to the principal cathodic reaction. 

ELECTROREFINING (SOLUBLE ANODES) 

The considerations presented in this section were developed largely in 
conjunction with a previously reported [5] experimental study of copper 
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electrorefining. The formulism is sufficiently general, however, that it 
doubtless has applicability to the electrorefining of impure metallic anodes 
rather broadly. The approach is to evaluate the resultant of the processes 
occurring at the anode and the cathode, the ratio of anode to cathode weight 
changes being a particularly significant characteristic. 

Ratio of anode to cathode weight changes 

It is assumed by reference to Fig.l that the effect of cathode-anode 
shorting and stray current is to decrease the real electrorefining current, fl, 
where / is the total current, vdthout affecting the ratio of anode weight loss 
to cathode weight gain. If the "chemical" corrosion rate of the cathodes 
is denoted as r,. (in compatible units), then. 

cathodic current efficiency (fractional), c e . = (fl-r^)/l (3) 

An appreciable magnitude for TQ is usually the result of dissolved oxidants 
in the electrolyte. However, depending upon whether ce . is evaluated on the 
basis of weight gain only or weight plus assay, the concept for r^ may require 
modification to reflect the actual assay value. 

The principal mechanisms of extraneous, i.e., superequivalent, weight loss 
of anodes are taken to be oxide dissolution, disintegratior- vnih the formation 
of finely divided elemental metal and insoluble compounds, and "chemical" 
corrosion. It is assumed that the sum of the first two effects is a simple func
tion of the current and that the rate of weight loss due to chemical corrosion 

- - f l 
I T I Shorting and 

> Stray Current 

Rate of Rate of 
Anode Cathode 
Wt. loss Wt.loss 

Direct • 
Current 

Fig.l. Graphic illustration of rates of cathode and anode weight losses in electrorefining. 

• n , 1 1 i ^ . j " sstff* 
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of the anodes is proportional to the corresponding rate for the cathodes. The 
net rate of extraneous anode weight loss rg is, then (see Fig. 2), 

(4) 
1 

' 

ra =c^fJ + <5'-c 

a f l 

' K ' 

\ Rate of anode wt. loss 

> f a = n + o t i l - ^ p T ^ 

i__ _ __ _ 
- AWg ( 1 - ^ a ) f + /Jrp/I 

^c 

AW, c. e. 

Fig. 2., Detail of Fig. 1, illustrating the components of r^, the rate of extraneous weight 
loss of electrorefining anodes. 

If the anodic current efficiency is defined in the usual way, it may be 
written 

anodic "current efficiency" (fractional) = 
fl -f Ta fl + a/7 + /3rc 

(5) 

The ratio, R, of the total anode weight loss to total deposit weight is sut)-
stantially the same as the ratio of current efficiencies given by eqns. (3) and 
(5), namely, 

-AW^_ fl + r^ { l + a ) f +&rjl 
-= it —-^W^ f l - rc ce. 

(6) 

Consider, for example, the laboratory data plotted in Fig. 3. K f is taken 
to be unity (i.e., no shorting and negligible stray current) and if the ciurrent 
/ is taken to be numerically equal to the current density (i.e., calculated on 
the basis of 1 ft' of cathode area) and if /Jr^ = TC (i.e., equal chemical corro
sion rates of anodes and cathodes). Table 3 is then constructed based on 
Tc = 2 ASF and two assumed values ofa . 

The a = 0.01 column of calculated values of R was used to plot the heavier 
curve of Fig.3. Better agreement with the experimental data is thereby ob
tained than by use of a = 0.02 (lighter curve). However, an equally good fit 
could presumably be obtained using other sets of reasonable, assumed values 
of Q and p; furthermore, these quantities probably vary to some degree with 
current density. The purpose of this illustration is mainly to systematize 
consideration of electrode weight changes. 



1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 

WEIGHT LOSS ANODES/WEIGHT GAIN CATHODE 

Fig.3. Anode and cathode efficiencies for air-agitation electrorefining in a small laboratory 
cell. 

TAJBLE 3 

Numerical example of material balance in copper electrorefining under air agitation 

/ (ASF) CE. (%) R (kg/kg) 

a = 0.02 0.01 

30 
40 
50 
60 
70 
80 
90 

93.3 
95.0 
96.0 
96.7 
97.1 
97.5 
97.8 

1.164 
1.126 
1.104 
1.090 
1.079 
1.072 
1.066 

1.154 
1.116 
1.094 
1.079 
1.069 
1.062 
1.055 

Assumptions: f = 0 = l , r ^ = 2 ASF. 

As a hypothetical example of commercial copper electrorefining at 20 ASF, 
take a = 0.01, as before, and f = 0.90 (i.e., 10% of the ciurent shunted through 
shorts or stray paths), r,, = 0.1 ASF (i.e., l /20th the cathode corrosion rate 
assumed above for air-agitation electrorefining), p = 0.1 (i.e., reduced chemical 
corrosion rate of anodes due to protective coating of anode slimes), then 
CE. = 89.5% and R = 1.016, both being reasonable values [6]. 

Impurity build-up and electrolyte inventory 

Whereas the rate of removal of major metal from solution by the cathodic 
reaction is equal to the rate of deposition, fl -r^., the rate of addition of 

• ? T 3 5 ^ " ^ 
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major metal to the solution is, of course, less than the corrosion rate, fl + r^, 
of the impure anodes. Specifically, if y < 1 is the "soluble" major metal 
assay of the anodes (Fig. 4), the net rate of addition of major metal to the 
solution, in units of weight per unit time, is 

yifl + Ta) - ifl - re) =« - a - y)fl + (ra + r^) (7) 

to first-order terms. The case of anode-derived impurities that precipitate 
out of the electrolyte has been treated recently [7]. The electrochemistry of 
conventional copper anodes is such that y ( l + a) > 1, so that even for negli
gible chemical corrosion, there is a net addition of copper to the electrolyte. 

A comparison of the rates of build-up of soluble impurities with that of 
the major metal is of particular interest. Let the assay of a specific "soluble" 
impurity (i.e., that portion thereof not reporting to the anode slimes or 
incorporated in the cathodes) in the anodes be z (Fig. 4). Then the rate of 
addition of that impurity to the electrolyte is z{fl + r^). It is recognized that 
individual anodes may be grossly nonuniform with respect to the distribution 
and, even, mineral form of the contained impurities. It is clear, therefore, 
that the assay value z is the average for the entire batch of anodes to be re
fined in the electrolyte being monitored. 

Material balance gives the manner in which the ratios of matrix metal to 
impurities in the electrolyte change with time. Taking as example the electro
refining of copper anodes, with no bleed-off, the total amounts of copper and 
nickel in the electrolyte are 

V[Cu]= y^fCu]^ -f [y(fl + r j - { f l - r J t 

V [ m = V^[Ni]^ + z{fl + r^)t 

(8) 

(9) 

Impurity 
Assay 

ri^;:^r;.."y:f^j&;-ai^ 

' Soluble Major 
Metal Assay 

1.0 
Major Metal Assay 

2 = Soluble 
Impurity Assay 

- 0 . 0 
Fig.4. Anode composition showing weight fractions of the major metal and one of several 
impurities. 

_i 
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where VQ, [ C U ] O and [Ni]o are the volume and concentrations at some initial 
time, f = 0. The ratio [Cu] /[Ni] will increase or decrease, respectively, depend
ing upon whether 

y R - 1 ^ [Culo 
-> or <-zR .[Ni]< 

(10) 

That is, if no other factors are operating, the ratio of major metal concentra
tion to soluble impurity concentration tends toward the value {yR-l)/zR. 

In the previously-reported electrorefining pilot plant operation [5], 
[Cu]o/[Ni]o was about 20 at the start, but the superequivalent solubilization 
of copper caused the ratio of copper to nickel to increase with time. By way 
of illustration, if the soluble copper and nickel assays were 98% (y = 0.98) 
and 0.1% (z = 0.001) and the ratio of anode weight loss to cathode weight 
gain were 1.06, [Cu]/[Ni] would tend toward the limiting value 30.8. 
Electrolyte bleed-off would then not be regulated by nickel build-up but by 
copper build-up. On the other hand, if for the same anodes in normal prac
tice, y and R were 0.985 and 1.02, the ratio of copper to nickel in the electro
lyte would tend toward the much lower limit, 4.65, and nickel would be
come a major component of the electrolyte. Some measure of indirect control 
of electrolyte composition in electrorefining is inherent in these considerations. 
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Progress in the leaching of sulfide minerals by sulfur bacteria Thiobacillus ferrooxidans (Th. f̂ ) has leJI 
recent years to their industrial use in the hydrbmetallurg)' of copper and uranium and to their more cxtensivei 
for sulfide products containing gold, tin, nickel, cobalt, molybdenum, and rare elements. The conversion of o 
ferrous metallurgical plants to processing of raw material with a high content of arsenic, compounds of whicSI 
taminate water and air, makes it necessary to find ways of extracting this element from arsenicrcontainingpt 
eliminating or reducing to a minimum its toxic effect on the surroundings. A knowledge of the chemistry oft 
terial leaching of arsenic from such material might accelerate the development of an economically efficient 
cedure for extracting metals by means of Th. f. [1], and its commercial application. 

Arsenopyrite (FeAsS); the form in which arsenic is present in ore materials, is extensively broken down 
sulfur bacteria [2r5]. However, the break-down mechanism is still far from clear. According to colleaguesofl 
VNII-1, during leaching of FeAsS part of the sulfijr is incorporated in the solid phase in elementary form, and 
other part goes into solution after oxidation to sulfate ions [5.]. As regards iron and arsenic, during bacterialdi 
position they are distributed between the liquid and solid phases in a specific ratio [6]. Arsenic is deposited ai 
insoluble iron arsenates, formed by ions of arsenic and ttivalent iron. The scheme of bacterial and chemical' 
of arsenopyrite may be represented" as follows: 

1) 2FcAsS+6'/202-l-3H20-v2H3As04+2FeSO.,(r/(. f.); 
2) 2FcSO,+H2S04+'/202-^Fe2(S04)3+H20(7'/2. / .); 
3) Fe2(S04)3+FcAsS-vFeAsO.,+2S (chem^, 
4) 2H3As04+Fc2(S04)3-^2FeAs04+3H2S04 (chem); 

5) 2H3As04+3FcS04-^Fe3(As04)H-3H2S04 (chem); 
6) Fe2 (304)3+61-120 5=̂  Fe(OH)3+3H2S04; 
7) FeAs04+3H20 ^ H3As.04+Fe(OH)3, 

I 
'!« 
i$ 

i 
i 

It will be seen from these equations that the oxidation products of FeAsS (reaction 1) are arsenic acid H/ff 
and ferrous sulfate FeSO^ which is oxidized by the bacteria (reaction 2) to ferric sulfate Fe2(S04)3. Oxidationth^ 
takes place chemically - the FcjCSO,,), regenerated by the bacteria reacts with FeAsS. Reaction in the solution | 
between ferrous and ferric ions and HjAsO^ anions leads to formation of iron arsenates (reaction 4), deposited asu 
sediment; these undergo hydrolysis after treatment with 0.2 N hydrochloric acid (reaction 7). Thus Th. fĵ  isinv(| 
both in direct oxidation of FeAsS and in the formation of Fe2(S04)3 by oxidation of the ferrous iron in arsenopyrii& 
[6, 7], 

Our aim was to study the pattern of charige in the stmcmre and composition of arsenopyrite during bacterid 
leaching. It was also of interest to establish the character of the crystalline system of elementary sulfur as one of' 
the end products of bacterial decomposition of the mineral.. Arsenopyrite belongs to the monoclinic system. i 

i 
The sample investigated had an arsenopyrite content of 89'7£>; the other components were sphaletite, pyrrhoij 

oxidized minerals of iron and arsenic, and a few quartz grains were also present. The particle size was 0.074 mra 

Institute of Soil Science and Agrochemistry, Siberian Branch, Academy of Sciences of the USSR. TsNIIolov 
Novosibirsk. Translated from Fiziko-Tekhnicheskie Problemy Razrabotki Poleznykh Iskopaemykh, No. 1, pp. 81-
January-Fcbriiary, 1974. Original article submitted October 1, 1973. 

© 1974 CoiisuUaiits Bureau, a divisioit of I 'l-.nwn Publishmg Corpomlion, 227 West 17lh Sireel, New York, N. V. 10011. No pai 
of lhi» publication may be reproduced, store,! in a relrieual syslcm, or Iraiisinitled, iir any fonn or by any means, electronic, mi' 
chemical, pliotocaiiying, microfilming, recording or otherwise, without luritlen permission of Ihe publisher, A copy of this arlicl 
is available from the publisher for S 15.00. 

72 



MiMiiiliMH 

TABLE 1. Results of Bacterial Leaching of Arsenic from Arsenopyrite 

Sample charac

teristics 

Initial 
After control 

treatment . . . . 
After bacterial 

t r e a t m e n t . . . . 

Content, °lo 

• oxidized minerals 

•^ ' tot 

0,50 

0,72 

18,15 

AS^ + 

0,25 

0,2,5 

I'I,84 

As5+ 

0,2.'; 

0,47 

3,31 

simple 
sulfides 
andna-

,tive 
sulfur 

0,41 

0,15 

0,40 

ar
seno
pyrite 

40,00 

40,36 

4,92 

total 

40,91 

41,23 

23,47 

[ 2. Results of Bacterial Leaching of Iron from 
ite 

pie charac-
Ilttlnlcs 

Content, <7o 
oxidized 
minerals, 
pyrrho^' 
tite 

arseno
pyrite 
and other 
:omplex 
minerals-

total 

l l . 0,97 

0,97 

19,66 

31,04 

31,12 

3,58 

32,01 

32,09 

23,24 

r control 
lonent . . . 
: bacterial 

IfetttDient . . . 

IILE 3. Results of Bacterial Leaching of Sulfur 
I Artenopytite 

Before the investigation the samples with arseno
pyrite were treated with ethyl alcohol toinacdvatethe . 
namral bacteria. The experiments with FeAsS were 
performed on 2-g samples in Erlenmeyer flasks with con
tinuous agitation at a frequency of 220 vibrations per 
minute at 27°C in a dark thermbsiated room for 12 
days. The S: L ratio of the pulp was 1; 50, the pH was 
2.5. The initial bacterial concentration was 10̂  ce/ml 
(cells/ml). At the end of the experiments the contents 
of the flasks were filtered in vacuum, and the solid residues 
were treated in the same flasks in a shaker for 2 h with 
0.2N HO to dissolve the precipitated iron arsenates. 
The filtrates and the solid residues were then analyzed 
to determine the changes in FeAsS during bacterial and 
chemical leaching. 

The laboratory strain of Th. f. was grown in mineral 
nutrient medium 9K of the following composition: 0.1 g 
potassium chloride, 0.5 g monosubstituted potassium 
phosphate, 0.01 g calcium nitrate, 0,01 g magnesium 
sulfate, arid 700 ml of distilled water. We then dissolved 
63 g of Mohr's salt in 300 ml of distilled water acidified 
with 1.5 ml of ION sulfuric acid. After mixing the solu
tions the pH was 2,5. For the experiments we used 9K 
without Mohr's salt inocculated with a Th. f. culture 
(10 vol.'7o). In consequence, the bacteria could use only 
arsenopyrite as an energy source. 

Reiults. Chemical analysis showed that when arsenopyrite was leached the arsenic concentration in the bac-
l solution at the end of the experiment was 56,8'7o, and in the control solution S.3lo. The Th. f̂  concentration 

icreased from the initial value of 10^ to 10^ ce/ml. The initial arsenopyrite sample and the solid residues after 
rolcal and bacterial leaching were subjected to chemical phase analysis for the arsenic, sulfur, and iron contents 
(Table 1), 

It will be seen from Table 1 that the greatest change was exhibited by the solid residue of arsenopyrite after 
terial treatment. Of its total arsenic content, the Asflll) content represented Sl.S'yo and the As(V) content 18,2'̂ o. 
!Incomplete disintegration of the mineral (the unleached material was 4.92*70) is probably due to the inadequate 

Sfctlgth of the experiment. The arsenic content of the solid residue of arsenopyrite after cheraical treatment was 
illmost the same as that of the initial sample. 

As we see from Table 2, the iron of arsenopyrite was converted to oxidized forms. This can be seen how 
I excess content when the balance with respect to sulfur and arsenic in the oxidized forms is calculated (see Tables 

|1»3), This is confirmed by the chemical analysis data for arsenic, sulftir, and iron, and by stoichiometric calcula-
tdwii from them. • 

Most of the sulfur in the solid residue after bacterial leaching of arsenopyrite (Iff̂ o) was present in elementary 
limn! a smaller amount (14,S^) was oxidized to the sulfate ion (Table 3). 

iunple charac-
K. teristics 

[tetui 
i/tei control 
iDcatmem . . . . 
ifiei bacterial 
iaeatmem . . . . 

Content. % 

ozidzd. 
miner
als 

0,09 

0,09 

3,33 

arsenopy
rite ancl 
other 
minerals 

19,75 

• 19,87 

2,06 

e le
men
tary 

17,15 

total 

19,84 

19,96 

22,54 
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TABLE 4, Interpretation of X-Ray Diffraction Patterns of Initial Sample 
of Arsenopyrite and Sampleafter Chemical and Bacterial Treatment 

Line No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

• 24 
• 25 

26 
27 
28 
29 
30 
31 
32 
33 

Experimental data obtained from 

arsenopynte samples 

initial 

/, din 

1 3,67 

2 2.94 

2 2,85 

10 2,67 

1 2,56 

10b 2.44 

2 2,20 

2 2,10 
2 2,01 
3 1,945 

9 1,815 

2 1,753 

3 1,630 
2 1,605 

after con
trol treat
ment 

/ . rf/rl 

1 3,67 

2 2,94 

2 .2,85 

10 2 , 6 8 . 

2 2,56 

10 b 2,44 

2 2,19 

2 2,10 
2 2,00 
2 1,945 

9 1,815 

3 1,761 

7 1,630 
2 1,604 

after bac
terial treat
ment 

/ , din 

5 3,87 

2.b 3,47 
10 3,22 
•3 3,12 

2 b 2,93 
1 2,85 

7 2,68 . 

• 5 2,44 

2 1,90 

2 1,73 

Literature data 191 

arsenopyrite 

/ 

3 
• 

3 

3 
1 

10 

2 

9 

9 

5 

4 
5 
6 

10 

7 

5 
8 
7 

. dn 

3,669 

2,933 

2,843 
2,783 
2,662 

2,559 

2,443 

2,412 

2.20fi 

2,078 
2,001 
1,943 

1,817 

1,7,58 

1,698 
1,629 
1,594 

sulfur 

/ . d n 

•3 5.8 
10 3,85 

5 3,45 
7 3,21 

. 6 3,10 

6 2,85 

4 2,63 
4 2,50 

4 2,43 

3 2,39 
3 2,30 

6 2,12 

1 2,00 

6 1,90 
4 1,83 

6 1,78 

5 1.73 

• * 

1̂ 

Notation: I)line intensity, d/n)interplanar spacing ih kX, b)broad line. 

The initial sample, represented by arsenopyrite, and the solid residues obtained after control and bacteiM 
experiments were subjected to x-ray phase analysis * (Debye method), the tesultsof which are given in TableM 

A comparison of the interpretation of the x-ray diffraction patterns with the literature data (see Table • 
revealed that the solid residue underwent no structural changes after the control experiment. The x-ray difftad 
pattern obtained from the solid residue after bacterial leaching exhibited the strongest characteristic lines ofa 
pyrite. The other lines are probably due to the presence of orthorhombic elementary sulfiir in the sample. Crfi 
line compounds of arsenic and iron were not observed. It is likely that some of the material containing sulfuri 
arsenic was amorphous to x rays. No diffraction lines corresponding to any compounds of arsenic or iron were' 
observed. 

To refine the data of x-ray structural phase analysis and to study the processes taking place on the minerl 
surface, the same samples were subjected to electron-diffraction analysis in an fc-lOO-A electton-diffractionij 
camera. 

Our interpretation of the electron-diffraction pattern of the initial sample confirmed that it contained oii 
arsenopyrite. The electron-diffraction pattern of the arsenopyrite sample after bacterial treatment exhibited ŵ  
diffraction rings. It may be assumed that the orthorhombic sulfur was covered by very fine particles of arsenop 
The dispersity of these particles is confirmed by the diffiiseness of the diffraction rings. 

Recording conditions: RKD camera, Fc anticathode. U 30 kV, I 9mA, no filter. 
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TABLE 5. Interpretation of the Second Electron-Diffraction Pattern 
of Arsenopyrite after Control Treatment 

' • • ! 

•rial i J 

ractiaii| 
' arsenojl 
•rysul^ 
r and m 

m '̂ 
m' ' 

l£ 
W "''"'• 

w 

Serial 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Experimental da 

2r 

17,0 
19.2 
21.5 
23,0 
26.8 
29,5 

- 39,0 
40,5 
43,2 
45.8 

(/ 

4,62 
4,08 
3.65 
3,56 

. 2,93 
2,66 
2,01 
1,94 
1,805 
1,71 

a 

/ 

w 
w 
m 
w 
v.w 
w 
v.w 
v.w 
v.w 
v.w 

Literature data [9] 

scorodite 

/ ' 

4,44 
4,06 
— 

3,50 
2,98 
2,67 
2,00 
_. 

1,797 

/ 

10 
5 

— 
5 
6 
5 
5 

— 
— 
~— 

arsenopyrite 
./ 

— 
3,669 

— 
2,993 
2,662 
2,001 
1,943 
1,817 
1,758 

I 

—-
3 

— 
3 

10 
5 
6 

10 
7 

Notation: d)periods in A, DUne intensity, 2r)diameter of diffraction 
ring, 

\ i From the sample of mineral treated with 9K we obtained two completely different electron-diffraction patterns, 
: interpretation of the first one confirmed the presence of arsenopyrite in the surface layer of the sample. How-

Sever, the first ring was very diffuse (it encompasses the first three to four structural rings of arsenopyrite), which 
[Indicates decomposition of the arsenopyrite structure. 

According to our interpretation of the second electron-diffraction pattern (Table 5), -a new stmcture, namely 
pleorodite, was formed on the sample surface. However, recrystallization was not complete, as shown bythe fact that 
rnnng lines of arsenopyrite were still present. 

Thus the results of the investigations showed that on the surface of the arsenopyrite sample after control treat-
'oenta scorodite stmcture was formed, and after bacterial treatment orthorhombic elementary sulfiir was formed, 
[.The AsdII) and As(V) proportions of the total arsenic content in the solid residue were respectively SLS'̂ o and 18,2%, 
[The iron in arsenopyrite is converted to oxidized forms during bacterial leaching. 
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MINING COPPER IN SITU 
By 

D. L MYERS, '41 

Golden, Colorado 

Infroduclion 

This paper presents an old method 
in the light of new progress, recent 
research, and economic adjustments. 
The author does not lay claim to any 
new discovery. He has attempted to 
present all the pertinent facts relative 
to the consideration of an effort-to 
produce a mine from a copper deposit 
by the adoption of a particular mining 
method. 

Geologists have long noted that in 
.nbandoned copper mines the decom
position of the ore may take place 
indefinitely producing c u p r i f e r o u b 
water. The decomposition of iron sul
phides, usually associated with copper 
ores, produces -weak sulphuric acid 
and soluble ferric sulphate. .Both these 
products are capable of dissolving vari-

•ous copper minerals. Attempts to imi
tate this natural process have been 
inade on several continents. The de-

,posit may be developed as in the ex
ploration of a mine, the workings all 
leading to a centralized point for solu
tion collection. After the copper is re
moved from the collected solution the 
water may be recirculated over the 
ore body, or, it may be simply dis
carded. 

The science and chemistry of the 
method has been developed by years of 
experience with surface leaching 
plants. This long experience has 
added much to the literature '.of the 
process which treats profusely on the 
relative merits of various procedures, 
reagents, and operations. In this paper 
those particulars are presented about 
the methods that have come to stand 
highest in the estimation of the ex
perts and practitioners. 

The author expects to find disagree
ment among his readers. He hopes, 
however, to influence one reader who 
will carefully consider the method in 
conjunction with some known deposit 

• of copper, and who may therefrom de
velop a copper mine. 

If any part of this paper suggests 
. a solution to the problem it will have 
served its purpose. 

The Selecfion of a Stoping Me-fhod 
~There are many important details 

which must be taken into considera
tion when choosing a particular min
ing method. These details are con
cerned with the structural geology of 

the mine being considered and can be 
arranged under two headings.* 

1. The character of ihe deposit. This 
incluiles the size, sh-ipe, dip, wall con
ditions, extent and consistency of the 
ore. 

2. The character of the ore. This is the 
value per ton. percent extraction re
quired for a profit, fire hazard, and 
the metallurgical requirements for 
winning the metals. 

The method selected must embody 
the principles of S A F E T Y , EF
F I C I E N C Y , and E C O N O M Y . 
Safety of the men is paramount. If 
the method is not safe it must be 
ruled out at once. Efficiency com
prises flexibility of output, good work
ing conditions for the men, and the 
elimination of wasted efforts. Econ
omy calls for a reasonable outlay for 
the original development work. It de
mands the lowest cost per ton mined 
consistent with good business princi
ples. Fixed costs should be carefully 
weighed before they are established. 
They do not decrease when production 
falls off. 

Labor has established itself in the 
past few years as a dominant item to 
be reckoned in any endeavor. A min
ing method today must be considered 
in the light of what injury labor may 
do to it. Mining methods using the 
forces of gravity will not wait for a 
labor dispute to be settled. The cost 
of rehabilitating a stope may exceed 
-the worth of the ore recovered. The 
present wage-hour laws call for a 
method of mining whereby the work 
can be allocated and immethodically 
rotated among the men. Each job 
must be composed so that the swing-
man can quickly and efiiciently assume 
the duties of the man.who must lay 
off for the duration of the week. 

The capital and time required to 
place a property on a paying basis 
should be.considered. Quick develop
ment may be the aim of capital in 
order to realize on high, transitory, 
metal prices. This type of policy may 
require a mining method that would 
ultimately ruin the mine. Flexibility 
of output without a sacrifice of ef
ficiency is an important point in any 
mining method. The goal of industry 
is stabilization, but supply and de
mand still governs in most cases. 
Therefore, a mining method should be 
flexible to meet the broad fluctua
tions peculiar to the marketing of 
metals and the idiosyncrasies of mod
ern labor dictation. 

'MUkt. C. A., 
Graw-Hill. 1930. 

"Mining Methods," p. 7, Mc-

Rock that is "non-commercial"-one 
year may be commercial ore the next 
as a result of marked advance in min
ing and metallurgical processes. Due 
to the exhaustion of higher grade de
posits, increasing demand for metal, 
and lower market values, low cost 
mining methods are imperative. 
Twenty years ago the mining of 0.7% 
copper ore at a profit would have been 
considered an impossibility. Today it 
is one of the world's biggest mining 
operation and profit maker.* This 
example indicates that within certain 
limitations tonnage . is becoming in
creasingly more important than grade. 
Large scale operations, and the liberal 
expenditure of sufficient money at the 
start to insure the most economical 
operation, is the secret of many mining 
successes.^ 

The fact that a profit is being made 
by an enterprise does not signify that 
it is being managed and engineered to 
the best advantage. Mining methods 
showing a profit may be changed and 
consequently produce a much im
proved condition and a higher capital 
return. The same reasoning can be 
applied to properties showing a work
ing loss. Methods are sometimes con
demned when the fault, as a rule, is 
not with the method but in its wrong 
application. Each ore body is ac
companied by a certain set of condi
tions which will influence the method 
of stoping to be adopted. Careful ob
servation of these conditions and a 
knowledge of all the methods will en
able a decision to be made as to the 
particular method which is most ap
plicable under the existing circum
stances. 

The constantly decreasing grade of 
the deposits now being considered af
fords only a limited choice of mining 
methods. This calls for the applica
tion of engineering ability, experience, 
and initiative, in welding together one 
extremely low cost operation. 

The ultimate object of mining is a 
profit and the method used is subordi
nate to this fact. Ingenuity, based on 
sound engineering principles, can do 
much- towards the revivification of a 
method that may be able to produce a 
production success. 

The Mefhod 

Mining "in situ," using a leach solu
tion, is the application of a solvent to 
an ore body without disturbing the 

• Utah Copper Company, Bingham, Utah. 
' C. A. Miike, op. cit.. page 8. 
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position of the ore body as it is found 
in the earth. The method is some
times referred to as mining "in place." 
Leaching, as used here, is the dissolu
tion of the valuable metal from its ore 
by means of a solvent. 

Mining in situ does not entail the 
usual costs of developing and e.xtract^ 
ing ore from within the earth. There 
is no expense of breaking and moving 
rock for subsequent mill treatment. 
The ore is not crushed or ground in 
a mill. Consequently, there is no ex
pense for the disposal of mill tailings. 
These expensive operating items are 
all eliminated when mining in situ. 

In order that an ore may be treated 
by leaching it must have the following 
characteristics:' 

1. The metals to be mined must be solu
ble in che solvent used. 

2. The gangue minerals must be insolu
ble in the solvent. 

3. The dissolved metal must be recover
able from the solution. 

The method functions with relation 
to the porosity of an ore body as it is 
found within the earth. The solvent 
is placed above the ore body in solu
tion form and then permitted to dis
perse downward, (acting under the 
laws of gravity), and is later collected 
as "pregnant solution" at drainage 
points underneath the ore body. This 
collected solution is then led to pre
cipitation cells where the valuable 
metal is recovered as cement copper. 
The solution, now "barren," may then 
be discarded, or, it may be regenerated 
and made to repeat its cycle of flow 
through the ore body until all of the 
valuable mineral has been recovered. 
This, in brief, is the mechanics of min
ing in situ. 

The capital required for the method 
can be summarized into the following 
items which will not be considered in 
detail: 
1. Precipitation plant, usually relatively 

sinall. 
2. Reagents for the dissolution and pre

cipitation of copper. 
3. Circulation of the solvent solution. 
4. Regeneration of the spent solution. 
5. Development work necessary to estab

lish points for solution drainage and 
application. 

The equipment necessary for a pre
cipitation plant consists of series con
nected, water-tight cells that have re
ceptacles for the precipitating agent. 
The size and number of these cells 
will depend upon the volume of solu
tion being handled. Some installa
tions have found it advantageous to 
provide for cell aeration during the 
formation of cement copper.* Suitable 

• Joseph Newton, " introduct ion to Metal lurgy." 
p . 267. Wiley 4 Sons, 1938. 

* Lavender.^ I i . L.. Water_ Treatment 8t UnJer-
Itraund Leaching at Bisbce. Mininft CongreS5 Journal. 
Sept. 1926, p. 663 . Greenwood. C. C . Underground 
Leaching at Cananea, Engineering & Mining Jour.-
Press, voL 121, Mar . 1926. p. 518. 

means for the ease of handling cement 
copper and native iron into and out 
of the cells should be provided as labor 
saving devices for this detail will ma
terially reduce operating costs. Suf
ficient cells should be built so that 
stand-bys are available during periodic 
clean-ups of cement copper. It is de
sirable to install the precipitation plant 
at the point of solution recovery, pos
sibly f-.n- underground. In this case 
there will be no expense for a build
ing and attendant repairs, and there 
will not arise the problem of handling 
and transferring corrosive copper sul
phate waters. 

The reagents required for the dis
solution of copper as a sulphate are 
sulphuric acid and, (if the ore requires 
i t ) , ferric sulphate. The only reagent 
required for the precipitation of ce
ment copper is native iron'. Theo
retically, the sulphuric acid and iron 
required to produce one pound of 
copper is 1.66 pounds of H2SO4 and 
0.95 pounds of iron. At current 
market prices, (less freight), this is 
2.651 cents per pound of copper pro
duced.® Actual working conditions 
will change this cost figiire with the 
possibility of one reagent compensating 
for the other. Water in a large 
amount is used. The water should not 
be basic because it would then increase 
consumption of sulphuric acid. 

The solvent solution must be con
ducted to the upper regions of the ore 
body and to do so will usually require 
pumping. When a regenerated solu
tion is used the solution will be pump
ed the entire height of the ore body 
being mined. The resulting pregnant 
solutions must be handled in other 
than ordinary iron pipe due to the 
corrosive action of copper sulphate on 
iron. A regenerated; (barren), solu
tion should not be corrosive as the cor
rosive copper sulphate has been re
moved from it. Pumping costs, (for an 
example), at Cananea were 0.094 
cents per pound of copper produced." 

If there is a limited quantity of 
water at the premises it will be neces
sary tb re-use the barren solution as 
it comes away from the- precipitation 
cells. This solution will be high in 
ferrous sulphate and may need to have 
its free acid strength increased. As 
the solution becomes stronger in fer
rous sulphate, through re-use, there 
will be a tendency for the ferrous iron 
to form basic oxides of iron. These 
basic oxides will precipitate in a nearly 
neutral solution. If this precipitation 
should occur within the ore body it 
will clog up the natural solution chan
nels In the ore particles and thus shut 

oft' the valuable mineral frorn the dis
solving solution. It is therefore neces
sary to rid the barren solution of ex
cess ferrous iron, increase the free acid 
strength, and when treating sulphide 
ores, to oxidize ferrous iron to ferric 
iron. In the presence of sulphuric acid 
and oxygen, ferrous sulphate can be 
oxidized to ferric sulphate.' This 
treatment of the barren solution is en
titled "regeneration." At the higher 
valence the iron will not readily form 
basic salts, and it will materially aid 
in the formation of oxide copper. 
Another way to rid the solution of fer
rous iron is to neutralize the solution 
and filter away the precipitated basic 
salts. This method, however, raises the 
cost of later acidifying the solvent 
solution. Ferrous iron is diflScult and 
expensive to electrolyze out of solu
tion.® 

The development work required for 
any given ore body will naturally de
pend upon the geologic structural con
ditions. Access to the top of the ore 
may be at the surface. Under other 
circumstances lengthy tunnels may 
have to be driven to reach the point 
of solution application. Advantage can 
be taken of natural faults, beddinj; 
planes, and other geological type for
mations. I t is essential that the solu
tion carrying the dissolved copper be 
recovered with very little loss. To ac
complish this the points of collcctlun 
will need to be located at natural 
drainage channels. If natural agencies 
do not exist, then it will be necessary 
to establish artificial dams and cut
offs underneath the ore body before 
mining operations are begun. Good 
judgment and preliminary examina
tion of structural conditions will do 
much to reduce the expense of develop
ing the property for mining in situ. -

In the case of mining "lost ore, 
stope fill, or ground that has been 
mined around due to its low grade, 
the original developrnent work wib 
usually be completed. It •will be onl.\ 

^necessary to set up the equipment anil 
pipe lines for solution circulation. Un
der these circumstances some plant-
have been able to finance theniselye-
solelv from earnings and the junkin.L 
of mills." 

Analysis of Possible Applications 

Large disseminated copper zone 
are known where the prcexistcnt dc 
posits of copper have been nttackc' 
during the ages and generally carriC' 
away dissolved in the ground water. 

•Oi l . Paint . S: Drug Reporter, voL 139, no. 1, 
Jan . 6. 1941. 

" Greenwood. C. C , op. cit., p. S 19. 

' M c B a i n . J. W.. Oxidation ot Ferrous &)l""' 
by Free Oxvgen, Jour . Phys. Chem., vol. 5. ' ''• 
1901. p. 622. 

' T a b l e of Standard Electrode Poientiali . 
° Anderson and Cameron. Recovery o( Cafpe ' •' 

Leaching at the Ohio Copper Co. ol Utah : rrJ|-
Am. Inst. Min. and .Met. Eng.. vol. 73. 1926. p. •• 

" Oarke. F . W.. Data of Geochcroisiry. U. : 
Geol. Survey Bull. 770, 5lh ed.. 1924. p. 6 7 j . 
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(popper remaining In the leached zones, 
due to the mechanics of weathering, 
is found as some form of copper oxide. 
Copper carried away may sometimes 
he found at a lower depth re-precipi
tated as chalcoclte, covellite, bornlte, 
and other sulphides. An important 
thing to remember here is that these 
deposits are genetically related to pene
trating solutions following preformed 
passages along cleavage planes, frac
tures, and fissures within the ore body. 
It is therefore contended that artificial 
solutions of predetermined strengths 
can be directed through these same 
passages for the purpose of removing 
the copper. 

Low grade bodies of copper may be
come ore bodies provided they are of 
sufficient size, occur in a favorable 
position, and can meet the require
ments of the method. The grade of 
the deposit is not confined to certain 
limits. The quantity, character, and 
e.vtent of the deposit, together with 
the required development costs, plant 
outlay, operating costs and amortiza
tion will set the minimum tenor of 
the ore. Operating costs of actual 
operations have been as low as 3.84 
cents per pound of copper produced.^* 
Plant investments may be as low as 
$2500. One plant in mind was fi
nanced wholly (rom earnings.^^ These 
figiires indicate a possible application 
of the method to copper deposits con
taining as little as 0.2% copper. Costs 
of the process are more fully covered 
in a later section. 

Mining in situ with the use of a 
leach solution has two requirements. 
The method uses a very dilute acid 
solution to maintain low operating 
costs and thus the locality should have 
a copious water supply. The ore body 
must be susceptible to water penetra
tion. Any mineralized copper deposit 
c.in be considered adaptable to the 
method if it can meet these two con
ditions. 

The demand for water is not as 
he.nvy as first implied because the solu
tion can be recovered, regenerated, 
and then recirculated. For any solu
tion to produce a metal it must make 
a contact with and dissolve some form 
of the metal. Hence the material in 
question must be permeable to the 
solution and the valuable metal must 
he soluble in that solution. There are 
many modes of application and the 
usual occurrence of mineralized zones 
lend themselves to the method. 

If a low grade deposit should con
tain copper that Is quickly attacked by 
solution, the returns from the opera
tion may be large within a compara
tively short time. The oxide ores of 

Anderron and Cameron, op. cit., p. 31 . 

TABLE I 

COMPARATIVE RATE OF DISSOLUTION OF VARIOUS COPPER 
MINERALS SIZED TO MINUS 100 PLUS 200 MESH; 

TEMPERATURE, 35° C. 

Mineral 

Azurite 
Malachite 
Tenorite 
Chrysocolla 
Chrysocolla 
Cuprite 
Cuprite* 
Cuprite 
Cuprite 
Chalcocite 
Chalcocite 
Chalcocite 
Chalcocite 
Bornite 
Bornite 
Bornite 
Covellite 
Covellite 
Chalcopyrite 
Enargite 
Tennantite 
Tetrahedrite 

"Fime of 
Treatment 

I hour 
1 hour 
2 hours 
1 hour 
1 hour 
1 hour 
12 hours 
24 hours 
1 hour 
1 hour 
1 hour 
8 days 
20 days 
1 hour 
7 days 
21 days 
1 day 

47 days 
43 days 
60 days 
30 days 
23 days 

Solvents Used 

1% n^so. •. 
l7o H...SO4 
1% lUSO, . . . . . . . . 
1% H J S O . 

2% I1..SO. 
5% H-SO* 
5% VISO, 
5% lIsSO. 
2% Fej(SO.)» and 2% HaSO, 
1% Fe4S04)a and 0.5% HiSO. 
1% Fe3(SO.)3 and 0.5% HaSO* 
1% FejCSOOa and 0.5% H S O . 
1% Fe.{SO.)a and 0.5% HjSO. 
1% Fe4SO0> and 0.5% H=S04 
1% Fe5(S0.)a and 0.5% H-SO. 
1% FeaisO.ia and 0.5% .HjSO. 
1% Fea(S04)i and 0.5% H-SO. 
1% Fes(SO.)a and 0.5% HaS04 
1% Fe!(S04)a and 1% HjSO, 
1% Fes(S04)a and 0.5% H S O . 
2% Fes{S04)3 and 0.5% H2SO4 
1% Fea(SO.)» and 0.5% HsS04 

Percent of 
Copper 

Dissolved 

100 
100 
98 
90 
98 
71 
99 

100 
100 
33 
49 
90 
97 
27 
69 
99 

8 
57 
2 
2 
7 
95 

- ' Impure samples dissolved at different 
spepds. 

copper are quickly soluble in Mjeak, 
acids and it is this type of deposit 
that is attractive to the method.*^ 
Sulphide ores of copper require a 
longer length of time for dissolution. 
See table I, for comparison. For this 
reason a much larger area of sulphide 
ore must be treated simultaneously to 
produce a yield commensurable' with 
the Investment. 

Low grade deposits should lie in a 
position that will aid the work of 
gravity when applying and recovering 
the leach solution. Geological struc
tural conditions should favor the ap
plication and control of solution as 
well as the chemistry of the method. 
These requirements may at first ap
pear to be severe, but in actual in
stances they have been found to be 
present wherever ore bodies are pres
ent due to the inherent nature of ore 
deposition itself. The method, after 
all, is the reverse of nature's method of 
ore permeation. Where deposition has 
occurred, conditions for deposition 
must be present. These are the same 
conditions that should prevail for the • 
leaching of ore in situ. As a rule the 
copper deposits do not lack suitable 
structural and physical features re
quired by the method. 

During the course of some mining 
adventures certain blocks of ore have 

^' Sullivan, J. D.. Dissolution of Various Oxidized 
Copper iVIinerals. U. S. Bur. Mines Kept. Inv. 2934, 
p. '). 1929. 

Taken from U. S. Bur. Mines Rept. 
Inv. No. 3228, p. 50. 

been known to become "lost." By 
this term is meant ore that has come 
to lie in a relative position too danger
ous to extract; ore thaf requires too 
much development work to recover; 
ore that has become contaminated with 
waste so that it is no longer ore when 
considered as a block. When such 
bodies of ore are of sufficient size, min
ing them in situ can be done at a 
profit.^* *̂ I t is not too difficult to 
apply solutions to a section of ground 
that at the same time is too dangerous 
to place men within. If the ground 
in question is badly broken, hard to 
hold open, or running, it would be an 
expensive operation to safely place 
workmen and establish an extractive 
mining method In it. However, just 
such conditions are favorable for ef
ficient solution distribution necessary 
for effecting metal recovery by mining 
in situ. Solution can be led to such 
blocks of ore by various means. Drill 
holes, subsidence cracks, and caved 
workings can all be utilized for min
ing in situ. 

At some of the larger mines old 
stopes have been filled with mill ref
use. These tailings are a possible 
source of copper metal. It would be 
easy to apply the method to these stope 
fillings if their copper content war
ranted the capital outlay. Installation 

"Ande r son and Cameron, op. cit.. p. 30. 
'* Greenwood, C. F . . op. cit.. p. 519. 



costs for such a venture would be low, 
and the copper reclaimed would rep
resent higher extraction efficiency and 
a metal bonus. At some mines where 
the mine water is acidic, a plan may 
possibly be worked out whereby mill 
tailings would be placed into the old 
stopes chiefly for the purpose of fur- . 
ther extraction of copper by circulat
ing the acidic water through the tail
ings. However, the plan may need to 
be augmented or modified. If the 
ore had previously been subjected to 
an extractive process that placed 
deleterious material into the tailings 
then further treatment may be too 
costly for the method. Most copper 
ores are now treated by some form of 
flotation. A few organic reagents used 
in flotation will consume leaching re
agents unduly. Their presence in the 
tailings would prohibit the installation 
of a stope fill leaching system. 

The chemistry of the method is so 
simple, and the method so flexible, that 
copper, dissolved in solution, can be 
made to precipitate along a prede
termined horizon provided that hori
zon contains the necessary precipitants. 
The characteristics of a particular de
posit may prohibit the usual methods 
of exploitation. Certain lateral sec
tions of the deposit, however, may be 
exploitable. Here, mining in situ can 
be applied, not to extract the metal, 
but to cause a secondary enrichment 
at the level of the lateral section to 
be mined. Descending solution will 
dissolve metal from gangue and re-
precipitate it when contact is made 
with sulphides, with the water table, 
or when a saturated condition occurs 
within the solution.^' I t may there
fore be possible to bring about an 
artificial condition of secondary en
richment, thus substantially raising 
the tenor of the ore that is already in 
line for the usual mining methods. 
Geologic conditions and engineering 
technique will determine the feasibil
ity and efficiency of such an undertak
ing. 

Infinitesimal reactions cannot be 
hurried along within the boundaries 
of an ore deposit, but when the re
action is extended over a large area 
the summation of each reaction will 
produce a daily product measurable in 
tons. 

Solufions Appl icable fo Ihe Mefhod 

The several known chemical proc
esses used In copper- leaching may be 
classified on the basis of the solvent 
employed. They are the following:^* 

1. Alkali Process. 
2. Sulphite Method. 
3. Sulphate Process. 
4. Chloride Process. 
5. Nitrate Methojjs. 

Campbell lists the following reagents: 
" In the order of their importance the 
chief solvent reagents' used in copper 
leaching are: sulphuric acid, ammonia 
and ammonium carbonate, ferric sul
phate, ferric chloride, sulphurous acid, 
chlorine, and nitric acid. Of these 
the first three are the most common 
today."" 

Nitrate methods are frequently sug
gested as solvents of copper. T h e fixa
tion of atmospheric nitrogen by elec
tricity offers a cheap source of nitric 
add, and nitric acid Is the best known 
copper solvent. However, nitric acid 
is also an excellent solvent of almost 
all of the impurities found associated 
with copper. Their subsequent dissolu
tion would present insurmountable 
difficulties in the clean precipitation 
of free copper and in the regeneration 
of the solvent. The applicability of 
any solvent for the extraction of cop-

• per depends on the character of the ^ 
ore. All acids likely to be used in a 
solvent process can react with other 
elements in the ore, and when so con
sumed are unavailable for the work 
of dissolving the copper. 

The elements most detrimental to 
copper leaching acid processes are 
these :̂ ^ calcium, magnesium, alum
inum, zinc and manganese. The 
quantity of these elements in the ore 
should be determined before installing 
a particular leaching method. I t is 
important to remember, however, that 
a chemical analysis of the ore cannot 
be made the criteria upon which to 
determine the applicability of an acid 
process. Lime, for example, is detri
mental only in certain combinations 
such as the oxide or carbonate. In 
many copper ores it will be found as ' 
harmless sulphate or silicate. Alumina 
also is usually combined in such forms 
as not to effect an acid leach. The 
Cripple Creek ores, containing as 
much as 2 0 % alumina, have been 
successfully treated with sulphuric acid 
in connection with their chlorination.^® 
The other elements mentioned are 
usually not found in sufficient amount 
with low grade copper ores to serious
ly interfere with the method. 

T h e highly oxidized ores are in 
the most susceptible condition for the 
application of any solvent. Reagents 
may be introduced to produce an 
o.xide of copper for the solvent to at
tack. See table I, which shows the 
ease \vith which oxides of copper are 
dissolved. Several of the copper sul
phides have the property of reducing 
ferric sulphate to the ferrous salts. 

^ Emmons, W. H. , Principle? of F.conomtc Ge-
oloey. 2nd ed.. p. 281. McGraw-Hill. 1940. 

'* Creenawalt. W. E.. "HydroinelaHurKy of Cop
per." p. 169. McGraw-Hill Book Co.. 1912, 

>' Caiiipl>ell. T. P.. Eiamplcs ot IlydrDmeiallt;rBic3l 
Operations. Mines Mag., vol. 21, no. 10, Oct. 1951. 
p . 10. 

'» Greenawall. \V. E. . op. cit., p . 169. 

" I d e m . p. 170. 

the copper thereby being urougnr 
directly into solution as soluble cop
per sulphate. This reaction is em
ployed by the ferric sulphate and fer
ric chloride process.* 

The alkali processes have not met 
with success. The solubility of cop
per in an alkali solution is relatively 
low. Because many basic salts are 
thrown down in alkaline solutions an 
alkali process would soon clog up the 
circulation channels in the ore body, 
hence it is impractical, for mining In 
situ. 

Oxides and carbonates of copper are 
readily soluble in an ammoniacal solu
tion but the volatility of the gas in 
aqueous solution Is high. The presence 
of sulphates will decompose the re
agent. An ammoniacal solution would 
lose most of its strength to the at
mosphere if it was applied to the sur
face of a broken ore body. Due to 
these reasons reagent costs would be 
excessively high when attempting to 
mine in situ with any ammonium 
solvent. 

The theof)' of the sulphite process 
is attractive. The chemistry of the 
method requires only 32 pounds of 
sulphur in the form of sulphurous acid 
to dissolve the same amount of copper 
as Is required of 98 pounds of sulphur 
when in the form of sulphuric acid.-" 

CuO + SOi -* CuSOi 
SCuSOj -f CuO - Cu^SO, 

• CuSOa 4 - CuSOi 

The sulphurous acid can be dissolved 
in sulphuric leach solution. The dis
solved cupro-cupric sulphite which 
forms can be precipitated by driving 
excess sulphurous acid from the solu
tion. The solution Is usually heated 
to effect this removal of sulphurous 
acid. The copper sulphite so produced 
is quite pure in content but it must 
be reduced to native by the usual con
verter process. Only sulphite copper 
will precipitate in this manner. All 
sulphate copper must be removed by 
electrolysis or by metallic conversion 
of iron. Certain features of the proc
ess, while possible to control In a wel! 
designed . plant, would prevent its 
atlaptation to mining in situ. It 's 
difficult to saturate the solution merely 
by blowing the sulphur dioxide Into it. 
The maxlmuin amount of copper that 
can be held iiv the solution Is two per
cent. The copper sulphite will separate 
very easily from the solution, and 
should it do so within the ore mass 
proper it would defeat the purpose o\ 
the method. Approximately 40 percent 
of the copper will go to sulphate and 
will have to be precipitated by other 
methods. Rare metals, such as silver, 

• See Introduction for delaili of ibis reaction. 
** Idem, p. 170. 
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Avould not be recovered with the 
method. 

The chloride processes have been 
applied to the extr.iction of copper 
from its various ores.* Hydrochloric 
acid, ferric and ferrous chlorides are 
the solvents usually employed. Hydro
chloric acid has the advantage but is 
more expensive. The acid is less apt 
to form basic salts and thus the solu
tion will hold more iron during the 
precipitation of the copper chloride as 
cement copper. It is applicable only 
to oxidized ores. Ferric chloride has 
the property of dissolving copper from 
Its oxide, carbonate, and sulphide com
binations.-' The chloride of copper 
which forms is precipitated with iron 
which produces cement copper and 
iron chloride. The precipitation is 
slow in a cool solution. In a near-
neutral solution, ferric chloride reacts 
with copper oxide to form a basic 
salt of iron that would soon interfere 
with the normal passage of the leach 
solution through the ore mass. The 
same objection is raised when treating 
3CuO -f 2FeCl, -* CuCh - f F e i O , 
the sulphide of copper with ferric 
chloride. In this case 

CuS + FeCl , -^ CuCl + F e C h + 5 
the free sulphur produced would soon 
choke up the natural flow of the leach 
solution and prevent the further dis
solution of copper mineral left in the 
ore. These objections are sufficient to 
eliminate the use of any chloride proc
esses when leaching copper in place. 

Sulphate Mefhod 

It is the sulphate process that best 
lends itself to the mining of copper in 
situ. The reagents are relatively cheap. 
The solvent produces a high efficiency 
with few detrimental products. The 
solution is very stable and cheap to 
produce. Equal quantities of copper 
are produced for iron consumed which 
fact insures the economics of the meth
od so long as iron - j - is cheaper than 
copper. The leach solution is main
tained at an acid strength too weak 
to dissolve undesirable material but 
which is sufficient to dissolve any cop
per salts in the ore. It is possible to 
regenerate the barren solution at a 
low cost thus saving on reagent costs. 
Native copper, (cement copper), is 
produced. The percent of contained 
Impurities in the cement copper de
pends upon technique and control dur
ing precipitation. The entire method 
is carried out at normal temperatures 
and pressures and requires power only 
for the circulation of solution. The 
method will function in all climates. 
Only extreme freezing conditions, (40 
below zero underground), will stop 
operations. 

*At Rio Tinto. Spain; Helsingborg, Sweden; 
Chiquicamata. in Chile. 

" Idem. p. 216. 

It Is taken for granted that extrac
tion is exceedingly slow, and that, for 
the venture to be successful, the ex
traction must be spread over a large 
area so that the daily recovery can 
he measured in terms equitable with 
the costs. It is also granted that the 
operation will usually have a fairly 
long life in order to make an cflScient 
extraction from a given ore body. 

The two basic chemical equations 
of the sulphate method are:--

CuO - f H i S O t -^ CuSOi -f H2O 
CuSOt 4 - Fe -» Cu + FeSOi 

The copper minerals found in dis
seminated deposits are usually oxides 
or sulphides. T h e following sub-group 
of copper minerals are fairly easily 
decomposed and converted into copper 
oxide by weak oxidizing agents: 
Chalcanthlte, copper sulphate; Brdch-
antite, basic copper sulphate; Mala
chite and Azurite, basic copper car
bonates ; Atacamite, basic copper chlor
ide ; and Chrysocolla, copper sillcate.^s 
These sub-group minerals are often 
dissolved in nature by underground 
waters and re-deposited at lower 
depths on contact with iron pyrite. 
They do not form true primary cop
per sulphides and are a class of sul
phides that are susceptible to a weak 
acid leach. 

Ferrous iron has been the biggest 
• problem in the sulphate rnethod of 
leaching. Properly controlled It can 
be turned into an asset, if it is dis
regarded it will eventually ruin the 
operation. From the second equation 
above, 2.38 pounds of ferrous sulphate 
is formed for every pound of copper 
recovered. This ferrous sulphate will 
remain dissolved in solution up to cer
tain solution strengths. I t is very 
desirable that this ferrous sulphate stay 
dis-solved. T h e production of copper 
will quickly decline if the ferrous iron 
should come out of solution in the 
small leaching, channels in the ore 
mass. This Item is covered extensively 
in the section on control of the solu
tion. 

The question of oxidizing sulphide 
copper has been given considerable at
tention by metallurgists. Mining in 
situ, of course, precludes any roasting 
operation. Weinig states that, "sul
phide minerals promptly start to 
oxidize when exposed to water and 
air, and that the result of this oxida
tion, among other.things, is the pro
duction of films on the mineral com
posed of its own salts or oxidation 
products. I t has been found that sul
phide minerals occurring in the older 
geological formations are more stable 
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• Table l l - ^s raph showing the Rapid and 
ihen Partial Oitsolufion of Chalcocite. Com
piled from dafa taken from U. S. Bureau of 
Mines Tech. Paper No. 473. 

than those of more recent date."-'* He 
has also found that copper sulphate 
acts as a catalyst during the oxidation 
of sulphides to oxides. 

When cupriferous pyrite is treated 
with a solution of ferric sulphate in 
the presence of sulphuric acid and 
ox}'gen, copper will go into solution in 
proportion to the quantity of iron 
that has been reduced from the ferric 
to the ferrous condition.^' ®̂ When 
chalcocite, (CU2S), is leached with 
ferric sulphate, one-half of the copper 
dissolves rapidly, and the residue has 
the approximate formula of covellite. 

CutS + F e s ( S O J , -» CuS 
- f CuSO^ - f 2 F e S 0 i 

This CuS does not remain constant, 
but continually undergoes change as 
more copper Is dissolved until the 
atomic ratio of copper to sulphur be
comes 0.9 or less. 

CuS -t- FesfSOt,) , ^ CuSOi 
•4- ZFeSOt -f 5 

This is shown graphically by table 
I I . Artificial covellite produced by 
the leaching of chalcocite, dissolves at 
a much faster rate than does natural 
covellite.^' Table I I I illustrates this 
difference in leaching speed. 

Sullivan has found that the size 
of the ore particle has no effect upon 
the rate of dissolution provided the 
solution was able.to enter the sample. 
Ore samples ranging in size from plus 
ten to minus two hundred mesh gave 
practically Identical rates of dissolu
tion.-^ (Table IV.) Ores of copper 
are usually of the disseminated type 
and solid particles larger than ten 
mesh would be rare. 

"Idem, p. 180. 
** Sullivan, J. D., Dis.*ioltitio-n of Various Oxidized 

Copper Minerals, U. S. Bur. Mines Rept. Inv. 2934, 
p. 7, 1929. 

•* Weinig & Carpenter, Tfte Trend of Flotation, 
Colo. Sch. of Mines Quarterly, vol. 32, no. 4, 4th 
ed.. Oct. 1937, p. 16. 

"Greinawalt, W. E., op. cit., p. 193. 
''Sullivan, J. D., Chemistry of Leachin;; Chalco

cite. U. S. Bur. Mines Tech. Paper 473, p. 24, 1930. 
" Sullivan. J. D., Chemistry of Leaching Covellite, 

U. S. Bur. Mines Tech. Paper 487. p. 16. 1930. 
** Sullivan. J. D.. Chemistry of LeachinR Chalco

cite. U. S. Bur. Mines Tech. Paper 473, p. 23, 1930. 
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The; rate .of dissolutidn of. chalcocite 
has been found to be independent of 
the acid strength of .the solution. Siil-
livan's experiments on Ghalcocite with 
solutions containing one percent. of 
ferfic iron plus sulphuric acid ranging 
in strengths from .0,'25% to lO.O^o' 
showed practically identical rates of 
dissolution. This ' fact, that only a 
very Weak concentration of sulphuric 
acid is required, greatly decreases the 
o'pe rating costs of the method and is 
very important to the leachiiigpf sul
phide copper ores in situ. I t is a, dis
tinct advantage because a weak acidic 
solution will not dissolve the many im
purities found associated in thc' dis-
sernihaled.qres! of copper. 

Oxidized copper inlnerals -arei read
ily dissolved by ferric sulphate. The 
ferric suljihate is decomposed and con
verted into the, oxide; hydroxide, or • 
basic sulphate. These products Will 
precipitate from the solution unless it 
is acidic. Wbeii sulphurjc acid is 
present the ierric sulphate is decpm-
po^d, and converted itito ferrous sul
phate which is' soluble in the leach 
solution. The presence "of- sulphuric 
acid is, therefore, desirabie.n'ri leaching 
mixed oresof copper. 

I t iSi important to keep the concen
tration of ferric iron as low as possi
ble because the ferric ion will consume 
natis'e iron in the; precipitation cells 
duririg the'formation of cement cop
per. All the ferric sulphate introduced 
into the leach solution shouSd be con-
suiiicd within the ore body and pro
duce soluble copper sulphate. If it is 
not cdmplijtely eonsumcd it ivill ttia-
terialJy increase the tost of the Opera- . 
tion by consiiming 'raw iron intended 
for" the copper reduction; 

By repeatedly re-using the barren 
-solutions after the precipitation of ce
ment copper, the concentration of 
ferrous sulphate increases far he)'ond 
reaction cdnceiitrations and there will 
result a retardation in the dissolution 

of chalcocite. However, the formation 
of basic,salts of iron within the ore 
body by the re-use. of barren solutions, 
is of more serious consequence. 

Confrbl of the Method 
There are several essential factors 

pertaining to the successful leaching 
of atiy copper deposit "tn situ.'' Among 
the factore that .'need to be considered 
these four are of particular importance 
in the regulatiori of the process. 

1. An economical solution that -will at
tack the copper, minerals must pene^ 
trate the body of the ore particles 
,ancj roalce. contact with the copper 
'mineral. 

2. The copper mineral must Ise dissolved 
solely by the chemical action of that 
solution. . 

3. The solution containing the dissolved 
copper must find Its -way put of the 
•voids of- the rock and into the points 
of collection. 

+, The copper in the leach solutioii must 
be easily recovered- by an ecohoniic 
mean.s of precipitation.-'P 

In order to irJsure continued opera
tion close watch should Be maintained 
to prevent the. introduction of deleter
ious constituents into the solution: or 
into the ore inass: proper. I t is 
propitious to replenish the spent solu
tions with fresh -^vater. The re-use 
of the barren solution will eventually' 
lead to difficulty due,to its constantly 
increasing iron content.. Surveillance-
must be matntained over the, free, acid 
strength of the leach solutioti. A 
slightly higher strength will produce 
cp.risidernble acid Ioss> \v;ith attendijig 
increases iiv reagent'e.xpctise'. Constant 
cafe of the precipitation cells is neces-
isary. Neglect will result in contanii-
natiort of the cement copper as well as 
excess losses of iron reagent and de
creased efficiency of copper recovery. 
Orice^begun the operation should be 
constantly attended until -alt leach 
solution has passed through the pre
cipitation cells. ...Labor for the work: 

" Sufiiyan; Kcclt a Oldr'iEht-F-acjijrj.Govetnlns the 
Entrj-'of Solutions Into Ores Durins-Lcachins, U Ŝ  
Bdr..Klines Tech. Paper i44r. p.. i ; 19;9,> 

presence of one technical man wguia 
be sufficient to maintain operations 
once they were started. 

Control of "the solution can be kept 
at the point of applicatsbn, dliring re
generation,, and In the feeder reser
voirs. The dissolved copper must be 
i-ernqved from the pregnant solution 
as it is received and in the quantity 
in which it arrives. Should the preg
nant solution- contain excesses of rcr 
agents the rernedy will be applied to 
the feeding solution. If difHcuIties 
should arise during the extraction of 
the dissolved copper, due possibly to 
Ceftatn concentrations in the solution, 
it would be perfectly safe to feed the 
"serni" pregnant solution back over the 
ore body together "̂ vith the" correction 
needed for efficient extraction: 

Copper ss soluble, (at usual condi
tions of temperature and pressure), in 
very weak acid solution up to 0.4 
pounds of copper per gallon of solu
tion.^" The usual copper content of 
leach solutioti corning from ore in 
.place may be 0;p4- pounds of copper 
per gallon of leach solution. This 
copper content can be Increased by 
increasing the ferric iron concentra
tion in the leach. Careful control, 
however, must be kept on the ferric 
iron concentration to insure its cpn-
sumptidn solely in the ore mass. It-
is ifnpoi-tant that very little ferric iron 
enters the precipitation cells as no cop
per will, precipitate while ferric iron 
is present. The presence of ferric iron 
in the cells is also expensive;as it con
sumes the native iron intended for the 
reduction of the copper. T h e system 
should not be loaded down with,fer
rous iron. Ferrous iron has no useful 
work to perform and its elimination is 
beneficial. It's elimination, however, 
is expensive unless the entire barren 
solution is discarded. T h e iron con-" 
tent of the batch can be deterrni'ned 
easily by slrnple titration. _ _ 

An important item is the application 
of the solution tb the ore botiy. The 
ore should be subjected to alternate 
cycles of wetting and drying. When 
soluble copper is extr-icted from the 
interior of a rock by alternate wetting 
and drying, evaporation draws copper 
'salts id the surface of the rock during 
the drying period. These salts are sub
sequently removed by the next amplica
tion of the leach solution. Sprhe of the 
solution will penetrate into the cavi
ties, cleavage planes, and inter.'ftices 
within' the rock during the time that 
the .surfaceisalts are being rerifoved by 
washing. T h e distance the" solution 
penetrates into the -rock Is'- a function 
of the time of washing. If .all of the 
moisture" within the rock is removed 

" Cjeeriawalt; W. E-, op. cit,, p. 162" 
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during the drying cycle, the soluble 
copper salts will he crystallized, partly 
at the surface and partly inside the 
rock. T h e amount of copper brought 
to the surface will depend upon the 
size, shape, and general character of 
the voids within the ore. The ore 
mass particles will become saturated 
if the washing period is long enough 
regardless of whether or not the 
moisture was completely removed in 
the previous drying process.^^ This 
scheme produces soluble copper faster 
than chemical diffusion. It will also 
aid in the oxidation of any sulphide 
copper present in the ore body. It 
can be accomplished by dividing the 
ore body into sections, one section can 
be receiving the solution during the 
time another is drying. 

\Vhen the leach solution is applied 
its temperature should be the same as 
the ore body's. Higher temperatures 
will raise the vapor pressure of the 
solution and prevent its efficient pene
tration into the voids of the rock. In 
this connection it has been suggested 
that the solution be saturated with a 
non-acting gas having a lower vapor 
pressure than that of the ore body's.*^ 
However, the cost of processing the 
leach may not compensate for the in
creased production. Evidence has been 
offered to show that the solubility of 
the gas contained within the ore, with 
respect to the penetrating liquid, is 
the deciding factor that determines 
the rate of ingress of solution.^^ 

It has been agreed that the solution 
must make contact with the ore par-. 
tide. There will be questions raised 
as to the possibility of any solution 
making contact with an ore particle 
far inside the interior of an ore mass. 
It is the author's contention that an 
ore mass is susceptible to circulating 
waters and solutions, otherwise it 
would not contain ore particles. Tol-
man states that, "confined flow in 
fractures commonly extends to con
siderable depths and rises along master 
fractures to the discharge point of the 
major fractures. A tunnel, by inter
ception, may drain an entire fracture 
system and its tributaries. The lower
ing of the water table in fractured 
rock by artificial excavations has been 
the subject of many actions at law."^'* 
For example, hydrothermally altered 
granite is generally very porous. When 
a specimen of such rock Is dipped in 
dye it instantly becomes colored, and 
the dye will permeate deeply.*-' Many 
of the copper ores owe their origin 
to the circulation of hydrothermal 
solutions. I t is thus logical to presume 

** Guggenheim & Sullivan, Acceleration of Ex-
•raclion of Soluble Copper from L.eaclie<i Ores, U. S. 
Bur. Mines Tecli, Paper 472. p. 29, 1930. 

"•"Sullivan, Keck, & Oldright, op. cit., pp. 3S-7. 
.-' 'Tolman, C. F.. "Ground Water," In ed., pp. 
297-^, McGraw-Hill Book Co., 1937. 

"Emmons, W. H., op. cit., p. 160. 
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-•Table IV—Ditsolution of various siied chalcocite in a 1 % Ferric sulphate, 0.5% Sulphuric 
acid, solution. Taken from U. S. Bureau of Mines Tech. Paper No. 473. 

A . . . Kennecott, —100 - f 200 mesh. 
B . . . Bisbee, —10 -i-28 meth. 
C . . . Bisbee, —2 4-3 mesh. 

that cold solutions will penetrate al
tered rock as well as hydrothermal 
solutions because of their lower vapor 
pressure. 

Sullivan, Keck, and Oldright found 
that the size of an ore particle did 
not determine the speed of solution 
ingress. Their solutions always pene
trated the rocks rapidly at first, then 
the rate of penetration decreased and 
finally became nearly constant.*" Table 
V shows the results of some of their 
work. There is an initial rapid pene
tration of solution into the ore along 
the larger fractures and openings. 
From these larger avenues the solution 
seeps into smaller fractures, crevices, 
and interspaces. Actually, the solu
tion does not have to penetrate three 

inches of minute openings to reach 
the center of a six-inch piece; rather, 
it enters through larger arteries and 
travels to smaller ones. As copper is 
removed, more space is made for fur
ther ingress of later solutions. "With 
the rocks studied it has been found 
that the solutions enter along fractures 
and cleavage planes; from these larger 
fractures it gradually seeps into the 
rest of the rock. The first 50 to 75 per
cent of the total penetration takes 
place very rapidly along these crevices 
and fractures, and the smaller voids 
are then filled more slowly from these 
points of initial penetration. This ex
plains why only 59 percent more time 
is needed to saturate a six-inch piece 
than a one-inch piece. "'^ 

"Sullivan, Keck, and Oldright, op. cit., p. 8. •' Idem, p. 38. 

-V Table V—Rate of penetration of 5% copper sulphate solution into Ajo ore. 
Data from U. S. Bureau of Mines Tech. Paper No. 441. 
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The chemical action of the solvent 
must be strong enough to dissolve the 
copper mineral. Yet the dissolving 
action of the solvent must not be great 
enough to spend itself upon the worth
less material present with the copper. 
Experience has shown that a sulphuric 
acid leach containing about 0.5 per
cent free acid is sufficient to dissolve 
copper oxide and at the same time not 
effect silicates and the other gangue 
minerals usually present with copper 

' deposits. The acid strength needed 
must be determined before the method 
can be passed upon as applicable to a 
certain deposit. The presence of fer
ric sulphate, (or other ferric com
pounds), will speed the dissolution of 
copper oxide in the acid leach. Regu
lation Is thus required to maintain a 
predetermined strength of ferric ion 
and sulphuric acid in the leach solu
tion. It should be remembered that 
too high a ferric strength will result 
in ferric Ion appearing at the pre
cipitation cells and causing excessive 
raw iron losses. Control is entirely in 
the hands of the laws of physics and 
chemistry after the solution has been 
distributed at the points of application. 
Not until the solution appears at the 
point of recovery can the technician 
remedy any difficulties. 

The fourth named essential is that 
the copper be removed economically 
from the pregnant solution. The 
amount of solution appearing at the 
receiving point will be equal to the 
amount delivered at the distributing 
point if the plant has been developed 
correctly and solution losses have been 
prevented. The quantity of leach solu
tion for a good economic basis should 
be about 100 gallons per minute. 
Larger volumes are recommended. A 
solution volume of 1500 gallons per 
minute has been successfully re-circu
lated against a head of IOOO feet,-*^ 
At the same installation, solution 
velocities of 40 feet per minute were 
maintained in the- precipitation cells 
to insure a clean product of cement 
copper. A poor grade of cement cop
per will increase refining costs. Con
trol is needed to see that the cement 
copper is not precipitated in a con
taminated condition. Foreign mate
rial would be included In the cement 
copper if the solution were not quickly 
circulated. The plant at Britannia 
Beach could not produce a high grade 
cement copper because of difficulties 
in the precipitation cells.'" Air agita-
tion'-has been practiced during pre-

" Andercon & Cameron. Recovery of Copper by 
Leachinff at the Ohio Copper Co. of Utah ; Tran*. 
Am. Inj i . Min. 8t Met . Eng., vol. 73, p . 31, 1926. 

" Brcnnan, C. V., Mining Operalioni at the Prop, 
of the Britannia Min . & Smelt. Co.. V. S. Bur. 
Mines Inf. Circ. 6815, p . 27, January 1935. 

cipltation to produce uncontamlnated 
cement copper. Air agitation tends to 
oxidize ferrous sulphate forming fer
ric ions and causing an increased raw 
iron consumption. 

As copper is formed, native iron is 
dissolved, and a convenient method 
of handling both will do much to 
lower operating costs. A constant sup
ply of raw iron must be kept in the 
precipitation cells. It is this phase of 
the method that requires the largest 
portion of man-hours. If there is a 
large and sufficient supply of scrap 
iron on the premises it may be eco
nomical to use it in the cells rather 
than buy raw iron. Cutting and han
dling costs of scrap material is high. 
De-tinned scrap iron makes the best 
precipitating reagent. I t is a most ef
ficient copper precipitant, and full 
value in Iron content is received for 
its cost. This type of scrap has a 
large surface area, and is nearly pure 
iron due to the method in which it is 
processed. Its large surface area is ob
jectionable to iron scrap foundries and 
thus de-tinned scrap does not command 
a market price equivalent to its iron 
content. When placed in a moving 
solution of copper sulphate, the large 
surface of the scrap allows the pre
cipitation of copper to occur quickly 
and efficiently. T h e same advantages 
would hold for machine cuttings and 
shop waste provided the material Is 
not alloyed with elements that have,a 
retarding effect in the cells. 

Due to the corrosive action of cop
per sulphate upon iron pipe it is ad
visable to precipitate all the copper 
at, or near, the point where the preg
nant solution comes from the ore body. 
This can be done because the precipita
tion cells are not large and can be 
strung along both sides of a moderate
ly sized tunnel. Copper sulphate solu
tion can be transported through lead 
pipe, wooden launders, wooden pipe, 
and copper-alloyed materials. Pumps 
used for the circulation of copper sul
phate solution should be made of 

, bronze parts. The precipitation cells 
are usually made of wood, copper nails, 
and are fitted with lead connections. 

Examples of Past Pracfices 

Mining in situ is not something 
that is new and untried. The method 
has been applied in several localities 
and has met with varying degrees of 
successfulness. In Soii.ora, Mexico, 
the Cananea Consolidated Copper 
Company recovered 189 tons of cop
per from the leaching of one single 
stope. In British Columbia the Bri
tannia people made a profitable extrac
tion of 600 tons of copper per year 
using the method. During a four year 
period in Utah, the Ohio Copper Cor
poration extracted 8500 tons of cop

per from a caved section of low grade 
ore. The method has also met with re
verses. The Bagdad people of Ari
zona abandoned, in 1924, an attempt 
to leach in situ because of excessive 
reagent consumption and serious losses ~ 
of pregnant solution.•*" Mining in 
place has been successful as a rule on 
ore bodies that have been subjected to 
caving action of some kind or other 
which has developed the natural oc
curring solution channels. 

An outstanding example of success
ful stope leaching is the record made 
by the Ohio Copper Corporation bf 
Utah In the years 1922 through 
1926.'** An Immense body of low 
grade copper ore had been developed 
and the usual methods of block-caving 
mining had met with financial losses. 
Much development work had been 
done up to 1922, and the caving 
stopes had been closed down because 
of an Insufficient grade of ore and a 
poor metallurgical recovery. The ore 
was chiefly o.xidized copper, dissem
inated in shattered quartzite. The sul
phide copper In the ore oxidized fairly 
easily when it was exposed to the arid 
climate of the region. In 1922, Messrs. 
S. K. Kellock and F. E. Turner 
junked the equipment of the metal
lurgical mill and began the installation 
of an underground leaching plant.''-
The cost of the leaching plant was 
paid for by the sale of. junk from the 
old mill. These men began operations 
by dispersing 250 gallons of sulphuric 
acid leach solution per minute over 
the top of broken rock overlying a 
caved stope. T h e solution drained 
through 1000 feet of vertical distance 
and emerged through four raises Into 
the Mascotte tunnel. This point was 
two miles underground from the por- ^ 
tal. Precipitation cells had been con
structed there, and the pregnant solu
tion was made to precipitate its cop
per content using scrap iron. Improve- . 
ments were made until the volume of 
leach solution recovered from the stope 
was 1500 gallons per minute. This 
volume required the services of l5 
men attending the cells, replenishing 
the iron, and removing the cement cop
per. It was found that a high speed 
flow of pregnant solution, through 32-
inch cells containing de-tinned scrap 
iron held on a false bottom 17 inches 
high, would produce cement copper of 
about 85 percent purity. The re
covery of copper from the pregnant 
solution was 98 percent of the head 
assay. The raw iron consumption »̂'as 

** Private correspondence with Gen, Mgr. J. " * 
Still, Dec. 1940. 

"Ande r son & Cameron, op. cit.. pp. 30-33. 

*" Leaching a Copper Mine. Eng. & Min. J o " ' " 
vol. 116, p. 668. Oct. 1923. 

262 T H E M I N E S M A G A Z I N E *• J U N E I 9 4 l 



found to average pound for pound of 
copper produced. This is only 14 per
cent above the theoretical and indi
cates fairly good technical control of 
the leach solution. The district did 
not furnish an unlimited supply of 
fresh water hence the company .was 
forced to re-use its barren solution. 
Additions of fresh water wete made 
from time to time to decrease the 
ferrous iron content. It is believed, 
however, that the ferrous iron was 
allowed to build up in the circuit until 
it began to precipitate In the ore body 
as basic salts of iron.''-'' This resulted 
in a decreased copper content in .the 
pregnant solution due to the formation 
of basic iron pipes leading directly 
through the stope and shunting the 
leach solution away from fresh ore. 

Operations of the company had ad
vanced in 1925 until the cost of pro
ducing copper at the mine was 3.847 
cents per pound. After refining costs 
and freight charges on the cement cop
per were paid, they realized a profit 
on any price of copper above 6.324 
cents per pound. Their production of 
pure copper from leaching in place 
had reached 17 million pounds at the 
end of 1925. 

A copper mine in Mexico turned 
a curse into a profit by applying the 
leaching method to old, filled, shrink
age stopes. At Cananea the mine was 
troubled'with acidic copper bearing 
water that attacked the pumps and 
pipes through which it was trans
ferred. This mine water running 
through the workings ate away the 
rails and any .other iron that it con
tacted. In an attempt to reduce main
tenance costs, precipitation cells were 
placed at vantage points in the mine. 
These cells produced so much inex
pensive copper, the idea, w âs expanded 
and improvements installed to expedite 
results. Mine water was dispersed 
over the surfaces of the old filled stopes 
which were estimated to carry about 
1.0 percent copper. Of this 1.0 per
cent only 0.05 percent was acid solu
ble. The remaining 0.95 percent was 
sulphide copper. This sulphide cop
per was held in tiny seams and vein-
lets as secondary chalcocite. 

Their installation in 1926 was not 
on a large scale. T h e volume of solu
tion running through the precipitation 
cells averaged 50 gallons per minute. 
They, too, re-circulated the leach solu
tion to effect savings on fresh water. 
Wooden pipe and bronzed pumps were 
installed to prevent corrosion of the 
equipment. Air agitation in the pre
cipitation cells was practiced to give 

"Private correspondence with A. E, Anderson, 
Oct. 1940. 

a higher grade of cement copper as 
the slow moving solution produced 
slow precipitation and contamination 
of the cement copper with attendant 
coating of the raw scrap iron. 

The company had a plentiful sup
ply of scrap iron on hand- which they 
used for precipitation. They acknowl
edged, however, the efficiency could 
have been doubled by using de-tinned 
scrap iron. The operating costs of a 
plant handling and using heavy scrap 
iron would be high. The iron must 
be cleaned and cut down in size so 
that it can be used inside the cells. 
Their production costs in 1926 were 
4.69 cents per pound of copper which 
Included the entire cost of plant and 
equipment of $2600. They did not 
have a shortage of water and were 
thus able to discard the barren solu
tion when it became too highly con
centrated with ferrous iron. 

It was here that the leaching of 
"lost" ore proved to be feasible and 
possible. In the Veta stope they 
leached 42,000 tons of broken ore that 
had been left in an old shrinkage stope 
and that had subsequently been caved 
upon from the back and walls. This 
contamination resulted in a copper 
content of less than 0.8 percent. In 
ten months time, using a leach solution 
of 70.5 gallons per minute, they real
ized 142 tons of copper from the stope, 
a recovery of 42 percent. Leaching 
was still in progress on the stope when 
these figures were released.*'* 

Ideal conditions suitable for mining 
in situ were found at the mine of the 
Britannia Mining and Smelting Com
pany, Britannia Beach, British Colum
bia. A large body of low grade copper 
ore had caved subsequent to glory 
holing. This ground was connected 
to the. lower levels by caved-in stopes 
and raises. A bountiful fresh water 
supply was available above the ore, 
and It had only to be led to the upper 
horizon of the caved zone. A volume 
of leach solution from 100 to 650 gal
lons per minute was caught in the 
lovv'er workings and sent through 
large, five-foot, precipitation cells. As 
the ore contained copper oxides with 
sulphates and some pyrites, the solu
tion made its own sulphuric acid of 
sufficient strength to dissolve the cof*-
per in the caved ore. The analysis of 
the pregnant solution was: 

Grams 
Per 

Litre 

Free sulphuric acid 0.023 
Copper _ 0.98 
Ferrous iron 0.17 
Ferric iron ..._ :_..• 1.61 
Air agitation in the precipitation cells 

was practiced. They used low air 
pressures which were fed into the cells 
through lead pipe. Precipitation was 
effected with local scrap iron, tin cans, 
and other junk. They secured a ce
ment copper product of 67 percent 
purity. This ^vas rather low but was 
due to the type of precipitant used 
and the cell construction. As the 
only reagent cost was for raw iron, 
production costs were, of course, very 
low. Copper was produced at the mine 
for 2.14 cents per pound. The magni
tude of the deposit and volume of 
leach solution handled was sufficient 
to produce 600 tons of copper per 
year.''^ 

Conclusion 

There is no doubt that a number 
of the copper minerals are soluble in 
a very weak acid leach. The technical 
information on this phase of the sub
ject Is profuse. I t is quite possible 
that a particular leach solution may 
be developed in the near-future strict
ly for mining in situ. New ideas ap
plied to leach solutions may quickly 
popularize the method and give it dis
tinction. As already pointed out, the 
sulphate leach contains much to recom
mend it. However, it can stand con
siderable irnprovement in connection 
with the regeneration of the barren 
solution. So far, few attempts have 
been made to develop a particular 
leach solution for mining ore in situ. 

Today the method is adaptable to 
certain deposits, developed in certain 
details, as proved by several, already 
mentioned, successful ventures. Tha t 
the method is adaptable to deposits 
that have not been subjected to cer
tain development remains to be seen. 

W e know the formation of ore de
posits is usually an orderly process of 
progressive concentration through the 
agency of mineralizers. The circula
tion of these mineralizers is facilitated 
by fault fractures, planes of bedding 
or schistosity, and by porous strata. 
Experience has shown that most veins 
are formed along just such passages.''® 

Eminent geologists have shown 
where nature, using solutions, has de
posited ore "in place." Can the tech
nical engineer reverse this concentra
tion through the agency of a chemical 
process? Can ore material be leached 
in place without first disturbing it? 
These questions remain to be proved 
by a full-sized, practical operation, 
applied to a geological structure that 
meets the requirements of the method. 

** Greenwood, C. C , Underground t-eaching at 
Cananea, Eng. & Min, Jour., vol. 121, p. 518, 
Mar. 1926. 

" Brcnnan, C. V., op. cit., pp. 27 etc. 

" Stephen Taber, Mechanics of Vein Formation, 
A. I. M. E. Transactions, vol. 161, p. 36. 
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ABSTRACT 

This report describes the leaching characteristics of four different ores 

irt sulfuric acid systems pressurized with oxygen. The variations in the 

leaching characteristics between different ores can be largely attributed to 

differences in mineralogy. Certain gangue mineral alteration phases produced 

during leaching may trap copper from solution, as well as reduce the porosity 

of the ore. In addition, the formation of secondary copper sulfides, digenite, 

and covellite may limit the extraction of copper if the supply of oxygen is 

restricted to chalcopyrite. Apparently, the key consideration for successful 

leaching is maximizing the rate of oxidation of the sulfides and, at the same 

time, minimizing the rate of gangue mineral alteration. This can be 

accomplished at high oxygen pressures and moderate temperatures (70° to 90°C) 

and low pH (<_2.0). The ideal ore mineralogy is one that is low in carbonates 

and easily altered Fa-Mg minerals such as biotite and hornblende, and one 

that has acceptable pyrite/chalcopyrite ratios. 

•This work was performed under the auspices of the U.S. Energy Research L 

Development Administration, under contract No. W-7'i05-Eng-A8. 
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INTRODUCTION 

It is inevitable that as surface deposits are depleted, copper and 

related metals will have to be obtained from deeper deposits. The recovery of 

ore minerals at depth will probably not be economically amenable to 

conventional mining techniques unless the ores are of significantly high 

grade. Consequently, it is important that we develop some new methods, such 

as solution mining, that vill ensure a future supply of copper and similar 

metals. 

I will restrict my discussion to the application of solution mining to 

relatively low-grade copper ores below the water table at a depth of 1000 ft 

or more. Although this type of occurrence probably contains a rather 

significant amount of the potential supply of copper, geologists have not been 

actively exploring for deep low-grade deposits largely because a technology 

does not exist to exploit these deposits. Considering the significant 

time-lag between the research and development stage and actually applying a 

new technology, we must proceed rapidly toward understanding the many 

technical uncertainties in solution mining at depth, 

A proposed deep solution mining process has been under development at the 

Lawrence Livermore Laboratory. The first step in such a process is the 

rubblization of a region of the ore deposit by the use of nuclear explosives, 

or, alternatively, by undercutting and caving using conventional methods. The 

ore fragments are then leached in the aqueous sulfuric acid syste-m produced 

by introducing oxygen into the flooded ore under hydrostatic pressure. The 

increase in solubility of oxygen under these conditions, together with the 

elevation in temperature resulting from the oxidation of the sulfide minerals, 

greatly accelerates the rate of copper recovery from primary copper ores. 
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The objective of our research program is to obtain experimental data and 

\ ) to develop a fundamental understanding of the leaching process that will enable 

extrapolation of results from laboratory experiments to field conditions. One 

important achievement in the LLL program was the development of a leaching 

3 
model by Braun et̂  ̂ l̂ . that successfully describes the recovery of copper from 

ore fragments of any given particle size distribution under limited conditions 

of temperature and pH. The leaching mechanism involves mixed kinetics and 

includes a surface reaction within a moving reaction zone plus pore diffusion 

of dissolved oxygen through the reacted portion of the ore fraginent to the 

reaction zone. The application of this model over a broad range in temperature 

and pH is difficult because of changes in the chemistry of the leach solution, 

as well as mineralogical and physical changes within the ore. 

In this presentation, I will emphasize the importance that ore 

mineralogy, particularly the gangue mineralogy, has to the leaching of 

chalcopyrite ores in sulfuric acid solutions at elevated temperatures. The 

variations in the leaching characteristics that we observe between different 

ores can be largely attributed to differences in mineralogy and to a lesser 

degree, the grain size of the mineral constituents. For a given set of 

experimental conditions (T, P0-, pH), the mineralogy of the ore controls 

the composition of the leach solution, and the amount of alteration products 

yielded during leaching. These factors in turn have important controls on 

the recovery of copper. 

FXPERIMFNTAL LEACHING OF PRIMARY SULFIDE ORES 

3 
Braun ̂  aĵ . described a series of experiments demonstrating that a 

porphyry copper ore can be successfully leached at 90°C and iOO psig oxygen 

with deionized water as the starting solution. The ore used in these 
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experiments is a primary porphyry copper ore from the San Manuel Mine (Magma 

Copper Company, Arizona). The general mineralogy of the San Manuel ore is ( j 

given in Table 1. "* 

The copper recovery for one of these experiments is shown in Fig. 1. For 

the experiments at 90*'C, the pH of the system decreased from an initial value 

near neutral to a steady-state value near 2 (Fig. 2). The buffering effect 

observed in these experiments is an important feature of the leaching system 

and represents a steady-state balance of H -dependent reactions involving both 

the sulfides and gangue minerals. 

The net chemical reaction of the sulfide minerals in laboratory leaching 

San Manuel ore is: 

CuFeS2 + 2FeS2 + |^ ̂ 2 "̂  1^ ̂ 2° " ^"^^ •*" ^e^ (SO^)^ (0H)^-2H20 +3-5° (1) 

3 4 3 

The hydrogen ions produced in this reaction are mostly consumed either by 

reaction with,."c,alcite to produce calcium sulfate or by reaction with other 

gangue minerals, to release equivalent amounts of other cations, principally 

4-2 4-3 
Mg and Al . The system is observed to buffer at a quenched pH of about 2, 

representing a steady-state balance of H -dependent reactions. 

The cheraical composition of the leach solution for a self-buffered 

experiment at 90°C is shown in Fig. 3. The high sulfate concentration is an 

important feature of the system. Most of the metal ions produced during 

leaching are combined with sulfate as metal-sulfate complexes or precipitates. 

The calcium concentration shown in Fig. 3 steadily decreases because of 

the precipitation of anhydrite. The Na, K, Fe, and Al concentrations are 

O 
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limited by the precipitation of jarosite-alunite minerals [KFe_(S0,) (OH), -

KA1„(SO,)-(0H)£ with Na substitution for K and limited substitution between ' 
3 4 2 6 

Al and Fe]. 

Jarosite and alunite are the most common alteration products observed in 

the leached samples. They occur as fine-grained material throughout the rock 

and as replacements of K-feldspar and K-mica. 

Leaching experiments at temperatures in the 70° to 150°C range and at pH 

values in the 0.25 to 2.0 range clearly show that temperature and pH have a 

pronounced effect on the rate and ultimate recovery of copper from San Manuel 

ore. These effects are predictable in part from the leaching model developed 

3 
by Braun et_ a]^. Their model is based upon a diffusional rate constant for 

oxygen and a chemical rate constant, both of which are temperature dependent; 

Although the leaching model does not directly account for variations in pH, 

several factors that are included in the model are affected by pH. For 

example, -t;he porosity of the ore would be greater at a low pH because of less 

pre'""ip.iJ:ation of iron salts. 

At temperatures of 90°C or less, the effect of maintaining a pH below the 

self-buffered value of approximately 2.0 is to increase the rate of extraction, 

particularly in the early stages of leaching. The effect at 70°C is shown in 

Fig. 4. The increase in rate of extraction may be caused by the increased 

•+-3 
oxidation of chalcopyrite by Fe or by the increase in porosity of the rock 

because of less precipitation of alteration products. 

At 110°C, successful recovery can be accomplished only if the pH is 

between approximately 2.0 and 0.75. At temperatures in excess of 110°C, 

leaching is unsuccessful at any pH. 

The leached ore from the experiments was studied by x-ray diffraction, 

optical microscopy, and electron microprobe analyses. The results show that 
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physical and mineraiogical changes' in the gangue and sulfide minerals are 

major limiting factors, particularly where certain mineral reactions are 

accelerated at elevated temperatures,. De compos ition pr alteration of the 

silicate minerals to copper-bearing ph-ases are accelerated at elevated 

temperatures, particijlarly wheri high, temperatures are combined with low pH. 

Elevated temperatures also accelerate the, rate at which chalcopyrite is 

replaced by secondary sulfides, cov'elite, and digenite. 

Leaching experiments were cpnducted on three other ores-, including two 

ore types from the Ruth Mine (Kennecott Copper Corporation, Ruth,, Hevada). 

One is a typical porphyritic, highly altered quartz monzonite referred to as 

Ruth, The other is a hornfels-type, fine-grained rock consisting largely of 

plagioclase and hornblende. This org will be referred to as Ely. The third 

ore is from the Kelley Mipe (Anaconda Company, Butte, Montana). The- general 

mineralogy of the ores is given in Table .1. 

'" .JEhe extraction rates for S'ah Manuel, Ruth, and Kelley at 90°C, 400 psig 

0̂ , (Fig. 5) are very similar, which is not surprising considering the similar 

mineralogy and texture of the ores. However, at 110°C the extraction curvfe of 

Kelley ore was quite different from that of San Manuel under the same 

cQnditions. At 110°C, the Kelley curve passed thro.ugh a maxima of 80% 

extraction at 1.60 days, then decreased to ap.proximately 45% extraction at the 

termination of the experiment at 280 days. The copper that had been 

successfully leached from the ore was incorporated into silicate- alteration 

products yielded during leaching. 

The Ely ore could not be successfully leached at any temperature or pH, 

The extraction curve for Ely at 90°C and 400 psig 0 is shown in Fig. 6. The 

curve passed through a maxima of :20 to 30% ejc tract ion, then rapidly fell to 

less than 5% extraction at the termination of the experiment-. Thê  Ely ore was 
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in an, advanced state- of alteration to a fine-ground material consisting: of 

disaggregated rock fragments and alteration products composed of montmorilonlte, 

amorphous phase (largely SiO^), hematite, and jarosite. The chalcopyrite was 

almost completely leached, and presumably the copper entered the alteration 

phases. The leaching experiments on Ely and Kelley ore clearly demonstrate 

that the alteration of gangue minerals is atî  important consideration in the 

leaching of ores at elevated temperatures, 

GEODHEMISTRY OF LEACHING SILICATE GANGUE MINERALS-

y 

The leaching of porphyry copper ores i's very similar to the hydrothermal 

reactions that deposited the primary sulfides. Therefore, considerable insight 

into the process of leaching sulfide ores can be obtained from the extensive 

6 7 
body of research ori hydrothermal ore deposition./' For the leaGhing 

experiments, the T, PQ„ , and pH are' fixed. The, pH is controlled by the. 

addition of sulfuric acid or by the. production bf H„SO, from the oxidation of 

the sulfides and is buffered largely by the HSO,/S0> boundary as well as 

related equilibria;. 

The process by which the gangue mineral reacts with the acid soltftloii' may 

be defined as 'hydrolysis'' or "base' leaching." This process can he viewed as 
4-

a decomposition reaction -î ith'water in •i-;'hich H is consumed, and an equivalent 

amount of cations released to the solution. This type of reaction between the 

•f 

silicate minerals and the aqueous solution containing H ions i's perhaps best 

illustrated by the reaction: 

(2) (3) (̂} ,+3 
K-feldspar -+ K-mica -*̂  Kaolinite •* Al -H H, SiO, , 

^ . .̂ 

K-feldspar R-mica 
3KAlSi bg + 2H^ + 12H 0 = KAl„Si 0 _(0H) -I- 2K -I- 6H SiO, , (2) 



(K-mica) (Kaolinite) 
2KA1^S120^Q(0H)2 -I-.2H = 3Al2Si20^(0H)^ + 2K , (3) 

(Kaolinite) 

Al^Si^O (OH-)̂  -f 6E^ =• 2Ai'̂ ^ -I- H^O + 2Ĥ '3±0̂  . (4) 

Reactions to the right consumes H ions and releases an equivalent amount 

J- +3 
of K for "Eqs,, (2) and (3) and of Al for Eq. (4). Siiice the activity of the 

solids and water may, to a first approximation, be taken as unity and the 

H, SiO, concentration fixed by the equilibrium with amorphous silica, the 
4 4 " 

equilibrium constant at a given temperature and pressure takes the simple form; 

aK"̂  
K = M ^ Eqs. (2) and (3) 

-I-
aH 

and 

(am 
Eq. (4) 

,^ 

The lack of thermodynamic data on the chemical species in the leach 

solution at the teiriperatures of interest prevents calculation of the activities 

from-concentrations. However, one can make an "order of magnitude" 

approximation of the ralative stability of the gangue minerals by equating 

concentrations" with activities. Using the analyses of the leaching solutions 

8 
and: the data of Helgeson, it is clear that K-spar, K-mica, and Kaqlinite are 

grossly out of equilibrium with the leach solution. Similar argument can be 

made tp show that, with the exception of quartz, all of the major gangue 

minerals should be decompPsing. Petrographic studies on the leached ores show 

that the relative reactivity of the gangue minerals in acid solutlo'n is': 

Hornblende .> Biotite > Plagioclase > K-spar > K-mica . 
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-t- -1-3 
The K and Al concentrations are much lower than what is expected 

because of precipitation pf a j arosite-alunite phase. Rather than releasing 

, 1 J , _i_ 

K to the solution as in a siiiiple hydrolysis reaction,, the K along, with H •, 

= -H3 

SO,, and Fe may be fixed at K-rich sites (K-spar, K-mlca, and biotite). The 

most apparent alteration of K-spar and K-mica can be shown as: 

(K-spar) _ - (Jarosite) 
KAlSi^Qg, -I- 2S0^^ -I- 2Fe^ + 4H2O = K(Fe2Al) (50^)2 (OH)^ + 3510^ + 2H , (5) 

(K-mica) . _, ,0 (Jarosite) 
KAl2Si^O^Q(OH)2 + 4H -f- 2S0^ -I- 2Fe; ̂  = ̂ (Ee^Al) (S0^)2 (OH)^ -f 3Si02 + 2A1 ^. (6) 

Hornblende, biotite, and plagioclase alteration products generally 

consist of -a very fine-grain brown day together with a j aro.site-alunite phase. 

The brown clay is belie-ved to be a mixture of mohtmorillqnite, j arosite-

alunite, anhydrite, hematite, and a glass phase (probably amorphous clay and 

3102). 

At tempe-ratures of 90"G. or less, the rates of these reactiohs are rather 

small compared with the rate at which the; sulfides are oxidized. At 

temperatures greater than ll6°C., the rate of silica te gangue mineral 

decompositldn is greatly accelerated.. This is important because some of the 

alteration phas'es may trap copper as distinct copper phases or else by 

adsorption,. 

POSSIBLE COPPER BEARING ALTERATIVE PHASES 

The abrupt loss of copper from, solution- observed in several, leaching 

•experiments, particularly with Ely ore:, may be caused by the incorporation of 

cppper into certain alteration products. Petrographlcally, the only unique 

feature of the' leached ore in these expe'ri merits is the rather advanced state 



of gangue mineral alteration, There is an appreciable amoiint of jarpsite-

al-anite, montmorillonite, an amorphous phase (~60% SiO ), and hematite. 

Montmorillpnite: The formation of montmprillohite is of considerable 

interest, both because it is capable of trapping copper and because: it is a 

common alteration product in the leached ore. The copper can be adsorbed on 

the clay mineral surfaces, occur as 'an, inte.rlayer cation, or occur in a lattice 

9 
•position substituting for Al (medmontite ).. The activity product constant for 

a hypothetical Hg-Montmorillonite from Eq. (7): 

^%,.167^^2.,33^^3.57°10^0«>2 + ^^^^ ̂  ^^"2 = ̂ '̂'' + ^^^^^^ ̂  '^H^SiO^ (7) 

is 

: (Mg^^) (Al+^.)^^ (H^SIO^)'' 

Helgeson gives .us the following values for log K^ i: 

Temperature, "C 25 60 100 150 

log K,,̂ , 36.60 16.49 -.0.9,6 -18.25 . 
(i > 

At a constant pH, the significant decrease in log K.with an increase in 

temperature shows that the formation of montmorillpnite is favored at high 

temperatures, 

Because montmorillpnite is very fine grained and dispersed with other 

alteration products, we have not -been succes'sful in Identifying a distinct 

copper montmorillonite. It is reasonable, however, to suspect that copper 

may be adsorbed onto the clay particles. Significant amounts of copper do 

commonly occur in the fine-grained alteration products ineluding 

montmorillonite. 
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Amorphous Phase: Ari amorphous phase Is a common alteration phas_e and is 

particularly abundant in the leached ore that showed significant loss of copper 

during the course of the experiment. X-ray analysis indicates approximately 

60% of the amorphous phase is Si02< The remaining is probably amorphous, clay 

material. Electron mlcroprphe analyses did not detect any copper in the glass 

phase. However, if copper was adsorbed, on the surfaee, of the amprp.hQus phase, 

preparation of the sample for analysis perhaps removed it from the surface, 

Jarosite-Alurilte: X-ray diffraction studies have shown the presence of 

either alunite (KAl2(S0^)2(DH)^) , jarosite (KFê (S0̂ )-2 (OH)^), arid possibly 

riatroalunite (NaAl-(SO,)_(OH),). Minor amounts of copper were detected by 

electron microprobe analysis of a jarbsite-alunite phase ;in pre leached at high 

temperatures (llCC) .. However, no copper was detected in the jarosite-alunite 

phase formed at 90°C or less. It is pessible that high temperatures may lead 

to the formation of a phase similar to one of the alunite minerals, beaverite 

(Pb(Cu,Fe„A-l)HSp2,)2(Q.H),.), The similar ionic size of Cu (0.691) and 

Fe (0.64A)_-.may,,.permit substitution if valence' tompens'ation is made elsewhere 

in the structure. 

Altered Biotite: Electron microproh.e analysis has shown the presence of 

minor amounts of copper to be, located a t sites of altered,biotite crystals. 

It is not clear whether the copper is located within the leached biotite 

(vermicullite phase) or in the associated montmorillonite. 

Formation of Secondary Sulfides,: Covellite and digenite were observed 

in all the leached ore; they can be found in experiments' that have leached 

well and in those that have leached unsatisfaetorily. During leaching, 

covellite and digenite are continually being formed in the interior of the- ore 

fragments as copper diffuses into the rock and reacts with the chalco,pyrite. 

As the oxidizing zone advances into the ore fragment, chalcopyrite,, as well as 
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the previously formed secondary covellite and digenite are oxidized and 

release copper to the solution. As long as the rate of oxidation in the 

reaction zone proceeds faster than the loss of copper to form digenite and 

covellite, the ore will have a favorable leaching rate. 

This is particularly important for the success of an in-situ leaching 

operation because if for some reason the supply of oxidant is restricted to 

part of the rubblized ore, this part of the ore will act as a "sink" for 

copper succe.ssfully leached elsewhere. 

OTHER CONSIDERATIONS 

Acid Consumption: For ores with relatively high carbonate content, it 

may be necessary to add sulfuric acid to the leach solution to maintain a 

sufficiently low pH (near 2.0). This is particularly true in the early stages 

of leaching where the dissolution of calcite is most rapid. For San Manuel 

ore, acid additions were unnecessary because the amount of sulfuric acid 

produced,.from the oxidation of the sulfides was sufficient to dissolve the 

calcite. However, Kelley, Ruth, and Ely ores required additions of acid to 

maintain the desired pH during early stages of leaching. It is desirable to 

have a reasonable amount of pyrite relative to the chalcopyrite content 

because of the increase in production of sulfuric acid. Conversely, too much 

pyrite leads to higher oxygen consumption. Therefore, the calcite content 

of the ore, as well as the pyrite/chalcopyrite ratio are important considerations 

in evaluating the economics of solution mining. In addition, the dissolution 

of calcite CaCO_ -I- 2H"^ -I- SOT = CaSO, -f CO. -)- H.O liberates carbon dioxide 
J 4 4 2 2 

causing a reduction in oxygen partial pressures either by dilution or by 

stripping oxygen from the leach solution. 
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Volume Change: Because chemical and mineralogical changes occur within 

O the ore during leaching, there will be changes in mass and in volume (pore 

volume as well as fracture volume). During the course of leaching, basic 

cations and CO- are removed from the ore whereas H , O2 (in the form of SO^), 

and H 0 are added to the ore. The overall change in mass during leaching may 

be small when compared with the change in volume of the ore. The formation of 

the common alteration phases, alunite, jarosite, amorphous phase, 

montmorillonite, and hematite have significantly larger molar volumes than do 

the primary silicates from which they formed. The alunitization of K-mica 

as shown below can lead to a significant increase in volume. 

K-mica _ Alunite Amorphous silica 
-KAl2Si30j^Q(OH)2 + AH -H 2S0~ -̂  KAl2(SO^)2 (OH)^ -I- 3Si02 

^o-
V = molar volume 

• 'V alunite (146.8 cm"̂ ) -I- 3V Si02(27.27 cm^) - V K-mica (140.71 cm"̂ ) 

(amorphous) 

_ 3 
AV reaction = -1-87.9 cm 

(maximum percent increase in volume = 62%) 

The gangue minerals seldom are completely altered; however, they do react 

sufficiently to reduce the pore and fracture volume of the rock, particularly 

at high temperatures. The effect of reducing the porosity of the rock is to 

restrict the supply of oxygen to the sulfides. This in turn lowers the copper 

extraction rate. 
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SWIMARY 

The experimental and theoretical work conducted at LLL demonstrated that 

chalcopyrite ore can be successfully leached in sulfuric acid systems 

pressurized with oxygen. We believe that" this technology can be used 

successfully for the in-situ recovery of copper and that this method is 

particularly attractive for ore deposits that cannot be economically mined by 

conventional methods. 

We showed that the gangue mineralogy plays an important role in the rate 

and ultimate recovery of copper. The temperature and pH of the leach solution 

control the rate at which gangue mineral decompose to certain alteration 

products.; The formation of alteration products may in some instances trap 

copper from solution, as well as reduce the porosity of the ore. Apparently, 

the key consideration to successful leaching is maximizing the rate of 

oxidation of the sulfides and, at the same time, minimizing the rate of gangue 

mineral alteration. This can be accomplished at high oxygen pressures and 

moderata temperatures (70° to 90''C), and low pH (< 2.0). 

Fpr successful leaching at elevated temperatures, the ideal ore 

mineralogy is one that is low in carbonates and easily altered Fe-Mg minerals 

such as biotite and hornblende and has acceptable pyrite/chalcopyrite ratios. 

ACKNOl-TLEDGMENTS 

I gratefully acknowledge the technical contributions of R. L. Braun, 

J. Tewhey, and A. E. Lewis as well as the dedicated efforts of P. Bowen and 

W. Beiriger in the experimental work. 

-14-



Q-

.o 
REFERENCES 

1. A. E. Lewis, "Chemical Mining of Primary Copper Ores by Use of Nuclear 

Technology," in Proc. S-ymp. Engineering with "Nuclear Explosives (Am. Nucl. 

Soc., 1970), CONF-700101, vol. II. 

2. A. E. Lewis and R. L. Braun, "Nuclear Chemical Mining of Primary Copper 

Sulfides." Trans. SME-AIME, 257, 217-224 (1973). 

3. R. L. Braun, A. E. Lewis, and M. E. Wadsworth, "In-Place Leaching of 

Primary Sulfide Ores: Laboratory Leaching Data and Kinetics Model," 

Trans. Metall. Soc. AIME, 5̂, 1717-1726 (1974). 

4. A. E. Lewis, R. L. Braun, C. J. Sisemore, and R. G. Mallon, "Nuclear 

Solution Mining - Breaking and Leaching Considerations," in Solution 

Mining Symp. F. F. Apian, W. A. McKinney, and A. D. Pernichele, Eds. 

(AIME, New York, 1974), pp. 56-75. 

5. R. L. BrTaun, R. G. Mallon, and A. E. Lewis, "Distribution of Oxygen in a 

Large Underground Flooded Region of Broken Ore," Lawrence Livermore 

Laboratory, Rept. UCRL-75290 (1974). 

6. C. Meyer and J. J. Hemley, "Wall Rock Alteration," in Geochemistry of 

Hydrothermal Ore Deposits, H. L. Barnes, Ed. (Holt, Rinehart, and Winston, 

1967), p. 670. 

7. J. J. Hemley and W. R. Jones, "Chemical Aspects of Hydrothermal Alteration 

with Emphasis on Hydrogen Metasomatism," Econ. Geol. 59, 538-569 (1964). 

8. H. C. Helgeson, "Thermodynamics of Hydrothermal Systems at Elevated 

Temperatures and Pressures," Am. J. Sci. 267, pp. 729-800 (1969). 

9. F. V. Chukhrov and F. Ia. Anosov, 'On Nature of Chrysocolla," Mem. All 

Union Mineral. Soc. 79, (2) (1950). 

-15-



Table 1. General mineralogy of the San Manuel, Kelley, Ruth, and Ely copper ores. 

SAN 

MANUEL 
1 

! 

, 

, 

KELLEY 

Rock Type 

Quartz-
sericite 

rock 

Altered-
quartz 
monzonite 

Quartz-
sericite-
biotite rock 

Altered-
nj.iiirtz 

monzonite 

-

Major Gangue 

Minerals 

Quartz 

K-mica 

Biotite 

Quartz 

K-spar 

Biotite 

K-mica 

Minor Gangue 

Minerals 

K-spar (large 

altered to 

sericite) 

Plagioclase 

Hematite 

Calcite 

Magnetite 

Kaolinite 

ly 

Montmorillonite 

Hornblende 

Plagioclase 

Chlorite 

Kaolinite 

Montmorilloni te 

Sulfides 

Chalcopyrite 
py/cp = 2 

Pyrite 

Ore Grade: 0.7 wt.% Cu 

Calcite/py = 0.43 

-

Chalcopyrite 
py/cp = 2.1 

Pyrite 

Ore Grade: 0.49 Cu 

Calcite . 

Hornblende 

Zircon 

Rutile 

Calcite/py =1.38 

RUTH 

ELY 

Altered-
porphyritic 
quartz 
monzonite 

Altered-
hornfels 

Quartz 

K-feldspar 

Plagioclase 

Muscovite 

Calcite 

Biotite 

Apatite 

Plagioclase 

Hornblende 

Quartz 

Biotite 

Calcite 

Chlorite 

Epidote 

Apatite 

Chalcopyrite 
py/cp = 0.46 

Pyrite 

Ore Grade: 1.44 wt.% Cu 

Calcite/py = 2.5 

Chalcopyrite 
py/cp =2.7 

Pyrite 

Ore Grade: 0.75 wt.% Cu 

Calcite/py =0.84 
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FIGURE CAPTIONS 

Fig. 1. Extraction of copper at 90°C and"self-buffered pH. Ore size, 

16 ± 3 mm. 

Fig. 2. Solution pH during leaching at 90°C. Ore size, 16 ± 3 mm. 

Fig, 3. Chemical composition of the leach solution at 90°C and self-buffered 

pH. 

Fig. 4. Extraction of copper at 70°C and" various pH. Ore size, 16 ± 3 mm. 

Fig. 5. Extraction rates for San Manuel, Ruth, and Kelley at 90°C, 400 psig 

0,. Ore size, 16 ± 3 mm. 

Fig. 6. Extraction curves for Ely and San Manuel at 90°C and 400 psig O2. 

Ore s i z e , 16 ± 3 mm. 
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MATHEMATICAL DESCRIPTION OF THE ALUMINATE SOLUTION DESILICONIZING PROCESS W " 
f=" "«l e 

I . Z. P e v z n e r , A. S. Dvorkin , M. Ya. F i t e r m a n , N. I . firemin, and Ya. B. Rozen 

(3) 

A great deal of attention has recently been given to the optimization of techno
logical processes using mathematical descriptions. In spite of the abundance of ex
perimental material, a sufficiently complete mathematical model of the aluminate 
solution desiliconizing process has not been available up to the present. The exist
ing work [1-3] is far from complete and does not extend to all the aspects of this 
complex process in chemical technology. 
Published findings and our own researches are used in the present work as a basis 

for mathematical description of the physical and chemical processes which take place 
in the first stage of aluminate solution desiliconizing and involve the evolution Of 
silica from solution in the form of sodium hydrbaluminosilicate. 
According to [4,5], the process of aluminosilicon complex formation in the solution 

is in accordance with the following reaction equations: 

SiO,(OH)^-+.'\l07 ̂  (SiAI04(0H)m 1<'-*"') -f (2-m)0H-. (1) 

Kith an increase in the aluminum ion concentration, new complexes are formed ac
cording to the following system: 

or in total 

|Si.A10,(OH)ml('-^"')--r.A107-^Si.AliO,(OH)„l(s-^'")—!-.4l07-

-[Si.M,0,(0H)„,](»+'")-fA107-* ISiAl„Oj(„+,)(OH)ml<''-^'")-

SiO,(OH)5-+nAI07z:. ISiAl A ( n + ,)(0H)™ ](''*"')--f (2-m)0H-

(2) 

(3) 

where n = 1, 2 , 3, 4. 
The formation of sodium hydroaluminosilicate from these complexes can be described 

by the following reaction equation: 

2(SiAI„0.(„+,,(0H)„l('"-^"')--f 2̂ ;a•̂ -|-xAI,0::: {N'as0Al,0,-2Sf0,x H,0)-f 2 (n—1) X A107-^2ni(OH)- (4) 

The sodium hydroaluminosilicate which forms initially is amorphous in structure; 
it subsequently crystallizes into a structure which is thermodynamically stable in 
the given conditions. 
We adopt the following well-known propositions and assumptions for the mathematical 

description of the kinetics of elementary processes in desiliconizing. 
1. The kinetics of chemical reaction (4) and the diffusion of aluminosilicon com

plexes to the surface of the solid phase are the limiting stages in the formation of 
•odium hydroaluminosilicate. 
2. The law of mass action written in concentrations holds good for reactions (3) 

»nd (4), 
3. The concentration of aluminum and sodium in the liquid phase is much higher 

than the silica concentration. 
The following notations were adopted for the mathematical description: C^i, C^a' 

CQK. and Cgi are the respective concentrations of AlOI, Na+, 0H~, and SiOa(OH)j~ ions 
ia the solution, kmole/m',; C^p is the concentration of aluminosilicon complexes 
ISiAl̂ Oz (n+i) (OH)ml ("'*•"')- in the solution, kmole/m\- C is the solution total silica 
content, kmole/m'; C^ is the equilibrium SiOa concentration in the NaaO - Al20r Si02 -
8:0 system, kmole/m'; Ĉ j is the total silica concentration in the diffusion layer, 
«>ole/m'; Ccdp is the concentration of aluminosilicon complexes [SiAlnOa (n+i) (OH)fn] (n-fm) 
in the diffusion layer, kmole/m'; G is the specific amount of solid phase (in a unit 
o. solution volume), kg/m'; Bp and Bcp ^̂ ^̂  the chemical reaction equilibrium constants, 
*^le/m ; Kl and Kz aire the normalized constants for the speed of the sodium hydro
aluminosilicate formation reaction, 1/sec, m'/(kmole.sec); K^ is the diffusion speed 
constant, m/sed; 6 is the thickness of the diffusion layer, in; dg is the sodium hydro-
iUEnnosilicate particle equivalent diame.ter, m; S is the total specific surface of 
^e sodium hydroaluminosilicate particles, 1/m; and p is the density of the solid 
foase, kg/m'. 
f t structure of the mathematical model is a system of algebraic and ordinary dif- 1 
*,̂ ?̂"*-i3l equations, based on the material balances for sodium hydroaluminosilicate, 
iicon, and the aluminosilicon complexes. ' 
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Let us find the relationship between the principal parameters governing formation 
of aluminosilicon complexes and sodium hydroaluminosilicate in the solution in ac
cordance with the assumed process mechanism. 

Forrnation of Aluminosilicon Complexes. Aluminosilicon complexes are formed in the 
liquid phase as a result of instantaneous chemical reactions (3). The equilibrium 
conditions for these reactions will be written in the form 

Pce= 
'-Si'̂ Al 

(5) 

The ionic balance can be written as follows, on the basis of the electrical neu
trality conditions for the solution: 

CAI + CoH + 2Cs," + 2 (n -)- m) C^p = C^,. 
n=l 

Since C„., e << C,,, Cj, in the solution, the ionic balance will be 

'*% 

or 

The material balance for silica in the liquid phase is shown thus: 

C3, + 2c^p=C: 

(6) 

for C_• we obtain 

C^^^C-^Ce„^ (7) 

Then by substituting (7) and (6) into (5) we find 

•-cp 
Q:p(^OH ~^A|) " 

(C- i CM) CJ, 

vhere 

or we obtain the following by way of the caustic modulus a = Cj. /Cj., : 

fCF= 
C c p ( a - 1)^-

(C- S Cfc,)c'-=+'" (8) 

To find Cjjp (n = 1, 2, 3, 4) from the system of equations we multiply each equation 

(8) by C"r ̂  •*""* and integrate for n: 

^C^ ft C ^—2+m 

Hence we find 
• 'fl 

2^*' r=i 

(a-n'-^+V Pft<CkT'+" 

and obtain the following by substituting into (8) 

<;=P=C 
Cp-AI 

(9) 

l» 
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5) 

Formation of Crystalline Sodium Hydroaluminosilicate. Crystalline sodium hydro
aluminosilicate IS formed as a result of heterogeneous chemical reactions (4), the 
formation being accompanied by diffusion of aluminosilicon 'complexes to the particle 
reaction surfaces. 

We find the expressions for the speeds of reactions (4) in accordance with the law 
of formal kinetics: 

speeds of forward reactions lo-

speeds of reverse reactions w 
rr_ 

r e su l t an t r eac t ion speeds w 

ti.'BZn~Kn(^^^tia'. 

•"rr,„=K:c5,'r"c?r„-. 

1 

B'r„=ufr„-^arr.„='<-.C&,CCc'dp-'^cp' 

(10) 

(11) 

(12) 

where K^ and K^ are the forward and reverse speed constants of reactions (4) and C^^ 
are the equilibrium aluminosilicon complex concentrations obtained from (10) and 
(11) for 0)^^ = 0)^^ and C^^ = C^ 

cp 

Cfp=l 
C n—I Am 

Al t-oH 

' 'Na 
(13) 

(7) 

(8) 

(9) 

where 

Since expression (9) obviously holds good for the diffusion layer also, C^dp ^^^ 
C® can be obtained from (9) by"assuming C = C^ and C = C^ in it respectively. We 
thin obtain the following instead of-,(12), taking account of ionic balance(6): 

where 

z„ = 
(a- 1)2—+ 2 P*A75+'" 

(14) 

By equating (9) and (13) for C = C® and C<,p = C§p we find the expression for the 
equilibrium concentration of SiOz is the system taking account of the ionic balance 
(6): 

C?. = 
Pp(tt-i)* 
Pep a 

, Pp(a-I)» 
"•"Pep- a T ^ i P'"'-A" 

•2+m 

/«•! 

I t follows from t h i s expression t h a t 
_PP 
Pep 

= const = f 

therefore 

ce = p < ^ : ^ [(a - 1 ) = - -h 2 P'.<C'Af+-] • (15) 

Having regard to the fact that the total speed of the reverse reactions of sodium 
hydroaluminosilicate solution is determined mainly by the driving force C^ - C^^(see 
equation (14)], it may be regarded as independent of Ĉ ĵ̂  and a, i.e., it is possible 

4 

to assume V X|Z5= const = K; then we find the total resultant speed of sodium hydro-
<—I 

aluminosilicate formation u by integrating (14) for n = 1, 2, 3, 4: 

•"r = 2 ""i" = '̂ •(̂ d ^ ''^')-
(16) 
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We can now compile instantaneous material balances for SiOz in the body of the so
lution and in the diffusion layer. Assuming, as is customary, that the speed of 
diffusion is proportional to the drop in concentrations on the diffusion region 
boundaries we have: 

the balance in the body of the solution 

^=_/Cd(C-C<j)5; (17) 

the balance in the diffusion region, taking account of the fact that the volume of 
the diffusion layer for all particles is S6v • 

or, after dividing by 6 

dCd 
.Xi(C-Cd)-/(.(C^-CT.). (IB) 

It is convenient to express the specific surface S of the particles in terms of 
the concentration G and the equivalent diameter dg of the solid phase particles. 
We have 

S'=SxN. G=V,p,V. 

where Si and Vi are the surface and the volume of one particle and N is the concen
tration of the solid phase part. 

The total specific surface of the sodium hydroalu
minosilicate is 

Table 1 
File of Experimental 
Values of C^,. C^, _, , 

and g (T = 98° C) or, expressing Si/Vi in terms of the equivalent par-

a 

1.75 
2.00 
2,25 
2,50 

80 • 

0,30 
0.29 
0,32 
0,32 

C A I , 

100 

0,35 
0,38 
0,41 
0,44 

O l . kg / ra ' 

130 

0,44 
0.54 
0,56 
0,64 

140 

0,63 
0,73 
0,84 
0,86 

160 

0,80 
0.84 
0.94 
1,01 

t i d e diameter d, 
e 

Vi 

we obtain 

_6n4_ 

(19) 

Note: The data are averaged Cron four 
series o t parallel experiments. Equations (15) , (17), and (18) taking account of 

(19) form a complete mathematical model of the alumi
nate solution desiliconizing process. 

Identification of the Mathematical Model. The unknowns in the mathematical model 

Table 2 
File of Experimental 

Values of C ( t ) , G, and dg 
'"̂  = 98° C, C^^^03 = 
120 q/liter, a = 1.8) 

t , min-

0 
10 
30 
60 
90 

120 
150 
180 
240 
360 
480 

C, k g / m ' . 

' ^ E 

O 

«s 11 
B ft) 
o-o 

3.63 
3,45 
3.00 
2,40 
1,80 
1.41 
1,00 
0,85 
0,85 
0,60 
0,52 

\ ^ 

o ^ 
•9 p a o 

3,61 
3.30 
2,44 
1,65 
1,15 
0,90 
0,65 
0,60 
0,49 
0,50 
0,45 

\ ^ ' ' 
^ 3 . 

m 

5," 

3,62 . -
3,30 
2,40 
1,40 
1,00 
0.73 
0,55 
0.54 
0.47 
0,48 
0.44 

K̂ p-faA'. 

are the equilibrium constants &, Bn(ii = 1/ 2, 3, 4 ) , the diffusion speed constant 
Kjj and chemical reaction speed constants Ki and K j , 
and also the stoichiometric integral coefficient m in 
the formula for the complex aluminosilicon ions. The 
coefficients enumerated were found by identification 
of the mathematical model, the equilibrium constants 
5 and 6jj and coefficient m being found by statistical 
processing of the equilibrium states of the system 
NaaO - AI2O3 - SiOa - H2O according to formula "(15) and 
constants K^, Ki, and K2 by statistical processing of 
the kinetics in that system according to equations 
(17) ahd (18). The file of experimental values of 
C^, Cj^i, and a obtained in experiments with 100-170-hr 
desiliconizing of synthetic solutions is given in 
Table 1. 

The file of experimental values of C(t) obtained in 
8-hr kinetic experiments on desiliconizing synthetic 
aluminate solutions with addition of solid phase in 
the form of slime from Turgaisk bauxite leaching is 
given in Table 2. 

Expression (15) was equalized as follows: 

Kote: The data are averaged from fou'r" 
aeries of parallel experiments 

w h e r e i 

K = (<x-l)' ' A' = (o.— 1)" • 2 P'C-J+m 

The f i 
.» = c o n s 
( s e e F i g 

I no.ing c 
t e n t s , o 
5) 3 0 . 

S t a t i s t 
: . 2.2.J -c 1 
: ' a r n u l a ( 

The z e r 
•~:~i:\, p r o 
; - . . ! n t s , i 
;••! che t o 
" i . ' u i ings 

•-•••fter i 

The kin 
•I.-', imizih 
:<-.icai va 

• ••̂•c- .-nean-
'-"̂ •us th 

'--i:̂  chemi 

<•>! 
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The file of experimental values of C and a for Ĉ i = const (and consequently 
a = const) was then plotted in a Y-X system of coordinates for various values of m 
(see Fig-). It is apparent from the Figure that the optimum value of m = 1. 

The values of equilibrium 
'1 m-3 

x-la-iy' 

[ ^ 
[ ^ 

' 

^ 
' / ^ 

'25 0. 

A 
' ^ 

S 0. 

\ 

A u 
^ 

rs 1 
- t r ' 

/ 

k> 
/ \ 

/ l 

^ 

i.ts 

constants 6 and Bĵ  were found 

iTS 1.0 1,75 
X=fa.-l) 

rinding coefficient m for the following AlzOs con
tents, g/liter: 1) 160; 2) 140; 3) 120; 4) 100; 
5) 80. 

in the next stage of identi
fication in the equilibrium 
state. Two of the B- con
stants were left in (Bi and 
63 proved to be the most 
suitable for this), because 
the accuracy of the experi
ments did not permit reliable 
determination of all four of 
the Bn constants (n = 1, 2, 
3, 4) in equation (15). 
Expression (15) was equal

ized as follows: 

l'=pX,-fP,-rPs.V5, (20) 

where 

Y = 
Ceg 

A', = 0—1; )(.,. • C h . 

Statistical processing of formula (20).gave the following result: 6 = 0 ; Bi = 
0.224 X 10"^ kmole/m'; S3 = 0.293 x 10"^ -kmole/m'; the maximum relative error in 
formula (15) was 7.2% and the mean-square error was 5%. 
The zero value of coefficient B, which is equal to Bn/Bcp according to the nota

tion, provides practical evidence of the high values of the Bcp equilibrium con
stants, i.e., of the fact that almost all of the silica in the solution is present 
in the form of aluminosilicon complexes. This is also confirmed by the published 
findings [4]. 
After identification, formula (15 takes the following form: 

Ci. '=- ^ (0,224.10-«-(-0,293-10-«C5i,). (21) 

The kinetic constants K̂ t, Ki, and K2 were found by the method of least squares by 
minimizing the sum of the squares of the deviations of SiOz concentration experi-
nental values from the calculated values: 

^d = 0.251 X 10-^ m/sec; K, = 0.606 x IO"" 1/sec; 

K2 = 0.166 X 10-'" m'/(kmole.sec). 

The mean-square error of formulas (17) and (18) is 5.4%. 
Thus the mathematical model obtained may be regarded as adequate for the physical 

*nd chemical processes which take place during desiliconizing of aluminate solutions. 

REFERENCES 

1- S. I. Kuznetsov, V. A. Dere-vyankin, I. P. Kraus, and T. P. Porotnikova. In the 
book: Theory and Practice of Desiliconizing Aluminate Solutions. Moscow. Tsvetmet-
Informatsiya. 1971, pp. 42-47. 

• N. F, Balabai, A. Ashimov, and V. D. Ponomarev. Theory and Technology of Alumina 
Production. No. 35. Alma-Ata. IMP AN KazSSR, 1969, pp. 23-25. 

-»• N. F. Pecherskaya and L. P. Ni. New Processes in Alumina Production. No. 47. Alma-
ftta, IMO Kaz SSR. 1972, pp. 34-37. 

<• I. Z. Pevzner, N. I. Eremin, Ya. B. Rozen, et al. ZhPKh, 1974, vol. 47, No. 12, 
pp. 2758-2760. 

• I. Z. Pevzner, A. S. Dvorkin, M. Ya. Fiterman, and Ya. B. Rozen. Alumina Product-
^ ion. Collection No. 85, Leningrad, VAMI, 1974, pp. 61-65. 
• ;• 2- Pevzner, A. S. Dvorkin, M. Ya. Fiterman, et al. In the book: Materials of 
the Vth Anniversary Scientific-Technical Session of MISiS Dedicated to the 50th 
Anniversary of the USSR. Moscow, MISiS, 1972, pp. 159-160. ' ' 



i. \ \ SUBJ ^ 
V 

l ^ f - r T)--}K /V t? TSVETNYE METALLY 7 NON-FERROUS METALS MDFD •''' ^ 

" " • s ^ 
MATHEMATICAL DESCRIPTION OF A FULL DESILICONIZING PROCESS FOR ALUMINATE iSOLUTIONS 55 -• -

UDC 669.712.034 S ^ 

I. Z. Pevzner, ~Ya. B. Rozen, M. Ya. Fiterman, and N. I. Eremin m •̂ ^ 

After the first stage of desiliconization, aluminate solutions contain silica at a 
level close to the equilibrium concentration for SiOz in the NazO-AlzOa-Si02-H2O sys
tem. This level of SiOj removal from the solutions proves to be insufficient to ob
tain high-grade aliaminum hydroxide in alumina production by the sintering method. The 
level of desiliconization is raised by making the silica in the solution combine to 
form hydrogarnet, a compound which is less soluble than sodium hydroalumosilicate. 

Hydrogarnet is formed as a result of chemical reactions between lime and aluminate 
solution containing silica, rts composition is expressed by the formula BCaO-AlzOs• 
•xSiOzC6 - 2x)H20. The formation of this compound can be expressed as follows. 
According to [1, 2 ] , silica is present in aluminate solutions as two compounds: 

the simple ion SiOj COH).|- and alumosilicon complexes [SiAlnOz (;n+i) COH)m] Ci"+ril-, n = 
= 1, 2, 3, 4, which are formed by the following reaction: 

SiO,(OH)J--)-nAIOJ-=ff|SiAl„0,(„+,)(OH)m)<"'*">-t-(2-'n)OHr (1) 

When lime reacts with the aluminate solution, tricalcium hydroaluminate forms first 
according to the following reaction equation: 

3Ca»*-f2A107-l-40H—|-4H,Ow=3CaOAl,0,-6H,0. (2) 

The latter reacts with silica in the solution, forming hydrogarnets by the follow
ing reaction: 

3CaOAl,0,-6H,0-)-xSiO,(OH)«-«=3CaO AI,0,xSiO,(6-2x)H,0-|-2xOH- -|-2xHA (3) 

Formation of hydrogarnet by this reactions shifts the equilibrium of Reaction (1) 
toward breakdown of the alumosilicon complexes, which do not participate directly in 
hydrogarnet formation. 

In accordance with heterogeneous reaction (.3), the formation jf hydrogarnets on 
the phase interface must be accompanied by diffusion of Si02 C0H)2- in the liquid 
phase. Apart from liquid-phase diffusion there is solid-phase diffusion, causing par
ticle saturation with silica X which decreases steadily in depth . 

From the mathematical viewpoint, the formation of particles with a degree of silica 
saturation variable in depth is equivalent to the formation of a hydrogarnet layer of 
finite thickness with a constant degree of saturation with silica X around particles 
of tricalcium aluminate. 

Thus, it may be assumed that solid-phase diffusion takes the form of growth of the 
hydrogarnet layer into the particles of tricalcium hydroaluminate. 

According to [3J, the kinetics of full desiliconization in the initial stage can be 
satisfactorily explained by the laws of chemical kinetics; it then apparently passes 
into the solid-phase diffusion region as the tricalcium hydroaluminate becomes satura-=-
ted with silica. Differential equations for transfer of a substance with a discontin
uous right-hand side are mathematically adequate for this physical model of the hydro
garnet formation process. 

Thus, the structure of the mathematical model of physico-chemical reactions in full 
desiliconization takes the form of a material balance equation and differential trans
fer equations witha Piecelike smooth right-hand side, as well as geometric relation
ships to describe the interface of the solid and liquid phases. 

The following assumptions were made for matheJ^atical description of the physical mo
del formulated for full desiliconizing processes. 

1. Formation of the complex alumosilicon ions (1) and tricalcium hydroaluminate (2) 
is instantaneous. 

2. The law of mass action in concentration form is applicable to all the reactions. 
3. The tricalcium hydroaluminate particles which form as a result of the chemical 

reaction between lime and aluminate solution are spherical in shape and with an iden
tical diameter constant in time, 

4. The diffusion layer is a thin globular layer adjacent to the particle outer sur
face, having an identical concentration gradient for all particle and a thickness va
riable in time. 

The following symbols were adopted for the mathematical description: 
Cfti, the concentration of AIO2 ions in the solution, kmoles/m' ; 
^ C A I . losses of aluminum with tricalcium hydroaluminate, kmoles/m'; 
CNa, the concentration of Na+ ions in the solution, kmoles/m'; 
Csi, the concentration of Si02(0H)l- ions in the solution, kmoles/toS 
^Si ^^® equilibrium concentration of Si02 (0H)| - in the Na^ O-AIZOJ-SiOj-H2O system 
kmc5les/m ; 

m 



38 TSVETNYE METALLY / NON-FERROUS METALS 

Cc, the concentration of alumosilicon complexes [SiAlnOj (n+>)(OH)m] f"̂"*"") ~ in the solu
tion, kmoles/m'; 

C, the solution total SiOj content, kmoles/m' ; 
Ce, the equilibrium Si02 concentration in the Na20-Al203-Si02-H20 system, kmoles/m ; 
Cca:, the •concentration of Ca*+ ions in the solution, kmoles/m'; 
COH, the concentration of OH" ions in the solution, kmoles/m'; 
G3CA1, the specific amount Cconcentration) pf tricalcium hydroaluminate BCaO.AlsOs. 

• 6H2 0 in a unit of solution volume, kmoles/m ; j|ii-
Gh, the specific amount of hydrogarnet 3Ca0.Al203-xSiOz (6 - 2x)H20; 
D, the diffusion coefficient, m*/sec; " 
•6, the thickness of the diffusion layer, m; 
d, the particle diameter, m; ^ 
N, the particle concentration, l/m ; 
B, the equilibrium constant of chemical reaction t3)? 
(X = CNa/CAl, the aluminate solution ratio; 
ViCA I Vhi the molecular masses of tricalcium hydroaluminate and hydrogarnet, kg/ 

/Ckmolel; 
PjCAlf Phf the densities of tricalcium hydroaluminate and hydrogarnet, kg/m*. 

Mathematical Model of Elementary Processes 

In the initial stage, the process of full desiliconization is governed by the speed 
of chemical reaction 031, which according to [31 is of the second order: 

•-/CCCs.-Cst'. 
where K is the chemical reaction speed constant. ^ 

According to Pick's equation, the speed of diffusion Si02 (OH) z"*" ions through the 
layer of hydrogarnet which forms is: ^ 

"0= -r(csi-c?,). - • 
We will assume the point at which the speeds of the chemical reaction and of diffu

sion are equal to be the points of transition T from the kinetic region to the diffu
sion region: 

or 
/C.[Cs,(T)-Cf,]'=55_[c^(,)_C«| 

[Cs,(T)-c|i]6(T) = -^. (4) 
Having regard to what has-been said, it follows from the material balance for 

Si02COH)2- in the solution that 
dCj, ( —m^nd'A' where < < t; 

dt ~ \ —tv-nd*N where t > x 

or, by substituting the Wg and wd values: 
—Knd*N (Csi—Csi)' where. I < t; 

dt ' --j-»uPA/(Csi—CSI) "here t > t . 
According to [4], the relationship'between the total concentration of silica and the 

concentration of silicon ions in the! solution can be expressed by the following equa
tion: 

Cs, = C ; . 

«-«+ 2 P»AT' , C , 
<-l (o) 

where B^i are the stability constants of the corresponding alumosilicon complexes. 
In the equilibrium state Ct -•<»), taking the ionic balance into account 

CA|-fCoH«<CNi 

we obtain, from Reaction (3) ... 
(CNa-C;,.)" • (7) 

We obtain the following from Equations (6) and (7) for the equilibrium state of the 
system (where t * ") : 

4 

CMa-l)C»,rp (a-l)-|-2 P.CAT'1. 
^ ff! ^ C8) 

where Bi = ^^ki-
We then find the relationship between the geometric characteristics of the particles 

d and 5 and the concentrations of the solids formed G J C A I and Gh. Taking into account 
Csee paragraphs 3 and 4 of the assumption) that the particle volume is l/6n d' and the 
/olume of the globular;.hydrogarnet layer is nd'6, we may write ' -. vo may 

" P3CAI P h • 

Hence, 
^ 3 C A 1 f 3CAI 

3CAI " = " " 5 5 ^ 
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6O3CAI M3CAlPh • ( 9 ) 

The concentrations G S C A I and Gj^ of the solids can be found from the material balan
ces. According to equation (2], we have: 

(10) I 

Similarly according to the equation for reaction (3) we have 

^ Cs,(0)-Cs, 
(11) "h= 5 

Using relationships (6)-Cll)» we write differential equation (5) relative to the to
tal silica concentrations in solution C in explicit form: 

aĉ  (a-i)'ei,Cc 
dt " •""•' c 

where 

{C-C!', where ' < f . 

S'fPMscAl. 

dC 

te 

'^•Ci,(a-l)« C m - C 

Dphr /2H3CAiy 

—J. where t>x . (12) 

(13) 

The expression for determining T is obtained from equations (4) or (12) and is as 
follows, taking into account the symbols which have been introduced: 

ICW-C«11C(0)-C(.)] = ^ - ^ ^ ^ ^ 

Finally, the losses of aluminum ACAI with the tricalcium hydroaluminate which forms 
are governed by the amount of lime added and are as follows, in accordance with the 
equation for reaction (2): 

2 ACA, = -3-CC (14) 

Thus, the mathematical model for elementary processes in full desiliconizing takes 
the following form: 

^ - -/r.(C-cV^''~"*^*''^^' """*'• '<^; 
C" 

[C(T)-C«J[C(0)-C(T)1= *«_i£!i!£Ci_; 
«i(o—D'CAI 

4 

C««= (a-I)Ci,x [P(a-l)-f ,2 P A I ' ] ; 

(15a) 

where l > X ; 

•AC., = -=-C, Ca-

Identification of Mathematical Model 

The undefined coefficients in mathematical model (15) are Ki , Kj, g, and & i . Only 
6 and Bi affect the equilibrium state of the process; these can be found from equation 
(15cJ by identification according to the results of experiments in the equilibrium 
state. 

Coefficients Kj and K^ reflect the kinetics of the process and can be found by iden
tification of the mathematical model according to the results of experiments on the 
kinetics- of full desiliconizing with the B and Pi values which have been found. 

The methods and results of the experiments on full desiliconizing have been set out 
in detail in [5]. 

The substantial error in measuring the SiOj concentration at values less than 0.1 
kg/m' prevents reliable determination of B and Bi, which prove to be close to zero 
within the limits of error. 

C"-0, (16) 

is therefore adopted, and KaCe in formula C15a) is replaced by K'a: 

^̂ »=/fj=const. (17) 

statistical treatment of equation (15a) then revealed that the kinetics of full de
siliconizing were well described by one equation (15a) for t > T in the entire range 
of time t > 0: 

dC_ KjCl. c 
i t " ' ~ r-i I in C(01—C- (•'•8) "ci,(o—D' C(0)—C-
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Consequently, the process of full desiliconzing is limited by the diffusion stage. 
To find Ki, equation (18) was balanced by the following replacement of variables: 

X 1= f. ', Xa 

In 1hese variables, we have 

where 

and by integrating, we obtain; 

C(0) 
(19) 

d X •• X'X, 

^"ci, (»-.)«• 

Consequently, it is necessary to take the following to balance (20): 

K = C(0) In-£-^ 
We then have the following instead of (20): 

>' = C(0)ln^H-C-C(0); 

YW'^K't 
Cl. 

(20) 

(21) 

(22) 'Ci,(a-I)» 
Identification of equation (221 by the least-squares method gives the following val

ue for K2: 
#Cj'=2.7|.|0-* kmoles/(m'.Bec) 

(23) 
with a mean square error of 10%. 

Thus, the identified mathematical model of full desiliconizing takes the following 
form: dC 

•2;-=-2.71-JO-* 
Cl 

Ci,(a—1)» C ( 0 ) - C ' (24a) 

AC., «= -5- Cr 3 -c (24b) 
The equations from the mathematical model of full desiliconizing have been used with 

.-quations from the jiiathematical model for desiliconizing stage I [4] for optimizing 
the standard process of two-stage desiliconizing of aluminate solutions without auto
claves [5] . 
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A Model of the Dump Leaching Process 

that Incorporates Oxygen Balance, 

Heat Balance, and Air Convection 
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L. M. CATHLES .A.ND J. A. APPS 

.\ one dimensional , nonsteady-state model of the copper waste dump leaching proce.ss has 
been developed v.Oiich incorporates both chemistry and physics. The model is based upon 
three equations re la t ing oxygen balance, heat balance, and air convection. It assumes that 
the dump is composed of an aggregate of rock par t ic les containing nonsulfide copper min
e r a l s and the sulfides, chalcopjTite and pi ' r i te . Leaching occurs through chemical and dif
fusion controlled p roces se s in v.-hich p^Tite and chalcop\nnte a re oxidized by ferr ic ions in 
tlie lixiviant. Oxygen, the pr imary o.xidant, is t ransported into the dump by means of air 
convection and o.xidizes ferrous ion through bacter ia l catalysis . The heat generated by the 
o.-^idation of the sulfides promotes air convection. The model was used to simulate ihe 
leaching of copper from a small test dump, and e.-'xellent agreement with field m e a s u r e -
m.ents -A'as obtained. The model predic ts that tlie most important var iables affecting cop
per r ecove ry from the tes t dump a re dump height, pyrite concentration, copper gi-ace. and 
lixiviant application r a t e . 

THE -HE leaching of low-grade copper-bear ing waste has 
been pract iced eiO-ier by accident or through design 
for s eve ra l hundred yea r s . D-uring the last fifty yeai-s, 
increas ing attention lias been paid to the systemat ic 
leaching of low-grade v.'aste resul t ing from the open 
pit mining of pcrphyry copper deposits in the western 
United States. By novv, this activity is yielding an im
portant secondary source of domest ic copper,^ Indeed, 
some mining operations have been planned and a re 
operat ing exclusively from the production of copper 
obtained from leaching. Many of these operations a r e 
e.KpIoiting- o.vide copper deposit.'; where copper is r e a d 
ily leached by the application of dilute sulfuric acid. 

Low-grade waste discarded as a resuli of open pit 
mining of porph.yry copper deposits i s dumped in gul
l ies surrounding the deposit . The disposal site is de
te rmined pr imar i ly by the convenience of the site lo 
the mining operation, and is not usually based on con
s idera t ions necessa ry for optimum leacliing. In the 
wes te rn United States severa l Vjlilion tons of v.aste has 
accumulated in this m.aru-ier. 

During the last decade, many people have become 
conscious of the fact that this enormous resource of 
copper is not being c-rploited effectively because in
sufficient attention is being paid to those factors which 
could lead to improved design ai-id layout of v/aste 
dumps . It is Ijelieved that if the leaching p rocess 
were completely understood, then it would be possible 
to design and leach copper from waste dumps in a far 
m o r e efficient manner than is current ly being p r a c 
ticed. Tlie problem is a la.rge one. Not only must the 
chemis t ry of leaching be understood, including both 
kinetic and thermodynamic aspec ts , bul the effect of 

L. M. CATHLES is a senior geophysici.st ,-ir llic Lejgemom Labora-
lory. Kennecoit Coppjr Corpora-iion, Lexington, .Massachus-eus. J. A. 
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scientist, Energy nno Environment Division, Lawrence Berkeley !,„--
bonil'orj'. Universiiy of Ca!ifv-.-.T!i3, Berkeley, Calif&r.-iia. 
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heat generation, fluid flow and ether t ranspor t phe
nomena relat ing to the leacliing process m-jst also be 
considered. A leaching system cannot be considered 
in a steady s tate , because all factors involved in the 
leaching process change progress ively as a function 
of t ime . 

In this paper we have developed a one-dimensional 
model of the nonsteady-state dump leaching sys tem. 
We have applied this model to a smal l test dump con
structed and leached at the Utah Copper Division of 
Kennecott Copper Corporation. To our knowledge only 
two other attempts have been made to integi'ate the 
diverse aspects of dump leaching into a coherent a l l -
embracing model.^'^ Wliile we do not feel that the 
model presented in this paper is the final answer lo 
a clarification of the dum.p leaching process , v.e be
lieve that it forms a basis upon which subsequent r e 
search in thts a r e a might be coordinated. 

A MODEL OF THE DUMP LEACHING 
PROCESS 

Initial Assumptions 

Sulfides must be oxidized before their metal values 
may be put into solution. Tlie conceptual basis of the 
irodel of dump leaching'presented h e r s is simply that 
the exothermic sulfide o.̂ ^ndation reac t ions generate 
heat and consume o.xygen from the a i r , and by so do
ing dr ive a i r convection through the dump. Tnis air 
convection is the only significant source of oxidant to 
tlie dump. 

-k system is envisioned in which a countercurrent 
interlocking flow of a i r and v/ater passes through an 
aggregate of rock fragments, as shown in Fig. 1. 

Tlie oxygen leaves the gas phase within ihe dump 
by dissolving in the liquid phase where it o.xidizes 
ferrous to fe r r i c i ron through the agency of b-acteria. 
The fe r r i c iron diffuses into the o r e fragments and 
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oxidizes the sulfide minerals:* Acid, F e " and heat 

* At 1/5 atTnospheic ?Q and the leirperaturcs involved in dump kachijig, 
oxygen is not ver>' soluble in water (<8.6 X 10"' si I). Typical ferric iioa con-
ceniraiionsin leach dumps run ~1 g/1. These relative conccniraiionsensure Fe"* 
Ml! be the oxidizing agent in the diffusion controlled processes envisioned above. 

are produced along with Cu**. 
For the purposes of our model, we have assumed 

the formation of a leached rim which is separated 
from the unreacted core by a sharp boundary, as 
shown in Fig. 2. As the leached rim grows the rate 
of leaching drops because of longer diffusion paths 
and a shrinking reaction zone. E\'idence for a shrink
ing core has been supported observationally br Braun, 
Lewis and Wadsworth'' and by Madsen, Wadsworth and 
Groves.' Theoretical arguments also support the ex
istence of a sharp boundary for the conditions of our 
model (see Eq. [11]). For those reasons we vsill later 
employ the mathematical formulation of the so called 
"shrinking core model"', as developed by Braun, Lewis 
and Wadsworth. However, we recognize tliat there are 
many conditions in which a sharp boundary between 
the leached rim and the unreacted core boundary is 

•not observed because of variable reaction rates of 
the sulfides, acid gangue interaction, sulfide concen
tration, grain size of sulfides and gangue minerals, 
and porosity of the rock. A generalized model, taking 
account of several of these factors has been developed 
by Bartlett.* 

Most low-grade waste, from which copper is leached, 
is derived from the outer pyi-itic halo of porph^Tv cop
per deposits, where the copper-bear ing sulfide is chal-
cop^Tite.' We assume that chalcopyrite and pyrite are 
the principal sulfide minerals and that they oxidize in 
a waste dump environment in the following manner: 

O-I + I CuFeSj + I (2H* + SO;") - f (Cu'" - SO;') 

•t--|(Fe** + SO;-) + iHjO + | S [1] 

Qj + -I FeSj + -f H3O - -I (Fe** -t- SO^) 

+ f ( 2 H * + S0;-). [2] 

E\-idence that tliese are the oxidation mechanisms 
for the two sulfides comes from studies by Wadsworth.° 
Observations by Stephens^ show that sulfur is a prod
uct of the oxidation of sulfides in waste dumps. It can 
be seen that for every mole (64 g) of chalcopyrite 
leached, 5/2 mole (5/2 -32 g) of oxygen will be con
sumed. If FPY moles of pyrite are leached per mole 
of sulfide copper, an additional 7/2 FPY moles (7/2 
• 32 • FPY g) of Oj will be consumed. Thus for every 

FLOW Of V;ATES DOWN THROUGH 
ir8«T^- Flow! 

CONV'i:CTIVE FLOV.' OF AIR 
U? THROUGH THE DUMP 

Fig. 1—Couniercurrent inierlocking flow of air and water 
through a ie.ich damp. The flow of-.vater is uiual ly in ter-
miitant. 

SULFIDE BLEBS 
UO'JiD PHASE 

Fig. 2—Idealization of the leaching of a single waste pa r t i c ' e . 

gram of chalcopiTite copper leached, the following 
number of gi-ams of O^ will be consumed: 

g Oj consumed = (1.25 -)• 1.75fPV) g chalcopjTite 

Cu leached [3] 

Actually the amount of oxygen consumed per gram of 
chalcopyrite copper leached is somewhat greater than 
this, if account is taken of the oxidant required to pre
cipitate, as jarosite (KFe3(S04)2(OH)6), the iron ex
changed for copper during cementation (2.5 lb Fe/lb 
Cu) and the iron produced in leaching the chalcopyrite 
and pyrite. The precipitation of cemetation iron tvithin 
the dump must clearly be taken into account even 
though the source of the iron is outside the dump. 

Further, if the excess acid produced by the oxidation 
of pyrite is neuti-alized by reaction with gangue of bio
tite composition* additional iron is generated, oxidized, 

*Biolite has been found to be more veacU've by a factor of •~ 100 than other 
gangue minerals in a porphyry copper intrusive. Calcite. tlie only other higlily 
reactive mineral likely to occur, is usually present only in minor amounts. 

and precipitated. With these additions Eq. [3] becomes: 

g O, consumed = (1.75 -̂  1.91 FPl') g chalcopyrite 

Cu leached [4] 

Waste material typically contains 10 to 100 moles of 
pyrite for every mole of sulfide copper. Thus pyrite 
is by fai' the most important oxidant consumer if it is 
oxidized in proportion to its molai" ratio to sulfide 
copper. 

Because leach solutions cannot carry significant 
oxidant with them as they move through the dump, air 
is the main source of o-xidant within a dump. A liter 
of air contains 0.28 g Oj. Fig. 3 shows that Eq. [4] 
requires fai' more air than water to flow through a 
waste dump if the effluent solutions are to contain the 
copper concentrations typically observed. For the par
ticular dump we shall consider, at least 80 times more 
air passed through the dump than water. That is, for 

'each liter of leaching solution leaving the dump with a 
net gain of 0.25 g/1 (2 lb. Cu/1000 gal.) copper, 80 
liters of air are required to supply the oxidant neces-
sai'y for the chemical reactions involved. 

Eqs. [1] and [2] not only tell us the amount of oxidant 
consumed per gi'am of copper leached, but also the 
heat generated per gi-am of copper leached. (Tlie eiit-
halpy of reaction, AW^̂ , of Eq. [l] is approximately 

> 

I? 
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5 10 15 20 25 30 35 40 45 50 

MOLES py/MOLE SULFIDE Cu LEACHED (FPY) 
FPY » -

Fig. 3—Graph rela t ing the a i r liow through a dump to the 
ra t io of the moles of pyri te 'esched to sulfate copper leached 
(FPY), .(ov a tj-pica) efliuent copper concentration. 

- 108.8 kcal;* AH;̂  for Eo.. [2] is - 94.9 kcal). If we 

*l kcal = 4.1S6.SkJ. 

again take into account the heat consumed in the pre
cipitation of jarosite, require acid and iron balance, 
and assume 2.5 lb. Fe are exchanged per pound of Cu 
at the precipitation plant: 

kilocalories produced = (2.89 -f 5.4.1 FPY) g chalco

pyrite Cu leached [5] 

Again it can be seen p\Tite oxidation -will, in all proba
bility, be the most significant source of heat. The rate 
at which a waste dump heats up is a direct measure of 
FPY. 

Eqs. [4J and [5] contain the fundamentals of a inodel 
of the dump leaching process. Sulfide oxidation reac
tions consume oxygen from the atr in a dump. Since 
Oj is a heavy component in air, the oxygen depleted 
air is lighter. Since water vapor is a light component 
of air, saturation of the air inside a dump with water 
vapor will also produce buoyant forces. Buoyant forces 
tend to produce air convection. Furthermore, the oxi
dation reactions are exothermic, which also promotes 
air convection. A AT of 20"C produces buoyant forces 
two or ten times larger than complete oxygen deple
tion or complete water vapor saturation, respectively. 

For normally observed pemaeabilities, air convec
tion rather than diffusion is liie principal mechanism 

of Go transport into a waste dump. In this respect our 
model differs from that of Harris,^ whose pseudo-par-
ticulate leaching case assumes that O3 transport into ' 
a dum.p occurs primarily by diffusion through the inter
stices of the particles. 

In the next section we generalize Eqs. [4] and [5] 
slightly to take into account copper sulfides other than 
chalcopjTite. We then develop the rate equations r e 
lating copper extraction with ox7gen upta-ke and heat 
generation. We show that these rate eq-uations are gov
erned by the chemical and diffusional processes oc
curring during the leaching of waste particles in the 
dump. Finally, we derive three equations describing 
o.x-ygen balance, heat balance and convective air flow 
which are the basis for our one dimensional model. 

Form.ulation Of a One Dimensional Model 

Because sulfide leaching is usually donsinated by the 
leaching of pyrite, Eqs. [4] and [5] are quite easy to 
generalize. Provided FPY is taken as the moles of 
P5n"ite oxidized per mole of sulfide copper o.xidized, 
and provided FPY is greater than ~4, Eqs, [4] and 
[5] will hold to good approximation even if sulfide min
erals otlier than chalcopyrite are present. 

We assume sulfide oxidation takes place in a dump 
only where the air filled pores of the dump contain 
o.-<>'gen and that the oxidation proceeds at a rate inde
pendent of the actual oxygen concentration. Unpub
lished studies of the bacterial oxidation of waste dump 
leaching solutions with air, conducted by the second 
author, have shown tliat the bacterial oxidation rate 
of ferrous iron is essentially independent of oxygen 
concentration in the air until the concentration falls 
below 1 pet. More recent studies by the second author 
involving the uptake of oxygen by wetted mine waste 
show that oxygen uptake is substantially independent 
of 0-\7gen partial pressure for the same range of o.xy
gen concentrations. 

By contrast nonsulfide copper is leached with acid 
alone. Acid generated by pyrite oxidation anyv^here 
in the dump is recirculated through the dump in nor
mal operation. Therefore, nonsulfide copper leaching 
sliould take place everywhere in tlie dump at a rate 
independent of the presence or absence of nearby 
oxj'gen. 

Suppose the fraction of sulfide copper remaining in 
the dump after some leaching is A'̂ , and the fraction 
of nonsulfide copper in the dump is A'̂ ŷ̂ . Let tlie orig
inal sulfide copper grade be Gc and the original non
sulfide copper grade be G^yj. Then the rate at which 
copper is leached from the dump, ^cu: '̂ ''̂ ŷ '̂ ^ ex
pressed as: . 

a? 
d X d X i 

Cu P;j(l-*)(^Gs-gj- +G.vs-5|-j- [6] 

Similarly the rate of oxygen consumption, (RQ,^ and the 
rate of heat generation ta^, may be expressed, from 
Eqs. [4] and [5]: 

f/A'c 
fl'02 = P / ? { l - * ) G 5 - g ^ (1 .75 + 1.91 F P y ) [7] 

dX,-

'^.•\ = P ; ? ^ l - * ^ ' ^ s " d f " ^^ '^^ "̂  5 .41 F P y ) ' [8] 
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Pf̂ , the densi ty of the rock waste, is commonly about 
2.7 g/cm^; * , the interblock porosity of the dump is 
~25 pet; p ; j ( l - * ) , the bulk density of the dump as a 
whole, is equivalent to 1.7 tons/yd^. 

The r a t e of leaching, 1:̂ X5 / d t and dXj\is/dt, may be d e 
scr ibed also in t e r m s of leaching from a waste par t ic le . 
Let us suppose that the leaching of a sulf ide-bearing 
par t ic le i s governed by an equation of the form: 

OA-"sulf [Ox] 

and that [O.vj^ just outside the ore par t ic le is a knowT. 
function of t ime . The symbols given a r e defined in 
Table I. 

For a s imple one-dimensional case , Eq. [9a] b e 
comes : 

D'OX'^RI d'[Ox] Rl 

Th dx' 
- V v « s u l f [ 0 * ] ^ = 0 

Satisfying the boundary conditions [Ox] I' 

and [Ox]f ^i;;;^ 0, the solution is 
x=0 

[0.v]f -x/d 
x^O d [ O x ] f 

dx 

Wliere 6 = react ion skin depth =: 
/?; •*p 

^oxTR(ts'Ai 

f9b] 

[O.v]' 

[10] 

[11] 

The react ion skin depth is the distance into the pai-ti-
cle where the oxidant concentration has fallen to 1 fe 
i ts initial value. Since by hypothesis the r a t e of o.xida-
tion reaction i s proportional to oxidant concentration. 
6 is a measu re of the distance into the ore par t ic le 
that significant chemical react ion takes place. 

Using values given in Table I, 6 = 0.142 cm. The 
react ion skin depth is therefore thin, re la t ive to tlie 
average s ize par t ic le d iameter . Leaching of a pa r t i 
cle can, t l ierefore, be described in t e r m s of the s o -
called shrinking core model v/hich is of a s imi la r form 
to that developed by Braun, Lewis and Wacswortli.^ 

rfA's 

" d T 

- 3X1^' 

6 T o s X f ( l - 4 ^ ' ) + T c s 

dX: NS ^ x % l 
^* 6To,vsA' i fc ( l -A ' t f , ) + r '^CArS 

[12] 

[13] 

where r ^ is the t ime riequired to leach a waste pa r t i 
cle completely when the process is solely diffusion 
controlled, and TQ the time to leach a waste part ic le 
completely when the process is controlled by the de 
c reas ing surface a r ea of the shrinking unleached core . 
TQ and TQ can be computed theoretically from the fol
lowing re la t ions : 

CS = 

' D S 

A'a 

^ox asulf 6 [ a v ] 

T ^ a ' K 

6 [av ] i ) ; , . * ' « 

[14] 

[15] 

Using tlie values given in Table I, T Q ^ ~ 903 mo. -and 

Table I. Parameters tised for tho Determination of r^s and r ^ j 

Parameter Description Value 

"sulf 

FPY 

Gs 
K 

[Ox] 
T ' 

Radius of waste particle 
.Surface aica of sulfide mineralization per 

unit volume of waste 
Diffusion constant of Fe"* in water 
Mofes of pyrite leached per mole and sulfide 

copper leached 
Sulfide copper grade 
O.xidEnl required to leach a unit volume of 

ivarif particle 
First Older rate constant for the oxidation 
of pyrite by Fe-*" 

Concentration of Fe*** in leaching solution 
Tortuosity of diffusion channels 
Reaiinn skin septh (see Eq. (11)) 

1.5 cm 

^80 cm' ' 

=»2 X iO* 
47 

cm*/s 

Porosity of waste throug 
can la.'te place 

which diffusion 

O.lSwipci 
0.444 ijcrvi^ 

==IO'\-.-n;'s-

lO-'g/cm^ 
=5 
Calculaifd-vaiue 

0.142 cm 
4X 10"' 

'DS - l^^'^ mo.' ' In addition, TQ and T^J may be given 

* 1 mo = -M cf. 

a tempera ture dependence: 

jT'lOOO-E" 
(T) = 7 ( r = 0"C) EXP 

R (273) (273 + r ) . ' 

[16] 

This introduces activation energies E ^ S ' ^CS.- ^OA' ,? : 
^C\ 'S- Fi'oni the l i terature^" reasonable guesses for 
£ o 5 and ££>A"9 would be 5.0 kca l /mol . E^^ and £cA'.? 
might range from 14.0 kca l /mol to 20.0 kca l /mol , the 
activation energies repor ted for the leaching of py
r i t e " ' ' ^ and for chalcopyrite.^^ 

Given values for r^^r "TCS, TD.VS- '^CA'S^ Eqs. [12] 
and [13] determine the r a t e of leaching at any point 
in the dump at any stage of leaching. A'̂ ŷ̂  and A'̂  
can be updated after each increment of model leach
ing. Model t ime increments may be taken as short as 
desired. 

The most se r ious approximation in Eqs. [12] and 
[13] is probably the assumption that the dump is com
posed of waste par t ic les only of one s ize . Tliis may 
not be as ser ious an approximation as it might at 
first seem, given tlie tendency of smal l o re par t ic les 
to clump together and leach as if they were a la rger 
aggregate, and the tendency for la rge o re par t ic les 
to have large enough c racks that they leach like some
what smal ler pa r t i c l e s . ' " 

Fur the rmore , recent work has also shown that cop
per recovery r a t e s from operating dumps at Kenne-
cott ' s Bingham mine can be corre la ted quite well with 
laboratory studies of copper recovery from similai ' 
mater ia l when the mean par t ic le s ize of the waste, 
as found in the dump, is compared with laboratory 
leaching studies. 

Tlie heat balance in a waste dump may be described 
by: 

ar PrCr ~ - = -{f̂ iCiVi + PsCgVg)-vT + (R̂  
+ KyV ^ r 

where p and C a r e the density and lieiit capacity 

[17a] 
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total dump (subscr ipt T) and the liquid (subscript I) 
and gas (subscr ipt^ ' ) phase of the dump. V; is the 
Dai'cy liquid velocity (i.e. cm^ w a t e r / c m ' dump s u r -
face-s passed through tlie dump). Vg is the darcy air 
veloci ty through the dump {i.e. cm^ a i r / cm^ dump 
ai-ea-s) . K'f, the the rma l conductivity of the dump is 
taken to be 5 x 10"^ ca l / cm-^C • s. For calculation, 
Pj-Cj- = 0.6, PiCi=: 1.0, and p^Cg = 1.3 x lO'^ (0.126 
+ 0.02837"), where T is the t empera tu re of the dump. 
ITiis las t e.xpression takes into account the thermal 
effects of evaporation. It is assumed the air in the 
dump i s always sa tura ted with wate r ; account is taken 
of the inc rease in water saturat ion values with in
c r ea s ing air t empera tu re , T, and the effect, through 
the la tent heat of vaporization, this would have on the 
heat capacity or heat car ry ing ability of a i r . 

For a one dimensional dump (i.e. a i r and water flow 
r e s t r i c t e d to be ver t ica l only), Eq. [I7b] simplifies to: 

^ T ^ T - ^ = iPl^ l^ l 
, dT ,C„K„ m^ + K T 

fT_ 

[17b] 

One dimensional convective air flow thi-ough a dump 
may be descr ibed: 

v.. 
'̂ AVE AP 

H 
[18] 

H is the height of the dump, \ig is the viscosi ty of air 
= 1.9 X 10"' poise.* AP is the p r e s s u r e drop ac ros s the 

• l poise = 0.1 Pa-S. 

dump. A-P may be expressed a s : 

AP = Poogo^^ T j ^ M T i ) Ti + 3 (1 - [0 ,Y)) [19] 
i 

Here Pog i s the density of a i r at STP, go is the gravi ta
tional constant, H^ = Hj /H , is the normal ized thickness 
of the ith incremental level of the dump. a{T^) is the 
t empera tu re dependent coefficient of thermal exj^an-
sion which, like the heat capacity, includes the effects 
of changing water vapor sa turat ion. ^ is a coefficient 
which desc r ibes the dec rease in_aLr density due to oxy
gen depletion ((3= 2 .83x10" ' ) . [O^]^ = [ 0 , ] S / [ O z Y 
kAVE; tlie average permeabil i ty of the dump, may be 
exp res sed : 

1 

Eri, i/ki 

STP-

[20] 

Any dis tance, z^, from the base of the dump, where 
fresh a i r i s assumed to enter , the oxygen concentra
tion in the dump will be: 

[O , ]^ = 1 -
ffi 02^i 

VslO^VsTP 
[21] 

Eqs . [17b], [18], and [21] r e p r e s e n t a model of the 
dump leaching p rocess that includes both physics (air 
convection) and chemis t ry . The equations can be solved 
using an implicit finite difference scheme in which the 
dump is considered to be broken into .V l aye r s . The 
method used was to s t a r t the dump leaching at some 
s ta r t ing t empera tu re and loop between Eqs. [18] and 
[21] until a steady s ta te O^ profile and air velocity 
was attained. Then Eq. [17b] was used to determine 
the t empera tu re of the dump at I + A.'. A/ was gener
ally taken to be one month. Tlie average r a t e of fluid 
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application v;as used, an approximation that has been 
shown valid so long as the leach cycle is l e ss than 
tliree months. As will be discussed later the ambient 
temperatui-e was varied seasonally in a manner ap
propr ia te to the location of the dump (temperatiore 
measurements were available from a mine station). 
The surface tempera ture of the dump was also varied 
seasonally but at a higher average t empera tu re and 
over a more r e s t r i c t ed range. Air convection kept 
the dutnp surface w a r m e r than the surroundings . Snow 
was observed to mel t more quickly on the dump than 
in the surrounding a r e a s . 

Given a set of pa rame te r s and operating procedures 
(rate of application of water) , the finite difference 
model computes tlie leach his tory of the model dump. 
The dump is considered to be broken into A' l aye r s . 
Tlie percent copper leached per month (or the efflu
ent copper heads) can be computed easi ly: 

fraction Cu 
mo 

d X r o r 
dt 

(2 .68 X 10^ — ) 
\ m o / 

2.68 X 10' 

E 
dump 

('^A'.S 
^VS 

dt 
dXl' 
dt 

A'(Gs + C^r^) 
[22] 

HEADS [g/1 Cu] = p ; 5 ( l - 4-) H 

dump 
(GA'< dt + G< 

dXk 

dt - ) . , 000 
A^ ;̂ 

Tlie cumulative pet leached, 1 - XJ.Q,J. is just ; 

(G,vs-^A'S + ' ^s^s) 
fraction Cu leached = 1 

'NS + Gc 

[2.3] 

[24] 

The next section compares the ra te of leaching and 
the cumulative leaching of a tes t dump to the r a t e of 
leaching and cumulative leaching computed by the 
model through Eqs. [22] and [24]. 

CALIBRATION OF THE MODEL 

Fig. 4 shovv-s a c ross section of the Midas test dump, 
built of mine waste with normal s ize distribution by 
the Utah Copper Division of Kennecott Copper Corpor
ation at Bingham Canyon, Utah. The dump is about 400 
ft long, 200 ft wide. The average depth is 20 ft with a 
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maximiuhi depth of 40 ft. Fifty-eight ItS aching ponds; 
cover the top of the dump. The waste tonnage beneath 
tt-!_e..ponds is about 93_.O00 tons (assuming 1.7 tons/yd^). 
The waste itself is 60 pet quartzite and 40 pet biotite 
granite. The-average grade of the waste is dil45 pet 
copper. 80 pet o'f the copper was sulfide, dbminantly 
chalcgpyT-ite; the r e s t was rionsulhde copper. 

LeacMng of the dump^began on Apiril 9, 1969. Prior-
io this, there had Been some runriotf through the dump 
but very low copper extraction. Fig. & showsVthat 
leaching aiter water application was slb-W at first, in
creased rapidly to a,maxiiiium,about five rnonths after 
the s tar t of leaching, a;nd then fell steadily, with some 
fluctuations that appear correlated with the season 
(inaximum in summer). Fig. 4 shows.that by August 
1969 the internal dump temperature had risen;to'130°F 
(a4°C). There ^yas substantial oxygen depletion as the 
air cori-î 'ected through the dump. It can. also be seSn 
that the. air eonvect'ed in alotig the, high per me ability 
base of the-duriip iand then up through the dump—the 
one diii-i^nsibnal model is-appi-opriate for this case. 

As time went on the location of maximum dump tem
perature' sMtted frorn the fax end of the dump Jas 'shown 
iii Fig. 4) to about;the s,ame distance from the near end; 

The parairieters used ih the'model are listed in Table 

The following thermal boundary'conditions were 
chosen. The base of tlie dump was fixed, at 20°G. The 
•top surface temperature was allowed to vary: 

T — 1 — r — r — I — ^ — r — 1 — i — r — r ~ ~ i — i r 

MIDAS TEST DUMP 
UCO 

5'Mo. Ruftning^riNveTage 
of- Data 

J L J i: 1 i L _ J I I 1 1 I 

T (mo) = 10°C ^ 10 • cos ((rno, - 1)11/6) 

where mo runs from 1 to-.12 and is the number of the 
•calendar inonth. Thtis the top surface- of the durnp -ifas 
assumed to vary seasonally betwe'eii;32°F and 68°F, 
(0°e and 20?C)i a slightly moi-e restricted and;hotter 
range than the aiiibient terriperattire variation'Of 19°F 

to'es-'Ft-T'ctD n°e). 
The temperature at the base-of the test duirip -^as 

observed to fluctuate ..some what. The assumption of a 
constant 2Ci°C basal temperature is ̂ a matte if o'l con-
venience and. is probably subject to-sorrie'error. B'oth • 
boundary conditions are plausible.. Subset^uent work 
has shown; these "assumptions to be .quite reasbriable. 

The stai'ting temperature of the-model dump was 
lO^C. The Midas, test dump was built In winter so the 
dump VJ as ihitially at least this cold. 

Fig. 6 cpm.pares the-.talibrated model leaching-his-
tpry to-the leach irig history of the Midas; test duTinp 
shown in Fig. 5., The match in general is quits good. 
In addition to the leachirig'hi story similarity, the model 
dump reached .51°C internal temperature by August 
lf69 and, then decreased'in temperature to abffat 14 X , 
as did: the far end of tlie Midas test dump. Iii August 
1969 the, effuent oxygen concentr at-ion was 9 pet, in 
good agreement with observ.atipii (see Fig, 4). The 
values bf'Tcs and TQC are quite clbse;to the values 
anticipated from Eqs.[i4]<and [1.5'] (cprapare, Tables 
landH)'. 

The. initial rise in extraction rate is d.ue to the heat
ing up of the dump; This feature- is' hot peculiai- to the 
Midas test dump, Shd can he oBs^erved in the:le.aching 
histoi'y-of, many dumps. The fall in leaching rate after 
the first seven mpjiths -of leaching is due to, the fact, 
the more a'ccessMe cDpp'er'-.has.'bGe'n leached arid Fe*""' 
must.'diffuse thro ugh. already, leached.areas to r.each 
the remaining copper, The la l l ip dump temperature 
also contributes: to the decline in leachirig;.rate: 

VARIATIOI^S FROM THE BASE 
MODEL 

tt "is of-'.iritei-est to vsry the model pai^ameters: to see. 
what;effect they n\ay have on the rate ;of'popper extrac-

Tabla l l . Rm'ametm Used fbr the Mmiel Shown in Fig. 6 

PaTa'metfii -Descripiibi) Value 

F i s . i—The ' ra te of es t ract ion ajKl-.cuniiul;iti'y.e^extraci"iQn..of" 
coprjer "troni the i l i d a s test"dui-i-i'i3. using a, tiv/e-tneVit IT r u n 

ning';r;'cgr age. 

H 
FPY 
H-'-

,̂ 

Cs, 
fi^-S 

•rps 

" • « : 

"ftVS 
'^&-s 

p*.-. t:*. ... 

! : « ; I,-*" ., 

Meighrof-dunip 
M oics py ri le Icachi (i / linol i:' Cu',; le ache d 
Dum|i.pcrm£abiUly t ^ KE 

• ^ 

R;ite;of watev-!!pphcali,on 

'DLimp Eiiiride coppe't'Ei-adc. 
Dump iionsviiriSc copperjgtails 
Difj'usiunal sulfide leach lime i 2 ( f Q 
Lcadviime for sulfTde copost umier sutface 

aiea f;il_e: c'omrol {i6''G,'| 
DifruEJ'onal ndiisuirisk lcac!-i-.i5nK,(.30°G.) 
"LcLicir.Uinc for noii&uirule c'Qp|>cr under 

iUtCace/area [aie--gonivol (.^O' C;) 
Aciivalian-Vrici-gies for di ff-Ji'i'on 

.•Vciivaijoii-eisei^ici for cl-ieraicsl leacliing 
tc'aciioiis; 

670 cm m S i ) 
47 
l,0-'cr,i*'nOO(i 

darcy s) 
2;26.X' fO"' cm'/ 

cni°duiiiir-s(0.02 
gal/fl=-l,); 

O.i Ifv ivi pet 
0,D-?9 \vi pel 
1700 mo 
•200 mo 

500 mo 
.r 00.1110 

S'Olvcal/nipl 

.!S.01.tal, 'mol 
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V.IDAS TEST DUMP 5 MONTH RUNNING AVERAGE 
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Fig. 6—Comparison of observed and calculated Mitlas test 
dump copper leaching behavior. 

Table I I I . The Effect of Parameter Variation on Copper Recovery 

After 24 Months of Leaching 

Parameter 

/ / y 

Fpy y 
ros 
Gs y 
Els 
•fcs 
VI V / 

''DNS 

''-h 
Gss 
''CNS 

I^D.VS 
Starling Temp 

I^CNS 
k' 

Variation 

-HO 

•HO 

- 1 0 

•HO 

-HO 

- 1 0 

- 1 0 

- 1 0 

•HO 

•HO 

- 1 0 

•HO 

•HO 

•HO 

•HO 

- 1 0 

Increase in Copper Recovered 

in 24 Months, Pet 

.5.9 

6.1 

6.2 

4.8 

2.7 

LS 

1.3 

1.3 

0.9 

0.9 

0.4 

0.4 

0.4 

0.0 

0.0 

-0 .4 

been included, as yet, in the model. Secondly, not all 
the parai-neters listed in Table in are mutually inde
pendent. For example, increasing FPY at a constant 
sulfide copper grade will cause TQ^ to increase sub
stantially. Lastly, the combination of parameters that 
successfully models the Midas test dump is not neces
sarily a unique set or the correct set. Data from more 
than one test dump is needed to resolve these uncertain
ties. The most critical uncertainties are probably the 
chemical activation energies and FPF (see Teble II). 

The lack cf dependence of leach rate on permeability 
simply indicates the dump was shallow and permeable 
enough not to be oxygen starved any\-v-here. Had the 
dump been thicker (~100 ft.), a significant dependence 
of leach rate on permeability would be noted. 

CONCLUSIONS 

From the discussion presented it can be concluded: 
1) Air convection is ai-i important part of the d-amp 

leaching process and must be accounted for in any 
successful model of this process (Fig. 3). 

2) Exothermic oxidation reactions heat up -ivaste 
dumps with time (Fig. 4). Any leaching model that is 
to be applicable to real dumps must account for the 
temperature dependence of the leaching process. 

3) A simple model that requires energy., mass and 
momentum balance, and that derives rate control from 
a temperature dependent shrinking core model and a 
single "average" waste particle diameter (Eqs. [12]. 
[13], [16]) has proved remarkably successful in ac
counting for the most important observed featiu-es of 
the leaching history of a well studied test dump (Fig. 6). 

4) Dump height, ILxiviant application rate and dump 
permeability are the most important factors affecting 
the rate of copper leaching that are accessible fo op
erational alteration. (Table IH and discussion in text). 
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tion. Table IU lists the paran-ieters of Table II and 
shows the percent increase in copper extraction after 
twenty four months of leaching that results from a 10 
pet alteration in the listed paran-ieter. The parameters 
that are checked affect the rate of leaching primarily 
by allowing the dump to attain higher temperatures. 

Tlie reader is cautioned tliat the variations in leach 
rate shown in Table III are based only on what is in the 
model. Much may go on in a waste dump that has not 

sulf 

NOMENCLATURE 

: radius of a waste particle, [cm] 
: surface area of sulfide mineralization 
per unit volume of waste, [cm"^] 
heat capacity of gas phase in dump in
cluding effects of variable water satu
ration, [g/cm^] 
heat capacity of mobile liquid phase in 
dump, [cal/g °C] 
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•ox 

^ D S i ' ^ D N S 

^ C S ' ' ^CA'S 

Fpy^ 

Gs 

G,NS 

H 

.AHn: 

k' 
k 

[Ox] 

&P 

R 

S o , 

IS Gu 

rk 

^MS 

heat capacity of'dump as a. whole, 
[cal/g "Cl 
diffusion constant of oxidant in water, 
[crnVsl 
activation energies describing, through 
Eq. [16], the temperature dependence of 
'ps.i ''"iJjV.Sr ['kcal/mole] 
actiVatioh energies .describing, through 
Eq, [16], the temperature dependerice'of 
"̂ 'cŝ  "̂ CNSi [kcal/mole] 
mole's of pyrite. leached per'mole of sul
fide copper leached.[-] 
initial copper sulfide grade of dvimp, 
[wt fraction, Cu] 
initial copper,nonsulfide grade; of dump, 
[wt- fraction Gu] 
gravitational acceleration, [cm/s^] 
height .of dump; fcm] 
thickness of "1th layer of durhp, [cm] 
diniehsionless thickness of ith layer of 
durapHi =H^./ffv[-l 

: ehtha.lpy: of reaction,, [kcal] 
; oxidant required to leach v.iaste parti,c,le, 

[g/cm^ particle], 
: thermal G.onductivity of dump a.s'awhole 

(total'durnp), [cai/crn °C • s] 
.-intrinsic permeability of thejdump, [cm^] 
: average permeability"of the dump. 

{1 Darcy ii. 10"̂  cm'), [cm^j 
; Chemical rate c6iistant:'characterizitig 

f ea^ctionof oxidant ahd s.ulfi'de minerals, 
[cm/s] 

• number of layers into -which .diiinp has 
beeTiar.bitrai-ily broken for saj^e of com
putation (usually 30), [.-] 

: concentration .'of >oxidaTit, [g/cra^] 
: concehtratiqn of oxygen in air'und.er 

standard,conditions of temperature and 
•pressure, jg/cm^] 

:• coneenti'-ation of oxygen in ga'sfphase of 
du-mps, [g/cm'] 

: normalized: oxygen concehtration in gas 
phase^f,dump tO^^ - . l0s]^/(Q,] | j ,p , [-] 

: pressure ,drcip''across (bottom to: ibp)'the 
dump (lO,̂ "dynes/cm*^ -̂  1 atmosphere), 
[dyn/cm^] 

:"gas constant i"-i2), [caI/°C-mol] 
:T^te of heat generation,, [kcai/Gm-^dump - s]" 
: i-ate of .oxygen ccnsumptidn, 

[g OE/CITL; dumpvs] 
: rate of copper leaching [g Cu/cni^-durnp-s] 
: temperat-jre' of .dump at any particular 

location. Teniperature: of water, rock, 
and gas phases assumed.'identical, [°C] 

: tortiiosityof diffu.sipn channels; [-] 
: darcy gas yelocity through, dtimp, 

fcirijg^s/chi'dump-area •:S| 
: darcy yelocity of -vvatei- passing through 

the'dump. Average rate oyer application. 
periods arid rest cycles is used, 
[ciii^^ater/cm^dump sur'face • s] 

*. fraction of..initial liOnsultid.e copper "r'e-
-maining in dump",br given layer of dump, 

• fract-i'on of initial sulfide.-"copper remain-

5 

Pn 

,P.T 

P i 

^ D S i ^ B N S 

^ Q S ' ^ - ' - ^ m 

,* 

ingyn-the durhp o.r a given layer 'oi the-
dump, [-] 

: 'distance of center of ?"th layer of dump 
from base of dum'p, [cm.'l 

GREEK LETTERS 

; coefficient M ther.mal expansion bf air 
irxluding effe.cts of changing watei; vapor 
satufatipn. [-] 

; caefficient describing the, c.hainge In.air 
densitydiie tb o.xygen depletidr., (See 

• reaction skin depth, [cm ] 
: viscosity of the .gas phase in tha dumo. 

M , ; • ' • • " . " 

: density of waste;particles, ['gj/cqi'j 
: dehsity'pf the,,dump as a wh'pie ("Total" 

dump)" {pj' = pjf:{\ - .4]), [g/cm*]. 
: density of liquid phase of.dumD (water). 

[g/crn^] 
; density of;gas,phasj in duinp including 

effect of variable water vapor saturation, 
[g/cni'], 

: density of air at",'stahd:aa~d_temperature 
and.pressure. Ig/.'cm'] 

: time to leach typical waste particle com
pletely of sulfide, or nonsulfide; copper 
a'.ssurning rate "of- leaching is iim-ited By 
'diffusioTl of'6xidaiit..pr acid- into the par
ticle, [mo] 

: time' to leach-typical waste particle com
pletely of sulfide or nonsulfide copper 
assuming the rate!of leaching is con-
trplied by the. shrinking surface area of 
tlie sulfide .or ,nen-sul'fide'copper ("cliem-
ical" control), [mo] 

: interblock porosity.df.tdump (usually 
-35pc t ) , [-] • 

: poros'ity of •waste through which, diffusion 
can;take place, [-] 
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1980 MIIMIIMG AND EXPLORATION DEVELOPMENTS s ^ ^ ^ i c ^ . ^->^ 
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Mineral exploration activity continued at a high levei in Montana during 1980, extending the 
trend of the past few years. Major mining activity was interrupted by the 5-month copper 
workers' strike against The Anaconda Copper Company, but other mining activity was little 
affected by the national recession and continued strong throughout the state. According to sta
tistics released by the Department of State Lands, license and permit volume increased about 20 
percent overall, with the greatest increases reflected in exploration licenses and small-mine 
operator permits. There are currently 75 active mine-operation permits issued in Montana, and 
six of these were issued during 1980. Thirty-eight companies or individuals were active in explora
tion in the state, 12 for the first time, and these 38 firms or individuals were active in 61 projects. 
One thousand small-mine operator permits were issued, and of these 250 were new permits. 

Increased mining and exploration a c t i v i t y i s also ref lected in increased 
s t a t e revenues, which have been r i s i n g dramatically during the past few years . 
During the l a s t decade, net proceeds and property taxes re la ted to mining have 
increased from 30 to 100 mill ion d o l l a r s ; assessed valuation of rea l and 
personal property re la ted to patented claims, property improvements, and 
machinery jumped from approximately 100 to nearly 300 mill ion do l l a r s . 
Revenue from coal mining increased from less than one mill ion in 1970 to 
an estimated 25 mill ion do l l a r s in 1980, while o i l and gas income rose from 
3.5 to, 10 mill ion do l l a r s ; a l l other sources remained about the same. 
PRODUCTION 

Major news items and events of interest to the mineral resource community during 1980 
included: 

. . .the decision by The Anaconda Copper Company, a subsidiary of ARCO, to 
shut down the copper smelter at Anaconda, Montana, after 80 years of operation, and 
the related closing of the refinery at Great Falls, due to the prohibitive cost of upgrad
ing antiquated equipment and meeting Federal air-quality standards. Although closure 
represents a significant loss of U.S. smelting and refining capacity and the loss of 
many jobs in western Montana, the shutdown is not expected to affect mining opera
tions at Butte. 

. . .the increasing interest and favorable outlook for oil and gas potential in west
ern Montana's overthrust belt. Several test holes were completed in western Montana 
during the year, and great interest continues to surround the recently completed deep 
test by Amoco, near Wisdom, in Beaverhead County. 

. . .passage of Initiative 84 during the general election by an extremely close mar
gin. The initiative to ban disposal of radioactive waste products in Montana was widely 
regarded as anti-mining, and was first reported as defeated by 2,000 votes. The final 
vote tally released by the Secretary of State indicated 172,909 votes were cast in sup
port of the measure, and 172,493 votes were cast against, a margin for passage of 416 
votes. Legislation for the initiative remains to be written by the 1981 Legislature. 

. . .the intent of the state of Montana to finance a new High Tongue dam adjacent 
to the antiquated and allegedly unsafe Tongue River reservoir near Decker, by leasing 

'Deputy Director, Montana Bureau of Mines and Geology, Butte, Montana. 
'Willis M. Johns, Chief, Economic Geology Division; Don C. Lawson, Field Agent; R. B. Berg, H. G. McClernan, G. A. Cole, and 

D. E. Fine, Geologists, MBMG. 



and mining coal present at the proposed reservoir site, with coal-lease revenues ear
marked to partially repay bonds sold to finance the new dam construction. About $50 
million in coal-lease revenues is estimated to be applicable to this project. 

. . .in education, the Montana Mining and Mineral Resources Research Institute/ 
Montana Bureau of Mines and Geology joint effort at Montana Tech to provide support 
to small-mine operators, continued to provide a broad range of services and advice to 
operators on geology, mining methods, milling and processing techniques, reclama
tion practices, and permitting procedures, in addition to limited metallurgical bench 
testing and analytical services on Montana ores. Placer mining short courses empha
sizing hands-on experience have been offered in Billings, Butte, Kalispell, Great Falls, 
and Missoula, and consistently are oversubscribed. 

. . .the National Materials and Minerals Policy, Research, and Development Act of 
1980, passed by Congress and signed into law by the President on October 21, 1980, 
places new and heightened emphasis on the significance of non-fuel mineral policy and 
domestic strategic and critical mineral resources. This new legislation is expected to 
have a major impact on technological research and development of Montana's many 
strategic and critical mineral resources. 

PRECIOUS METALS 

Montana's precious metal mining, production, and exploration industry experienced a mixed 
year. Production of gold and silver was strongly curtailed because of the nationwide strike 
against the copper mining companies and the loss of byproduct gold and silver from Butte ore, 
reputed to contain an average of 0.2 oz/ton silver and 0.0028 oz/ton gold, with the announced 
closing of the smelter in Anaconda and the refinery in Great Falls. At the same time, Montana has 
been the scene of greatly revived interest in precious metal mining and recovery by small-mine 
operators. 

Exploration and development activity continued in the Stillwater Complex by The Anaconda 
Copper Cornpany and Johns-Manville/Chevron, who are exploring and developing the platinum-
gold resources in the complex. During the year. Anaconda completed its development drift at the 
Mouat millsite. Johns-Manville began work on a new portal on Chrome Mountain—the Frog 
Pond project—at the west end of the complex, where ore is reputed to be 20 to 50 percent higher 
grade than on the east end of the complex. Drilling, sampling, and experimental stoping continue 
in order to develop samples for metallurgical testing and to refine grade estimates. The chrome 
stockpile in the Stillwater was reduced by shipments of ore from Columbus by unit train, but no 
exploration or production activity was recorded on chrome deposits during the year. 

Gold Cup Mining Company's planned gold-silver-platinum openpit operation in the Crazy 
Mountains has been postponed because of delay in receiving Forest Service approval. In the Little 
Rockies, mining and development activities continued at Landusky and Zortman, with Newmont 
Mining continuing contract mining on its holdings. 

Ranchers Exploration and Development Corporation announced plans to develop an openpit 
gold mine—the Golden Grizzley—north of Cooke City in the Lulu Pass area between Yellowstone 
National Park and the Absaroka-Beartooth Wilderness. Company estimates based on drilling indi
cate a half-million-ton orebody, averaging 0.2 ounces of gold per ton. 

Western Silver Development Company, lessee of the Nancy Lee silver mine near Superior, 
continued to develop vein silver deposits, with vein ore reported to average more than 10 ounces 



of stiver per ton. Anaconda Company's Flathead mine, under lease to Cpndon and Kelly, was the 
site of considerable work this summer through an agreement with Superior Oil of Canada. Work 
has proceeded to the point where an application for a mill to process silver ore is being actively 
considered. Production from the Portal silver minte, operated by Black Pine Mining, was antici
pated to increase from 9,000 to 18,000 short tons per month. Management of this modern, track
less mine is considering installation of a mill to process ore in addition to the existing optical ore 
sorter. Midnite Mines is also studying construction of a mill employing a combination of cyanide 
leaching and electrolysis at the Polaris silver mine. 

Several gold heap-leaching operations were active during the year. In the Little Rocky Moun
tains, full-scale leaching operations were initiated by Zortman Mining Company on three-quarters 
of a million tons of ore near Zortman, and a similar amount of ore was successfully leached by 
Landusky Mining Company at its Landusky-based operations.. .leaching began at the Mammoth 
mine in the Tobacco Root Eyiountains in what appears to be a well-planned and efficient opera
tion that recently produced the first bullion. . .favorable mill tests of stockpiled ore from the 
Gregory mine south of Helena indicate that most of the gold and much of the silver can be 
recovered by modified heap-ieach techniques. . .the heap-leach operation at the Tourmaline 
Queen in the Elkhorn District was reported in operation this year. . .the millih the Rochester 
District has been optioned, and some thought is being given to adding a cyanide circuits No gold 
production was reebrded from the more than 50 patented claims in the district, but Noranda is 
reported to have staked claims in the Rochester Basin. . .mill rebuilding is expected to begin 
shortly on the Goldsil-Ranchers mill at the old Drumlummon mine near Marireville. The cyariide 
leaching mill was damaged by fire in July. 

High gold prices have stimulated considerable interest In Montana's placer gold deposits, 
both by major corporations and small-mine operators. International Nickel has leased the Ruby 
placer situated 10 miles southeast of Wisdom in Beaverhead County on Ruby Creek. Under an 
option to explore and lease, INCO has dirtlled 30 holes to bedrock and removed 1,000 yards of 
gravel as part of its evaluation of the placer potential of this deposit. . .Playgo Mining has pro
posed mining Tertiary placer deposits south of Virginia City in the Gravelly Range. Recovery of 
stghlfleant gold value there may be hampered by substantial clay In the gravel. 

1960 saw continued production, exploration, and permitting actiyitles at Montana mines 
operating on complex precious metal-base metaf ores. Kootenai National Forest officials approved 
ASARCO's four-year mineral exploration plan for the Chicago Peak area of the Cabinet Mountains 
Vyilderness Area. ASARCO's plan to search for copper-silver ore Includes drilling 36 core holes 
over the 149 claims held., .at the Argentine mine near Wickes, Mascot Silver-Lead Mines, Inc., Is 
developing a recently discovered lead-silver-gold vein averaging 11.2 percent lead, 11.6 ounces 
silver, and 0.1 ounce gold; The company also plans to reopen its Meadow mine near Helena, 
where assays reportedly indicate over 200ounces of stlver'per ton of ore. Summit Silver is explor
ing at the Baltimore silver mine northwest of Boulder, Montana, a major past producer of gold, 
lead, and copper, with a production record In present-day value of oyer six million dollars. Viking 
Exploratiori Company of Denver has reopened the Spotted Horse gold mine in the Judith Moun
tains, a major gold producer in the late lB(X)s and early l9CK3s. As part of its effort, the company 
has coritracted with Helena Silver Mines, Inc., to rebuild its mill to process Spotted Horse ore. 

BASE METALS 

Major news of the year was the decision by The Anaconda Copper Cortipany, a subsidiary of 
ARCO, to close the copper smelter in Anaconda and the refinery in Great Falls. The closure rep-
resjents a major loss of domestic smelting and refining capacity in addition to the loss of 1,5CK) 



jobs in western Montana. According to company representatives, the closure came as a result of 
the prohibitive costs, estimated at $3(X> to $400 million, of retrofitting the smelter to meet Federal 
alr-quallty standards. Officials indicated the closure decision will not affect the mining operation 
af B^utte, and it is reported that Butte concentrate will be shipped to Japan. 

At Butte, Anaconda announced its application to the state Air Quality Bureau to build a $6 to 
$8 million addition to the Weed Concentrator to process molybdenum ore. The addition would 
include flotation and dryer sections that v/ould extract 30 tons of concentrate dally, containing 
about ̂ pe rcen t molybdenum. 

Exploration and development activities for molybdenum remained at a high level during the 
year. Increased exploration activity and property acquisition by American Metals-Climax In the 
Nejhart-Hughsville area have led to rUmors of a major molybdenum discovery on the Gwen 
McBride property adjacent to the Block P mine.. Cyprus Mines and Moly Corp are actively explor
ing in the East Pioneers. The U.S. Geological Survey announced discovery during the year of 
zones in the Pioniser Mountains likely to contain moly deposits associated with anomalous 
arnounts of silver, copper-lead-zinc, tin, and tungsten. 

Union Carbide has apparently found more tungsten In the Broyyn's Lake deposit near the old 
Minerals Engineering openpit property that operated during the fifties. No production is reported, 
but the company has completed considerable drilling. Homestake has been active at Jardine on 
property formerly leased by Anaconda. Extensive surface work and some underground activity 
are reported, including long hole drilling. 

I 

Uranium exploration has slowed along with the drop in price and passage of Initiative 84. 
Exxon is reported to have completed about,a dozen drill holes in Tertiary sedimentary rocks on 
Parrot Bench, at the north end of the Tobacco Roots, with encouraging results. BurWest re^ 
cently ceased exploration in the Helena valley in Broadwater County. 

U.Si Antimony plant west of Thompson Falls continued steady production In response to a 
diversified market demand. The company has made application to build a second conventional 
mill, on Eddy Creek between Plains and Thompson Falls, to process gold-silveir-lead ore. 

INDUSTRIAL MINERALS 

During 1 9 ^ the national economic downturn had a noticeable Impact on Montana industrial 
mineral producers. Operators producing and selling industrial mineral products used in the con
struction and buildirig industries experienced somewhat lessened demand, but major facilities 
such as U.S. Gypsum's Heath mine, Gominco's Warm Springs phosphate mine, and W. R. 
Grace's Libby vermiculite mine remained steady producers. 

fifl//fe—Montana Barite Gompany continued to mine barite at several deposits in western 
Montana, and to mill barite at its Missoula facility where the company is tripling mill capacity. 
Barite milling capacity will also be increased in the Missoula area by construction of a new mill at 
Wheeler Village. St. Regis Company, which purchased the Mullen barite mine during the year, 
plans to continue mining and will begin milling of barite from western Montana. 

flenfo/i/te—General softening of the domestic steel Industry during the year reduced de
mand for bentonite in the taconite pelletizing process, which together with the manufacture of 
drilling mud, is a major market for Montana bentonite. Federal Bentonite Company closed its 
plant near Glasgow, which has not yet reopened at this Writingi American Colloid continues to 
mine bentonite south of Malta and to operate its mill at Malta on a reduced scale, with plant pro
ductipn reported to be riear 10,000 tons per month. 
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Gypsum—The U.S, Gypsum mine at Heath continued steady operation and did not appear 
much affected by the national recession. This mine, with substantial reserves close to the plant, 
is the single largest taxpayer in Fergus County. Two openpit gypsum mines are reported operat
ing at Raynesford, and shipping gypsum to Ideal Cement at Trident, Montana, and to Kaiser 
Cement at Prickly Pear near Helena. 

7a/c—Production of Montana talc from the Beaverhead and Yellowstone mines (Cyprus 
Industrial Minerals) and the Treasure Chest mine (Pfizer, Inc.) is expected to decrease slightly this 
year because of decreased demand from paper, paint, and ceramic industries affected by the re
cession. Established producers and other companies not now mining talc in Montana continue to 
explore for new talc deposits and to develop known deposits. Some chlorite production was re
ported from the Golden Antler mine in Madison County during the year. 

Other Commodities— Acid-grade fluorspar was mined from a pegmatite at the Snowbird 
mine west of Missoula In Mineral County. According to the two operators, this is the only direct-
shipping, acid-grade fluorspar in the United States. Cominco's Warm Springs mine in Powell 
County, now in its 51st year of continuous production, remains a steady phosphate producer 
with no changes reported. Pacific Silica Company continued to produce metallurgical-grade silica 
from its mine near Basin, as in the past, and W. R. Grace continued to mine vermiculite near 
Libby, but Western Vermiculite, operating near Hamilton, closed until its screening plant could 
be modified to control dust. 

FOSSIL FUELS 

Production and exploration activities related to Montana's major coal, oil, and natural gas 
resources continued at a high level during the year. 

The Fort Union Formation in southeastern Montana continues to be a major source of low-
sulfur, subbituminous coal. Through September 1980, 22,101,865 tons of coal were strip mined 
by the 10 mines reporting production for a seasonally adjusted total of 30 million tons, which 
would represent a 10 percent reduction of coal produced, compared to 1979. This decrease is re
lated to the general weakening of the economy and has resulted in some employee layoffs at the 
Decker mine. Despite the temporary slowdown, private companies and government agencies 
continue active coal exploration and resource evaluation programs to meet increasing demand 
for low-sulfur western coal. 

Oil and gas exploration and production continued strong during the year. Major interest 
focused on the Disturbed Belt of western Montana, which has been the site of continuing geo
physical prospecting and the completion of a deep test well by Amoco near Wisdom, Montana, 
in the Big Hole country. 

Six hundred and one wells were completed in the state of Montana from January 1 to Octo
ber 9, 1980. Of these, 321 were non-producers (including dry holes, abandoned holes, expired 
permits, etc.), 128 were producing oil wells, and 152 were producing gas wells. Of the producing 
oil and gas wells, 49 were discovery wells—26 in the Williston Basin, 19 in the Sweetgrass Arch 
area, and one each in the Miles City Arch, Bowdoin Dome, and the Disturbed Belt. 

Most of the drilling in 1980 was in the Sweetgrass Arch area (Toole, Pondera, Liberty, Teton, 
and Glacier counties), and in the Williston Basin (concentrated in Richland, Roosevelt, and Sheri
dan counties). The majority of the oil wells (72 of 128) were drilled in the Williston Basin, and the 
majority of the gas wells (91 of 152) were drilled in the Sweetgrass Arch area. 
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UDC 621.762.27 
Mechanism of the emergence and formation of powder part icles during autoclave deposition ot copper from 
sulphate solutions '. ~ 

S S Naboichenko, S E Klyain and I F Kliuclyakov (UraLs Pol.vtechnic Institute - Department of the Metallurgy 
of Heavy Non-Ferrous Metals) 
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During the treatment of sulphate solutions containing 
20-806/! of copper with hydrogen at Pg^ = 20-30aim and 
130-150°C the copper is deposited in the form of a powder 
at a rate of 0.5-0.3^^/1. min. ^' '-). The autoclave deposition 
of copper is character ised by the following features^'•"'-): 

a) In addition to the preferred formation of powdered 
copper in the volume of the pulp, pari of it is deposited on 
the internal surface of the autoclave and op the moving 
pa r t s of the mixing equipment, and this leads to blockage 
of the reaction volume, imbalance in the rotatinp compo
nents, and significantly complicates the long-term use of 
the equipment-. 

b) The degree of deposition of the powder increa.ses with 
increase in the process rate (paiticularly al elevated 
tempera tures) and decreases wiUi tho addition of sur fac
tants of Uie polyacrylamide (PAA) type, i.e. the polymer
isation products from acrylic acid; 

c) The form and degi-eo of di.'ipersion.of the part icles 
depend on the lemperalurc , the. number of consolidation 
cycles, the salt composition of the solutions, and the type 
of surfactant: 

d) The formation of monovalent cojjpor ions in the inter
mediate stage. 

Determination of the nature of the generation and for
mation of the par t ic les of copper will make il possible 
not only to control the deposition of powder with specific 
charac te r i s t i cs but also to res t r i c t tlie deposition of cop
per on the internal surfaces of the reaclor . There are 
hardly any published data on those problems. In the p r e 
sent work, based on earlier' '"^) and supplementary inves
tigations, an attempt is made to fill this gap. 

In view of tlie determining role of Cu-*- ions the mec
hanism of the generation of the metallic phase^). it is 
riglil to suppose that copper powder should not form in 
the presence of additions which oxidise Ihe copper ions 
or combine them into Insoluble compounds (e.g. the 
chloride Lg = 1.02-10"®). In experiments witli oxidising 
agents containing ions having variable valence (Fe-'*", 
NOa", C r O j ' , A s O j ' j l h e r e was an induction period, dur 
ing which the content of copper in the solution hardly 
decreased at all. This was due to the following processes : 

Cu-^ + Fe- Fe= + -tCu^ 

Cu+ + N03"+2H+—> N0 + C u " ' > 2 0 H " , 

3 C u + 4 C r O V +4H-^-^ Cr-^ + Cu= ^ t 4 0 i r , 

3Cu+ + AsO'i- +4H-^—» As= ' +Cu='-'- + 40H-. 

In the absence of copper, with rilher conditions equal,the 
composition of the solutions did not change during the 
treatment of solutions of ammonium ferrisulphate, nitrate. 
chromale and others . 

With an increasing addition of chloi-idcs {NI1,CI, NaCl, 
KCl) to the initial solution the deposition of copper nn ilic 
roaclor walls wa.s n.-duced, whili' Ihc c III or inc contunt iifllic 
powder incrc;isctl; with ancquimcihir (to the copper) and 
higher consumption of chloride ion.s.copper w:i.'> not detected 
either on the reactor walls or inthe metallic copper deposit. 
Dy X-ray diffraction it was established that llie prccipilate 
represented the compound CuC I. The addition of chloride ions 
did not affect llie rale of decopperingof the solution. 

Thus, experimenls with oxidising agents and chloride 
ions confirmed convincingly that the generation of the 
mclallic phase takes place through a stage involving tlie 
formation of cuprous ions. The subsequent discharge of 
the cuprous ions is more probable from energy stand-
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points on account of the spontaneous development of the, f^EF 
disproporlionalion process . 

2Cu+—> Cu" +Cu-": iGp.5e -8.28 kcal/mole 

The equilibrium concentration of monovalent copper 
under the conditions of tlie investigated process is given 
by the equation') : 

• I 
[Cui = [Cu'O 

.575exp ( 1 ^ 0 - 9 . 1 4 ) 

and does not,depend on the concentration of hydrogen 
ions. Its value is small and when C°^7+ = 0.5g-ion/l at 
1400C, for example, amounts lo only 0.06g-ion/l, To 
judge from the variation in the concentration of chloride 
ions combined with the Cu"*' ions and also from published 
dnla-)^'^). the conleiU of cuprous ions formed during the 
autoclave treatment of the solutions with hydrogen is con
siderably greater than the equilibrium content. Moreover, 
the proper t ies of the powders (form, par t ic le size, lattice 
const-.int) obtained by Ihe autoclave deposition of copper 
(T = 10min, PH, = 38 aim, I400C) and on account of dis
proporlionalion in the Cu-Cu^-^ system (T = 60 min, 140°C) 
a re quite comparable. 

Thus, during the autoclave deposition of copper die nie-
lallic phase is formed as a result of disproporlionalion of 
Ihc excess (above the equilibrium content) monovalent 
copper. 

The unstable s t ruc ture of the copper part icles at the 
moment of generation during disproporlionalion, due to 
their excess surface energy, leads to approach of Uie par
ticles lo the distance character is t ic of tlie cryslal lattice 
and lo 'condensation' of the metallic atoms in a direction 
perpendicular to the surface of the solid phase. As a r e 
sult of the physical and chemical inhomogeneity of the solid 
surface, conditions are created on it for Uie formation of 
poiycry-slalline deposils on account of adhesion, and this 
increases with increase in temperature . (The formation 
rate of Uie disperse par t ic les of copper increases) . The 
adhesion of the copper powcler to the reactor walls and lo 
the surface of the mixing equipment, in the operating zone 
bf which the generation of the energetically unstable crys
talline par t ic les mainly occurs , can be fully explained from 
these standpoints. 

Table 1: Data on the specific deposition of copper (g/cm')on 
certain solid mater ia ls wiUi (I) and wiUiout (H) addi
tions of PAA. Ccu = 68g/l, t=140OC, C(NH,)JSO» = 
lOOg/'l, P„j =28 aim. CpA,x= 0.4g/l. 

Name of material 

Titanium (VTl-0) 
Slc<-I (l:;i-043) 
Fluoniplastic (4M) 
Graphite 
Copper (MOO) 
Molybclenuni 
Tungsli.Mi 

Corundum 
Lead 
Tantalum 

-

I 

0.021 (0.027) 
0.014 (0.019) 
0.022 
0.074 (0.092) 
0.046 

(0.064) 
0.041 (0.078) 
0.064 (0.068) 
0.042 (0.053) 
0.043 

n 
0.059 (0.073) 
0.046 (0.057) 
0.023 
0.056(0.129) 
0.064 

(0.122) 
0.058 (0.109) 
0.045 (0.103) 
0.048 (0.053) 
0.059 (0.053) 

Note: The dala from experimenls without the addition of 
ammonium sulphate are given in brackets . 
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To determine the effect of the nature of the solid surface 

on the process we determined the amount of copper de
posited on plates (S^ = 12cm') of various mater ia ls (table 
1). Increased deposils of copper arc brought .about by 
contact re lease (Mo, W) and physical (graphite, corundum) 
or chemical (Ti. Pb, Ta) inhomogeneity. Tho copper de
posits are appreciai)ly-reduced in the presence of ammo
nium sulphate and particularly with the addition.of poly
acrylamide. WiUiout the anlicoating additions powder de
posils were observed even in the first 5-10 min after the 
tieginning of the experiment. 

In aqueous solutions lilanium is normally coated wiUi 
a film of hydratcd dioxide, which has a well-developed 
specific surface and adsorption charac ter i s t ics . The 
probability of solid-phase interaction in the Cu.rTi05 nlfaO 
system is insignificant, since the s t ructure and lattice 
constants of copper (cubic, a =3.UI5(^) and tiUuiium (tetra
gonal, a=:4.50IA, c»2.9A) a re different. A chemisorption 
mechanism of absorption of copper ions by hydratcd lilan
ium dioxide from the neutral solutions is more likely-')'"). 
Thus, with the addition of TiOj-nll^O to the initial solu
tion al r a t e s of 5-50K/1 the.amount of copper deposited on 
the reactor walls was reduced in pro|)orlion lo die con
sumption of the additive. Thus, Ihe deposition of cojipor 
on the reactor walls was due lo Uie physicochemical in
homogeneity of the solid surface, wliich increases even 
more in the presence of surfactant films (in the case of 
hydratcd titanium dioxide). 

To reduce the powder deposils it was nece-ssary to in
hibit the internal surface of the reactor and to create 
conditions for the generation of par t ic les of copper in the 
volume of the solution. The addition of organic substances 
was most favourable for this purpose. Dy the use of more 
than 50 types of ionic and non-ionic additives it was es lab-
lished that soluble poly-electrolytes (polymers based on 
acrylic acid and its derivatives) have die greates t anli
coating effect. The carboxyl gi-oups of these substances . 
form hydrogen bonds with the hydroxyl groups of Uie 
hydraled lilanium oxWe film as a result of its hydro-
philicily and of the preferred adsorption of high mole
cular compounds ' '" ' '*) . In our opinion inhibition of the 
reactor walls with the add.'tion of surfactants is pos
sible on account of .saturation of the electronic vacan
cies ;md neutralisation of the surface charge. In addi
tion, die carboxyl groups, which possess ion-exchange 
chafacleris l ics , form stable associations with the cup
rous ions. On account of the micellar nature of solutions 
of poly-elcclrolyles, centres with an increased concenlra-
Uon of copper ions, in which reduction to cuprous ions 
lakes place under the influence of hydrogen, a re genera-
led in the volume of tiie solut ions ' • ) . On the attainment 
of a limiting cbncenlralion the cuprous ions dispropor
tionate lo forni metallic copper. The rate of the above-
mentioned processes increases wiih increase in the Cu^ + 
concentration ;uul temperature, and lliis leads to an in
creased yield of Uie fine part icles of powder. The fur
ther development of Uie process obeys the laws of so rp 
tion kinetics and depends on the chnracter is l ics of Ihe 
active groups on Uie additives employed. 

When the solution contains cations possessing in
creased sorption capacity, i.e. a greater charge, a 
smaller ionic radiu.-? as , for example, in Fe^ ^ and H ' , 
llie conditions for preferred sorption of Cu^ ' ions a re 
impaired, and this leads to an increase in the amount of 
deposited copper on the internal sui-f:ice of the reactor . 
The decrease in the deposition rate of copper when the 
solution contains oxidising agents is due lo a decrease in 
the concenlralion of cuprous ions subject lo dispropor
lionalion. The accumulation of acid in the,solution, 
particularly at temperatures above 150°C, leads to d i s 
ruption in the aciion of Uie organic additive. This is why 
Uie deposition of copper becomes more appreciable to
wards the end of the operation. The 'sorption' mechan
ism for the reduction of cuprous ions is also valid for 
inorganicsorbenls . On account of Iheir lower capacity, 
however, their role is of secondary significance and 
only shows up when the organic functional groups are 

destroyed. 

With an'idenlical concentration of cuprous Ions in the 
volume of the solution the conditions for their delivery 
to the various sections of the surface of the gi-owing 
metallic copper, formed during disproporlionalion, 
should be identical, and this should predetermine Uie 
forniation of equiaxial par t ic les . However, the degree 
of dispersion and Ihe shape of Uie par t ic les of the ob
tained powders depend significantly on the nature of the su r 
factant") and the sal t background of the solution'^). 

Byljeing adsorbed on ihe surface of Uie growing copper, 
additions of surfactants reduce Uie surface tension, and 
thi.s according to Wulff's liiw a l ters Uie growth rate of 
the faces in proportion to Iheir surface tension. The sub
sequent growth of the part icles depends on the strength and 
uniformity of Uie adsorbed layer of surfactant, and this is 
delermined by the chain length and the nature and orienta
tion of Uie radical in the surfactant. Adsorption of uniform 
ch:u-acter ass i s t s the formation of par t ic les with rounded 
form; with selective adsorption on individual faces of Uie 
growing cryslal s t ronger development is observed in the 
free (unblocked by surfactant) faces, and this leads to a 
change in the shape of'Uie powder par t ic les . Fig. 1 shows 
the effect of certain surfactanls on the shape of the powder 
par l ic les . In addition, the adsorption of the surfactant leads 
lo neulralisalion nf the surface energy of the par t ic les 
(their screening and limitation in the number of contacts 
between Ihem). The development of these p rocesses , de te r 
mined by (he nature of tlie surfactant and the medium, 
limits the probability of adhesion of the parl icles lo the 
solid surface, and this increases the degree of dispersion 
of Uie powder and furUier reduces the probability of its 
deposition on the reactor walls. When additives with 
clearly defined blocking charac ter i s t ics ai-e employed, 
aggregation of the individual part icles of powder is possible 
as a resul t of Uie forniation of polymeric bridges of adsor
bed surfactant molecules. A s imilar effect is observed (fig. 
2) in experimenls with polyacrylamide and 'Magiioflok 140'. 
This effect becomes s t ronger as the copper is deposited 
(table 2) part icularly in many-cycle exi)erinients ' ' f) , and 
Ihis leads to an increase in the yield of Uie coarse fractions 
of powder. 

r i g . l Ihe l a r g o - s i z e f r a c t i o n s of the ,powders (-HOO )i) o b t a i n 
ed trom s o l u t i o n n c o n t a i n i n g , g / l : a) 5.0 poJyacryJa-
mid&; hj and c) O.'t e i ranular , suspens ion p o l y a c r y l a -
mi d'3. 
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F i g . 2 KlGctron photofniccographs of tiie powders obcitined with 
polyacrylamide (Oi4 g / 1 } . 

Table 2; The proper t ies of Uie power as a function of the 
length of deposition. l=150OC. PH, = 28 aim, 
Cg^ = 60g/l, CpA,\ = 0.6g,'l, C(Nii,);so, = 150g/l 

Deposition 
time 
min 

10 
20 
30 

Content (?c) of fraction p 

.'100 

3.4 
10.1 
24.3 

-lOO-t-74 

5.8 
11.0 
21.7 

-74-+44 

26.6 
29.6 
25.0 

-44 

64.2 
49.3 
30.0 

Specific 
surface 
a r e a n r - / g 

0.072 
0.084 
0.099 

The character of the adsorption of the surfactanl depends 
on the salt concentration of the solution. The cations of ' 
inert salts having a charge opposite to the charge of the 
functional group of the surfactant supresses the dissocia
tion of the surfactant and leads to closer packing in the 
adsorption layer. While also possessing increased hydra-
tioii, the cations give r i s e to part ial dehydration of the s u r 
factant. As a result Uie ions of the surfactant become more 
hydrophobic and are adsorbed on the part icles of the powder. 
This effect becomes stronger wiUi increase in the polar isa-
bility and with decrease in the hydration of the cations. 

According to liiese c'.iaracteristics the monovalent cations 
can he-arranged in the order Na, K,NH< and divalent cations 
in the order Ni, Zn, Fe ' ' ' ) . In these s e r i e s a decrease in the 
degree of dispersion of Uie powder®) for a surfactant con
centration of 0.4g,'l was observed. 

The orientation of the nuclei changes and their aggrega
tion decreases under tiie influence of Uie eleclroslal ic 
field of the cations ^^). Here, Uie higlier the strength of 
the field, the more likely the forniation of dispersed par
t icles . Thus, added inert metal sulphates affect the shape 
and degree of dispersion of the part icles of powder both 
directly and on account of change in the adsorption of the 
surfactant. 

The investigations demonslratc the considerable effect 
of organic additives on (he mechanism of the deposition of 
powder on die walls of Uie reaclor and also on the forma
tion and growth of the part icles of copper. 
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Electron ion exchange proper t ies of mixed nickel and thallium ferrocyanide 

A V Kalyuzhnyi, V VVol'khin and M V Zil 'berman (Perm Polytechnic Inslitule - Department of General and 
Inorganic Chemistry) 

The separation of thallium from solutions with complex 
compositions in the form of mixed ferrocyanides of 
Uiailium and transition metals is character ised V)v its high 
se lec t iv i ty ' ) . However, there is significant disadvantage 
in this process ; the ferrocyaiiide only se rves for one 
cycle and is Uiermally destroyed ;ifler saturation with 
thalliuni (the thallium is leached from the cake wiUi water). 
The aim of the present work was to investigate.Ihe poss i 
bility of the desorption of Uiailium from the ferrocyanide 
wiUiout decomposition and (o oudine ways of regenerating 
the ferrocyanide sorbent. The search was based on (he 
oxidation-reduction reactions involving ferrocyanides, 
which have already made it possible to obtain favourable 
resul t s in the desorption of rubidium from analogous s o r -
bents ' ) . 

The investigation was carr ied out wiUi samples of fer ro

cyanides having Uie following compositions: Tl1.10Ni1.45 
Fe(CN)s (sample A): T i n o N i i . ^ s Fe(CN)6 • 0.25TlaSO, 
(sample D). The first of Ihem was obtained by ion-
exchange saturation of the ferrocyanide Ki.ooNii.Bo'^e(CN)e 
with thallium from a 0.02N solution of TINO3. To prepare 
Uie second sample the same ferrocvahide was used as the 
s tar t ing material , bul it was saturated wiUi thallium from 
a 0.02N solution of Tl^SO^ ; this led not only to ion ex
change but also lo molecular sorption of Uiailium sulphate. 
Solutions with Uie following compositions were used as 
oxidising agents; 0.IN Ce(SO, )j + IN H2SO4 ; O.IN 
KMnO, I IN HpSO, (in individual e.xperimenLs HsSQ, was 
replaced by HCl); O.IM NaClO + CH.TCOOH (pH >= 4). The 
oxidation was performed in aii-tighl vesse l s . 

The resul ts showed (hat a considerable par i of the thal
lium ions and a small amount of nickel ions pass from the 
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[57] ABSTRACT 

An improved method of in situ mining of a mineral 
bearing stratum. The method comprises drilling alter
nating rows of vertical injection and recovery wells to 
the depth of an aquiferrous mineral bearing stratum. 
Two horizontal branches are drilled at the bottom of 
each injection and recovery well. The horizontal 
branches are substantially parallel to one another and lie 
within the mineral bearing stratum. Leachant fluid is 
pumped under pressure into the injection wells to dis
solve the minerals contained in the stratum. Leachant 
fluid containing the dissolved minerals is pumped out 
through the recovery wells. The method of the present 
invention requires substantially less drilling and pipe for 
extracting minerals from a given volume of a mineral 
bearing stratum and results in more constant mineral 
extraction rates than conventional techniques. 

4 Claims, 2 Drawing Figures 
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METHOD OF IN SITU MINING 

BACKGROUND OF THE INVENTION 

TTie invention relates to the field of in situ mining, 
and more particularly to a method of in situ mining 
using plural alternating rows of injection and recovery 
wells. 

.In situ mining has been recognized as an effective JQ 
technique for recovery of minerals contained in an ore 
or mineral bearing stratum. Prior techniques for in situ 
mining have utilized one or more vertical injection 
wells drilled to the depth of an aquiferrous mineral 
bearing stratum for injecting a chemical leachant into 15 
the stratum to dissolve the desired minerals. In the prior 
art, a plurality of vertical injection wells, generally 
greater in number than the number of recovery wells, 
are arranged about each recovery well to pump out the 
leachant containing the dissolved minerals. The wells 20 
are arranged in what are known as "five-spot," "seven-
spot," and "hexagonal" patterns with one recovery well 
surrounded by a number of injection wells. 

Each vertical injection and recovery well generally 
includes a vertical screen disposed at the depth of the 
mineral bearing stratum to allow ready flow of the 
leachant fluid into and out of the recovery and injection 
wells. 

A chief disadvantage of such conventional in situ ^ 
mining techniques is that a large number of wells must 
be drilled to adequately cover a given volume of an 
aquiferrous mineral bearing stratum because each re
covery well requires a plurality of associated injection 
wells. The cost of drilling, pipes, and pumping devices 3j 
is proportionally multiplied when larger ore fields are 
mined. The high cost of drilling and mining marginal 
ore fields makes such mining economically impractical. 

Conventional injection/recovery well patterns char
acteristically produce a declining volume of dissolved 40 
minerals recovered over the lifetime of the mining oper
ation because, toward the end of the operation, most of 
the minerals in the area directly between the recovery 
well and surrounding injection wells have already been 
leached. Pumping speed, and hence recovery volume, 45 
using conventional well patterns is low since one recov
ery well receives leachant under pressure from several 
injection wells. 

Vertically oriented injection/recovery screens, as 
used in conventional in situ mining techniques, must be 
precisely placed within the ore-bearing stratum in order 
to insure maximum extraction of the ore-bearing layer 
(i.e., greatest injection/recovery well efficiency). How
ever, placement of vertical well holes, especially in 
shallow fonnations at great depths (approximately 
1,000 feet or more), can be difficult and time-consum
ing. In addition, vertically oriented injection/recovery 
screens do not "sweep out" a large area of the ore-bear
ing stratum since the stratum is generally horizontally ^ 
aligned, w h e r ^ the screens are vertically aligned. 

It is known to use horizontally well-branches or 
"drain-holes" to drain off undesirable aquifer (water-
containing) regions which interfere with oil well dril
ling and oil recovery. However, heretofore such hori- 65 
zontal well branches have not been used for in situ 
mining of a mineral bearing stratum using a leachant 
fluid and plural injection and recovery wells. 

SO 

It is therefore a primary object of the invention to 
provide an improved method of in situ mining of a 
mineral bearing stratum. 

It is an additional object to provide an improved 
method of in situ mining utilizing horizontal branches 
which method requires substantially less drilling and 
pipe to recover a given volume of ore-bearing material 
than conventional in situ mining techniques. 

Il is a further object to provide a method of in situ 
mining having a substantially constant rate of mineral 
recovery over the lifetime of the mining operation. 

SUMMARY OF THE INVENTION 

These and other objects of the invention are achieved 
by the present invention wherein there is provided an 
improved method of in situ mining ofa mineral bearing 
stratum. The method comprises the steps of drilling 
alternating rows of vertical injection and recovery 
wefis, each such row containing a plurality of wells. 
The injection and recovery wells are drilled to the 
depth of an aquiferrous mineral bearing stratum. At 
least two horizontal branches are drilled out from the 
bottom of each vertical well in approximately the mid
dle of the ore-bearing stratum. The horizontal branches 
of each well are aligned substantially parallel to one 
another. Each branch includes an aquifer oriented 
screen to allow ready injection or recovery of leachant 
fluid. 

Leachant fluid is pumped under pressure into the 
injection wells to dissolve the minerals contained in the 
stratum. Leachant fluid containing the dissolved miner
als is pumped out through the recovery wells. 

Preferably, the number of injection well rows is equal 
to the number of recovery well rows, and the number of 
injection wells in a single row is equal to the number of 
recovery wells in an adjacent row. 

The method of the present invention requires substan
tially fewer wells and much less pipe (up to one-tenth to 
extract minerals from a given volume ofa mineral bear
ing stratum than conventional single recovery well-plu
ral injection well arrangements. The costs of mining are 
reduced, thus allowing formerly uneconomic or mar
ginal ore deposits to be recovered. 

The use of horizontal well branches having aquifer 
oriented screens results in a larger volume of the ore-
bearing stratum being swept out for each injection/-
recovery well pair. As mentioned above, the total num
ber of injection wells is equal to the total number of 
recovery wells. This, in combination with the alternat
ing row arrangement of injection recovery wells, re
sults in a desirably high volume flow of leachant fluid 
throughout the ore-bearing layer since there is a one-to-
one correspondence between injection and recovery 
wells. Thus, the rate of mineral extraction is high and is 
accomplished at a constant rate. 

Tlie use of horizontal branch wells also results in 
wider tolerance for vertical well drilling depth errors 
since the depth of the horizontal branches can be ad
justed if it is found that the bottom of the verical portion 
of the well has not been precisely placed in the middle 
of the ore-bearing stratum. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

These and other features, objects, and advantages of 
the present invention are presented in the following 
description of the preferred embodiment, taken in con-
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junction with the accompanying drawing figures, 
wherein: 

FIG. 1 is a schematic perspective view showing an 
arrangement of injection and recovery wells as taught 
by the method of the present invention; and 5 

FIG. 2 is a cross-sectional view of a single injection 
or recovery well of FIG. 1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

to 
The method of the present invention is described in 

conjunction with drawing FIGS. 1 and 2. Alternating 
rows of vertical injection wells 1 and vertical recovery 
wells 3 are drilled or otherwise formed from surface 5 
to the depth ofa mineral bearing ore zone or stratum 7. 15 
The alternating rows of injection and recovery wells 
are arranged in a matrix or grid-like pattern as shown in 
FIG. 1. 

Each injection well row and recovery well row con
tains a plurality of individual wells, with the number of 20 
wells of an injection row preferably equal in number to 
the number of recovery wells in an adjacent row. In 
other words, at least one injection well and at least one 
recovery well are contained in each row. Therefore, in 
its simplest preferred form a recovery field may be a 25 
single line of alternating injection and recovery wells. 

At substantially the lowest portion of each injection 
and recovery well at least one substantially horizontal 
well branch 9 and 9', respectively, is formed. Preferably 
two such horizontal branches 9 and 9' are formed from 30 
each respective injection and recovery well. Horizontal 
well branches 9 and 9' are disrK)sed substantially parallel 
to one another and lie within a plane defined by aquifer
rous mineral bearing stratum 7. 

Horizontal well branches 9 are formed as shown in 35 
FIG. 2. The well branch drilling operation is described 
with respect to the formation of an injection well 1. It is 
understood that an identical technique is used to form 
horizontal branches 9' for recovery wells 3. 

The vertical injection well is first drilled or formed 40 
by techniques well-known in the art. Injection well bore 
2 is drilled to the depth of mineral bearing stratum 7. A 
well casing 11 is inserted into well bore 2 to the depth of 
stratum 7 and cement 13 poured around casing 11 to 
secure the casing within well bore 2. 45 

A removable whipstock 15 is inserted near the base of 
wei! - .-: 2 and locked into a position approximately 
miovi .,.- in depth within mineral bearing stratum 7. 

Horizontal well branches 9 are formed using what is 
known as a "drain-hole" drilling technique. A drill pipe 50 
string 17, having a flexible U-joint spiral reamer 19 
attached to the lower end thereof, is lowered into well 
bore 2 until reamer 19 contacts whipstock 15. Whip-
stock IS causes reamer 19 to bend outwardly at approxi
mately right angles to well bore 2. As reamer 19 ad- 55 
vances, it forms a horizontal well branch 9. 

Reamer 19 includes a conventional spiral stablizer 
having a tri-cone bit mounted on the end thereof The 
exact design of the stabilizer and flexible drill pipe can 
vary. 60 

When a first well branch 9 is drilled to the desired 
horizontal length, drill pipe 17 and reamer 19 are with
drawn and whipstock 15 rotated, so that a second hori
zontal well branch can be drilled. Up to three such 
horizontal well branches can efficiently be formed from 65 
a single vertical well bore. 

Branches 9 can be cased or left uncased after drilling, 
as desired. Aquifer oriented (horizontal) screens 21 are 

placed in horizontal branches 9 to prevent sediment and 
unwanted particulate matter from flowing into the hori
zontal branches. 

After completion of all vertical well and horizontal 
branch drilling operations, a leachant fluid 23, shown as 
flow lines in FIG. 1, is pumped under pressure into each 
injection well. The particular leachant fluid employed 
varies depending on the minerals to be dissolved and 
recovered from mineral-bearing stratum 7. 

Leachant fluid 23 flows under pressure from injection 
well horizontal branches 9 toward adjacent recovery 
well horizontal branches 9' (FIG. 1). The leachant fluid 
dissolves selected minerals contained in stratum 7. The 
flow of leachant fluid 23 from injection wells 1 to re
covery wells 3 is generally within the plane defined by 
stratum 7. 

Dissolved minerals from stratum 7 and leachant fluid 
are extracted through horizontal recovery well 
^ranches 9'. The leachant fluid containing the dissolved 
Minerals is pumped out or otherwise extracted from 
recovery wells 3 to the surface. 'The dissolved minerals 
are separated from the leachant fluid in subsequent 
recovery steps. 

The spacing between wells in a row is dependent on 
the length of the well branches. For conventional dril
ling techniques, a maximum well branch length of ap
proximately 150 feet (of 2" to 6" diameter pipe) is possi
ble, thus giving an appropriate spacing between wells in 
a row of more than 300 feet. TTie distance between rows 
is determined by the flow characteristics of the leachant 
fluid. 

In an alternate arrangement, vertical injection and 
recovery wells 1 and 3 are respectively drilled to the 
depth of the upper and lower boundaries of mineral 
bearing stratum 7. Horizontal branches 9 and 9' are 
formed as described above. Leachant fluid is pumped 
into the stratum through injection wells 1 and flows 
substantially vertically through stratum 7 to recovery 
wells 3. This arrangement is advantageous for in situ 
mining where the mineral bearing stratum is narrow in 
the horizontal dimension but is vertically deep. 

In the present invention, the horizontal orientation of 
the injection and recovery well branch screens 21 paral
lel to the plane of the aquiferrous mineral-bearing stra
tum provides several advantages over conventional in 
situ mining methods which use vertical screen injection 
and recovery. Sweep efficiency is improved since lea
chant fluid flows through substantially all the volume of 
the mineral bearing stratum which lies between the 
horizontal branches of an injection well and the hori
zontal branches of a recovery well. Fluid injection re
covery capacity is increased because there is generally a 
one-to-one correspondence between the number of 
injection wells and adjacent recovery wells. This re
duces the time required to leach minerals from a given 
volume of a mineral bearing stratum. Leachant disper
sion is more uniform because of the adjacent nature of 
parallel injection well rows and recovery well rows. 
Tliis results in a more uniform recovery rate over the 
lifetime of the mining operation. The in situ mining 
method of the present invention also gives greater con
trol over the movement of the leachant fluid, thus re
ducing the possibility of leachant escape and environ
mental pollution. 

In simulated tests, the method of the present inven
tion may be compared to conventional "five-sjjot" in 
situ mining techniques. In the "five-spot" in situ mining 
technique, and analogous arrangements, a single recov-
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ery well is placed at the center of a number of leachant 
injection wells. In the case of the "five-spot" arrange-
men;, four vertical injection wells are drilled in an equal 
spaced arrangement about a central vertical recovery 
well. Each vertical injection and recovery well is 5 
drilled Jo the depth of a mineral bearing stratum. The 
injection and recovery wells each include vertically 
oriented screens disposed within the well bores with the 
length of the screens approximately equal to the thick
ness of the mineral bearing stratum. 10 

Sweep efficienty of a particular in situ mining tech
nique is determined by taking the ratio of the actual 
volume of a mineral bearing stratum through which 
injected leachant fluid flows to the total volume of the 
mineral bearing stratum to be mined. 15 

In a standard volume of lOOx 100 horizontal feet by 
20 vertical feet (200,000 cubic feet), a 'Tive-spot" injec
tion/recovery arrangement in which the mineral bear
ing stratum is bounded at the four comers by the injec
tion wells, simulated tests show thai the two-dimen- 20 
sional area swept out by leachant fluid is approximately 
6.000 square feet. With a stratum thickness of 20 feet, 
this gives a'volume swept out of 120,000 cubic feet. The 
sweep efficiency therefore is 120,000/200,000 or 60%. 

For the same volume of an ore-bearing stratum 25 
(200,000 cubic feet), the horizontal injection/recovery 
technique of the present invention results in a higher 
sweep efficiency. Rows of vertical injection and recov
ery wells are spaced approximately 50 feet apart. Each 
venical well includes horizontal branches approxi- 30 
mately 100 feet long (total for both branches) disposed 
parallel to one another in the plane of the mineral-bear
ing stratum. The area swept out by leachant fluid be-
tw^een the horizontal injection and recovery well 
branches in simulated tests, as defmed by the 20 foot 35 
difference between the upper and lower boundaries of 
the mineral bearing stratum, is approximately 1418 
square feet. Multiplying this figure by the 100 feet of 
horizontal screen results in a figure for the volume 
swept of 141,800 cubic feet. Thus, the sweep efficiency 40 
for the method of the present invention is 71%. In both 
test simulations, the porosity and permeability of the 
aquiferrous stratum are assumed to be the same. 

The greater efficiency of the method of the present 
invention over conventional "five-spot" and analogous 45 
arrangements results from the more complete saturation 
of the volume of the ore tone between adjacent rows of 
injection and recovery well horizontal branches. Unlike 
the "five-spot" pattern, in which leachant fluid flow 
lines are concentrated mainly within the areas directly 50 
between the outer injection wells and the central recov
ery well, the present invention provides for leachant 
fluid injection and recovery across substantially the 
entire width of a volume of mineral bearing stratum to 
be mined. — 55 

It is essential in in situ mining operations that the rate 
of leachant fluid injection and recovery be equal, to 
prevent leachant from escaping into and polluting the 
surrounding mineral bearing stratum. Fluid flow rates 
are hmited in the "five-spot" arrangement by the fact 60 
that the ratio of vertical recovery screen to vertical 
injection screen Ifngth is always 1:4. Thus, the injection 
capacity of a typical "five-spot" or analogous well ar
rangement is limited by its recovery capacity. Typical 
fluid flow rates for recovery wells are approximately 65 
one gallon per minute per screen foot (one gal./min/fi. 
screen). This implies that the injection well fluid flow 
capacity for such prior an arrangement is limited to 

approximately one-quarter gallon per minute per screen 
foot (J gal./min/ft. screen). 

In contrast, with horizontally oriented aquifer 
screens as used in the present invention, the ratio of 
recovery screen length to injection screen length can be 
up to 1:1. Thus, for a recovery of one gallon per minute 
per screen fool, the injection rate is as high as one gallon 
per minute per screen foot using the methods of the 
present invention. 

The higher injection rates of the present invention, 
coupled with the greater sweep efficiency, resuli in 
overall increased fluid injection and recovery capacity 
over prior art in situ mining techniques. 

Fluid injection/recovery capacity is measured in 
terms of pore volumes, where one pore volume is equal 
to that portion ofa fixed volume of aquiferrous mineral 
bearing stratum which constitutes open space. For the 
examples given above, the fixed volume is a 
100'X 100'X 20' block of material. Assuming a porosity 
of approximately 35%, this results in one pore volume 
being equal to approximately 70,000 cubic feet. 

In the simulated tests mentioned above, assuming 30 
days of simulated pumping with the conventional "fi\'e-
spot" pattern, 6.1 pore volumes of leachant are injected 
at the four corner wells with 0.77 pore volume (approxi
mately 12%) of leachant recovered at the center recov
ery well. Tlierefore, approximately 88% of the leachant 
remained in the mineral bearing stratum after 30 days. 

Using the methods of the present invention, appro.xi-
mately 36 pore volumes of leachant are injected into an 
identical lOO'X I(X)'X20' volume of mineral bearing 
materials during 30 days of pumping, and 17.7 pore 
volumes (aproximately 49.7%) of the leachant fluid are 
recovered through the recovery wells after 30 days. 

An important advantage of the horizontally aligned 
injection and recovery well screens of the present in
vention over conventional vertically oriented injection 
and recovery well screens is that a more uniform disper
sion of leachant fluid is produced within the volume 
swept out by the leachant. This results in a more uni
form mineral recovery rate over the lifetime of the 
mining operation. Fluid flow- from all portions of the 
horizontal screens placed in the horizontal branches 
formed according to the present invention is substan
tially uniform. Leachant also tends to be most concen
trated in the volume swept out between adjacent injec
tion and recovery well rows. The higher concentration 
of leachant results in a more effective leaching process. 

Leachant fluid flow and leachant pollution of sur
rounding areas of the mineral bearing stratum are also 
readily controlled by the method of the present inven
tion. 

In conventional "five-spot" arrangements having 
vertically oriented injection and recovery screens, lea
chant fluid stream lines radiate in all directions from 
each injection well. Since the injection wells are dis
posed about the central recovery well, some of the 
radial injection well stream lines escape the influence of 
the center recovery well. Thus, recovery of all the 
escaping leachant fluid is a difficult process. At least 
four intercept or "guard" wells are required around a 
conventional "five-spol" pattern to prevent leachant 
fluid escape. 

In contrast, leachant flow between the parallel, hori
zontally aligned well branches of the present invention 
is concentrated in a subsianiially narrow area between 
the injection well branches and the recovery well 
branches. The injection and recovery wells can be ar-
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ranged so thai the outermost row of an array of such 
wells is a recovery well row. Thus, the outer recovery 
well rows intercept all of the leachant fluid not cap
tured by the recovery wells disposed near the center of 
the well pattern. Another advantage of this arrange- 5 
ment is that if further areas ofa mineral bearing stratum 
are to be mined, these outermost recovery well rows 
can later be used lo leach adjacent blocks of the mineral 
bearing stratum. 

Another advantage of the method of the present in- 10 
vention is that it requires only approximately one-tenth 
the total amount of drilling, pipe, and casing compared 
to conventional drilling patterns, for the same volume 
coverage. In extending a mining area by 2,500 square 
feet, a conventional "five-spot" pattern requires three 15 
new wells, assuming a normal well spacing of approxi
mately 50 feet. If the depth to the mineral bearing stra
tum is approximately 5Cio feet deep, this extended dril
ling requires 3x500 '= 1,500 feet of new drilling, pipe 
and casing. This conventional setup also requires three 20 
additional drilling rigs and the shutting down of three 
injection wells on the side of the well field opposite the 
side which is being extended. 

Using the techniques of the method of the present 
invention, only one vertical well and associated pair of 25 
horizontal branch wells are needed to extend the leach
ing area of the mineral bearing stratum by 15,000 square 
feet. Assuming a length for each horizontal branch of 
ISO feet and a normal spacing between rows of wells of 
50 feet, the total footage required for drilling is 5(X) 30 
vertical feet plus 300 horizontal feet for a total of 8(X} 
feet. 

Using the figures given above, extending the conven
tional "five-spot" pattern 15,(XX3 square feet requires 
15.000/2,500 or six sets of three wells each (i.e., 18 new 35 
wells). For a drilling depth of 500 feet, this means a total 
footage of 18x500' or 9,000 total feet is required. This 
amount of drilling footage is approximately 11 times 
greater than that required by the method of the present 
invention to extend the leaching area by the same 40 
amount. In addition, since every third well in the con
ventional "five-spot" pattern must be a recovery well, 
each such recovery well requires a pump. Thus, six out 
of the eighteen additional wells which are drilled in the 
"five-spot" pattern example given above would require 45 
pumps versus only one additional pump needed by the 
method of the present invention. 

Thus, the present invention provides improved sweep 
efficiencies and desirable high volume flow of leachant 
fluid throughout a mineral bearing stratum. The rate of SO 
mineral extraction is high and is accomplished at a con
stant rate. The use of horizontal branch wells results in 

a wider tolerance for vertical well drilling depth errors 
since the depth of the horizontal branches can be ad
justed. Leachant fluid flow is precisely controlled using 
the techniques of the present invention to prevent lea
chant escape and environmental pollution of areas sur
rounding a mineral bearing stratum. 

While the in situ mining method of the present inven
tion has been described in considerable detail, it is un
derstood thai various changes and modifications would 
occur to persons of ordinary skill in the art without 
departing from the spirit and scope of the appended 
claims. 

What is claimed is: 
1. A method of in situ leach mining ofa mineral bear

ing stratum comprising the steps of: 
surface drilling a plurality of generally vertical lea

chant injection wells, said injection wells being 
horizontally spaced apart and aligned in a row; 

surface drilling a plurality of generally vertical recov
ery wells, said recovery wells being horizontally 
spaced apart and aligned in a row substantially 
parallel to said injection wells, said injection and 
recovery wells each being drilled to a depth sub
stantially equal to the depth of an aquiferrous min
eral bearing stratum; 

surface drilling at least two generally horizontal 
branch wells from substantially the lowest point of 
each of said injection and recovery wells, said hori
zontal branches being parallel to one another and 
lying within a plane containing said stratum of 
minerals to be recovered each said branch includ
ing a screened section; 

pumping a leachant fluid under pressure into said 
injection wells to dissolve minerals contained in 
said mineral stratum; and 

pumping said leachant containing said dissolved min
erals out through said recovery wells, whereby 
said leached minerals are withdrawn from said 
mineral bearing stratum at a substantially constant 
rate over the lifetime of the mining operation. 

2. The method of claim 1 wherein there are a plurality 
of alternating rows of said injection and recovery wells, 
with the number of parallel disposed injection and re
covery well rows being equal in number. 

3. "The method of claim 2 wherein the number of 
injection wells in a row is equal to the number of recov
ery wells in an adjacent row. 

4. The method -of claim 1 wherein said injection and 
recovery wells are drilled to a depth substantially equal 
to the upper and lower boundaries of the mineral bear
ing stratum. 
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To regenerate the oxidised electron ion exchanger (sani-
ple C) we used Its reduction in Ihe presence of K̂  ions: 

ready for the next cycle of sorption of Tl* ions. 

Tlo.3oNinoPe(CN)6 +K+ + e-:.K,.ooTlo.aoNii., oFe(CN)o (5) Conclusions 
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A. 
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As reducing agent we used a 0.093N solution of ascor
bic acid. The amount of the potassium sail in the solu
tion represented a fourfold excess over the stoichiometric 
amount according to equation (3). The dependence of lo on 
nired , where m^ed is "'e amount of reducing agent con
sumed Cnig-eq/mg-mole Fe(CN)6], is shown in fit;. 1. .'\s 
seen, complete reduction of Fe(IIl) lo Fe(Il) occurs in Ihe 
ferrocyanide. The potential ip al Uie endpoint of the reduc
tion amounts to 0.57V. According lo this poiential, solu
tions of K+, S2O5', K^ + SOV, and others can Ijo used as 
reducing agents. "The amount of K*- ions entering inlo 
the composition of the electron ion exchanger during the 
reduction x, Cnig-eci K''-/mg-niole FelCN)^] corresponds 
strictly to Uie fraction of reduced Fe(CN)a groups (fig. 3). 
The reduction results in Uie formation of a ferrocyanide 
with the composition K,,ooTlo.aoNii.,oFe(CN)5, which is 

The desorption of Uiailium from the mixed mcktl 
thalliuni ferrocyanide can be realised by oxldalloni 
the ferrocyanide lo ferricyanide. The soibenl canii^ 
generated by reduction. 
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mechanism and kinetics of the hydrolytic precipitation of Fe(ni) from zinc sulphate soiu5on]5 j QA-

E V Margulis, L S Getskin, N A Zapuskalova and M V Kravets 
All-Union Scientific-Research Institute of Nonferrous MeUils) 

The hydrolytic precipitation of iron plays a deciding role 
in the leaching of zinc calcines. However, there are no 
reliable data on its mechanism, and its kinetics have been 
insufficiently investigated. DaU on the phases precipitated 
from solutions in the FeaOj-SO3-H5O system')^) cannot 
be transferred a priori to zinc solutions. Indications of the 
formation of basic sulphates and i n •. hydroxide during 
hydrolysis of iron in the hydrometallurgy' of zinc are non
specific^), since a series of compounds are formed. In*-'') 
almost all Uie known solid products from the hydrolysis of 
Fe, (504)3 were synthesized and Uieir individualities were 
confirmed by IR spectroscopy and Uiermal ."uialysis, but 
only a few of them are formed during Ihe precipitation of 
Fe(III) from sulphate solutions-with alkxilis *-^^): Jarosite 
(R.HjO) Fe3(0H)g (SO^), and the amorphous basic sulphate 
'^FejOj • SOa'xHjO as priiiiary precipitation products, and 
goethite a-FeOOH as secondary product. 

The purpose of the present work was to study the mechan
ism and kinetics of the hydrolytic precipitation of iron in 
the Fe, (SO.jj -ZnSO^ -ZnO-HjO svstem at 50-90OC under 
\'ariousj;qn^erLt):a-tion.^SSr" '̂*-'0"^ (initial concentrations 
CoTr=~6T05^ and C^Tjĵ  = 0 and r001/ l ) . 

Table 1: The phase composition of the precipitates as a 
function of the temperature, the molar ratio 
m = ZnO/Fe, (SOjj, and time with ihiUal Co Fe 
= 12 g/1 and pH^ = 1.2 in the Fe,(SOj3-ZnSO« 
ZnO-H,0 system, where Co Zn =100 g/1 

t^oC 

90 

70 

1.0 
2 , 0 - 3 . 0 

3.5 
1.0 
2.0 

3.0 

Phase composition of precipitates 
(holding l ime,h) 

A/G/(0 .5) ;G(2-24) 
A(l /12) ;G(2-24) 
A / G / ( 2 ) 
A(2); A/G/(7) ;G(24-120) 
A, G ( l / I 2 ) ; G / A / ( 7 ) ; 
G(24-12Q) 
0(2-120) 

Note: A = amorphous basic sulphate; G = goethite. Semi
quantitative ratios of the phases: A,G-pliase G less than 
phase A; A / G / - phase A is Uie main phase, and phase 
G Uie impurity phase. 
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n The procedure was s imilar lo that described in*). The kin-
Vi.'etlcs of Uie hydrolytic precipitiUon of Fe(lll) a r e charac-

' terised by data on the,variation of Uie pH and CFe with time 
'' (e.g., for Co Fc = 12 g/1 in figs.1-3). The phase composition 
of the precipitates (table 1), established by IR spectroscopy, 
characterises Uie.mechanism of the process . We note that 
Ihe semi-quantitative es t imates of the contents of the phases 
are relative, i . e . , Uiey only indicate an increase or de
crease in the amounts of the given phase in relation to Uie 
others. For example, the secondary crystalline phase can 
be masked by the pr imary amorphous phase. The data in 
lable 2 characterise the pliase transitions in the precipi ta tes . 

Wt*̂ !.- YtU« t: Ttift degree o( cotivcruton <o,%) ot U\e anvorphous tustc sulphates lo guetiiitc at UQ"C 
\ ' \ ' ana Ituictinrt nf Lhe conditions 
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• The reasons for the observed changes in cpe and pH with 
Ume can be e.xplained on Uie basis of theories alxiut Uie 
mechanism of the hydrolydc precipitation of F e ( I l I ) " ) ' ^ ) . 
The addition of ZnO converted lo Zn(OH)j to the solution 
gives r ise to part ial neutralisation of the acid (a sharp r i se 
ot pH from 1.2 to.1.5-4.4, as seen from fig. I) nnd rapid 

' exchange hydrolytic IransforniaLions of the aqua, hydroxo, 
and sulpho complexes of Fe(ni ) lo more basic complexes 
wiUi Uie conversion of Zn(OH)a into ZnSQ,. The initial r i se 
of ApHin shifts the hydrolysis slale of Fe(IIl) in the solution 
from the equilibrium \'alue and stimulates the hydrolysis 
reaction itself of the iron ions (slow decrease of pH, see 
figs.l and 2). 

Increase in the pH and the concentration of the hydroxo 
complexes of Fe(lU) in the solution a s s i s t s the forma lion 
of polynuclear complexes of iron, and as a result of the 
tendency of the latter to oxidise Iheir pblymerisalion of 
the polyconden.sation type develops with Uie formation pf 
colloidally disperse par t ic les . Fur ther consolidation of 
Uiese particles leads lo Ihe formation of the amorphous 
hydrated o.xosulphate 2Fe ,03 • SO3 • xH,0^) . The indicated 
composition of this compound was established in^) during 
its precipitation from a dilute solution of FejlSQ, )^. It is 
not impossible that during the precipitalion from solutions 
more concentrated in SQ?' the basic sulphate acquires a 
variable composition, which changes towards a decrease 
in the basicity of the compound. However, il is difficult 
to establish this on account of the absence of reliable * 
meUiods for determination or calculation of Ihe amount 
of solution trapped by Uie amorphous precipitate wilhoul 
destroying the composition of the lat ter . 

The amorphous basic sulphate is the pr imary product from 
Ihe hydrolytic precipitation of Fe(III) from zinc sulphate 
solutions and changes into goethite with dme (table l)..This 
phase transition is observed over the whole investigated 
range'of Fe(lII) concentrations in the .solution and is acce le ra
ted with increase of Uie pH and teniperature (table 1), but 
this transition takes place fairly slowly even at the initial 
pHo = 4.5 a t 90°C, is re tarded with time, and is accom
panied by a decrease in the pH value (table 2), which is 
due to re lease of acid during the reaction. 

2Fe, O, • SOj • xHj O = 4FeOOH + H, SQ, + fx - 3) Hj O (1) 

The retardation of the transformation with time is due not 
to the accumulation of acid in the .solution but lo diffusion 
retai-dadon of Uie removal of the acid into the solution, 
which is created by Uie goelhite crust on Ihe par t ic les of 
amorphous sulphate. This can be seen from the fact that 
Uie rate of react ion ' ) dec reases considerably al a relatively 
small degree of conversion of the initial compound even 
with a high and practically constant pli value of 6 (table 2, 
neutral iser ZnO). 

The secondary charac ter of the a-FeOOH is due to the fact 
thai the polycondensation of the hydro.xo complexes of iron 
(111) which rapidly develops in the solution, leading lo the 
formalion of the amorphous precipitate, excludes the for
mation of centres for the crystallisation of goelhite in Ihe 
solution. As a more stable phase; Ihe goethite is therefore 
formed during ageing of the amorphous precipitate of basic 
sulphate on account of the occurrence of reaction'^). The 
mechanism of this transition was described i n " ) . 

II was estabUshed that with a concentration Cfe > 0-1 g / ' 
the initial product from precipitation of Fe(tll) is Uie amor 
phous basic sulphate, while when CFe^ 0.1 it is the amorphous 
hydrated iron(lll) oxide^), which also changes into goethite 
during ageing. 

On Uie basis of the data obtained in Ihe work it is possible 
to make the following judgements about the kinetics of the 
process . 

From the variation of Uie pH of Ihe solutions with time it 
is seen (figs.l and.2) that in the FejfSOJj-ZnSO, -ZnO-HaO 
system the hydrolysis rale of Fe(IIl) decreases wiUi decrease 
of cpe and of the initial shift of ApHx,, in the solution. For 
e.xample (fig.l, at OO^C with a small ApHin (specific con
sumption of neutra l iser m = Z n O / F e , (SO,), = 0.5 the hydroly
s i s rale is low with a high value for e.^^. With increase in 
m, ApH;„ inc ieases , but ĉ -̂  decreases (on account of ex
change reactions). The hydrolysis rale passes through a 
m:Lximum with increase in m bul decreases regularly wiUi 
time on account of decrease in ĉ -̂ , and of the accumulation 
of hydrolysis acid, i . e . , approach to hydrolysis equilibrium 
in the solution. We note Ihe slow decrease of the pH value 
wiUi Ume under the conditions of practically complete p re 
cipitalion of iron (e.g. , see fig.l Ab, curve 3.5 or fig.2, 
curves 2a, c for m = 3.5), which is due to the occurrence 
of reaction'•).• 

With oUier conditions equal the ApHin value, which plays 
an important role in tlie kinetics of the process , increases 
with decrease in temperature (fig.l), and this is explained 
by Uie superimposilion of three processes , i . e . , neutral isa
tion of the acid in the solution, exchange hydrolytic reactions, 
and the true hydrolysis reactions of iron. The f irst two 
processes nre practically independent of teniperature, Ixit 
the hydrolysis of iron (it reduces the ApHin ralue) i s r e 
tarded with decrease in temperahire (figs.l Ab, Bb, Cb),. 
and the contribution from hydrolysis to ApHin increases 
with increase in Ihe initial neutralisation of the acid, i . e . , 
with increase in the dejxirture from hydrolysis equilibrium. 
On account of this, ApHLn increases with decrease in tem
perature and the more so, the greater the m value. 

The kinetics of the precipitation of iron have two clearly 
defined s tages , i . e . , rapid precipitation in the initial period 
and then slow precipitaUon. The rapid precipitation resul ts 
from the sharp increase in the concentration of the hydroxo 
complexes on account of exchange reactions with the ZnfOH), 
base and their rapid oxidation with the (ormation of a p re 
cipitate of amorphous basic sulphate. When Uie sharp initial 
supersaturation of the soluUon by the hydroxo complexes is 
removed by the passage of the iron into the precipitate, the 
subsequent forniation of the precipitate i s retarded and is 
maintained by the formation of hydroxo complexes on account 
of Uie true hydrolysis reactions. If Ihe initial r ise ApHin i s 
sni.ail, Uie formation rate of the precipitate depends on the 
hydrolysis ra te , and there is an induction period for Ihe. 
formation of tho precipitate of amorphous basic sulphate 
(fig.l Aa and 1 Ba, curvesO.5). 

The rate of precipitation of the iron is affected by ApHin , 
CFC , and Cz„so^ and also by temperature. The presence of 
considerable amounts of ZnSQ, in the solution substantially 
d is tor ts the effect of the other factors on the iron precipi-
tJition ra te . It is therefore expedient to compare the kinetics 
of the process for co z.i = 100 g/1 (fig.l) and CQ /.„ = 0 
(ng.3). 

From fig.3 it is seen that the precipitation rate of Fe(ni) 
in Uie fast stage is proportional to the initial shift ApHin 
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•with other conditioivs eqiia! (compare Uie curves for tlie 
various m values in fig.3 Aa or- 3 Ba or 3- Ga), while,at tlie 

istage of slow precipitation i t i s prqpio/tibnal to the rale of 
live t ruehydro lys i s of Fe(I) aiia.conseciuently' (like the 
hydrolysis rate) var ies es t re inal with incre.ise in m, i .e . , , 
the consumption of the i ieutraliser. Decrea'se iii tfeMiperature 
reduces the pretipitaition.ra'te a t the sta'ge of .slow precipi
tation, and a t the stage.of fast precipitation i t r e ta rds it fpr 
'smail m value's ,ind hardly changes'i t ai all for large ra 
values., (The lat ter probably resul t s from coh-ipensalion 
for the decrease in the temperature f.^etor lay the increa.se 
in the cdiicenIration factor, i, e . , ApHin ). 

Wifh other conditions equal (figs.l and 3) the content of 
ZhSO* in the,sdluti'on-reduces ApH'in {particularly-with a, 
large consiiiitptian of ZnO, e . g . , f o r m ='3.5, which is due 
(o part ial consumption pf Uie ZnO neutral iser on hydrolyiic-
reaction with ZngO^'^^) instead of netttr.T-tisatipn of the acid), 
r e ta rds the hydrolysis of Fe{in) (due tpVthe biiller aciioii of 
ZnSQJ ' - ) , and re tards the precipitation.of iron. T h e p r e -
cipitati.on rale of-FeiHD-at the fast precipital'ion stage 
de'ci-eases witli ' increase in temperatui-e (tigs,I Aa, Ba, 
and Ca), and at SO°C this stage only SppMrs when ni>3.5. 
The retardation of the precipitation af Fe(ni) becomes" 

•stronger with increase in the ZnSO, content of the solution; 
•'after 24h with m ='2 for CQ i\r = .5'.|l,'/l "the; i.iici-easing Cy jn 
values of 0, 50, and 150 g/1: correspond to Aoi-j. values of 
3.49, 2.94, and 3 . 3 2 g / i respectively, and for CQ (.-.. = 12 g/l 
the increasing, CQ'.^J/'values of p/andlOO g/1 correspond to 
Ace values ot 9.00, and 6.,88"g/i. 

The retarding effect of ZhSD, on die hydrblytic precipi ta
tion of F B ( I I I ) becomes stronger with increase in tem'perature 
and i s explained :by tiie; stabilising-action of the electrplyte 
(ZnSOj) on tlie colloid.i'lly d isperse state of Fe'(IIlj in tlie 
solution. At 900C with zo z„ = 100 g'/I and CFa^T.S g/1 . 
'in Uie-pH region of 2,-3„5 this converts the iron [p die 
sfiite of a hydrogel, whicii represents si ti-a'hsp.afent-red-
browH' viscous solution (a,,structured Ijiiuid,). Here tlie 
[ormation of the precipitate (cbagel) of the amoiplious basic. 
sulphate i s greatly re tarded; -when-m = 3, the precipitation 
fate of Fe(III) is considerably tower than with siua 11 values 
of. m (fig.l Aa, curve 3.0, pi-fig.2'a, curve l a ) , ' this cetar-
d.atiori of tlie passage of Fe (111) into the precipitatertjecdme's 
s t ronger wiUi increase of Cf.e in the solution (tig.4). The 
sharp increase of-lhe l ight seatterihg, (by several tiiTies) 
in hi'gh-irdn ziticisdiutions a t pH 2 - 3 . 5 compared with 
pure- i ron solutions with equal cps v.ilup's conf irriis that 
the'Fe (III), i s tonvei-te'd ihtb tjie 'state of a-liydrogel in the 
z incsb lu t ions . 

Fig.-4' 
The Cpg v a l u e s ' ( g / L ) 
a f t e r .loJrtlHjj ,io,r ih 
in SDiuci.c>ns--tpf tlie 
f e j fSOiJ j - ' inSC-zr iO-
W b̂ sg3t,sm a s a flinh-
t jon or in a t 90°c w.ith 
var ious CQ Pg v a l u e s , 
gl-1, 1 - ,S,- 3 - ' ? . 5 , -
3 - S/, <l -• . l}; , S - 15 . 

The otikiined resul ts reveal the^characler of tlie;e[(ecl 
of \'-<irious factors on the couiposition and state of Uie 
iiyctrolyUc pre'eipitiites of ii:on and on the" rale of hydro
lytic. precipiLition oC.Fe(Illj flora zinc sulphate solMtiofiB, ij 
and this is essential aS'pi;eliminary iiiformatibn tor tli« 
construction of a |-iiathematica,l,.;m.6del and in the scardi "M 
fo,i- opLi.mum pi-oc'ess conditions. 

Conclusions ' 

f l 
1. The pr imary products from hydrolytic,precipitation ot •' 

F e ft li) [ roiii' z in c su Iplia te! so iu ti'ohs- a re an a morphous Inate-
sulphate 'iFejOa'.SOa-xHjQ when C[a5(} , lg /1 and an itniot* 
plious liydrated i ron o-xide-when C[,-(,^,p.l g / l . With tiJiie 
the amorphous phases'changij into crysta'lline goethite 

,c(-Fe.Qp.H wiih reL'trdatiun, 
2. The, hydrolytic precipiUitmn ,of ,Fe(lII) takes pl.ice In 

-two stages, i . e . , a fast an'd theji a slow stage. The prc-
,c.i[)iL;i.tion .i-ate;-(v"'],.̂ ) inc,reaaes wUh-iiicre.=i,se i'n the initial 
.ri'siiti-aiisalion of Uie.soUition (pH,, = 1,5-,5,2)ahd with in- .-.OT, 
c rease in the concenD-alion'of iron in, the solution tcFi;=Sg/l)''-j| 

•durinjj the fast precipitation stage; during the sliiw precipl- ..if 
taUbn st-'ige" Vfg depends extremal on the iniLial ne'uiKUisa- -.^ 
Boh of the solution (passes through a maxirauni).WithincrMiil1 
in Uie- ZtiSO^ content of tiie solutior)[cg .̂ ^ = d-150,g/l] Vf,,' 
deer eases . With-increase in temperature (50-90''C) VFU 
d^~creases in tlie-fast precipitation stitge and iii creases 
slightly in the slow precipitation stage (as a result of in
te n.-; iti cation of the retarding action pt ZnSO,j with increase 
ih temperature) , 

3. For a high-iron (cpe > 7 | / J ) Kinc sulphate solution with , 
pH 2-3.5'a ri.se in temperature to SO'̂ C is risky, sirice it 
leads to tlie formation of a viscous hydfOgel of iron, which 
greatly retiirds Uie formation of the hydrolytic precipitate, 
Incre.-i:se,.in ii:^, istab'i'lises the'hydrogel. 
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Siimaiary 

A new me,tiibd,was developedfor the determination of the 
position of the boundary taefweeh th'e" Solid .irid liqui'd pluiSL's 

in the capillary. Tlie niethod extends the possibili t ies tor 
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MICROBIAL LEACHING 
i. . ^] 

OF 
; : ) 

COPPER MINERALS 

by JOSEPH A. SUTTON and 

1 

JOHN D. CORRICK 

A 
The continuing depletion.-.of, high-rgrade.ore^cle-^, 

posits in this country has created a neetjltd'de-' 
velop more effective methods for recovering valuable 
metals from low-grade ores. TJie use of microorgan
isms for their biochemical reactions is one possible 
way to solve certain phases of this probleml^-~' 
Bacteria have.been used successfully by many di
versified industries. Until recently", However, little 
attention has been focused on the use of bacteria in 
mining and. metallurgical processes. 

This report summarizes one phase of the micro
bial studies being conducted at the U.S. Bureau of 
Mines, College Parle Metallmgy Research Center. 
The two-fold objective of this study was, first, to 
determine if ptire strains of the bacteria Ferrobacilltis 
ferrooxidaiiSj Thiobacillus concretiuoTus and Thio
bacillus ferrooxidans could utilize the iron and sul
fur occurring in sulfide minerals to produce appreci
able quantities of ferric sulfate and sulfuric acid for 
dissolving copper and, second, to develop" the 
chemistry involved in the microbial oxidation of 
sulfide minerals. These are of particular interest as 
they relate directly to the feasibility of employing 
microorganisms in leaching operations. 

• The three strains of bacteria investigated are 
kno-wn to be present in the effluent waters of several 
copper mines in southwestern United States.* The. 
presence of these bacteria in ore deposits testifies 
to their ability to withstand highly acidic environ
ments and to derive necessary food for survival 
from their immediate surroundings. 

Acid-ferric-sulfate, a solvent for extracting cop
per from low-grade ores, is formed within leaching 
areas by what has previously been considered at
mospheric oxidation of sulfuritic materials associ
ated with the copper, deposits. Recent discoveries, 
however, provide conclusive evidence that certain 

J. A. SUTTON is Physicol Chemist and 1. D. CORRICK is Re-
search Biochemist, U. S. Bureou of Mines, College Pork Metollurgy 
Research Center, College Park, Md. 

JUNE 1963, MINING ENGINEERING—37 

tions. 

3 8 - M l N ( N G ENGINEERING, JUNE 

microbial reac- ^̂ -on-'opyme 
Chalcoci te 

.1' i 

m 

-f J 

p 1-

1963 



A Three-way stopcock 
B Sidearm stopper with gas vent 
C Sidearm 
D Reaction flasH 
E Center well (for caustic) 
F Capillary manometer 
G Fluid reservoir 
H Fluid adjusting clamp 

Fig. 3—Warburg constant volume respirometer. 

brought about the oxidation of substantial quanti
ties of ferrous iron. ..» 

However, it was not known how the bacteria ac
complished the dissolution of iron-bearing minerals. 
The basic question underlying the microbial oxida
tion of iron sulfide minerals has been whether the 
organisms directly attack the iron compounded with 
iron sulfide minerals or if they attack the ferrous 
sulfate released into solution as a result of the 
atmospheric oxidation of the iron sulfide minerals. 
Volger" has reported that the sulfur-oxidizing bac
terium T. thiooxidans must make .physical contact 
with sulfur in order to oxidize it. Our manometric 
tests with T. thiooxidans supported Volger's conclu
sions. The results of these tests (Table I) show that 
an increased oscillation rate which caused shorter 
contact time between the sulfur particles and the 
organisms, resulted in a drop in the.Qoa(iV). This 
expression is a means of indicating the oxygen up-
talte by the organisms. Results of parallel tests with 
F. ferrooxidans and pyrite show that increased 
oscillation rate increased the up-take of oxygen. 
Apparently, microbial oxidation of the pyrite can 
be enhanced by the same mechanisms that effect 

reaction rates in all ordinary agitated chemical re
actors. These data support the conclusion that this 
bacterium does not require contact with pyrite in 
order to oxidize it; instead, it oxidizes the ferrous 
iron released into solution as a result of chemical 
oxidation. . 
' The acid-ferric-sulfate solutions formed as a re

sult of microbial oxidation of iron-bearing minerals 
.should serve as effective metal solvents and bring 
about the dissolution-of copper from copper min
erals. Although a majority of copper minerals do 
not contain ferrous iron, they are commonly as
sociated in, their natural environments with the 
minerals pyrite and chalcopyrite. The data from a 

.series of_percplatpr. tests involv'ing F.^Jerrgoxidans 
reacting on ferrous sulfate show that, after 56̂  days. 
of percolation, 23.7% of the copper was extracted 
from chalcocite, 56.3% from covellite and 29.8% 
from bornite. The organisms extracted 3.4 times 
more copper from the chalcocite than was extracted 
in the-uninoculated control (Fig. 7). . . . . 

Results from a similar series of percolator tests 
indicate that the sulfur-oxidizing bacterium T. con-
cretivcrrus was not able to utilize the sulfide sulfur 
occurring in the minerals chalcopyrite, chalcocite, 
covellite and bornite. Manometric studies show that 
this bacterium registered a mild response to the 
minerals chalcopyrite, chalcocite and pyrite (Table 
II). However, because these minerals contained 
minor quantities of elemental sulfur, it was con
cluded that bacteriar activity was governed- by the 
availability, of. this _ .sulfur and that the organisms 
ceased to function after the sulfur was consurried.^ ' 

The chemical reactions involved in the microbial 
dissolution of iron and copper from sulfide minerals 
can be described by reference to a series of chemical 
equations. Pyrite in the "presence of oxygen and 
water is slowly oxidized to ferrous sulfate and sul
furic acid according to Equation 1, 

2FeS. -f 70, + 2H=0 -> 2FeSO. + 2H=SO.. [1] 

The iron-Oxidizing bacteria in the presence of oxy-
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Fig. 4—Ferric iron from pyrite •produced by iron-oxidiz-
ins. bacteria. 
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the oxidation of iron in chalcopyrite. 

Fig. 6—Effect of pH upon tlie ability of F. ferrooxidans 
to oxidize iron in chalcopyrite. 

,1-

gen and sulfuric acid then oxidizes the available 
ferrous sulfate and, acting as a catalytic agent, ac
celerates the formation of ferric sulfate as shown in 
Equation 2, 

Bacteria 
4FeSO. -I- 2H,SO, -H 0= > 

2Fe,(SO0, + 2H,O. [2] 

The ferric sulfate that is formed can react with py
rite to form HjSO, and ferrous sulfate according to 
Equation 3, 

7Fe2(S04)3 + FeSa + SHzO-* 15FeS04 -1- 8H2SO4 [3] 

or it can react with a copper sulfide mineral, such 
as chalcocite, to form copper sulfate, ferrous sul
fate and elemental sulfur as shown in Equation 4, 

Cu,S 4- 2Fe,(SO.).-»' 2CuS0. + 4FeSO. -t- S. [4] 

The ferrous sulfate is then re-oxidized by the iron-
oxidizing bacteria to form more ferric sulfate and 
the cycle is repeated. The elemental sulfur set free 
(Equation 4) is . oxidized by the sulfur-oxidizing 

o Control 
D F." ferrooxidans 

21 28 35 
TIME, days 

56 

Fig. 7—Copper extracted from chalcocite by F. ferro
oxidans . - - , , . _.,..., . . . .r- . . 

bacterium T. concr6tiv6riis ih the presence of.oxy
gen and water to sulfuric acid, as shown in Equa-" 
tion 5, 

Bacteria • 
2S -F 30= -f- 2H,0 > 2H=SO.. [5] 

CONCLUSIONS 
The conclusions drawn from this study are as 

follows: 

1) The iron-oxidizing bacteria F. ferrooxidans 
and T. /erTooa::ida?is are able to greatly accelerate 
the dissolution of the iron compounded with the 
minerals pyrite and chalcopyrite. 

2) The bacterium F. ferrooxidans is capable of 
producing sufficient quantities of acid-ferric-sulfate 
from ferrous iron to bring about the dissolution of 
significant quantities of copper from chalcocite, 
covellite and bornite. 

3) The bacterium F. /errooxidaTis acts as a cata
lyst to the chemical oxidation of pyrite. The organ
ism does not directly attack the iron in the mineral 
but rather oxidizes the ferrous iron released into 
solution as a result of atmospheric oxidation. 

4) The sulfur-oxidizing bacterium T. concre-
tivorus is not able to oxidize the sulfide sulfur oc
curring in the minerals pyrite, chalcopyrite, chalco
cite, covellite and bornite. 
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Abstract 
This paper presents the development and results ofa 
computer model of in-situ uranium leaching. This 
model uses a slreamline-concentrafipn balance 
approach and is useful with a wide range of reser
voirs. If can be used wiih any type of well system, in a 
reservoir with or wilhoul boundaries, and with any 
form of descriptive kinetics. The model also includes 
ihe effects of dispersion and consumption of oxidant 
by minerals olher than uranium. The effects of well 
IJaitern, variable uranium concentrations, and the 
presence of oxidant consumers on uranium 
production are discussed. 

Introduction 
Tiie sandstone uranium deposits of south Texas 
represent a possible major energy source. These 
deposits consist mainly of widely scattered roll fronts 
(pods) of unoxidized uranium minerals in loosely 
packed sands.' It is thought that these deposits were 
formed by the downdip migration of groundwater 
carrying oxidized uranium leached from the host 
roclc, Catahoula Tuff. When the uranium-bearing 
waters reached a reducing zone, the uranium was 
precipitated, forming mainly the mineral uraninite, 
U02'̂ . Much of the uranium ore in the area is low 
grade (<0.05% U3O8) and is at depths of 100 to 
1,500 ft. 

Since 1960, various companies have been mining 
some of the higher-grade deposils to depths of up to 
200 ft, using conventional strip-mining techniques. 
The concomitant surface disruption is e-xtensive, and 
llie costs of mining and transporting to a mill such 
large amounts of material prohibit the utilization of 
low-grade ore. 

A mining technique thai may overcome these 
difficulties to some extent and ultimately make more 
of ihe south Texas uranium deposits amenable to 

*NQVW with Bommer Engineering, San Antonto. 
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recovery is in-situ solution mining. This technique 
consists of pumping through the ore body a chemical 
solution that will dissolve the uranium minerals so 
that they may be leached from the ore and recovered 
from the solution. For this process to be 
economically feasible, a low-cost solution must be 
available that will dissolve a large portion of the 
uranium present, the uranium must be easily 
recoverable from the leach solution, the physical 
attributes of the ore body must be such that the leach 
solution can be pumped through the ore without 
great loss to the surroundings, and environmental 
hazards must be avoided. 

The leaching process and its chemistry are basically 
simple. Uranium is generally found to have one of 
two oxidation states - oxidized, U"*"*, or 
unoxidized, U + ''. In the oxidized -(-6 state, uranium 
forms many soluble ions, among them the uranyl ion 
UO/2_ the uranyl dicarbonate ion U02(C03)~2, and 
the uranyl tricarbonate ion U02(C03)3~'*. Hosteller 
and Garrels3 have investigated the equilibria of 
uranium minerals with natural solutions and found 
that under oxidizing conditions, stable soluble ions 
exist over a wide range of pH. The results suggest 
that to dissolve uranium minerals, one must provide 
an oxidizing agent lo oxidize reduced uranium 10 the 
+ 6 state and a complexing agent that will form 
stable complex ions with U-*-6. A typical set of 
reactions is as follows: 

UO, + H2O2-UO3 + H2O (oxidation). 

2H+ +U03+3C03-2-U02(C0)3-'* 

+ HjO (dissolution) 

The oxidation step represented by Eq. 

0037.9999/79/0012-7533J00.25 
® 1979 Society ol Petroleum Enginaeisof WME 
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hydrogen peroxide as the oxidant. It is also possible 
to oxidize the uranium using air, pure oxygen, or 
sodium chlorate. Hydrogen peroxide is being used in 
most present operations, though evidence^ suggests 
that it dissociates rapidly to water and oxygen at 
reservoir conditions. If this is the case, pure oxygen 
may be the preferred oxidant because it is less ex
pensive than hydrogen peroxide. 

The physical operation of an in-situ uranium 
solution mine is similar in many respects to con
ventional oilfield operations. After a suitable ore 
body has been located and mapped by exploratory 
drilling, a pattern of wells must be placed to recover a 
large fraction of the value in a reasonable time. A 
second factor concerns confining the leach solution 
to the region of interest to avoid environmental 
problems. Often, this can be achieved by the efficient 
placement of production and injection wells; in other 
cases, guard wells may be required. This paper 
considers the problem of well placement, the use of 
guard wells, uranium production rates, the effect of 
oxidant concentration, and many other questions 
concerning the in-situ leaching of uranium. The 
approach used here is to develop a computer model 
that can be used to simulate a variety of production 
situations. The results can then be compared and 
reasonable operations parameters identified. 

The Flow Model 
In this model, the flow is assumed to be single phase 
and two-dimensional so that the fluid velocity at a 
point can be calculated using the well-known source 
and sink equations that describe the flow of an in
compressible fluid through a porous medium as a 
function of the location and volume rates of 
production and injection wells (see Appendix A). 
Given the fluid velocities, streamlines can be traced. 
A typical example is shown in Fig. 1. 

Once streamlines have been defined, pressure drop 
along them can be calculated. In the approach used 

here, the streamlines are divided into equal pressure 
increments or nodes that are used later in developing 
a finite-difference analog of the concentration 
balance. The fluid velocity at each node is recorded 
for future use in finite-difference equations. 

The streamline model can be modified to ap
proximately account for variations in reservoir 
thickness, provided they can be assiimed to change 
linearly between wells.5 The calculation requires that 
the formation thickness be known at each point 
along a streamline. These values of thickness are 
entered using a grid system over the area of the pod, 
as shown in Fig. 2. This information is used to adjust 
the fluid velocities at each node. In the subsequent 
calculation of both uranium and oxidant con
centrations, the modified velocities will be used. In 
this way, thickness variations are considered. 

Most uranium pods are small in area compared 
with the aquifers in which they occur, and these are 
effectively unbounded systems as represented by Fig. 
1. In many cases, it would be advantageous to 
minimize lixiviant escape from uranium-rich zones, 
because it is not then wasted on nonproductive areas, 
recovery rates are increased, and aquifer con
tamination is minimized. This last consideration is by 
far the most important one. To bound the system of 
production and injection wells, it is possible to drill 
additional wells (guard wells) outside the pod area. 
By properly adjusting the location and injection rates 
of groundwater into them, guard wells can be used to 
create a no-flow boundary around the periphery of 
the pod. The model uses a method of image wells 
developed by Lin6 to simulate the bounding that can 
be achieved by the proper injection rates through a 
given system of guard wells. Therefore, the program 
can be used to estimate how many guard wells are 
required to achieve effective bounding by varying 
their number and spacing until a satisfactory result is 
obtained. Of course, there are an infinite number of 
combinations that will provide adequate bounding. 

h,a 

\ h,,, 

hi.a 

/ " ha.r 

hs.i 

\J 
Fig. 1 . - Streamline pattern for a regular, inverted five-spot 

in an unbounded aquifer. Rectangular region 
represents boundaries of the mineralized zone. 

Fig. 2 - Typical thickness grid superimposed on f̂ ^ 
mineralized zone. It is used for calculating fluid 
velocities. 

Fig-
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To determine the "best set," economic con
siderations are required. Such considerations are 
beyond the scope of this work. 

The streamlines for a bounded system are shown in 
Fig. 3; if these results are compared with those of 
Fig. 1, the effect of confining the streamlines is 
evident. The guard wells distort both the streamlines 
and the fluid velocities from those of the unbounded 
system. Both these changes are taken into account 
when calculating uranium production. 

Uranium Balance 
Once the flow system has been defined, bounding has 
been completed if desired, and each streamline has 
been divided into nodes at which velocities are 
stored, the next step is to calculate the uranium 
concentration at each of the nodes as a function of 
time. This is done using a component balance that 
allows for chemical reactions ahd dispersion. The 
balance equation is first written in a rectangular 
coordinate system that includes the effect of 
dispersion and then is converted into one in which the 
streamlines and potential lines form the coordinates 
(see Appendix B). Assuming that dispersion along a 
line of constant potential (perpendicular to flow) can 
be neglected, the component balance can be written 
along a streamline as 

dc d^c 

a* a<i>2 

dc 

(3) 

where a and 0 depend on the velocities, which are 
known but are independent of the concentration, c. 

R is the reaction term that describes the rate at which 
uranium is oxidized and leached from the solid 
surface, and 4> is the potential function that, for a 
horizontal system, is the pressure measured along a 
streamline. The form of the reaction rate used in this 
paper is 

^Ur= ^(^^'Ur- ^^'«Ur)(l-*)P W 

This rate expression was found to adequately 
describe the flow results reported by Galichon et a/.4 
The results presented here are not general in that the 
constants used in the rate expression are expected to 
vary from site lo site. It is necessary then to develop 
the appropriate rate expression using ore samples 
from the deposit of interest and using the leach 
solution to be employed in the field. 

It should be noted that e depends on number of 
factors, including the oxidant concentration. The 
calculations reported here use an experimentally 
determined relationship between the rate constant (e) 
and the peroxide concentration (the equivalent 
oxygen partial pressure would serve equally well). 
GrandstafP finds that the rate is proportional to the 
partial pressure when pure uraninite is dissolved in 
carbonate solutions at temperatures ranging from 2° 
to 23°C. Pearson and WadsworthS found the rate 
constant depends on the square root of the partial 
pressure at higher temperatures. The experimentally 
determined e used here is shown in Fig. 4. The other 
factors given in Eq. 4 have been discussed 
previously.4 Eq. 3 is solved for each streamline at 
selected times. It is solved using a fully discrete, 
finite-difference approximation with an un
conditionally stable Gaussian row reduction 

WEIGHT X OXIDANT 

Fig. 3 - Streamline pattern for a regular, inverted five-spot 
bounded by guard wells around the mineralized 
zone. 

Fig. 4 - The uranium rate constant shov^n as a function of 
oxidant concentration (from Galichon's data.^^j 
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technique.9 The finite-difference analogy to Eq. 3 
uses an implicit technique with a two-point backward 
difference for the derivative of concentration with 
respect to time. The derivatives of concenlralion with 
respect to pressure are expressed using five-point 
centered differences at nodes between wells and 
three-point centered differences at the nodes next to 
wells. The three-point forms must be used near wells 
to maintain the peniadiagonal form of the coefficient 
matrix that is solved by the Gaussian technique. This 
finite-difference analogy has been shown to generate 
good results. Details of the computer program and 
the testing of the numerical procedure are available 
elsewhere. 10 The output from the balance is the 
uranium concentration at each node of each 
streamline at every time step. The uranium con
centration at each wellbore can then be calculated. 

Other Modeling Considerations 
Most aquifers contain varying concentrations of 
minerals, such as pyrite, that will compete with 
uranium for oxidant. These minerals consume some 
of the injected oxygen. Therefore, the presence of 
these minerals has the effect of delaying uranium 
production. Again, a laboratory study must be 
conducted using samples from the ore body of in
terest to determine the reaction expressions required 
to describe the minerals' effects. 

To demonstrate the impact of these oxidant-
consuming minerals, a reaction-rate expression is 
used in an oxidant-balance equation (having the same 
form as Eq. 3) to calculate the oxidant concentration 
at each node as a function of time. This rate ex
pression is 

Ro = ^MCjb (5) 

This expression has not been tested yet, but clearly f 
and 5 will vary from formation to formation. The 
initial values of the oxidant-consuming mineral 
concentrations are stored and used in the rate ex
pression and as the reaction proceeds: 

dM 
'dt ' = - 6R^ (6) 

This equation is integrated and the mineral con
centration is allowed to decrease with time. Thus, 
given the amount of oxidant left at a node after 
reaction with the oxidant-consuming mineralSĵ  the 
appropriate uranium reaction-rate constant, e, can be 
located from Fig. 4 and used in Eq. 4. Even if there 
are no oxidant-consuming minerals (save uranium) 
present in the pod, the oxidant balance must be 
solved together with the uranium balance to 
determine the oxidant concentration present at a 
particular node at a particular time and hence obtain 
the proper uranium reaction-rate constant. 

Because most reservoirs are not homogeneous 
chemical systems, the model has been built to 
consider these differences. The same grid system used 
to store differences in reservoir thickness for the 
velocity approximation can be used to provide 
concentration variances. The uranium and pyrite 

concentrations over the entire reservoir are stored 
along with the thickness changes in the grid system. 
They now can be located by the position of each node 
oh each streamline and used in the oxygen and 
uranium concentration calculations. 

In unbounded or partially bounded systems, some 
of the streamlines escape beyond the uranium-
bearing zone, as shown in Fig. 1. The portions ofa 
streamline that lie outside the uranium-bearing area 
do not contribute any new uranium production to the 
system. They may, however, contain pyrite since the 
process that deposited pyrite probably was not the 
same one that deposited uranium. Thus, along these 
portions of a streamline outside the uranium-bearing 
area, the oxidant may continue lo be consumed. To 
consider this phenomenon, each node along a 
streamline is tested to determine if it is inside or 
outside the uranium-bearing area. This test is per
formed by taking the cross-product of two vectors. 
The first vector passes through the node and the 
closest boundary point lo that node. The boundary 
points are a finite set of discrete points used to define 
the uranium-bearing area. The second vector passes 
through the closest boundary point and the next 
point taken in a clockwise direction, as shown in Fig. 
5. If the cross-product is positive, then the node is 
inside the pod. If it is negative then the node is 
outside the pod and no uranium production is 
calculated. The only instability in this method occurs 
when the node, closest boundary point, and second 
boundary point are all on line, thus forming an angle 
of 180°. When this occurs, the cross-product is zero 
and no distinction can be made. Therefore, in the 
event that this happens, the model uses the boundary 
point behind the closest boundary point to form the 
first vector and that point and the closest boundary 
point to form the second vector. 

Results 
The economic viability of a particular leaching 

Fig. 5 - Sketch showing the vector relationships used to 
determine whether a point is within the 
mineralized zone. 
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project is related to both the concentration of the 
uranium in the produced leach solution and the time 
required to produce a significant portion of the 
mineral values. It is, therefore, critical to design a 
well pattern that will leach as much uranium-bearing 
rock as possible over a particular time period, while 
also minimizing the number of guard wells required 
to prevent the leaching solution from escaping into 
the aquifer. Theoretically, any well pattern will 
eventually sweep a pod given enough time. Thus, for 
a given time frame, the well pattern that recovers the 
most uranium would be judged the most efficient and 
probably the most desirable. 

The importance of areal sweep has been 
demonstrated using the unbounded, inverted five-
spot pattern of Fig. 1, the unbounded line-drive 
pattern of Fig. 6, and the unbounded, expanded, 
inverted five-spot pattern of Fig. 7. The production 
histories of these patterns after 6 months of 
production are presented in Fig. 8. It can be seen 
from this figure that even though the line drive has 
more wells than either of the other two patterns, it 
does not produce more uranium than the regular 
five-spot pattern. However, due to its greater areal 
sweep, the expanded inverted five-spot pattern 
produces in the given time roughly 1.4 times the 
uranium of the other two patterns. There is, 
however, a longer delay initially with the expanded, 
inverted five-spot because of the increased distance 
between wells. 

As outlined earlier, if any oxidizable minerals such 
as pyrite are present in a pod, the uranium 
production should be delayed. To illustrate this, the 
system shown in Fig. 1 was modeled for 6 months, 
first with and then without pyrite. The production 
profiles are contrasted in Fig. 9. The presence of 
pyrite causes a marked delay in uranium production. 

Fig. 7 - Streamline pattern for an expanded, inverted five--
spot in an unbounded aquifer. 
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Fig. 8 - Cumulative uranium production with time as it 
depends on areal sweep, with all other variables 
held constant. 
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Fig. 10 - The effect of varying uranium concentrations 
within the mineralized zone. 

With enough time, the uranium production will tend 
to that of the pod without any pyrite. Here again, the 
extent of the delay depends on the amount of 
oxidizable minerals present and their rate of reaction 
with oxygen. 

Variable uranium content can have a dramatic 
effect on production. The pod represented in Fig. 1 
was modeled first with a uniform initial uranium 
concentration of 0.003 g uranium per gram of rock 
and a second time with one-half the pod having 
negligible uranium concentrations, one-quarter 
having 0.002 g uranium per gram of rock, and one-
quarter having 0.0093 g uranium per gram of rock. 
The average concentration for the second case was 
0.003 g uranium per gram of rock. The production 
profiles shown in Fig. 10 show that the pod with the 
one high concentration quarter produced more 
uranium in the given time than the pod with the 
uniform concentration. This result is dependent on 
the rate expression used for the uranium reaction, 
and in actual situations will vary from site to site. 
The rate expression used for these examples, as seen 
in Eq. 4, contains the difference between the uranium 
present and unleachable or residual uranium, W ĵ̂  — 
^RVf ^^^ '^^ uniform pod this term has a value of 
0.W)2 g uranium per gram of rock. In the 
nonuniform pod it has a value of 0.0083 g uranium 
per gram of rock, which is 4.15 times greater than in 
the uniform pod. So, if the effects of the other terms 
in the rate expression are neglected, the nonuniform 
pod should produce 4.15/4 or 1.04 times faster than 
the uniform pod. This figure is a bit lower than what 
actually occurred, but it points out that the rate 
expression controls how much uranium is produced 
from a pod in a given time, and the effects of high 
concentrations of uranium in a pod. 

Summary 
An in-situ uranium leaching model to predict the 
movement of reservoir fluid and to predict the 
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production and accumulation of fluid volumes and 
leachate concentrations has been described. It can be 
used to optimize well patterns and guard-well 
systems. The model can be used with any size and 
shape reservoir with variable, thickness, with or 
without boundaries, with any configuration of wells, 
with or without.guard wells, with areal differences in 
reservoir makeup, and with any form of descriptive 
kinetics. The model also considers dispersion and the 
consumption of injected oxygen. 

The results indicate the importance of proper well-
pattern selection and the possible benefits of guard 
wells. Economics determine their use. 

Also, it has been found that significant variations 
in uranium concentrations in the produced fluids 
may be observed in most situations. These can result 
from any one or more of a number of factors, in
cluding variations in reservoir thickness or per
meability, nonhomogeneous distribution of uranium 
values, or variations in concentration of oxidant-
consuming minerals. 

Nomenclature 
c = concentration 

Df, = molecular diffusion coefficient 
F = formation resistance factor 
h = formation thickness 
k = permeability 
K = dispersion coefficient 
M = pyrite concentration 
P = average formation particle diameter 
q = production or injection rate 
R = reaction rate 

RI = 2% of the average distance between wells 
/ = time 
M = flux 
v = fluid velocity 

W = uranium concentration 
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.V. V = rectangular Cartesian coordinates 
a = a complex function of velocity appearing in 

the concentration balance 
0 = a complex function of velocity appearing in 

the concentration balance 
6 = stoichiometric coefficient 
A = increment 
f = uranium reaction-rate constant, l ime" ' 
i" = oxidant reaction-rate constant 
fx — fiuid viscosity 
p = density 
a = formation factor 
<j> = porosity 
^ = potential 

Subscripts 

L = longitudinal 
m = mean 
n = number of wells 
o = oxygen or oxidant 
R = residual 
/ = time 

Ur = uranium 
x,y = rectangular coordinate direction 
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APPENDIX A 
Streamline Generation 
Starting with the Laplace line-source and sink 
equation 

p{x,y) = p„, -

+ ( y - y i ) ^ 

X) <7,ln((jr-jr,)2 

(A-1) 

Eq. A-1 can be differentiated with respect to x and^* 
to obtain expressions for the vectorial components of 
velocity 

vAx-y) = 
1 

E Qi 
{X-X;) 

.2Tt<i>h ,^1 ^x-Xi)^-i-{y-yi)^' 

(A-2) 

1 " iy—y) 

"y^""-'^ = ' ^ ^ l ,-?, ^'(x-X,)2+('>'->',)2 
(A-3) 

Define RI as 2% of the average distance between 
wells and assume that the velocity remains constant 
over this small distance. Sum the vectorial com
ponents of velocity to obtain the total velocity: 

v(x.y) = (v^-i-v^)'^' (A-4) 

The time required for a fluid particle to move the 
distance/?/is 

A/ = R//v(x.y) (A-5) 

The new location of the fluid panicle along a 
streamline can be calculated by 

^/•f 1 = -*̂/ + ".xix.y) At (A-6) 

yi + 1 =->'(• + Vy{x,y)Al (A-7) 

This procedure is repeated for each streamline of 
each production well. Thus, the streamlines are 
traced between production and injection wells. 

APPENDIX B 

Concentration Balance 
A concentration balance, which includes dispersion 
that varies in the axial as compared with the radial 
direction, can be written as 

dc dc d / dc \ 
— " v w„ H l ^ v ^ - — ) 

•̂  dx y dy d x \ -̂^̂  dx / 
d / dc •\ 9 / dc \ d / dc \ 

^ Yx V ^ - y ^ J ^ d ^ V^y^~d:^)''d^ ^ y y - ^ ) 

dc 
- R = < t > ^ (B-1) 

At this point, it is necessary to convert Eq. B-1 from 
rectangular coordinates to stream-function and 
potential coordinates. Eq. B-1 can be written as 
follows, provided it is assumed that dispersion 
perpendicular to flow can be neglected. 

• iJ 

I 
4 
i*. 
% 

k 
i 
m 

tj-r.!; 

•?: 
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k I ^v u 2 / dx ^V 1/2 / dy 

u h du,. 
1-1-

u h du^-i dc M \ 2 ( / " x + " y \ 2 -".{'^m^^^TYii-^) 
1 d^c dc 

' ^ L \ -^TTT - R = ^ ^ r - -a*2 ar 
Define 

(B-2) 

/2UyU^\ dUy 

-M-^)|fl <-> 

«=(D^K^r-4 <B-^ ' 

where 

/ r^ = Do//='<A -I- O.SvaP, 

which is the expression for longitudinal dispersion 
described by Perkins and Johnston.' ' 

All the terms in a and /3 are either known from the 
streamline generator or can be calculated. So, the 
concentration balance, Eq. B-2, can be reduced to 

dc d^c dc . 

dv d9^ dt 

- (B-5) 

The R term is the rate expression for either uranium 
or mineral oxidation. SPEJ 
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Table: Metal content of the concentration products iji Uie op 

No. 
Feed 

X f 

3.0 
3.3 

1st roughing 

X l 

36.10 
38.22 

t 

X, 

0.52 
0.58 

2nd rpughing Control 

Xo 

2.62 
12.55 

Xo 

0.052 
0.27 

X , c 

0.63 
3.63 

Mt 

0.025 
0.08 

51.94 
45.97 

13.43 
11.77 

53.90 
52.45 

X, 

9.07 
11.21 

3rd reclean 

yc 

56.60 
54.73 

SUBJ 
MNG . 
MMLO 

Xe 

11.48 
15.89 

Feed 

Fitsc Zn 

roughing flolatLon 

Second -•'̂  
rough i ng 
r lotal:ion 

1 
cone. 

f lotat ion 

.First 
rccleani 

Second 
recieanin; 

t a i l i ngs 
(waste) 

Third 
rccleanine 

concentrate 

Fig.2 OualitaClve (a) and structural (bl scliemes of 
the zinc f lotat ion process. 

only to obtain the respect ive t ransfer coefficients. By Uie use 
of Uie stat ic model it is possible to modify the methods for 
calculation bf the qualitative and quantitative and wa te r - s i ime 
schemes of flotation traditional for concentration plants and 
to simplify them to a considerable degree without reducing 
their accuracy. This is extremely important for operat ional-
control of the p rocess . However, nost important in our view 
is the possibility of improving the charac te r i s t ics of thie flo-

f 9 ^ c ^ . y M i 

tation p roces s by optimisation of i ts s ta t ic model. Opt imisa
tion of Uie zinc flotation process by i ts mathematical model 
was rea l i sed by the simplex planning method ' ) on an MN-18 
analogue computer. 

The initial matr ix, corresponding to twice the number of 
technological flotation operat ions, comprised 12 transfer co
efficients, the values of which were varied in 13 t r ia l s in 
order to attain a higher quaUty in the zinc concentrate and to 
reduce the losses of metal in the tail ings. Values of the co
efficients taken as optimum were obtained a s a resu l t of 22 
t r i a l s . The table gives comparative data corresponding to the 
obtained regime (1) and to the bes t resu l t (2) obtained during 
.the testing of zinc flotation. 

Here it must be emphasised that the optimum values of the 
t ransfer coefficients (Ki) and the zinc content (X^) obtained 
in the concentration products from the corresponding opera
tions lie within the limits of the variation intervals of these 
p a r a m e t e r s established from the resu l t s of a test of the p r o 
cess . Comparison of Uie resu l t s obtained showed that an 
improvement in the quality charac ter i s t ics of the p rocess can 
be obtained as a resu l t of purposeful redistr ibution of the 
loads between the Individual operations of the p roces s . Thus, 
for example, the yield of the concentrate of the second rough
ing flotation is Increased considerably under the optimum 
conditions, as a resu l t of which the zinc content of the ta i l 
ings In this operation and of the tailings of the control flota
tion, which a r e waste products , is greatly reduced. At the 
same time the yield of the frotJi product In the second r e -
cleaning operation is reduced, and its zinc content increases . 
The improved quality of the froth product of the first r ec lean-
ing operation makes it possible to obtain a concentrate of 
higher quality in the second and third recleaning operat ions. 

II is interest ing to note that only under the optimum con
ditions was it possible to obtain recycled products (XeXii) 
close in content to the feed of the operations {X7Xf), to which 
they a r e accordingly directed. In this case it is in our opinion 
possible to eliminate Uie control flotation without actually 
a l ter ing the values of the t ransfer coefficients (KeaK^ ,), since 
the extraclion into the froth products amounts to less than 1%. 
Trends s imi lar to those described for the optimum conditions 
a re also traced in some of the operations of the bes t t r ia l . 
The approach described above may be of use to investigators 
in the solution of problems associated with the analysis and 
perfection of technological concentration schemes . 
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Mathematical model of the leaching of the cobalt mat te in f e r r i c chloride solutions 

A I Orlov, Yu D Matyskln, N P Kashpurova, S B Polonskii and V I Beloborodov (Irkutsk Polytechnical Institute) 

At the present t ime s ta t is t ical methods a r e widely used to 
obtain a mathematical description of p rocesses in the opti
mum region, including experimental design methods, since 
the control of technical p roces ses is possible if there is a 
mathematical relationship between the p a r a m e t e r s ' " ^ ) . 

In the p resen t work investigations were carr ied out into 
the optimum conditions for the leaching of cobalt mat te in 
solutions of fe r r i c chloride. This is one of the most effec- . 
live solvents for complex sulphide-containing raw mate r ia l 
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The cobalt in the matte is mainly combined with the metal
lic phase (an alloy of iron with nickel) which contains up li,> 
90'<' of the total amount in the matte . A cobalt matte con
taining.1.08 wt.7, Co, 1.4 w t . 1 Ni, 49.1wt.% Fe. and 25 wt. 
''( S was treated with ferric chloride solution at a lempei-a-
ture close to its boiling.point (-lOSOC). The cobalt conteni 
of Uie solutions and precipi ta tes was determined by a photo-
color imetr ic method''). The optimum par t ic le s izes of the 
cobalt matte and the amounlsof hydrochloric acid added to 
the solution for acidification purposes were first determined. 

On this basis investigations were carr ied but in order to 
obtain a mathematical relationship between the degree of . 

' t r ans fe r of cobalt into solution, the leaching time, and the 
concentration of the solvent, and the resul t s were treated by 
the experimental design method^'^). The factors and var ia 
tion levels a re given in the table. 

table 

Fac to rs 

Fe^* concentration 
g / i x , 

Leaching time hXg 

Zero 
level 
X=0 

175 . 

3 

Variation 
interval 

25 

1 

Upper 
level 

X = +l 

200 

4 

Lower 
level 

• X = - l 

150 

5 

The stat is t ical t reatment of the data was real ised on-a 
Minsk-32 computer by the programme for ihe ma t r i ces of 
a multi-factorial experiment. For the degree of transfer of 
cobalt into solution we obtained the following equation, which 
adequately descr ibes the experimental data with a 5% signi
ficance level: 

y= 100.975-1.0917X1-0.675X3 + 1.625X,X5-1.9063Xf-

-0.9438X1 

The variance of the tr ial was S={y? = 0.97583; the var i 
ance of the reproducibility was S^(y) = 9.11. Fcaic. = 3.42; 
Ffn|. (0.05; 3: 3) = 9.28. The variance of Uie coefficients was: 
SJl)} = 0.1068: s /b i l = 0.34926, s i b i c l = 0.42249, s / b i i l = 

On further treatment of the mathematical model on a com
puter in order to obtain a relationship for the extraction of . 
cobalt it was found that the transfer of cobalt Into solution 
from the cobalt matte amounts to ~1007r with a ferr ic chlo
ride concentration of 150g/l and with a leaching time of 1 
hour. The extraction of cobalt into solution obtained ex
perimentally was 99.5%. These conditions must be con
sidered optimum. 
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REVIEW OF BOOK BY A N Zelikman, G M Vol'dman and L V Delvaevskaya entitled "The theory of hydrometallurgical 
p r o c e s s e s " (a text book for Universit ies), Melallurgiya, Moscow 1975 

A A Zhukhovitskli 

At the present time hydrometallurgy is developing very 
fast. It has always been character ised by a variety of p ro 
c e s s e s . Their cor rec t application and the optimum choice 
of p a r a m e t e r s require the use of physicochemical theory. 
This determines the need for a text book devoted to the 
theory of hydrometallurgical p rocesses . Il should perhaps 
be mentioned that there are .no such books in the world lit
e ra tu re . The interest with which the book under review was 
received can thus be understood. 

Serious difficulties a r e encountered in the writing of such 
a book both in respect of the clioice of mater ia l and in Uie 
atlaijiment of a sufficient degree of rigour and comprehen-
sibllity. The book under review covers all the main p ro 
cesses of hydrometallurgy (leaching, ion exchange, ex t r ac 
tion, precipitation, crystal l isat ion, autoclave reduction, 
cementation, settling, filtration and washing). Thus, in spite 
of Uie comparatively small s ize of the bonk (25 quires) , it 
contains a very large amount of mater ia l . In Uie exposition 
of all these topics essent ia l data a re given on the the rmo
dynamics, kinetics and mass t ransfer ; examples of calcula
tions a r e presented, and specific problems of pract ical 
importance a r e discussed. The scientific level of ex - ' 
position sat isf ies the essent ia l needs. The presentation is 
clear and intelligible. The wide teaching experience of the 
authors , who have worked on this course for many years , 

makes itself felt. 

It is only possible to mention isolated faults In the book. 
Perhaps insufficient attention has been paid to the problems 
of the dynamics, macrokinet lcs , and modelling of the pro
ces se s . In the meantime these aspects a r e important for 
calculation of the equipment and for discussing the problems 
of productivity. There is some non-uniformity of exposition, 
which is difficult to avoid in the collective writing of a book. 
Thus, the last chapters of Uie book differ somewhat from the 
remainder in the .level and character of exposition. The de
tailed presentat ion of the mater ia l in them did not make It 
possible to pay sufficient attention to the pr inciples and 
niechanisins of the p roces se s . There a r e of course Isolated 
unfortunate formulations and points. This applies, for ex
ample, to Uie definition of an ideal solution, In which, In 
the opinion of the authors " there is no interaction between 
the components and also between Uie molecules (atoms, Ions) 
of one and the same component" (page 25). As a whole the 
Ixiok will undoubtedly be of great use boUi.to teachers and 
students and to. workers in industry and scientific Institutes. . 
In conclusion it is possible to express the des i re that, on 
the basis of this book (intended as a text book for univer- '• 
sity students), Uie authors will wri te a text book for the cor
responding special courses in Uie physicochemical depart- ' 
ments of metal lurgical inst i tutes. 
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xvxiiCHANlCS OF MOTION x 10145 
ON MAJOR FAULTS' 

Gerald M. Mavko 
US Geological;Survey,.Menlo Park, California §4025 

INTRODUGTION 

Major faults ate most simply viewed as the boundaries between litho-
spherjc plates, a!crosswhieh relative plate motion is accommodated. On a 
global scale, these plate bpundaries appear as simple zohes of iiifinitfe'simal 
width- when averaged over thousands of years, the displacement rates are 
approximately steady; The simplieity disappearSjh.Gwever, when one looKs 
in more detail. The surface fault trace is never-a smooth break. The zone 
of concehtfated strain may vary. from.a few-meters to tens of kilpmeters 
wide. Furthermore;, fault hiotibn during the time scale of scientific obser
vation is seldomsifnple. A section of a-fault may exhibit a ebmbination of 
nearly steady fault slip; episodic slip,miii6r seismicity „and large datiiagirig 
earthquakes. 

In spite of the complexity,_a great deal of progress has been made toward 
understanding the medianics of.fauft motion, primarily'because of many 
careful field and laboratory obseryatipns and a few clever models. This 
paper reviews" somer-of pur current, understanding;̂  of major earthquake 
cycles in terms of-iarge-scale fault modejs. The emphasis is on observable 
quasi-static'deformation including the process of strain accumulation and 
the coseismic changesih static stfessand strain. Several other reviews have 
recently been published dh related topics, including mechanisms ofejarth-
quake instability and rupture (Diefericli 1974; Stuart 1978, 1979, Freund 
.197.9),fracturemechanics_,applied to the criistfRudhicki 198G), earthquake-
related, crustal defojrmation (Thatcher 1979), and rock properties (Kirby 
1977, Tullis 1979„Logan 1979). 

' ThcUS: Goveniitieht..has the righttq retain a:_̂ noneKclusive, royalty-free license, in and 
tg any copyright covering this.pappr. 
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ELASTIC REBOUND 

Most theories coricerningieatthquakes are based' Pnc-elastic rebounds— 
the!idea that elastic strain energy is gradually stored itf t-hefearth and is 
abruptly released during episodes of failure kno.wn as earthquakes. Com-

; parisons of the-accumulation of deformation at the'̂ earth's surface before 
I large earthquakes with the rapid deformatidn 'durin:g''earthquakessliow 
that they often approximateiy cahcelvexcept for a net rigid block trarisla-
tion of dne.side:of the fantt;past;llhe:dther. This led to the idea of a-rehound 
(Reidl910); • ' 

Inthe contex't of plate tectonics; the:prqcess of strain bttildup'and release 
at major plate boundaries repeats itself 'in a roughly cyclic fashion. The 
driving mechanism for the; earthquake cycle: is'the relative plate motion 
across the .cominpn bounda.ry {Andrews 1978). Whether or ;not strain 
accumulates,- and the way it is released, depends on the nature-of slip'.'on 
/the bPtiiidairy: 

We can describe a major cycle in terms of four time phases relative to 
the "earthquake (Me'scherikov !19°68, Lensen 197(), Scholz 1972). In the 
interseisniic of strqin accumulation, phase,, the average: fault slip on the 
plate boundary is sfpwer thati the; long term average plate rate far from, 
;the. fault. Asimplegeometriii: deficiency bf;slip accumulates causing strain 
energy to be stored-in the plates on bdth'sides of'the fault! The coseismic 
phase is the period pf several seconds tb minutes during, whieh rapid fatilt 
slip occurs,igenerating seismic waves. Most of the-sliiD-deficieriey is.recov
ered; stored elastic strain energy is converted intp°heatand''^aves (kinetic 
energy). The coseismic phase may or may noybcprecededby a.,preseismic 

.phase; This is aperiod ofincipient strain release characterized'by higher 
straiii rates- thaii occur during'the strain accumulatipn phase. Rapid 
changes of-any sort during this period inight be interpreted as precursdrs. 
'Fiha;lly theTipsKetsmfc phaseis a period of transient adjustment follbwing 
'therapid earthquake movement. This;adjiistTn^rittn'ay'take place through 
'aseismic creep,, aftershocks, or -viscoelastic relaxation. 

Elastic rehbuiid is also irivolvediin"therphenomenon known, as fa.ult 
creep. =At several site^ on th'e.:S^n.'An'dreas'and Galaverasvfaultsin Cali-
fdrniS', creep occiirs in dtscrete'aseismic'eventslastihg-iip to several hoiirs 
and separated by periods of little'pr'no shp (Hason 1973). ereep'eyehts, 
like earthquakes, are. episodes" of strain; release (C.-Y, Ring et al 1'973, 
Gouhy &, Gilman 1978)̂  althougK the arhOuht and rate of slip are at least 
an order of magnitude less for a creep event than theaihount andrfate-'of 
sUp'for :a;n .earthquake -with the same rupture-length. 

The short term iihsteady slip associated with earthquakes' and creep 
events is only a-small perturbation superimposed on long term plate mo-
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tion. In fact most strike-slip earthquakes are confined to only the upper
most 10-15% of a typical continental lithospheric thickness (although 
major thrusts-include a larger fraction);.Nevertheless, the unsteady slip 
excites transient deformation'over a? broad range of time scales, which 
forms the basis for most geophysical 'Study of faulting. 

COSEISMIC ELASTIC FIELDS 

The best constrained portion ofa rebound cycle is the rapid coseismic or 
strain release part. In general, we can determine from seismic and geodetic 
data the approximate area and orientation of the fault plaiie, the average 
slip, and the average stress change. This is possible primarily because the 
short term, response of the earth to rapid fault .slip is elastic. Therefore 
abrupt changes in strain due to earthquakes are insensitive to uncertain
ties in plate thickness and the inelastic rheologies responsible for long 
term plate motion. In this section we review some first order features of 
coseismic fault slip that are inferred from analysis of these elastic fields. 

Dislocation and Crack. Models of Faulting 
Theoretical approaches to computing the static elastic fields due to faulting 
generally fall into two types: crack models and dislocation models. Crack 
models are based on a prescribed stress change on the fault plane (e.g. 
Starr 1928, Muskhelishvili 1953, Eshelby 1957, Knopofl'1958, Sneddon & 
Lowengrub 1969, Segall & Pollard 1980); dislocation models are based on 
a prescribed fault slip (Steketee 1958a,b). An advantage of the dislocation 
approach is the ability to compute the stress and displacement fields due 
to well-rdefined, arbitrarily shaped faults with arbitrary slip distributions. 
The deformation from complex slip distributions is constructed by linear 
superposition of simple slip solutions. The crack problem, on the other 
hand, involves mixed stress and slip boundary conditions in the plane of 
the fault and is generally more difficult to treat mathematically. Of course, 
both stress and slip changes accompany faulting, and the two descriptions 
are equivalent. Applications of this work to-faulting have also been re
viewed by Chinnery (1967) and Mavko (1978). 

The most useful approach to modeling the displacement fields asso
ciated with three-dimensional faults is the dislocation formalism developed 
by Steketee-(1958a,b). Steketee showed that if we approximate a fault as 
a discrete surface S of discontinuity (or dislocation) in an otherwise.elistic 
half space, the resulting vector displacement [/̂  everywhere in the medium 
is given by an integral over the fault surface of point nuclei of strain T̂ J 
(Love 1944) multipliediby the local value of slip At/,-. 
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Figure 1 Contour raap.s comparing computed and observed surface displacement using 
rectangular fault models, (a) Observed (left) and computed (right) subsidence, in meters, 
associated with 1959 Hebgen Lake, Montana, earthquake (after Savage & Hastie 1966). 
Heavy rectangle shows the surface projection of the (normal) fault, which dips 54° S. (h) Ob
served (top) and computed (bottom) vertical displacement, in meters, associated with 1946 
Nankaido, Japan, earthquake (after Fitch & Scholz 1971). Uplift is shown by solid contours; 
subsidence, dashed. Heavy polygon shows the surface projection of the (thrust) fault model, 
composed of six rectangular surfaces. 
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1 .̂ = ^ W^U.zljVjdS. (1) 

In Equation (1), fi is the elastic shear modulus and v̂- are the direction 
cosines of the normals to dS. The T'IJ are the displacements from a nucleus 
of strain in a half space and have been given in analytical form by Mindlin 
& Cheng (1950) and Maruyama (1964). Steketee's expression (1) is based 
on the concept ofa dislocation surface composed of infinitesimal elements 
dS. Strains and stresses in the medium are obtained from the derivatives 
of (1) and Hooke's law. 

A simple application of the formula (1) is the evaluation of displacements 
associated with uniform slip over a rectangular sHp plane. The integral 
has been evaluated analytically and compared with observations for ver
tical strike-shp faults by Chinnery (1961,1963,1964,1965) and for a variety 
of fault models, including dip-slip faults, by Maruyama (1964), Press (1965), 
and Savage & Hastie (1966). In fact, a rectangular fault with uniform slip 
is the most commonly used geodetic model of faulting. Examples of com
puted surface displacement for rectangular strike-slip and dip-slip faults 
are illustrated in Figures 1, 3, and 4. 

A problem with uniform slip models is that they predict stress singulari
ties around the edges of the fault Furthermore, uniform slip is sometimes 
not sufficient to explain complicated surface deformation. Nonuniform 
slip on a three-dimensional fault requires numerical integration of Equa
tion (1). Chinnery & Petrak (1967), for example, have evaluated the stress 
and displacements for a Gaussian distribution of slip over a roughly 
rectangular surface. However, in practice, strain fields from nonuniform 
slip are most often calculated by piecing together a finite number of rectan
gular fault patches, each with uniform slip (Fitch & Scholz 1971, Thatcher 
1975, Dunbar 1977, Savage et al 1979). 

Effects of variable slip and stress drop can be studied more easily in two 
dimensions. In two dimensions a very long fault (length » depth) can be 
modeled as a distribution of elastic dislocation lines, screw dislocations 
when slip is'parallel to the long fault dimension and edge dislocations 
when perpendicular (Weertman 1964, Bilby & Eshelby 1968, Mavko & 
Nur 1978). In contrast to Steketee's forfnalism, constructed from infini
tesimal dislocation surfaces, each dislocation line marks the edge of a 
semi-infinite plane of slip. Variable slip U(x), where x is the in-plane coor
dinate parallel to the fault (perpendicular to the dislocation line), is de
scribed by the dislocation density function B(x) — —dU/dx where B{x) dx 
represents the total length of Burgers vectors of the infinitesimal dis
locations lying between x and ,x -I- dx. 
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The displacement field from a single dislocation in an infinite medium 
has a simple form (Weertman & Weertman 1964). For a screw dislocation 
lying along the z-axis with slip b parallel to the z direction, the only nonzero 
displacements are in the 2.direction: 

C;. = - t a n •'(yA). (2) 

For an edge dislocation lying along the z axis with slip b parallel to the x 
direction, the displacements are as follows: 

C / . = 
- h 
271 

I/, = 0. 

tan"'(y/x) + 

- /^ 
_2{X + 2n) 

log 

?,-\-fi xy 
X -I- 2\x x^ -t- ŷ _ 

x^ -h ŷ  
+ l + 2fix^ -̂  ŷ _ 

(3) 

Here A is Lame's coefficient and c is an arbitrary constant. The slip due to 
both types of dislocation is uniform over the half plane y = 0, x > 0. 
Because the material is linear and the elementary solutions (2) and (3) 
are invariant under spatial translation in an infinite medium the displace
ments due to variable slip are given by the convolution (Bracewell 1965) 
of (2) or (3) (with b = I) with the distribution B{x) (Canales 1975, Mavko 
& Nur 1978, Stuart & Mavko 1979). 

The stress change in the plane of the fault is related to the sUp through 
the Hilbert transform: 

<T = JL p B{x')dx' 
J_„x-.\-' (4) 

slip stress change 
.8 1.2 1.6 2.0 -1.0 0 1.0 2J0 

• \ 

Figure 2 Three different stress-slip pairs for two-dimensional faults computed from 
Equation (4). Depth (.v) can be interpreted as cither distance from the center of a deeply 
buried fault, normalized by fault half width W, or actual depth, normalized by iY, for 
vertical strike-slip faults breaking the surface. Stress, is in arbitrary units x. Displacement 
is in units of tWa//!. Dashed and solid curves represent two heterogeneous fault models, 
both having the same momenL Dot-dashed curves represent the more familiar uniform 
stress drop model. 
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Here a = I for screw dislocations, a = (1 — v) for edge dislocations, and 
a is the component of shear stress in the direction of slip. The transform 
(4) can be evaluated numerically using the fast Fourier transform 
(Claerbout 1976, Mavko & Nur 1978, Stuart & Mavko 1979). Also, a 
large number of analytic transform pairs are given by Erdelyi et al (1954). 
Mavko & Nur (1978) outline a simple analytic procedure for inverting 
(4) for slip, given an arbitrary stress change a expanded as a polynomial. 
Several stress-shp pairs for two-dimensional faults are shown in Figure 2. 

A convenient feature of solutions constructed with screw dislocations 
is that a plane perpendicular to the fault (parallel to the dislocation lines) 
is traction-free whenever the shp is symmetric about the plane. Hence, the 
solution for a vertical strike-shp fault intersecting the free surface is just 
half of a full space solution constructed by mirroring the problem across 
the free surface (the method of images). 

Geodetic Depth 

A common feature of all static coseismic strain fields is that they rapidly 
decrease with distance from the fault, within several lO's of kilometers for 
strike-shp earthquakes and 100 km or so for major thrusts. Data showing 
the falloff of displacement with distance from the Nankai Trough (1946 
Nankaido, Japan, thrust earthquake) and the Gomura Fault, Japan, 
(1927 Tango earthquake) are illustrated in Figures \b and 3. The spatial 
scale of the strain release is a measure of the fault depth and can be under
stood in terms of the elastic models (Kasahara 1957,, Chinnery & Petrak 
1967).. 

Consider a very long (two-dimensional) vertical, strike-slip fault in a 
half space with uniform slip D extending from the free surface to a depth 
W. The horizontal displacement U{y) at the free surface is constructed 
from (2) using a buried screw dislocation and an image: 

V{y)=--t2in-'{ylW) + Dl2. (5) 
71 

(The sign + is chosen: — for j ' > 0 and -f for y < 0.) 
The strain e is the derivative SU/Sy: 

_D 1_ 
7rl^ 1 -I- (y/Wf e ^ r r ^ . , /../.v/xz- (6) 

The maximum surface strain and displacement occur at the fault trace, 
y = 0. The falloff" of strain and displacement is scaled by the depth W, as 
illustrated-in Figure 4a. Both U and s drop to half their trace values at a 
distance y = ±W, which gives a convenient surface measure of the depth 
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Figure 3 {Top) Computed and observed horizontal surface displacements associated with 
1927 Tango earthquake. Closed circles—southwest side of the fault; open circles—northeast 
side (after Chinnery & Petrak 1967). Displacement is normalized by the trace offset; distance 
is perpendicular to the fault. (Bottom) Slip vs depth for six different fault models (see text). 
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Figure 4 Falloff of surface displacement and strain with distance perpendicular to vertical 
strike-slip fault models, (a) Solid curves show displacement, normalized by the maximum 
trace offset, for rectangular faults with depth Wand length L along the strike. Dashed curve 
shows shear strain for the two-dimensional case (t̂ jW = <x>), arbitrarily normalized by twice 
the strain at the trace, (b) Surface displacement for three buried two-dimensional faults, all 
having the same mean depth, fwW = I and unit slip. 
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for this model. For faults with finite length L along strike, the displacement 
drops to half its trace value at a distance less than the depth. 

Displacements computed for a variety of strike-slip models are com
pared with the observations front the 1927 Tango earthquake in Figure 3. 
In the figure, model I is the two-dimensional uniform sUp model in 
Equation (5); model II is a two-dimensional model with slip smoothly 
tapering to zero with depth (Mahrer & Nur 1979); model III assumes 
uniform slip over a finite length rectangular fault (Chinnery & Petrak 
1967); model IV assumes a rectangular fault with slip smoothly tapering 
toward zero near the edges (Chinnery & Petrak 1967). Clearly, a variety 
of uniform half-space models fits the data (the three-dimensional models 
fit a bit better than the two-dimensional ones) even though the scatter in 
the data is small. All of the models have a similar SUR distribution of about 
3 m in the uppermost 7 km, comparable to that predicted by the simplest 
two-dimensional model. Below 7 km, the models are quite different. This 
illustrates the general result that geodetic data can define the approximate 
depth range of greatest slip, but cannot constrain the details of sHp 
(Weertman 1965, Chinnery & Petrak 1967). Details on a spatial scale d 
cannot be resolved at distances larger than d. Also the sensitivity of surface 
deformation to small amounts of slip decreases with depth (Thatcher 1978, 
Savage 1978), so that the estimated depth of faulting can be uncertain by a 
factor of two or more. 

A more precise statement can be made about the models in Figure 3 by 
defining the geodetic depth as the depth of maximum shp gradient or the 
depth at which the slip falls to half the maximum value. In this sense the 
geodetic depths of the two-dimensional models I and II are within 2 km 
of each other and the depths of the three-dimensional models III and IV 
are within 4 km. 

The simplest model for slip not breaking the surface is also two dimen
sional. The surface displacement and strain for a fault with uniform slip 
between depths w and W, not reaching' the surface, is modeled with two 
dislocations and two images (Chinnery 1970): 

U{y) = -[tao- '{y/W) - tan"' (y/w)], (7) 
71 

_ D 
n 

1 1 1 1 
W 1 -I- (y/Wy w 1 -f {y/wf 

(8) 

The displacement is shown in Figure 46 for several values of w and W. 
The position of maximum surface displacement, y = JwW indicates the 
geometric mean of the upper and lower depths. The strain at the trace 
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Table I Geodetic depth and stress drop'for strikerslip faults" 

Stress 

Depth Slip drop 
Earthquake Magnitude (km) (m) Reference (bars) 

San Francisco (1906) 8.3 

Tango (1927) 7.5 

North Izu (1930) 7.0 

Imperial Valley (1940) 7.1 

" From a more complcle.table by Chinnery (1967), 

and the far field displacement {y » s/wW, w - W) are both proportional 
to the product D{w — W). The depth range {W — w) can therefore be 
determined only if D is found independently. In practice, the fault area is 
often found independently from aftershock locations and shp is determined 
from the moment nD{w - W). 

Depths of faulting determined geodetically- are shown for several 
strike-slip earthquakes'in Table.1 (from,a longer list by Chinnery-1967). 
The range of depths for each event results primarily from the range of 
models used to fit the data. An important result is that most strike-slip 
earthquakes are shallower than 10-20 km (Chinnery 1967, Eaton et al 
1970a). The lack of deeper earthquakes has been attributed to a transition 
from stick-slip to stable sliding in the fault zone as the temperature 
increases-with depth (Brace & Byerlee 1970) or to a general increase in 
ductility of the crust with depth (Lachenbruch & Sass 1973). Thrust 
faults show a largen-scatter in,rupture depths but are generally much, 
deeper, particularly at subduction zones. 

A comphcation in determining geodetic depth results^ from =. hetero
geneity in crustal stiffness, which can distort surface strain fields. Rybicki 
& Kasahara (1977) and Mahrer (1978), for example, have found-from 
theoretical studies that a relatively soft fault zone embedded in a stiff half' 
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Space will concentrate strain release closer to the fault than a uniform 
half space. This is illustrated as model V in Figure 3. Note the prominant 
knee in the curve illustrating the effect of the soft fault zone. Similarly 
Rybicki (1971) finds that a soft surface layer over a stiffer half space tends 
to concentrate strain closer to the fault for both surface and buried fault 
slip.. Because fault zones and surface layers are usually less rigid' than the 
surroundings, it appears that most geodetic determinations of fault depth, 
based on the falloff of surface displacements in a homogeneous half space, 
will be underestimated by as much as 50%. 

As a counterexample, Mahrer & Nur (1979) have considered a half space 
with rigidity continuously increasing with depth (as opposed to a discrete 
soft layer over a half space) and find that the scale of surface displacements 
from strike^slip faulting is fairly accurately modeled by the homogeneous 
case (model VI, Figure 3). Chinnery & Jovanovich (1972) model faulting 
in a surface layer underlain by a shallow soft layer. This is one of the few 
plausible situations that would cause the geodetic depth, based on a' uni
form half-space model, to be an overestimate. 

Seismic Moment and Stress Drop 

An important static parameter of faulting that can be obtained directly 
from seismic observations is the seismic moment. In the far field at long 
periods a fault appears as a double couple point source. The scalar value 
of the moment of one of these couples is the seismic moment (Aki 1966). 
The seismic moment MQ is a measure of the total final static shp AU oa 
the fault surface S (Burridge & Knopoff 1964). 

Mo = f l l AUdS. (9) 

This is frequently rewritten in the form 

Mo = fiMJS (10) 

where AU is the average fault slip and S is the area of the slip patch. The 
average slip can be solved given an estimate of the rupture area S, for 
example, from the locations of aftershocks. 

Brune (1968) showed that the contribution of seismic slip from many 
events to overall slip on a fault zone can be obtained from the sum of 
seismic moments. The average cumulative seismic slip from N events with 
individual moments MQ,- distributed over fault area AQ is 

^O = ~TMOI- ( I I ) 
f l / iQ i s I 
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Comparisons of seismic moments, Equation (10), with geodetic moments 
for individual earthquakes (N. King et al 1980) and cumulative slip. 
Equation (11), with long term geodetic slip rates (Brune 1968, Wyss & 
Brune 1968, Scholz et al 1969, Chinnery 1970, Langbein 1980) show that 
seismic slip is often much less than the total slip. Although there are 
uncertainties in computing moment and estimating rupture area, the 
differences are probably real and most likely indicate large amounts of 
aseismic slip. 

In principle, the seismic stress drop can be computed from slip, using 
one of the dislocation theories, if the slip distribution is known in detail. 
However, the seismic moment and even geodetic data yield only the 
average sUp from which only a certain weighted average of the stress 
change <Aff> can be obtained. Seismologists usually assume the simple 
areal average of stress drop Aa to be proportional to the average slip AU: 

S J . ^ . (.2) 

Here p. is the shear modulus, C is a numerical factor related to the shape 
of the fault, and / is a measure of the minimum fault dimension. Com
bining (10) and (12) yields a relation between stress drop and moment, 

A? = ^ . (13) 

Values of C can be found from the ratio of average stress and slip predicted 
by the various crack and dislocation models. Using this method gives C 
of order unity for simple shapes and smooth distributions of stress and 
slip, although estimates will vary by a factor of 2 or 3 depending on the 
fault model used. For example, the value of C for the models in Figure 2 
vary between .42 and .64 if / = W. 

The uncertainty in inferring stress drop from moment is actually much 
worse when one considers realistic earthquakes having highly hetero
geneous stress and slip distributions. Madariaga (1979) has shown that if 
the fault surface is planar and slip is everywhere parallel the scalar seismic 
moment in terms of variable stress drop is 

Mo = A(TEdS, (14) 

where the weighting function E is the slip calculated for a crack of the 
same shape but with a uniform stress drop ACT = p. The expression (14) 
is valid for faults of any geometry, including multiple faults and hetero
geneous stress drop. In the case of an elliptical fault, for example, with 
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semimajor and semiminor axes L and W 

Mo=lcW \H-r^-
y2yi2. 

= CWS(Aay (15) 

where C is now a dimensionless constant that depends on the direction 
of slip and the ellipticity, e = W/L, but not on the distribution of slip. 
The estimated stress drop <A(T> is an average of the stress drop weighted 
with a function that emphasizes the stress near the center of the fault: 

< A < » . 1 
„2 2 -S 1/2 

A < T ( x , y ) ( l - p - - ^ dS. (16) 

[Mavko & Nur (1979) independently derived the two-dimensional 
equivalent of (16) for the analogous problem of crack-opening under a 
heterogeneous pressure distribution.] 

For heterogeneous stress drops <Acr> will usually differ from the simple 
areal average Aa, though not by much (Madariaga 1979). Both <A<T> 

and A(T, however, might be quite different from the actual stress drop. 
Madariaga considers the example of stress drop Aâ  at asperities covering 
a portionSa of the total source area S. Assuming negligible stress drop in 
the rest of the plane the average stress drop is only a fraction of Acr̂ , 

<Aff> = A^ = Aff̂ Sa/S. (17) 

The localized or maximum stress drop at complex heterogeneous sources 
is usually underestimated by the average stress drop. Consider the stress 
drop on a two-dimensional fault expanded as a polynomial (Mavko & 
Nur 1978), 

A<7 = X; a,ri(x), (18) 
( = 0 

where T,- are Chebychev polynomials of the first kind (Abramowitz & 
Stegun 1964). The weighted stress drop <A<T> obtained from the seismic 
moment is obtained from (18) substituted into (14). Because of the orthog-
onahty of the polynomials only TQ and T2 contribute to the moment: 

<Aff> = flo - «2/2. ^j^j 

Wildly fluctuating stresses expressed in the form of T,-, i 7̂  0, 2, contribute 
nothing to the moment regardless of their amplitude. Simple examples 
are shown in Figure 2. The solid and dashed stress-drop curves correspond 
to the functions Aa = Tj and A<T = Tj - Tg -f T,2/2 respectively. Both 
have the same moment and the same average stress <A(T> even though the 
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maximum stress drop is 50% greater and the maximum stress increase is 
100% greater for the dashed function. 

POSTSEISMIC, INTERSEISMIC, AND 
PRESEISMIC DEFORMATION 

Observations of Transient Deformation 
In a stricdy elastic earth, complete elastic rebound would take place in a 
few seconds, with the characteristic time of.strain release determined by 
the earthquake source rise time, fault dimensions, and rupture velocity. 
The only slow deformation would be the accumulation of tectonic strain. 
It appears, however, that an earthquake is often just a fraction of a larger 
episode of strain release. Pre- and postseismic transients are observed, 
which indicate a broad relaxation spectrum. For example, during the three 
years following the 1966 Parkfield, California, earthquake (M = 5.5; right-
lateral strike-slip) as much as 25 cm of fault creep occurred at a decaying 
rate, although little or no surface breakage occurred during the main event 
(Smith & Wyss 1968, Scholz et al 1969). In addition, road damage occur
ring within several years before, and en-echelon cracks formed within a 
month before the earthquake (Allen & Smith 1966), suggest a preseismic 
transient. Rapid surface fault slip of more than 10 cm has occurred 
within several months following both the August 6, 1979, Coyote Lake, 
California, and October 15,1979, Imperial Valley, California, earthquakes 
(J. Savage, personal communication, USGS 1980). 

Even the great 1906 San Francisco earthquake, which led H. F. Reid 
to propose the elastic rebound mechanism, was followed by transient de
formation. Thatcher (1975) suggests that substantial postseismic crustal 
strains, continuing for at least 30 years following the earthquake, can be 
inferred from geodetic surveys since 1906. These strains can be explained 
(though not uniquely) by ~4 m of aseismic fault slip from 10 to 30 km 
depth, without additional surface slip. Thatcher (1975) also suggests anom
alously rapid strain accumulation during the 50 years prior to 1906, al
though the evidence is weak (Savage 1978, Thatcher 1978). 

Perhaps the most spectacular example of postseismic deformation was 
observed following the 1946 Nankaido, Japan, earthquake (M = 8.2; 
thrust type) where upheavals of as much as 2 m occurred over a 1 to 3 
year period. Figure 5a (Matuzawa 1964, Kanamori 1973) shows the rather 
complicated nature, in space and time, of the vertical displacement. Simi
lar deformations occurred during the 10 years following the 1964 Alaskan 
(M = 8.4; thrust type) earthquake (Brown et al 1977, Prescott & Lisowski 
1977, 1980). 
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Figure 5 Observed and computed coseismic, postseismic, and interseismic vertical defor
mation associated with the 1946 Nankaido, Japan, thrust earthquake (after Fitch & Scholz 
1971, Thatcher & Rundle 1979). (a) Ob.served profiles perpendicular to the Nankai Trough 
(left) and smoothed tide gage records (right) at locations labeled A-D in Figure 16. (h) Two-
dimensional model (see text) and computed profiles, both drawn to the same scale as the 
profiles, in (a). 

Particularly short-lived transients have also been observed. Rapid fault 
slip lasting only several hours was recorded after a Matsushiro shock on 
September 6, 1966 (Nakamura & Tsuneishi 1967, Scholz 1972). A pre
cursory aseismic slip with time constant of 300 to 600 s, starting about 
1000 s before the main shock of the 1960 Chilean earthquake, has been 
inferred from long-period surface waves and body waves (Kanamori & 
Cipar 1974) and from free oscillations (Kanamori & Anderson 1975). Ando 
(1975), Sacks et al (1977), and Pfluke (1978) give evidence of earthquakes 
with geodetic moments several times that determined from seismic meth
ods. Because large tsunamis were generated, the duration of the aseismic 
component of slip is apparently minutes to hours, long compared to the 
response band of seismographs but short compared to the response of the 
sea. Further examples of transient deformation are reviewed by Scholz 
(1972), Kanamori (1973), Dunbar (1977), Pfluke (1978), and Thatcher 
(1979). 
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Relaxation Mechanisms 

An earthquake rupture superimposes a stress perturbation onto the pre
seismic state—decreasing the stress over much of the rupture area and 
increasing it elsewhere. As discussed earlier, these coseismic fields are now 
well understood, and numerous studies have shown that the associated 
abrupt displacements can be explained in terms of fault slip in an elastic 
medium. Postseismic observations suggest a subsequent viscoelastic re
sponse. A material is viscoelastic when its initial response to abrupt 
changes of stress or strain is elastic, while its longer term response is a 
viscous relaxation or flow (Fung 1965, Christensen 1971). Most rocks 
flow to relax shear stresses, as though the rigidity gradually decreases with 
time. Bulk relaxation is much less common. 

What are the viscous elements? A simple mechanical model for the 
earth's crust and upper mantle, suggested by plate tectonics, consists of a 
relatively elastic, brittle lithosphere overlying a ductile asthenosphere. 
Within this framework we can distinguish geometrically three general 
sources of relaxation. 

RELAXATION IN THE ASTHENOSPHERE The asthenosphcre is character
ized by high temperature relaxation mechanisms (Ashby & Verrall 1977, 
Weertman 1978, Tullis 1979). Solid mineral grains can flow plastically by 
atomic diffusion and the motion of lattice dislocations (Gordon 1965, 
Weertman & Weertman 1975, Heard 1976, Carter 1976). This makes the 
polycrystalline composite fluidlike over long time scales and can account 
for the large-scale, finite deformation implied by plate motion and the low 
strength imphed by isostatic equilibrium. In addition, enhanced deforma
tion at grain boundaries can occur resulting from dislocation motion and 
diffusion (Ke 1947, Zener 1948, Anderson 1967) or the viscous flow of 
melt (Walsh 1969, Mavko & Nur 1975, O'Connell & Budiansky 1977). 
Other loss mechanisms which are relevant at seismic frequencies include 
thermoelasticity, dislocation damping, point defect diffusion, and grain 
boundary effects (Anderson 1967, Jackson & Anderson 1970). 

RELAXATION IN THE LITHOSPHERE The lithosphcrc, by definition, is a 
relatively strong, rigid layer that can resist permanent deformation or 
plastic flow for long periods of time, whereas the asthenosphere cannot 
(Le Pichon et al 1973). This is consistent with analyses of glacial rebound 
and lithospheric flexure (McConnell 1968, Walcott 1973, Forsyth 1979), 
as well as our concept of continental drift. 

The important question becomes: How thick is the lithosphere? Or, 
at least, if we are to construct simple mechanical models for an earthquake 
cycle, what thickness is appropriate for the elastic layer? 
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Many investigators agree on a stratified model in which the effective 
mechanical thickness of the lithosphere depends on time, temperature, 
strain rate, and deviatoric stress (Melosh 1978b, Forsyth 1979). The upper 
hthosphere, above approximately the 450° ± 150°C isotherm (Watts 1978), 
remains essentially elastic and can support loads for 10* to 10̂  years; 
the lower part is elastic-plastic or viscoelastic and relaxes under stresses 
with durations a few milhon years. The mechanisms of relaxation in the 
lower part are similar to those discussed for the asthenosphere (Kirby 
1977) but relaxation times are longer for the lithosphere because of lower 
temperatures. The effective viscosity at the base of the elastic part of the 
lithosphere is about 10^* Poise and in the asthenosphere 10^' Poise or 
less (Melosh 1977,1978b). At an ocean trench, for example, the long term 
flexural thickness of the lithosphere may be only 20-40 km (Hanks 1971, 
Watts & Talwani 1974) because the strain rate associated with the steady 
component of subduction is low enough and the temperature below 
40 km is high enough for the deviatoric stress to stay relaxed. In contrast, 
at the same trench the nonsteady strain accumulation and release during 
a rebound cycle lasting tens or hundreds of years occurs in a lithosphere 
effectively 70 km thick, which is approximately the seismically determined 
thickness (Kanamori & Press 1970, Le Pichon et al 1973). Sunilarly, in 
continental lithosphere the plate thickness for rebound might be the 
seismic thickness of 110-130 km. Anderson (1971) and Hadley & Kana
mori (1977) suggest however, that in parts of southern California the 
shallow crust is mechanically decoupled Irom the lower crust, so that the 
moving surface plate is much thinner than is commonly inferred from 
surface waves. Lachenbruch & Sass (1973) suggest a similar decoupling 
between the shallow crust (15-20 km) around the San Andreas Fault and 
the more ductile material below in order to explain a low broad heat flow 
anomaly. However, in this case, the crustal plate is also undergoing 
permanent shear flow, generating heat. This uncertainty in plate thickness 
can affect interpretation of surface strain. 

Aside from large scale fluidlike flow, which distinguishes the astheno
sphere from the hthosphere, a limited viscoelastic relaxation to changes 
in the stress field can occur within even the shallow lithosphere. In the 
shallow lithosphere the relaxed configuration is also essentially elastic, 
distinguished from the unrelaxed state only by a smaller effective rigidity. 
Hence, a viscoelastic lithosphere exhibitihg transient relaxation times on 
the order of several years would look elastic at seismic frequencies as well 
as over the longer periods of flexure and isostatic rebound. 

A number of relaxation mechanisms can be considered to account for 
the viscoelastic response. Concentrated plastic flow at grain boundaries 
is reasonable in much of the lithosphere (below, say, 20-30 km) where 
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the ratio of absolute temperature T to the melting temperature T^ is 
greater than one half (T/Tn, > 1/2). Presumably, motion at grain bound
aries could occur while the grains themselves remained essentially elastic, 
giving to the polycrystalline composite a long term finite strength, yet a 
short term viscoelastic strain. Pressure solution, a low temperature form 
of grain boundary diffusion enhanced by water (Tullis 1979), can also 
relax stresses. 

In the shallow crust stress-induced viscous shearing and local squirt of 
pore fluids (Mavko & Nur 1975, 1979; O'Connell & Budiansky 1977) as 
well as large scale, regional diffusion (Biot 1941, Nur & Booker 1972) can 
give a time-dependent deformation qualitatively similar to a viscoelastic 
response. The regional diffusion might also be enhanced by dilatancy 
(Nur 1973, Scholz et al 1973). 

FAULT CREEP In addition to direct observations of surface fault creep, 
aseismic fault slip has been invoked at depth in the lithosphere to explain 
pre- and postseismic surface deformation (Fitch & Scholz 1971, Smith 
1974, Thatcher 1975, Brown et al 1977, Thatcher & Rundle 1979). How
ever, very little is known about the detailed stress-strain behavior of the 
fault zone at any depth. Nason & Weertman (1973) conclude little more 
than the existence of an upper yield point phenomenon from observations 
of shallow creep events. In the laboratory transient stable sliding some
times precedes stick slip on frictional surfaces (Scholz et al 1969, Dieterich 
1979a,b) at conditions corresponding to several kilometers depth. At 
higher temperatures and pressures Stesky (1974) observes a nonlinear 
stress-strain rate sliding law similar to that expected for solid-state creep. 
Laboratory measurements on fault gouge and clay have also been made 
(Engelder et al 1975, Logan & Shimamoto 1976, Summers & Byerlee 1977). 
The main problem lies in determining, what kind of material is repre
sentative of a fault zone at depth. 

In addition to creep on the primary fault, creep on nearby faults can 
have an effect on relaxation. Even though the bulk of the crustal material 
is elastic, slip on secondary faults and fractures makes the crust effectively 
more compliant. If the slip is creep-like, the change in compliance is 
gradual, and the overall effect-may not be distinguishable from visco
elastic relaxation. 

Models 
Many features of observed aseismic deformation can be explained by 
purely elastic models, much like the coseismic models, in which both 
steady and episodic aseismic slip occur around edges of the rupture surface 
(Savage & Burford 1970, Thatcher 1975, Shimazaki 1974). In contrast a 
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number of authors have attributed the deformation to, viscoelastic. 
adjiistments,'primarily in the asthenpsphere (Nur & Mavko 1974, Smith 
1974,,Rundle & Jacfcson,f977,.'Spence &turcotte 1979, Savage & Prescott 
l978a, Thatcher & Ruridle 1979). It; now appears that the largest post
seismic and,interseismic..strains: are dominated by a, combination 'of these 
t-*vo rnechahisms although their relative, contributions are difficult to 
resolve and-probably vary from region tb region. Other mechanisms, for 
example the diffiision of pore fluids (Nur & Booker I972),.prdbably affect 
deformation inuch less. 

STRSKEjSLiP EARTHQUAKES, A cominonly ^accepted model for a major 
earthquake cycle on a strike-slip fault like ther San Andreas Fault in 
Cahfornia is shown in Figure. 6a. Two elastic jithospheric 'plates with 
thickness' H slide past each "other with theit relative motion occurririg 
iacrbss a riarrow vertical faiilt zone. Seismic and geodetic data indiciate 
that seisinic Slip seldom occurs deeper than.^15 krfi. Thefefore, if'the 
concept pf *strotig plates significaritly. thicker than 15 km is cofrect, there 
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Figure.6 (a) Two-dimensional model for a strike-slip earthquake cycle with an elastic 
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can belittle doubt that a large amount of aseismic slip at depth is reguired 
to accomodate the.relative plate offset. 

Some of the earliest studies of strain accumulation considered, models 
of deep aseismic sfip in an elastic half space (Thatcher 1975, Chinnery 
1970, Scholz 1972). Thatcher (1975), for example, explained a rapid 
episbde'of postseis'mic'strain(~1.2 10 ~^ yr~') during the 30 years follow-, 
ing the 1906.Sah Francisco earthquake with-3-4 m of shp between depths 
of lG-30 km. In effect, the rupture, which extended coseismically from the 
surface to -^^lOkm, gradually deepened by a factor of 2 pr 3,during the 
postseismic period. The resulting postseismic displacement fields-would 
have therform shpwn iri Figure 4b, withmaximum displacement occurring 
a t a distance ,of (10 • 30)̂ ^̂  = 17.-3 kmrfrom the. fault, and, the far field 
di'splacement going to zero. The additiorial steady component of strain 
acciirnulati'oli is: simulated with the half space model fay unifofm slip 
extending downward to infinity (Savage & Prescott 1978a, Savage et al 
1979). 

A second series of models attempted to include the effect of a weak 
fluidlike asthenosphere by considering a plate model with stresstfree 
upper and lower boundaries (Turcotte & Spence 1975, Savage 1975, 
Spence &Turcbtte 1976, TurcPtte 1977, Mavko 1977). Thesemodelshave 
been criticized (Savage & Prescott 1978a, Spence. & Turcotte 1979) fbr 
explicitly ignoring the viscous as then ospheric tractions at the base-of the 
plate. I t Has generally not been recognized^ however, that strain rates 
predicted by plate models with arbitrary nonzero basal tractions under 
steady motion (if steady motion ever occiirs) are exactly the same as for 
the free.plate model (Mavko 1977). 

Later studies (Nur & Mayko 1974, Mavko 1977, Rundle & Jackspn 
.1977, iSavage & Prescott 1978a, Spence & Turcotte 1979) have included 
the complete, viscoelastic. response of the asthenosphere (assuming a 
Maxwell solid). An example, from Savage & Prescott (1978a), is illus^ 
trated in Figure 6b, comparing viscoelastic calculations with half-space 
results-. The viscoelastic model assumes steady unifomi'shp belbvi? a depth 
W = 6.5 H (where H is the plate thickness) at a rate c equal to thenar field 
plate velocity. In the half-space model the same uniform slip rate, extends 
infinitely deep. Shallpwer than (^ = 0.5 H the faiilt is usually locked but 
slips'abruptly a uniform amount-o.T at equally spaced time, intervals T-
III-the example, T = 5TO whereto = 2rjlpjr\ is-theasthenospheric viscosity, 
and /i-is the elastic rigidity of the lithosphere and asthenosphere; The 
uriique feature of the viscoelastic model is the rapid postseisinic* relaxation-
that causes the displacement rateaj a distance yjH ^̂  2 to exceed the far 
field.rateearly in the cycle. Theviscoelasticity tends to concentrate strain 
accumulation closer to the'fault than it is-in the half-space/mo.del. 
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Althoughit is commonly accepted that both shp and asthenospheric ef--
fects areimpprtant, there is Uttleconsensus.qn their relative;Coritributions. 
One reason is' the uncertainty in plate'thickness; Nur &, Mavko (1974) 
and Thatcher (1975) siiggested that postseismic viscoelastic effects were 
not impprtant for earthquakes :on the San Andreas Fault, based on, an 
assumed lithospheric, thickness of 75-100 km compared tb the! 1'5 krn 
cPsi'esmic depth. On the other hand, if the thickness bf the elastic layer is 
as small as 20 kin (Anderson 1971,'Hadley & Kanamori 1977, Lachen
bruch & Sass 1973) then the effect may be quite-large: A basic problem is 
our inabihty tO'resolve from/geodetic observations-the difference between 
deep aseismic slip and distributed viscoelastic relaxation in a layer pEhalf 
space (Rundle-& .Jackson 1977, Barker 1976, Savage & Prescott 1978a). 
In fact, for two-dimensipnarprobiems in horizontally layered media, the 
viscbelastic solution-can always be solved using theVinethbd of images; 
thatiSj a distributiofl of slip in a Uniform half-space model ean always be 
found that precisely duplicates the surface dispilacement produced by 
viscoelastic relaxation in one of the buried layers (Savage & Prescott 
1978a). 

DIP-SLIP EARTHQUAKES Major 'thrust-typ°e earthquakes at subducting 
plate margins often rupture through a substantial fractibii of the 
lithbsphefej;sb if is reasotiable to expect a- large asthenospheric visco
elastic response. 

One of the earliest quantitative models for pqstseismic relaxation in the 
asthenosphere was. the stress guide model intrpduced.by Elsasser (1969, 
197IJ. Patterned, after plate, tectonics, the model consists of a strong 
elastic jithpspheric plate over -a linear viscous fluid asthenosphere. 
Horizontal displacements, £7, in the lithPspH'efe,. resulting frorn Idnĝ  
wavelength perturbations in stress, takethe form of the'diffusion equa:tion, 

f^^M^'V^t;. (20) 
ot iĵ  

Here ft, and Eare the thickness and Young's modulus of "the lithosphere 
and /i2 and !7 are the'thickness and tinea:i: viscosity of the astheriosphere, 
and it is assiamed that the scaleof lateral varia.tipns is large compared to. 
/i 1 and^2-Theobviousinterpretatipn(Bott '&Dean 1973, Anderson 1975,, 
.Savage. & Prescpft 1978a, Spence &. Turcotte, 1979) is that localized 
disturbances, (stress drpps) associated With earthquakes will diffuse away, 
iqualitatively 'explaihiiig the-transieiit'deformation following some large 
earthquakes. Anderson (197-5) has speculated that this diffusibn results 
in themigratibn of earthquakes along plate margins. The, most important 
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result is that stress suddenly released at a plate boundary cannot in-
stantanebusly affect the whole plate. Disturbance's with, peribd -T are 
damped to,e" ' of theif maximum value at a.pene'tration-di.stattce <5 (skin 
depth) from the faiilt: 

For example, disturbances with period. T = 100 years (the'apprqximate 
rectirrence time, for .great earthquakes) are? restricted tp withiii a'few 
hundred kilPmeters of the plate hiargin, while the. interior bf a plate is 
affected orily by stresses persisting for "a miliiOn years of more. This 
•result applies/to both.strike-slip arid dip-slip earthquakes. 

The^stress guideraodel has beenrhbdified:by Melosh(1976) tb'ineludea 
ivoriliiieaT fluid asthenosphere, appropriate for long term steady plate 
motion (Weertmaii &• Weertman 1975, Post & Griggs 1973), The non-
linearity introduces a damped,, yet somewhat wavelike,, propagation of 
disturbances'-which Melosh argues resembles the migration of aftershocks 
of the 1965 Rat; Island, Alaska, earthquake, therefore proving, that the 
asthenosphere is" nonlinear. While the-asthenosphere is generally con
sidered "to be nohlihear, Savage & Prescott (197lb) show thatMelbsh's 
(1976) mbdel^does hot prove it. The short term response, of the stress giiidfe 
inodel, either linear br nonliheaf, is that of an elastic layer over-ahinfi'nitely 
rigid'half space. Initially, strains are confined to within a layer thickness-
pr so of the'fault, and these propagate outward only when the half space 
begins to relax. A more realistic model, .incorporating the initial elastic 
response of the asthenosphere,. results in a larger .scale coseismic strain 
afield thatjSubseq Itently relaxes with less pronounced wayelikeprppagation. 
On the -other hand. Melpsh (1978a) emphasizes, that even if the iiistanta-
nepus elasticity is included, migration effects may still be significant if the 
asthenosphere.is nohliiiear. ItT:appears that nonlinear effects on;an earth
quake cycle ha.ve yettb.be resolved. 

The tiidst successful models of postseishiic andinterseismid defbrmation 
are actually extensions of the piirely elastic rnodels developed for coseismic 
studies: For example, using-the solution fpr a rectangiilai fault in an 
elastic halfspace, Equation (1)', Fitch & Scholz (1971) modeled the ppstr 
seisniiG defbrrnation follbwing the 1946 Nankaidb,. Japan, earthquake. 
(Figure -5) with additional forward slip bn the down-dip extension of the 
fault plane andbackslip on portions of the coseismic fault pi ahe. A similar 
model incorporating forward- and backslip in an elastic medium was 
suggested by Scholz & Kato (1978) for deformation fbllowing the 1923 
.Kantp, Japan, eapthquake. Brown et al (1'9.77) and Prescott &-Lisowski 
(1977, 1980) used, elastic postseismic slip to model deformatipn following 
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the 1964 Alaskan earthquake. The requirement of backslip following the 
Nankaido earthquake was criticized by Nur & Mavko (1974), who sug
gested instead that the postseismic deformation was dominated by visco
elastic relaxation in the asthenosphere without additional slip. Their 
model of coseismic slip in an elastic lithosphere (the free surface only 
crudely approximated) over a linear viscoelastic asthenosphere was the 
first relaxation model to include both the near field effects of fault dip 
angle and the initial elastic response of the asthenosphere. Again, the 
calculation was based on faulting in an elastic medium, with the subse
quent viscoelastic response obtained using the correspondence principle 
(Fung 1965). A similar model, incorporating both slip and asthenospheric 
relaxation, was developed independently by Smith (1974,1980). 

Recently, a number of numerical models of movements landward of 
subduction zones, principally in Japan (Bischke 1974, Thatcher & Rundle 
1979, Thatcher et al 1980, Smith 1980) and Alaska (Brown et al 1977, 
Prescott & Lisowski 1977,1980), have revealed a fairly consistent pattern: 
rapid episodic slip, both down-dip and up-dip of the coseismic rupture, 
during the several year postseismic interval and subsidence due to astheno
sphere relaxation during the longer interseismic phase. These are illus
trated in Figure 5, patterned after the work of Thatcher & Rundle (1979) 
using an elastic lithosphere over a hnear viscoelastic (Maxwell) halfspace. 
The curve labeled CO shows the vertical coseismic displacement, the 
elastic half-space response to abrupt slip in the upper portion of the 
lithosphere. This shallow stress release transfers shear stress to the deeper 
part of the plate and the asthenosphere. Subsequent aseismic slip down-dip 
of the rupture and the beginnings of viscoelastic response to both the 
coseismic and postseismic slip cause the postseismic deformation labeled 
POST. Finally the rapid postseismic deformation merges with the more 
steady interseismic deformation composed of approximately steady 
aseismic slip near the bottom of the plate plus viscoelastic subsidence in 
the asthenosphere, somewhat equivalent to the downward gravitational 
pull of the slab. Reasonable model parameters for deformation in Japan 
are a 60 km thick lithosphere and an asthenospheric viscosity of 10^"-
10̂  • P (Thatcher & Rundle 1979, Thatcher et al 1980). 

Disagreements in models are usually in detail only, reflecting our 
inability to resolve fine details of relaxation. While Thatcher & Rundle 
(1979) model the asthenosphere under Japan with a viscoelastic halfspace, 
Smith (1980) chooses a layered upper mantle with a low viscosity astheno
sphere with finite thickness. Thatcher & Rundle prefer postseismic and 
interseismic slip on a discrete fault plane down-dip of the coseismic 
rupture; Smith chooses instead distributed viscoelastic relaxation in a low 
viscosity (10*^ P) pocket down-dip of the fault plane. The least-understood 
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effects on deformation are the downward gravitational pull of the slab, 
buoyancy, and horizontal convergence of the plates during the inter
seismic period (Thatcher 1979). 

HETEROGENEITY IN THE FAULT ZONE 

While the emphasis of this review has been on simple quasi-static models, 
it is important to at least point out the possible role of heterogeneity in 
stress, material properties, and fault geometry on fault mechanics. Fault 
models having simple geometries and uniform material properties, like 
those already discussed, are valuable for understanding large scale low 
frequency deformation fields associated with an earthquake cycle. How
ever, some heterogeneity is necessary to explain the following fundamental 
observations: multiple seismic events; high frequency near field ground 
accelerations; the frequency-magnitude distribution of earthquakes; the 
termination of rupture (Nur 1978, Andrews 1980, Segall & Pollard 1980). 

As discussed by Andrews (1980), rupture termination requires that the 
difference between the initial shear stress and sliding friction stress vary 
on the length scale of the rupture, allowing the stress to decrease on much 
of the slip patch and increase around the borders to stop the rupture 
(Burridge & HalUday 1971, Andrews 1975). For the same rupture patch, 
heterogeneity is required on length scales smaller than the rupture length 
to explain the high frequency ground motion and subsequent smaller 
earthquakes (Andrews 1978, Nur 1978, Aki 1979). A problem with these 
frictional models is that the difference between stress and sliding friction 
becomes smoother with each event until eventually all earthquakes 
rupture the entire fault. A mechanism is needed to maintain the hetero
geneity between stress and friction. 

One of the most obvious sources of heterogeneity is fault geometry. The 
mapped trace of a fault is never a straight cut or break, but often a collec
tion of bent offset, and sometimes braided strands. Wallace (1973), 
for example, found that the longest individual fault strands along active 
portions of the San Andreas fault are about 10 to 18 km long, comparable 
to the depth of deepest earthquakes. A frequency count of segments by 
length suggested a distribution of the form log N = a -h bL where N is 
the number of strands, L is the length, and a and b are constants. Irregular 
and discontinuous fault traces occur on all scales in nature, for both 
strike-slip and dip-slip faults, in a variety of rock types and tectonic 
settings (for a review see Segall & Pollard 1980). 

While certain features of the mapped trace geometry may develop as 
slip propagates upward through unconsolidated sediments, there is some 
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evidence that faults are discontinuous at appreciable depths (Segall & 
Pollard 1980). For example, normal faults observed in a South African 
gold mine are composed of en-echelon segments centimeters to meters in 
length (McGarr et al 1979). In addition, seismicity patterns often correlate 
with the surface trace. Aftershocks, at depths of 3-15 km, following the 
1966 Parkfield, California, earthquake reflect a 1 km offset in the mapped 
surface fault trace (Eaton et al 1970b). Bakun et al (1980) and Bakun (1980) 
report good correlation between the fault trace geometry and epicenter 
locations (depths 5-8 km), rupture directivity, and aftershock locations 
on both the San Andreas and Calaveras faults in central California. Hill 
(1977) and Segall & Pollard (1980) find that earthquake swarms are 
sometimes localized within fault offsets. 

Segall & Pollard (1980) have studied the mechanics of pairs of inter
acting en-echelon cracks in considerable detail. They suggest that left-
stepping offsets on a right lateral fault are sites of increased normal 
compressive stress that inhibits shp, while right-stepping offsets on right 
lateral faults have decreased compressive stress, which faciUtates slip. 
Areas of inhibited slip (right lateral, left step) might be sites of strain 
accumulation and large damaging earthquakes, while areas of enhanced 
slip (right lateral, right step) might have high seismicity. On a larger scale 
Mavko (1980) has modeled the interaction of four major faults near 
Hollister, Cahfornia, each composed of many individual short segrnents. 
Complications in geometry, like large bends, seem to be capable of locking 
or unlocking sections of the fault which may be important for initiating 
instability. 

SUMMARY 

Nearly all fault models are consistent with the concepts of plate tectonics 
and elastic rebound. Through a combination of remotely appUed forces 
the elastic plates move relative to each other. Whether or not strain 
accumulates and the way it is released depends on the shp at the common 
plate boundaries. In terms of the data, the best constrained portion of an 
earthquake rebound cycle is the rapid coseismic part. Although inelastic 
deformation in the upper mantle is necessary for long term plate motion 
and strain accumulation between earthquakes, the short term response of 
the crust and mantle due to rapid fault shp is essentially elastic. The area, 
orientation, average slip, and stress drop of the earthquake source can be 
determined from these coseismic elastic fields using dislocation theory. 

A more difficult problem is resolving the sources of aseismic strain. 
The largest postseismic and interseismic strains appear to be dominated 
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by a combination of aseismic fault slip and viscoelastic adjustments, 
primarily in the asthenosphere, while crustal effects, like the diffusion of 
pore fluids, contribute to a lesser extent 

One of the most promising lines of current research concerns the role 
of heterogeneity. Although much of our understanding of faulting has 
resulted from the success of greatly simphfied models, heterogeneity in 
stress, material properties, and geometry is ubiquitous in nature. To some 
extent these are a source of noise. For example, variations in crustal 
stiffness distort strain fields and comphcate their interpretation. However, 
heterogeneity offers perhaps the only explanation for the following fun
damental observations: the frequency-magnitude distribution of earth
quakes; the termination of rupture; high frequency near field ground 
accelerations; multiple seismic events. 
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IHTRODUCTION ' 

P r e - s p l i t b l a s t i n g i s a t e c h n i q u e used t o reduce 
damage t o e x c a v a t i o n p r o f i l e s , d u r i n g b l a s t i n g by 
p r e - f o r m i n g a con t inuous f r a c t u r e between p a r a 11 e'l 
b o r e h o l e s ' l i g h t l y charged w i t h decoup led e x p l o s i v e ' s 
a long t h e l i n e of the r e q u i r e d s u r f a c e . V a r i o u s 
t i i e o r i e s and hypo these s have been p r e s e n t e d t o e x p l a i n 
the {jbenomenom of p r e - s p l i t B l a s t i n g : ( s e e f o r i n s t a n c e 
Aso, 1966; Ca r r a sco and S a p e r s t e i n , '197'7; G r i f f i n , 
1973. and K u t t e r , 1967) b u t no t o t a l l y s a t i s f a c t o r y 
e x p l a n a t i o n of the mechanics of f r a c t u r e ' f o rma t ion 
arid e x t e n s i o n has be'en p r o v i d e d . 

Most p r e v i o u s approaches (Asp., 1966; G r i f f i n , 1973 
and P 'a ine , 1961) have t ended co c o n c e n t r a t e , on t he 
ma thema t i c s of i n t e r a c t i o n between s t r e s s wavesi from 
a d j a c e n t s o u r c e s . I n t e r a c t i o n of s t r e s s e s induced by 
expand ing g a s e s fo l lowing , d e t o n a t i o n has been 
c o n s i d e r e d . o f minor i m p a r t a n c e . However, d e c o u p l i n g 
i n t r o d u c e d , d u r i n g p r e - s p l i t t i n g i s s p e c i f i c a U y 
d e s i g n e d t o reduce dynamic e f f e c t s and td emphasize 
rock s t r e s s e s f e s u l ' t i n g , from expans ion of d e t o n a t i o n 
p r o d u c t s . I t could indeed be, a rgued t h a t t h e 
phenomenom lias more i n common -with hydro f r a c t u r e than 
wit'h t he c o n v e n t i o n a l use of h i g h explos i - t fes . 

MECHAHICS OF PRE-SPLITTIMG 

•Energy r e l e a s e arid t r a n s f e r t o t he rock body from 
an e x p l o s i v e d e t o n a t i n g in a b o r e h o l e in rock i s a 
complex p r o c e s s , be ing a f f e c t e d p a r t l y by t h e r e l a t i v e 
impedances of t he e x p l o s i v e and r o c k . a n d the, 
e f f i c i e n c y of t he c o u p l i n g s and p a r t l y by t h e p r e s s u r e s 
e x e r t e d by expanding g a s e s i n t he b o r e h o l e . I t i s 
u s e f u l t o d i f f e r e n t i a t e be tween t h e s e two a s p e c t s of 
t he p r o c e s s by d e s c r i b i n g them as t he dynamic and 
q u a s i - s t a t i c components q f ene rgy r e l e a s e . 

t h e dynamic component compr i se s i n i t i a l l y a- p l a s t i c 
headwave,, decay ing r a p i d l y to form a r a d i a l l y expanding 
compres'sion wave. The e n e r g y i n t he wave , i t s shape 
and v e l o c i t y a r e r e l a t e d t o t h e "explos ive energy and 
the d e g r e e 6f -coupl ing of t he e x p l o s i v e and rock and 
t h e i r r e l a t i - v e impedances . T^e i n i t i a l h i g h energy 
in the wave i s ; d i s E i p a t e d by l o c a l c r u s h i n g a t t h e 
b o r e h o l e p e r i p h e r y a n d / o r l i m i t e d r a d i a l e rack i r ig 
p a r a l l e l to t he d i r e c t i o n of maximum c o m p r e s s i o n . 
Accord ing to Ca r r a sco and S a p e r s t e i n (19i77) t:Viese 
c r a c k s a r e i n i t i a t e d n e a r t o bu t n o t a t t h e h o l e 
s u r f a c e , Sirice t he wave v e l o c i t y i s a p p r o x i m a t e l y 
t h r e e t i m e s the maximum c r a c k p r o p a g a t i o n v e l o c i t y 
(Edges ton arid Bars tow, 1 9 4 1 ) , . e x t e n s i o n o f " c r acks by 
wave a c t i o n i s minimal and i n t a c t r o c k s g e n e r a l l y have 
a h igh r e s i s t a n c e to t r a n s i e n t c o m p r e s s i o n . ;ihe main 
e f f e c t of t he wave i s in l o o s e n i n g , d i s c o n t i n u i t i e s in 
t he rock through- t e n s i l e r e f l e c t i o n a t i n t e r f a c e s which 
c r o s s t he wave p a t h . 

As t he headwave lea-ves t h e ' zone of t h e , b o r e h o l e , 
t he b o r e h o l e i t s e l f i s p r e s s u r i s e H by the b u i l d up of 
the gases which a r e 'a b y p r o d u c t of the, r a p i d combustion 
c h a r a c t e r i s e d by d e t o n a t i o n . These e x e r t a h i g h q u a s i -
s t a t i c p r e s s u r e on the b o r e h o l e s i d e w a l l . The e f f e c t 
of t h i s p r e s s u r e i s t o i n d u c e cpmpres s iye r a d i a l and , 
raore i m p o r t a n t , t e n s i l e t a n g e n t i a l s t r e s s e s around 
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limited length cracks produced by the dynamic wave. 
This results in two effects: 

(a) The opening of the c r a c ' k surfaces a n / b r near 
the borehole circumference will induce tensile 
stresses at the tips of the cracks, creating 
conditions for. crack'extension . 

Cb) Gases of detona!:ion migrating into the opened 
cracks will cause further crack extension. 

Various explanations of Che processes involved in 
crack propagation are available in the literature on 
hydrofract:tiring-, (see for instance Perkins and Krech, 
1966; 1968; Sneddon-, 1946; Wong and Parmer, 1973). 
The principal conclusion is that- very high pressures 
are required to propagate cracks. In the case of 
-detonation gases however, these pressures exist. 
Initially, the increasing pressure within a crack will 
result in an increase in the extent of the stress 
altered region aro.und the crack, maintaining it in a 
state o f elastic stability. However, beyond a 
critical pressure the system will-become unstable and-
the crack will extend radially until further extension 
of the stress altered region leads to a retur-n to 
stability, tihus limiting further extension. The 
differential work in extending cracks is the pro'duct 
of the volume of, the cracks created and the pressure 
increment. This energy is partly stored as reversible 
strain energy aiid partly absorbed in creating new 
crack surfaces. 

The preferred direction of crack, propagation if a 
line of: boreholes exists will be Chat in-which 'cracks 
can be most easily opened and into which the high 
pressure detonation gases can most easily penetrate; 
It is evident that the greatest tendency for. crack 
opening will occur where tangential terisile s'tress 
zones overlap between neighbouring pressurised bore
holes. It is egually evident that less favourable 
conditions will exist for opening, of cracks normal to 
the bbrehole, line. Where, cracks from rielighbouring 
boreholes intersect, a continuous: fracture will be 
formed and subsequently opened, releasing pressure and 
inhibiting -furthet crack extension except at its 
extremities. 

The interaction of the individual stress fieldsi 
around boreholes within a pre-split pariel will cause 
the radial crack zones to expand in a slightly 
elliptical shape with the major axes orientated al,ong 
the pre-split line. If a discontinuity is present 
between the holes then-the first crack to reach the 
discontinuity will tend to create a path for. further 
reduction of gas pressure, inhibiting further crack 
extens'io"n. Due to the geometry involved the crack 
should intersect the discontinuity at approximately 
90 . If the discontinuity is closed a stress 'bulb' 
will be formed on the opposite si'de, cracks from the 
adjacent borehole will be. induced to cjtt:end and curve 
to that point. If the di's'continuity is open the crack 
will terminate. 
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where R = radial depth of crack zone 

d = borehole diameter 

For series (a) A = 45.7, B = -fO.SSg 

and for series (b) A = 26.9, B = •̂ 0.702 
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FIGURE 3. Graph^of the relationship obtained in 
series (c) testing between borehole 
diameter and maximum borehole separation 
for pre-split (p/s) success. 
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FIGURE 2. Graph of maximum crack length and 
damage zone extent for single normal 
series (a), and vented series (b), 
hole tests. 

Since the value of B for series (b) tests is of a 
greater magnitude than for series (a) tests it is 
evident that increasing decoupling has a greater 
reduction on the dynamic component than the quasi-
static component. Together the tests in series (a) 
and (b) demonstrate that for single holes, whilst the 
dynamic component may be responsible for crack 
initiation, the quasi-static gas component is the 
dominant mechanism in crack extension. 

The main results of series (c) testing are summa
rised in Figure 3, which illustrates the maximum 
successful pre-split borehole separation obtained for 
various degrees of decoupling, expressed as borehole 
diameter, for single explosive cord. The relationship 
obtained was again exponential and was calculated as: 

d = 372b 
-0.9 

where: 

and 

d = borehole diameter (mm) 

b = maximum borehole separation (mm) 

Generally the maximum successful pre-split borehole 
separation in series (c) was found to be approximately 
double the maximum crack length from series (a) tests 
on corresponding borehole diameters. 

FIGURE 4. A comparison of the maximum pre-split 
borehole separations for dynamic compo
nent (left) and dynamic plus gas 
pressure component of explosive energy 
(right) for 3.2 mra (0.125 in) holes. 
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The crack geometry dictates that during pre-split 
blasting the degree of irregularicy of the Einal fac'e 
is dependant on the discontinuity set orientation. 
The results show Chat ac a discontinuity intersection 
angle of less than 60 , irregularities in the pre-split 
line become marked and if decreased to 15 , a high 
degree of overbreak will be sustained behind the line 
of boreholes (see Figure !6). Similar results were 
obtained for the tests in sandstone but only open 
cracks were visible. 

From series (f) results it was found that dominant 
cracks arc able to cross successive parallel dis
continuities, as in Figure 7, biit were observed to 
terminate at the discontinuity located immediately 
before the next borehole (except for dis.cpntiriuity 
intersection angles below 20 ). With increasing 
crack frequency, secondary cracking became less 
pronounced. Overbreak volume increased with the 
change from single to multiple discontinuities and 
with increasing discontinuity frequency up to four 
discontinuities per borehole spacing where tailing 
off occurred. 

FIELD OBSERVATIONS 

Early field observations confirmed the trends from 
Phase I tests but the majority of field work was aimed 
at exatnining Che effect of geotechnical factors on 
pre-splitting. 

Pre-Bplitting at various highway construction sites 
in Scotland (both Successful and unsuccessful) in 
dolerites, basalts j gneisses and schists was visited 
over the co.mplete spectrum of coristructiorial stages. 
In addition, various quarries in limestone and sand
stone, utilising the technique for the stabilisation 
of production faices and protection of haul roads, were 
visited. 

Initial discontinuity surveys were made to assess 
the overall 'intrinsic' stability df the rock mass at 
the yarious' sites, particularly as affected by major 
faults and shears. This was followed by an assessment 
..of how indi-vidual jointing affected the pre-split face 
by recording orientations of natural and .imposed dis
continuities. 

:;f 

I . 

90 

FIGURE. 7. Pre-split in-sandstone with multiple 
parallel discontinuities. Illustrating 
the propagation of dominant fracturing 
across and perpendicular to successive 
discontinuities. 

QQ 

0.0 30 60 90 
JOINT TV FACE ANGLE 

FIGURE 8. Graph of percentage occurrence of a 
total of 45-3 set's of fracturing to 
discontinuity field readings. 
IllusCrating that the majority of 
fracturing is (sub)peTpendicular to 
jointing. The fanning out of data fbr 
lower joint to "face angles is attributed 
to secondary fracturing, and the 
absence of data below 20 to failure 
of pre-split. 

From field observations it was concluded that if 
the face was intrinsically unstable either through a 
tendency to plane or wedge failure or toppling, 
pre-splitting did not lead to any improvement. Of 
more fundamental importance, it was shown Chat the 
tendency noted in the laboratory for fractures to 
spread in a direction normal to the direction of dis
continuities was repeated, this is illustrated in 
Figure 8, Curved secondary fractures were also found 
to be present. This dictated that where continuous 
discbntinuity planes and the pre-spiit line, met at an 
angle of less than 60 irregularities in the pre-split 
line became marked. When this angle was decreased to 
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15 , pre-split blasting was observed to have had no 
beneficial effect on the resulting slope profile. 
Field examples of a failure to pre-split due to the 
presence of medium and large scale near vertical 
discontinuities at less than 15 to the intended face 
and a particularly successful pre-split are 
illustrated in Figure 9. 

FIGURE 9. Top: successful pre-splitting with the 
predominant discontinuity set 
orientated perpendicular to the 
face. 

Bottom: unsuccessful pre-splitting and 
high overbreak due to the major 
joint set being within 15 of 
the face. 

CONCLUSIONS 

(a) Although the initiation of cracking around a 
borehole is generally caused by the dynamic 
headwave, the majority of cracking is caused 
exclusively by the quasi-static gas pressure 
component of explosive energy. 

(b) Pre-splitting is primarily caused by the 
interaction of the tangential tensile 
stresses induced in the rock by quasi-static 
gas pressure components from neighbouring 
boreholes. 

(d) Pre-split fractures intersect discontinuities 
in the rock at right angles. 

(e) The first crack to reach a discontinuity tends 
to become dominant, inhibiting further crack 
propagation. 

(f) Dominant cracks may cross successive dis
continuities at right angles forming irregular 
breaks between neighbouring boreholes. 

(g) The presence of discontinuities at less than 
60 to the proposed pre-split line tends to 
cause poor line definition. If the angle is 
less than 15 , pre-split blasting has no 
effect on slope profiles. 

REFERENCES 

ASO, K. , 1966, Phenomena involved in Pre-splitting by 
Blasting, PhD. Thesis, Stanford University. 

CARRASCO, L.G., and SAPERSTEIN, L.W., 1977 Surface 
Morphology of Pre-split Fractures in Plexiglass 
Models, International Journal of Rock Mechanics, 
Vol 14, pp 261-275. 

EDGESTON, H.E., and BARSTOW, F.E., 1941, Further stud
ies of Glass Fracture with high speed photography. 
Journal of the American Ceramic Society, Vol.24 
pp 131-137. 

GRIFFIN, K.G., 1973 Mathematical theory to Pre-solit 
Blasting, Proceedings of the 11th Engineering 
Geology and Soils Engineering Symposium, Idaho, 
pp 217-225. 

KUTTER, H., 1967, The interaction between Stress Wave 
and Gas Pressure . . with particular application to 
Pre-splitting, PhD. Thesis, University of Minnesota. 

PAINE, R.S., et al, 1961, Controlling overbreak by 
Pre-splitting. International Symposium on Mining 
Research, Missouri School of Mining and Metallurgy, 
Chap. 13, pp 1-9. 

PERKINS, T.K., and KRETCH, W.W., 1968, The energy 
balance concept of Hydraulic Fracturing, Journal 
of the Society of Petroleum Engineers, Vol 8, 
pp 1-12. 

SNEDDON, I.N., 1946, The distribution of Stress in the 
neighbourhood of a crack in an Elastic Solid, 
Proceedings of the Royal Society A, Vol 187, 229. 

WONG, H.Y., and FARMER, I.W., 1973, Hydrofracture 
mechanisms in rock during pressure grouting. 
Rock Mechanics, Vol 5, pp 21-41. 

ACKNOWLEDGEMENTS 

This work was carried out under a joint SRC/TRRL CASE 
studentship held by Paul N. Worsey. It is published 
with the permission of the Director, Transport & Road 
Research Laboratory (TRRL), United Kingdom. 

(c) A pre-split may be obtained by using the 
dynamic component only of explosive energy, 
but the maximum borehole separation for this 
is less than l/5th of maximum separation 
utilising gas pressures. 
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A Method for Removing Ammonium Ions 
From a Subterranean Formation 
After In-Situ Uranium Leaching 
T . Y . Y a n , Mobil-Research and Development Corp. 

Summary 
Ammonium carbonate and bicarbonate are the 
preferred carbonate sources in alkaline in-s|tu 
leaching of uranium. The ammonium iort exchanges 
into the clay in the formation and is difficult to 
remove during restoration operations. A new process 
is proposed which holds the potential for rapid and 
effective reduction of ammonia in the formation and 
groundwater to acceptably low levels. The process 
employs pH-adjusted, chlorinated water to 
decompose the ammonia quantitatively. The 
operation involves flushing the formation with 
connate water or brine, injecting chlorinated water, 
and finally flushing with connate water. This process 
is effective in laboratory tests. 

Introduction 
In-situ leaching, or solution mining, is now emerging 
as a viable technique for recovering uranium from 
some low-grade ore bodies.''^ As a result, several 
pilot and commercial in-situ leaching plants are in 
operation in south Texas-e.g., Mobil Oil Corp., 
Intercontinental Energy Corp., Wyoming Minerals 
Corp., Union Carbide Corp., and U.S. Steel Corp. 

Leaching systems are classified conveniently as 
either acidic or alkaline. For sandstone ores con
taining substantial quantities of carbonates, alkaline 
leaching is preferred. The alkaline leach solutions 
contain an oxidant (H2O2, NaC103, or O2) and a 
mixture of carbonates. Ammonium carbonates have 
been the most popular source of carbonates. This 
type of leaching formulation has been used 
sucessfully in south Texas. 

Since the ore bodies generally contain up to 20% 
or more of cationic exchangeable clays, the NH4Z*̂  in 
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the leach solution exchanges with the cations in the 
clay according to the following equations. 

Na • clay + NH4-1-tfi NH4 • clay-I-Na + . 

Ca-clay-(-2NH4+ ^(NH4)2clay + Ca + +. 

The selectivity of clays for NH4 "'' is high, and the 
NH4 "̂  ion exchange capacity of the ore may become 

- quite high depending on the overall clay content. A 
typical NH4 "•• ion exchange isotherm is presented in 
Fig. 1, which shows, for example, that for a leach 
solution containing lOg/L of NH4HCO3, the 
equilibrium concentration of NH4 "*" on the ore is 
0.14 meq/g, equivalent to an NH3 concentration of 
0.24% of NH3 in the ore body. At the conclusion of 
the leach operation, the formation is contaminated 
with this great quantity of NH4 "•• ion. If not 
removed, the NH4 •*" ion will release slowly by ex
changing with the incoming cations in the aquifer, 
resulting in pollution of the groundwater. 

Government regulations require that water in the 
leached formation be restored substantially to its 
original quality. Furthermore, the current Texas 
Dept. of Water Resources permit procedures require 
groundwater restoration be completed immediately 
upon completion of mining of the site.^ Although 
baseline levels for NH3 are not set yet, levels in the 
10-ppm range have been suggested. Since the am
monia is exchanged into the clays chemically, it 
cannot be flushed out readily and requires counter 
ions, such as Na ̂  or Ca "̂  "*•, for removal by ion 
exchange. Furthermore, the ion exchange 
equilibrium limitation makes the restoration of the 
desired low level difficult and time consuming. 

To speed up the restoration process, a restoration 
fluid with high salt content of NaCl or CaCl2 can be 
used. To speed up the restoration process further, a 
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restoration fluid comprising an aqueous solution ofa 
strong soluble alkaline compound, such as NaOH, 
can be used.'' However, while these approaches work 
well for some ore bodies, they require a substantial 
quantity of chemicals and produce a large quantity of 
waste water containing ammonia which has to be 
disposed of properly at the surface. Furthermore, in 
some instances the use of caustic solution as the 
restoration fluid may require the addition of a salt 
such as sodium chloride' to prevent clay swelling 
and, hence, resultant loss in formation permeability. 

In this paper, a technique is presented which holds 
the potential for rapid and effective removal of 
ammonium ion from the formation during ground
water restoration. 

Technique 
The proposed technique for removing ammonium 
ions comprises the following three steps.^ 

1. Flush the leached formation with connate water 
to remove ammonia and other dissolved solids from 
the pores. 

2. Inject the required amount of chlorine water or 
hypochlorite solution at pH of 8 to 10. The produced 
water is made up with chlorine or hypochlorite for 
recycle. 

3. Flush the formation to lower the total dissolved 
solids to the desired level. 

In the following sections, the theoretical basis of 
the process, the reactions involved, and the 
mechanism of ammonium iori removal are discussed 
and confirming laboratory experiments are 
described. 

Reactions of Ammonia With Chlorine 
and Hypochlorite 
The equilibria between NH4 "̂  in the clay and other 
cations such as Na "*" in the formation or restoration 
fluid are represented by 

NH4-clay + Na+ ^Naclay-(-NH4 + (1) 

or 

• (NH4)2 • clay + Ca + + ^ Ca • clay -H 2NH4 + . . . (2) 

In turn, the NH4 •*" ion is in equilibrium with 
NH3: 

NH4t H-OH-^NHj+HjO (3) 

As the pH of the system is increased, Eq. 3 is shifted 
toward the right to form more NH3 and decrease 
NH4 "••. This, in turn, shifts Eqs. 1 and 2 toward the 
right to facilitate NH4 •*" removal from the clay. The 
NH3 in the formation then is reacted with chlorine or 
hypochlorite. 

These reactions are of great importance in water 
treatment. Chlorination of drinking water fbr 
disinfection is used widely by many municipalities. 
However, the reactions are not well understood. The 
reactions are-presumed to proceed in the following 
sequence.^'^ 

Cl2 + H 2 0 ^ H + -^C\- +HOC1. (4) 

(5) NH3 -f HOCl TiNH2Cl -H H2O. 

NH2CL + HOCl^NHCl2 -^H20 (6) 

NHCI2 + HOCl ̂ NCI3 -̂  H2O (7) 

2NCI3 -3CI2 + N2 (8) 

The CI2 reacts with water to form hypochlorite, with 
which NH3 starts to react. The overall reaction 
between NH3 and chlorine can be written as follows. 

2NH3-f3Cl2-6H+ + 6 C r -l-N2r (9) 

Note that Eqs. 4 through 7 are reversible, while the 
decomposition reaction (Eq. 8) is irreversible, leading 
to the possibility of complete removal of NH3 
without equilibrium limitation. The approximate 
equilibrium constants for the preceding reactions 
have been presented by Drago.' 

Studies of the rates of decomposition of the 
chloramines have shown that, depending on the pH 
and the reaction'step, the second-order rate constants 
at 25°C are high and in the range of 10 to IO"* 
Lrno l" ' s" ' . ' " •" Preliminary results from this 
laboratory showed that the reaction between 
-hypochlorite and ammonia and ammonium ions in 
both aqueous solution or on clay can be completed in 
less than 10 minutes. The contact time between the 
restoration fluid and ammonium-containing for
mation (or number of days to pump through 1 PV of 
fluid) is typically 2 .to 4 weeks. Therefore, reaction 
between hypochlorite and ammonia and the 
decomposition reaction of chloramines can be 
considered instantaneous in the time scale for 
groundwater restoration operations. 

Alternatively, the NH4 "*" may react directly with 
hypochlorite to form nitrogen and chloride ion. 

As pointed out, the last reaction in the sequence 
involving ammonia and chlorine or hypochlorite is 
irreversible, making it possible to carry the overall 
reaction lo completion. This is one of the most 
important features of this process. When caustic or 
lime water is used to rernove ammonia, the process is 
limited by the equilibrium described and by the law 
of mass action. This makes restoration of ground
water to acceptable ammonia levels extremely dif
ficult. Based on the ion exchange isotherm in Fig. 1, 
we have estimated that 99.5% of the NH4 '*' ion in 
the clay has to be exchanged with other cations such 
as Ca "*" •*" or Na •*" to restore the ammonia in the 
groundwater to a stable level of 3 ppm or lower. 

In summary, chlorine water or hypochlorite in
jected into the formation would react with ammonia 
in eqiiilibrium with the ammonium clay through a 
series of reactions to form harmless nitrogen gas. The 
reactions are fast enough to be considered in-
staritaneous. The overall reaction is irreversible and 
makes complete removal of ammonium ion possible. 

Experimental 
The efficiency of chlorinated water as a restoration 
fiuid was studied in laboratory column tests using 1-
cm-ID, 30-cm-long glass columns packed uniformly 
with 18 cm^ (23.4 g) of the uranium ore. The top and 
the bottom of the columns were filled with 3 cm^ 
each pf 100-200 mesh fine quartz to ensure uniform 
flow of the liquid through the bed. The uranium ore 
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Fig. 1 - Exchange isotherm of ammonium ion on ore. Fig. 2 - Ammonia content In theeff iuent vs. bed volume. 

was obtained from the Catahoula formation of the 
Texas coastal plain. The clay content was about 20 
wt%, mainly in the form of smectite (mont
morillonite). Its ion exchange capacity for NH4 •*• 
was 0.15 meq/g. 

The solutions used were prepared by adding CP-
grade chemicals to distilled water. Chlorinated water 
was prepared by saturating the solutions with 
chlorine gas at 1 aim. The composition of the various 
solutions used are shown in Table 1. The final pH of 
the solution was adjusted to the level indicated. • 

The packed columns first were loaded with NH4 + 
ion by pumping 2.8 bed volumes of Solution 1 (Table 
1) to simulate the leaching operation. In this ex
periment, 1 bed volume of solution is. 18 cm^. At the 
end of this loading step, the ore was saturated with 
ammonia as indicated by the ammonia concentration 
of the effluent, which was equal to that of the feed. 
Solution 1 (Fig. 1). The loaded columns then were 
flushed with 1.4 bed volumes of flushing Solution 2 
(Table 1), which simulates the connate water nor
mally present in the natural formation. 

The columns thus prepared were restored as 
follows. 

Col. 1. The control column was flushed with 7 bed 
volumes of restoration fluid, Solution 3 (Table I). 

Col. 2. The column was flushed continuously with 
5.6 bed volumes of chlorinated water. Solution 4. 

Col. 3. To simulate slug injection, 2.8 bed volumes of 
the chlorinated water, Solution 4, were injected. This 
was followed by injection of 2.8 bed volumes of 
chlorine-free restoration fluid. Solution 3. 

To facilitate direct comparison of its efficacy for 
ammonia removal with the conventional high-brine 
flushing, the chlorinated water (Solution 4) was 
prepared by adding chlorine to the high-brine 
restoration fluid (Solution 3). In the proposed 
scheme the formation water, rather than the high-
brine solution, will be used in preparing chlorinated 
water. 

The process of NH4 "•• removal was followed by 
collecting samples of the effluent every 1.4 bed 

TABLE 1 - COIMPOSiTiON OF SOLUTIONS USED 

Component 
Solution 1,* 

Ore Pretreating 
NaCl, g/L 5.0 
NH4HC03,g/L 3.0 
NH40H,g/L 5.8 
Cl2,g/L 
pHt 9.4 
•NH3 content was 2,670 ppm by analysis. 

"Based on ohiorine solubility.^* 
t pH adjusted. 

Solution 2, 
Flushing 

sio 

8.0 

Solution 3, 
Restoration 

20 

10.0 

Solution 4, 
Chlorination 

20 

6.3** 
10.0 
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Fig. 3 - Ammonia content in the effluent vs. bed volume. 

Total Solution Passed, Bed Voluine 

Fig. 4 - Ammonia content In the effluent vs. bed volume. 

volumes and analyzing for NH3. Ammonia was 
determined using an ammonia electrode. This 
method is acceptable to U.S. federal and state 
agencies for analysis of ammonia in water. Note that 
in this test, both free NH3 and NH4^. ion in the 
solution are included in the determination. 

Results and Discussion 
The results are shown in Figs. 2, 3, and 4 by plotting 
the ammonia content of the effluents against the 
total bed volumes of restoration fluid passed through 
a respective column. 

Efficacy of Chlorine Water for Removing Ammonia 
A comparison of Figs. 3 and 4 with Fig. 2 shows that 
chlorine was effective in lowering ammonia. In 
addition, it takes small quantities (in terms of bed 
volumes) of chlorine water to achieve levels of 
ammonia removal. In the continuous mode, 3 bed 
volumes of chlorinated water brought the ammonia 
level in Col. 2 from 2,600 ppm down to the target 
level of 3 ppm, while the ammonia content of the 
effluent from the control run was still 130 ppm after 
3 bed volumes. Furthermore, the rate of ammonia 
removal fell off rapidly in the control run, suggesting 
the difficulty of ammonia removal to a low level in 
accord with the rationale described previously. 

Mode of Chlorine Water Injection 
In Col. 3, the chlorine water was injected as a slug. 

After 1.4 bed volumes of flushing fluid, 2.8 bed 
volumes of the chlorinated water were injected, 
followed by 2.8 bed volumes of chlorine-free 
restoration fluid (Solution 3). The ammonia content 
of the effluent was down to the target value of 3 ppm 
after a total 4.6 bed volumes were passed. Thus, it 
may be feasible to inject chlorine water in the form of 
a slug to reduce operation costs. 

Mechanism of Ammonia Removal 
To remove ammonium ions from the clay and to 
reduce the ammonia in the produced water, there are 
two mechanisms: (1) cationic exchange between 
ammonium ion in the clay and cations (e.g., Na"*") in 
the groundwater and (2) decomposition of ammonia 
with chlorine or hypochlorite. In a column test or 
field operation, both of these mechanisms are 
operative. During the early stages of restoration, the 
injected chlorine reacts rapidly with the ammonia. 
The chlorine-depleted restoration fluid continues to 
move downstream and continues to remove am
monium ion by cationic exchange. The ammonia 
released from the clay is produced in the effluent. 
However, as more chlorinated water is injected, there 
is more chlorine to react with ammonia, resulting in 
very low levels of ammonia in the effluent. In the 
early stage of restoration when ammonia level is 
high, a large quantity of ammonia can be removed by 
flushing with connate water and ion exchange with 
chlorine-free brine solution. To minimize con-
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sumption of chlorine, the formation can be flushed 
with connate water and ion exchanged with brine 
solution before injecting chlorinated vvater. 

The reaction rate between ammonia and 
hypochlorite is high, as suggested by the preliminary 
results mentioned. There was no breakthrough of 
hypochlorite while there was any detectable ammonia 
in the effluent. • -

Chlorine Requirement 
The chlorine requirement for this restoration process 
depends on three factors: the amount of ammonium 
ion in the formation when the chlorine water in
jection is started, the stoichiometry of the reaction 
between ammonia and chlorine, and the selectivity of 
chlorine for ammonia. As a result, the chlorine 
requirement is rather ore specific. 

If the reaction sequence shown is correct and the 
selectivity for NH3 is unity, it takes 1.5 mol of CI2 to 
decompose 1 mol of NH3 (Eq. 9) corresponding to 
6.3 Ibm of CI2 per I Ibm of NH3. In actual field 
operation, it may take somewhat more chlorine to 
compensate for side reactions. 

Although the column data in this study are not 
exact enough to determine the chlorine consumption, 
an estimate was made by means of ammonia and 
chlorine balances. For this estimation, the following 
assumptions were made. 

1. The ammonium ion content in the formation 
after connate water flushing is 0.14 meq/g, as ex
pected from the ion exchange isotherm. 

2. The ammonium ion either is produced in the 
effluent or is decomposed by chlorine. 

3. Chlorine content in the formation up to 2.8 bed 
volumes of injection is nil. 

The results are 6.0 and 8.4 Ibm of chlorine per 1 
Ibm of NH3 for the continuous and slug injection 
model, respectively (Table 2). The difference in the 
chlorine consumption between these two runs is 
relatively large,- but this is believed to be within the 
expected limits of experimental accuracy. 

Note that the crude chlorine consumptions are not 
too far from the theoretical value of 6.3 Ibm per 1 
Ibm of NH3. Therefore, it is most likely that the 
chlorine would react selectively and quantitatively 
with ammonia underground, and the stoichiometry 
based on the reaction sequence described is a good 
guide to estimate chlorine consumption. 

There are compounds in the ore body which can be 
oxidized by hypochlorite, such as pyrite, molyb
denum, and organic carbon. These reducing com
pounds can compete with NH3 for hypochlorite to 
increase the chlorine requirement. Fortunately, the 
selectivity .of dilute chlorine water for NH3 is very 
high, as indicated by the results shown. Furthermore, 
when this process is applied to leached ore bodies, 
most of easily oxidizable compounds such as 
molybdenun and pyrite in the flowing, channels 
already will have been oxidized. 

In a series of separate experiments, it was found 
that after flushing the columns for 10 days with 5 PV 
of dilute chlorinated water, the NH3 content of the 
effluent was reaching very low levels but no sulfate 

TABLE 2 - CHLORiNE CONSUIMPTiON 

Initial NH4 * information 
.asNH3,10-2g 

NH3 produced,* 10~^g 
NH3 decomposed, 10"^ g 
Chlorine injected, 10"^ g 
Chlorine consumption, g/g • 

Col. 2, 
Continuous 

Injection 

5.6d 
046 
5.23 
31.5 
6.0 

Col. 3, 
Slug 

Injection 

5.69 
1.94 
3.75 
31.5 
8.4 

•During the 2.8 bed volunnes of chlorine water ln|ecllon. 

ion could be detected. Complete oxidation of pyrite 
would have led to sulfate ion. Sulfate ion did break 
through after 7 PV when the NH3 essentially was 
exhausted. These results suggest that much of the 
chlorine injected to the formation could travel 
through the formation to react with NH3. 

Conclusions 
Ammonium carbonate and bicarbonate are favored 
as the source of carbonate for alkaline in-situ 
leaching of uranium. Upon completion of the 
leaching operation, the formation and groundwater 
have to be restored to near the baseline quality levels. 
Ammonia is difficult to remove in this restoration 
process, and current restoration procedures are either 
difficult to employ due to formation permeability 
loss or require many pore volumes of restoration 
fluid. A process is proposed which has the potential 
for rapid and effective reduction of ammonia in the 
groundwater to very low levels, 

The restoration process involves three steps: (1) 
flushing the formation with formation water or 
brine, (2) injecting pH-adjusted chlorinated water or 
hypochlorite and producing an equal amount of 
water at the production well, and (3) again flushing 
the formation with connate water. 

The process is effective in laboratory column tests, 
where less than 3 bed volumes are required to lower 
the ammonia level from 2,700 to 3 ppm, but has not 
been tested in the field. The chlorinated water can be 
injected continuously or in the form of slug, as long 
as sufficient chlorine is injected. In the absence of 
other reducing compounds in the formation, the 
chlorine consumption is estimated to be about 6 Ibm 
per 1 Ibm of NH3. To minimize chlorine con
sumption, restoration can be started with connate 
water flushing and brine ion exchange to remove the 
initial, easily removed ammonia. 
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Mixed Copper Ores-Wnmnmimm 
Tests in London Demonstrate Success, of Preheating 
With Carbon and Salt, Followed by Flotation, With 
Prospect of Commercial Application to . Northern 
Rhodesian Practice , ., / . . ; ; : ; . 

O W E N LETCHER .' • '• ' 

SU L P H I D E copper ores predominate 
in Northern Rhodesia, but large 

quantities of malachite and of chryso
colla exist, as well, as admixttires of 

, these ores with sulphide-ores, the treat
ment, of which was expected to entail 
considerable difficulty. All the. copper 
mines in Northern Rhodesia have such 

Other News oj the Week 

T H E United States Senate, on 
Nov. 7, put manganese back on 

the tariff hill with a duty of I c . a 
pound on metallic manganese ores and 
concentrates containing more than 10 
per cent manganese. On this page. 

• * : * - • * • 

Inspiration Consolidated has com
pleted important changes in its power 
plant , 'near Miami, Ariz. , giving it a 
total capacity of 30,000 kw. Page 

•7<?7.. : . .:•.-. . . . . . ;L . -• ; • 

•• Broken Hil l South will be able to 
•dismantle the old wooden structures 
at its, concentrator in the Broken Hil l 
district. N e w South Wales, by the end 

' of the month, as the new steel build-
,ing is_ almost complete. Page 787. 

With higher copper prices prevail
ing, the Bingham district of Utah is 
enjoying its most prosperous and pro
ductive year. Notes on progress at 

• this important Western camp. P a g e 
788. , 

. * * * 
Grootvlei, adjoining Eas t Geduld 

on the F a r East section of the Wit-
watersrand, Transvaal, will probably 
be 'developed through the tatter 's 
workings. Page 791 . • . . ' . . . 

- . ' • ' ' * • * * " . ' ' , 

• Between the 2,000 and 3,000 levels 
of Teck-Hughes, at Kirkland 'Lake, 
Ont., development has disclosed a con
tinuation of its rich gold orebodies as 
favorable as in the levels above, ac
cording to the company's annual r e 
port. Page 790. ' .' • 

786 

mixed ores. N'Changa, for example, 
possesses large tonnages Of carbonates, 
silicates, and mixed ores. To solve the 
problem' of the economic and efficient 
treatment of the mixed .ores, Minera,ls. 
Separation has been,engaged for three 
years in the development of a treatment 
process. It is. known as the. "Segrega
tion Process." It consists of a heat-
treatment of the ore a f 600 to 700 

•• deg. C; with 1 to 2 per cent • carbon 
'(charcoal, coal, or coke) and less than 
0.5 per cent common salt. Instead-of 
the usual chloridiziiig' effect; an_ alter
native reaction • occurs.' '• The copper 
leaves the gangue almost entirely, even 
particles of copper silicate ore up to 
2 mm., and deposits as metal on the 
carbon, with which it .forms segrega
tions of varying size that are .readily 
amenable to flotation. -' "-' ' 

At the experimental plant of Min

erals Separation in London, tests have 
, been made on .ore from Northern 
I. Rliodesia and. elsewhere, indicating an 
.extraction,of 95 per cent from oxidized 
ores and of 92 per. cent from mixed. 

. ores. • The • installation consists • of an 
ore feeder and two revolving cylinders, 
thepreheaters; the reaction furnace, and-
a cooling cylinder,, revolving at 1 r.p.m. 

iTreatment comprises dry • crushing to 
• about'2 ram., segregation, and flotation 
- of • the segregated • ore. - Smelting and 
-refining of the metallic copper obtained 

would follow in the normal course. 
Crushed ore is fed into thepreheater 

• and then passes into the reaction cyl
inder, where it is mixed with the salt 
and carbon.. . The temperature of the 

-furnaces is maintained at about 650 
deg. C. .The product from the i-eactiori 
chamber is passed through the cooling 

; cyliiider, arid theri. goes to-.flotation 
machines for treatment by ordinary 
methods. Copper separates out as finely 
divided particles of metal.. The . con-

. centrate from the flotation machines, 
.vvheii examined _ under the microscope, 
revealed the presence of the fine metallic 
grains in association with small quan
tities of .carbon and a negligible amoimt 
of quartz gangue. - A pilot plant, in 
accordance with these principles of. 
treatment, will probably be designed-and 

.'sent to N'Changa Copper in the near 
future. • •: . • -..̂  • . -•• '•. 

Senate Puts Manganese 
Back on Tariff Bill 
AFTER more than five.hours of debate, 

- i * . during which the net profits of eight 
steel companies in six years of opera
tion under the Fordney-McCumber tariff 
were disclosed, the United States Senate 
voted 60 to 18, on Nov.-7,-to restore a 
duty of Ic. a pound on the metallic 
manganese content of.> manganese ores 
and concentrates. , .- . 

The Senate not only rejected the Fi
nance Committee amendment placing 
manganese ores on' the free list, but' it 
extended the duty to low-grade ores con
taining between 10 and' 30 per cent of 
metallic manganese. Under the House 
bill and existing law, manganese ores 
containing less than 30 per cent of metal
lic manganese were entered free. 

The Senate's action on manganese cor
responded to that first taken by the Fi
nance Committee majority before this 
group, in writing the tariff bill (H . R. 
2667)', reversed itself and-placed man
ganese on the free list. 

In the course of debates on manganese. 
Senator Ashurst, of Arizona, read into 

• the record the profits of eight steel com
panies in the years since enactment of 
the 1922. tariff law through 1928. These 
net profit's, he said, aggregated $930,-
181.054.- ; 

The manganese amendment adopted 
by the Senate was presented by Senator 

. Oddie, of Neyada, chairman of the Com-
• mittee on Mines and Mining. As orig

inally introduced, Mr. Oddie's proposal 
wouldhave put a graduated rate on.man-
,ganese pres dependent upon the metallic 
manganese content. All manganese ores 
containing 25 per cent of metallic man- • 
ganese or more, the bulk of the imported 
product, would have been taxed at 1 ^ . . 
a pound. Senator Oddie later-modified 
his amendment to the form in which it ' 
was adopted.' "'•• ' • - . , 

On Nov; 2, the Seriate rejected a' 
committee amendment riiaking the duty 
5 per cent ad -valorem on amorphous-
graphite. It is now 10 per cent and 

•was-unchanged-by the House. -. It -also-
adopted an amendment offered by 'Sen
ator Black, of Alabama, to rriake the diity 
on crystalline graphite 2c. a pound.- The 
Finance Committee recommended that 

• the duty be 20 per cent ad valorem, as 
at present. The House bill increased 
the rate to 25 per cent. 

Barry Hollinger Must 
Alter Tailing Disposal •• 

Justice T.' E. Godson, judge of the 
Ontario Mining /Court, has allowed 
Barry Hollinger Gold,' operating near 
Kirkland Lake, Ont;, ten days withiri 
which to submit plans for a new metliod 
of handling tailing. The order follows 

. a hearing on the company's application 
-for permission to .deposit tailing, from 
.its 100-ton plant in a small creek near 
the mill, which later flows through 
farming lands. . - - . . . j - . - . . - '..--••. 

• A McGraw-Hill Publication: -Eng'ineer'ing and Mining Journal—Vol.128, No.2i> 
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ABSTRACT: HydrTKartx>ns are produced from hydrocarbon 
bearing fonnatioas. mcUiding oil shale, in situ through frac
tures communicating with production wells by injecting com
bustion supporting materials such as an oxygen-containing gas 
substanliatly completely throughout the fractures and then in
itiating is situ comtmstion (supported by the injected gas) at 
an extremity of the fractures prescn't)ed by either injection or 
production wells or a subterranean detonation zone or cavity 
aire directing the resultant In situ combustion front along the 
axis of the fractures and maintiiining combustion al a level suf-
Ttcient to fu.se the formation adjacent the fractures wheret>y 
the resistance of the fractures to collapse under compressive 
stress is increased. Collapse of fractures treated in ihis manner 
under the influence of formation expansion promoted by sub
sequent temperature elevation accompanying retorting is sub
stantially retarded. Therefore the strengthened fractures can 
be employed to facilitate heat transfer throughout the forma
tion. - . - • . . 
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METHOD FOR STP.ENGTHENING RESERVOIR 
FRACTURES 

BACKGROUND OF THE INVENTION 

This invention relates to a process for the in litu production 
of oil from oil shale by pyrolysis with hot gases. In accordance 
with another aspect, this invention relates to an improved 
method of obtaining oil from oil shale around a nuclear 
produced chimney by burning the fractures therethrough In an 
oxygen-enriched atmosphere, and thereafter producing the 
formation by the use of hot inert gases. 

Tremendous deposits of oil shales occur in Colorado, Utah, 
and Wyoming, and various petroleum companies and the 
federal government are doing research on methods of produc
ing oil. from these deposits. Numerous proposals have been 
made, including mining the shale and retorting the mined 
shale above ground and apply-ing heat to the shale in situ with 
hot gases including oxygen and excluding oxygen. Steam, hot 20 
combustion gas, hot air, etc. have been proposed as heating 
media for the pyrolysis operation. 

In situ combustion and in situ retorting by either in situ 
combustion or injection of heat exchange fluid has been the 
subject of considerable experimental investigation as means 25 
for expediting the secondary recovery and have found com
mercial application in numerous instances. It is recognized 
that during the course of these secondary recovery procedures 
the formation strata is subjected to considerable expansion 
due to tcmpcraUire elevation. This.e;;pansior! generaJly rciults 
in the coilapse t c s termination of relatively unstable commu
nication net>i'oris, e.g.. fractures, throughout the formation 
with the result thai fluid flow to recovery wells and from injec
tion wells is diminished or deterred by an extent necessitating 
incfesicd dri>-ins forces, i.e., dirfersntia! pressure l)etweec 
input and production wells. It is quite understandable that this 
collapse also deters natural drainage of hydrocarbons from re
torted formalion where the hydrocarbon fluids are not sub
jected to artificial driving forces. 

The utilization of such fluid communication channels is par
ticularly anractive in highly fragmented or fractured forma-
tjom such as those --htch rsEtil! from the subtcranean detona
tion of explosive charges. Although the formation rock in the 
imiTfediate vicinity of the detonation zone or chimney is frag
mented sufTiciently to enable ready access or egress of fluids, 
the adjacent formation is fractured to a lesser extent and 
generally comprises a relatively unstable network of intercom
municating fractures which are either substantially restricted 
or completely closed by thermal expansion of the adjacent for
mation under the influence of elevated lemperatures necessa
ry to retort those portions of the hydrocartx>n t>earing strata. 
Throughout the specification and claims the term hydrocar
bon is intended to include not only compounds of carbon and 
hydrogen, but also 3ther formation organic matter such as the j j 
kerogen contained in oil shale from which hydrocarbons and 
other substances are formed by heat. 

The use of nuclear explosives to fragment underground for
mations has gained considerable acceptance as an economi
cally feasible method of producing oil and gas from reservoirs go 
bav'mg such low original permeability as to be incapable of 
economic production in the original state. The utilization of 
•nuclear explosives in this regard is described briefly by D. B. 
Lombard in his article "Recovering Oil from Shale with 
Nuclear Explosives" published in Aug. I96S, issue of Jountal 65 
cif Petroleum Technology, pages 877-882. 

Bjf th'is method a nuclear charge is placed at the desired 
elevation b a suitable reservoir strata and detonated to 
produce a cavity containing fragmented reservoi: rock, the 
dimensions of the cavity and the extent of fragmentation de
pending, of course, upon the magnitude of the detonation and 
the characteri5tic» of the surrounding formations. For exam
ple, Lombard refers to tlie cfTscts of detonating nuclear 
cluTges having enery e» of from 20 to at>out 100 kilotons in **-
hard n x k " and indicates that the resulting fragmentation 75 

30 
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70 

zone, i.e.. nuclear chimney, bas • diameter of from 100 to 
several hundred feet and a vertical extent of at>oul 2% cavKy 
diameters measured from the point of detonation to the chim
ney top. 

It is further pointed out by Lombard that although the (nf-
mcntation zone or nuclear chimney is fairly well defined, that 
the sidewalts, Le.. the. remaining unfragmented formalioo 
defining the nuclear chimney, posses* numerous fractures ex
tending outwardly in all directions 5tnn the sidewalls for a 
distance of approximately one-half of the d'lamcler of the frag
mentation zone. These fractures result in a substantial in
crease in the permeability of the formation surrounding tiie 
fragmentation zcme which enable the egress of formatioa 
fluids from the fragmentation zone and the strata immediately 
surrounding the nuclear chimney during subsequent retorting 
operations and correlary procedures involving the use of-
elevated temperatures and pressures within the fragmented 
area. 

The degree of fracturing and consequently the degree of 
permeability which results in those strata defining the outer 
periphery of the fragmentation zone depends primarily on cer
tain characteristics of the formations, per se. and to some ei-
tent on the intensity of the detonation. 

It is therefore one object of this invention to provide a 
method for treating fragmentation zones produced by subter
ranean detonation. •. ' 

It is another object of this invention to imp: ove the produc
tion of reservoir fluids fro.'n fragmentation zones resulting 
from subterranean detonaticns. 

It is yet another oS^ect of this invenhon lo [rovide a .'nethod 
for treating sahierrantaa nuclear chimnc]^ and fractures 
resulting therefrom. 

It is another object of this invention to provide a method for 
decreasing the permeability of fractures extending and sur
rounding nuclear chimneys. 

It is yet another object of this invention to improve the ulti
mate recovery of reservoir fluid from strata fragmented by 
subterranean detonation. 

It is another object of this invention to provide a method for 
utilizing the h e ^ retained in retorted subterranean fragmenta
tion zones. 

SUMMARY OF THE INVENTION 

In accordance with the invention, the fracturrs or channeb 
extending outwardly from the periphery of a fragmentation 
zone are contacted with an oxygen-containing gas under com
bustion coR<iitic.r:s to form slag chaoneb between th: frag
mentation zoi>e and input and output wdls spaced around the 
periphery cf the fractures extending out from th : fragmenta
tion zone. 

In accordance with one embod'imeot of this invention, the 
fractures extending outwardly from a fragmentation, zone are 
contacted by an oxygen-enriched gas injected through wellt 
drilled into the fractures extending outwardly from the frag
mentation zone whereby the fractures are burned outwardly 
by counterflow combustion to form slag channels. Oil is 
produced from the formation by passing gases through the 
fragmentation zone to be heated and then through the chan
nels and up the surrounding wells positioned near the 
periphery of the fractures. 

In accordance with a further embodiment of the invention, 
to preven'. bypassing of some of the fractured channels aa 
Inert gas can be injected through some of the fracture chan
nels while others are being burned by an oxygen-enriched gas. 

More specifically, in the production of oil shale, a nuclear 
device is detonated at a xuflicient depth to produce an U{K 
wardly extending chimney containing Kerogen, which can be 
retorted under kitown conditions to produce shale oS. This 
nuclear detonation aho produces ftactures in the adjacoN 
strata. This strata normally contain as much shale cril as the 
chimney, but cannot be ' produced since normal retorting 
procedum cause the ctdlapse of the strata adjacent the cbim-

• • I i 
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ne j . Thus, according to this invention, a plurality of peripheral 
wells are placed at the furtherest extremities-of the fraeturra 
produced by the nuclear explosion, and then,an onygcn-ea-
riched gas is injected into the fractures from the injection 
wells, producing the combustion of (tic Kerogen contained 
withiri the fraclurts, commencing adjacent the chimney and 
proceeding back toward"the-injection wells, and the molten 
Kerogen produces a slag that, when copied, forms a fusecJlifi-
ing on the interior of the fractures. The strata in between the 
nuclear chimney and the peripheral Injection wells can now be 
retorted employing normal techniques and the slag-lined frac
tures form channels for the production of Ihe oil shale, which 
wil! not collapic under the retorting conditions. 

The cost of breaking oil ihale via nuclear exploslvei can be 
cut by a factor 6f 5 to IQ if the shale which' is only fraclured 
can be retorted as well as the shale which is reduced lo broken 
rubble in the detonation zones. The presini invention pro
vides a method for preparing flow channels in fractured oil 
shale which will not hea! by thermal e^panl^ion and thus allow 
for more efficient production of oil from the use ofa sliigle 
nuclear device. 

Although the method herein described affords advantages 
when applied to all types of hydrocarbon bear ing formaiions 
inwhich it is desired co substantiatly preserve che integrity of 
fractures and/or channels within the form alien strata, it b par
ticularly advantageous whenapplicd to formalichs which have 
been extensively fractured by the dclonalion of explosive 
charges. For this reason the method is described With relation 
to the recovery of oii from* strata fractured By such a subisr-
rancan djtonation. 

BRIEFDEECftSPTIO.S'OF THE DRAWING 

The drawing shows a, cross section of a hydrocarbon-beat
ing fonnaiion having a nuclear detonation chimney and ac-
co III pa .lying injection and production wells. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Such a formation and accompanyin^.injection and produc
tion of wells are ilJustrated schematically in the drawing 
wherein hydrocarbon bearing,sirata 1 is penetrated by wells 2, 
3, and 4 is occupied by delo.^ation sfone or chimney S and out-
wardly extending fractures 7. Wells.2 and 3 are placed so as to 
communicate with fraclures 7 and'thereby indirectly cummu-
nicate with Che nuclear chimney 5 and Che intervening strata. 

Prior to the treatment of this intervening strata the highly 
fragmented reservoir rock 6 in nuclear chimney 5 can be re
torted by sny one of severs! ;iielhods,.some of which have aV 
ready been discussed. For example, the fragmented shale in 
such chinmeys can beretorted by the passage of a JFlame front 
from the uppermost portion of the fragmented oil ihale 
downwardly through the entire mass of fragmenied rock 
whereby liberated hydrocarbons flow downwardly through Ite 
fragmentation zone and accumulate in the lower extremities 
thereof. The temperature of the combustion zone is controlled 
by recycling, for example; 3 to 5 volumes of gas for each 
volume of air injected. These accumulated hydrocarbons-are 
then preferably produced by means of a production weU 
drilled directionally downwardly and laterally into the lower 
extremities of the fragmented area. Such production of the ac ' 
cumulated fluids can be acccmplished by any conventional 
means. These methods can be made more efficient by operat
ing at a positive pressure over the accumulated rluid in order 
to prieveni the vaporization thereof by Che elevated tempera
ture encountered during shale re tortingi 

Elevated operating pressures, e.g., 100 to 1,000 p!s.i.a.i are 
desirable in some processes to retort nuclear chimneys such ai 
when hot shale gas is recycled to retort the nuclear chimney lo 
(educe the cost of compressora and wells. One embodiment of 
the hot shale gas recycle process is described in copending ap
plication. Ser. No. 641,815, The process of this invention h a 
several adv^tages when employed in coinbination wich the 
retorting process dcsi;ribed in .:opending application Scr. No. 
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639.490 Bocr U.S. PaL No. 3,490,202: the shale would be pre^ ' 
heated and (be amoinit of air necessary to retort the chimney 
wouid beiednced. 

Following this procedure whereby the fragmented rock ( 
within the noclear chimney is retorted, it is desirable to retort < 
•he Axle (Exposed between the outer periphery of the frag-
mentatioii tone and tlw adjacent wells 2 and 3 taking ad-
yantage cf the fluid communication network derincd by the 
series of ^actuTcs 7. However, if the temperature of thl« ad-
jotnkg farmatiQn ts eteyaled to a point sufficieht to retort the 
formatkni rock Ihst strata expands due to its.thermal coefft-
dtjil (jesparakin and plastic deforTRation characteristics by 
sn atnosnit EuJTtcient to compress and collapse the fractures, 
dserdiy desmoying the deCwork of fractures froin which duids 
cusld DttKrarise be injected into the formation and through 
which exadeti bydrocartioiui could be directed to the produc
tion well* 2 and 3. The method of this inventibn reduces the 
extent of collapse assodaled with the elevacion of formation 
temj^rature by fu^ng and cooling the fracture sidewall* 
lhci%hy greiitly ijicrttasing their resistance to collapse under 
the influcoce of compressional forces. • 

By this procedure an oxidizing material such as air is in^ 
jccted mto the fractures through either of the wells 2 or 3 and 

25 combustion or formalion hydrocarbon is instituted in the for-
nialioii immediately adjacent the fractures and propagated by 
the addition of the oxidizing maCerial thereto with the result 
that the terapsrature of the foimation rock defining the frac-
taret; i.e^ the fracture sidewalls, is elevated sufficiently to fuse 

30 the same. Follbwiog a sufficient degree of burning to accom-
pfth tfci : i tc3! of fuskm desired die ccmbustipn is tcrminaCcd 
by d^contunuisgtbe bjeI^ioa df oxidiziiig gas and the forma-
tKa liifciraEs are alfc*cd to «JoI to a point bcio* Iheir fusion 
teiqperaliire. It B also preferably to restrict the high tempera-

35 ture fosaHj-rcnc to the vicinity of the fracture sktewalls. This 
can be accomplished by judiciously controlling the pressure 
on the combustion supporting medium at a level sufficient 
only to. force Che gas into the fractures and prererably not 
more than l50p.si, above formalion pressure. 

tn initiating combustion in the strata adjoining the nuclear 
chiiTiney and in the subsequent retorting of that strata it b 
de .̂rafale to take advantage of the heal stored in the detona< 
tipH tmve. by virtue of the preyiousretorting of that area of the 
formatJoiL As a result, it is presently preferred to inject the ox-
idiziof matsrmi, Le., air. into injection welts 2 and/gr 3 and to 
force'Ihe gas iriitwardly through the series of fractures 7 to the 
pctifrf^iy of t t e dtimney at which point the reservoir is st • 
iem^ratuic suS id^ t to autoignite the hydrocarbon retained 
m lie jjrata ai^acen! thi chimnsy, Tliis lemperaliire should be 
st kait abtstt 600° F. asd is u.vja]Iy in the range of from about 
7S& F. ta about l.WXT F. shortly after the termination of re-
tcrtjng procedures employed to produce the hydrocarbon in 
the chinnay S. Ir^ection of oxidizing gas is continued at a rate 
snSS^CBito maintain the in situ combustion c^hydrocarbons 
radial^ ostwardly from the chimney toward the injection wel! 
until the tmrsing has progressed to the immediate vicinity of 
the injectKis veD bore or until the desired degree of fusion 
alof^ the fractare walls has been achieved. 

Air in^cikin iales will, of course, vary considerably de-
peiHliag upon the eneat of fracturing and the extent of bum-
tog maiataincii at any given lime. However, exemplary oi the 
injeetioii rales that can be employed in such operations are 
those within t t e range (rf*about 50,000 to about 100,000 sian-

65 dard cubic feet per hour of atmospheric air. These injection 
tales are lufTwieiTt to maintain a degree of combustion along 
Ihe fracture of Ihc ndewalli siidi that the temperature of the 
sidcwaib IS cjcvated to a point above the fusion point of the 
bydrocarbiim-beaniig formati«L Fbr example, -when the for-

70 matkmbdi ihale the fracture sidewalls should be elevated to 
• tonpeianiiettf'at l e s t about I,40Q°-2,OO0° F. to accomptiib 
tMspuipbse. ft it abo possible by thb method to treat selected 
portkats cf the fractured strata try sealing o ff the i njection well 
boTcaiShi^iatcdin thedra-aingby means of packers IQ and 
11. Tite ondii i i^ fluid is then injected by way of pipe 10' to 
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the fpac« intermediate the packen and consequently enters 
those fractures which communicate with the well bore in the 
region defined by the packers. During such selective treat
ment procedures an inert gas can be injected through pipe 9 to 
prevent airflow and undesired combustion in these areas. 
Fluids are produced from well bore 4 as desired to control the 
pressure in the nuclear chimney. 

Following this method of preparation the fractured forma
tion can be retorted to recover hydrocarbons by any one of 

and enlarging the fracture. The combustion zone bums back 
to the injection well in 5 to 8 hours, resulting in a flow channel 
propped with molten shale which has solidified. The flow 
channels ere about 2 inches wide and S to 10 feet across. This 
process of forming flow channels is repeated at each 40-root 
interval in each of the 15 wells. As a safety precaution, inert 
gas is injected into the previously formed flow channels. After 
the flow channels are formed, the shale adjacent the channeb 
is retorted by inJ:ction of hot produced shale ga<;es through 

the numerouvetorting prw:edures known lo the art several of 10 «*•= chimney which now through the propped fractures to the 
which have already been discussed. Retorting temperatures '"rrounding welb to cause heating of the shale around the 
are generally within the range of from about 750° to about P'oPP=d fractures to produce hydrocarbons. The bottom hole 
1.000' F. and should, of course, be maintained below the fu- temperature of thesurrounding wells U maintained at a tem-
sion point of the fonnation strata in order that the structural P ' " ' " : ^ '" ^ « 300r-40y F. range by regulating the Pow of 
integrity of Ihe.fonnalion and the fluid communication net- ' 5 gases therefrom at the surface, 
work defined by fractures 7 is not destroyed. Steam or nonox-
idizing g?5 injected for this purpose can be passed into the for
mation aFalready described by way of the fractures 7 and b 
preferably introduced through retorted chimney 5, and 
through the sidewalls of the detonation zone into the adjoining 
formation to take advantage of the heat stored in the chimney 
5. For example, in one embodiment steam or water can be in
jected by way of well bore 4 into chimney 5 wherein the heat 
stored in the chimney b transferred lo the injected water after 
which it IS passed to the sidewalls of the chimney into fractures 
7 for the purpose of elevating the temperature of the inter
mediate strata. 

ll is also possible to retort intermediate strata selectively in 
a manner analogous to that already described in relation to the 
preparation of the lietwork of fractures. Fcr example, the 
heating Ticdium can be injected by well bore 4 through chim--
ney 5 into the adjoin'mg fracture network and passed .selective
ly through the lower portion thereof prescribed by the blocked 
zone in the well bore 2 defined by the position of packers 10 
and 11 by blocking cutlet 9. For exa.mple, the upper portions 
of the hydrocarbon bearing strata can be retorted in a first 
stage by blocking exit 10'. whereby the heat exchange medi
um passes thrcugh the upper portions of the reservoir. 

After this retorting has been terminated the heat contained 
in that portion of the reservoir can be employed along with the 
heat contained in the chimney 5 by injecting steam or water 
both through well bore 4 and opening pipe 10' and/or 
whereby the steam from the chimney enters the lower portion 

I claim: 
1. A method of prod-jcing a hydrocarbon-bearing shale for

mation in situ which comprises fracturing said formation, in
jecting a combustion supporting material into said fractures 

20 and burning st least a portion of said hydrocarbon contained 
in said formation immediately adjacent said fractures al a rate 
and for a period of time sufficient to elevate the temperature 
of said formation adjacent said fractures to at least about 
1,400° F. to fuse the sidewalls of said fractures thereby in-

25 creasing the structural resistance of said fractures to compres
sive forces, retorting said formation to liberate hydrocarbon 
therefrom and prcxlucing the thus liberated hydrocarbon at 
least partially through said fractures. 

2. The method cf claim I wherein said combustion-supp.ort-
30 ing material a an oxygen-containing gas. 

3. The- method of claim 2 -Jtherein said formation further 
comprises a subterranean nuclear chimney and accompanying 
radially outwardly extending frsct-jres in com:nun:ca'Joa -*ith • 
at least unc injection well bore, and said oxygen containing gas 

35 is injected into said fractures through said injection well and 
passed through said fractures at least to the periphery of said 
chimney, igniting said hydrocarbon in said sidewalls of said 
fractures adjacent said chimney and continuing the passage of 
said oxygen-containing gas into said fractures to direct said 

40 combustion radially outwardly from said chimney and axially 
along ssid fractures to said injection well and thereby fusing 
the walls of said fractures. 

4. The method of claim 3 wherein the temperature of said 
chimney b at least about 600° F. and said hydrocarbons are 

of the formation through the nuclear chimney wall, p-dsses ^ j autoignited by contact with said oxygen-containing gas at said 
through the formation by virtue of the intercommunicating 
network of fractures 7 and into the area of the well bore 2. 

SPECIFIC EXAMPLE 

A nuclear chimney b formed by a 200 kiloton bomb at a 
depth of 3.000 feet in an oil shale formation. The resulting 
nuclear chimney b 420 feet in diameter and 1,000 feet high. 
Fractures induced by preparation of the nuclear chimney ex
tend outwardly from the center of the nuclear chimney for a 
dbtance of 500 to 600 feet. 

The ring of IS wells b drilled concentric to the nuclear 
chimney with a radius of 500 feet The wells are cased and ce
mented. At intcrvab of 40 feet starting from a position ad
jacent the top of the nuclear chimney the casirig is perforated 

temperature. 
5. The method of claim 3 wherein the injection pressure of 

said gas b up to about 150 p.s.i. above the formation pressure 
adjacent said fractures. 

50 6. The method of claim 3 wherein said chimney is retorted 
prior to the injection of said oxygen-containing gas via said in
jection welis and b at a temperature of from about 750° to 
about 1.000* F. 

7. The method of claim 6 further comprising retorting said 
55 formation following said fusing of said fractures. 

8. The method of claim 7 wherein said formation b retorted 
by injecting a heating medium into said formation via said 
chimney and said fractures. 

9. The method of claim 8 wherein said heating medium b 
oVcirt and p i k e r s set so oxygen can be injected' Oxygen b in- 60 " ' a m produced at a temperature of from about 750° to about 
jected at a rale of 80,000 standard cubic feet per hour. When ' -000°''- ^y injecting one of steam and water mto said delona-
the oxygen mjected into the fractures reaches the hot previ- " ° " »°ne »" h^at the same via an injection well communicat-
ously retorted nuclear chimney the adjacent oil shale b ignited mg with said chimney. 
and bunu very intensely, melting the adjacent shale matrix • • • • • - . 

65 . 

70 

75 



MISCELLANEOUS PAPER N-69-2 

SU3J 
MNG 
MSS 

MINE SHAFT SERIES 
EVENTS MINE UNDER AND MINE ORE 

EJECTA STUDIES 

by 

J. W. Meyer 

A . D. R o o k e , J r . 
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ABSTRACT 

The MINE SHAFT Series is a program of high-explosive tests pri

marily concerned with ground-shock and cratering effects from explo

sions at or near the surface of a rock medium. The series is spon

sored by the Defense Atomic Support Agency (DASA) as a follow-on to 

similar tests in soil (SNOW BALL, DISTANT PMIN, PRAIRIE FLAT). The 

two major events of MINE SHAFT during I968 vrere MINE UNDER and MINE 

ORE; both were explosions of 100-ton TNT spheres detonated in near-

surface geometries and in/over a grainite medium. 

Studies of the crater ejecta were conducted on MINE ORE (buried 

one-tenth of the charge radius) with the objectives of determining 

the spoil density and distribution from this event, examining the 

role of the ejection mechanism in crater formation for this medium, 

and obtaining additional information on natural missile trajectories. 

MINE UNDER, an above-surface event, produced a spalled rubble mound 

and a srnaU. field of debris; this was also recorded as part of the 

study. 

MINE ORE produced a low, irregular crater lip which extended to 

aJi average range of h'J feet from ground zero (GZ) ̂ -n-th a maximum of 

roughly 90 feet. Beyond this, discrete ejecta particle size and dis

tribution frequency decreased with increasing distance from GZ. , The 

maximum observed range was 2,120 feet for a 1-pound natural missile 



k-Jl 

with smaller fragments found out to about 2,300 feet from GZ. Maxi

mum ejecta ranges were observed downhill from and parallel to the 

main joints. 

Missile ranges scaled approximately as W * . The jointing sys

tem of the rock appeared to be the single most influential element 

in concentrating debris along certain radials, as well as in the 

overall distribution of debris. 

y. jJH im. mi,M,at„r •.•ri:,^-rvrrTi 
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The MINE SHAFT Series includes participation by a number of 

agencies under the technical direction and support of the U. S. Army 

Engineer Waterways Experiment Station (WES). Details of the orga

nization for Events MINE UNDER and MINE ORE are contained in a Tech

nical, Administrative, and Operational Plan. Mr. L. F. Ingram of 

the Nuclear Weapons Effects Division (M'TED), V/ES. is serving as Tech

nical Director for the .MINE SHAFT Series. The Director of Program 1 

(Cratering and Ejecta Studies) is Mr. J. N. Strange, also of NVffiD. 

Subtask N122, General Ejecta Studies, was prepared and executed 

during the period August-November I968 as a part of Program 1 by 

Messrs. A. D. Rooke, Jr., Project Officer, and J. W. Meyer, the 

authors of this report. Assistance in the field was provided by 

Messrs. J. W. Scanlan of the WS and D. E. Stroberger of the Boeing 

Company. During this time Mr. G. L. Arbuthnot, Jr., was Chief of 

the NWED, COL Levi A. Brown was Director of the WES, and Messrs. J. B. 

Tiffany and F. R. Bro'wn were Technical Directors of the WES. 

DASIAC Special Report 77-1, 1 October I968, DASA Information and 

Analysis Center, General Electric Co., TEMPO, 816 State Street, 

Santa Barbara, California. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 
metric units as follows. 

Multiply By To Obtain 

inches 

feet 

miles 

feet per second 

miles per hour 

square feet 

cubic yards 

pounds 

tons (2,000 pounds) 

pounds per square 
inch 

pounds per square 
foot 

pounds per cubic foot 

Fahrenheit degrees 

2.3k 

O.30U8 

I.6O93UU 

O.30U8 

I.6093UI+ 

0.092903 

O.76U555 

O.U5359237 

907.185 

0.070307 

U.882U3 

16.0185 

centimeters 

meters 

kilometers 

meters per second 

kilometers per hour 

square meters 

cubic meters 

kilograms 

kilograms 

kilograms per square centimeter 

kilograms per square meter 

kilograms per cubic meter 

Centigrade or Kelvin degrees 

To obtain Centigrade (c) temperature readings from Fahrenheit 
(F) readings, use the following formula: C = (5/9)(F - 32). To 
obtain Kelvin (K) readings, use: K = (5/9)(F - 32) + 273.15. 



CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

The past 15 years or so have seen a great increase in interest 

and research effort on the subject of cratering. The military im

portance of cratering, particularly by nuclear energy, stems from 

its damaging capability against hardened underground facilities, 

from damage associated with ejected material (either in the form of 

impact damage or from the depth of deposition), and from the creation 

of tactical obstacles. Proper usage of cratering as a military tool 

and appreciation of its hazards require detailed knowledge of the 

mechanics of crater formation. 

An obvious mechanism is that of ejection of material from the 

crater void. The early cratering tests, largely buried explosions in 

the arid soil of the western U. S. A., indicated that this ejection 

(or throwout) manifested itself primarily as an overburden problem, 

with areal density decreasing exponentially with increasing distance 

from ground zero (GZ). The small-grain material of the cratered 

medium posed no particular threat to nearby structures other than to 

render them ineffective by covering them with a blanket of soil; 

further, the average paxticle reached terminal velocity early in 

the ejection process, and therefore had a relatively short range. 
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In recent years, interest in hardened military) facilities built 

in rock has required that additional emphasis be placed upon the 

study of crater ejecta in this mediimi. Here the possibility of 

long-range damage by discrete ejecta particles is as much a concern 

as depth-of-ejecta considerations. Further, important changes have 

occurred in research concepts relating to the shot -geometry itself. 

The surface or near-surface burst, such as might be expected from an 

incoming warhead, has received special attention. The hemispherical 

charge, which sought to model the blast effects of a true surface 

shot (half above, half below ground) twice its actual size, has given 

way to the spherical charge, which more realistically represents the 

"point source" of energy that a nuclear burst would provide. The use 

of chemical explosives has, of course, been made necessary by the 

requirement to substitute high explosives (HE) for nuclear devices, 

in keeping with requirements of the Nuclear Test-Ban Treaty. In 

addition, means have been sought to more closely reproduce the crater 

of a nuclear weapon, recognizing that unless this aspect of energy 

expenditure can be modeled it is unlikely that other aspects will be 

properly modeled. This has been attempted by offsetting the charge 

Entered into by the USSR, Great Britain, and the U. S. A. in I963. 

Radioactive contamination of the atmosphere beyond national borders 

is prohibited. 
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center of gravity above that of the nuclear burst which is being 

modeled. Thus, in earlier tests in soil, it appeared that a spheri

cal HE charge resting on (tangent to) the groiind surface might pro

vide a better representation of a nuclear surface-burst crater than 

one in which the center of gravity was actually at the ground 

surface. 

It was this last consideration that dictated the choice of 

charge geometry for Event MINE ORE. This shot, together with the 

above-surface shot MINE UNDER, was a major event of the MINE SHAFT 

Series, a program of HE' tests in rock-sponsored by the Defense 

Atomic Support Agency. A small-scale (calibration) series of shots 

pointed to a burial depth of one-tenth the charge radius as most 

representative of a nuclear surface burst. This was generally in 

keeping with theoretical considerations and small-scale laboratory 

experiments conducted by Physics International, Incorporated. 

1.2 OBJECTIVES 

The primary objective of the study reported herein was to de

termine the ejecta mass density and azimuthal distribution asso

ciated with the MINE ORE Event. Secondary objectives were to: 

1. Obtain information on the mechanics of crater formation 

for the MINE ORE test geometry by locating the original and final 

positions of ejected material. 
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2. Obtain information from which quantitative estimates of 

ejecta trajectories might be made. 

3. Evaliiate the hazards of natural missiles resulting from 

such explosions. 

1.3 THEORY 

The crater, lip, and surrounding regions of deformation or 

damage resulting from a surface or near-surface explosion are illus

trated in Figure 1.1. 

Preshot predictions of ejecta parameters (e.g., maximum missile 

range) followed two general approaches, viz, a consideration of ini

tial particle velocities based upon shock conditions,.and scaling of 

other experimental results to the yield for MINE ORE. The limita

tions on both approaches are well recognized. In the case of the 

former, the behavior of the shock front in the region where ejection 

originates is argumentative and to some extent a matter for conjec

ture. On the other hand, scaling of any phenomenon requires a knowl

edge of the mechanics involved, and these, too, are not completely 

understood. Thiis, it is not known vAiether refraction of the com

pressive stress wave in the rock or stress relief (rebound) following 

the passage of the compressive stress wave predominates in the ejec

tion mechanism. Equally uncertain is the degree to which scouring 

action by the explosion gases influences debris ejection. It is 
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likely that all of these raechajiisms, among others perhaps, play a 

part. 

Observations of near-surface explosions show an early, fast-

moving "ring" of material ejected from a position near the charge 

and at an angle nearly normal to the ground surface, perhaps the re

sult of a spalling action. The ejection process is, however, known 

to take place over a longer period of time and to include lower exit 

angles. This suggests that material fractured by the compressive 

stress v.'ave may be dislodged and ejected by the explosion gases. In 

order to obtain some appreciation .of the probable hazard from ejected 

rock, both shock conditions and scaling parameters were exajnined. 

For the former approach, an expression for particle velocity 

just behind the shock front may be obtained from 

pcu (1.1) 

where 

p = shock front pressure in terms of force per unit area 

2 -k 
p = mediixm mass density (MT L in units of mass-length-time) 

c = sonic velocity in the medium 

u = particle velocity of the medium 

Certain assumptions are immediately necessary, the major one being 

the value to be assigned to p . A thorough study of ejecta from a 

2 
20-ton surface burst in soil (Reference l) has shown that the 
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longest range particles originate near the ground surface and within 

a distance equal to about one charge radius from the surface of the 

explosive. The rock in intimate contact with the charge is probably 

pulverized. Material adjacent to the charge achieves large initial 

velocities; however, the material ejected from this region is thought 

to reach an early terminal velocity and experience a short trajec

tory, due to its highly comminuted condition. Photographic analysis 

indicates that this is the case (Reference 2). At a distance of 

around tv.'o charge radii from GZ, larger particles shovild remain in

tact. A.t this range, the shock wave in rock, assuming the pressure 

at the charge-medium interface is between 100 to 150 kilobars ajid 

decreases inversely as the square of radial distance, should be on 

the order of 25 to 38 kilobars. As would be expected, this is appre

ciably higher than comparable shock-wave pressures of about 20 kilo

bars observed in soil (Reference 3). Although the ground may be 

moving downward due to airblast loading, it is assumed that this has 

no significant effect on the directly coupled shock in the region, 

of interest. 

Rounding off all values to the greatest accuracy justified and 

solving for u , 

A table of factors for converting British linits of measurement to 

metric units is presented on page 9« 
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u 
(5.U X lO^.lb/ft^) 

5.0 ^^~^r 1 (1-2 XlO^ ft/sec) 
\ ft 

« 900 ft/sec 

based upon a charge-medium interface pressure of 100 kilobars. Since 

there is some inertia associated with all fragments, this value is 

actually too high. It provides, however, a point of departure for 

calciilations of ballistic trajectory, and, further, agrees fairly 

well with values calculated in Reference 1 for an explosion in soil. 

The equation for ballistic trajectory is well known. It states 

R = C 
V^ sin 2cy 
o 

(1.2) 

where 

R range 

V = initial velocity (speed and direction) of a projectile 
(or particle) 

a = initial angle (with a horizontal plane) of the particle 

g = gravitational acceleration 

C = a constant which compensates for the effects of air drag. 
Reference U, which includes some observations of ejecta 
particles, expresses this constant as a ratio of the 
observed range to the range in a vacuum. 

The concept of the retarding force on an ejected particle being 

constant is a rather gross simplification of the actual problem, 

which includes such variables as particle size, shape, and velocity, 
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as well as density and viscosity of the air (References k and 5) • 

The airblast also influences ejecta motion CPeference 6). 

Substituting the calculated particle velocity for V in 

Eqviation 1.2, and applying certain data from Reference 1, 

R « 0.05 

« 960 ft 

(900 ft/sec) sin 2 (25 degrees) 

32.2 ft/sec^ 

If spall is considered the predominant means of particle ejection, 

it may be noted that the spall velocity is twice that of the particle 

velocity given in Equation 1.1, or approximately 1,800 ft/sec. Sub

stituting this value in the ballistic trajectory equation provides a 

range of approximately 3,860 feet. Greater ranges wovld. result from 

an increase in'the angle of ejection (up to k^ degrees), as might be 

expected for a spalled particle. 

Since the results of a 1,000-pound calibration series (Ref

erence 7) were available, the selection of a suitable scaling ex

ponent was required in order to predict certain debris parameters 

Conducted to assist in selection of a shot geometry, and also to 

permit the trial of certain instrumentation techniques. Charges 

were fired which modeled both MINE ORE and MINE UNDER, as well as 

other geometries in the near-surface regime. 
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by scaling the observed data to the yield of the MINE ORE Event. The 

most logical exponent appeared to be that derived from the expression 

for particle velocity for a buried explosion (Reference 8). With 

this selection, it remained to be determined which scaling rule is 

most applicable. Clearly, gravity must be included, which narrows 

the choice to mass-gravity or energy-gravity rules, as defined and 

developed in Reference 8. Since the former does not permit realistic 

scaling of linear dimensions of the charge and crater, mass-gravity 

scaling vras tentatively chosen. 

From the dimensional analysis of Reference 8, the following 

mass-gravity relation can readily be obtained: 

P l ^ 
2 

P2^2 

1 1 ^ 1 

'2\P2 

2/3 

W, 

1/3 

(1.3) 

u. 

u. 

1/6 

where W is the charge weight and the subscripts 1 and 2 refer to 

different experiments. VJhen p and g are held constant between 

two experiments. Equation 1.3 becomes 

•2 \ " 2 / 

provided all other conditions for similarity are met. This, of 

course, was not the case. Yield strength, viscosity, and sonic 

velocity of the medium were also constant (or approximately so) in 

the MINE SHAFT experiments, as was hydrostatic (atmospheric) pres-

s-are. Scaling of these variables is necessary for similarity, and 

i l .h) 
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failure to meet this requirement can be expected to cause deviations 

in what might otherwise appear to be theoretically correct scaling 

relations. As is pointed out in Reference 8, the cumulative result 

of these dissimilarities is to enlarge the scaled dimension of the 

larger explosion. Thus, 

1̂ ri 
1/6(+) 

R, W. 
(1.5) 

2 \ "2 

for the .MII>IE SHAFT Series. If the maximum observed inissile range 

(U50 feet) for the calibration test which modeled MIrffi ORE is sub

stituted in Equation 1.5, the maximum range for ejecta on Mllffi ORE 

is fouiid to be equal to or greater than 1^200 feet. 

1/6 Some experimental corroboration of the (W) ' scaling rule 

is desirable, and this is found in Reference 9? in which it v;as con

cluded that the available maximum-range data for buried charges did 

indeed scale most closely to the sixth root of the charge yield. 

However, special attention was given to surface-burst data (taken 

to include hemispherical shots), for which foinr-tenths scaling was 

indicated. The latter rule provides an ejecta-range prediction on 

the order of 3,700 feet when applied to MINE ORE, using the cali

bration data as a model. 

Summarizing the theoretical approaches to the determination of 

debris range, it appears that predictions which assume a scouring 

action by the shock wave are unreasonably low. Similarly, 
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predictions based upon sixth-root scaling are lower than would be 

dictated by experience. Empirically derived scaling exponents in

dicate a radical change in scaling associated with a surface-burst 

geometry. This, in turn, indicates that the sixth-root rule may 

become invalid as the charge position is moved upward through the 

earth-air interface. Why this should be is not immediately clear, 

since the parameters included in the dimensional analysis of Ref

erence 8 appear equally valid for the near-surface case. Obviously, 

more information is needed to correlate theoretical calculations with 

observed results. It is particularly important that ejecta origins 

be determined, along with the trajectory time-histories resulting 

from use of various missile shapes and sizes. 

l . k PRESHOT PREDICTIONS 

Based on the preceding discussion, the following preshot esti

mates of natural missile ranges were made for Event MINE ORE (Ref

erence 10): 

Maximum range = 3,000 feet 

Range within which 90 percent of the ejecta 
will fall = 1,300 feet 
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Figure 1.1 Typical half-crater profile and nomenclature for surface or near-surface 
burst. Profiles and dimensions are symmetrical about the centerline. Various radial 
and depth dimensions are indicated by r and d , respectively. Crater lip and up-
thrust heights are shown by h and u 
The radius of ejected debris is indicated by r 

, while the width of the lip is noted as w 



CHAPTER 2 

EXPERII#;NTAL PROCEDURES 

2 . 1 TEST SITE 

The MINE SHAFT test site was located on a granite laccolith in 

the Iron Moimtains of southwest Utah, about 8 miles northv.'est of 

Cedar City, Utah. Figure 2.1 is a map of the test area. The site 

has a semidesert envirenment with juniper trees, sage, and cactus as 

the predom.inant vegetation. It is characterized by a thin layer of 

sandy silt soil (desert alluvium) with intermittent, smoothly rounded 

rock outcrops. The elevation of the site is approximately 5,900 feet 

msl, and the area slopes gently toward the east at about two degrees. 

A steep-sided, 500-foot peak is located 1,800 feet southwest of the 

site. The area within approximately 100 feet of both GZ's was 

cleared of soil and weathered rock. The trees and brush on the south 

and southwest sides of the area were removed for a distance of 1,000 

feet from MINE ORE GZ. 

The events reported herein were fired at the following geograph

ical coordinates: 

Event Latitude Longitude 

MINE UNDER 

MINE ORE 

37 U6'10.050" 

37°U6'10.2U7" 

113°10'l+8.1+9U" 

113°10'l+9.976" 
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2.2 TEST SCHEDULE AND GEOMETRY 

This phase of the MINE SHAFT Series consisted of two 100-ton HE 

charges: MINE UNDER, detonated on 22 October I968, and MINE ORE, 

detonated on 13 November I968. Each charge was formed of 32.6-pound 

blocks of trinitrotoluene (TNT) stacked to approximate a sphere. The 

charge radius v/as approximately 8 feet. MINE UNDER was designed 

as an above-surface burst d̂-th a height of burst (HOB) of 2.0 charge 

radii (15.70 feet). MIÎIE ORE was a near-surface burst vn.th an HOB 

of 0.9 charge radius (7.07 feet). Figure 2.2 shov/s the charge geom

etries for MINE UITOER and MINE ORE. 

2 . 3 WEATHER CONDITIONS 

P e r t i n e n t su r f ace -wea the r da ta for MINE UNDER and MDIE ORE shot 

days a re given below: 

MINE UNDER MINE ORE 

Temperat-ure 

Barometr ic p r e s s u r e 

R e l a t i v e hi imidi ty 

Wind d i r e c t i o n / v e l o c i t y 

65.U F 

820 mb 

18 pe t 

300 d e g r e e s / 2 . 3 raph 

38 .5 F 

808 mb 

50 p e t 

10 d e g r e e s / 1 3 . 8 mph 

These d a t a were fu rn i shed by Program 5 , A i r b l a s t , 
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2.k EJECTA MASS DENSITY AND DISTRIBUTION SAMPLING 

This section deals with the procedures for sampling the ejecta 

from EJvent MINE ORE. Since no ejecta was expected from Event MINE 

UNDER, the procedures discussed in the remainder of this chapter 

were prepared only for MINE ORE. 

Measurements of ejecta mass density (pounds per squar-e foot) 

were divided into three categories: (l) ejecta within the crater 

lip, (2) natural missiles falling beyond the crater lip, and (3) 

fine-grain ejecta dust falling beyond the crater lip. Primary sam

pling sectors extended south and west, or approximately parallel and 

perpendicular to what appeared to be the main jointing system of the 

rock. 

2.U.l Ejecta Within the Crater Lip. The mass density of the 

ejected material in the crater lip was determined by excavation, 

sieving, and weighing. Excavation was carried out in coordination 

with Subtask N121, Crater Investigations. Five trenches-were exca

vated through the crater lip as shown in Figure 2.3. The trenches 

to the south, west, and northwest were 20-degree sectors, while 

those to the east and north were 6-foot-wide corridors. Each trench 

was divided into three sections so that mass densi'ty as a fimction 

of radial distance could be determined. The limits of these sec

tions were spaced at one, two, and three apparent crater radii. The 

ejected material from each section was picked up with a front-end 
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loader and placed in a d\imp truck. The total sample was weighed, 

then hauled to a rock-crushing plant for sieving (Figure 2.1+). 

There it was separated into four size groups: 12-inch plus, 6 to 

12 inches, 3 to 6 inches, and.3-inch minus. Each size group was 

then weighed in order to provide a size-distribution curve for the 

specified, area. 

2.U.2 Missiles Beyond the Crater Lip. The number of natural 

rock missiles that fell beyond the crater lip were sampled three 

ways: (l) by photography, (2) by counting and weighing in surveyed 

sectors, and (3) by plane-table survey. Each method was used in a 

different region as shown in Figure 2.5. The objectives of this 

sampling were to determine mass density and a particle count per 

unit area of the ejecta as functions of radial distance and to exam

ine the relation between missile size and range. 

Photography was used in the region extending from 100 feet, as

sumed as the approximate edge of the crater lip, to 1,000 feet from 

GZ. Twenty photography stations, spaced to match a geometric pro

gression, were used along both the south and west radials. The cam

era grid and mount used are shown in Figure 2.6. A Kodak 35-nim 

Reflex camera was used with Kodak Panatomic X film. The grid area 
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covered by a single photograph was 25 ft . The grid pattern con

sisted of 6-inch squares. For those stations between 100 and 

250 feet from GZ, a single photograph was taken. Between 250 and 

25 
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500 feet, four photographs were taken, giving a sample area of 100 

2 2 

ft . Sixteen photographs for a sample area of UOO ft were taken 

between 500 and 1,000 feet from GZ. 

Beyond 1,000 feet from GZ, the missile population was so sparse 

that photography was no longer effective. Here, 20-degree counting 

and weighing sectors were laid out on the south and west radials as 

shovm in Figure 2.5. Each sector was 100 feet deep. All missiles 

greater than 1 pound in weight in a sector were located, their posi

tions recorded using coordinates based on the near centerline corner 

of the sector, and their weights estimated. Larger ejecta were 

weighed in a sling-and-spring-scale device. Figure 2.7 shows this 

procedure. 

The outer fringes of the ejecta distribution were sampled by 

means of a plane-table survey in order to determine maximiim missile 

range. The area surveyed was a 110-degree arc southwest of GZ as 

shown in Figure 2.5. As in the counting sectors, the survey was re

stricted to missiles at least 1 po\ind in weight. The remainder of 

the ejecta-distribution periphery was inspected visually to insure 

that the maximum-range missile was found. 

2.U.3 Ejecta-Dust Sampling. Fine-grain ejecta dust (sand size 

and smaller) falling beyond the crater lip was sampled with metal 

collector pads like that shown in Figure 2.8. Larger par-tides 

which were found on the pads were included in the sampling; these 
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v/ere found mostly on the close-in rings. Primarily, however, photog

raphy was relied upon for obtaining data on the larger particles, 

vrhile the pads provided data on the fine material. The pads were 

arranged in a circular pattern around GZ as shown in Figure 2.9. 

This pattern consisted of concentric rings in a geometric progres

sion from GZ with stations at 100, lUO, I90, 270, 370, 520, 720, and 

1,000 feet. The inner five rings contained I6 pads each spaced 

every 22.5 degrees, v;hile the outer three rings had 32 pads each 

spaced every 11.25 degrees. The array contained I76 pads, of which 

17U vjere actually placed before shot MINE ORE (satisfactory loca

tions for two pads could not be found). Each pad was a 3- t)y 2.5-

foot sheet of No. 20 gauge steel. The leading edge of each pad was 

turned down in order to anchor it more firmly into the soil over

burden. Most pads were held down by 8-inch gutter spikes driven 

into the overburden. Some pads, located on bare rock, were held 

down with rock studs. The pads on the inner three rings had their 

leading edges anchored in grout to prevent displacement by the air-

blast. After the detonation, the deposited material was collected 

from the pads with whisk brooms and dust pans and sealed in paint 

cans (Figure 2.10). After an initial weighing of each sample, they 

vjere sent to the U. S. Army Engineer Waterways Experiment Station 

for sieve analysis. 
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2.5 MISSILE-TRAJECTORY EXPERIMENTS 

This section describes the experiments performed to obtain data 

on missile-trajectory parameters such as ejection angle, initial ve

locity, impact angle, impact velocity, and range. Three experiments 

were performed involving: (l) colored-grout columns, (2) artificial 

missiles, and (3) styrofoam missile traps. 

2.5.1 Colored-Grout Columns. An array of 8-inch boreholes was 

drilled in the vicinity of the MINE ORE GZ as part of the Crater In

vestigations Subtask (Reference 11) to aid in defining the true cra

ter boundary and to measure residual ground displacement. One bore

hole was drilled at GZ, and others were drilled along radials to the 

south and west at 5-foot intervals. These were filled with colored 

grout designed to match as closely as possible the density of the 

granite at the test site. Portions of the columns falling within 

the expected area of the true crater were also divided into 1-foot 

sections by the addition of colored plastic beads to the grout mix

ture. Table 2.1 gives the coding for the colored-grout col'umns. 

After the detonation, a search was made for ejected grout particles; 

those located provided initial and final positions for individual 

pieces of crater ejecta. This provided information necessary for 

studying the mechanics of crater formation, as well as missile 

trajectory. 

2.5.2 Artificial Missiles. A second missile study involved 
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placing a large number of artificial missiles near the MINE ORE GZ, 

As with the grout columns, initial and final positions of the ejected 

material were knovm; however, with the artificial missiles, shape 

and weight were also knovm. This information provides a basis for 

studying drag forces and ballistic coefficients of discrete ejecta 

particles. 

Two types of artificial missiles were used--cylinders and 

spheres. Table 2.2 lists the number of missiles placed along with 

their physical properties. The cylinders v?ere made of aluminum with 

a 2.5-inch diameter (Figure 2.11). Each cylinder was subdivided 

into a U-inch cylinder, a 2-inch cylinder, a 1-inch cylinder, and a 

1-inch cylinder divided into half and quarter wedges (see Table 2.2). 

The cylinders were emplaced in NX holes (3-inch diameter) at 2.5 and 

7.5 feet from GZ along the south and west radials. The spherical 

missiles were made of three metals: aluminum, steel, and lead (Fig

ure 2.12). They varied from 1 to 6 inches in diameter. The mis

siles were number-coded and placed in the two NX holes and in the 

top 3 feet of the first five grout holes (excluding GZ) along the 

south radial. Figure 2.13 shows the preshot positions of the arti

ficial missiles. Density-matching grout was used to backfill around 

the missiles. 

Seven large aluminvun missiles were also used in an attempt to 

evaluate initial trajectory conditions of ejecta. It was planned 
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that with their brightly polished or painted surfaces they would be 

detected by the test photography, giving early velocity data (ejec

tion angle and speed). 

2.5.3 Styrofoam Missile Traps. Styrofoam missile traps were 

used to evaluate terminal trajectory parameters. The traps were 8-

by U-foot styrofoam pads (l25-psi compressive strength), k inches 

thick. Six such pads v.'ere used along a radial to the south of GZ-

(Figure 2.9) at distances of UOO, 500, 6OO, 700, 8OO, and 9OO feet. 

Each pad v/as positioned so that its top surface was flush v/ith the 

ground surface. After the detonation, the pads were examined for 

missile "nits from v.'"nich impact angles and depths of penetration 

could be measured. From these values it is anticipated that the 

impact velocities of the missile can be inferred by calibration ex

periments relating penetration and impact velocity. 
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TABLE 2.2 ARTIFICIAL MISSILES, 

Missile Type Material 

EVENT MINE ORE 

Size 

Length Diameter 

Weight Number Emplaced 

inches inches pounds 

ro 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Sphere 

Sphere 

Sphere 

Sphere 

Sphere 

Sphere 

Sphere 

Aluminum 

Aluminum 

Aluminum 

Aluminum-

Aluminum 

Aluminum 

Al-uminum 

Al-uminum 

Aluminum 

Lead 

Steel 

Steel 

k 

2 

1 

1^ 

1^ 

— 

— 

— 

— 

— 

— 

_.. 

2.5 

2.5 

2.5 

— 

— 

6.0 

5.5 

2.5 

1.0 

2.5 

2.0 

1.0 

1.82 

0.91 

0.U6 

0.23 

0.12 

10.50 

8.10 

0.76 

0.05 

3.37 

1.17 

0.15 

Total 

39 

39 

39 

39 

78 

5 

2 

26 

114 

2k 

8 

10 

, Cylinder divided into half wedges. 
Cylinder divided into quarter wedges. 
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Figure 2.1 Location and vicinity maps for MINE SHAFT. 
Contours are in feet above mean sea level (msl). 
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Figure 2.2 Charge geometries for Events MINE UNDER 
and MINE ORE. 
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Figure 2.3 Excavation trenches through the crater lip, MINE ORE. * 
Radial n\mibering system corresponds with that of Crater Investiga
tions Study (Subtask N12l). Arrow indicates true north. 
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Figure 2 .k Sieving of ejecta from the crater lip of MINE ORE 
at rock-crushing plant (Western Rock Products Corp., Cedar City, 
Utah). 
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Figure 2.5 Ejecta sampling zones in areas beyond the crater lip, 
Event MIME ORE. 
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Figure 2.6 Camera grid and mount for photographing ejecta beyond 
the crater lip. Event MINE ORE. 
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Figure 2.7 Sampling ejecta in the counting and weighing sectors, 
Event MINE ORE. GZ is in the background at left. Spring scale 
can be seen near truck. 
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Figure 2.9 Ejecta dust-collector pad layout for MINE ORE, 
showing sampling stations and ring designations. 
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Figtire 2.10 Recovery of samples from ejecta dus t -co l lec tor pad. 
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Figure 2.11 Cylindrical a r t i f i c i a l missi le used in MINE ORE. 
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Figure 2.12 Spherical artificial missiles used in MINE ORE. 
Missile at right is encased in plaster of paris. 
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CHAPTER 3 

PRESENTATION OF RESULTS 

3.1 EJECTA DISTRIBUTION 

Figure 3-1 is a postshot aerial photograph of the MINE ORE site 

showing the ejecta distribution pattern. Several distinct ejecta 

rays are visible, extending northwest, south-southwest, south, and 

east. The formation of these rays appeared to be controlled by the 

vertical joint faces found in the rock mass in the vicinity of GZ 

(Reference ll), the joint faces tending to deflect and channel a 

large portion of the ejecta along these rays. Between rays, distri

bution of discrete ejecta appeared to be random and less dense. The 

northwest ejecta ray was taken as typical and examined in some de

tail. It was foixnd to be approximately 950 feet long. The numer

ical density df the missiles remained fairly constant at 10 to 12 

missiles per square foot. Hov;ever, the average size of the missiles 

(and thus the mass density) decreased with increasing distance from 

GZ. A few large missiles, greater than 1 foot in diameter, were 

found in the ray. Again, the frequency decreased with increased 

distance from GZ. 

Although the jointing pattern of the rock was probably the sin

gle most important factor in the ejecta distribution (apart from test 

conditions of yield, medium, and geometry), other topographical and 
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vegetal features of the test site were also influential. The site 

sloped gently to the south and east at about 2 degrees, with missile-

ranges being greater in the downhill direction. A large hill was 

located approximateiy 1,800 feet west-southwest of G2, restricting 

somewhat missile- ranges in thâ t direction * To the south of GZ, ju

niper and pine trees were removed to a distance of only 1,.000 feet 

from GZ. Since missile ejection angles were small due; to the high 

center of gravity df the. charge geometry -and "there was evlden'ce' of 

considerable, bounce and roll with acedrnpanying eOmminution, these 

tree's had. a screening -effect which reduced the range 'of missiles be

cause of their flat trajectories, 

Ambient wind conditions had no visible effect, on the' distribu-

-tion of the discrete ejecta,. The only part of the experiment subject 

to weather disturbance, was' the dust samples on the metal collector 

pads. However, the majority of "these samples were collected immedi

ately after the shot- (within 6 hours), before they coiild be disturbed 

significantiy by -wind. The weather in the. 2-week data collection 

period fbllowing the shot was cool bu"t fair., 

"Maximum significant missile range for MINE ORE was 2,120 feet 

for a 1-pbund missile lying south-south'e'ast of GZ. A few smaller-

particles, were noted 100 to 200 fee"t farther from GZ, giving: a' maxi

mum range of about 2,300 feet. Figure .3.2 is a plane-table map df 

the long-range natural ralssiles ih the southwest quadrant. The 
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maximum-range missiles were fo:und downslope of GZ and roughly 

parallel to the ma;in north-south jointing pattern of the rock. In 

other directions, the approximate periphery of missile distrilautidn 

was as follows: north—1,B00 feet; east—1,800-feet. 

3.2 EJECTA MASS DENSITY, MINE ORE 

3.2.1 Within the Grater Lip. Table 3.1 gives the size, distri

bution and mass- densities fbr the ejected material excavated from 

the MINE ORE crater lip. Examination of these data and Figure 2.3 

shows that the ejecta was not evenly distributed ;aroiirid the crater,, 

but was i:hipkest-tp "the east, south, and horthwest. As with the 

missile-ejecta distribution, this distribution was probably con

trolled by the rock jointing systam near GZ. 

3-2..2 Beyond ,the Grater Lip. Tables 3.2 through s'.k give the 

ejecta mass de'nsity beyond the. crater lip. Table 3".2 contains the 

'data from the photography stations which were used between the edge 

bf the crater lip (lOO feet from ,GZ) and 1,000 feet from GZ. The 

data include sample area, number of missiles, total ejecta weight 

in the axea, and mass density. Ta,ble 3.3 gives the same information 

for the counting, and weighing sectors used beyond 1,000 feet- Fi

nally, Table 3-^ suiSmarizeE eje'cta mass density, exclusive of pad 

samples, as a func"tion of radial dl stance for the south and west 

radials. 
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The ejecta-dust density data, from the metal collector pads are 

given in Tables 3-5 and 3.6. Samples were repovered from 152 

(87 percent) of the pads. In Table 3-5, the average mass density 

for each ring is shown. Ta,ble 3.6 gives the average grain-size dis

tribution for the; ejecta. on each ring:, while Figure 3.3 priesents 

grain-size distribution curves. The plots show that the material 

was mostly a uniformly graded,, sand-sized alluvitnn. The curves for 

Rings A,, B, and F show the influence, bf ejected rock missiles which 

landed randomly on pads in these rings. 

3.3 MISSILE-TRA JEGTORY- EXPERIMENTS, MINE ORE, 

The results of the experimen"ts designed to evaluate missile-

trajectbry parameters are discussed below. The t.ests included the 

artificial missiles, colored-grout columh ejecta, and styrofoam rais

es ile traps, 

3.3.1 Artificial Missiles. Table 3.7 presents the results of 

the artificial missile experime'rit, including only "those missiles 

located and identified postshot.. A total qf ii23 artificial missiles 

(cylinders and spheres) were emplaced preshot. Eighty-one, or 

19 percent, were recovered, identified, and niapped postshot.. Sev

eral other missiles were found, but they were badly deformed or too 

scarred to be ideritifiable,. In Table 3 . 1 , the identification num'ber 

of each missile gives its initial position. For the cylinders, the 
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first digit identifies the radial oh which the missile was Ibcatedj 

the second digit gives the borehole number, and the third digit, on 

the right of the decimal, denotes the relative depth of that missile 

in the borehole. For example, Cylinder No. 31.5 was originally 

placed bn Radial 3 (.279 degrees azimuth),' Borehole No. 1 (2.<5 feet 

from GZ), and was the fifth missile down from the ground surface. 

Since all spheres were placed along the south radial, their identi

fication n-ombers give only hole number (first digit) and nomina,! 

depth in feet (second digit)., Thus, Sphere 4̂3 was originally .on-

placed in Hble k (20 feet from GZ) at a depth of approximately 

3 feet. The seven large spheres were identified- by color br by 'â  

single niniber indicating borehole location. Figure 3-^ is a plane-

table map of the postshot positions of the. a:rtificial missiles. 

Most a,rtifici.al missiles found had traveled less than 206 feet.. 

Orily three" long-range artificial missiles were located: a 2-in.ch: 

cylinder (32,2) located 1,662 feet along the west radialj an un

identified I-inGh q"iiarter cylinder at ,1,̂ 12 feet along the west 

radiaJ., arid a 1-inch cylinder (12.U) at 1,051 feet along the south 

radial. The maximum range for a sphere was 209 feet fbr a 1-irich 

aluminum sphere (kx) originally located 20 feet from GZ' at a dtep.th 

of 0.98 foot. The large polished or painted aluminum spheres which 

were loca,ted tra-tfeled less than 210 feet arid were nbt de'tected by 

the test photography. 
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3.3-2 CQlored-Grout Ej.ecta., Figure 3.5 shows the postshot 

positions of the colpred-grout ejecta. The maximiim range for a 

piece of grout ejecta was 1,250 feet to the -west of G2. Average 

weight pf the grou"t missiles was about 2 pounds. The majority of 

the colored-grout ejecta followed two of the. ejecta rays., to the 

npr"thwest and ..south-southwest. An analysis of initial position and 

r'ang.e of the colored-grout ejecta in the study of crater forniation 

is found in'Refefence 11. 

3•3•3 Btyrofoam; Misslie Traps. The measurements bf terminal 

trajectory param,eters obtained from" the styrofoam'mis,sil.e. traps ar'e 

givpn in Table. 3.8. The. missile traps were placed too far from GZ 

to obtain a good sample of natural missiles. Those collected were 

very anall, most bf them being approximately 1 cm in diameter and 

weighing less than 1 gram. It was-also noted tha;t m:d'st had impact 

angles greater than 9-0 degrees, indicating that at the time of im

pact they were tra"veling toward GZ, evidently as a result of "the 

negati"ve-pressure phase and accompanying a,fterwinds. 

.̂4 

3.1+ EJECTA TRAP 

An ejecta collector trap, installed at the re'quest of the 

Eoeihg Company, was lo.ca.ted abqut 75 feet northeast of GZ. This 

consisted of a U-fdot-square wodden box, placed, in a natural de

pression in the Qveral.1 rock formation. Although the depth varied 
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slightly a.cross the bottom of the cavity, the average dep"th was about 

38 inches. Sufficient grout was poured outside the box to bring the 

surrounding surface up to the top of the box. 

The cavity was severely deformed by the blast, with only the 

west corner remaining intact. The east and west corners were filled 

with ejecta to ground level, while the north and south corners were 

filled to within I.80 and 1.20 feet of ground level, respectively. 

The average thickness of deposition in the cavity was 2.5 feet. 

Since the trap was located beyond the edge of the crater lip in an 

area occupied only by discrete ejecta particles, this deposition in

dicates that a considerable amount of the material deposited had 

arrived by the process of rolling and bouncing along the ground sur

face rather than by direct missile trajectory. 

3.5 MINE UNDER EJECTA 

Although no crater or ejecta was expected from Event MINE UNDER, 

a rubble mound and seme ejected material were observed after the 

blast. Presumably, this was the result of shallow spallation of the 

rock surface (possibly enhanced by pile-driving action by the wooden 

legs of the charge support platform) and elastic rebound. The ejecta 

field consisted of rock fragments thrown out in an irregiilax pattern 

around GZ. A plane-table map (Figure 3.6) was made of the larger 

ejecta missiles and the outer fringes of the ejecta distribution. 
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where the survey was restricted to missiles at least 1 pound in 

weight. The maximum missile range observed was 695 feet for a 1-

pound missile lying northwest of GZ. The major concentration of 

ejecta, an oval-shaped cluster, lay approximately 250 feet southwest 

of GZ. Smaller concentrations were found to the southeast and north. 

The southeast and southwest concentrations were roughly perpendicu

lar to a main north-south joint in the rock on the west side of GZ. 

These concentrations followed smaller east-west joints. The small 

northern concentration paralleled the main joint. However, the 

effect of the rock jointing on the ejecta distribution was not as 

evident here as it was for MINE ORE. This is presumably due to the 

fact that the spallation process involved only the top few inches of 

the rock surface and the ejecta was not subject to deflection and 

channeling by vertical joints as was the ejecta from MINE ORE. 
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TABLE 3.1 EJECTA SIZE DISTRIBUTION AND MASS DENSITY WITHIN AND ADJACENT TO THE CRATER 
LIP, MINE ORE 

v/i 

Radial 

1 

3 

k 

5 

7 

Section 

1 
2 ' 
3. 

1 
2 
3 

1 
2" 
3. 

1 
2 
3 

l ^ 
2 
3J 

Weight of Ej( 

>12 

pounds 

16i970 

U,788 

U88 
105 

25,360 

5,980 
630 
150 

36,U70 

seta of 

6-12 

pounds 

ii,96o 

1,310 

587 
205 

5,300 

1,370 
660 
125 

5,710 

Indicated 1 

3-6-

pounds 

7,^60 

^,330 . 

268 
318 

9,190 

2,720 
180 
109 

9,620 

3izes, inches 

.<3 

pounds 

7,0U0 

. ̂ ,670 

U87 
5U6 

16,220 

3,060 
1,260 

75 

17,860 

Total 

weight 
of Ejecta 

pounds 

36,U30 

15,098 

1,830 

i,nk 

56,070 

13,130 
2,703 
U59 

69,660 

Areal Mass 

Density 

Ib/ft^ 

132 

lU 

k 
2 
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20 
3 
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TABLE 3 . 3 EJECTA MASS DENSITY IK COUNTING AND WEIGHING SECTORS, MINE ORE 

(Sector Distance 
from GZ^ 

Sector 
Area 

No. of 
Missiles 

Ejecta Weight Areal Mass Density 

feet ft 

VJI 
•>• 

S-1 
S-2 
S-3 
s-k 
s -5 
S-6 

W-1 
W-2 
W-3 
W-it 
W-5' 
W-6 
w-7 
W-& 
¥ - 9 
W-10 
W-l l 
W-12 

1,050 
1,050 
1,150 
1,150 
1,250 
1,250 

1,050 
1,050 
1,150 
.1,150 
1,250 
1,250 
1,35.0 
1,350-
.i,i^50 
1,^50 
1,550 
1,550 

18,3.00 
18,300 
20,000 
20,000 
21,850 
21,850 

18,300 
15,600 
20,000 
17,i^50 
21 ,850 
19,150 
23,^50 
20,850 
25,250 
22,700 
26,J+,50 
25,550 

13 
70 
13 
.29 

1 
6 

kk 
6 

2h 
6 

16 
5 

11 
6 
3 
5 
9 
k 

pounds 

18 
162 

63 
ks 

1 
12 

96 
7 

37 
7 
17 
.5 
12 
7 
3 
6 
15 
6 

lb/ft' 

9,8k 
9. 
3. 
2. 

M 
.25 
..^5 

I+.58 
5 

5. 
k. 
1, 
k-. 

.1+9 

.25 
M 
.85 
.01 

7 .78 
2 
5. 
3. 
1, 
2, 
3. 
.2. 

.61 

.12 

.36 

.19 

.61+ 

.67 

.35 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

ro" 
10 
10 
10 
10 
10 

10' 
10-
10 
10 
10 
10 
10 
10^ 
10 
10" 
10 
10 

k 
3 
-3 
•3 

•5 

3 
k 
3 

k 
k 

~k 
rk 
k 
k 
k 
k 

To center of sector. 



TABLE 3.^ EJIICTA. MASS DENSITY AS A FUNCTION OF RADIAL' DISTANCE FRCM 
GZ, MINE ORE 

Distaiice 
from G2 

Areal Mass- Density 

West- Radial South Radial 

feet l b / f t ' l b / f t ' 

100 
115' 
130 
lit5 
165 

1.11 
.1.56 ,. 

, 28- X 10 :: 
15 X 10 
39 X' 10 

- 1 

6,36 
6.58 
6.78 
6.19 
7.2'8 

185 
210 
235 
270 
300 

U.57 X 10" 
5.25 X. 10 ' 
7.05 X 10" 
5'. 11 X -10' 
7.-'22 X 10' - 1 . 

2.,1+8 
6.5S 

8.32 X 10' 
t . 95 X 10' 

3kD_ 
385 
1+35 
1+96 
555 

630 
710 
805 
905 

1,000 

1,050 
1-,150 
1,250 
1,350 
1,1+50 
1,550 

7 .31 X- 10 ' 
1.17 X-10" 
7 .01 X 1 0 ' 
3.kk X 1 0 ' 

9.1+0 X 10' 
5.95 X 10' 
2.90 X 10' 
6.95 X 10' 
7.68 X 10' 

• 2 

• 2 

•2 
•3 
•3 

.85 X 10 5 
-.13 X I Q ' l 
,20 X l b 
.2k X 10" 
.92 X 10" 

i+.oi X 10' 

•k 
-k 
-k 

1 
1 
1 

3 

. 9 1 

. 1 3 

.1+1+ 

.2b 

1+.1+6 
9 
3 
2 

.38 
5k 
39 

8.69 

5 
2 

19 
85 

X 

X 
X 

X 

X 
X 
X 

X 
X 

X 
X 

1 0 ' 
10 
10 
10 

1 0 ' 
10" 
10 
10 
10 

10" 
1 0 ; 

- 1 
- 1 

-1 
-'..J 

• 2 

-2 
-2 

-2 

•3 
0 

-3 
-1+ 2.97 X 10 
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TABLE 5 . 5 .AVERAGE EJECTA-DUST DENSITY 

•Ring 

• 

A 

B 

C 

D 

E 

F 

G 

H 

Di s t ance 
from GZ 

f e e t 

100 

1^0 

190 

2-70 

370 

520 

720 

1,000 

Average Weight of 
E j e c t a p.er Pad. 

pounds 

15.92' 

31.02 

18.-29' 

5.^9,3 

2 .32 

2'. 1+0 

0.72 

0 .11 

Area l Mas,s 
Dens i ty 

I b / f t ^ 

2 . 2 7 

1+.1+2 

2.61 

Q..m 

0.33 

0.3^ 

0.10 

0.02 
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' " - t • , . i . i . - , i-,.jiHJ_ 

TABLE:. 3/5. AVERA'GE GRAIN-SIZE DIETRIBUTIQR .FOR EJECTA DUST 

VO 

'Ring Weight of .Mat,er.i"a:l •,RetairLed on and, Pe,rce,iitacE o l ,-Mat'c.riiil ,r:'Liier than, I,ndi:Cated Sieve 

l - i n c h 1/2-inch- . Wo. k Wo.. 16 'Mo. 200. 

Reta ined ,Pa5'sing •Retain,ed Pass ing Ee'tained , ,Passing Re-tained gas:sing Re ta ined Pass ing, 

Pan. 

Reta'in.e,d 

pounds p.erce'ht. pounds percent pounds', percent,. pounds, pe,pc-e,nt po-a'nds percent po-unda 

1.'60' 

k.30 

3..79; 

l-.P.-l 

0̂..',37 

-d',27 

-G.i2 

0.02 

A 

B 

,c-

D 

E 

F 

G 

H 

5 . 7 6 

'8 .02 

2.2.9 

O..77 

.Q',.27 

1.-Q5 

0 . 1 5 

0 . 0 2 . ' 

6S 

73 

87 

88, 

88, 

52-

86 ' 

80, 

.0-.58' 

1.19^ 

0 .3G 

-0..15: 

.0'..05, 

Q.02 

;0,.01 

^Fegli-
.•gible 

59 

•69 

.8,5 

.86 

, 186 

5 1 

79 

:8o 

0.67 

1.50 

a.it.9 

,0-.23 

0,:.06 

'o.oli. 

0 . 0 2 -

0;..01 

5-5 

61). 

82.. 

82-

83,' 

I.L9 

76: 

70, 

h.o<^ 

3.08 

1.8^ 

0 . 8 1 

0.'27 

0 .19 

0 .09 

G.Ol 

m 
51-. 

72 

69 

7 1 

1(.0 

&-\ 

6a 

3 .'0t̂  

11.39 

9.13 

3.33 

1.31 

d.-63 

•0.35 

O.Oli 

lO-' 

1 5 

2 1 

.16 

15 

1 1 

17 

20. 



TABLE 3-7 AfiTIFICiAL MISS ILK IIATA 

Miss i l e 

Uo. 

Aluminira 

11.5, 
11-,5 
11 .5 

1 1 . U 
11 .11 

l £ . k 

X2-.^, 
,12.5 
12..5 
12. ; ; 

12.6-
1 2 . 6 
12 .6 

^31.2 

31.5 

32.3-

32v6 
•3S-.̂ 6 

32 .7 

32.-8 fa) 
32 .-,9 
32.-8 

Cy l inde r Leinjth 
o r .Sphere,-
:Dia.-7ieter. 

Inches , 

CjrlinderE., •2.5--lr!Cti 

1 

2 

1 

1^ 
1 
2 

1 
2 

| i 

li 

2 

• 2 -

k 

1 

1 

Rad ia l 
AziiRuth 

.deg.rees 

DlDiieter: 

195-. 
195. 

195-

•195' 

-195 
195 
195 
195 

135 
195 
1'95 

3-79 

279 

279 

2-r9 
279 

279 

279 
2=79 
279 

i n i t i i i l PosiEion 

D i s t ance 
;f,i-Oia G£ 

f e e t 

2'. 5; 
2V5-
2 .5 

,'2.5 

7 - 5 

7 .5 
•7.5 
7 . 5 
7- 5 

T.-5 
"7.5 
7 ' 5 

2 . 5 

£.'5 

7 .5 

7 .5 
7 .5 

7-5 

7-S 
7 .5 
7 . 5 

Depth from 
Surface 

f e e t 

0 .60 

O.S9 

6.S5 
6.,3l» 

0 . 2 7 

0 .91 
l:.00, 
1 .12 
1 . S7 

2-. 23 
2.,35' 
a. 60 

0 ,70 

i2..S!t 

.0.39 

„3'.15 
3.!iO 

3 .79 

l5.,3l' 
!*.i*-3 

Fin&l 

Rad ia l 
A-^iji^uth 

d'egree.E 

211 
271 
2lt9 

195 
195 

2G0 

213 
205 

211 

315 
211 
203. 

163 

•208 

28.1f 

269 
'255 

.256, 

;279, 
279 
279 

H>'3,ltlon 

D i s t ance 
f ,rbtn, GZ. 

f e e t 

1'9 
.53 
i l 

3 
3 

1 ,051 

222 
257 
195 

72 
7!* 
58 

t 2 

16 

i=:6e2 

67 
9.0: 

50 

12 
12" 
,12. 

DiElianee 
Travelea 

feet 

17 
'53 
"il 

1 
1 

1;0!*3 

215 
2li9 
237 

•i9 

65 
'6(S 
55 

Mt 

16 

1,651* 

59 
83 

I13 

5 
5 
5' 

32.: 9- 27,9 7-5 I1..96 2511 10 

Spheres; 

1 
3 
ll 
5 

OfaAge 
BeS 

23 
23 
23 

33 
33 
33 
33 

'€. A" 
a A 
6 A 
'6'A 

•5-1/3 A 
5-1/2:,A. 

a -1 /2 A 
2 - 1 ^ A 
2^1/a A 

a - i / 2 A 
a - i / a A 
2 - 1 / 2 A 
2 - 1 / 2 A 

195, 
195. 
195 
195; 

.195. 
195. 

195 
195' 
195 

195: 
195 
195 
•r95; 

5;.o 
1 5 . Q 
ac.o 
.25.0' 

-15.. 0 
25 .0 

- io ' .d 
IQ.O' 
.iO'.d 

15.0> 
l'5.p 
15.0 
15--0. 
CCGntdnuedO 

2 .13 
1.'66 
i . 2 i ! 
1.6a 

2.0'6 
2.12 

3,1(2 
3.1(2 
3.1(2 

2 . TO 
2.-ro 
a'.7o-
a. 70' 

179 
191*, 
203 
19a 

193 
aod 

193 

19a 
205 

199 
1°6 
195 
198 

33^ 
2 i6-
132 
1^7 

200 
"35 

,135 
135 
11*5 

195 
ITli 
159 
1,56 

26 
201 
l ia 
122 

185 
10 

125-
125 
135 

180 
159 
llflt 
l l t l 

,jj :-CyliMef'di,vi,de.a, i n t o q u a r t e r wedges. 
•̂  '.Cylirideif-'divided ,into', Kaaf -weftges. 
-' A/^dertotes.-alximihum-|- L deno tes l e a d . 
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TAELE -3-7 AKTIFICIAL LJlSSlLE'DAILS. (GOKCLUDEE) 

jSiissile 
no. 

.Cylinder LpitiitlJ 
o r Sphere . 
Bia-neter l^adial 

.^•zimuth 

l i t i t l a l P o s i t i o n 

D i s t ance 
fron^ GZ 

Uepth from 
Surface 

•Final, ?osit'ii-^n^ 

Rad ia l 
AzLfiuth 

D i s t ance 
from GZ-

:Dls.tance 
.Ti-aYelcd 

incKe 3 degrees f e e t f e e t degrees •feet feet . 

Sphere's (Continued:): 

h'i 
iij 
1(3 

.53 
53 
53 
53 

21 

23 
23 
23 

31 
31 
31 
31 

33 
33 
33 
33 
33 
33 

1*1 
ijl 
k l 
i(.l. 
' k l 
1(1, 
1*1 

,1(3, 
1(3 

*•?• 

53 
53; 
-53 
53'-
53-
53 
53-
53 

31 

1*1 

k3 
h i 

s - i / a 
2-1 /2 ' 
' 2 - 1 ^ 

•2 - i /S 

a-i/a 
"2^-1/2 
2 - 1 / 2 

1 A 

,1 A 
1 A 
X i. 

1 A 
1 A, 
1 ,A, 
1 A 

1 A-
1 A. 
1 A 
1 A 
1 A 
1 A 

1 A 
1 A 
1 A 
1,A 
1 A 
1 A 
1 A 

i A 
1 A 
1 A 

1 A 
,i A 
i A 
1 A 
r A 
1 A 
1 A 
,r,A 

2 , 1 ^ 

a - i ^ 

2 - 1 / 2 
2 - 1 / ? 

A, 
A 
'A-

A-
A 
A 
A 

L 

I. 

L 
:L' 

195 
195 
195-

195 
195 
195 
195: 

195 

195 
195. 
195 

195 
195 
195 
-195 

195 
195: 
195 
195 
•195. 
•195 

195. 
195 
195 
195 
195-
195 
195 

195 
195 
195 

195 
195 
195 
195 
195 
•195 
195 
195 

195 

195 

195 
195 

20 .0 
20 .0 
20 .0 

25 .0 
2%Q 
2 5 . 0 
-25.,0 

1.0,0 

10 .0 
,10.0 
,10'.0' 

1 5 . 0 
15 .0 
15 .0 
15..O 

15 .0 
1 5 . 0 
15 .'6, 
15;b5 
15 .-O-
15 vO: 

ao.6 
.20 JO 
'Sd.o 
.20,0 
<20-.O 
•20.0 
•20.0 

20 .-0 
20 .0 
20':0_ 

25'.0 
25'. 0 
25-0 
25 . t 
25-0 
25 ."0 
'&5,b 
'2-5 iO 

15 .0 

20..0 

20 .0 
20 .0 

l . 'S i 
1.61 
1.61 

1*.87 
U.87 
ij.BT 
li..8T 

2.57 

3.'(2 
3..!(2 
3.U2 

1.2.9 
1,39 
1.29 
1,-29 

2 ,70 
2 . 7 0 
2.70 
2.TO 

. 2.70 
2,70 

0 . 9 a 
0.98' 
0 .93 
o.ga 
0 .93 
0 .93 ' 

• Q.9"a 

1.61 
1.61 

,:i..6l 

•1*.87 

h.8r 
1*;87' 
k-.BT 
1(::87 
l(.-37-
l*i8T 
h,B7 

.1.29 

0 .'98 

l . ' 6 l 
•i . 'Si 

202 
207 
208 

202 
202 
202 
215 

1:93 

.193 
193 
10!i, 

195 
200 
i23 
vo!i 

199 
198 
191* 
261 
199 
200 

199 
197 
197 
197 
201 
.19,7 
197 

aoi 
208 

-208' 

.215 
^215. 
.215 
•215 
.215 
215. 
.315 
•215-

193' 

"200 

.207 

.'201 

131*. 
121 
,92-

,31 
31 
31 
37 

197 

I--:-: 

106 
170 

219 
20£ 
193 
167 

191 
1-73 
115 
111* 
191 
15,2 

223 
229 
2al( 
224 
1-Si 
165 
173 

103 
i i o 
116 

37 
37 
37 
37 
37 
37 
37 
37 

19a 

• i m 

.85. 
102 

,iii(-
102' 

73 

£ 
" & • 

6 
16 

187 

123 
'95 

l£'o 

aoU 
192 
182 
172 

176 
163 
100 
99 

17s, 
137 

'203 
209 
t h 
201* 
i S i 
ll*'5 
153 

83 
90 
90 

•& 

16 

'is 
le 
16 
16 
16 
16 

177 

161(, 

6,5 
82 

53 •2 - l ^ . -L ,195. 25.0 ,t*.e7'" 215 37 16 
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TABLE 3.8 .'MKaiLE' IMPACT DA.TA FROM SrYii.gplOAJM MISS'HE, TRAPS 

M i s s i l e 
No. 

Dis tance 
•from GZ. 

Missile 
Weight 

Impact 
Angle-̂  

Depth of 
Penetration 

1 

2 

3 

k 

5 

6 

•7 

•8 

9 

10 

11 

12' 

13 

ii^ 

15 

16 

17 

- SRet 

f e e t 

kOQ: 

Uoo 

l+.pti 

hoo 

km 

1400 

i|.00 

1|00 

500 

5 00: 

500 

500 

500 

500 

600 

.6.00 

800 

ch i l l i i s t r a t i n e 

grams 

1.07 

0 .51 

a. o'9 

0.35 

k.2B 

0.15 

©'.09 

0.21, 

O.itO 

0.35 

0 .30 

0 .09 

0.92. 

g. '2i 

0 .10 

2.80 

2..^6 

r inrDanf. anel e : 

degrees; 

98 .0 

B6.6 

91.5-

89 .0 

M 9 . 5 

88 .0 

92.§ 

92 .0 

100.5 

.108'-5.: 

99.Q 

87-5 

1.12.0 

78 .0 

9 2 . 0 

90.5" 

~ido 

M i s s i l e 

f e e t 

0.082 

p . l^Q 

0.059 

0.2Q5 

0.090 

0.132 

0.0&3 

0.078 

0.165 

p . 100 

0.067 

P. 081 

0.036 

0-036 

O.Oli-5 

0.06'9 

0.070 

T-raoe.ct.ory 
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5-> 1 

Figure 3.1 Ejecta distribut-ioh' "for the MIIIE GEE Event. 



Figure 3-2 Outer l imi t of ejecta dis-tr ibutioh, 
approximate southwest qua'drant of MIHE ORE. 
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PHAPTER k 

DISCyS.SIOH OF RESULTS,. MINE ORE EVENT 

U.1 EJECTA MASS B.El'ilSITY, VOLUME', AM) A2IMUTHAL DIS.TRIEUTION 

The prarrary objective of this, study -was tb obtain data-ori ejecta 

maŝ s density and azinmthal aiBtributibn. The' test procedures used to 

fulfill this-, objective (eolleet.or pads; camera, mount, and grid; 

e0un,ting sectors,) provided ."good information on the larger particles,, 

but were bf doub.tful value, irith regard to the 'fine.r particl.es (say 

i/2 inch or less), eEpecially beyond the C or D rih'gE. 

Figure k . l shows .graphically "the' .areal mass density ,p,lotted as 

,a functiisn of radial distance from GZ - The density data -in this plot 

include those oTDtaine.d from the lip. excavationj photographic tech

niques, and the counting sectGrb. Bata for the crater lip and. south 

and west radials have been fit"ted to straight lines on, Ipgardthmic 

paper by the method of least squares. Additionally, an average, 

overall fit of the data is presented. It cpnTpares favorably with -the 

distribution obs.erved in other exploslbn tests in-rock or cohesive-

type materials (Refferenees 5, 12, and 13 )j especially--when differ

ences in shot geometry are taken into consideration. From the equa

tion for average -â eal. distribution, the total weight of ejected 

material E can- be calculated as follows; 
• " " - « - • - - • 

E = 2 w ' " / 
5R dR ( k . l ) 
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(fpr notation, see Figures 1>1 and ^..l). The lower limit is taken to 

correspond "With the average crater .radius.., although 'the dist'aiice r 

is theoretiGally correct. For crater and lip shapes like those o'f 

the MINE ORE Event, the error thus incurred is considered negligible. 

Similarly, experience has- shown that the integration may be carried 

to infinity without significantly affeeting res,ults. Substituting, 

DO 

Ê ^ = 6.28 f fa.90 X 10^ E'^-^5^ R dR 

23 
.6 

= 1.3-2 X 10 pounds 

TB,e voliim,e o'f ej-ectâ  based upon the .as-sumption. 'of granitic de,ri'sity 

.o.f 162. pcf and -making nq allowances for bulking:, is found to b.e ap-

3 proximately 300 yards , probably significant to only the. first 

integer. 

An, e,xamin,ati,'on, o-f the ej'ecta data from the photo.graphic stations 

arid GQuhting sectors showed rio cle'ar relation, between -mean ejecta 

size and radial distance.- However,, these covered a small fractipn 

of the total area, and 'an overall, visual survey sho.wed a. deereassr in 

both size and missile numbers with .increasing, radia'l distance. This 

was particula'rly evident in the ejecta rays. The mean equivalent 

diaineter for a, piece of ejecta beyond the grater .lip was about 3 

Inches. The average size in the sampled area of the. crater lip (Fig

ure. .2,3) was b"etwe.en 6 and, 12 Inches, based upon the si eve-analy sis 
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data in Table 3.I. The maximum-size particle ejected beyond the 

crater lip had an equivalent diameter of about 3 feet. It v.'as lo

cated approximately 260 feet northwest of GZ. The largest particle 

in the crater lip was about 5 by U by 2-l/2 feet (about 35IOO pounds) 

located in Sector 3 of Radial k (Figure 2.3). 

The most striking feature of the azimuthal distribution in this 

experiment was the pronounced ejecta rays, both in the crater lip and 

beyond (Figure 3.1)- These rays indicate the strong dependence of 

ejecta distribution in rock on the site geology. The most influen

tial factor in this distribution was the jointing pattern of the 

rock; comparison of ejecta-ray orientation and direction of major 

rock jointing in the crater (Figure k . 2 ) showed that the rays were 

very nearly parallel to major rock-joint faces. A specific example 

was the scarcity of ejecta directly north of GZ. A large vertical 

joint face north of GZ apparently deflected practically all of the 

ejecta originally traveling in a northerly direction into the north

west and east rays. All of the major ejecta rays can thus be traced 

to parallel joint faces within the crater area (Reference ll). Azi

muthal distribution is illustrated graphically in Figure k . 3 . For 

this purpose, data from close-in (Rings A-D) collector pads have been 

included with those from other sources. 

k . 2 EJECTA MISSILE RANGES 

The range of maximum ejecta distances which might be expected 
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from the calculations in Chapter 1 is around 1,000 to 4,000 feet. 

This vade variation reflects the uncertainty concerning the origin of 

the ejection process. Calculations based upon a scouring action by 

the shock front provide the lower limit of maximum-distance predic

tions. The most promising approach to determination of ejecta ranges 

would appear to be by scaling according to charge yields, but here 

the choice of scaling exponents produces a wide variation of res\ilts. 

In addition to the factors discussed in Chapter 1, there were a number 

of physical characteristics of the site vAiich may have affected scal

ing relations between the calibration series and MINE ORE, such as 

joint pattern, rock competence, and the various topographical fea

tures. Further, more detailed data will probably be necessary to 

establish a workable scaling exponent for this particular geometry; 

based upon the MINE SHAFT data now available, it appears certainly to 

lie in the range of w ' to W ' , and at this point conforms very 

well with W^"^ . 

The range within which 90 percent of ejected material falls is a 

useful figure, since it denotes the limit of an area within which the 

missile population is relatively dense. Based on weight, the 90 per

cent ejecta limit (or any desired limit) may be calculated from Equa

tion k . l . Again using the average curve from Figure U.l, 

•* • .2.95.̂  
E^ =5.2ttl \3.9O X 10^ R ) R dR 
90 22 

i =6.28 3.90x10^ 
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where 

w. 
R 
90 

90 

90 percent of "the total weight of e;j,ecta and 

the- 9.0 percent limit of ejected material 

Thus 

(p.:9P) (1.32 .x 10 ) = 2.î.5 x ib"̂  

^-0.95 

L-0.:95 

-0.95 

-Q.95 

and 

9̂0 
feet 

Similar cale.ulations câ n be made fpr debris falling beyond the 

crater lip. This' was done for the south and. west radials, using a 

lower limit of integration = 100 feetj and the results indicate that, 

oh the average;, 9.0 percent of the ejected material falling beyond the 

crater lip is contained within a radii;;̂  of 1,375 feet. 

k..3 SEGONDAEY EXPEEIMEIWTAL OBJECTIVES 

Be'tween the grout-co-liimri ahd artificial-raissile data, sufficient 

information was obtained to- permit certain conclusions on. the, mechan

ics bf the MINE ORE crater formation. Thi.s analysis is contained in 

Reference 11. 

The definition of ejecta. trajectories is. largely dependent upon 

'Gorrelatioh of artificial-missile data with test pho,tography * Addi

tional time lylll be required to accomplish this secdndary objective. 

Analysis of the test, photography (Reference lU) has, however, provided 
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valuable" data -f,Q,r this purp.qse,. Eje,c.,t-a s-peeds on the orde.r .pf 

600 ft/sec were observed upon emergence from the fireball. It is in-

t,eresting to note that the velocity values reported in Reference i k 

0.3 
also indieate a scaling factor 'of approximately VJ ' . Ejection 

angles (with the" horizontal) were very close to that 'assumed, in Chap-, 

ter 1, Unfortunately, camera failure precluded observation of much 

of the ejê pta after about .2 seconds, follpwing' ..detbnatlpn. Prbjec-

tipns of the observed portions- of these trajectories- (in Refer

ence, i k ) generally result in greater ranges than actiaally .occurred,, 

especially \-4ieh "the" prbbable''b'ounc"© ahd .roll of the individual 'p'ar-

ticles are Gpnslde,r-ed. ,A1 though the .middle and terminal portions pf 

ejecta trajectories â re .still incompletely understood, it appears 

that -an analysis of -the photography -and artificial-missile data, 

taking into consideration such external forces as afterwinds, .may 

.contribute to a solution of the problem. 

The evaliiatipn, pf natural missile hazards will also require .mpr.e 

time than has been -available' for preparation of this r'eport. The 

establi'sHment of a usable scaling exponent "for ejecta range is- aji im

portant step in the realization of this objective., which must al_so 

include a statistical study of areal distribution for yarious pkr-

ticle sizes .at various ranges. 
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R, RADIAL D I S T A N C E , FEET 

Figure U.l Areal mass density of ejecta as a 
function of distance from GZ, Event MINE ORE. 
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EDGE OF 
TRUE CRATER 

(APPROXIMATE) 

-N-

Figure U.2 Rock-joint faces which affected MINE ORE ejecta 
distribution (Reference ll)-
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Figure k . 3 Isodensity contours, iyHTffi ORE. Goritoufs and data points 
represent areal densities pf "ejecta in pounds per square foot. 
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CHAPTER 5 

TENTATIVE O0NCLUSI0N& .AND RECOMMEKDATIGNS 

5.1 TENTATIVE CONCLUSIONS 

In view pf the possibility pf a second experiment in thê  MINE 

1 
SMfT Series esiseritially duplicating the MIHE ORE Event, firm con-

clus'iohs regarding the ejecta studies, should- be delayed to include-, 

if .-poss-ible, consid.erations 'oh the, reproducibility of the data, Oe,r-

tain tentative conclusions can, however, be dra'̂ 'm o.n the- basis of 

MINE ORE, a.s follows..: 

1, Ej'ecta distribution from .a isurfaee or very near-surface 

burst' in rock is .highly dependent upon the j,.oint pattern, of th'e- me

dium. The average azimuthal distribution as a function of range, 

h'6we"v-er, does not differ marked̂ ly from those observed for other large 

-explpsldns in ..rock or cohesive "mat'eriai, ahd at deeper depth's, of 

burial (DOB's). It does differ from the dis'tributiG.n observed, at or 

near optimum DOB (Reference ,15). 

2. Ejecta ranges for" this experimental geometry scale according 

Memdrand-um from the Technical Director, MBIE SHAFT Series, U. S, 

Army .Engineer Waterways Experimerit Sta-tlQri, Vicksburg, Mississippi,; 

Subject: "Follow-:Oh Events of the MIHE SHAFT Series"; I9 Noveirto.er 

1968; Unclassified. 
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to an exponent which .is significantly larger than that indicated by 

theory. Lacking better data-, this, exponent may be taken as approxi-

,TO-3 mately w , 

3.: For the MINE ORE .Shot., the missile hazard to exposed persPh-

nel wpuld have extended to a maximum distance' of around 2,200 to 

2,U00 feet. At this range, the hazard- would have consisted 'mostly 

Qf small (less than 1 pound) ejecta particles bpuncing along, the 

ground,, .and in most cases breaking up on imp'act. For 1-pound par

ticles, capable of doing, consi.derable damage, the raaximuiri danger 

.range was sli.ght'ly over 2,,10.0 fe'et. Eje'ct.a p'opulatipn was quite 

sparse at these rang.es, however, and -the hazard. In, terms of the 

probability 6f a given spot being struck, was small. 

5.,. 2 RECOMMENDATIONS 

g.2.1 Procedural Changes. The general approach to this ex

periment appears sound, and 'the authors recommend that it b,e repeated 

in essentially the. same form on future events for which ejecta is 

expected. Several recommendations seem in order, however, as 

follows: 

-1. Increased "seeding" of the crater area with artificial mis

siles seems desirable, with the object of increasing, the, numbers of 

different sizes, shapes, -and densities bf those missiles which can be 

located postshot. Particular .attention should be paid to the region 
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between the edge of the charge and two pr three charge radii from GZ-, 

as it. appears that the g'reate'st ranges .may b.e realized by eĵ ecta 

originating in this g'eneral area. 

2, An increased effort tp obtain early photography bf ej'e'cted 

material is highly desirable, although the technical problems which 

this Imposes are recpgniz'ed. Farther, it is recommended that an 

.effort be made- to photograph ic ally follow entire missile trajectories.. 

Tl'iere is evi'dence that debris whic.h is-, .ejected from, a position "near" 

the charge has a high ini,tial, speed but slows' to, a. ranch lower speed 

eferly ih its trajectory (Reference 1). Further, it .appears that, 

after',','in ds exprt a varying drag force upon the". lbHge,f range parti

cles. More complete Informatlbh on typical trajectpry histories 

will probably'be necessary to an under s,tanding pf Pb served ranges 

and size distributions.. 

3, .Photographic -sampling of ejecta was- quite- succ^essful, "and 

this- procedure should be expanded to include more and larger 'safiiples. 

k . The use cf collector pads should be rediiced or eliminated. 

This is one of the most time-consuming: aspects pf an .experiment bf 

this t-ype, and one which yields pro.bably the least usable data. In. 

and near the crater lip, where deposition of fine particulate may be 

significant, prepared surfaces-. (e.g>, asphalt) are recommended to re

place the pads. Farther out,, if dust.-density data are" -required, a 

better sampling technique is heeded. There appear to be two 
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possibilities--dust-cloud opacity measurements and aboveground 

vacuum samplers. It is recommended that both of these techniques be 

investigated for future experiments. 

5.2.2 Postseries Analysis. Rigorous analysis of gathered 

ejecta data was not v/ithin the scope of the ejecta project as con-

2 
cerns the first two events of the MINE SHAFT Series. Time has not 

permitted such a detailed study. It might rather be appropriate 

for such an analysis to await the completion of all ejecta-producing 

MIKE SHAFT events. It is most important, however, that the experi

menter be afforded the opportunity to completely analyze, correlate, 

and document an experiment before it is considered closed. This will 

provide the maximum in descriptive detail to the later user of the 

experimental input, ̂ d̂.th the least likelihood of misinterpretation 

or the necessity for laborious correlative effort in assessing the 

ejecta phenomena. 

See Paragraph 5-5, Reference 10, 
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in the overall distribution of debris. 
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and the muds from its leaching. The considerable range' 
of reflections shows that it is well crystallised. The 
Mg-Fe-chlorite is characterterised by a small number 
of diffractions, which indicates poor .crystallisation. 

On the DTA and DTC curves (figs. 3 and 4) there is an 
endotherraic effect at 600-650°C, corresponding to 
release of the first portion of structural water from the 
brucite-lil<e layer, and a small endothermic effect 
at 750-80d°C, which characterises release of the second 
portion of structural water frpm the mica-like layer. 
The endothermic effect passes directly into a well defined 
exothermic effect with a maximum at 820OC (fig. 3) 
corresponding to recrystallisation of an olive structure. 

The derivatogram of the red mud from the leaching of 
the Belgorod bauxites (fig. 5) as a whole is characterised 
by the presence of the same effects as the derivatograms 
of the muds given in figs. 3 and 4. Consequently, the 
muds from the leaching of Fe and Mg-Fe-chlorltes are 
represented by undecomposed chlorites. Hydrated sodium 
aluminosilicate was not found in the muds, and this con
firmed the thermodynamic calculations. 

Thus, the chlorites are not decomposed during the 
autoclave leaching, and their presence in the bauxites 
from some deposits is reflected in the technology of the 
extraction of alumina by the Bayer method. For example, 
the incomplete extraction of the AljO^ from the hydrar-
gilUte batixites of the Belgorod KMA deposit In the Bayer 
process is due to the fact that about 10% of the alumina 

f9Kr xr.3 A/X^ 
Nitric acid autoclave recovery of products from concentration of hlgfa-siUca bauacites 

contained in the'bauxites ahd practically all the silica are? 
present in the composition ol high-iron chlorite, which re
does not decompose during autoclave leaching of bauxites.^ 

Conclusions 

1. The decomposition reactions of yarious types of 
chlorites in alkaline aluminate solutions are thermo
dynamically impossible. » 
2. The results from the thermodynamic calculations 
were confirmed by various methods of physico-chemical^ 
analysis of the muds after the leaching of chlorites and'.!;'̂  
KMA bauxites. 
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Recently researches into the mechanical concentration 
of bauxites have been widely developed in the USSR. Usually, 
the concentration of low-grade bauxites leads to the produc
tion of two products i. e . , a concentrate distinguished 
from the initial rock by an increased silica ratio and a second 
product, which contains a considerable amount of alumina 
in the form of kaolinite or other aluminosilicates and is not 
waste material. The mechanical concentration could become 
most effective if the bauxite concentrate were treated by the 
Bayer process and the low-ratio product, which contains an 
increased amount of silica, were treated by the acid method. 

Investigations carried out in the USSR and abroad show that 
it is possible to use autoclave treatment for the extraction of 
alumina from clays and kaolins. According to calculations 
made in recent years^, the nitric acid method is the most 
economical of the acid methods for the production of alumina 
from clays. It seemed expedient to investigate the use of 
aus method for the treatment of high-silica bauxites and 
Icaolinite products from their mechanical concentration, 
which differ from clays Ijy the presence of bauxite minerals 
and a higher content of alumina. 

EarUer*) we studied the behaviour of the principal alumina-
contai ing minerals in the breakdown of the prtxiucts from 
concentration with nitric acid. The conditions for transfer 
of aluminium into solution and separation of aluminium 
from iron directly during nitric acid treatment of the 
boehmite-kaolinite product isolaied during the concentra
tion of high-silica bauxites of the North-Onega deposit 
are examined in the present work. 

The starting material is characterised by a particle size 
of -44 ;i and by thp following contents of the principal 
components (wt.'~c): 47.5 AlaOj, 22.5 SiOj, 7.6Fe503, and 
16.1 calcination loss. The alumina-containing minerals 
are represented by kaoUnite, boehmite, and hydrargilUte 
and, in smaller amounts, diaspore and hydromica; the 
iron-containing minerals are goethite ani haematite. 

50 

Treatment of the boehmite-kaolinite product with nitric .". 
acid under atmospheric pressure conditions does not -^ 
secure satisfactory extraction of alumina. Thus, treatment':-
of the raw product with 40% nitric acid only extracts about", 
5% of the alumina into solution, while treatment of the '-'̂  
roasted product does not extract more than 50%. Treatmenl-
at increased temperatures in an autoclave possesses advas--
tages, among which the high degree ot decomposition, Qie-y 
reduction in the acid consumption, and the production of .-̂  
solutions less contaminated witii iron should be noted pri- r 
marily. ^ j ^ " 

The experimental part ol the work was carried out in ^v 
autoclave bombs made of Khl8N9T steel. Samples of the-1.$^ 
initial product were roisted in a muffle furnace at 600°C i,̂ " 
for 2h (the optimum roasting conditions for the given - ^ 
product) and loaded into bombs with a specified amount of ^: 
40% HNO3, with filling factors of 0.6-0.7. The bombs werti^ 
placed in an air thermostat with an electric heater and aulo^ 
matic temperature control. Agitation of the pulp was - ^ 
realised by rotation of the bombs through the "head". Tlie.f; 
degree of breakdown of the initial product was determined v' 
from the AlaOj and Fe^Oa contents in the insoluble residirt,'-
and in addition the solutions were analysed for iron and ^ 
aluminium content. j ^ 

The effect of the acid consumption and the length and vf 
temperature of the process on the breakdown of the previ-]5p 
ously roasted boehmite-kaolinite product was investigated-Viv 
In the first stage of the inv-estigation.; a 100% consumptioa-^ 
of nitric acid on the stoichiometric amount for the forma-.^ 
tion of AUNOj), was used. The initial concentration of tWjr, 
acid amounted to 40%; it is not advisable to use stronger "jj; 
acid, since 50% HNO3 gives a thick pulp, which must then g 
be diluted considerably with water. ^ . 

Fig.l shows the effect of the length of autoclave treatment. 
of the boehmite-kaolinite product with nitric acid at 140, '^' 
160, and 180°C on the extraction of aluminium (curves 1-% 

:.-.' ll" 
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.„diron (curves'4-6) into solution. With short treatment 
**. Q^ increase in temperature has a significant effect on 
H* decree of extraction of aluminium. However, the longer 
M process, the smaller the effect of temperature. Maximum 
Z^ct ion of aluminium, corresponding to 94-95%, was 
S S i e d after Ih at I8OOC, 1.5h at 160°C, and 2h at 140°C. 
S^rtrong effect of temperature on the decomposition rate 
rf Bie alumina-containing minerals makes it possible to 
^jopose that the process is controlled by a kinetic stage 
f e r t i l e conditions adopted. 

* • 

• i . 

r i g . l 
Extraction of eluminxim 11-3) 
end iron 14-6) in to solution as 
a function of the length of the 
process of breakdown of the 
i n i t i a l product at various 
temperatures l°C}: ISO 11,6), 
160 (2,5)! 140 (3,4). 

I I I I > 

Length of treatment h 

The insoluble resiudes after nitric acid treatment, filtra-
Hsgt, and washing .(satisfactory filtration) were analysed by 
IR spectroscopy.. In those cases where extraction of aluminium 
close to the maximum value was obtained the AI3O3 was 

'detected in the residue mainly in the form of hydromica. 
The content of this mineral is clearly explained by the in
complete extraction of aluminium into solution. 

The behaviour of iron during nitric acid treatment of the 
product investigated is interesting. Curves 4-6 (fig.l) show 
Hat two processes take place simultaneously during treat-
iDent of the product in the autoclave, i. e . , dissolution of 
iron and its precipitation as a result of hydrolysis, and the 
carves for the extraction of iron with time therefore have 
a maximum. At 140°C (curve 4) this maximum is clearly de 
defined, and at higher temperatures (curves 5 and 6) it lies 
ID the left of the first experimental points. As a result of 
hydrolysis the concentration of iron in the solution decreases 
to 0.9-1.1 g/1, and the iron ratio of the solution (JL = 

.AUJ,/FejOa) increases lo 100. 

The effect of the acid consumption on the extraction of 
aluminium and iron into solution is shown in fig.2. The 
extraction of alumina does not increase when the acid con
sumption exceeds the stoichiometric amount for the formation 
of Al(NOj)j. The hydromicas still remain unopened. Even 
with an acid consumption of 85-95% of the stoichiometric 
perfectly acceptable extraction of alumina (93-94%) is 
obtained, and 0.4-0.5 g/1 of FegOs is retained in the main 
solution, which has pH = 1.2-1.4, and this amounts to 
-"2.5% of the amount of iron present in the raw material. 
The solutions contain about 0.02 g/1 of SiO, and'less than 
0.01 g/1 of TiOa . The aluminium content in these solutions 
corresponds to 100-110 g/1 , and after combination with 
the wash waters it decreases to 85 g/1. 

The obtained solutions have an iron ratio approaching 300. 
The insoluble residues contain (wt. %): 5.5-6.0 AljOj , 
53-54 SiOa, 19-20 FeaOj. 

Consequently, considerable removal of iron from the solu
tion of aluminium nitrate is achieved directly during nitric 
acid autoclave treatment of the boehmite-kaolinite product 
containing 7.6% F e ^ a . However, this degree of removal 
of iron is hot the maximum; further higher purification of 
the solution can be realised after removal of the solid phase. 
This is demonstrated l)y investigations of the high-tempera
ture hydrolysis of iron from nitrate solutions, realised both 
on synthetic solutions and on solutions obtained during the 
bleaching of clay^^*). 

Conclusions 

1. The low-ratio kaolinite products obtained during concentra
tion of bauxites can be subjected to a nitric acid autoclave 
treatment in order to transfer the aluminium selectively 
into solution. 

2. For the case of a boehmite-kaolinite product containing 
iron it was shown that under conditions of nitric acid auto
clave treatment it is possible almost completely to transfer 
the aluminium into solution and to separate it from the bulk 
of the iron, silicon, and titanium. 

'• Tbe hydrolysis of aluminium under the adopted conditions 
••- does not go further than the formation of soluble basic salts 
A-dnce the concentration of aluminium in the solution does 
itsot decrease. 

4' ti ..•» 

^jICauuBption of acid on stoichio-
-'?«etric amount for the formation 
.^*1(K0,),, Z 

Fig.3 
Extraction of aluminium (1) and 
iron (2) in to solution as a 
function of the acid consump
tion. 
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s^uUfnsiaa and activity of hydrogen in the aluminium-copper system 
^^'*' 
^ ' B j Vashchenko, D F Chemega, D F Ivanchuk, O M Vyalik, and G A Remizov (Kiev Polytechnical Institute. 
-;* Bepartment of Machines and Technology in Casting Production) -v. 

.T' The interest in the study of the liquid state in metals is 
i-due to successes in the theory of the liquid state and the 
Increasing possibilities for practical utilisation of labora-

- tory experimental data. The study of the diffusion of 
• hydrogen in Uquid metals is of theoretical and practical 

'••'interest 

Of the three main Unks in the interaction of gases with 
liquid metals (absorption, diffusion, dissolution) the least 
investigated is diffusion. The setting up of experiments on 
the determination of the diffusion of hydrogen in molten 
metals involves procedural difficulties, i. e . , convective 
flows in the melt and the difficulty of their suppression 
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Frank Cloke 

>5*ni.e.author considers it may be of interest 
-to. plaice on record two instances, within his 
"own" .knowledge and experience, in which 
iiBufBcient knowledge of the effect of natural 

.aridity on copper precipitation gave rise to 
\"ery considerable losses in cash and metallic 
copper values. 

În .1913, when engaged in the leaching 
. and • precipitation of the copper in about 
1S5,000 tons of burnt arsenical-copper ore 
on an abandoned mine, he had his first, 
eaqjerience of the kind. 
:"jari-; idigging trenches • to ' intercept the 
- p r ^ a h t water passed through the dump a 
drain-was met canying about 400g.p.m.-of-
^•ater. _ This was assayed and proved to 
rontain- several ounces of Cu per ton of • 
w^er.- "A plant was promptly constructed • 
Targe enough to treat it, but without success. 
There' was a notable suspension of hydrated • 
oxides of iron and alumina, which quickly 
coated, the iron and steel lathe turnings used 
and^jrecipitation, if at all, was very sluggish 

-indeed.'". • N ' •.- ' 
.•^|The late Dr. Alfred C. Fryer, in the usual 
course of his duties, went over the plant. 
His attention was called to the stream and its 
failure to respond to the usual treatment..' 

. ^^'suggested acidifying it and recommended 
'-"nitre-cake-"—a waste-product in the 
tnanufacture of" sulphuric ' acid—for the 
Purpose. This was tried at once, with 
complete success. Very considerable losses 
^d,-of course, taken place already. 
ffsThe second instance of this phenomenon 
l^k place during the author's last stay in the 
l^ted: States, from 1924 to 1933.' He was 
son'eying for eight years of that period, but 
*?s--the assistant to the chief chemist for 
^ e year. \\Tiile engaged on a 7-mile surface 
"iaiigulation survey which passed through 
•^Jyery large adjoining mine the' writer 
noticed many thousands of tons of over-

A record 

ol 

• • " ' • 

• ••" • ' y 

• ' - : : ^ 

practical ' . * • . - - . ' 1 

•zperiences of . -• .. ' 1 

, copper leaching 

' operations. 

burden dumps, on both properties, which^ 
showed small pieces of copper carbonate 
throughout. At the base of a dump of about 
500,000 to.ns there was a, small derelict 
precipitation plant. On the top of the same 
dump a number of bays had been thrown 
up, shovring that an attempt had previously 
been made to leach out and precipitate the 
copper. • , • • -.-. . 

The author was then transferred, on loani 
from the sur^'eying to the assaying laboratory.. 
Upon proper acquaintance he expressed his 
surprise to the chief chemist that no attempt' 
was being made to leach that 500,000-ton 
dump, but was then told that a-well-known 
expert had carried out experiments for about 
a year with a view to leaching arid recovering 
the great amount of copper values in it. In 
liis report the expert had stated that the 
copper was amenable to sulphuric acid 
leaching, but upon passing the leach liquor 
through the test plant no precipitation took 
place at all. In an endeavour to ascertain 
the cause of the failure a number of experir' 
ments were carried out in the laboratory; 
The results of these led. to the belief that the 

, abundance of aluminous clay in the-material. 
was almost entirely responsible for the failure 
of precipitation. ' . . . . 

"This was naturally'a reminder of the ex
perience in 1913. \Vhile readily accepting 
the verdict of the expert he felt that .it 
was, ih all probability, a matter of acid, con
dition. He decided to pursue the matter 
to its logical conclusion, if able, and being 
employed in the laboratory had all that • 
he required for the purpose. - Knowing 
the importance of working with pure solutions 
a few crystals . of copper sulphate were 
taken and dissolved in distilled water. It was 
expected, the salt being a chemical union 
between an acid much .more powerful than-
the base, that the solution would perhaps 
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.:';:.give an acid reaction. A leaf of blue litmus 
•i; paper shaken in the solution .turned red 
; • quickly. The next step was to' clean the blade 

• ' o f .the pocket-knife and dip it into the 
liquid; at once the usual depositioa of 

. copper was obtained. 
. ;• . .^He next wondered what would happen if 
,- ' the acid reaction were neiitralized. Ac-

• coi-dingly a siiitably-diluted solution bf pure 
- ;. ammonia was made up and cautiously, added , 
.' drop by drop with thorough mixing between 

. .'" .each drop imtil the solution gave no visible 
'-:. -colour change with either blue Utrrius or red. 
• -Again the knife blade was cleaned and 

1.̂  shaken vigorously in the solution for at least 
a minute; not the least sign of copper 

• ;-• appeared on the blade. - . . 
'̂ - _The.. next - question ' was : Would re-
- acidification of the solution again restore the 

precipitation reaction ? Suitably diluted pure 

t.?r'^.^'' •-, J-' 

, « . 

Aluminium 

• - • . ; • ' • - • - ' • : - ' : . - f o r • 

Australia 
Kura East. 

••.'. ' ' ,. '-^ Introduction '.•'• 
. War-time experience showed Australians 
that a self-contained aluminium, industry 
was essential to defence. In 1939 irhports of 
aluminiiim were only 1,320 tons; vrith the 
war they sk5^ocketed to a maximum of 
10,440 tons in 1944. The annual consumption 
during 1943 and 1944 was about 5,000 tons. 
In December, 1944, the Federal Parliament • 
passed the Australian Aluminium Industry 
Act and so gave parliamentary sanction to 
plans developed in the early stages of the 
war for the manufacture of aluminium ingot 
in Australia. In 1945 the Australian Alu
minium Production Commission was set up. 

The aluminium ingot industry can be 
divided into three major operations^-mining 
of the ore, chemical treatment to obtain 
alumina, and electrolj^ic reduction of alumina 
to metal: The three processes may be 

^separated if an integrated plant to cairy out 

sulphuric acid solutioh wcis added a drop afierification of cerl 
a time, ^yith mixing, until, approximately, thie^eans that " alu'if 
original acidity \vas reached. Upon dippihgfntirety will be ca 
the.cleaned knife blade in the solution thejhat plant for t | 
precipitation took place at once,. as atvom raw bauxite 
first. . '• •- " .'t^ or the reduction I 

This clearly proves, of course, that acidity Vill be establisheJ 
is essential tp the precipitating reaction. The-ĵ ew site. The onl̂ j 
acidity may be greater thaii the naturalImits will be in i 
acidity..of a solution of pure sulphate oftlfasmania and ela 
copper in distilled water, but in viewr of tfe ..The State Hyc 
fact that precipitation is cornpletely airested, ,ovv completing I 
upon neutralization, it necessarily* follow vluminium Coriiq 
that immediately the acidity falls .below theXower. The Tasrf 
natural level the speed of the precipitatiba''isked to vote ml 
falls very rapidly and soon comes to rest , ^ jam near the-
.' It is clear, at any rate, that the phen^^iyer, at Launce 
menon may yet prove of use to anyone con^irovide the 35,(1 
templating leaching operations on dumps of jLedL-
low-grade cupriferous material. 

American 

The Commissifl 
Lesses for. the prJ 

!^|inally selecting t l 
' ijfor Australian cc 

0̂ sent a metal 
ja year to study i 
'^return he becar 
-dent. 
\ In 1945 the C | 
^ Tasmanian- a,nd 
jUnited States 
conditions; this ' 

jjby the -Dorr Cor 
the samples had | 
jtreatirientat an 

all tliree functions in the same area is i^-|nformation sup | 
practicable. • Before'siles ibr each section xaKl^ecided- .that •: 
be fixed, however, an examination must be^Au.st^alian industi 
made of the quantity'and quality of availabllrjible measure ail 
bauxite ;., ,of water,- coal,... or .limestorie.jtapital and.oper^ 
suppUes ;"«5f tKe "iise of direct or alternating technical data to 
current for power, and of transport costs of Dorr Conipany a| 
raw, semi-finished, .or -finished materials' *".d initiate in 
A supply of cheap power from hydro-electric ijiecessary for t 
resources led Tasmania to be chosen as the .Has been accept 
most suitable' place for the -Australiiari 
industry.. In 1944 an agreement was made 
between the Commonwealth and' the Tas^ 
manian State Government for the joint 
establishment of the industry. •. --•!'-̂ .: 

Its careful investigations completed,-the-
Commission informed the Premier of Tasf 
mania in February,. 1946, that a convenient 
site in the Launcestpn. area in the north of, 
the State had been fixed for the. site of the 

..aluminium, industry, subject to a final 

A brief 

. outline of plans 

to create an 
• ' -m alumimum-industry M 

in Tasmania:-' 

Bauxite depos: 
in Austraiia-r-^ui 
Victoria-, Tasma 
The total recorde 
the end of, 1944 
amount. 18,52'7 t 
South Wales and 
recent- years th 
Averaged about 



SUBJ 
MNG 
NAPF 

NEW APPROACHES TO PROBLEMS OF FLUID 
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INTRODUCTION 

Investigations on the factors that control the 
movement of fluids in the underground inevitably 
become involved with fractured rock masses. In 
the petroleum industry, it was recognized long ago 
that the presence of fractures, either natural or 
man made, is crucial to the economics of the recovery 
methods to be employed in many oil fields. The 
development of groundwater resources is likewise 
often dependent on the presence of fractures to 
provide a drainage system in low permeability rocks. 
Geotechnical engineers have been faced with difficult 
problems when designing and constructing large 
engineering works in fractured rocks; catastrophic 
failures of' large daras provide evidence of the 
magnitude of their problems. The leakage problems 
that have resulted when natural fractures were not 
detected in developing projects for underground 
storage of petroleum hydrocarbons are still another 
kind of evidence of the importance of fracture 
systems. The current problem of evaluating migration 
of aqueous solutions of radionuclides through crys
talline rock masses where the movement will be 
controlled by the discontinuities is a critical issue 
in the design of nuclear waste repositories. These 
examples simply serve to illustrate the fact that the 
.fractures play a key role in. understanding the flow 
behavior of rock systems. 

Despite the importance of th'is problem and the 
great amount of investigation by many workers, much 
remains to be done in developing a complete under
standing of the factors that control fluid movement 
through fractured rocks.. The range of subject matter 
covered by the papers presented in Topic Area 1 of 
this symposium gives a good indication of the com
plex problems that face earth scientists. 

We shall address three different aspects of this 
problem in an effort to describe some investigations 
currently underway in this laboratory. The first 
part of this paper is an attempt to develop an ex
pression for fluid flow in a deformable fracture. 
Our approach to this problem of the hydromechanical 
l>ehavior of a deformable fracture differs from that 
of Gangi (1978) although we both have a common 
starting point, the roughness of the fracture sur
face. The second part has to do with the problem of 
how to treat flow through networks of fractures. It 
is customary to consider a discontinuous rock mass 
Dy some equivalent porous medium but this raises 
some important questions that will be discussed, 
"he third part will present the most recent results 
Oy our group to develop a fully coupled finite 
Element code for flow through fractured porous 
.nedia subject to thermal, hydraulic and mechanical 
stresses. 

HYDROMECHANICS OF FLOW IN A SINGLE FRACTURE 

We have developed a simple physical model to 
understand the effect of normal stress on flow 
through a single rough walled fracture. In order to 
gain a fundamental understanding of the problem, we 
have focussed on the physical mechanisms and have 
excluded the use of arbitrary fitting parameters. A 
single fracture is considered to be composed of a 
collection of voids, and the closure of the fracture 
under stress to result from the deformation of.,.these 
voids. From such a model, the macroscopic measurable 
quantities, such as the normal stiress and correspond
ing normal fracture displacements, can be correlated 
to the geometrical characterization of a rough walled 
fracture. The effect of roughness is incorporated 
into the usual parallel plate model of a fracture, 
and the flow rate as a function of normal stress 
is predicted and validated against laboratory data 
on granite and basalt. 

Solutions of the Navier Stokes equation show 
(Boussinesq, 1868; Bear, 1972) that steady, laminar 
flow through two smooth parallel plates separated by 
a constant distance b obeys the cubic law, that is, 
the flow rate is proportional to b^. The cubic law 
has been shown to hold down to apertures of 0.2 pm 
in open fractures made of optically smooth glass 
(Romm, 1966). We have shown (Tsang and Witherspoon, 
1981) that an equivalent cubic law may be used for a 
rough walled fracture if the constant value for the 
aperture is replaced by a statistical average. This 
implies that the hydrological property of a rough 
walled fracture may be suitably modeled by a mathe
matical aperture distribution function. 

Fig. 1 Schematic representation of a fracture 
by an asperity model. 

Fig. 1 shows such a schematic representation for 
a fracture, which consists of a smooth top slab and 
a rough bottom slab with asperities of different 
heights (hj). The configuration of asperities 
gives rise to a fracture with variable aperture bj. 
The problem is then to develop an asperity function 
that is a correct mathematical expression for the 
variability of the real, physical fracture. 



Theoretical Development 

Geometrically, a single rough walled fracture may 
be envisioned either as a collection of voids or as 
an array of asperities (Fig. 2). 'Jnder increasing 
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Fig. 2 Schematic representation of a frac
ture by either the asperity or the 
void model. 

tion of voids, all with the same orientation as the 
one shown in Fig. 4, the. effective modulus Egjj 

Fig. 4 Geometry of a flat elliptic crack in 
in rock block under stress. 

normal stress, more asperities come in contact and 
the average distance between points of contact 
decreases. Though an asperity description for a 
fracture seems to be a natural candidate for the 
study of flow through fractures, we find that the 
void description is better suited to the interpreta
tion of the mechanical property of a single fracture 
under stress. By considering the closure of a single 
fracture as resulting from the shortening of the 
average crack length of the voids, we were able to 
arrive at an asperity function consistent with 
mechanical measurements of fracture displacement and 
applied normal stress. 
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3 Typical normal s t ress-displacement be
havior for i n t a c t and jointed rock. 

Given measurements of normal s t r e s s displacement 
for both i n t a c t and jointed rock such as those shown 
in Fig. 3, we may define both the i n t r i n s i c Young's 
modulus, E, for the i n t a c t rock and the e f fec t ive 
Young's modulus , ^ ^ f t i fo r t h e j o i n t e d rock from 
t h e r e s p e c t i v e s l o p e s of the s t r e s s - d i s p l a c e m e n t 
curves: 

Eeff(a,AVt) = i f ^ ^ 

(1) 

( 2 ) 

At low stresses, the effective Young's modulus Egff 
of the jointed rock is much smaller than that of the 
solid rock. As stress is increased, Egjf approach
es the value of E for the solid rock. 

Consider first the geometry of one elliptic flat 
crack of length 2d enclosed in a rock volume of u = 
AxAyfiz. Following closely the formulation of Walsh 
(1965), one can show that for a rock with a collec-

of the rock with voids is related to the intrinsic 
rock modulus E by: 

'̂ •eff 

_1 ̂  4 71 <d?> 
E E <u> ' 

(3) 

where both the half-crack length cubed and the volume 

enclosing each void have been averaged over all the 

voids in the sample. This expression is not sensi
tive to the actual shape of the void. The second 
term on the right-hand side of (3) arises from 
the strain energy associated with the cracks. Since 
(3) applies to a physical situation of sparse voids, 
the effect of the voids on the elastJLc modulus is 
expected to be small. Then the property of the 
rock medium in which the voids are situated may be 
described by Young's modulus for t h e intact rock, and 
therefore the same modulus E appears in the strain 
energy term associated with the cracks. 

Fig. 5 Representation of single horizontal 
fracture by an array of voids. ^ 

If we were to consider one single horizontal 
fracture as a collection of voids, the physical 
situation will be as shown in Fig. 5. Here the voids 
are dense and the void ratio is large. Only a small 
fraction of the total fracture area is in contact. 
To describe the effective modulus Egfj of the 
fractured rock in the vicinity of the fracture, (3) 
may be modified to: 

1 4TI <d3> 
= — • ^ 

Eeff E Eeff <u> 
(4) 



where (4) now includes Egff in the last term. When 
the voids are large in number and close in proximity, 
the void-void interaction is no longer negligible as 
Is assumed in the derivation of (3). Since it is 
difficult if not impossible to account for this 
interaction in the calculation of strain energies, we 
make a plausibility argument to lump the effect of 
the interaction by introducing Egff in the last 
term of (4). The argument being that due to the high 
void ratio, the property of the rock medium is better 
represented by the effective modulus of the fractured-
rock than by the modulus of the intact rock. 

Suppose there are M^ voids in the fracture with 
a total cross sectional area A. then the average 
volume enclosing each crack may be written as: 

portray a portion of fracture shown in Fig. 5 at 
different stages of normal stress. The crack length 
2d is defined as the distance between two adjacent 
areas where the two fracture surfaces come into 
contact. These areas of contact are simply the 
asperities as shown in Fig. 2. Under increasing 
load, the deformation of the voids causes more 
asperities to come in contact, and leads to a de
crease in the average crack length. This process 
results in a gradual increase of the effective 
modulus with increasing normal stress according to 
(7). The average crack length 2<d> continues to 
decrease as the voids deform until the term <d>/Az 
becomes negligibly small compared to 1, at which 
point the jointed rock will exhibit an effective 
modulus identical to that of the intrinsic modulus. 

<u> 
A Az 
M„ 

(5) 

where Az is a thickness around the fracture within 
which Eeff is applicable (see Fig. 5). Since the 
rock fracture is represented by a collection of 
voids, one expects the contact area of the fracture 
walls to be small such that the total void area is 
almost identical to the total fracture cross section 
area A. Therefore: 

<(2d)2> Mv •= A (6) 

In addition, for a spatially random collection of 
My voids, <d^> == <d2><d> and (4) may now be written 
approximately as: 

eff ^ , _ •^<d> 

Az 
(7) 

Equation 7 gives a useful r e l a t ionsh ip between the 
two moduli and t h e ave rage h a l f - c r a c k l e n g t h <d> 
which cha rac te r i zes the rough f rac ture a t d i f fe ren t 
levels of s t r e s s . 

(a) Ot normal stress a, 

(b) at normal stress o^>a•, 

(c) at normol stress <r̂ ><̂ z 

-2d, -i—2d^ - I - 2d, - I - 2d.—i 

Fig. 6 Deformation of voids in a sequence 
of increasing normal stresses. 

The physical picture implied by (7) is illustrated 
schematically in Fig. 6, which is an attempt to 

We therefore attribute the "softness" of a jointed 
rock to an average crack length that initially is 
relatively long and the stiffening of t h e jointed 
rock under compression to the shortening of this 
average crack length. This differs from Gangi's. 
(1978) "bed of nails" model, in which he ascribes the 
closure of a fracture to the elastic compression of 
the "nails" or "asperities". In Gangi's model, 
the "softness" of the fracture is said to result from 
the small number of asperities tJiat are in contact. 
These areas therefore sustain much higher stresses 
than that measured by the total load divided by the 
total fracture area. As a result, the strain of 
these asperities in contact is expected to be larger 
than the strain in an intact rock under the same 
load. 

However, when we apply such an asperity model to 
both the flow data and stress-strain measurements in 
a granite fracture (Iwai, 1976], we found that in 
order to obtain a result that is quantitatively com
patible with the data, we had to assume that the 
total area of all the asperities that are in contact 
with the top slab (Fig. 1) took on a value of less 
than .001 of the total fracture area at an applied 
stress level of 20 Mpa. The experimental measurement 
[Iwai, 1976] gives a value between .1 to .2 for the 
contact area of the fracture at the same stress 
level. The discrepancy of two orders of magnitude 
between a parameter in the theory and measurement 
implies that the physical fracture system appears to 
be much "softer" than that described by the asperity 
model. On the other hand, the alternate mechanism 
proposed above, where the closure of the fracture 
under normal stress is ascribed to the deformation of 
voids, does predict a very soft elastic property at 
low stress. It also predicts a gradual increase of 
Young's modulus with stress, and a correct contact 
area in accordance with the laboratory measurment. 

It is clear from Fig. 6 that one may view the 
sequence (a) (b) (c) either as a decrease in the 
average crack length 2<d> or as an increase in the 
number Nj. of areas in contact under increasing 
load. For a rough-walled fracture, we shall describe 
the former process as a "void model" and the latter 
process as an "asperity model." For a spatially 
random distribution of voids or asperities, Nj. 
varies inversely with <d>. Given elastic stress 
measurements, it is evident from (7) that the rela
tive average crack length 2<d> as a function of 
stress or fracture displacement can be calculated, 
and therefore, N^ may be deduced. 

The number of contact areas, Nj,, is the key to 
aperture distribution. Fig. 1 represents a rough-



walled fracture as an array of asperities of varying 
heights hj. At zero applied stress, the maximum 
possible aperture is b^, which corresponds to an 
asperity of zero height. With applied axial stress, 
the fracture closure AV results in a downward 
displacement of the top slab. At nonzero stresses, 
the aperture which corresponds to each asperity of 
height h is: 

|(bp-AV - h) h < (b„ 

h >̂  (bo 

AV) 

AV) 

(8) 

Let n(h) denote the asperity height frequency 
distribution function which characterizes the 

investigations on the mechanical and hydrologlcal 
properties of tension fractures in samples of basalt 
and granite to test the validity of our physical 
theory, Iwai measured normal displacements for both 
intact and jointed rock at normal stresses up to 
20MPa, and he also estimated the contact area within 
the fracture to be 10 to 20% of the total fracture 
area at maximum stress. Figure 7 shows how his 
results for radial flow of water through a single 
fracture in basalt decreased with increasing normal 
stress during the first loading cycle. Based on his 
fracture displacements, we used (12) to determine 
average apertures and then computed flow rates from 
(11) for fractional contact areas of 10, 15, and 20%. 
The smooth curves on Figure 7 show how the theoreti
cal results compare with Iwai's experimental data. 

number of asperities in contact at any stress, 
is: 

n(h) dh. (9) 

It is clear from (9) that the asperity height dis
tribution function, n(h), can be obtained from the 
derivative of N^- For a given set of stress dis
placement measurements, it is possible only to 
deduce the change in <d>/Az relative to its value at 
zero applied stress from (7). This implies that N,, 
and in turn n(h) can only be determined to within 
some constant multiplier, because the value of bg 
is not known. If the contact area as a fraction of 
the total fracture area is known to be co at a speci
fied deformation AV, then: 

Nc(AV) 
(10) 
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Fig. 7 Experimental and theoretical flow as 
a function of normal stress in basalt. 

and bo is readily determined if a functional form 
exists for Nj,(AV). 

We have shown (Tsang and witherspoon, 1981) that 
if the aperture variation of the fracture is spatial
ly random, the equivalent cubic law for flow through 
a rough walled fracture may be written as: 

2 _ 
A(t> 

<b^> (11) 

where C is a proportionality constant that depends on 
the macroscopic fracture dimensions and properties of 
the fluid. The statistical average for the variation 
in aperture may therefore be computed from: 

,bo-AV 

<b3(Av, c )> 

r ° <bo Av - h)3n(h) dh 

f n(h) 
(12) 

dh 

Once the normal s t r e s s displacement measurements and 
an e s t i m a t e d c o n t a c t a rea of t h e f r a c t u r e a t any 
s t r e s s are known, flow through the rough f rac tu re may 
be ca l cu l a t ed from (12) . 

Applicat ion to Laboratory Data 

We used r e s u l t s from I w a i ' s (1976) l a b o r a t o r y 

In analyzing Iwai ' s (1976) data for r a d i a l flow in 
a g r a n i t e f r ac tu r e , we used h i s r e s u l t s for both the 
l o a d i n g and un load ing c y c l e s . F i g . 8 shows the 
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Fig. 8 Experimental and theoretical flow as a 
function of normal stress in the first 
loading and unloading cycles in granite. 



f 
h y s t e r e s i s t h a t he o b s e r v e d a s a r e s u l t of a perma
n e n t s e t i n t h e f r a c t u r e . We a s s u m e d a maximum 
f r a c t i o n a l c o n t a c t a r e a of 15% a t maximum a p p l i e d 
s t r e s s and t h e smooth c u r v e s i n d i c a t e how our t h e o r y 
compares w i t h h i s e x p e r i m e n t a l d a t a . S i n c e no cu rve 
f i t t i n g i s i n v o l v e d i n h a n d l i n g t h e f low d a t a , we 
b e l i e v e our t h e o r y p r o b a b l y c o n t a i n s tihe e s s e n t i a l 
p h y s i c s t h a t i s r e l e v a n t t o t h e c o u p l i n g b e t w e e n 
s t r e s s and flow i n a de fo rming f r a c t u r e . 

Summmary 

Both a "void" and an "asperity" description of 
the fractures are used in this theory. The former 
is suited to the mechanical property, and the 
latter, to t h e hydrological property of the rough-
walled fracture. The physical picture that emerges 
from such a model is that at zero applied stress, the 
fracture is propped open by only a few tall asperi
ties, giving rise to very long average "crack" 
lengths. Therefore, the elastic property of the 
jointed rock appears to be extremely soft at low 
applied stresses. At higher stresses, the number of 
asperities in contact increases rapidly, causing a 
rapid decrease in the average crack length. Thus, 
the Young's modulus of t h e jointed rock approaches 
that of the intact rock. 

The fact that the fractional contact area of the 
fracture at the maximum applied stress of 20 MPa is 
on the order of 0.15 is of considerable interest. 
While the stress-displacement measurements indicate 
that the Young's modulus of the jointed rock becomes 
almost identical to that of the intact rock at this 
stress level, the fracture is far from being "closed"; 
in fact, only about 15% of the fracture surfaces is 
in contact. The mechanical property of the fracture 
becomes indistinguishable from that of the intact 
rock, not because the fracture is "closed," but 
because the average crack length under increased 
load has shortened sufficiently, causing the voids in 
the fracture to deform from elongated shapes (Figs. 4 
and 5) to voids more like spheroids. Thus, with 
respect to its elastic behavior, the fracture is very 
much like an intact rock; but with respect to its 
hydraulic behavior, the fracture is definitely "open" 
to allow fluid transport. Our observation therefore 
indicates that unless there are very high normal 
stresses, a fracture probably cannot be "closed" 
Sufficiently to completely prevent hydraulic flow. 
This seems to be consistent with the observation of 
Kranz et al. (1979) from their measurement of permea
bility from pulse decay data. Kranz et al. deduced 
Indirectly from their data that the difference in 
the flow rate between a jointed and an unjointed 
rock does not vanish until t h e effective pressure 
is at least 200-300 MPa. 

POROUS MEDIA EQUIVALENT FOR A NETWORK 
OF DISCONTINUOUS FRACTURES 

.One of the important questions that arises when 
Considering the flow of fluids through a discontin
uous rock mass is whether or not t h e fracture net-
*'ork behaves like porous media. In other words, can. 
One model the system by an equivalent permeability 
tensor and proceed to determine the movement of 
fluids under the application of known boundary and 
Initial conditions? 

Work that has been done to determine the equiva
lent permeability of fractured rocks from information 
n fracture geometry (assuming an impermeable matrix) 

can be'classified into two categories. Most of the 
work that has been done falls into the first category 
"where fractures are assumed to be of infinite extent 
(continuous or extensive fractures). Very little 
work has been done in the second category, taking 
into account the finite or nonextensive nature of 
fracture size. 

Mathematical studies of extensive fracture 
systems were made by Snow (1965). Snow developed 
a mathematical expression for the permeability 
tensor of a single fracture of arbitrary orienta
tion and aperture relative to a fixed coordinate 
system. The permeability tensor for a network of 
fractures is therefore the tensor formed by adding 
the respective components of the permeability 
tensors for each individual fracture. 

It can be seen in the field that fractures are 
clearly of finite dimensions. The fact t h a t frac
tures are finite means that each fracture can con
tribute to the permeability of the rock only insofar 
as it intersects other conducting fractures. In 
the extreme, an isolated fracture which does not 
intersect any other fracture effectively contributes 
nothing to the permeability of the total rock mass. 
This means that flow in any given fracture is not 
independent of flow in every other fracture. 

Two approaches have been taken to account for 
the finite nature of real fractures. Parsons (1966) 
and Caldwell (1971, 1972) have used analogue models 
to study finite fractures. Rocha and Franciss 
(1977) have proposed a field method for finding a 
correction factor to Snow's (1965) analysis. 

A significant result of Parson's work was that 
doubling the permeability of all fracture elements 
in the x direction increased the permeability in 
the y direction. This effect would not be seen in 
continuous fractures, but with discontinuous frac
tures t h e net flow in the y direction must proceed 
through some fractures oriented in the x direction. 
Also, for a similar reason, permeability in the x 
direction is less than doubled. This is a signifi
cant property of fracture systems that must be kept 
in mind. 

Homogeneous Anistropic Permeability 

In order to determine when a fractured medium 
behaves as a homogeneous, anistropic medium, one must 
determine if a syiranetric permeability tensor exists. 
The only way to show this is to actually measure the 
directional permecibility. Darcy's law: 

â i 
i] 3x. 

(13) 

can be used to examine t h e theory of d i r e c t i o n a l 
permeabil i ty measurement. The fact tha t flow and 
gradient are not n e c e s s a r i l y in the same d i r e c t i o n 
can be seen from i n s p e c t i o n of the above Darcy 
e q u a t i o n . Only when flow and g r a d i e n t c o i n c i d e 
with one of the p r i n c i p l e axes of p e r m e a b i l i t y 
w i l l flow and g r a d i e n t be i n the same d i r e c t i o n . 

Marcus and Evanson ( 1 9 6 1 ) , Marcus (1962 ) , and 
Bear (1972) give both the expression for permeabil i ty 
in t h e d i r e c t i o n of flow and p e r m e a b i l i t y i n t h e 
d i r ec t ion of g rad ien t . Both show how the r e s u l t s of 
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directional permeability measurement can be plotted 
as ellipsoids. For Kj, the permeability measured ih 
the direction of flux, i/1Cf plotted versus a, the 
direction of measurement, on polar coordinate paper 
will be an ellipsoid given by: 

(14) 

Likewise for Kg, the permeability in the direction 
of the gradient, 1//K„ plotted versus a will be an 
ellipsoid given by: 

1/K V K , 
(15) 

For permeability measured in the direction of flux, 
the major axis of t h e ellipsoid is in the direction 
of maximum permeability. For permeability measured 
in the direction of the gradient, the major axis of 
the ellipsoid is in the direction of minimum permea
bility. 

Another basic problem is that of establishing 
homogeneity. Homogeneity has been discussed by 
Hubbert (1956), Fara and Scheidigger (1961), Toth 
(1967), Bear (1972), and Freeze (1975). Freeze 
points out that there is really no such thing as a 
truly homogeneous medium in geology. However, in 
order to have a tractable analysis of flow, a scale 
of measurement (the macroscopic scale) must be found 
for which the porous medium is seen as a continuum 
(Hubbert, 1956). On this scale t h e medium is said 
to be homogeneous. The scale at which analysis is 
possible is commonly illustrated with a diagram 
such as Figure 9. The volume at which the parameter 

Fig. 9 Change in value of measured permea
bility with size of sample. 

of interest, in this case permeability, ceases to 
vary is defined as the representative elementary 
volume (REV). With respect to permeability, the REV 
of a medium can be sought by measuring the average 
permeability of increasing volumes of rock until the 
value does not change significantly with the addition 
or subtraction of a small volume of rock. 

There is no guarantee that such an REV exists 
for every permeable system. Indeed, Snow's (1969) 
theoretical and experimental work shows the permea
bility of fractured rock may continue to increase 
with the volume tested. This implies that the 
statistical sample continues to change with the 
size of the sample. A further problem has been 
studied by Freeze (1975), Smith and Freeze (1979a, 
1979b), and Smith (1978). They have concluded that 
for some problems it may not always be possible to 

define equivalent homogeneous properties for in
herently heterogeneous systems. 

The difficulty in identifying equivalent perme
ability is that, (a) the equivalent permeability 
tensor that works for one set of boundary condi
tions will not necessarily predict the correct flux 
for another set of boundary conditions, and (b) an 
equivalent permecibility which is correct in terms 
of flux may not predict the correct average head 
distribution. The first difficulty arises because, 
in general, different boundary conditions induce 
different gradients in different parts of the flow 
field. The permeability in one part of tbe field 
which has a higher gradient will have more effect 
on the total flux than the permeability in another 
part of the field which has a lower gradient. 
When the boundary conditions change, the emphasis 
changes. Therefore, a given equivalent permeabil
ity tensor will only apply absolutely to kine-
matically similar flow systems. 

If the gradient within the internally heterogen
eous REV remains approximately constant, each part 
of the element will have equal emphasis, and it may 
be possible to define a unique equivalent permeabil
ity tensor which will be correct for approximately 
linear flow in any direction. However, if the 
isopotentials and flow lines are curved relative to 
tlie dimensions of the statistically determined REV, 
then the value of the equivalent permeability of the 
REV will depend on the particular kinematics of the 
flow system. In this case, analysis of the flow 
system would depend on the knowledge of the equiva
lent permeability and the value of the equivalent 
permeability would depend on the flow system. So a 
unique solution to the flow problem is not guaran
teed. If, on the other hand, the gradient is con
stant and the average flow lines are linear witJiin 
the statistically determined REV, then there may 
exist a single permeability tensor which can be used 
to correctly predict flow in any direction. However, 
even under the constraints of a constant gradient, 
there is still no guarantee that a unique, symmetric 
permeability tensor will exist for every medium on 
any scale. 

Given a flow system such as seepage under a dam, 
the size of the appropriate REV must be small enough 
to have approximately a constant gradient throughout 
and therefore linear average flow lines. However, it 
must also be large enough to contain a representative 
sample of the heterogeneities. In some cases, it may 
be that a statistically defined REV is too large to 
have linear average flow lines. In this case, either 
a smaller REV must be found as the basis for analysis 
or a non-continuum analysis must be used. 

The above discussion leads to several conclu
sions central to this investigation. First, it only 
makes sense to look for REVs in fractured rocks 
using flow systems which would produce a constant 
gradient and linear flow lines in a truly homoge
neous, anisotropic medium. Boundary conditions 
which produce such a flow system will be described 
below. Second, the following criteria must be met 
in order to replace a heterogeneous system of given 
dimensions with an equivalent homogeneous system 
for the purposes of analysis: 

(1) there is an insignificant change in the value 
of the equivalent permeability with a small addition 
or subtraction to the flow volume; 



(2) an e q u i v a l e n t symmetr ic p e r m e a b i l i t y t e n s o r 
e x i s t s w h i c h p r e d i c t s t h e c o r r e c t f l u x when t h e 
d i r e c t i o n of g r a d i e n t i s c h a n g e d . 

Poin t (1 ) i m p l i e s t h a t t h e s i z e of t h e sample under 
c o n s i d e r a t i o n i s a good s t a t i s t i c a l sample of t h e 
h e t e r o g e n e i t i e s . P o i n t (2 ) i m p l i e s t h a t t h e boun
dary c o n d i t i o n s a r e a p p l i e d t o t h e sample which would 
p r o d u c e a c o n s t a n t g r a d i e n t t h r o u g h o u t a t r u l y 
homogeneous a n i s o t r o p i c s a m p l e . Trie a c t u a l g r a d i e n t 
w i th in t h e h e t e r o g e n e o u s sample does n o t have t o be 
e x a c t l y c o n s t a n t f o r (2 ) t o be s a t i s f i e d . 

S t a t i s t i c s of F r a c t u r e Geometry 

Under a g i v e n s e t o f b o u n d a r y c o n d i t i o n s , t h e 
h y d r a u l i c b e h a v i o r of a f r a c t u r e d rock mass w i t h an 
I m p e r m e a b l e m a t r i x i s d e t e r m i n e d e n t i r e l y by t h e 
g e o m e t r y o f t h e f r a c t u r e s y s t e m . R e a l f r a c t u r e s 
have complex s u r f a c e s and v a r i a b l e a p e r t u r e s , b u t 
f o r t h e p u r p o s e s o f t h i s s t u d y a n d m o s t o t h e r 
s t u d i e s of f r a c t u r e s y s t e m s , t h e g e o m e t r i c d e s c r i p 
t i o n i s s i m p l i f i e d . The a s s u m p t i o n i s made t h a t 
I n d i v i d u a l f r a c t u r e s l i e i n a s i n g l e p l a n e and 
have a c o n s t a n t h y d r a u l i c a p e r t u r e . C h a r a c t e r i z a t i o n 
of a f r a c t u r e sys tem i s c o n s i d e r e d comple te when each 
f r a c t u r e i s d e s c r i b e d i n t e r m s o f : (1) h y d r a u l i c o r 
e f f e c t i v e a p e r t u r e , (2 ) o r i e n t a t i o n , (3) l o c a t i o n , 
and (4) s i z e . 

As h a s been d i s c u s s e d i n t h e f i r s t p a r t of t h i s 
rev iew, t h e h y d r a u l i c b e h a v i o r of f r a c t u r e s has been 
shown t o be a f u n c t i o n of t h e i r a p e r t u r e ( e q u a t i o n 
1 1 ) . C h a r a c t e r i z a t i o n o f t h e p e r m e a b i l i t y o f a 
f r a c t u r e r e q u i r e s d e t e r m i n i n g t h e h y d r a u l i c a p e r t u r e . 
U n f o r t u n a t e l y , i t i s v e r y d i f f i c u l t - t o p e r f o r m 
h y d r a u l i c t e s t s on i s o l a t e d f r a c t u r e s i n t h e f i e l d . 
For exeimple. Gale (1975) i s o l a t e d a l i m i t e d number 
of h o r i z o n t a l f r a c t u r e s w i t h p a c k e r s and per formed 
i n j e c t i o n t e s t s t o d e t e r m i n e t h e i r a p e r t u r e s . 
G a l e ' s d a t a , h o w e v e r , i s n o t e x t e n s i v e e n o u g h t o 
make s i g n i f i c a n t a n a l y s i s of t h e r e l a t i o n s h i p b e 
tween h y d r a u l i c and a p p a r e n t a p e r t u r e s . 

Because of t h e d i f f i c u l t y i n v o l v e d i n h y d r a u l 
i c a l l y i s o l a t i n g a s i n g l e f r a c t u r e u n d e r g r o u n d , 
what we know of f r a c t u r e a p e r t u r e d i s t r i b u t i o n s i s 
l i m i t e d t o a p p a r e n t a p e r t u r e s t h a t have been o b s e r v e d 
d i r e c t l y i n c o r e s o r w e l l l o g s . The d i s t r i b u t i o n 
of a p e r t u r e s measured by B i a n c h i and Snow (1968) was 
found t o b e v e r y c l o s e t o l o g n o r m a l . I t may b e 
r e a s o n a b l e t o e x p e c t t h e d i s t r i b u t i o n of t r u e h y 
d r a u l i c a p e r t u r e s t o a l s o be d i s t r i b u t e d l o g n o r m a l l y . 

The s t a t i s t i c s o f f r a c t u r e o r i e n t a t i o n a r e 
p e r h a p s t h e b e s t u n d e r s t o o d o f a l l t h e g e o m e t r i c 
p r o p e r t i e s of f r a c t u r e s . O r i e n t a t i o n i s e a s i l y 
measured i n c o r e s o r i n o u t c r o p s wi th s i m p l e t o o l s . 

•For i n s t a n c e , Mahtab (1972) deve loped a c o m p u t e r i z e d 
method f o r a n a l y z i n g c l u s t e r s of o r i e n t a t i o n d a t a . 
Once c l u s t e r s had been i d e n t i f i e d t h e y were compared 
t o A r n o l d ' s h e m i s p h e r i c a l n o r m a l d i s t r i b u t i o n . 

The m a t h e m a t i c a l d e s c r i p t i o n of f r a c t u r e l o c a 
t i o n s a n d f r a c t u r e d i m e n s i o n s a r e i n t e r r e l a t e d . 
P r a c t u r e t r a c e s can be o b s e r v e d i n o u t c r o p s o r i n 
e x c a v a t i o n s . The l o c a t i o n of t h e i n t e r s e c t i o n s of 
f r a c t u r e s w i t h i n a b o r e h o l e can a l s o be d e t e r m i n e d . 
What we know a b o u t t h e l o c a t i o n of f r a c t u r e s i n 
Space and t h e i r s h a p e a n d d i m e n s i o n s comes from 
^ i s t r a c e l e n g t h and i n t e r s e c t i o n d a t a . 

R o b e r t s o n ( 1 9 7 0 ) , P r i e s t and Hudson ( 1 9 7 6 ) , 
"udson and P r i e s t ( 1 9 7 9 ) , and Baecher (1978) have 

s t iudied l e n g t h and s p a c i n g d i s t r i b u t i o n s f o r f r a c 
t u r e s . B a e c h e r e t a l . ( 1 9 7 7 ) have r e v i e w e d t h i s 
l i t e r a t u r e on s p a c i n g and l e n g t h d i s t r i b u t i o n . 
Spac ing and l e n g t h have b o t h been r e p o r t e d t o v a r y 
e x p o n e n t i a l l y and l o g n o r m a l l y . - B a e c h e r ( 1 9 7 8 ) 
deve loped a c o n c e p t u a l j o i n t geometry model . J o i n t 
t r a c e l e n g t h s a r e assumed t o be lognormal ly d i s t r i 
b u t e d and s p a c i n g s a r e assumed tx> be e x p o n e n t i a l l y 
d i s t r i b u t e d . The a u t h o r s i n f e r t h a t j o i n t s a r e 
c i r c u l a r d i s k s randomly d i s t r i b u t e d i n s p a c e . J o i n t 
r a d i i a r e shown t o b e l o g n o r m a l l y d i s t r i b u t e d . 

Numer ica l Method of A n a l y s i s 

A n u m e r i c a l code has been developed t o g e n e r a t e 
sample f r a c t u r e s y s t e m s in two dimensions u s i n g t h e 
g e o m e t r i c p r o p e r t i e s d e s c r i b e d above and to d e t e r m i n e 
t h e p e r m e a b i l i t y o f s u c h s y s t e m s . The c o m p u t e r 
p r o g r a m h a s b e e n u s e d t o s t u d y s a m p l e s o f b o t h 
e x t e n s i v e and n o n e x t e n s i v e f r a c t u r e ne tworks . 

The t w o - d i m e n s i o n a l mesh g e n e r a t o r p roduces random 
r e a l i z a t i o n s of a p o p u l a t i o n of f r a c t u r e s . I n p u t t o 
t h e g e n e r a t o r i n c l u d e s s p e c i f i c a t i o n of t h e d i s t r i b u 
t i o n s t h a t d e s c r i b e t h e f r a c t u r e p o p u l a t i o n . The 
mesh g e n e r a t o r can randomly choose f r a c t u r e s f o r t h e 
sample a c c o r d i n g t o t h e s e d i s t r i b u t i o n s . D e t a i l s 
of t h e scheme f o r mesh g e n e r a t i o n a r e g i v e n by Long 
e t a l . ( 1 9 8 1 ) . A f i n i t e e l e m e n t a n a l y s i s can t h e n b e 
used t o c a l c u l a t e Q„, t h e component of flow t h r o u g h 
t h e p a t t e r n i n t h e d i r e c t i o n of t h e g r a d i e n t . Using 
D a r c y ' s l a w , t h e h y d r a u l i c c o n d u c t i v i t y i n t h e 
d i r e c t i o n of t h e g r a d i e n t of t h e s a m p l e f r a c t a r e 
p a t t e r n i s c a l c r u l a t e d from: 

(16) K = 
g A V<j) 

where A i s t h e g r o s s a r e a p e r p e n d i c u l a r t o f low. The 
a n a l y s i s of p e r m e a b i l i t y i s i ndependen t of t h e t y p e 
of f r a c t u r e model g e n e r a t e d . T h i s g e n e r a t o r p r o d u c e s 
models s i m i l a r t o B a e c h e r ' s (1978) bu t a n o t h e r f r a c 
t u r e mode l , such a s t h a t p r o p o s e d by Veneziano (1979) 
c o u l d j u s t a s e a s i l y have been u s e d . 

The e f f e c t of sample s i z e on c o n d u c t i v i t y m e a s u r e 
ment c a n b e s t u d i e d w i t h t h i s p r o g r a m . F i r s t a 
l a r g e f r a c t u r e p a t t e r n i s g e n e r a t e d . A s m a l l p i e c e 
of t h i s sample can be n u m e r i c a l l y removed and s u b 
j e c t e d t o t h e n u m e r i c a l c o n d u c t i v i t y t e s t d e s c r i b e d 
above ( e q u a t i o n 1 6 ) . S u c c e e d i n g l y l a r g e r p i e c e s can 
be t e s t e d and t h e r e s u l t s compared. 

The program can a l s o b e used t o s tudy t h e v a r i a 
t i o n i n c o n d u c t i v i t y be tween d i f f e r e n t r e a l i z a t i o n s 
of a s t a t i s t i c a l l y d e s c r i b e d f r a c t u r e sy s t em. T h i s 
Monte C a r l o t y p e a n a l y s i s c o u l d a l s o be u s e d t o 
a n a l y z e s t a t i s t i c a l d a t a c o l l e c t e d in t h e f i e l d . An 
e x p e c t e d v a l u e and s t a n d a r d d e v i a t i o n of e q u i v a l e n t 
p o r o u s media c o n d u c t i v i t y would be o b t a i n e d i n t h i s 
way. 

As p r e v i o u s l y d i s c u s s e d , a method which o b t a i n s 
c o n d u c t i v i t y i n t h e d i r e c t i o n of t h e g r a d i e n t must b e 
u s e d . G r a d i e n t can be a p p r o x i m a t e l y l i n e a r t l t r o u g h -
o u t a h e t e r o g e n e o u s r e g i o n i n s t e a d y f low i f t h e 
r e g i o n i s an REV. The d i r e c t i o n of f low, however , i s 
c o n t r o l l e d by t h e d i r e c t i o n of the f r a c t u r e s . The 
boundary c o n d i t i o n s n e c e s s a r y t o produce a c o n s t a n t 
g r a d i e n t i n a r e c t a n g u l a r , a n i s o t r o p i c flow r e g i o n 
a r e i l l u s t r a t e d i n F i g . 1 0 . I t c o n s i s t s o f two 
c o n s t a n t - h e a d b o u n d a r i e s ( s i d e s 2 and 4 ) a n d t w o 
b o u n d a r i e s ( s i d e s 1 and 3) w i t h t h e same l i n e a r 



variation in head from ^2 ~ ^ ' ^ to (fi ̂  = 0. An 
example of the configuration used in these analyses 
is shown in Fig. 10. Conductivity is measured in 
the direction perpendicular to sides 2 and 4. 

The linearly varying boundary conditions on 
sides 1 and 3 are necessary because, in general, the 
medium in the flow region is anisotropic. Without 
these boundaries the lines of constant head would 
be distorted near sides 2 and 4. 
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10 Boundary conditions necessary to pro
duce constant gradient in a homogen
eous anisotropic flow region. 

measured values of K^^ for a given area of rock may 
be quite erratic. This plot can be used as a test of 
whether or not the given area can be approximated aa 
a homogeneous porous medium. If IZ/KJJ^ does not 
plot at least approximately as an ellipse, then no 
single symmetirlc conductivity tensor can be written 
to describe the medium. If there is no conductivity 
tensor then flow through the medium cannot be ana
lyzed by existing continuum techniques. 

Validation of Numerical Method 

The following two examples will illustrate the 
use of this numerical method of analyzing flow in 
two-dimensional networks of fractures. The. first 
example is a fracture system of known conductivity 
and was used to verify the numerical method of 
permeability measurement. The conductivity of 
fracture systems with infinitely long fractures is 
known from the theory developed by Snow (1965) and 
others. Because of the physical basis of this 
fracture model, we could only examine finite pieces 
of such fracture systems. The infinite fractures are 
seen in a finite model as fractures which transect 
the entire model. An arbitrary extensive- fracture 
system with two sets of parallel, evenly spaced, 
equal aperture fractures was tested. To provide an 
anisotropic case, the two sets were placed 30» apart. 
The numerical code was used to deterraine Kg for 
variations of a ranging from 0° to 105° as measured 
from one of the two fracture sets. Theoretically, 
this fracture network should produce an ellipse for 
.l/i'Kg as shown by the solid line on the polar plot in 
Pig. 11. The plotted points represent the results 

For the boundary conditions shown in Fig. 10, 
d^/d-y is zero. K̂ ĵ̂  can be calculated from: 

X X (i(i_ - i(>. ) L * - - ' ( ' . 
2 4 2 4 

(17) 

where Q^ is the total flux per unit thickness in 
the X direction. For $2 ^ 1 and 1̂4 = 0, and consist
ent units, K,m is numerically equal to Qjj- Also, 
since Qy, the total flux per unit thickness in the 
y direction, is known, K^y can be calculated from: 

xy l<^2 - *^)L ()>2 - ^^ 
(18) 

^8 
^H 
1 yK / \ / f l 
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For ^2 ~ ^ ''nd 0, as above, K^y 

Flow through the fracture system is computed 
using a finite-element program developed by Wilson 
and Witherspoon (1970) for fracture flow. Fractures 
are represented as line elements with flux related to 
aperture by the cubic law. The rock matrix is 
assumed to be impermeable. Only the steady state 
flow rate is calculated. 

In general, the fracture pattern results in an 
anisotropic medium. Conductivity in such a frac
ture pattern can be measured in any direction 
chosen. For homogeneous anisotropic media, 1//K^^ 
versus o, the angle of rotation, is an ellipse when 
plotted in polar coordinates. However, for inhomo
geneous fractured media, V / K X X ""̂ y "ot plot as a 
smooth ellipse. In fact, the shape of a plot using 

Fig. 11 Polar plot of numerical results for 
\ / / x „ compared to theoretical ellipse. 
Extensive fracture system composed of 
two sets of parallel, evenly spaced, 
equal aperture fractures placed 30° 
apart• 

fron the numerical analysis as the direction of the 
hydraulic gradient was changed in increments of 15°. 
The small differences between theoretical and numeri
cal results can be attributed to the finite nature of 
the numerical model. Obviously, a fracture network 
with these properties could be replaced by an equiva
lent porous media. 

The second example is a nonextensive fracture 
system that was developed at random using the mesh 
generation scheme described by Long et al. (1981). 



•Sable 1 gives the statistics used to generate the 
fractures. The generation region was HOcm x llOcmi 

Table' 1. Input parameters for random network 
of fractures. 

Parameters Set 1 Set 2 

; DeneitY 

Orientation 

Length 

.Apertura 

Number of 
Fractures 

d i s t r i t iu t ion 
m, 92 (fleg) 

tfjgnormal 
d ts t r i i ju t ion 
n, s2 (cm) 

Ifflgnormal 
•d is t r ibu t ion 
m, s2 (-(an) 

49 

30, 5 60, 10 

40, io 30, 7.5 

.001, .005 ,005, .0001 

To determine what variations might be expected 
from a repetitive generation of networks having the 
same parameter a listed in Table 1, tliree different 
fracture Bystems were examined. Flow regions 75cm x 
7Scm oriented with a = 0" were investigated in each 
network. The three regions had r^twork eharacter
istics as given in Talkie 2 . 

Table 2 . C h a r a c t e r i s t i c s of three random 
f rac tu re networks.; 

Setwork 

1 

2 

3 

Number 
of 

f r a c t u r e s 

a i 

as 

90 

number of 
F r a c t u r e 

I n t e r s e c t i o n s 

123 

ITO 

139 

Kumber 
of 

Nodes 

28S 

262 

319 

Number 
of 

S lemehts 

327 

306 

368 

ever , examination of. Table 3 shows tha t the flux in to 
Btde 2 does not equal the flux out of s ide 4 . The 
BVim of the f l u x e s through a l l a i d e s , however, i s 
ze ro as e x p e c t e d . These samples a r e c l e a r l y no t 
l>ehaving l ike porous media; in anisotropic porous 
media under the chosen boundary conditions the f lux 
on opposi te s ides would be equa l . 

To inves t i ga t e the problem of d i rec t iona l permea
b i l i t y . Network 3 was se lec ted for fur ther a n a l y s i s . 
Flow regi"ons 7 5cm x 7 5cm i n s i z e were r o t a t e d a t 
. i n t e rva l s of 15° so t h a t a could be varied from 0° to 
180°. F ig . 12A ehows the f rac tu re network of the 
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i 

Boundary condi t ions were applied, to these three 
flow r e g i o n s such t h a t c o n d u c t i v i t y in t h e same 
d i r e c t i o n . cbuld_ be measured^ That i s , s i d e s 1 
and 3 were given a l i n e a r l y varying head d i s t r i b u 
t ion , s ide 2 had a constant head of 1, a ide 4 had a 
Constant head of 0 ( s ee F i g . 1 0 ) . Tab le 3 g i v e s 
the t o t a l f luxes in a n V s from each aide for each 
(low reg ion . ,A p o s i t i v e sign i nd i ca t e s flow i n t o the 
r eg ion and a negative> s ign i n d i c a t e s flow out of 
the reg ion . 

. Table 3 . Total f luxes for th ree random 
f r ac tu re networks. 

•lletwor>[ Side 1 
em'/s 

Side -i. 
CB^/B 

Side 3 
cm3/g 

Side 4 

-1 0..1340ZE-19 4.41796E-7 -4.413.8ilE-7 -4,H3BBE-10 

2 0.39Z6OE-10 2.006216̂ 5 -2,OOS09E-5 -a.673S0E-10 

3 0.42390B-10 1401927E-4 -1i0i927E-<l -8..9.7e45E-)I 

Examination' of Table 3 leads to several conclu-
. elons. First, there is a great deal of variation 
j between -the three networks generated using the same 
statistical fracture popuiation. As shown in Table 
21 the number of fractures in each flow region 
Varies. Thus some of the variation in flow rate is 
'S'ie to npnergptic sampling. Recall that under the 
ooundary conditions used, for an ideal porous medium 
the flux in the x direction, i.e. frcm side 2 to side 
*' ta numerically equal to th* conductivity. How-

Fig. 12 Nonextensive random fracture system 
showing original generation region 
(A), and flow regions investigated 
when.ot = o° (B),a =45" (C), and 
a = 12 0° (D). 

original .generation region and Figs. ISB-C-D illus
trate how different flow regions were created simply 
by rotating the boundaries while the network teinained 
fixed. 

/ 

* ^ N * ^ • • ^ \ . ^ A x \ \ \ J__-| 

f pS^ -J j j i a i i Jiiio* inio' imo'ii 

Fig. 13 Polar plot of numerical results for 
1//Kq f o r a nonextensive random 
fracture sys.tem. 



Figure 13 shows the values of 1//Kg plotted 
on polar coordinate paper where Kg is defined in 
terms of flux across side 2. The fact that inflow 
does not equal outflow on opposite sides leads to a 
problem in defining conductivity. If conductivity is 
arbitrarily defined as numerically equal to the 
inflow into side 2, no information is lost. Side 
2 for any angle a becomes side 4 for a -i- 180°, etc. 

The results on Fig. 13 clearly do not plot as 
an ellipse; nor are they symmetric. For certain 
angles of rotation (e.g., 75°, 90°) the value of 
l/i^„ becomes very large and goes off the scale of 
the graph. For these angles, Kg is very small 
because there is practically no hydraulic connection 
between sides 2 and any other side. This cannot be 
completely confirmed visually from the plots of these 
flow regions because aperture has not been included 
in the figures. Although isopotentials have not been 
plotted for these samples, it is fairly certain they 
will not be linear. If we define Ky^ as numerically 
equal to the flow into or out of side 3, then K^y is 
the flow into or out of side 1 when the flow mesh is 
rotated 90°. K^y should equal Ky^ if K^j is sym
metric. For this example, computed values of Ky„ 
did not equal computed values of Kĵ y for any angle 
of rotation. This further demonstrates the noh-
syrametric nature of the permeability. 

The tests described.above show clearly that the 
sample chosen does not have a symmetric conductivity 
tensor and cannot be represented by an equivalent 
porous medium. As further proof of the nonhomogen
eous nature of Network 3, flow regions of different 
sizes were extracted and tested. The particular 
orientation shown on Fig. 12 for a = 0° was selected, 
and the flow region was reduced from 75cm x 75cm to 
25cm X 25cm, while remaining centrally located in the 
original generation region. The results revealed 
order of magnitude changes in hydraulic conductivity 
from sample to sample and further illustrated the 
marked differences between the fluid flow behavior of 
this random fracture network and that of homogeneous 
porous media. 

Summary 

A numerical model has been developed to produce 
random networks of fractures. A computer program 
for fluid-flow analysis then measures the directional 
conductivity of these samples. 

of two reasons. First, the size of the REV may 
exceed the volume of rock that exists. secondly, 
for the case of an impermeable matrix, the fractures 
may not be dense enough to behave as a medium with 
a symmetric permeability tensor. Non-"tensorial" 
behavior would result from insufficient interconnec
tions between fractures. In this case, the volume 
of fractured rock may be large enough to be a good 
sample of the fracture population, but the nature 
of the fractures is such that they will not behave 
hydraulically as a porous medium on any scale. 

The numerical techniques described here will be 
used to find fractured rock systems that do behave 
like anisotropic porous media. Fracture systems 
with specified geometries (spacing, aperture, length, 
and orientation) will be investigated. If the total 
number of fractures is held constant, the density of 
the fractures will be increased until systems are 
found which behave more like porous media. For a 
given population and a given total number of frac
tures, we should be able to identify minimum fracture 
densities which produce homogeneous anisotropic 
behavior. The effect of each distributed parameter 
on the size of the REV and the value of the resulting 
conductivity can then be determined. 

Systems for which no REV exists will also be 
sought. This can be done by examining systems that 
are not dense enough to act like porous media. By 
holding this density constant and increasing the area 
of investigation, we can see if the behavior of the 
system becomes more like that of porous media or 
rema ins e rra tic. 

Methods for quantifying the porous media nature 
of fracture systems are under development. One 
method currently being investigated is to quantify 
how well the permeability data plot as an ellipse. 
Such an approach should lead to an understanding of 
the errors that can result from assuming a porous 
medium equivalent for a fractured rock mass when no 
such equivalence exists. Ultimately, our goal is to 
be able to analyze field data on fracture systems to 
determine when it is appropriate to make the simpli
fying assumption of a porous medium equivalent. 
This, of course, will require an understanding of the 
need to extend the technique to three dimensions. 

COUPLED THERMAL-HYDRAULIC-MECHAWICAL FINITE ELEMENT 
MODEL FOR SATURATED FRACTURED POROUS MEDIA 

To determine if the fractured rock samples behave 
like porous media, the samples must be subjected to 
boundary conditions which would produce a constant 
gradient in homogeneous anisotropic media. If the 
medium has an equivalent porous medium permeability, 
these directional conductivity measurements should 
plot as an ellipse when l/ZlCg is plotted versus 
direction a on polar coordinate paper. Also, inflow 
will equal outflow on opposite sides of the rectang
ular volume element tested, and measured values of 
Kxy will equal measured values of Ky^- Average 
isopotentials within the element will probably be 
linear, but this is not a necessary criterion for 
behavior as an equivalent porous medium. If the 
volume of the element tested is changed slightly, the 
measured values of K^j should not change signif
icantly. 

It is possible to find a fractured rock popu
lation for which no equivalent homogeneous porous 
medium permeability exists. This can occur for one 

In the usual treatment of fluid flow in porous 
media, the rock deformation has been considered 
through the concept of the coefficient of specific 
storage. This approach, although by no means pre
cise, is adequate to represent most fluid flow 
problems. A more realistic treatment of the fluid 
flow behavior of deformable porous media came about 
after the introduction of the well-known theory of 
consolidation by Terzaghi (1925). With the advent 
of computers, numerical solution techniques for 
coupled one-dimensional equations of consolidation 
and multidimensional equations of fluid flow provided 
an approximate means of analyzing general fluid flow 
problems in deformable porous media (Helm, 1974, 
Narasimhan and Witherspoon 1977). Biot (1940) 
introduced the general theory of consolidation which 
makes possible a more realistic treatment of the 
hydromechcinical behavior of saturated porous rocks. 
In an attempt to develop a method for the solution of 
general consolidation problems, Sandhu and Wilson 
(1969) applied the variational finite element method 
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to the problem of fluid flow through saturated porous 
elastic solids. This method was extended by Ghaboussi 
ctnd Wilson (1971) in considering effects of fluid 
compressibility. 

The theories of mixtures (Green and Naghdi, 
1965), Crochet and Naghdi (1966), which have a 
sound thermodynaraical basis and a general associated 
constitutive theory, can be reduced to a special 
case of a theory for flow of fluids through porous 
elastic solids which is equivalent to Biot's work. 
The basic assumption of th i s approach leads to 
certain conceptual d i f f icul t ies in the physical 
interpretation of partial stresses. 

Recently Safai and Pinder (1979), in a Galerkin 
finite element method of analysis for fluid flow 
through deformeible porous media, made an attempt to 
consider the ent i re saturated-unsaturated flow 
regime. The proper constitutive s t ress-s t ra in 
relationship for the extension of Biot 's (1940) 
theory to the entire flow regime was later provided 
by Noorishad et al (1981a). 

Consideration of fracture deformability along with 
i t s hydromechanical behavior has appeared in the 
literature mainly since 1965. Davis and Moore (1965) 
measured one of the f i rs t direct evidences of frac
ture deformations of the order of microns caused by 
earth tides. Snow (1968) reported strains of 10"' 
to 10"^ at a distance of about 300 ft from a water 
well in metamorphic rocks subjected to a significant 
drawdown. To handle this behavior, the early hydrau
lic and hydromechanical analysis of fractures was 
achieved using an equivalent porous medium approach. 
Theoretical and numerical studies of fluid flow in a 
rock mass taking into account the deformable nature 
of fractures in a discrete manner was first carried 
out by Noorishad et a l . (1971). This work was based 
on earlier studies of discrete fracture behavior from 
a load-deformation point" of view by Goodman et a l . 
(1968) and a fluid flow point of view by Wilson and 
Witherspoon (1970). 

Numerical studies on deformable fractured rocks 
have been carried out by Rodatz and Wittke (1972) 
and Gale (1975). Iwai (1976) made a detailed series 
of laboratory tests on flow through a single fracture 
under load. The laboratory and field tests by Gale 
(1975) provided strong evidence of a nonlinear frac
ture deformability induced by fluid pressure changes 
and also verified the capability of the numerical 
solution technique. The static approach of Noorishad 
et al (1971) was la te r extended by Hilber et a l . 
(1979) into the dynamic range where s t i ck-s l ip 
phenomena due to injection of an incompressible fluid 
^ a nonporous fractured rock was studied. 

A two-medium statist ical-numerical model was 
presented by Duguid (1973) who extended the method 
introduced by Barenblatt et al (1960) to fissured 
elastic porous media using a finite element numerical 
procedure. A deterministic solution for transient 
flow of fluids in deformable fractured porous rocks 
•^s. recently achieved using an enumerative approach 
(Ayatollahi, 1978). This variational finite ele
ment technique is based on a generalization of 
Biot's (1940) constitutive stress-strain equation and 
"Ses a Gurtin (1964) type variational principal. An 
extension of this work by Noorishad et a l . (1981b) 
provides a general two-dimensional, finite element 
Solution technique for the investigation of the 
eformation, stress distribution, fluid storage, and 
•^d flow properties of a fractured porous medium 

under the influence of hydraulic and structural 
boundary conditions. At present, several groups arc 
investigating a host of numerical hydromechanical 
models which are at different stages of development. 
Baca (1980) and Tsang (1980) have summarized the 
capabilities of some of these new models. 

The presence of heat in fluid flow regimes brings 
about a chain of coupled effects which shal l be. 
referred to here as thermal-hydraulic-mechanical 
phenomena. The coupled phenomena for fluid and heat 
flow, usually known as hydrothermal flow, have been 
the subject of several detailed studies. A complete 
account of the s ta te-of- the-ar t can be found in 
Pinder (1979) and Wang et al (1980). However, i t 
should be pointed out that hydrothermal investiga
tion of discontinuous rock masses is a problem that 
needs much more investigation. 

Studies of thermal effects on linear and nonlinear 
materials, known as thermoelasticity, are thoroughly 
covered in the physics and engineering disciplines 
and need not be considered here. As far as rock 
mechanics usage is concerned, thermoelasticity lies 
mostly within the confines of continuum applications. 
An account of the status and needs of the thermomech-
anical modeling techniques for continuous and discon
tinuous media is given by Hocking (1979). More 
recent reports (Bacca, 1980; Tsang, 1980) indicate 
that a number of the new, developing models either 
have provisions for incorporating fractures or actu
ally have the capability of modeling the discontinu
ities in a discrete manner. 

A natural outgrowth of hydromechanical, hydrother
mal , and thermomechanical modeling techniques is the 
development of a general model incorporating a l l of 
the above techniques. Baca (1980) and Wang et a l . 
(1980) have reported that a number of research organ
izations are engaged in the development of such gen
eral modeling techniques but to our knowledge, the 
details have not yet been published. Various rock-
water inte.Taction studies have been underway in this 
laboratory for some years, and the development of an 
approach to the thermal-hydraulic-mechanical behavior 
(or hydrothermoelasticity) of fractured rocks is part 
of an ongoing effort (Noorishad and Witherspoon, 
1981). The essential features of this coupled finite 
element method of analyzing fractured porous rocks 
will be presented below. 

Field Equations 

Using x̂ j. for the components of the bulk stress 
tensor, P for fluid pressure, and T for temperature, 
Noorishad and Witherspoon (1981) have shown that the 
stress-strain relationship for an elastic isotropic 
porous medium can be written: 

T. . = 2lie, . -̂  \S, . 6. -e. „ - B6. .T -f oe6 p 
i] i j 13 k l kx X2 i j 

(19) 

C = — a 6 . . e , . 
"o ^^ ^3 

I p ^ ^ T 
M M 

T 

In t h e above e q u a t i o n s t h e dependen t v a r i e i b l e s e , 
T, and P a r e i n c r e m e n t a l i n v a l u e a n d r e p r e s e n t 
d e v i a t i o n s from t h e z e r o s t a t e ( s t r e s s - f r e e s t a t e ) . 
A l s o , c o n t a c t e q u i l i b r i u m between t h e f l u i d and t h e 
s o l i d i s assumed. 

The govern ing e q u a t i o n f o r t h e f l u i d f low i s 
w r i t t e n a s : 
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3t 

rp£^f 1 
(20) 

and PI and [)„ are related through the equation bf 
state for the fluid: 

H. - % [l + %T. + Sppl (21) 

Note t h a t i n t e r n a l o r boundary sou rce terms a r e 
abseht in (20) , a r e s t r i c t i o n vjhich i s l a t e r eas i ly 
re laxed. 

The law governing t h e s t a t i c e q u i l i b r i u m is . 
given a s ; 

(22 ) 

F i n a l l y the law f o r c o n s e r v a t i o n of energy i s 
represented in the: following form:i 

fj[(pC)^T + T„'B6,,e^^) +,EP^C^^3.VT = 7 . K „ 7 T (23) 

where: 

' " ^ ' M ^ ' ^ i ^ i - ^ '^ - ^ " ' s ^vs 

^ ^ £ K ^ + (1 - C.)K^ 

The Darcy fluid velocity g is given as: 

(24) 

The quant i ty TQ represen t s the absolute temperature 
in the s t r ess-f ree s t a t e . In deriving' the govern
ing equa t ion fo r h e a t f low ( 2 3 ) , the fo l lowing 
assumptions are made: 

( i ) thermal contact equil ibrium between 
the f lu id and the so l id 

( i i ) energy assoc ia ted with the f lu id d i l a 
t a t ion i s n e g l i g i b l e 

( i i i ) f luid shearing s t resses , are absent in 
macroscopic sense 

(iv) i n t e rna l source terms and boundary 
- source terms are absen t . 

The l a s t assumption i s l a t e r removed in the numeri
ca l algorithm. 

The •fundamental laws g o v e r n i n g s t a t i c e q u i l i 
brium, f lu id flow, and hea t flow are coupled through 
the dependent ya r i ab res of the so l i d displacement 
v e c t o r , f l u i d p r e s s u r e , and macroscopic mediuni 
temperature. These laws, p resen ted in equations 20, 
22, and 23, in conjunction with cons t i t u t i ve equa
t i o n s 19 and 21 p r o v i d e the complete mathematics 
of the cotipied qua s i " l i n e a r , t h e r m a l - h y d r a u l i c -
mechanical phenomena i n s a t u r a t e d porous e l a s t i c 
media. Extehsibn of the above development to. the 
nonlinear range i s no major t a sk and has already been 
accDiTiplished, For t h e sake- oiE s i m p l i c i t y , t he 
extended development fo r the n o n l i n e a r f r a c t u r e d 
media w i l l not be p resen ted h e r e . The above equa
t ions with proper i n i t i a l and boundary condit ions 
(see Appendix) define the mixed ih i f ia l -boundary-
va lue problem fo r t h e r m a l - h y d r a u l i c - p e c h a n i c a l 
phenomena in porous media. 

Method of Solution 

The complexi ty of t h e h y d r o t h e r m o e l a s t i c i t y 
equationB. i s such t h a t an ana ly t i c (mathematical) 
s o l u t i o n fo r even s imple i n i t i a l and boundary 
value .problems i s not l i k e l y to be found. However, 
numer ica l s o l u t i o n s t o t h e most gene ra l problems 
can e a s i l y be s o u g h t . Var ious numer ica l schemes 
us ing well-known numer ica l t e c h n i q u e s , such a s 
f i n i t e element and f i n i t e differiance, can be u t i 
l i z e d . In t h i s work a f i n i t e e lement technique, , 
was g iven s t r o n g p r e f e r e n c e because of ^ e a r l i e r 
experience with t h i s approach to l i n e a r and nonlinear 
problemsi of h y d r o e l a s t i c i t y ( A y a t o l l a h i , 1978; 
Noorishad e t a l . , 1981b}. fl mixed va r i a t i ona l and 
Galerkin f i n i t e element method forms the basis of 
t h i s approach. As a r e s u l t , the following s e t of 
matrix equations i s bbtaihed: 

K y + % p i C„„T = F 

Cpc^ + t i f + i*af i£ + 9 ^ 3 

c„„u 
-TU-

tSh-^ i*t5h£ + 5 h " ^ 

-1*Q(, 

-^ '8. 

(25 ) 

(26) 

( 27 ) 

where 1* represents time i n t e g r a t i o n . Detai ls of 
the method of s o l u t i o n and the complete e x p r e s 
sions for the matrix coe f f i c i en t s a re given in the 
Appendix. 

To handle d i s c r e t i z a t i o n in t h e t ime domain, 
two d i f f e ren t schemes of time in t eg ra t ion are used 
t o i n t e g r a t e rnatr ix equa t i o n s 25 , 26 , and 2 7 . A 
p red i c to r - co t r ec to r scheme (Taylor, 1974). i s used 
fo r t h e i n t ' e g r a t i b n of t h e f i r s t two i m p l i c i t l y 

• coupled equations (Ayatol lahi e t a l . , 1981). The 
energy equation uses a Crank-Nicholson s tep-by-s tep 
procedure with, the so lu t ion of each time step being 
sought i n the middle of the i n t e r v a l . 

The coup l i ng of (27) t o (26) i s n o n l i n e a r and 
i s i m p l i c i t l y expressed in Hjjf, the nonsymmetric con
v e c t i v e the rmal c o n d u c t i v i t y m a t r i x . The l a r g e 
time constant for the energy equation as compared 
t o t h a t of the flow e q u a t i o n s u g g e s t s t h a t the 
above f o r m u l a t i o n i s e a s i l y adap ted t o an i n t e r 
l a c i n g scheme of s o l u t i o n s such as used by Sorey 
(1975) . Th i s i n t e r l a c i n g scheme uses t h e f l u i d 
v e l o c i t i e s obtained from a d i r e c t solut ion of {25) 
ahd (26) and -feeds back the temperature r e su l t ing 
frcEi a solut ion of (:27). This approach of exp l i 
c i t l y solving the coupled equations i s enhanced by 
t h e low s e n s i t i v i t y of t h e dependent v a r i a b l e s P 
and U within some ranges of temperature in ..different 
problems. Therefore, the energy equation in these 
ranges can march through time using large time s teps 
compared to the -small time s teps required to solve 
the . o t h e r two equa t ions . . A f u r t h e r advantage i s 
gained in s i t u a t i o n s where the-mass t ransfer ' c o n t r i 
bution to temperature; d i s t r i b u t i o n i s n e g l i g i b l e . In 
these cases a s ing le so lu t ion for the energy equation 
provides the needed temperatxire information for the 
stepwise so lu t ion of the other two equat ions. 

Three- types of eleinents are used in t h i s coupled 
technique: (a) two-dimensional isoparametric e l e 
ments for sol id f lu id mixtures , (b) one-dimensional 
elements represen t ing f r a c t u r e segments f r e t the flow 
point of, view, and (c} one-dimensional Jo in t elements 
t o ' represent f r ac tu re segmerits for s t r uc tu r a l consid
e r a t i o n s . Natural coordinates a r e used for d i s c r e t i 
zat ion of the displacement, p ressure , and temperature 
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m t, 

5^.-. 

f i e l d s w i t h i n t h e q u a d r i l a t e r a l e lement . . T h i s l e a d s 
t o a p a r a m e t r i c f o r m u l a t i o n f o r t h e c o r r e s p o n d i n g 
i n t e g r a l s i n t e r m s o f c o o r d i n a t e p a r a m e t e r s f o r 
t h e p o r o u s s o l i d - f l u i d m i x t u r e e l e m e n t s . Numer i 
c a l i n t e g r a t i o n i s pe r fo rmed u s i n g t h e Gauss q u a d 
r a t u r e f o r m u l a . The i s o p a r a a i e t r i c b i l i n e a r f u n c t i o n 
used f o r d i s c r e t i z a t i o n and the" p a r a m e t r i c d e t a i l s i 
can be found -in f i n i t e element: t e x t s ( Z i e n k i e w i c z , 
1 9 7 1 ] . P p r t h e s t r u c t u r a l j o i n t e l e m e n t and t h e 
f l o w - l i n e e l e m e n t , d i s c r e t i z a t i o n - o f t h e d i s p l a c e m e n t 
and p r e s s u r e f i e l d s , i s w r i t t e n i a t e r m s ;bf l o c a l 
c o o r d i n a t e s . w h e r e n e c e s s a r y , t h e r e s u l t s a r e 
t r ans fo rmed t o t h e g l o b a l c o o r d i n a t e s y s t e m . The 
assumpt ion of un i fo rm a p e r t u r e w i t h i n -each f r a c t u r e 
was used t h r o u g h o u t t h e d e r i v a t i o n of t h e m a t r i c e s 
i n v o l v i n g f r a c t u r e volume i n t e g r a l s . 

V a l i d a t i o n of Numer ica l Scheme 

The c o m p l e x i t y o f t h e c o u p l e d phenomena u n d e r 
c o n s i d e r a t i o n makes i t p o s s i b l e t o p r e s e n t o n l y a 
p a r t i a l v e r i f i c a t i o n o f t h e m e t h o d of a n a l y s i s 
p r e s e n t e d . h e r e . I n t h e f o l l o w i n g d i s c u s s i o n , we 
s h a l l i n c l i i d e r e s u l t s of t h e a p p l i c a t i o n o f t h e 
method t o h y d r o m e c h a n i c a l , t h e r m o m e c h a n i c a l j a n d 
hydro the rma l p r o b r e m s . These examples do n o t f u l l y 
r e v e a l t h e power of t h i s a p p r o a c h . 

I n c h o o s i n g an e x a m p l e o f a h y d r o m e c h a n i c a l -
p r o b l e m , we e x a m i n e d a f r a c t u r e f l o w p r o b l e m f o r 
which an a n a l y t i c a l s o l u t i o n e x i s t s {Raghavan e t a l . , 
1976) . S i n c e t h i s p rob l em does no t r e q u i r e c o u p l i n g 
between f l u i d f low and r o c k d e f o r m a t i o n , t h e c o u p l i n g 
c o e f f i c i e n t a was s e t t o z e r o and 1/M was changed t o 
Sg i n e q u a t i o n 1 9 . 

T a b l e 4 , M a t e r i a l p r o p e r t i e s f o r hydromechan
i c a l a n a l y s i s of f r a c t u r e d rock m a s s . 

Hatecial Property Va lue 

Mass densi ty , p̂ j-

Fluid Compressibility, Sp 

Dynamic viecosity^ njt 

9.80 X 102 itg/m^ , 

5.13 X lO-l GPa"l 

2.80 It ID"'' N sec/rri^ 

Young's modulus. Eg 

Poisson's r a t i o , v^ 

Maas d e n s i t y , , ps 

Porosity, € 
In t r i n s i c Pertrtea-
b i l i t y ; k£ 

B io t ' s constant , M 

Biot*s coupling 
constant, a 

2.15 GPa 

0.2S 

2i5 X 103 Iiig/cii3 . 

O: 15 

10-1-^ m̂  

l.<l7GPa, 14.0 GPa* 

1.0, 0.0* 

.Initial, normal gt i f f -
negs, £̂f̂  

I n i t i a l tangent ia l 
•s t i f fness , Kfa' 

• Cohes ion,- c,j 

Practures Friction angle, S 

Initial aperture, b 

Porosity, e, 

Biot's constant, M 

Biot '6 constant , a 

1.60 GPa/m 

0.50 GPa/Bi 

0.0 

aO" 

lO-^m,.10-4m 

0.15 

1.47 GPa, 14.0 GPa* 

1.0,0,0* 

*Osed in the uncoupled case* 

The problem i s t h a t of :-a s inglfe v e r t i c a l f r a c t u r e 
I n t e r s e c t i n g a w e l l o f z e r o r a d i u s i n a r e c t a n g u l a r 
porous medium. The f r a c t u r e i s assumed, t o be r i g i d 
and of v e r y h i g h c o n d u c t i v i t y . The- m a t e r i a l p r o 
p e r t i e s ' of t h e f l u i d and rock a r e g iven i n Tab le 4 . 

" ? i g . 14 shows t h e f i n i t e e lement mesh used and P i g , 
I s shows how t h e n u m e r i c a l " r e s u l t s compare w i t h the-
a n a l y t i c a l s o l u t i o n (Raghavan e t a l . - ; 1 9 7 6 ) . For 
t h e 1 , t h e r e - i s e x c e l l e n t a g r e e m e n t 
Over t h e whole t i m e s p a n . I n t he case Xjj = 3 , t h e 

' d i f f e r e n c e s n o t e d on Fi 'g . 15 between n u m e r i c a l and 
. a n a l y t i c a l s o l u t i o n s i s a t t r i b u t e d t o t h e c o a r s e n e s s 

. • ^of t h e f i n i t e e l emen t mesh. The h a l f s l o p e of t h e 
> c u r v e f o r P^ v e r s u s t ^ a t e a r l y t i m e i s o f t e n 
'̂ •-' used as e v i d e n c e i n t h e . p e t r o l e u m l i t e r a t u r e f o r t h e 
' - .presence of a f r a c t u r e d sys tem ( G r i n q a r t e n e t a l , , 
^ .1975). 

; This problem was a l s o s o l v e d i n a coup led , manner 
-Khe re d e f o r m a b i l i t y i n b o t h t h e f r a c t u r e and t h e 
• ma t r ix were i n t r o d u c e d (Tab le 4 ) . The f r a c t u r e was 

.-•' =*^^o g iven a s p e c i f i c a p e r t u r e {.10"''™) so t h a t i t 
,..f "*d a f i n i t e p e r m e a b i l i t y . The e f f e c t of t r e a t i n g 

•-Cf. i 

i n 

q«6 

2.50 

1 V> 

o.as 
a> 

- H _ " • . 

/ < i ' - 0 

-

• W t 7 

q=0 

C I O 

,0.02 

Ver t i ca l l y enlorged A 

5 ?.5m 
" Fioctuie 

ftg. 14, .ĵ Q dimensional finite element: ..mesh. 

10 

1 

•^ ,ĉ -

^ 

r 1 - r 
' Ano l f f i co l soluritm 

NLimericol.rtSutls 

^ - ' ' ^ >'6"'.'N 

1 - ^ ' 1 1 1 

y / 
/y^ 

14 
1 

10 •" ID ' 10 10 ' 10 I D ' 
. t ' t ' 

'°' V ^ 
F i g . 15 PQ v e r s u s t p f o r s i n g l e v e r t i c a l 

f r a c t u r e of v e r y l a r g e c o n d u c t i v i t y i n 
p o r o u s medium. A n a l y t i c a l s o l u t i o n 
a f t e r -Raghayan e t a l , ( 1 9 7 6 ) . 

t h e sys tem in t h i s f a s h i o n i s t o change t h e p r e s s u r e 
drawdowns s i g n i f i c a n t l y . For e x a m p l e , F i g . 16 shows' 
how p r e s s u r e s dec rea ' se frcan the w e l l b o r e t o the . end 
of t h e v e r t i c a l f r a c t u r e . i t w i l l be n o t e d t h a t t h e 
p r e s s u r e d r o p a t t h e end o f t h e f r a c t u r e i s a b o u t 
h a l f t h a t a t - t h e w e l l b o r e . F o r c o m p a r i s o n , t h e 
problem was r e r u n i n a decoup led mode and t h e p r e s 
s u r e d i f f e r e n c e s a r e f a r ' l e s s ( s e e c u r v e l a b e l e d 
" f l u i d f low a n a l y s i s " on F i g . 1 6 ) . 

F i g . 17 shows a p l o t of PQ v e r s u s t j j f o r t h i s 
f i n i t e c o n d u c t i v i t y f r a c t u r e problem t o d e m o n s t r a t e 
the ' d i f f e r e n c e s from t h e c a s e of a v e r y h i g h c o n d u c 
t i v i t y f r a c t u r e ( F i g . 1 5 ) . Note t h a t a t e a r l y t i m e , 
t h e h a l f s l o p e r e l a t i o n s h i p no l o n g e r h o l d s . Note 
a l s o t h e S e p a r a t i o n b e t w e e n t h e two c u r v e s t h a t 
I n c r e a s e s w i t h t i m e - r e v e a l i n g t h e i m p o r t a n c e of 
f r a c t u r e d e f o r m a b i l i t y and t h e n e e d f o r c o u p l e d 
a n a l y s i s . 
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Fig. 17 Pp versus tp for single fracture 
of finite conductivity in porous 
medium showing differences between 
analyses based only on fluid flow 
or on coupled stress and fluid flow. 

In choosing a problem for a thermomechanical 
investigation, we first carried out some preliminary 
validation studies using both SAP4 and the present 
code. Solutions to two linear-elastic problems 
involving: (1) a finite line source in an infinite 
medium, and (2) a semi-infinite space subject to a 
constant temperature boundary condition were ob
tained. The results from the two approaches were in 
excellent agreement. 

To demonstrate the ability of the code to handle 
non-linearities, a simple thermomechanical problem 

40 80 120 240 280 320 

F i g . 18 

160 200 
t.days 

Displacement versus time at a point 10m 
above base of rock column showing effect 
of fracture in reducing movement. 

consisting of a long column of rock intersected near 
its base by a fracture was chosen (see inset on Fig. 
18). Initially, the column temperature is 0°C, and 
after a step increase of 50° at the base, the 
problem is to determine the time variation of dis
placements above the fracture at a height of 10m. 
The material properties of the rock are given in 
Table 5. Fig. 18 shows the highly non-linear mechan
ical behavior of the fractured column and illustrates 
the ability of this finite element method to model 
discontinuous rock systems. 

Table 5. Material properties for thermomechan
ical analysis of fractured rock column. 

Property 

Mass densi ty , Pg 2.5 x 10^ kg/p^ 

Specific heat capaci ty , Cyg 2.1 x IO"! Kcal/kg 'C 

Thermal conductivi ty. Kg 7.65 x 10"" Kcal/m sec "C 

Thermal expansion coeff ic ient , T 1.11 x IO""* OQ-I 

I n i t i a l normal s t i f f n e s s , Kf„ 2.5 x \Q~^ Pa/m 

young's modulus. Eg S.13 MPa 

Poisson's r a t i o , Ug 0.25 

An i n t e r e s t i n g p r o b l e m t h a t d e m o n s t r a t e s o n l y 
p a r t of t h e h y d r o t h e r m a l c a p a b i l i t i e s of t h i s code i s 
t h e s i m u l a t i o n of a s a t u r a t e d po rous medium t h a t i s 
g i v e n a m o m e n t a r y t h e r m a l f r o n t . The o n s e t o f 
c o n v e c t i v e mo t ion due t o buoyancy i s t o b e d e t e r 
mined . The p h y s i c a l sys tem c o n s i s t s of two po rous 
r e s e r v o i r s t h a t i n i t i a l l y a r e k e p t a t t e m p e r a t u r e s TQ 
and 1 ^ , a s i l l u s t r a t e d by t h e i n s e t on F i g . 1 9 . 
I n i t i a l l y , a t h e r m a l b a r r i e r s e p a r a t e s t h e two 
r e s e r v o i r s , b o t h o f w h i c h a r e h o r i z o n t a l l y s e m i -
i n f i n i t e and i n s u l a t e d t o p and b o t t o m . At t = 0 , t h e 
b a r r i e r i s removed, and t h e problem i s t o d e t e r m i n e 
t h e i n s t a n t a n e o u s h o r i z o n t a l v e l o c i t y p r o f i l e a long 
t h e t h e r m a l f r o n t . An a n a l y t i c a l s o l u t i o n f o r 
t h i s p rob lem has been p u b l i s h e d by C l e a s s o n ( 1 9 7 9 ) . 

T h i s p a r t i c u l a r p rob lem i s v e r y s e n s i t i v e t o t h e 
f i n i t e e l e m e n t mesh t h a t i s s e l e c t e d , and some e f f o r t 
was r e q u i r e d t o a c h i e v e t h e op t imum g r i d f o r a 
s p e c i f i c number of n o d a l p o i n t s . The problem was 
s o l v e d w i t h a ne twork of 252 e l e m e n t s r e q u i r i n g 286 
noda l p o i n t s . The m a t e r i a l p r o p e r t i e s of t h e f l u i d 
and p o r o u s medium a r e g i v e n i n Tab le 6 . 

Tab le 6 . M a t e r i a l p r o p e r t i e s f o r h y d r o t h e r m a l 
a n a l y s i s of t h e n n a l f r o n t p r o b l e m . 

Property Value 

Downstream temperature, TQ 

Downstream mass dens i ty , p^ 

Downstream dynamic v i scos i ty , HQ 

Upstream temperature, Tj_ 

Upstream mass dens i ty , pĵ  

Upstream dynamic v i scos i ty , r\̂  
Fluid thermal expansion 
coef f ic ien t , Bj 

I n t r i n s i c permeabi l i ty , kf 

Gravity acce le ra t ion , g 

k f ( p , , - P i l q , q^ 

no + ny 

F in i te element mesh width, W 

Fin i te element mesh height , H 

20'C 

9.98 X 102 kg/m^ 

9.89 X 10"* kg/m sec 

90'C 

9.66 X 102 kg/m3 

2.17 X 10-'' kg/m sec 

-4.46 X 10"'' ' C ^ 

10-12 m2 

9.80 m/sec2 

2.42 X 10" ' tn/se'c 

900 n 

20 m 
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Fig. 19 shows a comparison of the numerical 
results for the instantaneous normal (horizontal) 

F i g P r o f i l e of i n s t a n t a n e o u s h o r i z o n t a l 
v e l o c i t i e s due t o buoyancy e f f e c t s 
a t l o c a t i o n of t h e r m a l f r o n t i n 
s a t u r a t e d p o r o u s m e d i a . 

v e l o c i t i e s c o m p a r e d w i t h t h o s e of t h e a n a l y t i c a l 
s o l u t i o n of C l e a s s o n ( 1 9 7 9 ) . C o n s i d e r i n g t h e 
f a c t t h a t i n t h e n u m e r i c a l a p p r o a c h , t h e t h e r m a l 
f r o n t must be m o d e l l e d by a zone of f i n i t e w i d t h , 
which i n o u r c a s e was 0.4m, t h e agreement i s q u i t e 
good. F u r t h e r mesh r e f i n e m e n t would u n d o u b t e d l y l e a d 
t o c l o s e r ag reemen t w i t h t h e a n a l y t i c a l s o l u t i o n . 

Summary 

An extension of Biot's (1940) theory of consoli
dation is proposed here to provide a new technique 
for a realistic method of investigating the thermal-
hydraulic-mechanical behavior of fractured porous 
media. A direct solution process has been devel
oped- that involves a variational formulation and a 
Galerkin integral to produce a set of three matrix 
equations. In this approach the equations of static 
ecjuilibrium and fluid flow appear in an implicitly 
coupled form and the energy equation is explicitly 
coupled to these equations. Finite element descreti-
zation, along with two schemes for time descretiza-
tion, yield the final form of the matrix equations 
which are then soved in a two-step procedure, re
ferred to as an interlacing scheme. 

A partial validation of this new technique is 
presented by considering applications to hydro
mechanical, thermomechanical, and hydrothermal 
Ptoblems. The hydromechanical problem involves the 
calculation of pressure drops in a vertical fracture 
that intersects a well and acts as a drain for the 
surrounding porous medium. The results reveal the 
etrors that can occur when the interaction between 
hydraulic and mechanical stresses is ignored. The 
thermomechanical problem involves the calculation of 
the expansion of a rock column with a heat source 
placed at one end. When a fracture exists between 
the location of the heat source and a point where one 
* attempting to predict the magnitude of thermally 
«iduced displacements, a highly non-linear behavior 
'esults that will not be predicted if one ignores the 
^^istence of the discontinuity. The hydrothermal 
Problem involves a saturated porous medium that is 
9iven a momentary thermal front. The difficulty in 
^dieting the onset of a natural convective motion 
an be handled by this new technique when the appro-
Ptiate finite element mesh is selected. Complete 
alidation of this new thermal-hydraulic-mechanical 
nite element model for saturated fracturd porous 
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NOMENCLATURE 

a 

A 

Ai,A2 

b 

bo 

Bi ,B2 & 
Cl ,C2 

- i j k i 

PT 

?UP 

-UT 

C v l 

Cvs 

d 

D/D^t 

E,E3 

^e f f 

h 

F 

g 

G 

h 

i?f 
\ 
%t 

K 

* f̂n 

i^fs 

K i j 

"•edia w i l l r e q u i r e much more work. 

typical asperity size 

fracture cross sectional area 

structural boundaries where displacements 
and surface tractions are prescribed 

fracture aperture 

maximum fracture aperture 

fluid flow and heat flow boundary parts 
where Dirichlet or Neuman boundary 
conditions are prescribed 

elasticity matrix 

components of elasticity tensor for solid 
phase 

fracture cohesion 

pressure-temperature coupling matrix 

displacement-pressure coupling matrix 

displacement-temperature coupling matrix 

specific- heat capacity of liquid at con
stant volume 

specific heat capacity of solid at con
stant volume 

half-crack length 

comoving time derivative following solid 

components of strain tensor for solid 
phase 

Young's modulus for rock 

Effective Young's modulus for jointed rock 

fluid storativity matrix 

heat capacity matrix 

components of body force vector 

force vector 

gravitational acceleration 

traction vector on A2 boundary 

asperity height in fracture 

fluid conductivity matrix 

heat conductivity matrix 

mass transfer conductivity matrix 

l.itrinsic permeability tensor 

.ciffness matrix 

normal stiffness 

tangential stiffness 

permeability tensor components 

permeability measured in the direction of 
flux 

permeability measured in the direction of 
hydraulic gradient 
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I 

L 

m 

M 

M„ 

n 

"i 

n(h) 

P 

P 

P 

P 
-t 
AP„ 

3 

l i 

I f 

q 

Q 

2g 

2h 
Qh 

s 

Ss 

T 

T 

^t 

U 

V 

AV 

AVr 

AVt 

"i 
or x,y,2 

liquid thermal conductivity tensor 

solid-fluid mixture thermal conductivity 
tensor 

solid thermal conductivity tensor 

length of cylindrical rock sample 

length of the boundary 

distribution mean 

Biot's constant for 1/eBp 

Biot's constant for I/EB^ 

number of voids in schematic representation 
of fracture 

total number of elements in finite element 
idealization 

outward normal direction cosine vector 

indices used to designate number of elements, 
i = 1, 2, 3 

asperity height distribution function 

number of areas of contact in fracture 

pressure 

pressure assigned on B-j boundary 

pressure vector 

pressure vector at preceding time step 

pressure drop 

fluid flow vector 

components of fluid flow vector and the 

horizontal component of fluid flow vector 

rate of fluid discheurge from well 

flow per unit width 

flow per unit width in direction of 
hydraulic gradient 

heat flow vector 

normal heat outflow from C2 boundary 

fluid flow vector 

normal fluid outflow from B2 boundary 

distribution variance 

specific storage coefficient of saturated 
porous elastic solid 

temperature 

temperature vector 

temperature vector at preceding time step 

volume enclosing one crack 

solid element displacement vector 

space occupied by fluid-solid mixture 

region of space occupied by fluid-solid 
mixture of an element n 

fracture deformation 

rock deformation 

total jointed rock deformation 

Cartesian coordinates, i = 1,2,3 

Biot's hydroelastic coupling coefficient or 
angle of orientation of hydraulic gradient 

Bp 

Y 

«i j 
6 

E 

nj.n 

X 

V 

«s 

Pi' H 

Ps' Ps 

PM 

(PC)„ 

T,T. . 
- ID 
T .T 
-T' Tij 

« 

-u 
« 
-e 

Thermoelastic coupling coefficient equal to 
(2p•̂ 3X)̂ f 

fluid compressibility 

fluid thermal expansion coefficient 

solid thermal expansion coefficient 

Kronecker delta function 

friction angle 

porosity 

liquid dynamic viscosity 

Lamg's elasticity constant 

Lamg's elasticity constant 

functional perturbation parameter 

Poisson's ratio 

fluid volume strain 

liquid mass density and average liquid mass 
density 

solid mass density and average solid mass 
density of porous space 

solid-fluid mixture mass density 

solid-fluid heat capacity 

stress tensor and components 

thermal stress tensor and components 

stress normal to fracture 

hydraulic potential 

displacement interpolation function matrix 

strain-nodal displacement transformation 
matrix 

pressure and temperatiire interpolation 
function matrix 

transformation matrix for pressure or 
temperature gradients 

fractional fracture contact area 
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APPENDIX 

Initial and Boundary Conditions 

The equations governing fluid flow (20), static 
equilibrium (22), and conservation of energy (23) 
in conjunction with the constitutive equations for 
the stress-strain relationships (19) and the equa
tion of state for the fluid (2 1) have previously 
been discussed. These equations with the proper 
initial and boundary conditions define the problem 
to be solved. The initial and boundary conditions 
for the saturated porous elastic medium are: 

on A x[0, •») U(x, t) = U(x, t) 

T(x, t) . n(x) = G(x, t) on A x[0, ") 

P(x, t) = P(x, t) 

!if 

on B x[0, "») 

(Al) 

— V(P •̂  p^gz).n(x) = Q^(x, t) on B^xtO, ») 

T(x, t) = T(x, t) 

K VT.n(x) = Q. (X, t) 

U(x, 0) = 0 

on C x[0, <») 

on C x[0, ") 

on V 
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T(x , 0) = 0 

P ( x , 0) = 0 

T(x , 0) = T 

on V 

on V 

on V 

(Al) 

A, B, C r e p r e s e n t p a r t s of t h e b o u n d a r y f o r 
s t r e s s - d i s p l a c e m e n t , p r e s s u r e - f l u i d f l o w , a n d 
t e m p e r a t u r e - h e a t f l u x c o n s i d e r a t i o n s . V r e p r e s e n t s 
t h e v o l u m e u n d e r c o n s i d e r a t i o n . As m e n t i o n e d 
e a r l i e r , t h e d e p e n d e n t v a r i a b l e s JU, P and T r e p r e s e n t 
I n c r e m e n t a l d e v i a t i o n s from t h e s t r a i n - f r e e s t a t e 
assumed by t h e above c h o i c e of i n i t i a l c o n d i t i o n s . 
C o n s i d e r a t i o n o f a d i f f e r e n t s e t of v a l u e s f o r t h e 
i n i t i a l c o n d i t i o n s w i l l n e c e s s i t a t e r e p l a c e m e n t of 
0, P , and T by (U - U Q ) , ( P - P Q ) , and (T - T^) i n 
a l l c o r r e s p o n d i n g e q u a t i o n s . Also x has t o change t o 
(^ - J o ' ' However, t o cause l e s s m a n i p u l a t i o n , i t i s 
p r e f e r a b l e t h a t t h e d i s p l a c e m e n t v e c t o r IJ be k e p t i n 
c rementa l i n n a t u r e and l e f t unchanged which w i l l n o t 
a f f e c t t h e r e s u l t s of t h e a n a l y s i s . 

V a r i a t i o n a l F o r m u l a t i o n 

The v a r i a t i o n a l m e t h o d i s u s e d t o f o r m u l a t e 
t h e h y d r o e l a s t i c [ A y a t o l l a h i , 1978] p a r t of t h e 
h y d r o t h e r m o e l a s t i c phenomena. L e t R = U, P be an 
a d m i s s i b l e s t a t e i n J d e f i n e d i n V x ( 0 , oo) and l e t 
t he f u n c t i o n s IJ and P p o s s e s s t h e a p p r o p r i a t e c o n t i n 
u i t y and d i f f e r e n t i a b i l i t y c o n d i t i o n s . J i s t h e 
s e t of a l l a d m i s s i b l e s t a t e s and V i s t h e r e g i o n of 
space o c c u p i e d by t h e f l u i d - p o r o u s s o l i d m i x t u r e . 
A f u n c t i o n n ^ ( R ) o v e r J f o r e a c h t i m e t e [ 0 , " ) 
i s d e f i n e d a s : 

Galerkin formulation 

The Galerkin method is used to obtain a numer
ical formulation for the energy equation. Choosing 
approximating functions of the form T = *I|, where ^^ 
represents the basis functions and Tĵ  signifies the 
discrete temperature values to be determined, the 
Galerkin procedure requires the following: 

I I (PC) *. Ir -̂  PT *. -I- (6. .e. .) 
M 1 3t o 1 3t 13 1] 

t v i i T 
i . . K VT > 
1 M I dv 

/ 
«,Q^ds = 0 
X h 

(A4) 

where the volume integral in equation (A4) repre
sents a global restatement of (23), and the surface 
integral indicates the global satisfaction of the 
heat flux boundary condition. 

Finite-Element Discretization 

The field variables for the displacement vec
tor, the pressure, and the temperature can be dis
cretized as follows: 

U = s'^^u 

O^rp (A5) 

f "t'«> = / <^j • ^ i j k A i - -̂T • BSijeij 

a P j 
2 p f. * U, + 2P * — ^ 6, . e . . 

s i i p^ i ] 1] 

1 * V P * — V P - P * - P - P * — T n M M„ 
'« T 

•t- 2 * p gVz * VP)dv - 2 / G • U ds 

/ 
2 / 1 * Q * Pds (A2) 

T = V r i p 

w h e r e t h e ' i^ a r e p i e c e w i s e ' c o n t i n u o u s p o l y n o m i a l 
f u n c t i o n s w h i c h a r e u s e d i n c o n j u n c t i o n w i t h t h e 
mixed i s o p a r a m e t r i c q u a d r i l a t e r a l e l e m e n t s . P r o p e r 
s u b s t i t u t i o n of e q u a t i o n (A5) and r e l a t e d d e r i v a t i v e s 
of jty and ^ r e p r e s e n t e d by $̂ g and 0Q i n t h e G a l e r k i n 
i n t e g r a l and t h e f u n c t i o n a l , a f t e r p r o p e r d i f f e r e n t i 
a t i o n , y i e l d s t h e f o l l o w i n g m a t r i x f i n i t e e l emen t 
f o r m u l a t i o n : 

K U - i - C P - ^ C T = F 
- - -UP- -UT- -

'^n.i" + ( E , + 1*H,)P -t- C„ T = -1*Q, -PU- - f - f - - P T - - I 

STU^ ^ t^h ^ ^*'5hf * 5h>lT = -i*Sh 

(A6) 

(A7) 

(A8) 

It can be shown that 

where 1* represents time integration. The matrix 
coefficients in the above formulation are defined 
by the following: 

^^^(R) = §77 n(R + v5) = 0 
v=o 

(A3) 

° o t e v e r y R e J i f , a n d o n l y i f , R i s a s o l u t i o n 
° t a t e of t h e m i x e d b o u n d a r y - v a l u e p r o b l e m . The 
P r e s e n c e o f t e m p e r a t u r e t e r m s i n t h e v a r i a t i o n a l 
P ' ^ i n c i p l e i s j u s t i f i e d p h y s i c a l l y , b e s i d e s t h e 
" ^ t h e m a t i c a l soundnes s of t h e f o r m u l a t i o n , by t h e 
^*°t t h a t t h e r m a l e f f e c t s a c t i n t he form of i n i 
t i a l s t r a i n s ( Z i e n k i e w i c z , 1971) . 

N 

n=1 -f n 

-PU 

. n „ " i h 
* C * 
- e - - e d v 

SUP = i / i" 
n=1 n 

n n 
o P« 

1 4 
- - e 

dv 
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-UT 

N T 

= \ I * Bl * <3v 

n=1 -'n 
8£ 

n=1 -'n 

T 
C = — C "̂  
-TU T -UT 

o 

5f = 

N T 
^ r .n 1 .n , n 
\ I 4 — * dv 
A J " M" " 
n=1 -̂  n 

k^ T 
-f ^ r, n 

T 5B ̂^ 

N n 

n=1 -' n " 

-PT 1 [•"^•"'»" 
n=1 -'n T 

n=1 -'n 

n=1 -'.n 

N ^^r 

N ^n 

V 

"2 T 

-. I r*vVs" 
n=1 Ĵ n 

1 fi>-u%--
n=1 -{n 

n=1 -̂  n 

» J, h 1 dv 

where 1 = / n and Ij = \ ° 

(1 

n=1 / n 

HJ, = > I ZB^t, *e <̂ ^ 

The superscript T̂ . stands for matrix transposition 

operation. 
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. NEW CONCEPTS OF REGIOBAL GEOLOGY AKD URMIIUM EXPLORATIOH IE NORTHEASTERN 
WASHINGTON 

CHENEI, Eric S.,. Department of Geological Sciences, AJ-20, University 
of Washington, Seattle, Washington 98l95 

m 
ABSTRACT EI^Tg| S^IEiggl^ g. 

Many TLrenium showings plus one future and two operating mines Gc,cur 
in northeastern Washington. The regional geology is generally considered 
to consist of Mesozoic (Shuswap) gneiss domes and Mesozoic to Tertiary 
plutons that are cut by Tert-i-ary grahens that were "basins of deposition 
for local fonnations. I (l980b) have suggested that the silllmanite-grade 
rocks are not gneiss domes but pre-Beltian{"?) cores of Tertiary anticlines 
aiid that regionally extensive Tertiary rocks are pre saved in fault-bo,un ded 
syhclines adj'acent t.o the anticlines = metamorphic core complexes. 

Accordingly, stratigraphic or sandstone-type uranium deposits probably 
are localized by regionally extensive facies changes, not by facies changes 
in- local basins.. The recognition of regional unconformities and facies' 
changes is, therefore, critical to explorationi Deppsits of probable super-
gene origin, such as the Midnite deposit, may be related to a specific 
Tertiary regional •unconformity {which, could be post-Eocene) or tb multiple 
regional unconfomrities. Unfortunately the regional facies of the Tertiary 
strata, the location of Tertiary unconformities, and their ages wi'th respect 
to ages of known uranium deposits a:re still only poorly known, 

* ii 
Most pegmatic deposits in the metamorphic rocks are too, small or low 

grade to be commercial Rossing-type .deposits. However, the uranium from 
such pegmatites may have been .recqncentrated'in Tertiary strata, below 
Tertiary unconformities, or in the cataclastic zones peripheral to the core 
complexes,' Structiirally controlled deposits in the cataclastic zones may 
have formed in a manner similar to the unconformity-vein deposits of 
Saskatchewan of in zones of hydrotherraal alteration. Thus, the margins 
of the core c&mplexes deserve to be intensively prospected. 
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Jĵ CrjfiRSE CflAiHE-: 
BiGT̂ TIC GRANITIC 
GWllES " 

AG-INTEA^ALAttD 
iuPMtBOLlTi B • 
GNEISS 

ai^etBL^BlOIITlC-
SCHIST SGHEIESK 
i**ReLE a gi/AFTTZlTE 

DiFELUSPlTHJC 
(JUIHTZITE WITH 
MlNoVw^RBLE B 
^lOllTlCGIlElSS 

COflft&f GPiNlTlC. 
PORPHfSlTIC B 

.a. SCHIST-
&lfi^;HfiflBLt 
ED- OUiRTEiTt 

•fjtjcrs^ 

tPPROJ'LOcirtD 

iKPEfJfiED' ' 

Figure I. pTeSiminary geologic map of the Kettle dome, Ferry County, Washingtan. 



THE NORTHWEST 467 
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ttitetnsss; 
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Togo Mourvtaiii-and " i i H t a l e ^iChi'ii, minor ampHibolite. 
north half of Twin' no SI 11 inranite ' 
L aire's; quadrangle 

,QMG .sMO^ Southwest tn i rd of Flne-gra ineiJ b i o t U ic- Snciss . C i lc -
Layrier quadrangle s i l i ca te , gnei'ss 
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quadrangle 
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Sherinan Pass" bearing ;£thist and"QneissH phlogopitic connpri 

marble,.quartzite 

*These map units are:shown in Figure z. 

Granitic, Porphyritic, Pegmatitic Gneiss. The lowest widespread unii is a granitic, porphyritic, 
pegmatitic gneiss (GPPG in Fig, 2, hereafter "pegiriatitic gneiss") that commonly has no compositional 
lay e ring.. The mega crystsa re potassium feldspar. The pegmatitic portions are dikelcts< I m thick and 
irregular clots about a metre in diameter that grade outward into nonpegmatitic gneiss. Some of the 
irregular clots are remnants of dikeiets that were disrupted along foliation planes or dismembered by 
folding. The foliation is sufficiently weak that some previous investigators included the pegmatitic 
gneiss in adjacent intrusions. Thisgneiss is one of the ihickesi (>850 m)and most extensive of all of the 
Tenas Mary Creek units, extending from the crest of the range on the wesrto the valley bottoms on the 
east. Small outcrops of biotitic gneissand marble along the North Fork of Deadman Creek suggest 
that the lower contact of the pegmatite gneiss may be exposed. This interpretation is shown in the cross 
section of Figure,!, 

The stratiform map pattern of the thin unit of biotitic schi.5t, gneiss, and rather pure marble in the 
quart2iterdominated sequenceabove the pegmatite.gneiss led Parker and Calkins (1964) to suggest that 
the pegmatite gneiss, itself is a metasedimentary unit. However, Pearson (1967)'was impressed by the 
lack of compositional layering and suggested that it is an,orthogneiss and that, the unit ofbibtitic schist 
and gneiss and marble was nonconformably deposited upon ii. 

An alternative interpretation is that'the protolith of the pegmatite'gneiss origihally was a prekine-
matic or synkinematie pluton intruded intoth'epelitic rocks. Indeed, near the mouth of the South Fork 
of Boulder Creek large outcrops of quartzite and of biotitic schist occur within the pegmatitic gneiss. 
Furthermore, well-foliated, 1- to 2-m-thick concordant bodies of orthogneiss are ubiquitous in the 
overlying metasedimentary rocks; these orthogneisses are comppsiijonally similar to the pegrnatitic 
gneiss but lack the aiigen of feldspar andthepegmatitic bodies. Similar cqncordanthodies. occur in the 
Grand Forks area (Preto, 1970) andin the Curlew area, where they are as much as 12 m thick (Parker 
•and Galkins, 1964). In addition, the biptiticschisi and gneiss that overlie the pegmatitic gneiss are so 
similar to the biotitic schist and gneiss below the pegmatitic gneiss fTable I) that they niay be the same 
unit-. Inthe Grand Forks area (Table 2), the apparent absence of pegmatitic gneiss plus the presence of 
2i6pp m of biqtilic and associated metasedimentary rocks underlying the quartzite also support the 
interpretation that the protolith of the pegmatiticgneiss was intrusive into the pelitic rocks. 

Preto ([.9,70) correlated Daly's Cascade gneiss (1912) with the pegmatitic gneiss of the Ctirle.w area. 
However, the Cascade gneiss in the Grand Forks area consists of several bodies only a few square 
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kilbmeires in area. The body about 7 km east of Grand Forks, the only one 1 have examined, lacks the 
felds'par megacrysts and pegmatitic patches representative of pegmatitic gneiss. Perhaps the Cascade 
gheiss'and the smaller c.onco"rdant bodies of gneissabove the pegmatitic gneiss in the Kettle dome were 
satellitic stocks, sills, arid dikes of the pluton from which the pegmatitic gneiss formed. 

Quart/ite-donDinated Sequence, Overlyingdhe pegmatitic gneiss are heterogeneous units (sillimanit-
ic biotitic schists and gneiss with minor quartzite and marble) aboveand below > 650 m of feldspathic 
quartzite (Table f). The lower heterogeneous unit is so thin that it was not always encountered during 
reconnaissance mapping; thus, it is not shown as a continuous unit in Figure 2, It is present in the Tenas 
Mary Creek and Grand Forks ai;eas (Table 2), and mpre.detailed tnapping (Pearson, 1977) shows that 
it is'cbntinuOus in the southern-p.art of the Togo Mountain quadrangle. 

Rusty- to white-weathering quartzite >650 rn thick overlies the lower heterogeneous unit. The 
quartzite Kas 5% to 10% white-weathering feldspar 1 t,o 5 mm in diameter. The feldspar is more 
commonly orthoclase than plagioclase (Parker and Calkins, 1964; Preto, 1970). Thequaftzite'general-
iy is nonmicaceous, but does contain intercalated biotitic schists and gneisses >20 m thick: On the 
soiiihern side of Profanity Peak, coarse white marble 30 to 60 m thick occurs within the quartzite. The 
heterogeneous unit above the quartzite appears to be restricted to the northern part of the Togo 
Mpuntain quadrangle and the Grand Forks;area. 

.Eastern Granitic Gneiss. Above the quartzite-dominated sequence on the eastern limb of the dome 
are >800 m.b'f'cOarse-grairied, very well.fbliatedj unlayered to indistinctly layered,jgranodioriiic 
orthogneiss. The gneiss generally is not pegmatiticbut does have some plagioclase megacrysts as much 
as I cm long. The basal part of this gneiss commonly is more leticocratic and has inclusions-Of 
feldspathic quartzite simijar'to those in the underlying rocks. Amphibolites and thin quartzites along 
U.S. Route 395 in the Laurierquadrangleareof uncertain origin; they may have been either xenolishs 
or intercalated sediments, in the Curlew quadrangle (Parker and Calkins, 1964) and in the Boyds 
quadrangle on the eastern limb.of the Kettle dome, the upper part of the gneiss contains stratiform 
amphibolites. The regionally discordant contacts of this gneiss shown in Figure 2 may indicate, the 
intrusive origin of its protolith. 

This unit has caused considerable confusion. Pardee (191S) and Campbeir{1938, !946) included it 
within the Colville batholith. Still more'confus ing is the sirri ilarity of this uriit to'the pegmatitic gneiss, 
especially in the few places where thi; latter is not particularly pegmatitic or the eastern gneiss has 1-cm 
plagioclase megacrysts. !n these places the >550-m quartzite above or below a gneissic unit is 
diagnostic. Judging from the description of Parker and Calkins (1964) and Pearson (1967), the 
pegmatitic gneiss^cgntains more potassium feldspar and less hornblende than the eastern gneiss. 
Bowman (1950), Campbell and Thorseri (1966), Lyons (1967), and Pearson (1977) lumped the two 
gneisses as a single unit. Bowman (1950) correlated the eastern.qnhogneiss at Lau.rier on the Canadian 
border with the Cascade:gneiss. However, the Cascade gneiss 7 km east of Grand Forks is neither as 
hbrnblehde-rich nor as welffbliated as the eastern gneiss; 

The remarkable areal extents bf ih^ eastern granitic gneiss and the pegmatitic gneiss deserve 
comment. Both gneiss'es occur throughout the Kettle dome (Fig. 2). Both also are present as far 
northwest as the bend in the Kettle River in the Curlew quadrangle (Parker and Calkins, 1964), and 
both probably occur in the Grand Forks area of British Columbia mapped by Preto (1970). Thus the-
pegmatiticgneiss has a minimum distance of outcrop of 50 km and the eastern gneiss a minimum of 70 
km. Because both gneisses are overlain or intruded by other units, their total length,could be greater. 
How riiijch Of their present form was caused by attenuation of the original plutons during metambr.-
phisin is not known. 

Antphiboiite. On the eastern limb of thedonie, a 20O-m thick, black amphibolite overlies the eastern 
granitic gneiss; similar stratiform amphibolites occur within the gneiss. On the basis of elemental 
ratios, Preto (1970) concluded that similar amphibolites of the Grand Forks area originally were mafic 
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intrusions, but Donnelly (1978) noted thai metasomatism may make these results inconciusive, The 
presence of blue-greea hornblende accornpanied by pligpclase or andesine suggests thai the amphibp-
lite-is not of siHinianite grade (Donnelly, 1978). 

Fine-Grained Biotitic Rocks. Fine-grained", bibtilie, grariitic.gneiss with intercalaEed calc-silicate 
li nits,.quartzite; and amphiboliteoyerliethc eastern granitic gneiss In the La tiricr quadrangle; these are 
labeled QMG in Figure 2. Cpmpositipnally similar rocks (labeled BS) in the northwestern and 
southeastern margins of the-dome are schistose to almost phylJiiic instead of"gne:ssic (Table. IJ, 
Correlation Qf QMG wiih.BS cannot be demonstrated because the two belts of outcrop cannot be 
traced intoeaeh other. Because neither unit crops out near Boyds, their position relative to the 
206-m-thick amphibBlite is hoi known. 

The schistose rocks are similar to the fine-grained bioiitic:schist and biotitic quartzite with intercal
ated fine-grained amphibolite and calc-silicate schist niapped by Staatz (1964), Muessig (1967), and 
McMilleri (1979) in the Okanogan dome (Table 2). The fine-grained schist does not.seem to be 
siliimanite-bearing (Parker and Calkins, 1.964; Staatz, 1964; Muessig, 1967; Preto, 1970; McMitlen, 
1979), except adjacent tgplutons; in..the Okanogan dome. 

Eastern Quartzite. A slabby, slightly rusty weathering, fine-grained quartzite with rniGaceous' 
partings occurs along the southeastern margin of the Kettleidome, Muscoviteand minorbiotiteon the 
pariingsarid theprescheeof isoclinal rccuniJsent folds (outlined by the micaceous partings) suggest that 
metam'Orphism.'bf the rocks in the Ket tledbmeisyoungef than this quartzite. Sillimanite has yet tb be 
ifbund iri this quartzite, even in the schistose partings (Donnelly, r978). Becaiiseihe quartzite overlies 
the':200-m amphibolite, theeastern gneiss, and the fine-grained biptiteschists (Fig: 2), the basal contact 
of the quartzite may beia major uncbriforriiity. 

Becaiise this'quartzite occurs bn both sides of the Col urnbia River near the bridgeat Kettle i^alls, it 
must be > 200 m thick. Along U.S. Route 395 in the un niapped area between Boyds and Orient, where 
calc-si|icate:gneisses of unknown affinity appear to overlie the quartzite, the quartzite.-appears to be 
abpijl 300 m thick. 

1 h'ave suggested (Cheney, 1977) thai the eastern quartzite might beequi'-'alerit to the 580to 910 m of 
thin.plaiy quartzite wiih sericitic partings near the top of the basalCambrian Gypsy quaf'tziie described 
by Parkand Cannon (1943) in northeasternmosi Washington. However, the eastern quaruiie, which 
seems to have a higher metamdrphic grade than ali known examples of the Gypsy, could equally well 
not be Gypsy. 

Because the >'6:50-m qiiartzitc within the dorne contains ihiercalated units of biotitic gneiss and 
marble as much-as'60 rh thick but the eastern quartzitedoes not, these two quartzltes probably are not 
correlative., A11 known examples»qf Beltian Revett Quartzite iri StevensCountyaregray and occur in 
lowei'graderocks, so that thiscprrelaiibn may n'otsbe likely. Because Donnelly (1978),observed t haul he 
ea.sterri quartzite has thesarne recumbent and other folds as the underlying amphibolite and the other 
rocks of Tenas Mary Creek descnpcd by Lyons (1967), the eastern quartzite is pro.visionally included 
wi'thin the Tenas Mary Cretk.sequence. 

Paleozoic arid Younger Roclts 

Black argiltitc, gray phyllite, dark limestone, and white marble.of late Paleozoic age, together with 
greenstone of reputed Triassic age, overlie the high-grade n\ctamprphic.rocks of the dome. In the 
Orient district. Bowman (1950) called these the Churchill formation; in the Colville Indian Reserva
tion, Pardee (1918),uscd vhenameCovada group. Table 2 and FigureJ indicate tht similar rocks-have 
been described elsewhere. These formations rriayno.t be strictly correlative, but all are inferred to be 
Pennsylvanian to Triassioin age. The next youngest unit is the Jurassic Rossland Grpup.of volcanic 
rocks. The Tertiary rocks are described later. 
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Although the fine-grained biotitic schist is compositionally similar to the lale Paleozoic phyllilic 
rocks, the two probably are not the same unit subjected to different grades of regional metamorphism. 
For example, the late Paleozoic phyllitic rocks contain thick pods of quite pure limestone and marble, 
whereas fine-grained biotitic schists have only thin calc-silicate schists. Furthermore, the eastern 
quartzite occurs between the fine-grained schists and the phyllites on the southeastern limb of the 
dome, and the fine-grained biotitic schist is locally absent along margins of the dome that are overlain 
by phyllite. Parker and Calkins (1964) suggested that in the Curlew quadrangle an unconformity exists 
between fme-grained biotitic schist and the overlying phyllites. Such an unconformity would explain 
the relationships seen in the Kettle dome. 

Age and Correlation of the Rocks of the 
Tenas Mary Creek Sequence 

Bowman (1950) applied the name Boulder Creek Formation to the metamorphic rocks in the small 
part of the Kettle dome that he mapped. However, the sequence is better exposed and described as 
several mappable units in the area of the Tenas Mary Creek. Hence, the name Tenas Mary Creek 
sequence proposed by Parker and Calkins (1964) is preferred. However, the basal heterogeneous unit 
of biotitic gneiss, marble, and quartzite does not crop out in the type area. Furthermore, Parker and 
Calkins included phyllite in the top pan of the Tenas Mary Creek sequence. Because the phyllite has a 
much lower metamorphic grade (greenschisi) and may be unconformable on the rocks of the Tenas 
Mary Creek, I believe il should be excluded. Until more extensive stratigraphic and petrographic 
studies are available, the fine-grained biotitic schists, amphibolite, and the eastern quartzite are 
provisionally included in the Tenas Mary Creek sequence. 

The age and regional correlation of the rocks of Tenas Mary Creek are poorly known. Engels and 
others (1976) listed K-Ar dates on individual minerals of 50 and 67 m.y. for amphibolites. R. L. 
Armstrong (1977, personal commun.) has obtained preliminary whole-rock Rb-Sr dates of 600 lo 
1,200 m.y. B. P. on the pegmatitic gneiss and the eastern gneiss of the Kettle dome, He regards the dates 
as typical of the Shuswap terrane. 

Parker and Calkins (1964), Pearson (1967), Preto (1970), and Donnelly (1978) correlated the rocks 
of Tenas Mary Creek with the Shuswap terrane of southern British Columbia. The mantling metased
imentary rocks in the Shuswap have been regarded as probably mostly Precambrian and Paleozoic but 
with some as young as Triassic-Jurassic (Wanless and Ressor, 1975; Okulitch and others, 1977). The 
thick quartzltes in the Shuswap terrane were regarded as possibly Lower Cambrian (Okulitch and 
others, 1977); thus, by analogy, the>650-m quartzite in the Tenas Mary Creek or the eastern quartzite 
in the Kettle dome might be Lower Cambrian. However, the Shuswap now appears to include 
metasedimentary rocks as much as 3,000 m.y. old that were intruded by l,960-m.y.-old granitic rocks 
and then metamorphosed 935 m.y. ago (Duncan, 1978). 

If the rocks of Tenas Mary Creek are Precambrian, they could be equivalent to Windermere, Beltian, 
or pre-Beliian rocks. The Beltian rocks closest to the Kettle dome are in southeastern Stevens County 
and have been described by Miller and Clark (1975). These and other known examples of Beltian rocks 
in Washington and adjacent Idaho are of much lower metamorphic grade (the pelitic rocks are still 
black argilliies). Furthermore, the 950-m Beltian Revett Quartzite weathers gray and is not as 
feldspathic as quartzite of the Tenas Mary Creek, and marbles of the Tenas Mary Creek rocks do not 
resemble the carbonate rocks of the Belt. These same arguments could be applied to the Windermere-
Deer Trail rocks which, in addition, have thick greenstones that have no analogues, except possibly the 
amphibolites, in the rocks of the Tenas Mary Creek. 

Lithologically and structurally, the most probable correlatives of the Tenas Mary Creek sequence 
are sillimanite-grade rocks in the Spokane area (Fig. 3). These rocks include the cataclastic Newman 
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Lake orthogneiss with 5-cm potassium feldspar megacrysts (Miller, I974d; Weissenborn and Weis, 
1976) and a feldspathic quartzite near Freeman (Weis, 1968) that appears to be at least as thick as the 
quartzite of Tenas Mary Creek. Furthermore, Griggs (1973) showed that these rocks define a flat-
topped dome, herein called the Spokane dome. The northeasiernmost rocks of this terrane in Idaho 
also are domal and yield ages of about 1,500 m.y. (Clark, 1973). The Pb-o ages of 1,150 m.y. for the 
Hauser Gneiss (Weis, 1968) are, of course, suspect bul arc suggestive ofa correlation with the Tenas 
Mary Creek. 

Most workers (Griggs, 1973; Clark, 1973; Miller, 1974b; Miller and Clark, 1975; Weissenborn and 
Weis, 1976) have suggested that the rocks of the Spokane dome are high-grade portions of the Belt 
Supergroup. However, Armstrong(1975) suggested that paragneiss, quartzite, marble, schist, amphib
olite, and orthogneiss in central Idaho and the Spokane dome are pan of a pre-Beliian metamorphic 
terrane. Because Griggs (1973) and Miller and Clark (1975) showed that on a regional scale the 
Spokane dome is conformably surrounded on the southern and western sides by Beltian strata, the 
abrupt change in metamorphic grade could be due to an unrecognized, gently domed sub-Beliian 
unconformity or low-angle fault. I prefer this alternative and believe that the high-grade rocks of ihe 
Spokane dome probably are pre-Beltian. 

Initial strontium isotopic ratios of Mesozoic plutons in northern Washington also suggest that the 
rocks of the Tenas Mary Creek may be Precambrian. Plutons as far west as long. I21°W have initial 
ratios >0,704, which implies that the magmas were contaminated by radiogenic strontium from a 
Precambrian basement (Armstrong and others, 1977). Thus, the rocks of the Tenas Mary Creek could 
be pan of such a basement. If so, the lithologic similarity of ihe rocks of the Tenas Mary Creek lo those 
in the Spokane dome would support the suggestion of Armstrong and others (1977) that on the b^sisof 
these initial strontium isotopic ratios, the Precambrian basement of pre-Mesozoic North America 
extended westward into northern Washington. 

In summary, meager stratigraphic and radiometric evidence, including a comparison with the 
Shuswap rocks, favor but do not prove a Precambrian age for the rocks of the Tenas Mary Creek in the 
Kettle dome. Regional structural interpretations, in turn, favor a pre-Beliian age for the high-grade 
metamorphic rocks in the Spokane dome and, by analogy, the rocks of the Tenas Mary Creek in the 
Kettle dome. However, because the Spokane dome is east of the Kootenay arc and Kettle dome is west 
of it, such a correlation is, admittedly, unconventional. 

Plutons 

A number of Mesozoic and Tertiary granitic plutons intrude the Tenas Mary Creek, Paleozoic, and 
Mesozoic rocks. The plutons vary from biotite dominated lo hornblende dominated, from fine and 
medium grained to coarse grained, and from foliated to unfoliated phases. At present it is not known 
how many discrete plutons there are. All are shown as a single unii in Figure 2. 

STRUCTURE OF KETTLE DOME 

Kettle Dome 

The antiformal nature of the rocks underlying the Kettle River Range was first recognized by 
Campbell (1946). He noted that near and south of State Route 20 the foliation forms a dome " 12 miles 
wide" elongated to the northeast. He also realized that the cataclasis of the rocks is similar to that of the 
Okanogan dome. 

The antiformal pattern of the Kettle dome is best shown by the map pattern of the >650-m quartzite 
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(Fig. 2) and by the antiformal dips of this quartzite. Rocks of the Tenas Mary Creek sequence on the 
eastern and southeastern limbs of the dome form prominent dip slopes near Orient, Kettle Falls, and 
Lake Ellen. The best-preserved dip slope on rocks of the Tenas Mary Creek sequence defining the 
western limb of the dome is Tenaskei Mountain. 

The dome is >65 km long north-south and 27 km wide. The structural relief is only about 3 km 
(Fig. 2). The northern end of ihe dome is a northwest-trending antiform, defined by opposing dips in 
the >650-m quartzite and biotitic rocks on Huckleberry Mountain and on Togo and Marble 
Mountains. 

The dips of bedding and of foliation within the Tenas Mary Creek units crudely define two cn 
echelon north-trending, gently antiformal axes within the dome. Dips generally are <25°, and locally 
foliation and bedding are nearly horizontal, forming flat-topped ridges in the cenler of the dome. 
However, contacts are unusually steep to vertical along the northwesternmost margin of the dome and 
near Profanity Peak along the north-trending fault on the western side of the dome. 

The simple domal structure could be part ofa larger, more complex structure. For example, detailed 
mapping might show that the domal structure is the upper limb ofa large recumbent fold similar to the 
small folds commonly seen in outcrops. Furthermore, if the eastern quartzite could be shown to be 
correlative with, or older than, ihe>650-m quartzite within the dome, the structure is more complex 
than shown in Figure 2. When the reconnaissance natureof the mapping is considered, such possibili
ties should not be ignored. 

Structures within the Dome 

Folds larger than those in outcrops but with map patterns smaller than several kilometres are 
difficult to recognize in reconnaissance mapping, A gently eastward-plunging synform may exist in 
the eastern gneiss and amphibolites souih of Deadman Creek in the Boyds quadrangle. The amphibo
lite north of the mouth of Sherman Creek in the Bangs Mountain quadrangle may mark a similar 
synform. An cast-trending antiform brings the lowest units of Tenas Mary Creek to the surface along 
the Kettle River in Canada (Preto, 1970), and this fold could account for the east-trending salient of the 
eastern gneiss at the Canadian border near Laurierin Figure 2. Gentle northwest-trending folds in the 
eastern quartzite along the eastern margin of the dome may be minor folds associated with formalion 
of the dome. 

A north-trending fault in the western part of the Sherman Peak and Togo Mountain quadrangles 
juxtaposes structurally higher rocks on the east against structurally lower rocks on the west. The >2-km 
vertical separation on this fault shown on the cross section in Figure 2 could produce the 10 km of 
apparent left-lateral separation shown on the map in Figure 2. The fault does not seem to offset the 
hornblende quartz dioriiic pluton in the valley of the North Fork of Sherman Creek. 

A west-norlhwest-trending fault with the northeast side up occurs in Hoodoo Canyon. A similar 
fault in the Sherman Peak and Bangs Mountain quadrangles may offset the north-trending fault 
mentioned above. Such a northwest-trending fault would explain why marble and quartzite in the 
biotitic unit north of Sherman Pass dip toward each olher. It would also explain the apparent 
juxtaposition of the eastern gneiss and pegmatitic gneiss along Stale Route 20 northeast of Sherman 
Pass. The same fault would account for the northward termination of the upper Paleozoic phyllites 
along the southeastern edge of the dome, as well as the straight courses of Sherman Creek and of 
Donaldson Draw on Bangs Mountain. Smaller faults within Tenas Mary Creek rocks probably are 
more numerous than reconnaissance mapping can resolve. Small northwest-trending faults do cut the 
eastern quartzite and eastern gneiss in the Boyds quadrangle. 

The maps of Parker and Calkins (1964) and Iviuessig (1967) indicate that neither of the large faults 
offset the faults that bound Tertiary rocks to the west of the dome. Thus, the large faults within the 
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Kettle dome probably are pre-Tertiary, On theeastern side of the Kettle River in the Orient quadran
gle, pyroxeniies and other mafic rocks mark the contact between the rocks of the Tenas Mary Creek 
and upper Paleozoic phyllites and Tertiary rocks (Bowman, 1950). Perhaps this is a postdome fault 
(like the serpentinite-bearing Sherman fault west of the dome, shown in Fig. 3). 

The contact between the rocks of the Tenas Mary Creek sequence and the overlying low-grade rocks 
along the eastern margin of the dome appears to be tectonic. Campbell (1938, 1946) described 
cataclasis in the eastern gneiss on the southeastern limb of the dome. Locally, chloritic fractures and 
brecciation are well developed along the northeastern margin of the dome (Bowman, 1950; Lyons, 
1967; Donnelly, 1978), especially in the small plutons near Orient (Bowman, 1950). Cataclasis 
(microshears and microbrecciation) in the metasedimentary rocks is parallel to but later than the 
foliation that outlines ihe recumbent folds (Lyons, 1967; Donnelly. 1978). Furthermore, unmeiamor-
phoscd nonrecrystallized, but breccialed limestone (presumably of late Paleozoic age) overlies rocks of 
Tenas Mary Creek in three places: just west of the confluence of the Kettle and Columbia Rivers, on the 
Kettle River 3.3 km northwest of Barstow, and on U.S. Route 395 2 km northwest of Barstow. The 
granitic gneisses of the Tenas Mary Creek below the limestone of the Kettle River locality are 
extensively chloritized. It seems likely that detailed mapping would show thai the limestone in the 
Orient and Boyds quadrangles overlies a gently eastward-dipping tectonic zone. 

REGIONAL GEOLOGY 

Terranes Equivalent to the Kettle Dome 

The caiaclasfic and domal nature of the gneisses between the Republic area and the Okanogan River 
have been described by Waters and Krauskopf( 1941), Snook (1965),and Fox and others (1976, I977J. 
Although this dome is structurally similar to the Kettle dome, it is predominantly composed of 
Mcsozoic(?) orthogneiss and granitic plutons. 

The dioriiic gneisses in the western part of the Okanogan dome were regarded as paragneisscs by 
Snook (1965). Fox and others (1976) proposed that Snook's name of Tonaskei Gneiss be applied loall 
such rocks (Fig. 3). My preliminary mapping suggests that virtually all of the Tonaskei Gneiss in ihc 
central part of the dome is derived from a plulon grading inward from diorite to quariz diorite to 
porphyritic granodiorite. 

The age of the Tonaskei Gneiss is not loo well known. On ihe souiheastern margin of the dome, 
upper Paleozoic hornfelsic phyllite occurs adjacenl to an orthogneiss that is similar to the interior por-
phyriiic granodioriiic phase of the Tonaskei Gneiss, Fox and others (1976) reported U-Pb ages of 87 
and 100 my. and a Th-Pb age of 94 m.y. from a euhedral zircon from hornblende-rich Tonasket Gneiss. 

The eastern part of the Okanogan dome is dominated by biotitic quartz monzoniiic to granodioriiic 
plutons that intrude the Tonaskei Gneiss and the lale Paleozoic phyllilic rocks. Portions of these 
plutons have been described by Waters and Krauskopf (1941), Parker and Calkins (1964), Staar/. 
(1964), Muessig (1967), and Pearson (1967). In general, the pluions arc lexiurally zoned, becoming 
coarser grained and more porphyritic inward, weakly to moderately foliated, and locally cataclastic. 
The western contacts of the westernmost plutons thai I have mapped in the dome commonly dip ^25° 
eastward. Pardee (1918) named various crystalline rocks, including such plutons at the southern ends 
of both ihe Kettle and Okanogan domes, the Colville batholith. The term "Colville batholith" probably 
should be reserved for these variably foliated, leucocratic quartz monzoniiic to granodioritic Mesozoic 
plutons as Siaaiz (1964) suggested. 

Studies of Ihe Okanogan dome have led lo three theories of origin that might be applicable to the 
olher domes as well. Waters and Krauskopf (1941) considered the cataclasis of the Tonaskei Gneiss to 
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be the proioclastic border, or carapace, of the Colville batholith. Snook (1965) demonstrated the 
metamorphic nature of the Tonasket Gneiss and pointed out that cataclasis postdates ihe mylonitiza-
tion that cuts the foliation within the Tonasket Gneiss. He concluded that the increasingly cataclastic 
nature of the gneiss adjacent to the border of the dome could be attributed to later folding of an 
originally flat thrust in the gneisses, rather than to balholiihic emplacement. The presumed paragncis-
sic origin of the Tonaskei Gneiss and 66- to 46-m.y. ages determined by K-Ar and fission-track 
measurments led Fox and others (1976, 1977) to suggest that the rocks were emplaced as an Upper 
Cretaceous gneiss dome that cooled through the Eocene. 

As noted above, rocks similar to those in the Kettle dome occur in the Spokane dome. At present, 
cataclasis (Fig, 3) has been reported only in the coarse Newman Lake Orthogneiss and the Mesozoic 
Loon Lake batholith (Weissenborn and Weis, 1976; Miller, I974d). Myloniiic rocks are known at two 
localities on the eastern edge of the dome between Coeur d'Alene and lat 48°N (Miller and Engels. 
1975, p. 524). 

Regional Extent of Tertiary Formations and Folding 

An understanding of the regional geology (Fig. 3) is helpful in determining ihe origin and the age of 
the Kettle dome. The maps of Parker and Calkins (1964), Muessig (1967), and Staatz (1964) 
demonstrate that a syncline occurs west of the Kettle dome. This fold was recognized by Wright (1949) 
and named the "Sanpoil syncline" by Muessig. In the center of the fold is the Eocene Klondike 
Mountain Formation; successively outward (down the section) are the Eocene Sanpoil volcanic rocks, 
the Eocene O'Brien Creek Formalion, and the upper Paleozoic to Triassic rocks. The synclinal map 
pattern is discernible on Figure 3. 

Another north-trending synclinal inlier of the same three Eocene formations occurs near Orient on 
the northeastern margin of the dome (Fig. 3). Dips as great as 50° occur in the lower part of the 
Klondike Mountain Formation (Pearson and Obradovich, 1977). 

Discordant K-Ar dales similar to those reported by Fox and others (1976, 1977) in the Okanogan 
dome are common in northeastern Washington and adjacent British Columbia (Miller and Engels, 
1975; Armstrong and others, 1977). An alternative explanation to a cooling gneiss dome is that these 
dales were caused by Eocene volcanism and plutonism (Armstrongand others, 1977). As noted below, 
the Eocene volcanic rocks (Sanpoil Volcanics and Klondike Mountain Formation) were of regional 
extent, and Eocene plutons are common; the quartz monzonite of Long Alec Creek (K-Ar age of 
51.7 ± 1.6 m.y., according to Engels and others, 1976) in the northern end of the Kettle Dome (Figs, 2, 
3) even has batholiihic dimensions. 

Because the Kettle dome is bounded on the west and the northeast by Tertiary synclines, its present 
antiformal structure also is most likely Tertiary (Cheney, 1976, 1977). Furthermore, the length, trend, 
and structural relief of the Sanpoil syncline are similar to those of the dome. The axis of the Kettle 
dome is not parallel to the axis of the Sanpoil syncline, but this difference may be due to the combined 
effect of Tertiary folding and older structures within the rocks of the Tenas Mary Creek sequence. The 
high-grade metamorphism and related folding within the Tenas Mary Creek probably is pre-Tertiary 
(and probably pre-Beltian), and much of the uplift of the Tenas Mary Creek from the depths at which 
sillimanite forms probably was pre-Tertiary. 

The regional extent of Tertiary folding is best appreciated after recognition of the regional extent of 
the Tertiary formaiions. Pearson and Obradovich (1977) have shown that the Eocene O'Brien Creek 
Formation, the dacites of the Sanpoil Volcanics, and the volcanic and volcaniclastic rocks of the 
Klondike Mountain Formation in the Republic area (Meussig, 1967) extend across northeastern 
Washington. The regional presence of the same three unconformity-bounded Tertiary formations 
suggests that they were not deposited in local basins as most authors—including Parker and Calkins 
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(1964), Muessig (1967), and Pearson and Obradovich (1977)—suppose. 
The Klondike Mountain Formation as shown in Figure 3 is more extensive than shown by Pearson 

and Obradovich (1977). The map of Fox (1970) suggests that ihe Klondike Mountain Formation 
may exist in the Okanogan Valley. East of the Columbia River the mafic, olivine-bearing flows that 
locally lie above the Sanpoil immediately east of long. 118°W (Yates, 1971) might correlate with 
Muessig's (1967) basaltic upper member pf the Klondike Mountain Formation. Pearson and Obrado
vich (1977) gave the following minimum ages: O'Brien Creek, 53 m.y.; Sanpoil, 50 m.y.; and Klondike 
Mountain, 41 m.y. 

For simplicity, the conglomerates and sandstones of the Tiger Formation that unconformably 
overlie Sanpoil lavas in the Pend Oreille Valley (Pearson and Obradovich, 1977) are shown in thesarne 
pattern in Figure 3 as the Klondike Mountain Formation. However, no evidence presently exists as to 
whether these formations are correlative or not. Indeed, because the Tiger Formation varies greatly in 
provenance and appearance, it may have been deposited in more than one epoch of the Tertiary 
(Miller, 1971, 1974b). Additionally, although some parts of the Tiger appear to dip westward into the 
Newport fault. Miller (1971) pointed out that other parts of the Tiger appear to overlie the fault and no 
part of the formation is known to show the effects of proximity to such a major fault as the Newport 
fault. Thus, at least part of the Tiger may be correlative with al least one of ihe two unconformity-
bounded epiclastic units described by Muessig(1967) and Pearson and Obradovich (1977) in the lower 
part of the Klondike Mountain Formation. 

The Sanpoil syncline and the syncline near Orient already have been noted. The regional map of 
Rinehart and Fox (1972) shows two synclinal remnants of the Eocene formations along the western 
border of the Okanogan dome near Tonaskei. The inliers of Eocene rocks just east of the Columbia 
River are partly synclinal and partly fault bounded (Yates, 1971; Pearson and Obradovich, 1977) and 
are aligned along a north-northeast trend. Perhaps the inliers west of the Okanogan dome and east of 
the Columbia River are remnants of formerly more extensive norih-noriheast-irending synclinal belts 
of Tertiary rocks similar to the Sanpoil syncline. 

The inlier of Eocene formations on the Canadian border northwest of the Sanpoil syncline has been 
named the "Toroda Creek graben" by Pearson and Obradovich (1977). This inlier may also be 
synclinal, but, admittedly, the number of westward-dipping flow structures in the eastern edge of the 
Klondike Mountain Formation are few (Pearson, 1967), unconformities obscure a synclinal map 
pattern in the Tertiary rocks, and the eastern edge of the Klondike Mountain Formation is faulted 
(Pearson, 1967). 

Tertiary Faults and Cataclasis 

The synformal Newport fault zone in northeastern Washington and northwestern Idaho (Fig. 3) 
may cut iheTerliary Tiger Formation (Miller, 1974b) and does cut a 45-to 51-m.y.-old plulon (Miller 
and Engels, 1975). The fault separates structurally lower muscovite-biolile schist, micaceous quartzite, 
gneiss, and batholithic rocks from Tertiary rocks and only mildly metamorphosed Paleozoic and 
Beltian rocks(Miller, 1971, 1974b, 1974c, 1974d). The fault is a gently northward-plunging, synformal, 
cataclastic zone 300 m wide. Figure 3 shows areas of cataclasis beyond the fault described by Miller 
(1974b. 1974c, 1974d); detailed petrographic studies might enlarge these areas. K-Ar dates of pluions 
peripheral to the fault are typically 45 to 51 m.y. B.P. (Miller and Engels, 1975). Miller and Engels 
suggested that the preservation of much older K-Ardates(lypically 93 to 101 m.y. B.P.) in the plutonic 
rocks 8 to 25 km from the fault and in the upper plate of the fault indicates lateral displacement of 70 to 
100 km. 

A smaller Newport-type fault may bound the bell of Tertiary rocks of the so-called Toroda Creek 
graben. Alongthe northeastern margin of this belt, between the Canadian border and the Kettle River, 
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Parker and Calkins (1964) described a fault with a 400-m-wide zone of sheared breccia; ihis fault 
separates rocks of the Tenas Mary Creek in iheir type area from the Tertiary rocks to the west. Along 
this contact southwest of the Kettle River, Pearson (1967) described westward-dipping sheets of 
breccia as much as 30 m (locally 300 m) thick below and within the Klondike Mountain Formalion. 
Although he suggested that these breccias were debris flows, Pearson also interpreted the eastern 
contact of iheTerliary rocks as a fault dipping 20° lo 30° westward, Pearson and Obradovich (1977) 
extended this fault southward toward Granite Creek in the Aeneas quadrangle. In the valley of Granite 
Creek, a very poorly sorted and poorly stratified breccia consisting mostly of granitic fragments in an 
arkosic matrix occurs beneath the Klondike Mountain volcanic rocks. Muessig (1967) and Pearson 
and Obradovich (1977) regarded these breccias as sedimentary, but my mapping indicates that (I) 
locally some of the clasis are "smeared out" in a well-foliated matrix; (2) matrix-filled fractures down to 
hairline width exiend into a few clasis, and (3) the underlying granites have myloniiic seams. Thus, the 
breccia may be tectonic. If, like the Newport fault, a western limb of this fault does exist, it may explain 
the juxtaposition of low-grade upper Paleozoic strata against garnei-staurolite mica schist at 
Wauconda Summit in thenorthwesterncornerof the Aeneas quadrangle. This fault would be on strike 
with the fault that Pearson (1967) mapped just to the north and would separate IheTerliary volcanic 
rocks to the east from schist, phyllite, amphibolite, and marble to ihe west. Because additional 
mapping is necessary to determine whether these faults are segments of a single system analogous to the 
Newport fault, a single fault is not shown on Figure 3. 

Although the faults on the western side of the Sanpoil syncline (Fig. 3) clearly are regarded as the 
western boundary faults of the Republic graben (Parker and Calkins, 1964; Muessig, 1967; Staatz, 
1964), a number of anomalies exist (Cheney, 1979). Firstly, the traces of these faults are more sinuous 
than can be shown on Figure 3. Secondly, Wright (1949) concluded that most of the epithermal gold 
ore in the Sanpoil Volcanics in the Republicdistrict adjacenl to the Bacon Creek fault is in thrust faults 
that dip 55° to 65° eastward. He illustrated (1949, Figs. 3,4b, 7) the Bacon Creek fault as a major break 
along which an anticline involving the Sanpoil and Klondike Mountain units was ihrusl westward over 
Colville granitic rocks. Furthermore, highly sheared and veined phyllite with concordant rhombic 
tectonic clasts of limestone dips 20° eastward in an adit in sec, 32, T. 37 N., R, 32 E., where Muessig 
(1967) interpreted the junction of the Bacon Creek and Scatter Creek faults; the location is virtually on 
strike with Wright's (1949) cross section showing the Bacon Creek fault. 

On Figure 3, the Scatter Creek fault is the unlabeled segment between the Bacon Creek and Long 
Lake faults. M uessig noted (1967) ihai in one adit the Scatter Creek fault is horizontal. Two of the three 
western boundary faults in the Bald Knob quadrangle to the southwest dip gently eastward (Staatz, 
1964). In Figure 3, the King Creek and Nespelem River faults are the first and second faults, 
respectively, east of the Long Lake fault. Staatz showed the King Creek fault as a thrust and only 
assumed normal movement on the Long Lake fault. He also showed the high-angle Nespelem River 
fault as up on the eastern side (not the western side as one might expect for a western-bounding fault of 
a graben). 

Another thrust exists at least locally on the eastern limb of the Sanpoil syncline. Muessig (1967) 
mapped a "major thrust fault," the Lambert Creek thrust, cutting Sanpoil flows and the younger 
quartz monzonite of Herron Creek. Parker and Calkins (1964) did not recognize such a fault in the 
neighboring Curlew quadrangle, but the sinuous St. Peter fault, which is cut by the Sherman fault, is a 
likely candidate. The Sherman fault east of the Sanpoil syncline does appear to be a high-angle fault 
(Staaiz, 1964; Meussig, 1967). 

In summary, the so-called Toroda Creek and Republic grabens may be synclinely folded allochthons 
rather than grabens. Alternatively, if they are bounded only on one side by thrusts, they are only 
half-grabens. In any case they are not grabens in which the Tertiary rocks were deposited. 

Available mapping (Campbell, 1938,1946; Waters and Krauskopf, 1941; Snook, 1965; Petro, 1970; 
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Weissenborn and Weis, 1976) indicates that cataclasis within ihe crystalline rocks of the three domes 
increases in intensity toward the margins of each dome. Furthermore, the intensely cataclastic 
marginal zones, including the previously discussed northeastern margin of the Keltic dome, have 
sinuous traces suggestive of low dips. Snook (1965) has already suggested that the cataclastic zone 
along the western margin of the Okanogan dome is due to folding of an originally flat thrust and that 
erosion has removed the cataclastic zone from the crest of the dome. 

Although cataclasis is easier to detect in coarse-grained crystalline rocks, the greaiest shearing 
probably occurred in the incompetent rocks (such as the upper Paleozoic argilliies) above the crystal
line rocks. The Osoyoos and Whiskey Mountain plutons within upper Paleozoic strata peripheral to 
the northwestern margin of the Okanogan dome do become more cataclastic toward the dome (Fox 
and others, 1976; Rinehart and Fox, 1972). An intensely shattered and hydrothermally altered pluton 
occurs in phyllitic rocks south of Lake Ellen on the southeastern margin of the Kettle dome, and 
Campbell (1938) described cataclastic sills and quartzite in the Paleozoic phyllites in this area. In fact, 
Campbell (1938) probably was the first to suggest that intense shearing in the phyllitic rocks and the 
intense cataclasis in the adjacent gneiss were similar to the effects of major thrust faults, bul he 
discarded this idea in favor ofa proioclastic border of what he inferred was the Colville batholith. 

If these cataclastic zones are antiformal analogues of the synformal Newport fault, a westward-
dipping fault zone should occur between the Newport fault and the Kettle dome. A possible candidate 
is the gently westward-dipping Jumpoff Joe fault in the Chewelah area. Miller and Clark (1975) 
suggested thai thrusting on the Jumpoff Joe fault might be extensive enough to explain the structural 
and stratigraphic contrasts between the DcerTrail group west of the fault and the Bell rocks to the east. 
Where the fault cuts lOO-m.y.-old plutons. Miller and Clark reported that it forms a cataclastic zone as 
much as 150 m wide; south of Chewelah, upper Miocene Columbia River Basalt overlies the fault 
(Miller and Clark, 1975). Miller and Clark also suggested that northeast-striking faults that pass a few 
kilometres northwest of Chewelah might be the major structures in the area. 

If the Jumpoff Joe fault and the imbricate zone beneath it that involves lower Paleozoic strata are 
equivalent to the Newport fault, ihe lower Paleozoic and the Precambrian Deer Trail-Windermere-
Priest River strata are restricted to the upper plate. Units of the Bell Supergroup in the Chewelah area 
(Miller and Clark, 1975) would be in the lower plate, but east of the Pend Oreille River (Miller, 1974a), 
such units are in the upper plate of ihe Newport fauli. 

The Newport fault, the low-angle faulting in the Toroda Creek area, the faults bordering the western 
limb of the Sanpoil syncline, and the Lambert Creek fault may be similar in age. All cut Eocene rocks. 
The Newport fault cuts a 45- to 5l-m.y.-old pluton (Miller and Engels, 1975). The Lambert Creek 
thrust cuts the quartz monzonite of Herron Creek, which is similar to the Long Alec Creek batholith 
that has been dated at 53 m.y. B.P. (Pearson and Obradovich, 1977). Furthermore, the 48- to 
49-m.y.-old Swimptkin Creek and Coyote Creek plutons in the Okanogan dome are slightly cataclastic 
(Fox and others, 1977), Whether these faults are portions ofa single regional fault, a series of related 
faults, or merely local zones of decoupling is noi yet known. 

TIMING OF STRUCTURAL EVENTS 

Myloniles and breccialed rocks have been described in the crystalline rocks of each of the three 
domes. Snook (1965) stressed that, although both commonly occur in the same rocks on the western 
margin of the Okanogan dome, the directionless microbreccias formed later than the schistose 
myloniles and that in most mylonites the biotite did not change to chlorite, whereas, chlorite, 
epidote, and zeolites are prominent in the microbreccias. The same relationships occur on the northern 
margin of the Okanogan dome in the contact meiamorphic aureole of the Mount Bonaparte plulon 
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(one of the Colville plutons) and as discrete sericitic phylloniie zones within the Creiaceous(?) 
Buckhorn Mountain plulon a few kilometres north of the dome(McMi!lcn. 1979). As McMillcn (1979) 
has siresed, the petrographic descriptions of Campbell (1938), Parker and Calkins (1964), Lyons 
(1964). and Donnelly (1978) suggest that mylonitizaiion and later brecciation accompanied by retro
grade metamorphism also are common on the margins of the Kettle dome. 

Thus, although the myloniles and the cataclastic zones characterized by breccialed rocks commonly 
are coincident, they differ in age. Mylonitizaiion is Cretaceous(?) or younger (McMillcn, 1979) but 
has not been observed in Eocene rocks; whereas, cataclasis is Eocene or younger. Thus, mylonitizaiion 
in the crystalline rocks of the domes is not related to the Tertiary faults and cataclasis described above. 
If the Jumpoff Joe fault near Chewelah, which is overlain by Columbia River basalt, is related to the 
other lowjangle faults marked by cataclastic zones, these faults are pre-late Miocene. A study of that 
part "of the Tiger Formation that appears to overlie the Newport fault might provide a better age for the 
faulting. 

The antiformal nature of the cataclastic zones around the margins of the domes indicates that the 
cataclastic zones have been folded. The age of this folding is not well known. The map and cross section 
C - C of Weissenborn and Weis (1976) suggest that the erosion surface beneath the Columbia River 
Basalt and the interlayered Latah formalion dips southwesterly off the Spokane dome; thus, at least 
part of the doming may be older than the basalt. However, because the greater structural relief of the 
larger north-trending Cascade arch to the west is younger than the Columbia River Basalt (McKee, 
1972), il is tempting to speculate that the present structural relief of the north-trending Spokane. 
Kettle, and Okanogan domes also may be due to folding younger than the basalt. 

CONCLUSIONS 

In summary, northeastern Washington is characterized by north-noriheasi-trending Tertiary folds 
tens of kilometres long bul with amplitudes of only a few kilometres. The synclines are marked by 
remnants ofTeniary strata that once were regionally extensive. Instead of beingdiapiricgneiss domes. 
1 believe that the Okanogan dome, the Kettle dome, the Paleozoic and Precambrian rocks near 
Chewelah between the Pend Oreille and Columbia Rivers, and the Spokane dome are the anticlines. 
The cores of the Kettle and Spokane domes consist of high-grade meiamorphic rocks thai probably are 
pre-Beltian in age. The high-grade rocks near Chewelah probably are pre-Beltian also. Mylonites 
within the domes probably are Cretaceous in age. 

At present, any relationship between the Newport, the Jumpoff Joe, and olher low-angle faults musi 
be regarded as speculative, and no unequivocal physical evidence exists for significant displacement 
alongany of them or on the cataclastic zones rimming the domes. Until physical evidence of significant 
displacement is available and until the ages of most of the cataclastic zones are known, the cataclastic 
zones should be regarded as local zones of Tertiary decoupling between the crystalline batholithic and 
metamorphic basement and the stratified cover rocks. Only additional investigations can determine 
whether the low-angle faults and cataclastic zones are a major folded Tertiary thrust, a series of thrusts, 
or purely local phenomena. The folding that caused the present distribution of faults and the present 
structural relief of the domes may be Miocene or younger. 
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