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Hundreds of millions of dollars have been spent to dis
cover or purchase uranium resources that cannot, or should 
not, be mined with convent ional methods if human, 
natural, and financial resources are to be conserved. 

Three years ago, an industry-supported research study 
was initiated fo de te rmine whether a safer and more 
efficient (in terms of cost and environment) uranium min
ing method could be designed to replace existing tech
niques. As a result of this study, the "underground in si tu" 
method was conceived and developed to the stage where it 
is now feasible. This approach involves': (1) sinking a shaft; 
(2) driving a drift on the ore horizon the length of the ore 
body; (3) drilling almost-horizontal long holes the width of 
the ore body; and (4) oxidizing and leaching the uranium 
drawn from these holes. The niethod is unique in that the 
uranium is removed with a minimum of disturbance to the 
natural hydrology of host or surrounding sands. 

What the Concept Entails 

In the late 1950's, Teton Exploration and Drill ing Co. 
began drilling 1.5- to 3.7-m-diam (5- to 12-ft) shafts for 
uranium mines and stabilizing the wet, unconsolidated 
sands by filling the shaft with water and drilling mud until 
it was lined. Using this method, the water table was left 
undisturbed. Consequent ly , Teton's technique will be 
used with the underground in situ mining method. 

The principle of maintaining the water table with a 
minimum of disturbance will also be followed while driv
ing the drift, using slurry mining methods with a shield 
and shotcrete support system immediately behind the ad
vancing face of the drift. The result will be a 3.4-m-diam 
(11-ft) concrete tube extending the length of the ore body 
with a 100-mm (4-in.) wall thickness and 150-mm (6-in.) ribs 
at ].2-m (4-ft) intervals. Careful control of aggregate size, 
chemical additives, and shotcrete temperature will pro
vide support equal to 75 mm (3 in.) of poured concrete for 
each inch of shotcrete. 

In applications where this approach was used, shotcrete 
has provided a strong, competent support system. In in
stances where the shotcrete was applied to the back and 
ribs only, the toes ofthe ribs have "Icicked in." To provide a 
flat floor and to support the drift floor and rib toes, a 
450-nim'(18-in.) layer of concrete will be poured. 

The shotcreted tube will provide multiple drilling sta
tions for horizontal long-hole drilling. Three parallel long 
holes will be drilled from each station, stacked on top of 
each other. Percussion drilling will compact the sands as 
drilling proceeds, sealing the long holes to permit probi ng, 
surveying, and lining. The holes will be lined with PVC 
tubing, and the tubing and the sand surrounding the holes 
will then be perforated with a hydraulic jet perforation 
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system developed by the Bureau of Mines. 
Alternate banks of long holes will be used to inject and 

collect the oxidizing and leaching reagents along the en
tire length o f t h e ore deposit. Control of solution move
ment will be maintained by close monitoring o f the solu
tion and water pressures. A single pump will transfer the 
pregnant solution to the surface, where an ion-exchange 
plant will recover the uranium. 

' D u e to greater exposure and better control of solution 
movement , the rate of production will be faster and more 
predictable than with other methods, resulting in 10% to 
35% greater recovery of the total resource than possible 
with surface in situ leaching. Capital cost on a par-pound 
basis would be less than other methods; however, the total 
capital required to initiate this method would be slightly 
more than required for surface in situ recovery. The actual 
cost of operation on a per-pound basis would be equal or 
slightly less than that of surface-recovery leaching tech
niques. 

In the event a conventional underground mine is con
sidered as a viable alternative method, the risk factor of 
at tempting underground in situ leaching as the primary 
method is extremely low. An expenditure limited to a few 
hundred thousand dollars may be the extent of risk, as 
nearly all the underground in situ work will be com
plementary to an underground conventional mine should 
this alternative be pursued. 

Limitations of Surface Leaching 

A quarter-century of surface in situ leaching exper imen
tation has proven that many uranium ore bodies are leach
able if exposed to the proper oxidizing and leaching rea
gents. Recovery of the uranium from ion-exchange plants 
is also a proven process. However, there are technical, 
economic, and environmental problems which limit the 
use of this leaching method. 

In many cases where surface leaching is now being 
considered, the underground in situ method could be 
moredes i r ab l e considering total pounds recovered, pre
dictable recovery rates, development cost per pound re
covered, and environmental problems. 

A major problem arising from the use of wells is expo
sure ofthe uranium to the oxidizing and leaching reagents 
and the recovery of these reagents. Close well spacing is 
normally required to adequately expose the mineral, con
trol solution movement , and recoverfhe pregnant solulion, 
due to (1) the varying lithology ofthe sands, (2) changes in 
permeabili ty and porosity, and (3) chemical and physic/il 
contaminants in the host sands. Oxidizing-and Ieaching 
reagents'flow through the relatively highly pe rmeab le sec
t ions of the host sand; unfor tuna te ly , the u r a n i u m 
mineralization is not limited to these sections and appre
ciable quantit ies of the total mineral resource may not be 
oxidized or leached. 

Surface in situ leaching activity has demonstrated that 
recovery wells have sharply declining production curves, 
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caused by the chemical and physical contaminants re
leased by the flow of the reagents. These contaminants 
reduce and sometimes e l iminate the permeability o f lhe 
sands surrounding Ihe recovery wells. Proximity of the 
plugged sands to the recovery well determines whether 
the well can be reworked or if a new well is required. 

The.se conditions severely restrict the spacing of wells; in 
Wyoming, for example, a 15-m (50-ft) grid appears lobe the 
maximum. The cost of dri l l ing closely spaced wells leads 
to definiie economic limits lo be applied to the ore body 
before surface leaching can be considered feasible. Even 
within the boundaries of a given uranium deposit, re
covery of substantial portions of the deposit may not be 
economically viable. Th i s often leads to high-grading 
when surface in situ leaching is used, and an appreciable 
percentage of the total resource will remain untouched 
and abandoned. 

Other problems involved in surface leaching include: (1) 
maintaining a uniform tempera ture for the oxidizing, 
leaching, and pregnant solutions; (2) preventing surface 

mated 20% o f t h e nation's uranium resources under the 
existing price structure. Although open-pit mining will 
continue lo make a substantial contribution to the total 
uranium production o f t h e US in the near future, it is not 
the method which will be ei ther economically or environ
mentally acceptable for bulk JDroduction of our uranium 
resources. Open-pit mining will decline in use as shallow, 
large, high-grade deposi ts are depleted. 

Conventional unde rg round mining faces significant 
physical, environmental , and economic problems caused 
by the need to recover deepe r , more dispersed, and 
lower-grade resources located in wet, unconsolidated 
sands. These are not new pi-oblems; the industry has con
tended with them for almost 30 years, proving that shafts 
can be drilled, stations built , drifts driven and supported, 
and long holes dri l led. However , it can also be demon
strated that conventional underground methods face def
inite limitations and also leave much of the total uranium 
resource untouched, s ince uranium is left in the ground if 
it is too dispersed, too thick, too thin, or too low-grade. 

Results of a series of case studies showed 
that surface In situ leaching may be appli
cable to ore bodies less than 150 m (500 ft) 
deep but, under certain criteria, should 
not be used beyond a 90-m (300-ft) depth. 
Beyond those depths, underground insitu 
leaching is the more favorable method. 
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injection and recovery l ines from freezing; (3) control of 
direction and completion of new wells; and (4) controlling 
hydraulic pressure in d e e p wells when the recovery rates 
fluctuate. Unpredic table product ion rates and lack of 
definitive results with this method are also factors to be 
reckoned with, but perhaps the most important question 
is: How does one clean this underground environment 
involving injected chemicals when the recovery wells are 
only partially operable? 

These factors combine to make surface in situ leaching 
feasible in only a limited n u m b e r of instances. In addition, 
25 years of development effort in this area have failed to 
establish an efficient or effective means of recovering 
uranium resources above fhe water table. 

Limitations of Conventional Open-Pit and 
Underground Mining 

Conventional open-pit min ing is feasible only if the 
mineralization is large enough , shallow enough, and rich 
enough to support the cost of stripping, mining, and milling 
operations plus the cost of rehabilitating the environment. 
Capital requirements , reclamation costs, and the cost of 
radioactive waste disposal cont inue to spiral upward, thus 
limiting the application of open-pit methods to an esti-

Ground support, water, swell ing clays and shales, dilution, 
and ventilation problems contribute to the limited applica
tion potential of this method. 

Factors Affecting Underground Mining 
Despite the ever- increasing 's ta te and federal regula

tions designed to protect the miner, underground mining 
remains one ofthe most hazardous and unpleasant occupa
tions, c rea t ing labor p r o b l e m s associated with high 
accident rates, high turnover (sometimes approaching 
300% to 400% annually), cost overruns, and difficulty in , 
maintaining targeted production rates. Experienced un
derground uranium miners are hard to find; thus the min
ing ranks are filled with unskil led and ' inexper ienced 
workers. Tonnage produced per man-shift has generally 
declined despite the increased capital expenditures and' 
growing mechanization involved in underground mining. 

Environmental factors also complicate underground op
erations. The method must deal with the problems of 

• operating a convent ional mill , disposal of radioactive 
waste material, and e l iminat ing subsidence problems. 
Ventilation and radioactive gases are also important con
siderations. Perhaps the most serious environmental prob
lem is a mine's lower ing o f t h e surrounding water table. 
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thus e l iminat ing the a l ternat ives of surface or under
ground leaching for that particular mine, as well as for any 
adjacenl property. This effect can delay and even negate 
the possibility of recovering certain uranium resources. 

Companies have addressed the problem of high-grading 
in underground mining by implement ing underground in 
situ leaching as a secondary method. This procedure has 
b e e n only marginally successful. Before underground 
leaching can be effective as a secondary method, all un
derground workings must b e sealed and the water level 
restored. Although this can be done, it is more efTicient to 
design the mine with underground leachingas the primary 
mefhod, since the company will have to seal as many as ten 
times the workings, and will have to contend with un
natural water courses which otherwise would not exist if 
conventional underground mining techniques had not 
been used. 

In addition, the conventional underground mining op
eration requires a sizable capital investment for a conven
tional treatment plant. If followed by implementation of 
the underground in situ method, an additional investment 

belt of 55 m (] 80 ft). This hypothetical deposit was located 
at a depth of 162 m (530 It) and contained 227 000 kg 
(500,000 lb) of uranium per mile. 

Study of the model indic;iled that the resource was too 
deep to mine by open-pit and that less than 60% of the 
uranium would be recovered by conventional under
ground mining. In comparing the surface leaching method 
with the underground in situ approach, indications were 
that the underground method would provide 12 times 
greater exposure of the uranium to oxidizing and leaching 
solutions than would the surface method. The technolog
ical problems of shaft sinking, drifting, long-hole drilling, 
and injecting and recovering solutions were addressed. 
Although existing technology could be used, there is much 
room for improvemeni, 

A comparison of development costs revealed that it 
would cost $15.07 per pound recovered for the surface 
leaching method, compared to $5.41 per pound recovered 
for the underground in sitij approach. The cost of leaching, 
reagents, and operation o f the ion-exchange plant would 
be nearly equal regardless o f the method. 
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Recovery rates of 68% are shown for both 
methods. Every indication exists that 
higher recovery rates should be expected 
when using the underground in situ leach
ing method. 

will be required for the ion-exchange plant. 
Conventional underground mining should therefore be 

at tempted only if the underground in situ method is de
monstrably infeasible in a given situation. Almost every
thing involved in recovering a resource by this method 
will be directly beneficial to underground mining should 
the conventional method become necessary; however, the 
reverse is not true. For conventional mining, larger shafts 
and ventilation systems, more long holes, increased water 
pumping capacity, and larger waste tonnage removal ca
pacity would be necessary in comparison with the under
ground leaching approach, yet the in situ method will 
address the recovery of the total resource, not just the 
pe rcen tage defined as ore—ore which remains to be 
milled. 

Case Study Results 

As an example, a case study was made on a typical 
uranium roll front deposi t 3.2 km (2 miles) long, with an 
average grade of 0.075% UaOg (minimum cutoff grade 
0.02%) and an average width throughout the mineral ized 

Results ofa series of case studies showed that surface in 
situ leaching may be applicable to ore bodies less than 150 
m (500 ft) deep but, under certain criteria, should not be 
used beyond a 90-m (300-ft) depth. Beyond those depths , 
unde rg round in situ l each ing is the more favorable 
method. 

Given the existing maze of governmental regulations, a 
mining company must now consider all alternatives in the 
initial phases of project planning, including underground 
in situ leaching. Furthermore, the government must intro
duce some flexibility into its requirements to allow a com
pany to recover a resource with more than one method; for 
instance, with underground in situ leaching followed by a 
companion method should it prove necessary. / 

This new method will require one-tenth the normal 
labor force needed for a conventional operation, yet will 
produce more uranium. This permits a highly trained, 
well-paid, and stable work force, which can be interpreted 
to a 90% reduction in underground mine accidents. This 
aspect alone should be incentive enough for government 
and industry to work together in the implementation of this 
promising new method. D 
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Underground In Situ 
A New Mining Method 

/ . Waiiiie Erick'^un i.v affiliated withVihing Mining Co. 
Rii^erioii, Wyo. 

sning-

j J. Wayne Erickson 

Hundreds of millions of dollars have been spent to dis
cover or purchase uraniuni resources that cannot, or should 
not, be mined with conventional methods if human, 
natural, and financial resources are to be conserved. 

Three years ago, an industiy-supported research study 
was initiated to determine whether a safer and more 
efficient (in terms of cost and environment) uranium min
ing method could be designed to replace existing tech
niques. As a result of this study, the "underground in situ" 
method was conceived and developed to the stage where it 
is now feasible! This approach involves: (1) sinking a shaft; 
(2) driving a drift on the ore horizon the length of the ore 
body; (3) drilling almost-horizontal long holes the width of 
the ore body; and (4) oxidizing and leaching the uranium 
drawn from these holes. The method is unique in that the 
uraniuni is removed with a iiiininiuni of disturbance to the 
natural hydrology of host or surrounding sands. 

What the Concept Entails 

In the late 1950's, Teton Exploration and Drilling Co. 
began drilling 1.5- to 3.7-m-diam (5- to 12-ft) shafts for 
uranium mines and stabilizing: the wet, unconsolidated 
sands by filling the shaft with water and drilling mud until 
il was lined. Using this method, the water table was left 
undisturbed. Consequently, Teton's technique will be 
used with the underground in situ niininii method. 

I r . 

Tlie principle of maintaining the water table' with a 
minimum of disturbance will also be followed while driv
ing the drift, using slurry mining methods with a shield 
and shotcrete support system-immediately behind the ad
vancing face of the drift. The result will be a 3.4-rn-diam 
(11-ft) concrete tube extending the length ofthe ore body 
v.'ith a 100-mm (4-in.) wall thickness and 150-inin (6-in.) ribs 
at 1.2-m (4-ft) intervals. Careful control of aggregate size, 
chemical additives, and shotcrete temperature will pro
vide support equal to 75 mm (3 in.) of poured concrete for 
each inch of shotcrete. 

In applications where this approach was used, shotcrete 
has provided a strong, competent support system". In in
stances where the shotcrete -.vas applied to the back and 
ribs only, the toes ofthe ribs have "kicked in." To provide a 
flat floor und to support the drift floor and rib toes, a 
450-mni (18-in.) layer of concrete will be poured. 

The shotcreted tube will provide multiple drilling sta
tions for horizontal long-hole drilling. Three parallel long 
holes will be drilled from each station, stacked on top of 
each other. Percussion drilling will compact the sands as 
drilling proceeds, sealing the long holes to permit probing, 
surveying, and lining. The holes will be lined with PVC 
tubing, and the tubing and the sand surrounding the holes 
will then be perforated with a hydraulic jet perforation 

system developed by the Bureau of Mines. ' 
Alternate banks of long holes will be used to inject and 

collect the oxidizing and leaching reagents along the en
tire length of the ore deposit. Control of solution move
ment will be maintained by close monitoring of the solu
tion and water pressures. A single pump will transfer the ' 
pregnant solution to the surface, where an ion-e.xchange • 
plant will recover the uranium. 'J 

Due to greater exposure and better control of solution '' 
movement, the rate of production will be faster and more r. 
predictable than with other methods, resulting in 10% to ; 
3.5% greater recover)' of the total resource than possible ;> 
with surface in situ leaching. Capital cost on a per-pound ^ 
basis would be less than other methods; however, the total « 
capital required to initiate this method would be slightly \> 
more than required for surface in situ recovery. The actual J 
cost of operation on a per-pound basis would be equal or •.-
slightly less than that of surface-recovery leaching tech- :" 
niques. I 

In the event a conventional underground mine is con- .' 
sidered as a viable alternative niethod, the risk factor of [; 
attempting underground in situ leaching as the priniary ; 
method is extremely low. An expenditure limited to a few '-
hundred thousand dollars may be the extent of risk, a s ' 
nearly all the underground in situ work will be com- • 
ple.mentary to .an underground conventional mine should 
this alternative be pursued.' ,' 

Limitations of Surface Leaching '-

A quarter-century of surface in situ leaching experimen- -
tation has proven that many uranium ore bodies are leach- -• 
able if exposed to the proper o.vidizing and leaching rea-^ 
gents. Recovery ofthe uraniuni from ion-exchange plant's 4 
is also a proven process. However, there are technical. ; 
economic, and environmental problems which limit tlie-5 
use of this leaching method. 3 

In many cases where surface leaching is now being* 
considered, the underground in situ method could be • 
more desirable considering total pounds recovered, pre--, 
dictable recover)- rates, development cost per pound re--
covered, and environmental problems. _̂ 

.\ major problem arising from the use of wells is expo-'.' 
sure ofthe uranium to the oxidizing and leaching reagents • 
and the recovery of these reagents. Close well spacing is? 
normally required to adequately expose the mineral, con-.* 
trol solution movement, and recover the pregnant solution,-!^ 
due to (1) the van.'ing lithology ofthe sands, (2) changes in j 
permeability and porosity, and (3) chemical and physical! 
contaminants in the host sands. Oxidizing and leaching" 
reagents flow through the relatively highly permeable sec-:: 
t ions of the host sand; unfor tunate ly , the u r an ium ' 
mineralization is not limited to these sections and appre-'' 
ciable quantities ofthe total mineral resource may not be ; 
oxidized or leached. § 

Surface in situ leaching activity has demonstrated that.* 
recovery wells have sharply declining production curves,'^ 
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1̂ caused by the chemical and physical contaminants re-
li'ased by the flow of the reagents. These contaminants 
ii'duce and sometimes eliminate the permeabilit)-- of the 
sands surrounding the recovery wells. Proximity of the 
oliigged sands to the recovery well determines whether 
the well can be reworkedor if a new well is required. 

These conditions severely restrict the spacing of wells; in 
Wvoming, for example^ a.l5-ni (50-ft) grid appears to be the 
maximum. The cost of drilling closely spaced wells leads 
Ul definite economic limits to be applied to the ore body 
liefore surface leaching can be considered feasible. Even 
within the boundaries of a given uranium deposit, re-
foveiy of substantial portions of the deposit may not be 
I'cnnomically vi-able. This often leads to high-grading 
uhcii surfiice in situ leaching is used, and an appreciable 
percentage of the total resource will remain untouched 
and abandoned. 

Otherproblems involved in surface leachinginclude:( l ) 
maintaining a uniform temperature for the oxidizing, 
leachirig, and pregnant solutions; (2) preventing surface 

inated 20% of the nation's uranium resources under the 
existing price stmcture. Although open-pit mining will 
continue to make a substantial contribution to tVie total 
uranium production of the US in the near future, it is not 
the method vvhich will be either economically or environ
mentally acceptable for bulk production of our uranium 
resources. Open-pit mining will decline in use as shallow, 
large, high-grade deposits are depleted. 

Conventional underground mining faces significant 
physical, environmental, and economic problems caused 
by the need to recover deeper , more dispersed, and 
lower-grade resources located in wet, unconsol idated, 
sands. These are not new problems; the industry has con
tended with them for almost 30 years, proving that shafts 
can be drilled, stations built, drifts driven and supported, 
and long holes drilled. However, it can also be demon
strated that conventional underground methods face def
inite limitations and also leave much of the total uranium 
resource untouched, since uranium is left in the ground if 
it is too dispersed, too thick, too thin, or too low-grade. 

Results of a series of case studies showed 
ihat surface In situ leaching may be appli
cabie to ore bodies less than 150 m (500 ft) 
deep but, under certain criteria, should 
not be used beyond a 90-m (300-ft) depth. 
Beyond those depths, underground in situ 
ieac'iing is the more favorable method. 
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itijec-Hon and recovery lines from freezing; (3) control of 
ilirt-ction and completion of new wells; and (4) controlling 
Hytiraulic pre.ssure in deep wells when the recovery rates 
iiiiotnate. Unpredictable production rates and lack of 
iit.Rnitive results with this method are also factors to be 
reckoned with, but perhaps the most important question 
î : Flow does one clean this underground environment 
involving injected chemicals when the recovery wells are 
•inly partially operable? 

These factors combine to make surface in situ leaching 
feasible in only a limited number of instances. In addition, 
---5 years of development effort in this area have failed to 
'establish an efficient or efi"ective means of recovering 
"riinium resources above the water table. 

Umitations of Conventional Open-Pit and 
Underground l\Aining 

Conventional open-pit mining is feasible^ only if the 
^ niineralization is large enough, shallow enough, and rich 
'M "̂ "ough to support the cost of stripping, mining, and milling 
^"Pi-'rations plus the cost of rehabilitating the environment. 
&.. Capital requirements, reclamation costs, and the cost of 

•adioactive waste disposal continue to spiral upward, thus 
i'liiting the application of open-pit methods to an esti-

Ground support, water, swelling clays and shales, dilution, 
and ventilation problems contribute to the limited applica
tion potential of this method. 

Factors Affecting Underground Mining 
. Despite the ever-increasing state and federal regula

tions clesigned to protect the miner, underground mining 
remains one ofthe most hazardous and unpleasant occupa
tions, creat ing labor p rob lems associated with high 
accident rates, high turnover (sometimes approaching 
300% to 400% annually), cost overruns, and difficulty in 
maintaining targeted production rates. Experienced un
derground uranium miners are hard to find; thus the min
ing ranks are filled with unskilled and inexperienced 
workers. Tonnage produced per man-shift has generajly 
declined despite the increased capital expenditures and 
growing mechanization involved in underground mining. 

Environmental factors also complicate underground op
erations. The method must deal with the problems of 
operating a conventional mill, disposal of radioactive 
waste material, and eliminating subsidence problems. 
Ventilation and radioactive gases are also important con
siderations. Perh-aps the most serious environmental prob
lem is a mine's lowering of the surrounding water table. 
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thus eliminating the alternatives of surface or under
ground leaching for that particular mine, as well as for any 
adjacent property. This effect can delay and even negate 
the possibility of recovering certain uranium resources. 

Companies have addressed the problem of high-grading 
in underground mining by implementing underground in 
situ leaching as a secondary method. This procedure has 
been only marginally successful. Before underground 
leaching can be effective as a secondary method, all un
derground workings must be sealed and the water level 
restored. Although this can be done, it is more efficient to 
design the mine vvith underground leachingas the primary 
niethod, since the company will have to seal as many as ten 
times the workings, and will have to contend with un
natural water courses which otherwise would not exist if 
conventional underground mining techniques had not 
been used. 

In addition, the conventional underground mining op
eration requires a sizable capital investment for a conven
tional treatment plant. If followed by implementation of 
the underground in situ method, an additional investment 

belt of 55 m (180 ft). This hypothetical deposit was located 
at a depth of 162 m (.530 ft) and contained 227 000 kg 
(500,000 lb) of uraniuni per mile. 

Study of the model indicated that the resource was too 
deep to mine by open-pit and that less than 60% of the 
uranium would be recovered by conventional under
ground mining. In comparing the surface leaching method 
with the underground in situ approach, indications were 
that the underground method would provide 12 times 
greater exposure ofthe uranium to oxidizing and leaching 
solutions than would the surface method. "The technolog
ical problems of shaft sinking, drifting, long-hole drilling, 
and injecting and recovering solutions were addressed. 
Although existing technology could be used, there is much 
room for improvement. 

A comparison of development costs revealed that it 
would cost .§15.07 per pound recovered for the surface 
leaching method, compared to S5.41 per pound recovered 
for the underground in situ approach-. The cost of leaching, 
reagents, and operation of the ion-exchange plant would 
be nearly equal regardless of the method. 
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Recovery rates of 68%"are show^h for both -? 
methods. Every indication exists that 
higher recovery rates should be expected •:: 
when using the underground in situ leach- y 
ing method. -1; 

will be required for the ion-exchange plant. 
Conventional underground mining should therefore be' 

attempted only if the underground in situ method is de
monstrably infeasible in a given situation. Almost,every
thing involved in recovering a resource by this method 
will be directly beneficial to underground mining should 
the conventional method become necessary; however, the 
reverse is not true. For conventional mining, larger shafts 
and ventilation .systems, more long holes, increased water 
pumping capacity, and larger waste tonnage removal ca
pacity would be necessary in comparison with the under
ground leaching approach, yet tlie in situ method will 
address the recovery of the total resource, not just the 
percentage defined as ore—ore which remains to be 
milled. 

Case Study Results 

As an example, a case study was made on a typical 
uranium roll front deposit 3.2 km (2 miles) long, with an 
average grade of 0.075% UsOg (minimum cutoff grade 
0.02%) and an average width throughout the mineralized 
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.Results ofa series of case studies showed that surface in 
situ leaching may be applicable to ore bodies less than 150 
m (500 ft) deep but, under certain criteria, should not be 
used beyond a 90-m (300-ft) depth. Beyond those depths, 
underground in situ leaching is the more favorable 
method. 

Given the existing maze of governmental regulations, a 
mining company must now consider all alternatives in the 
initial phases of project planning, including underground 
in situ leaching. Furthermore, the government must intro
duce some flexibility into its requirements to allow a com
pany to recover a resource with more than one method; for 
instance, with underground in situ leaching followed by a 
companion method should it prove necessar)'. 

This new method will require one-tenth the normal 
labor force needed for a conventional operation, yet will 
produce more uranium. This- permits a highly trained, • 
well-paid, and stable work force, which can be interpreted 
to a 90% reduction in underground mine accidents. This-
aspect alone should be incentive enough for government-
and industry to work together in the implementation of this 
promising new method. D 
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I "V Underground Leaching at Cananea 
Ore in Old Shr inkage Slopes Economical ly Treated by This Me thod—Scrap - I ron 

Prec ip i ta t ion P l a n t s Both Underground a n d on Surface 

By C. C. Greenwood 
.Supiniiitcnilent., Precipitation Dep.artment. 

Can.-im\-i Consolidated Copper Co. 

Û  NDERGROUND 
leaching and siib-
.sequent precipi

tation of cement copper 
ha.s now been commer
cially practiced at the 
mines of the Cananea 
Consolidated C o p p e r 
Co., Cananea, Sonora, 
Mexico, for four or five 
years. Production this 
year is likely to be 
about 3,000,000 lb. by 
this method, the prac
tice and economy of 
which will be described 
and illu.strated in thi.s 
article. The Capote 15 
.shaft i.s the decptist in 

the Capote Ea.sin, where most of the mines of the com
pany ai'e situated, and where nio.st of the pumping is 
done. As the mines are connected by. drifts on the 
lower levels, the water finds its way to this shaft. This 
water always contained more or less copper in solution 
and was destructive to the pumps, so precipitation boxes 
were installed some yeai-s ago, filled with scrap iron, 
through which the water was passed to precipitate the 
copper and protect the pumping equipment. Later, the 

practice was started of intentionally passing wa.ter 
through old stopes for the extraction of copper. Pre
cipitation on scrap iron was slow in the boxes con-
.structed to care for this water, and the settling out of 
the iron salts reduced the grade of the product. H. M. 
Lavender, who was then in charge of operations, ex
perimented with the use of air agitation in the boxes, 
this proving very successful, as it tended to keep the 
iron clean by preventing the precipitated copper from 
tightly plating it. It also kept suspended matter and 
precipitated salts in suspension, with the net result 
that the copper precipitate formed was of high grade 
and the capacity of the preciiiitation boxes was increased 
many times. The use of air in this way has been the 
biggest factor in making undei'ground leaching a profit
able operation. 

Boxes were first installed on the 900, 1,000, and 
1,200 levels of the Capote 15 mine. Later, an old filled 
stope was selected for leaching in the Oversight- mine 
Ileal- the "Eleven Shaft." Precipitation boxes were in-
.stalled on the 300 level of this shaft and later on the 
400. These being successful, the leaching was extended 
to the Twelve shaft of the same mine, and boxes were 
installed there on the 350 level. Water from all the 
Oversight boxes was allowed to flow underground to the 
boxes in the Capote 15 mine, which extracted the last 
of the copper. 

All of this work had been'done on operating account 

Surface precipitation plant 
Tli<- cement ''oppoi- on the drying platform is Ilio product of fifteen d.-iys'opcrations. Tlie ..\mericans standing .it the 
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—that is, all money spent in connection therewith had 
been charged to the copper so produced, and in 19.24 
more than a million pounds of copper, aa cement copper, 
was produced at a cost of 4.32c. per,pound. This in
cluded all expenditures at the mines, including instal
lation costs, but no smelter charges were included. Up 
to that time, all. of the boxes had been instidlcd under
ground, utilizing convenient drifts which were widened 
sufTiciently to accommodate the installation. Other 
drifts had been bulkheaded and used for storage of 
the head water for the plants. 

NEW PKECIPITATIKX; PL.-\NT PUT ON SUKI-'ACE 

Desiring further expansion, it was decided to fit up 
a new precipitation plant on tho surface where it would 
be more, convenient to handle tho scrap to llie boxes-
and take the copper precipitate away from them; also, 
larger individual boxes coukl bo built to accommodate 
larger pieces of iron. The location selected was near 
the Veta Five shaft at the portal of the Veta 9 tunnel. 
Here there was connection with the conipany railway and 
near by M-ere old workings which it was desired to 
leach. The new plant was completed and was put into 
operation on Peb. 24, 1925. The complete cost, includ
ing necessary pumps, pipe lines, and blower, was $17,-
124. Duinng 1925, this plant produced 695 wet tons 
of precipitiitc,^ containing 19.3 î cr cent moisture; or 
563 di'J' tons, containing 485 tons of metallic copper, 

^ h e ' precipitate shipped to the smelter assayed 85.48' 
" per cent copper. \ 

Precipitation boxes in this new plant are of 7,000 
cu.ft. capacity, and the flow of solution through the 
boxes is obtained by a grade of one-fourth of 1 per 
cent. The water going to these boxes contained, on an 
average, 3,653 parts per million of copper in solution 
and the tailing water, 45 parts per million. Tailing 
water goes to a pump .sump, from which it is returned 
to the old workings for leaching. It is necessary to 
discard a portion of this tailing water continuously, 
otherwise the iron salts in solution would become too 
concentrated. Some of the ground .being leached per
mits the collecting of the water that has been through 
the stopes, at points where it will flow by gravity to the 
precipitation boxes, whereas other water must be 
pumped against a 300-ft. head. Fir pipe and redwood 
lined iron pipe is used, the latter being preferable on 
the discharge lines of the pumps. The pump parts in 
contact with the water are of acid-resisting bronze made 
in the local foundry. 

For agitation, the precipitation boxes require about 
1,750 cu.ft. of low-pressure air per minute, this air 
being furnished by a Root type blower. Each box is 
supplied with air through a J-in. air hose, plugged at 
the end, from which the air escapes through •fc,-'\xi. holes 
spaced about nine inches apart and staggered. The hose 
lies on the bottom of the precipitation box, being cov
ered and protected by a narrow box into which the air 
discharges and from which it escapes through holes in 
the side, to bubble up evenly through the scrap iron. 
Formerly, the precipitation boxes were provided with a 
false bottom to support the iron, but this has been 
found to be undesirable. Another set of boxes of the 
same capacity is now being installed on this site. 

COST IS CLOSE TO 7C. PER LB. 

During 1925 there was produced from leaching and 
precipitation, 2,012,108 lb. of copper at a cost of 6.87c. 
per pound in bullion at Cananea. This includes all equip-

Timk and lueirs ahead of precipitativg plant 

ment and installation costs. The consumption of iron 
is not known definitely, but is estimated to be about 
1.2 Ib. por pound of copper. Practically all the iron 
used so far has come from the company's scrap heaps, 
and more is available, but eventually iron inust be pur
chased. 

Tlio precipitation boxes in use at the end of 1925 
were as follows: 

900 Icvi'i Cupotc 
I.OUO Icviil Uupnte... . 
1,200 levul Ciip'ite 

300 li-i-cl Oversight. 
400 li;vcl Oversislit.. 
350 lovi.1 Ovur,sii!lit,. 

Vci.'i siirfucu 

Tolul. 

Cap:icity, Cii.rt. 
780 . 

1.086 
980 
920 

1,104 
1,000 
7,000 

12,870 

Also, the new Veta surface plant, of 7,000 cu.ft., was 
nearly completed. Most of the country being leached 
is an unknown quantity so far as tonnage and grade 
are concerned. However, one stope—namely, the 3-39 
stope of the Oversight mine—was situated so that it 
could be handled by itself and yielded some quite re
liable data. The same might also be said of the Veta 15 
stope, above the Veta 17 tunnel in the Democrata Gulch. 

The 3-39 stope had been mined by the shrinkage 
system in 1916 and yvas left full of broken ore. This 
stope extended from the 300 level to the 200 and had an 
area of approximately 31x93 ft. The ore was of such 
a character that it broke in comparatively small pieces; 
its analysis was about as follows: 

SiO. 
49.0 

AV..Oi , 
15.4 

Fe 
lO.B 

CaO 
0.5 

s 
9,2 

Cu 
1.5 

Cu, Acid 
aolublo 

0.05 

Flashlight in the 3-39 slope 
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Loading platform and nettling tanks 

The copper occurred as secondary chalcocite in tiny 
veinlets and seams. Old workings above and below the 
stope were in good condition, so that the stope could be 
entered at any time and the water could be accurately 
distributed over its surface. The stope was estimated 
.to contain 15,790 tons of broken ore of 1.50 per cent 
grade, or 473,700 lb. of copper. 

Water was delivered to the stope through a 2-in. iron 
pipe, a hose Ijcing used to distribute the water, as it 
could be moved readily. A 50-ft. length was utilized, 
the last ten feet being perforated to spray the water and 
distribute it evenly over the surface. Leaching of the 
stope was started on March 12, 1924, and the test was 
considered complete on July 2, 1925, as on that date 
conditions made it impossible to continue to get ac
curate data on account of interference fi-oni other 
leaching operations. All the water which percolated 
through this stope was treated in the precipitation boxes 
on the 350 level of the Twelve shaft of the Oversight 
mine and no other water -vvas treated in these boxes 
during the test period. During the test, 9,488,000 gal
lons of water was treated, contaimng 378,000 lb. of 
copper, or 80 per cent of all the copper estimated to 
be in the stope. The boxes made an extraction of 
98.13 per cent of the copper in solution and were ac
tually in operation. 7,372 hours during the test. A 

tabulation is given in the accompanying table sho-wing 
the details of operation of the boxes by months. 

The . "first wash of the stope" took 261 days and 
yielded 3,275,620 gal. of water, containing 229,977 lb. 
of copper, representing 48.5 per cent extraction of the 
total copper in tlie stope. "First wash of stope" is a 
term used to describe the actual time required to cover 
the total area of the ore with water. The back end of 
the stopes is usually washed first and then the wash 
water is moved when the analysis of solution is below 
the grade that it is desired to feed into the boxes. 
The water going into the stope had the following an
alysis, in parts per million: 

Cu, Nil F e " , 140 F e ' " , 100 Acid. Nil 

Leaching of the stope is still in progress, though 
the test is completed. 

The plant employed to treat the copper water from 
the 3-39 stope on the 350 level of the No. 12 shaft has 
a capacity of 1,000 cu.ft., consisting of ten 100-cu.ft. 
boxes. To accommodate this plant, one side of the 
crosscut leading from the shaft was blasted out for a 
distance of 150 ft., making the adit 10 ft. wide and 
9 ft. high for the full length of the plant. The boxes 
are placed in a line on one side of the tunnel. This 
method leaves .space to lay the mine ti'ack in front of 
the boxes. Beneath the track a sump 18 in. x 18 in. x 
150 ft. was dug and the sides and bottom were faced 
with concrete. The copper is removed from the boxes in 
fifteen-day periods, by washing and shoveling through 
side doors into the sump.' As soon as the water drains 
from the cement copper, it is shoveled into mine cars 
and run to the surface for sliipment. 

Air to agitate the sohition in the boxes is supplied 
by a Connorsville blower, with a discharge of 1,152 
cu.in. per revolution, and driven by a 5-hp. electric 
motor. The plant operates efiiciently with about i cu.ft. 
of free air per minute pel' cubic foot of box on this 
type.of in.stallation, the pres.sure being 3 lb. per square 
inch. 

Cost of Plant 
Hliisliiii.' fiilui.t .Irifl $600 
L.-ilii.r and mriieriMl .-iilaclial I.i ljM.ve9 1.000 
l-':l<-clric motor, Ijloivor. pipn litic.-?, mid .iir ho.ses 1,000 

J2,600 

A plant of this type will produce 1,000 lb. of copper 
per day, when scrap iron is used to precipitate the cop
per, and will quite oa.sily double this production with 
de-tinned iron. 

Dati of Operations in .3-39 Stope, Oversight Mine—SoO Level IMant, No. 12 SliafI—Leacliing and Plant Averages 

T.itul 
lioHrs 

March, 1924 228 
April 456 
May 418 
.June 475 
Ju ly 494 
Auguat 513 
September 475 
October 494 
November 437 
December 456 
.ranuMy. 1925 494 
February 380 
March 494 
April 513 
N5ay 475 
June 532 
July 38 

Cal.s. 
por 

Min. 
10,0 
13,2 
13.6 
11.8 
16.9 
20,0 
14,0 
11.3 
11.9-
20.8 
27,0 
25,4 
27,0 
36-, 4 
32.0 
40,0 
40,0 

-llcadis. PrpKHiinl .Sitl'ition-
.—. r.-irt.s por .̂ Iilli<>^— 

Cu 
11,550 
6,913 
8,983 

10,688 
7,576 
5,939 
8,661 

10,227 
9,808 
4,780 
3,391 
4,737 
3,963 
1,675 
2.694 
1,541 

665 

l--<-."-
816 

960 1,880 

P ..I.s , 
C'IIMUT • 

in 
Acid .S'lluiiou Cu 

-P,'irta pur .Million-
-I'liscli.-irKO or T.-iiiiiiK \V;ilo 

!•-( l'.-.' 

583 
577 
.395 
.037 
721 
859 
853 
650 

2,763 
2,383 
2.938 
3,445 
2,406 
2,693 
2,450 
1,800 

130 
468 
468 
325 
25! 
287 
311 
281 
254 
322 
348 
296 
JOl 
198 
286 
106 
110 

13,428 
19,927 
25.577 
28.853 
3i:i25 
31,064 
27,158 
27,809 
25,036 
22,666 
23,058 
22,063 
26,949 
15,031 
20,846 
16,697 

516 

1,080 
78 
87 
183 
86 
125 
83 
21 
87 
110 
145 
96 
54 
56 
40 
18 

Nil 

7,990 1,221 

.611 
,600 
,534 
,704 
080 
805 
478 
150 

174 
315 
132 
91 

231 
203 
277 
20U 

Acid 

50 
19 
15 
3 
5 
17 
10 
4 
3 
12 
35 
25 
12 
10 
11 
8 

Ncut. 

Total l-'o l.b.Cu 
in in 

Solution Solution 
9,211 1,036.9 

230.7 
264,3 
523.6 
388.2 
651.6 
317.0 

56.3 
242.6 
517.3 
984,9 
455, 1 
371,1 
532,6 
307.8 
197.5 

8.785 
6,915 
8,665 
6,794 
6,314 
4,008 
5,755 
4,350 

Gal, 
Water per 

hb.Cu 
10,80 
20,92 
13,91 
12.38 
17.64 
26.75 
18.51 
16,09 
16.29 
32.50 
49.92 
37.27 
45,22 

104,40 
56.45 
86.40 

197.60 

.Ciul. 
Water per 

Mon th 
136,800 
361,380 
343,140 
336,300 
501,600 
605.600 
399,000 

- 336.300 
313,500 
560.880 
800,280 
580,260 
800,280 

1,121.760 
912,000 

1,276,800 
91.200 

Vr Cent 
Ex

tract ion 
90,63 
98.65 
98.97 
98.08 
98,63 
97,99 
98.78 
99.76 
99.07 
97.41 
92.32 
92.32 
98.24 
95.87 
98.77 
98.74 

too.00 

Total 7,372 371,0 103,791 8,125 23,574 4,772 378,003 2,349 57,952 2,844 239 60,798 
Aver.agc • 21,8 6,105 812 2,357 281 22,235 138 6,439 316 14 6,755 

Note: 'X'hc iron in heads and tailings does not reflect the iron consumed in the boxes, for various reasons. 

7,077.5 
.416.3 

745.05 9,487.080 
43.83 558,063 98.13 
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Cost of Underground'Operations at Precipitation Plant 
Cents per hb. 

Copper 
Produced 

Blower air J '5 
Pumping - 0 - " 
Sundries °-f.{ 
Supplies...: 0.03 
Superintendence " - " ' 
General nund repair 0. 75 
I nslullal ion ' • ' ̂  
Actual attendance , ', O.UJ 
Cleaning copper from tanks 0. 70 
Handling, drying, cleaning and sliippin.i; 0-30 
FUla development' ,- - ,-,•' 
Uon from bone yard, handiiini tr<.m rjiiUvuy car.s ;uul stooKpdi-s 

into precipitating vats ' 0 0 

4 , 6 9 

The analyses shown in the accompanying table, which 
were made daily, were to cheek underground operations 
and to obtain a record of leaching in place and pre
cipitation of copper, together with a reliable record of 
discharged water from the plants. The check on the 
cement copper produced from this plant against the 
solution analysis wa.s so close that a tabulation of the 
results of the test was justified. 

\ LEACHING OF THE VETA 15 STOPE 

Vrhe Veta 15 is an old shrinkage stope in the bottom 
ofSvhich was left about 42,000 tons of 1 per cent copper 
ore Containing about 840.000 lb. of copper. One-tenth 
of tha copper was acid-soluble, equal to 84,000 lb. The 
ore itl this stope consists of large rocks, many of which 
have caved into the stope from the back. The surface 

_-of the ore pile is uneven-, varying in thickness from 
a few feet to forty or more. Copper, as in the 3-39 
stope, occurs as secondary chalcocite, concentrated in 
the same manner along the tiny seams and veinlets. 
The rock, however, is harder and much more compact. 
Near this stope is a large tonnage of low-grade mate
rial,-designated as "near ore," which may possibly be 
broken for leaching at a later date. 

Leaching of this stope was started Feb. 24, 1925. 
The copper extracted, and the main facts in regard to 
the operation of the precipitation boxes up to Dec. 31, 
1925, are as follows: 

This copper production represents about 34 per cent 
of the total copper in this stope, and indicates that the 
ore is very amenable to this method of treatment. The 
first wa.sh of this stope is not completed. From general 
indication.'^ about 40 per cent of the total copper will 
probably be extracted with the first wash. 

The general analysis of cement copper shipped to the 
smelter during 1925 is as follows: 

Wet T.nii) 
CenietiC Coppe 

1,701,2 

I'er Cent 
Moisture 

18.7 

Per Cent 
Silica 

. 1.1 

Vor Cent 
Iron 
5.2 

I'cr Cent 
Copper 

85.40 

Hours 
OperMmR 

2.7 M 

Gflls. per 
Minute 

70.5 

Vnria Copper per Million 
Head Tailing 

2.963 37 

J'oil nds 
Conpcr in 
Smutiou 
284,330 

Extraction 
in lioxcs, 
Put Gent 

98.65 

The. general lay-out of the plants is shown in the 
photographs. 

Electric Shoyel Efficient 
Increased output in a shorter period of time, together 

wilh a reduction in labor, resulted from the installa
tion of an electric shovel by the CoAvell Portland 
Cement Co. at Cowell, Calif. This company had been 
using steam shovels in. its quarrying operations, but 
on account of the obvious economies and the ease of 
ojieration, decided to purchase an electric shovel. It 
was found that six cars could be loaded with the electric 
shovel while the steam shovel -was loading five. The 
operator of the steam shovel was an experienced man, 
whereas the electric shovel was operated by a steam 
operator who had had no previous experience with elec
trical equipment. The dipper on the steam shovel had 
a capacity of three cubic yards; the electric shovel had 
a dipper of only 13 cu.yd. capacity. 

In operating the steam shovel, nine men were re
quired, including a shovel runner, a craneman, a fire
man, and six pit men. Only three men were needed for 
the electric shovel; an operator and two pit men. 

No boiler being required for the electric shovel, re
placement of tubes, and troubles from leaks, scaling, 
and like occurrences, were eliminated. A further sav
ing was found by the elimination of a night watchman 
for keeping the boilers fired at night. Approximately 
three-fourths of the time necessary to move from one 
location to the next is saved by the electric shovel, as 
temporary roadbeds and tracks are unnecessary. 

I'l, 
k'.i 

,9Jl<i1t 

r^-sas* 
Photo bv Ewintr Oalt&way 

SJiafts of the Wallaroo copper mine, Wallaroo (£- Moonta Mining & Smelting Co., South Av,stralia 
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LflS!̂ ^^ w ^mn 
ing nahcolite through secondary 
ushihg and pfiotosorting; retorting 
1; and leachihg.alumina and scKia ash 
om spent shale. 
Superior, along with McDowell-^ 

Weliman Engineering Co., has report
edly tested and proven a new type of oil 
shale retort for the prpcess. A circular 
grate retort concept patented by 
McDowell-Weilman is used in the oil 
retorting process developed by Su
perior. -A-ccorditig toVllie ixirhpany, oil 
un be produced in, the range of SIO to, 
$J5 per bbl. Economics ofthe ntultimi-

;- neral process depend on credits 
sumed for revenues generate^o^Sy the 

other] 
A single module, costing $270 

million, would,proccss.28,000 tpd of.oit 
shale feed to produce 4,500 tons of 
nahcolite, 13','30p bbl of oil, 700 tons of 
ceil grade alumina, and 1,500 tons of 
dense soda ash. According to Superior, 
tests of .raw nahcolite,as a dry scrub
bing agent have shown, that it wili 
absorb nearly 100% of the sulphurous 
oxides .̂and ,jup to 50%, of the nitrous-
oxides from flue gas, under controlled 
condit^S: The company states that \ • 
torftffnahcolite can clean the stack gas 
from the burning of about 25, tons of 
low sulphur coal antj about 8 tons of 

THIS MOiuTH ini MiniiniG 

high sulphur coal, at present air pollu
tion control standards. 

Alumina would be extracted in the 
process; at. a price.-competitive with 
alumina from foreign bauxite, the 
company said. 

Superior now owns 6,500 acres- of 
contiguous oil shale land in Colorado, 
but the configuration of the land does 
not lend itself to efficient mining, 

.According to Superior, construction of 
a module cannot be started until a land 
exchange has been completed with the 
Department of the Interior. Negotia
tions for the exchange have been under 

- way since 1970. • 

Getty stu|Ji^surfaGe mining of shallow sedimei 

^^ t% traps 

IL plans a pilot operation 
-rj-v-^^.-'inS.jlatevthis,year.,to evaluate the 
" ^ ^ commercial feasibility and environ--
^•^mental compatibility of open-pit min-
'fl^ing and recovery of oil from diatoma-

"^^ ceous sediments at McKittrick, Calif. 
•^^Lcfcated 35 mi southwest of Bakers-

fc^^eld, the diatomaceous sediments of 
:^^"lhe McKittrick field overlie deeper 

in the Tremblor formation of 
Miocene age. The deeper traps have 

PS*been developed by conventional wells. , 
J^T If the pilot project is successful, it 
^jCould lead to mining artd: oil recovery, 
padding the equivalent of four 100-
;^n)il!ion-bbl oil fields to California 
, ^ production. In oil parlance, a field 

g containing 100 million bbl of crude is a 
giant. There are now 45 giants-in Cali
fornia, 

The target of the investigation is .an-
J^5estimated 412 million bb! of probable, 

,jn-p!ace crude contained within shallow 
jdeposits of oil-impregnated diatoma-
[ceous sediments. The formations iin-
!wlie 1,680 acres owned by Getty, The 
itimated content of crude oit in the 
liatomaceous zone, is almost double the 
1.8 miilion bbl produced by the entire 
cKittrick field since its discovery 
lOre than 80 years ago. 

SThe diatoinaceous sediments vary in 
"epth from the surface to about.400 ft. 

^^^jetty engineers estimate that the 
^hallow deposits can be mined atan.8:l 

jytatio of overburden to oil-bearing sedi-
^ment. The pilot plant will seek engi-
^Seering data to facilitate the design 
"j^d construction bf a full scale proccss-
"??'8 plant and related mining facilities if 
'̂̂ ttwnmercial mining appears feasible. 
•̂ Oi] ^̂ ells in the McKittrick property 
•̂ 'Kve produced from zones about 1,500 
S[''"2.000 ft deep for many years, but no 
?̂ *i has been reiiovered from the diatp-

J"^S)?ccous deposits because they did not 
^ Q j ^ ' ^ p o n d to conventional recovery tech-

t .^No extractioti processes have yet 
1-^^" 'Poni'i^^f'̂ '̂ 'iy applied to the 
L^^f^-^wne 7977 

jravib 
,le V> ^ 

;th<: 

\M 

recovery of crude frogj^SfToil-impreg-
nated • diatoinapedtJs^ sedinnients. Ac
cord ingjo-Setty, it' now appears that 
certain techniques devised to recover 
Oil shale and tar sands could be 
inodified for application. 

If the pilot is successful, fulf scale 
operations could start up in late. 1982. 
An. independent consulting firm, De-
Golyer & McNaughton, estimated oil-
bearing diatomaceous sediments at 627 
million tons,-with an average grade of 
28.188 gal per ton of crude. After 
retorting, the density is about 15' 
API. 

If mining operations are undertaken, 
it will be necessary to plug producing 
wells on the: property as the pit is 
extended. Ultimately, about 70% of the 
wells would have to be abandoned. As 
of June 1976,.the wells that would be 
abandoned produced 5,158 bpd df-oil 
with the assistance of steam stimula
tion. After- mining operations, new 
wells would be drilled to recover the 
remaining recoverable deeper crude oil 
from the currently producing zones. 

An E/MJ article'by Earl G. Herken-
' hoff in June 1972 pointed out that 
mining of the 383 Itnown shallow oil 
fields in the US is a practical way to 
increase oil production. Many such 
fields arc rnerely downtip extensions pf 
bitiirriinous rock deposits that outcrop 
,and are at depths of about 50p ft. With 
secondary or tertiary recovery tech
niques, the recovery of crude- from 
conventional wells may be only 10-
15%. Even with utilization of fire-
flooding,- steaming; and other exotic 
stitnulants to recovery, the extractioti 
ratio rarely is more than half the oil in 
the formation. Herkenhoff concluded 
that it might be possible to recover up 
to 90% of the oil. in such shallow 
deposits by conventional surface min
ing methods. 

Aside, from in-situ combustion and 
condensation pf vapors, various recov
ery schernes have been suggested for 

mature oil field 
recovery of biturnens, including a 
number of retorting systems. The US 
Bureau of Mines pioneered a hot water 
flotation process in 1948. Great Cana
dian Oil Sands, which pioneerwi the 
recovery of Athabasca tar sands in 
Alberta, makes an initial cxtractiort of 
bitumen using a hot water separation 
of pulped feed in a conical vessel. The 
bitumen is recovered .as a froth from 
the=separator. 

In summary, Herkenhoff indicated 
that recovery of oil from shallow fields 
looked marginally economic in 1972; 
that such resources may precede devel
opment of oil shale because the eco
nomics look better; and that mining.of 
such deposits could well open a signifi
cant energy resoiirce. Most of -his 
assumptions; however, were based, on'a 
mining operation quahfying for a 23% 
depletion allowance—the level used .by 
the: oil industry, • 

Uranium leach project 
snarled in New Mexico's 
environmental rules 
UNION CARBIDE CORP. has applied to 
the New Mexico Environmental Im
provement Agency (EIA) for a permit 
iip conduct experimental in-situ solu
tion mining tests in a region 25 mi 
northeast of Albuquerque.' The compa
ny plans to drill 10 holes, nine of which 
will monitor leaching activities in a 
central hole; Union Carbide will 
reportedly use a hydrogen peroxide 
leach solution. The leach liqiior wiH be 
cpnceritrated and then trucked to Bene-
videSi Te.X., for processing. 

Union Carbide's proposal is the 
second plan for solution mining of 
uranium in New Mexico. Al Topp, of 
EIA's radiation divisioti, said that 
leach mining of uranium will attract 

(Continued on p 36j 
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more. New Mexico iiranium companies 
in coming years as better gradesof ore 
are mined but. The first uranium solu
tion rtiine in the state was developed in 
the Grants regipn by Grace Nuclear, 
but that operation has been halted. 

A decision dn the Union Garbidc 
application hinges largely oh-the.results 
of an appeal of the state's newly estab-^ 
lish«l ground-water.regulatioris. Under 
the contested rules, a company is 
required to file a "discharge plan" on 

its oper'ations,-and the amount of pollu-̂  
tants that can be released to surface 
waters is limited. Parties to the appeal 
of these regulations, in addition to 
Union Carbide, 'are United Nuclear 
Corp., United Nucleai-Hom.esiake 
Partners, Exxoii, Gulf, Bokum Re
sources', Continental, Phillips, and 
Ranchers Exploration and Develop^ 
ment. 

Union Carbide may also face opposi
tion from residents near the leach 

mining area, who^arealready fighting a 
copper leach mining test being con
ducted by Oxymin: County officials in 
the area are weighing a blasting ordi
nance that would require a company to 
obtain a blasting permit before'under-, 
taking mining. A bill in the state legis
lature to give county commissions the 
power to approve or. disapprove teach 
niinin'g activities failed on the grounds-
that it would encroach on EIA, • 

(Conti/itied on p 39) 
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Company 

Atcan Aluminium 

Brinex. 

Cities Service 

Comatco 

Comaico 

"ComincD 

Cons. Rutile 

Cyprus Mines 

De Beers Cans, 

De Beers Cons, 

-OenisDn Mines 

Dolomite Minina' 

Greenex 

Lucky Mc Uranium 

IVtarIa Cristlna 
Chemical Ind, 

Minerals 
Exploration 

Mississippi 
Chemica! 

Nortfigale 
Exploration 

Potash Corp. of 
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U 
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potash 
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potash 
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tpy Cu ore 

tpy Fe pellets 
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A 

A 

AB 

AB 

A 

AB 

A 

B 

A 

A 
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A 

A 

B 

B 
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- \ R £ .GU.I.pES tha'c -are in^ 
i {[LJlibie ca-inbt he established. 
S'ni -a distr-ict until .the- lar=t of 

it.̂ i ore ti'asi lieen iounid ;, IMIL in 
•;-A$ "v.-here de\'dq.pnie)it has 'ijeeri. 
;J Oil- over a> period of yIeai-3, and 

SUBJ 
MNG 
UOG 

Roland Blaaieliard SEI 

IS n. 
^ M 

\mti% 

'K part«;> of 'the ground have been 
I^-r^ily ciit up; as in: tlie older,aad. 
%• active mining, .camps; certain ore; 
Itols may be established tiiat liav'e. 
g proved to be nearly inyariable for 
^rm:ad dvswcted, that 'leave 4ittle^.to 
*' in')a,;;iii.;ati,6n for that .particular 

and .(hat • constitute the.'firriiest 
for guiding .exploration into ad-

S'rrt p':;Oi'.lv explored or wholly 'iin-
SiirMi area';. 
|o bs practicable, ore 'guides must 
|orui tcfthe icfilowir.g;Teqiiirefnents:. 
S' ;'"''̂ e'y rtiust be bastid Up.on spine' 
ijti.: relation 'to 'the. ore, .such as the 
^.-.iatian.-oi gr.ebodies with a,'certain 
^chv;ry <Vike, 'ftrictuve 'zone, or Ivme-
| e licd, .'N.S a general working pfiti-
f-. •iubj.i-'.ct to. few modifiGations, the 
^n vi.v6lvs'd'.i.li'e reasonings'bad? o.f-an 

i i . 

hundred tini'es,: the "sulphur veins..do not 
iiecessari.ly ;exist' where the ore- e.Kist3.. 
and the Vein's, .jeyefi wheji pr'esent, ire^ 
quently are not found until ihe ore-itSelt 
has been disclosed. 

4. The major guides sliould be'clearly 
distinguisHed, as loiig-range and short-
rangti guides',,.sp,-the ope.ratirig fnanager 
ment may be in ppsition to appraise the 
risk, and apportion, expenditures- ac
cordingly. At Bisbefe, for example, 
manganese at-'the surface in association 
witiirfissuressilicifications i i ' r ^a rded as 
a guide ito copper pre in the iLmestone; 
bejieatli. A large surface aria witli-
prominent itiaii'ganese showings cor
responds • nsuaVly to a- large ore 'area, 
whereas a surface area with small and 
spotty'manganese showings corresponds 
usually to small and spotry ore, T-he 

ifl6i-.'i:ion-program, the less, likely is: manganese'.sJioNvings'occur--as much as 
K ;;r!,!,!;ran'i to yield ore. 1,800 'ft, 'above the ore, and in many 

t be so. clearly defined ihstarices play cut: in depth before the 
|i,jO «isy:ti>'.grasp that the. mine.fofe-
%.iiT sliilt boss-will haVe no difficulty 
IdonipVel lending .;and applying thern. 
|V day. tor the hi'ghly. technically 
fnicA report, leanied and mysterious 
§iii;;t:, lias :na33ed; 'The;, geblogist's 
&^nV^tii iurction today, be he con-
^iiiiC.pr ni.iVie geologist, isl't'o-si'iiiplify; 

.irriplicate for the- opejating; staff, 
Srprpiiiem.iii finding, ore, ".U hi ess the.; 
^;i)r ore cQfif'rcirs ar'e so simply- de-
feii iii.it tlie .'more -responsible stair-
\^'iv.ri engaged in operations uhder-

•ire able to recognize therh 
gitiii.y niiil grasp their, sigtiifi'cance, a 
p»l clvince. exists' thjt factors impor-
fA; in.urc disGOvery v.-ili;."bc ov.erlcoked, 
^ Or; gLiides must bS larger and 
|i|!crto>ind than the; o.re;,; ctherwise it 
pty -̂ o-it- ruofc to "find, .the, 'guide .tli ah t'o 
mf ;!i^tire itself. The pegmatite with 
^ 1 leldspar,- which serves as',t6re-

1, 

m to the great Broken Hill 'lode 
^,nstrni,i;t';^ jj y_„ excellect guide, since 
Siir^Ajnize. stgnines aoDro'ach, to the 

I'elopes 
to 

•jhellS" ot 
porpli'y'ry th'at. ,1'urround the Wî .̂ ,.-.-,.-.. -...̂  -:-. 

S '̂ifiiriatKcj' porphyry copper orebodies 
|j£^^n:;ii] di-fricts, !ikeV\4se. are excel-

because |^',S'^'<^"s. itv' such districti. 
^•"'•y they''are t\v'o or-threi;: time.3" as 
||.^* ,'̂ ' •'?* * î''-'' and the more impor-
P " -.''re 'OiieLirs entirely -.vithin tliem. 
i S ^ ^ ^ ? ' ^^ native sulphur .asiociated 
fe'c-~--,_'-'^ copper orebodies at the 

ii'ine, oh the other, haiid, are 
^ • t a - • 

|!»«^f-'i.-
-!?;, because;.the volum.e of ore 
die- voliiriip rif inlr,! volume, of s.ulpSiur ;ih'am-

-^---'i'>3i^ F,i\gtwt>i--ng an'd Mining Journal 

.ore is reached. Since' they serve, only 
as general giiides to the ore.areas, they 
are termed long-range guides. .0n the 
other hand,, th'i larger occurrences Ot 

: hematites are rarely more than 300 ft. 
from important .ore* ,and^ nearly always 
touch that ore at some poii-it. Since 
these hematite- tiodies; lead directly to 
ore within a few hundred ieet, they are 
termed short-raiige guides. 

'5., The,:g:uides shotild h e demonstrated 
jccts ol OT'e occurrence that'will stand 
without the crutch of theory to-suppo'rt 

' them. Many ore occurrences rnay be 
better understood iu the light o£ geb-
logic theory; But when za. exploration 
program becomes,based to an important 
degree upon theoretical considerations, 
i'tJis usually iofedopmed.to failure; '©ne' 
proved fact-of ore'association, such as; 
the fact that the*ore in a given dis
trict actually does occur rep'eatedly in -a: 
certain limestone horizon, or in a not her 
district occurs cbmistently a. certain 
distance beneath the old erosion suriace 
regardless of character of'rock irivolyed, 
is ;\vpi:th'a dozen thepries of where the 
•pre ought to occur, 

'Ti:^cugh inutnerpus, ore -guides exist 
in every mining district, the dominant 
guides usually rnay be reduced to; three 
"or four major, ore controls so simple 
tiiat even'the mifiers have tio difficuln-
in recognizing them. In favored dis
tricts' a single rnajor guide; of ten domi
nates. Thus, -at- Chrismias and Sah 
Pedro rnost cf the important orebodies 

'tench some->vhere alontr the ''marble 

line'-;; that Is, along the iinsginar;^ 
line' between the garnet zone and the 
niarbleized" and unalte'red iirhestone'lying 
beyorid. Erospectlng ' the marble line 
there would, have --disclosed mCfSt of the 
cdmrriercial ore produced by the -inices 
to date. -At Pilares the• more .import 
tant oreb'oyiss lie' withiri 75 ft. of 
the outer 'edge, .or periphery, of the 
l,P0Ox2,0<Ja-it:,- fractured oval:- pros^ 

"pectihg this out^r zone would iike\vise 
account tor probably 85. per cent'of the 
riiine's, production. At the O. S . mine; 
riear. Milford, Utah,- the, orebcdie's in 
tlie rhonzonite a'te asspcjatM i^iih small 
quartz veins that make out jfotii a" 
central plUg or cyli'ridec of quartz; and 
tlie, ore decreases irregularly but rapidly 
with distance from- that cential ping; 
TKeiy examples illustrate the simplicity 
to which prospecting rnay rie reduced 
-iu especially favored, districts. 

IN some-districts, the prdblem is not so 
simple. In one of the larger gartiet 

copper ptQ'dueers of the Southwest, prosr.-
^pecting the hiarble line ->\-ovJd have 
"yielded only a :sr!iaU percentage of the 
total garnet ore; sotrieot'the"richest.ore-
shoots \yere eml)edded deep .within the 
,gartiet v\-ithout touching, at any potnt 
the marble lihe. The explanation is 
that at Christmas and Sah Pearo min
eralization took place under compara
tively-quiet conditions, and the. sulphide 
orebodies were depiasited \vidioui dis-
tiibanG'e in .the. red;ucing zor^e at. the 
Outer edge of the okidiziag zone—in 
other Avords, at the'; outer edge of ;j:he 
garnet-epidote .zone,- along tlje marble 
line' A t the larger' garnet district re
ferred to, turbulent conditions prjevailed 
throughout, the period p;£ p re deposition. 
Though some of the sulphide ore began 
iieppsiting along the marible line, dis
turbances occurred whicli crr-;hed' and 
broke open the garnet areas: and-the 
ore still in solution penetrated arid was 
precipitated more ;or less at random 
vvithin the g.aniet zone itself. 

Frdhv the '{bregoing the.fac; Is. evi
dent that ore controls established as 
dependable in 'one idistricf Enay be 
wlfdiiy misleatding in lanother district, 
even though the sante-br'emi'rsc-raloccnrs 
at both places, and tiie san-se type of 
deposit is involved.-, , Be'cabse bends 
'concave to the toptw.all of'a vein are the 
pre'localizers a t o n e place, ihe-a5St:mp-
tipn is niit w'^arfanted'tliat bends; concave 
•to tlie hanging wall may not be the ore 
localiier.s. at "sotne. "other pi'lce, even 
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Vvithin a single district. Differences in 
tiie character of the faulting movements 
may readily account for this seeming 
discrepancy, as has been discussed and 
illustrated with diagrams by Hulin'. 

-Emmons' has quoted from some unpub
lished data of my own, showing the 
results of checking up the prospector's 
conviction that vein intersections or 
junctions are the most favorable places 
to look for rich oreshoots. 

Out of 137 cases that have come 
under my observation in which both 
legs of the vein carried commercial ore, 
74.45 per cent proved richer at the in
tersection or junction; 1-1.68 per cent 
showed no appreciable change; and 
13.87 per-cent proved poorer at the 
junction. In this last class, fifteen de
posits, or 10.95 per cent of the total 
cases imder consideration, showed non
commercial values at the junction, and 
seven of the fifteen, or-5.11 per cent of 
the total, were entirely barren, even 
though profitable ore had been extracted 
from each of the veins near-by. 

Again, the fact that a formation or 
type of rock is favorable or unfavorable 
to ore in a given district does not neces
sarily suggest that it is similarly favorr 
able or unfavorable in another district. 
In various parts of western North 
America limestone is the ore carrier; 
shales and slates are so barren that 
often they are not considered worth 
prospecting. Yet in various parts of 
Australia the despised shales and slates 
carry large, rich oreshoots, Mount Isa 
being the outstanding recently dis
covered example. Nor can-it be argued 
that the.shales and slates are here min
eralized because limestone is absent; 
for in several places in northwestern 
Queensland the ore solutions have passed 
by the lim.estone to deposit .almost ex
clusively within the shales and slates. 
Even within the favored limestone belt 
of southwestern United States, at the 
Lookout property, in the Black Range, 
in New IMe.xico, the limestone traversed 

. by the ore solutions shows only low-
grade mineralization; whereas, an 18-
to 20-ft. bed of the usually inhospitable 
quartzite, \y.n% beyond, carries the com
mercial orebodies. These examples illus
trate the danger of projecting too far 
or with too much assurance the ore 
habits of a given district, deposit, or 
occurrence. 

USUALLY, each district presents 
examples of individual ore habits 

which must be in large part mastered 
before exploration programs may be in
telligently and economically laid out. 
Such effective (though admittedly-in
complete) mastery may require from 
several weeks in simple cases to several 
years in districts whose geology is com-

'Carlton 0 . Hulin. Etigmeermg arid. Min
mg Journal , -Vol. 127, p. 228, 317. Also, 
"Structural Control ot Ore Deposition." 
Econ. Geol., Vol. 24, No. 1, January- Feb
ruary, 1929. 

'W. H. Emmons. -Vol. 76, p. 303. Trans. 
A.I.M.E. 

plicated, as at B.isbee, Ely, Tintic, or 
Broken Hill; but during that period 
progress will be made v.-hich will con
tinually reduce the e.Kploradon hazards. 
For guidance pf the operating staff, as 
well as to guard against ur.sound de
ductions on the part of the geologist 
himself, the data on which conclusions 
are based should distinguish clearly be
tween (1) agencies within the district 
that have a proved and direct bearing 
upon the finding of ore; (2) agencies 
within the district not yet fully proved 
but which seem- likely to have such 
bearing; (3) agencies w-hich have 
proved effective as ore guides in other 
districts under conditions closely re
sembling those in ground being ex
plored. Manifestly, the third group is 

-least reliable. Its inclusion is justified 
chiefly because of the resulting tendency 
to sharpen observation and .maintain 
alertness in all concerned. 

IN ferreting out the less obvious 
guides, the temptation to surrender 

simply because a problem is difficult 
and seemingly insoluble must continually 
be combated. Shortly after the World 
War a certain valuation engineer de
clared to me that after many years of 
familiarity with the Bisbee limestone 
deposits he had concluded that the only 
way limestone ground could be ap
praised in the district was oa the basis 
of proximity to Sacramento Hill ; any 
other method was hopeless. On that 
assumption; ground \vould be regarded 
as decreasing uniformlj- in value out
ward into the limestone from the main 
ore locus, Sacramento Hill. This sort 
of nonsense implies physical and mental 
laziness on the part of the person mak
ing the statement. To work out de
tailed ore controls in ground like that 
at Bisbee so as to permit proper evalua
tion of the various limestone areas is.no 
simple task; but the fact that it has been 
done proves that it may be done again. 

W H E N compiling for discussion in 
a report the ore guides of a dis

trict, one should first create a perspec
tive, or mental framework, upon which 
tp hang the various details. .A. p'rivate 
report on an Arizona property which 
I have seen, drew an analogy between 
the deposit and an ocean liner. Com
mercial ore, dependent upon secondary 
enrichment, was represented as the deck 
and that part of the hull above water 
line; unenriched primary ore, too low 
in grade to be profitably extracted, was 
represented as the hull below water line. 
Although more than a dozen detailed 
guides w-ere subsequendy discussed, the 
reader was not confused, because each 
guide was referred to its respective posi
tion above or below water line, and 
likened to some well-known feature of 
the ship, such as the smokestack or en
gine room. Shift' bosses are usually 
able to visualize the commercial aspects 
of a deposit when thus portrayed. 

Discussion'of any specific guide should 
be. brief.* It should contain a clear, full . 
statement,of the relation of that guide ' 
to the problem of finding ore, together 
with pertinent applications. Beyond 
that everything should be ruled out, 
however tempting the occasion for the 
author to air his ideas or knowledge. 
Ordinarily, for such discussion two 
hundred to five hundred words suffice; 
rarely are more than a thousand words .. 
justified, including references to illus--
trative cases. If facts alone are pre
sented, as distinguished from ideas and 
theories, and brevity of style is culti
vated, prolongation of the discussion of 
a single feature beyond si.x to eight 
hundred words is usually difficult.. -
Should thp author feel that djfini'i'i'"'^--
oT peoloef-ir- thehrv is psspntial thp ap
pendix constitutes an appropriate cemer 
tprv fnr its interment That the more 
reports one writes on the subject of ore 
finding, the less need does there seem 
to be for discussion of theory, is a strik
ing fact. 

The number of guides-to be discussed, 
varies with the scope of the report. 
Fewer usually %yill be available or r e 
quired for an isolated, moderately small, 
deposit than where a major mining dis
trict is involved. In a certain silver-
lead district in the andesite belt of New 
Me.xico which I have examined, ore-
'shoots occur wholly within a 2-mile 
length of the X . fault zone, which is 
variably from 40 to 110 ft. wide. 
Within that zone commercial ore" is 
restricted to sections which e.xhibit pro
nounced concave bends with respect to 
the footwall. Within those bends ore 
is still further-confined to the more 
highly brecciated areas. And within the 
brecciated areas the richest ore occurs 
where the andesite is strongly altered 
to chlorite with minor epidote. Leached 
products above the ore are locally help
ful in directing exploration, but this 
guide is of limited application because 
(1) oxidation does not penetrate below 
the 150 level; (2) most of the surface 
ore has been mined; (3) the ore is 
lenticular down the dip, so that an ore-
shoot does n o r necessarily extend up
ward to the oxidized zone. The major 
guides in this case are: 

1. .X fault zone. 
2. Concave bends with respect to the foot-

-w-all. 
3. Brecciated parts ot the bends. 
4. Highly chloritized areas within the brec

cia portions. ' • . 
5. Leached capping- (local). 

Several minor guides dealing with 
the beginning and ending of veins 
within the chloritized areas need to be-
discussed, but so far as the general 
operating staff is concerned the guides 
enumerated suffice. For the Ely district 
I used the classification delineated in 
the following: 

General Guides—three headings. 
Guides -Within the Porphyry; 

A. Structural Features—five headings. 
B. Expression ot Mlnerali-zatlon Above 

the Ore—two headings. 
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^VifhSr*the-;Iji.rji:jton's: 
i;r-";iL!tiir.T,i Features—thirteen head- -

y.;.-,-],..-,SEi031 ot.MinfiraVizatioii Above 
* '''ths; Ore~eifiii.t Keiidiriss, 

ri'iji-PEslbn of Mineralization Below 
I'ht Gre—:-); our he a'a ings: 

,(Ui;;=qii5—seven headings. 

;,\V'ork dotie, in the.'. Ely district" since. 
' <-l=it in 192S presumably has. added 

,;.( <.;uides in certain divisions'and 
"iblv eliminated others that vver.e. 
jiivsly included. .A list of ore giiides 
'^^taloged does, not remain sta-" 

'̂ rv 50. long as exploration continues ;̂  
-jnation remains activej- and applica-
'and search for new guides are 
j-etttalty enforced.' 

'Wth the current guides established' 
J 1 given mine, or di'strict, their appH-

W ^ t i ' in mine exploratioh has been 

tinies -through the vagaries of mih-
eralization -which were: not subject to 
analysis prior -to actual 'e.Mploratidh. A 
certain allowance must be made for this, 
p art i. c ularly wl ten p rd spe c t i ng 1 ini e stone, 
areas; where ore is Gharacteristieally 
erratic in b.ehavior and occurrence. Biit,, 
that does.not mean vve should go to the 
other e'xtreme, and fail to avail our
selves pf; the most carefully reasoned 
prograni, that' .i's pbssibl'e.-'at.the', time; 

As Augustus Locke pnce stated to; 
the', we mtist remernSer that .we are. hot; 
competing -with a technique: that is; lOO 
per cent perfect. Tlie scietice of find
ing ore is probably not more than 3;5 
per-cent efficient today; Tf we improve 
that efficiency-10, or even 5 per cent, we, 
are.accompHshing a- great-deal. 

Mistake that -result from iirisbuhd 
UsasA'in sorhe instances most effectively;- deductions or lack- of thoroughness- in 

tied out -through discussion ih cbii-
itmtce, at which the pr.eserice of all-

mbers'of-the operating staff down to 
^ J including mine fbreraenis desirable. 
K ^ member is generalty hande'd, a 

„ . in advarice, the list bf prospects 
'be discussed, a, hd each'is required to 

hiit. in-writing his conception of the 
itcrable and unfavorable factors af-

:ing a given prospect. Mere verbal 
cjssion is unsatisfactory; it perpiits 

iiricing,-anc!.often degenerates into ifre-
njible arid flipp'arit quibbling. The 

Rimiien 'Statement, on the other hand, 
flSiK-responsibility, compels soiind rea-
lienjng, and,conduces to;sustained, clear 

sing. By the time, the favor'dble 
lied unfavcrable aspects of a prospect, 
I t j reasoned -out by the full, operating_ 
f^ff, have' been collected and threshed 
|oTcr in conference, each member has;ob-
Itiined a vivid conceptioh of why that 
fepfospect is; fo;be* rim,, w-hat its chance is 
gtor success or failure, and what giiides 
For ore localizing factors he must watch 
Tior ai exploration progresses. Because 
ffiath member has 'cpntributed something, 
\.ir,M_\i feels a personal interest in the 
tajicome.. 

|- AT times the niost' carefully thbught-
M ^ out program will .be vitiated by acr 
'< '̂!ent or by factors that "cbuld not have 

c ^ ' ^ n reasonably-foreseen. I n t h e lime-
M"on? deposits of ohg'Southwestern co'p-

?rr dijt'nct, for example, certain, surface 
:"i(ienc,es of mineral Ration occur that 

K*'E clearly associated; -with ore deposi-
SiDon, -Either, by direct or devious*routes 

iose evidences have -been .'found to lead 
^ î)wnward to pre. But in several ih-
"ances the orebodies have been, cut" out 
V an ititrusibn of post-ore; rh'yblite, 
'*''ii:'i, with tr.ne irony, failed to destroy 
'̂ e evidence! 01 yigofdus niineral izat ion 
't^ve.the ore. To have exploration en-
<junter such a conditibEi when every-
;"'"g pointed to "a.,large,-profitable ore-
'̂ •dy cannot'but be-.disHeart'ening. But 

vT^^ none:;bf us, is omniscient, we must 
J f̂confa reconciled to the fact that-, in 
i ' ^^'^''^g »out any prospecting campaign, 
. f Appointments will ensue—sometimes 
', ''itough oyersight on our part, sorhe-

^'"forucry 23,1931 — Enginei^ring and Mihmg Journal 

reasonirig and applying existing data; 
may be largely.eliminated where proper 
distinction is insisted upon betwe'en as-

,'Augustua -liocke, orat communicattbn. 
Acknowledgment for Beveral ideas h'eradis-
ciissed.is diie -Mr. -Locke, upon -whose ,staS 
m a n y years "ago I 'acquired my "first train
ing* in tlie;,ua'e: otore-'guidea, •» ' 

H 

;c.ertai:Hed fact, reas'piiable probability, 
and, the more remote conjecture,; and 
\yhere conscientious at tempt is made to 
re.GGgnize and acknowledge the degree 
oi "doubt involved in using guides not 
yet jsecurely established in a district. 
Mistakes caused by the undisdosetl 
vagaries of mineralization are not as 
imm'ediately subject to;;control. Usually 
they can be reduced only- in the propor
tion that such vagaries reveal thein-
selves as distinct district habits. Tbe 
impprtant point' to tie. kept in; mind in , 
any district or-with any deposit is that, 
although a part; of tlie ground may have 
been rather' thoroughly cut up, and its • 
ore habits ascertained, other large, well-
rnineraiized areas have usually been 
but little explored,.,and cdncernirig their-
ore. habits little- has been definitely 
established. To a;ssume -that most of 
tiie gtddes found ^dependable in proved 
areas will apply in adjacent untested 
ground is reasonable;; but so long as ore 
contitiues erratic in occurrence, ^con
stant -tvatch and diligent 'search must 
be maintained, both for local exceptions 
and for. new, broad ore, controls. 

'Q'QIS Ar©-,"GheaLpIy 

To AV'QID the unsatisfactory, man-
.. ual grinding 'of pipe-threading dies 

and other cutting tools, and. to render 
them ser.viceable at a lower cost, Charles 
R, Ciarkspn, rnaster rnechanic at the 
Hayden sfnelfer of the Ainerican Smelt
ing & Refining Cpmpany, Hayden, 
Ariz.,,built the a'ttachable grinding unit, 
shown i.n the accompanying sketch. 
The machined table. Is mounted on a 

home-made conipound rest and cross-
slide that rest Joh 'a frame made of 
chanriel. and, angle irotii which,;is, .fitted 
with an adjusting gear arid secured to 
the. grinder pedestal. Jigs are pro
vided for the various grinding opera
tions, to expedite the correct setting up 
of tools tb be ground and to make pos
sible the 'simultanebLis grinding ,oE 'sev
eral dies or tools ait â  material saving; 

iMcf cufiiiig 
q/tgis. 

Grinding fable 

'xorn'pdUn!:fr̂ 2-f ct/td 
, ci-dss-^licfs:. 

Horns -m ai/e Jdb/s 
ctc/ju'sHng^gear 
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ABSTRACT 

Resource Engineering and Development, Inc. is designing and 

building a portable 150 to 225 TPD, flotation-cyanide leach 

plant with unitized, skid-mounted components. This plant 

design, with its portability, low capital investment, and high 

recovery of silver and gold from many partially oxidized ores, 

is well suited to treat many small, high-grade deposits, old 

waste dumps, and old mill tailing piles. A description is given 

of flotation and/or cyanide leach tests run on about 17 par

tially oxidized, newly mined ores; waste dump materials; placer 

slimes; and old mill tailings. 



UNITIZED, PORTABLE, FLOTATION-LEACH 
PLANTS FOR TREATING PARTIALLY 
OXIDIZED GOLD AND SILVER ORES 

INTRODUCTION 

The large increase in precious metal prices over the past 

few years has generated considerable interest, in the milling 

or remilling of many old, partially oxidized, mine dumps, tail

ing piles, stope fill, and ores mined from oxidized surface 

zones. 

The present technology is often inadequate to treat these 

oxidized gold and silver ores. In several instances, heap or 

pad leaching plants have failed because of low metal recoveries 

and the necessity of winter shut-downs. Many of these ores 

respond poorly to treatment with either flotation or cyanide 

leaching alone. 

The size ' and grade of many of these types of deposits will 

usually not warrant the expenditure of capital needed for a con

ventional, stationary, flotation or cyanide leach plant. 

A simplified, unitized, portable, flotation-cyanide leach 

plant may be the solution to these problems. Considerable test

ing has indicated that a combination flotation-leach plant will 



successfully recover most of the silver and gold -values from 

many of these oxidized ores. 

Resource Engineering and Development, Inc. (R.E.D.) is 

currently designing and building a 150 to 225 ton-per-day 

(tonnage dependent on ore feed size)- unitized, portable, 

flotation-leach plant for Silver Bullion Milling and Refining, 

Joint Venture. The first operating site will be near Hailey, 

Idaho, where the plant will be used to treat old flotation mill 

tailings, old minus 1/4 inch jig mill tailings and several old 

mine dumps (95% minus 2 inch). Eventually, the plant may be 

used to treat other company-owned or custom ores in the Central 

Idaho area or it will be moved to another site(s). 

UNITIZED, PORTABLE, FLOTATION-LEACH PLANT DESIGN 

The general concept of the unitized, portable, flotation-

leach (UPFL) plant is one in which both flotation and carbon-in-

pulp cyanide leach circuits are incorporated into a greatly 

simplified mill design of commercial size, built in unitized, 

skid-mounted modules.. 

The flowsheet of a 150 to 225 ton-per-day plant of this 

type is ' as shown in Figure 1. In this plant design, prescreen-

ed, minus 2-inch ore will be periodically loaded into a 35 ton 

ore storage bin, from which it is fed at a constant rate to a 
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7' X 48" Hardinge conical ball mill with an internal grate. A 

grizzly (6" opening) on the storage bin and a single, close-set 

jaw crusher might be used in the circuit if coarse, hard ores 

were to be fed to the plant. The ball mill discharge will, be 

classified by a cyclone which produces an overflow product with 

a pulp density of about 40% to 45% solids and a product size of 

about 95% minus 65 mesh. Flotation reagents and recirculated 

solutions from the tailing pond will be added to the grinding 

circuit. The cyclone overflow will go to a DSM stationary 

screen with a 28 mesh deck to remove oversized ore particles and 

small wood pieces from the plant feed slurry, and then to a bank 

of rougher flotation cells with a 10 minute retention time. The 

flotation concentrates will be cleaned once or twice', as 

required, and then, since they are present as a small tonnage/ 

day, sent to a decant pond and a concrete pad for air drying 

prior to shipment to a custom smelter. The flotation tails, at a 

pulp density of about 38% to 43% solids, together with added 

lime and sodium cyanide, will flow continuously through a series 

of eight, 9' diameter x 10' deep, agitated tanks where a 

simultaneous, 8 to 12 hour, carbon-in-pulp leach with 6 x 12 

mesh carbon will be effected. In this leach circuit, the 

activated charcoal will be periodically advanced from one tank 

to another and retained in each leaching unit by a R.E.D. 

proprietory reactor design. The activated charcoal, v/hich is 

expected to be loaded to about 500 oz/ton of precious metals, 

will be periodically removed from the first tank in the leaching 

system and shipped to a carbon stripping and regeneration and 



refining facility where pure gold and silver ingots will be 

produced. The leached tailings may be refloated for their re

maining sulfide minerals and fine activated carbon in a second 

flotation step. The final tailings will be sent to an environ

mentally acceptable tailings pond with a proprietory R.E.D. 

design, that allows for additional leaching and rinsing of the 

tailings in the tailings pond. The decanted solutions from the 

tailings pond, which contain small amounts of NaCN and CaO, will 

be collected in a holding tank and then returned to the grinding 

circuit. 

This portable plant is to be "unitized", or built as sev

eral skid-mounted modules in a shop some distance from the mill 

site. The individual units that will comprise the plant describ

ed in Figure 1 would be: (1) the ore storage bin and feeder; (2) 

the ball mill, surge box, motor, cyclone pump, and cyclone; (3) 

the DSM screen, rougher and cleaner flotation cell banks, and 

two slurry pumps; (4) 8 agitator tanks as single tanks or units 

of two; (5) a small bank of rougher flotation cells and pump(s) 

(optional); (6) a power panel and; (7) a power plant (optional). 

On-site preparations and facilities will include: (1) the 

water supply system; (2) the power system if a generator is not 

used; (3) trailer housing for the mill manager; (4) the plant 

sewer system; (5) portable office, lab and shop buildings; (6) 

concrete pad and shed for mill; (7) a ramp to the ore bin; (8) 

the tailings pond; (9) a concrete concentrate decant pond and 

drying .pad; (10) parking and ore storage areas and; 



(11) solution and pulp piping systems. 

The carbon stripping and regeneration' and gold and silver 

refining facilities will probably be located at a site other 

than that of the Hailey mill. It will consist principally of 

(1) carbon stripping columns; (2) a heated" strip solution reser

voir and a pump; (3) electrowinning cell(s) and rectifier(s); 

(4) a rotary, external fired, carbon regeneration kiln; (5) 

silver and gold dissolution and precipitation equipment; (6) a 

crucible furnace and molds for melting and forming the gold and 

silver ingots; and (7) a heavy safe. 

This mill design has several features that are different 

than most plants that have been built to process partially 

oxidized gold and silver ores. First, it utilizes both 

flotation and cyanide leaching circuits. This should (1) insure 

a maximum recovery of both the sulfide and oxide gold and silver 

minerals, (2) give it a flexibility to efficiently treat a wide 

variety of ore types, and (3) reduce the pulp retention time 

requirements in both the flotation and leaching circuits. 

Secondly, the flowsheet is greatly simplified, i.e.; the com

plete or partial elimination of the crushing circuit should 

greatly reduce the plant and operating costs; the replacement of 

the flotation concentrate thickening and filtering section v;ith 

a concrete decant pond and drying pad should also reduce the 

mill capital and operating costs and; the short term, simultan

eous, carbon-in-pulp leach circuit should minimize the number 



and size of leach reactors that are required and reduce reagent 

consumptions. Thirdly, the portable nature of the plant makes 

it possible to build most of the plant in a shop at a greatly 

reduced cost, as compared with field construction; it divides 

its capital requirements between several sites; and keeps its 

resale value high. 

CAPITAL AND OPERATING COSTS 

Capital and operating costs have been estimated for the 150 

to 225 tons-per-day Hailey, Idaho plant, and its associated car

bon regeneration and stripping and gold and silver refining 

facilities. 

The capital costs, which include used mining equipment 

costs (1 track loader and 1 truck); mill equipment (new and 

used), modular assembly, and transportation to the millsite 

costs; millsite preparation costs; reagents and supplies for the 

mill; the carbon stripping and regeneration and refining circuit 

costs; engineering costs; overhead costs; environmental costs; 

startup costs; and miscellaneous and contingency costs; are 

estimated at $1,000,000 . 

Mining, milling and refining costs are estimated at $12.04/ 

ton on old flotation mill tailings, $19.25/ton on old jig tail

ings, and $22.38/ton on old mine dump ores. These costs do not 



include truck hauling costs over 4 miles, royalties paid on the 

ores, or plant amortization costs. These ores consume about 2.7 

pounds of sodium cyanide per ton. 

METALLURGICAL TESTWORK 

Metallurgical testwork has been conducted on a wide variety 

of oxidized gold and/or silver ore types by Resource Engineering 

and Development, Inc. Table 1 describes many of these tests. 

Most of the flotation tests in this table were performed on 

ore pulps with a 40% pulp density (1,800 grams of dry ore plus 

2,700 ml water), initial pH • s in the 8.5 to 9 range, and with 

about 0.1 gram NaCN per liter of pulp. Usually, the sulfides 

were floated with small amounts .of Aerofloat 31, Aero 317 

(sodium isobutyl xanthate) and sometimes, when a bulk lead-zinc 

or zinc concentrate was desired, CuS0.*5H_0 was used. Aerofroth 
4 2 

72 was usually used . as a frother in an initial flotation step 

and pine oil was used in a secondary flotation step. Promoters 

Aero 404 and 407 were sometimes used to aid in gold recovery. 

In the leaching tests, the flotation tailings that remained 

after sampling were placed in a four liter beaker; NaCN, CaO and 

120 grams of 6 x 12 mesh activated carbon reagents were added; 

and the pulp was stirred with a mechanical agitator with air 



bubbling through the pulp, for 8 to 24 hours. Four- hundred ral 

pulp samples were taken periodically and analyzed to determine 

gold and silver dissolutions, cyanide consumptions, and the 

degree of adsorption of precious metals by the activated carbon. 

It is usually better to have the • flotation step first 

rather than a leaching step because (1) sulfide removal reduces 

the cyanide consumption in the subsequent leach step, (2) the 

flotation concentrate is higher grade when floated before the 

leaching step, and (3) the amount of activated carbon required 

in the system is less, as much of the silver and gold is removed 

in the prior flotation step. In some cases, however, the cya

nide leach seems to clean the mineral surfaces and thereby 

improves a subsequent flotation step. 

The tests shown in Table 1 indicate that many oxidized 

silver and gold ores respond quite well to the combined 

flotation and cyanide leaching processes, but poorly to either 

process used alone. 



TABLE 1 (continued) 

TESTWORK PERFORMED ON OXIDIZED 
GOLD AND/OR SILVER ORES BY 

RESOURCE ENINGEERING AND DEVELOPMENT, INC, 

Ore 
No. 

a 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Ore Source 

Utah 

Colorado 

Southern 
California 

Southwest 
Montana 

Central 
Utah 

Southern 
Nevada 

Nevada 

Canada 

Utah 

Idaho . 

Southern 
California 

Ore 
Grade, 
02/ton 
or % 

5 
0.01 
5 

5 
0.03 

'4.5 

30.3 
0.02 
0.S4 

0.13 
0.6 

0.03-
0.07 
0.6 

Ag 
Au 
Pb 

Ag 
Au 

Ag 

Ag 
Au 
Cu 

Au 
Ag 

Au 
Ag 

1.81 Ag 
0.062 Au 

0.10 

1.5 

Au 

Ag 

1..5 Ag 
0.018 Au 
0.5 Pb 
0.1 Cu 
0.6 

0.03 
0.2 

Zn 

Au 
Ag 

Ore 
Descrip- Process 
tion. Grind Tested 

Underground, 
95» -100m 
(mostly sul

fides) 

Mine Dumps, 
98» -100m 

Mine Dumos, 
95% -lOOiii 

Mined Surface 
Ore, 

80» -lOOra 

Mined Surface, 
Jasperiod, 
99% -lOOra 

CN Leach 
Tailings, 
90% -lOOm 
(no regrind) 

CU Leach 
Tailings, 
98% -100m 

Tailings, 
reground to 
98% -100m 

Flotation 
Tailings, 
90% -100m 
(no regrind) 

Dump .Material, 
95% -100m 

Placer Slimes, 
-100m 

F 

Fl 
L 

F2 

F 
L 

F 
L 

L 

L 

F 
L 
F 

F 
L 

F 

L 

F 

L 

Overall 
Ag or Au 
Recovered, 

% 

80-83 

11.5 
50 
77 
50-62 
50-62 

none 
poor 

60 
87 

88 
40 

60-80 
20 

Poor . 
58 
92 

Ag 

Ag 
Au 
Au 
Ag 
Ag 

Ag 
Ag 

Au 
Ag 

Au 
Ag 

Ag 
Au 

Poor 
74.7 Au 
43.5 Au 
w/o regrii 

Poor 

35 

70 
50 
81 
32 
11 

95 
95 

Ag 

Ag 
Au 
Pb 
Cu 
2n 

Au 
Ag 

NaCN 
Consumed, 

3/tcn 

8 

8 

10-15 

t 
6 

4 

6.5 

3 

nd 

6 

2 

Leach 
Time, 
Hours 

-

24 

24 

24 

24 

12 

8 

16 

24 

8 

Overall 
Flotation 

Cleaner Cone. Grade 
oz/ton 
or % 

40-80 Ag 

21 Ag 

21 Ag 

565 Ag 

1 Au 
69 Ag 
42 Pb 
3.2 Cu 
6.3 Zn 

10 



TABLE 1 

TESTWORK PERFORMED ON OXIDIZED 
GOLD AND/OR SILVER ORES BY 

RESOURCE ENINGEERING AND DEVELOPMENT, INC. 

O r e 
Mo. 

1 

2 

3 

4 

S 

6 

7 

O r e S o u r c e 

H a i l e y , 
I d a h o 

H a i l e y , 
I d a h o 

H a i l e y 
I d s h o 

C e n t r a l 
I d a h o 

N o r t h 
I d a h o 

O t a h 

Utah 

O r e 
G r a d e , 
. o z / t o n 

o r t 

I . B Ag 
1 Pb 

3 - 3 

3 . 8 

4 . 0 

0 . 1 7 
0 . 8 

Ag 
Pb 

Ag 
Pb 

Ag 
P b 

Au 
Ag 

3-S Ag 
0 . 0 1 5 " Au 
2 P b 
3 I n 

3 -5 k a 
2 - 1 0 Pb 
0 .0 ,04 Au 
5 a n 

O r e 
D e s c r i p r 

t i o n . G r i n d 

F l o t a t i o n 
T a i l i n g s , 
60% - eS in*** 

J i g T a i l i n g s 
95% -lOOm 

M i n e Duraps , 
95» -lOOm 

M i n e Dumps , 
95% -lOOfn 

S t a m o M i l l 
, T a i i i n g a , 

95%; -lOOm 

F l o t a t i o n 
T a i l i n g s , 
80% -lOOm 

.Mine Duraps., 
95%' -100m 

P r o c e s a * 
T e s t e d 

L 

1, F l 
.L 
F2 

F l 
t 
F 2 

SI 
L 
F2 

F 
L 

F l 
L 
F2 

F l 
L 
F2 

O v e r a l l * * 
Ag o r Au 
R e c o v e r e d , 

% 

6 7 - 7 5 

4 2 - 3 0 
7 8 - 8 6 
8 0 - 8 7 

4 2 - 3 0 
8 2 - 9 0 
8 5 - 9 3 

6 2 . 6 
82 
9 5 - 8 6 

P o o r 
63 
48 

Ag 

Ag 
Ag 
Ag 

Ag 
Ag 
Ag 

Ag 
Ag 
Ag 

AU 
Ag 

2 6 - 4 0 A g , 
Au a n d P b 
6 5 - 7 8 
6 7 - 3 0 

1 4 - 2 7 AU 
and Ag 
7 0 - 7 3 Ag 
and Au 

NaCN 
C o n s u m e d , ' 

# / t o n 

2 . 2 

2 . 5 / 

2 . 7 

2 , 3 

5 

7 

4' 

L e a c h 
T i m e , 
H o u r s 

3 

e 

a 

8 

8 

s 

a 

O v e r a l l 
F l o t a t i o n 

C l e a n e r C o n e . G r a d e 
o z / t o n 

o r % 

1 3 - 3 0 P b 
5 0 - 8 0 Ag 

15.-30 P b 
5 0 - 9 0 Ag 

1 5 - 3 0 P b 
5 0 - 8 0 Ag 

1 5 - 3 0 P b 
5 0 - 9 0 Ag 

30-SO P b 
50 Ag 

3 0 - 3 0 Pb 
SO Ag 

25 Pb 
50 Ag 

O . i S Au -

23 P b 
50 Ag 

O . I S Au 

low Pb 
3 4 - 7 8 Ag 

F = F lo ta t ion , L = Carbon-In-Pulp Cyanide Leach' 
Overall recovery iricludes recovery in preceiiing process (es) , 
a = Tyler mesh 

11 
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ABSTRACT "O" 

Resource Engineering and Development, Inc. is designing and 

building a portable 150 to 225 TPD, flotation-cyanide leach 

plant with unitized, skid-mounted components. This plant 

design, with its portability, low capital investment, and high 

recovery of silver and gold from many partially oxidized ores, 

is well suited to treat many small, high-grade deposits, old 

waste dumps, and old mill tailing piles. A description is given 

of flotation and/or cyanide leach tests run on about 17 par

tially oxidized, newly mined ores; waste dump materials; placer 

slimes; and old mill tailings. 
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UNITIZED, PORTABLE, FLOTATION-LEACH 
PLANTS FOR TREATING PARTIALLY 
OXIDIZED GOLD AND SILVER ORES 

INTRODUCTION 

The large increase in precious metal prices over the past 

few years has generated considerable interest, in the milling 

or remilling of many old, partially oxidized, mine dumps, tail

ing piles, stope fill, and ores mined from oxidized surface 

zones. 

The present technology is often inadequate to treat these 

oxidized gold and silver ores. In several instances, heap or 

pad leaching plants have failed because of low metal recoveries 

and the necessity of winter shut-downs. Many of these ores 

respond poorly to treatment with either flotation or cyanide 

leaching alone. 

The size ' and grade of many of these types of deposits will 

usually not warrant the expenditure of capital needed for a con

ventional, stationary, flotation or cyanide leach plant. 

A simplified, unitized, portable, flotation-cyanide leach 

plant may be the solution to these problems. Considerable test

ing has indicated that a combination flotation-leach plant will 



successfully recover most of the silver and gold values from 

many of these oxidized ores. 

Resource Engineering an<3 Development, Inc. (R.E.D.) is 

currently designing and builiiing a 150 to 225 ton-per-day 

(tonnage dependent on ore feed size)- unitized, portable, 

flotation-leach plant for Silver Bullion Milling and Refining, 

Joint Venture. The first operating site will be near Hailey, 

Idaho, where the plant will be used to treat old flotation mill 

tailings, old minus 1/4 inch jig mill tailings and several old 

mine dumps (95% minus 2 inch). Eventually, the plant may be 

used to treat other company-owned or custom ores in the Central 

Idaho area or it will be moved to another site(s). 

UNITIZED, PORTABLE, FLOTATION-LEACH PLANT DESIGN 

The general concept of the unitized, portable, flotation-

leach (UPFL) plant is one in which both flotation and carbon-in-

pulp cyanide leach circuits are incorporated into a greatly 

simplified mill design of commercial size, built in unitized, 

slcid-mounted modules. . 

The flowsheet of a 150 to 225 ton-per-day plant of this 

type is as shown in Figure 1. In this plant design, prescreen-

ed, minus 2-inch ore will be periodically loaded into a 35 ton 

ore storage bin, from which it is fed at a constant rate to a 



FIGURE 1 
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7' X 48" Hardinge conical ball mill with an internal grate. A 

grizzly (6" opening) on the storage bin and a single, close-set 

jaw crusher might be used in the circuit if coarse, hard ores 

were to be fed to the plant. The ball mill discharge will be 

classified by a cyclone which produces an overflow product with 

a pulp density of about 40% to 45% solids and a product size of 

about 95% minus 65 mesh. Flotation reagents and recirculated 

solutions from the tailing pond will be added to the grinding 

circuit. The cyclone overflow will go to a DSM stationary 

screen with a 28 mesh deck to remove oversized ore particles and 

small wood pieces from the plant feed slurry, and then to a bank 

of rougher flotation cells with a 10 minute retention time. The 

flotation concentrates will be cleaned once or twice, as 

required, and then, since they are present as a small tonnage/ 

day, sent to a decant pond and a concrete pad for air drying 

prior to shipment to a custom smelter. The flotation tails, at a 

pulp density of about 38% to 43% solids, together with added 

lime and sodium cyanide, will flow continuously through a series 

of eight, 9' diameter x 10' deep, agitated tanks where a 

simultaneous, 8 to 12 hour, carbon-in-pulp leach with 6 x 12 

mesh carbon will be effected. In this leach circuit, the 

activated charcoal will be periodically advanced from one tank 

to another and retained in each leaching unit by a R.E.D. 

proprietory reactor design. The activated charcoal, v/hich is 

expected to be loaded to about 500 oz/ton of precious metals, 

will be periodically removed from the first tank in the leaching 

system and shipped to a carbon stripping and regeneration and 



refining facility where pure gold and silver ingots will be 

produced. The leached tailings may be refloated for their re

maining sulfide minerals and fine activated carbon in a second 

flotation step. The final tailings will be sent to an environ

mentally acceptable tailings pond with a proprietory R.E.D. 

design that allows for additional leaching and rinsing of the 

tailings in the tailings pond. The decanted solutions from the 

tailings pond, which contain small amounts of NaCN and CaO, will 

be collected in a holding tank and then returned to the grinding 

circuit. 

This portable plant is to be "unitized", or built as sev

eral skid-mounted modules in a shop some distance from the mill 

site. The individual units that will comprise the plant describ

ed in Figure 1 would be: (1) the ore storage bin and feeder; (2) 

the ball mill, surge box, motor, cyclone pump, and cyclone; (3) 

the DSM screen, rougher and cleaner flotation cell banks, and 

two slurry pumps; (4) 8 agitator tanks as single tanks or units 

of two; (5) a small bank of rougher flotation cells and pump(s) 

(optional); (6) a power panel and; (7) a power plant (optional). 

On-site preparations and facilities will include: (1) the 

water supply system; (2) the power system if a generator is not 

used; (3) trailer housing for the mill manager; (4) the plant 

sewer system; (5) portable office, lab and shop buildings; (6) 

concrete pad and shed for mill; (7) a ramp to the ore bin; (8) 

the tailings pond; (9) a concrete concentrate decant pond and 

drying pad; (10) parking and ore storage areas and; 



(11) solution and pulp piping systems. 

The carbon stripping and regeneration and gold and silver 

refining facilities will probably be located at a site other 

than that of the Hailey mill. It will consist principally of 

(1) carbon stripping columns; (2) a.heated" strip solution reser

voir and a pump; (3) electrowinning cell(s) and rectifier(s); 

(4) a rotary, external fired, carbon regeneration kiln; (5) 

silver and gold dissolution and precipitation equipment; (6) a 

crucible furnace and molds for melting and forming the gold and 

silver ingots; and (7) a heavy safe. 

This mill design has several features that are different 

than most plants that have been built to process partially 

oxidized gold and silver ores. First, it utilizes both 

flotation and cyanide leaching circuits. This should (1) insure 

a maximum recovery of both the sulfide and oxide gold and silver 

minerals, (2) give it a flexibility to efficiently treat a wide 

variety of ore types, and (3) reduce the pulp retention time 

requirements in both the flotation and leaching circuits. 

Secondly, the flowsheet is greatly simplified, i.e.; the com

plete or partial elimination of the crushing circuit should 

greatly reduce the plant and opera-ting costs; the replacement of 

the flotation concentrate thickening and filtering section v;ith 

a concrete decant pond and drying pad should also reduce the 

mill capital and operating costs and; the short term, simultan

eous, carbon-in-pulp leach circuit should minimize the number 



and size of leach reactors that are required and reduce reagent 

consumptions. Thirdly, the portable nature of the plant makes 

it possible to build most of the plant in a shop at a greatly 

reduced cost, as compared with field construction; it divides 

its capital requirements between several sites; and keeps its 

resale value high. 

CAPITAL AND OPERATING COSTS 

Capital and operating costs have been estimated for the 150 

to 225 tons-per-day Hailey, Idaho plant, and its associated car

bon regeneration and stripping and gold and silver refining 

facilities. 

The capital costs, which include used mining equipment 

costs (1 track loader and 1 truck); mill equipment (nev; and 

used), modular assembly, and transportation to the millsite 

costs; millsite preparation costs; reagents and supplies for the 

mill; the carbon stripping and regeneration and refining circuit 

costs; engineering costs; overhead costs; environmental costs; 

startup costs; and miscellaneous and contingency costs; are 

estimated at $1,000,000 . 

Mining, milling and refining costs are estimated at $12.04/ 

ton on old flotation mill tailings, $19.25/ton on old jig tail

ings, and $22.38/ton on old mine dump ores. These costs do not 



include truck hauling costs over 4 miles, royalties paid on the 

ores, or plant amortization costs. These ores consume about 2.7 

pounds of sodium cyanide per ton. 

METALLURGICAL TESTWORK 

Metallurgical testwork has been conducted on a wide variety 

of oxidized gold and/or silver ore types by Resource Engineering 

and Development, Inc. Table 1 describes many of these tests. 

Most of the flotation tests in this table were performed on 

ore pulps with a 40% pulp density (1,800 grams of dry ore plus 

2,700 • ml water), initial pH' s in the 8.5 to 9 range, and with 

about 0.1 gram NaCN per liter of pulp. Usually, the sulfides 

were floated with small amounts .of Aerofloat 31, Aero 317 

(sodium isobutyl xanthate) and sometimes, when a bulk lead-zinc 

or zinc concentrate was desired, CuS0.*5H„0 was used. Aerofroth 

72 was usually, .used as a frother in an initial flotation step 

and pine oil was' used in a secondary flotation step. Promoters 

Aero 404 and 407 were sometimes used to aid in gold recovery. 

In the leaching tests, the flotation tailings that remained 

after sampling were placed in a four liter beaker; NaCN, CaO and 

120 grams of 6 x 12 mesh activated carbon reagents were added; 

and the pulp was stirred with a mechanical agitator with air 



bubbling through the pulp, for 8 to 24 hours. Four hundred ml 

pulp samples were taken periodically and analyzed to determine 

gold and silver dissolutions, cyanide consumptions, and the 

degree of adsorption of precious metals by the activated carbon. 

It is usually better to have the • flotation step first 

rather than a leaching step because (1) sulfide removal reduces 

the cyanide consumption in the subsequent leach step, (2) the 

flotation concentrate is higher grade when floated before the 

leaching step, and (3) the amount of activated carbon required 

in the system is less, as much of the silver and gold is removed 

in the prior flotation step. In some cases, however, the cya

nide leach seems to clean the mineral surfaces and thereby 

improves a subsequent flotation step. 

The tests shown in Table 1 indicate that many oxidized 

silver and gold ores respond quite well to the combined 

flotation and cyanide leaching processes, but poorly to either 

process used alone. 



TABLE 1 (continued) 

TESTWORK PERFORMED ON OXIDIZED 
GOLD AND/OR SILVER ORES BY 

RESOURCE ENINGEERING AND DEVELOPMENT,'INC. 

Ore 
No. Ore Source 

Ore 
Ore Descrip-

Grade, tion, Grind 
oz/ton 
or % 

Overall Overall 
Process Ag or Au NaCN Leach Flotation 
Tested Recovered, Consumed, Time, Cleaner Cone. Grade, 

% S/tcn Hours oz/ton 
or % 

8 Utah 5 Ag Underground, 
0.01 Au 95% -100m 
5 Pb (mostly sul

fides) 

80-83 Ag 40-80 Ag 

Colorado .5 Ag 
0.03 Au 

10 Southern 4.5 Ag 
California 

11 Southwest 30.3 Ag 
Montana 0.02 Au 

0.54 Cu 

12 Central 0.13 Au 
Utah 0.6 Ag 

0.03-
13 Southern 0.07 Au 

Nevada 0.6 Ag 

14 Nevada 

IS Canada 

16 

17 

Utah 

Idaho 

1.81 Ag 
0.062 Au 

0.10 Au 

Mine Dumps, 
98% -100m 

Mine Dumos, 
95% -100m 

Mined Surface 
Ore, 

80% -100m 

Mined Surface, 
Jasperiod, 
99% -100m 

CN Leach 
Tailings, 
90% -100m 
(no regrind) 

CN Leach 
Tailings, 
98% -100m 

Tailings, 
reground to 
98% -100m 

1.5 Ag Flotation 
Tailings, 
90% -100m 
(no regrind) 

Dump .Material, 
95% -100m 

13 Southern 
California 

1 ..S Ag 
0.018 Au 
0.5 Pb 
0.1 Cu 
0.6 Zn 

0.03 Au Placer Slimes, 
0.2 Ac -100m 

Fl 
L 

F2 

F 
L 

F 
L 

11.5 
50 
77 
50-62 
50-62 

none 
poor 

60 
87 

88 . 
40 

60-80 
20 

Poor . 
58 
92 

Ag 
Au 
Au 
Ag 
Ag 

Ag 
Ag 

Au 
Ag 

Au 
Ag 

Ag 
Au 

Poor 
74.7 Au 
43.5 Au 
w/o regrind 

Poor 

35 

70 
50 
81 
32 

11 

95 
95 

Ag 

Ag 
Au 
Pb 
Cu 
Zn 

Au 
Ag 

8 

8 

10-15 

6 

4 

6.3 

3 

6 

2 

24 

2-4 

24 

24 

12 

8 

16 

24 

21 Ag 

21 Ag 

565 Ag 

1 
69 
42 
3. 

6. 

Au 
Ag 
Pb 

2 Cu 

3 Zn 

10 



TABLE 1 

TESTWORK PERFORMED ON OXIDIZED 
GOLD AND/OR SILVER ORES BY 

RESOURCE ENINGEERING AND DEVELOPMENT, INC. 

Ore 
No. 

1 

2 

3 

4 

5 

6 

7 

Ore Source 

Hailey, 
Idaho 

Hailey, 
Idaho 

Hailey 
Idaho 

Central 
Idaho • 

North 
Idaho 

Utah 

Utah 

Ore 
Grade, 
oz/ton 
or % 

1.8 Ag 
1 Pb 

3.S 
2 

3.8 
2 

4.0 
2 • 

0.17 
0.8 

Ag 
Pb 

Ag 
Pb 

Ag 
Pb 

Au 
Ag 

3-5 Ag 
0.015 Au 
2 Pb 
3 Zn 

3-5 Ag 
2-10 Pb 
0.004 Au 
5 • zn 

Ore 
Descrip
tion, Grind 

Flotation 
Tailings, 
60% -65m*** 

Jig Tailings 
95% -100m 

Mine Dumps, 
95% -100m 

Mine Dumps, 
95% -100m 

Stamp Mill 
Tailings, 
95% -100m 

Flotation 
Tailings, 
80% -100m 

Mine Dumps, 
95% -100m 

Process* 
Tested 

L 

Fl 
L 
F2 

Fl 
L 
F2 

Fl 
L 
F2 

F 
L 

Fl 
L 
F2 

Fl 
L 
F2 

Overall** 
Ag or Au 
Recovered, 

% 

67-75 Ag 

42-50 Ag 
78-86 Ag 
80-87 Ag 

42-50 Ag 
82-90 Ag 
85-93 Ag 

62.6 Ag 
• 82 Ag 

85-86 Ag 

Poor 
65 Au 
48 Ag 

26-40 Ag, 
Au and Pb 
65-78 
67-80 

14-27 Au 
and Ag 
70-75 Ag 
and Au 

NaCN Leach 
Consumed, Time, 

S/ton Hours 

2.2 

2.5 

2.7 

2.5 

Overall 
Flotation 

Cleaner Cone. Grade, 
oz/ton 
or % 

15-30 Pb 
50-80 Ag 

15-30 Pb 
50-80 Ag 

15-30 Pb 
50-80 Ag 

15-30 Pb 
50-80 Ag 

30-50 Pb 
50 Ag 

30-50 Pb 
SO Ag 

25 Pb 
50 Ag 
0.15 Au 

25 Pb 
50 Ag 
0.15 Au 

low' Pb 
34-78 Ag 

** 
? = Flotation, L = Carbon-In-Pulp Cyanide Leach 
Overall recovery includes recovery in preceding process(es). 
31 = Tyler mesh 
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An AHbrnativt Aclion/Equal Oppoflunitv E/nptoyw 

ENERGY BACKGROUND 

It takes energy to explore for, mine, and process 
mineral ores into bulk materials such as copper, 
iron, and aluminum. It takes additional energy to 
process these into engineering materials, and ad
ditional energy to run the supply and construction 
equipment to fabricate these materials into systems 
hardware—electric generating stations, transmis
sion lines, pipelines, solar collectors, replacement 
parts, and so on. 

It also takes energy to explore for, extract, process, 
and distribute nonrenewable fuels such as coal, 
crude oil, gas, hydrogeothermal, and uranium. 
Solar, hydroelectric, tidal, and hot dry rock geother
mal are renewable sources that do not generally take 
additional energy to process. 

In summary it takes energy to build energy 
systems, and energy to obtain the nonrenewable 
fuels. This energy must be added to the energy used 
by consumers to obtain the total US energy demand 
shown in Fig. 1. 

MINERALS CRISIS 

Both nonfuel minerals and nonrenewable fuels are 
in fmite supply in the world. Let's focus on nonfuel 
minerals. 

A study done for a world population of 3 billion 
posed the following iquestion. If all 3 billion people 
on Earth were instantly escalated to the same stand
ard of living as those in the United States, how long 
would key nonfuel mineral resources last without 
recycling? The answers are startling, as shown in 
Fig. 2. Many key resources such as silver, tin, lead, 
and copper would be depleted within 12 years. 
Though the world on average does not have the US 
standard of living, emerging countries are trying to 
achieve it. And world population continues to grow: 
now about 4 billion, it is expected to reach 5.6 billion 
by the year 2000. Thus, the study should serve as a 
warning. 

The United States has used up much of its higher 
grade nonfuel mineral resources and is increasingly 
dependent on imports, as shown in Fig. 3. Certain 
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US energy supply and demand. Dashed ctirves of domestic supply types 
sum to give total domestic supply. Imports are noiv costing the US about 
$2000 per second. 
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ZZÂ  
73 MOLVBOENUM 

!3' 

YEARS TO DEPLETION 
WITHOUT RECYCLING 

Fig.2. 
Lifetime of certain mineral resources in the 
world if all people (3 billion for the time of the 
study) had L/S standard of living. [W, C. 
Gough and B, J. Eastlund, 'Energy, Wastes 
and the Fusion Torch,' US Atomic Energy 
Commissiiyn report (April 27, 1971).] 

0 

[ W W ' v ' s W ' v V W v ^ - s W a i 

E ' \ \ ' \ \ \ ' \ \ \ \ \ \ ^ K ' \ V \ \ \ V \ \ ' ^ m 
] • » 

I iw» 

J B I » 

lem 

J77» 

^ 6 3 % 

siLvcn 

•RON O u t 

ALUMINUM 

1 ^ '^ V '^ V V ^ M34% 
I Ul* 

I ^ n \ 

:zD"»' 

381* 
Q 1B71 

Q u j j 

Fig.3. 
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key resources come from the Soviet Union or emer
ging nations with potentially unstable governments. 
The cost of mineral im]x>rts went from $10 billion in 
1971 to $64 billion in 1978; over one-fourth ofthe bill 
in 1978 was for nonfuel minerals. Many of those 
minerals are key resources for building defense, 
energy, transportation, communications, and food-
producing systems. This increasing dependence on 
imports of minerals extracted on land has made the 
United States vulnerable to world cartels, like 
OPEC, for nonfuel minerals. In addition, an attempt 
is being made in the United Nations among a cartel 
of Third World countries to limit the exploitation of 
seabed minerals by industrialized nations by 
amending the Treaty on the Law of the Sea. 

As the world consumes its high-grade ores, lower 
grade ores will be used at increasing expense. Part of 
the expense is due to the fact that it takes much 
more energy at increasing expense to process low-
grade ores. An example for copper is shown in Fig. 4. 

The world situation has been studied by various 
groups and government agencies in the United 
States for several years. But no real substantive ac
tion has been taken, even though the situation is 
comparable in magnitude (import costs and 
vulnerability) to the US energy situation. 

o 
z 

o 

>-

COPPER CONTENT OF ORE 
{weight percent) 

Fig. 4, 
Example, for copper, of energy needed to 
process ore vs grade of ore. Recycling uses 
much less energy (E. Cook, 'Limits to Ex
ploration of Nonrenewable Resources,' in 
Materiala: Renewable and Nonrenewable 
Resources, American Association for the 
Advancement of Science, 1976, p.63). 

ENERGY HARDWARE AND MATERIALS 

In a recent study, Herbert Inhaber looked into the 
amount of materials needed for various kinds of 
energy systems. Inhaber's results, though not neces
sarily accurate in detail, stimulate thought. Shown 
in Fig. 5, they indicate that building soft energy 
systems like solar requires 20 times the amount of 
materials required to build hard technology systems 
like nuclear to obtain the same energy output. This 
suggests that overemphasizing soft technologies may 
result in a nonconservation ethic for nonfuel 
minerals and materials and may further aggravate 
the US nonfuel minerals-imfrarts situation. 

We must recognize that high-grade energy sources 
are needed to obtain and fabricate the materials for 
soft technology systems. Thus, emphasizing soft 
technologies may push up the need for high-grade 
energy sources for several years. 

APPROXIMATE METRIC TONS OF MATERIALS FOR CONSTRUCTION 
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Fig. 6. 
Estimate amounts of material required to build 
various energy sources for the same energy output of 
1 megawatt-year fH. Inhaber, 'Risk of Energy 
Production,' Atomic Energy Control Board of 
Canada report AECB-llW/REV-l (May 1978),] 
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NEEDED ACTION 

Energy and nonfuel minerals issues are tightly in
terwoven; they cannot be treated separately. We 
must learn in detail how they interrelate, and we 
must use the information for plaiming and decision
making. These important issues strongly influence 
our national security in the broadest sense. 

We should take the following actions immediate
ly. 

• Expand stockpiles of strategic minerals that 
have no known substitutes. 

• Determine materials requirements for the 
various energy paths that the United States may 
take, and then re-think those paths. 

• Determine future energy needs for minerals ex
traction and processing, and factor that data 
into the National Energy Plan. 

• Offer incentives for conservation and recycling. 
• Stimulate industry to explore for new mineral 

resources domestically by increasing non
competitive government programs to delineate 
favorable exploration areas through reconnais
sance studies like the Department of Energy's 

National Uranium Resources Evaluation 
program, wherein collected samples can be 
analyzed fof several minerals. 

• Identify needs and stimulate work by funding 
the study and development of advanced mining 
and processing techniques for lower grade ores. 

• Expcmd research to find substitutes for critical 
materials. 

For additional information on US mineral inven
tories, deficits, import reliance, critical materials, 
and issues, see the following publications. 

1. Stockpile Report to the Congress, (April 1978 -
September 1978), GSA Federal Preparedness 
Agency, GSA-DC-01904931 (April 1979). 

2. Mineral Commodities Summaries 1979, (An
nual Summary) US Bureau of Mines, US GPO 
(1979). 

3. Report on the Issues Identified in the Nonfuel 
Minerals Policy Review, from an Interagency 
Study for the White House Domestic Policy 
Staff, US DOI (August 1979). 

United States Department of Energy 

Contract W-7405-En9. 36 • 

Readers are encouraged to correspond directly with the author. 
Permiss ion t o r e p r o d u c e th is a r t i c l e is g r e n t a d . 
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Precipitator 
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Phelps Dodge Corp. 
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UNIVERSITY HF UTAH 
RESEARCH INSTITUTE 
EARTH SCIENCE LAB. 

SEVERAL years ago at the Douglas, Ariz., smelter 
of Phelps Dodge Corp., a process for producing 

sponge iron from converter slag was developed. Sponge 
iron is the metallic product resulting from the chemical 
reduction of iron oxides at temperatures below the 
fusion point of iron or of any eutectic mixture in 
impure iron ores. It is characterized by its large sur
face area per unit of mass as compared to solid 
material. 

In the process a molten, high-iron content converter 
slag is granulated in a water bath. The ferromag 
produced is dried in a rotary kiln and fed coimter-
current through a sti-eam of reformed natural gas in 
a reducing furnace. The resulting sponge iron assays 
about 75 percent total iron and 55 to 60 percent metal
lic iron. 

S p o n g e I r o n P i l o t P l a n t B u i l t 

The sponge iron process was developed primarily to 
provide a precipitant for the company's Bisbee, Ariz., 
leaching and precipitation operation, located about 23 
miles from the Douglas smelter. A six-tpd pUot sponge 
iron plant was built at the Douglas smelter and oper
ated for 2̂ /̂  years, during which the process of 
making sponge iron was studied and improved. 

As was expected for a material with a large surface 
area, the sponge iron reacted rapidly in laboratory pre
cipitation tests. The problem was to develop a field 
method that would utilize this reactivity on a tonnage 
basis. Preliminary attempts to use sponge iron by 
placing beds of it in the precipitation plant cells and 
passing the copper bearing solution through it were 
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Size 

.+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

4 Mesh • 

.tt 

+ 100 
-100 

Sponge Iron Screen Analysis 

Cumulative 
Percent Percent 

0.21 0.21 
0.71 0.92 
4.05 . 4.97 

13.89 18.86 
21.18 40.04 
23.83 63.87 
17.09 80.96 
10.18 91.14 
4.39 95.53 
2.04 97.27 
0.45 98.02 
1.98 

100.00 

Typical Analysis 

76.0 percent 
56.0 

6.0 
6.0 ' 
0.5 
0.5 

Fe<'<"> 
Pg'meD 

Cu 
SiO, 
S 
Zn 

Weight = 137 lb per cu ft 

unsatisfactory. Each particle of sponge iron quickly 
became coated with copper, and this effectively in
sulated the iron from further contact with the liquor, 
with the result that the. reaction was either stopped 
or slowed down below the point of practical useful
ness. The beds of sponge iron also became cemented 
and badly caked. I t was obvious that "caking" and 
"blinding" would have to be overcome if sponge iron 
was to -be used effectively as a precipi tant 

" C o k i n g " o n d " B l i n d i n g " Problems Solved 

The solution to the problem was a V-shaped reaction 
vessel in the bottom of which was placed a perforated 
pipe. Pregnant solution was introduced into the- 'V-
trough through this pipe and the vessel was charged 
with sponge iron. The charge was levitated by the 
leach liquor and this effectively prevented caking of 
the sponge. At the same time the particles of sponge 

W . C. Hogue began his career w o r k - ' 
ing as an engineer for U.S. Vanadium 
Corp. In 1946 he joined the Copper 
Queen Branch of Phelps Dodge Corp. as 
a geologist and has since served as chief 
geologist, chief engineer, and general 
superintendent. Hogue was promoted to 
his present posit ion as manager at Cop
per Queen last year. 

iron at the bottom of the ti'ough were subjected to a' 
violent abrading action that removed coatings of cop-'; 
per and presented fresh surfaces for fuither reaction.! 

According to Stokes' law, the rate a t which a spher-i 
ical body falls through a viscous medium varies as! 
the square of the radius of the particle and directly 
as the difference in density between the particle and 
the medium through which it is falling. Therefore, 
size is very important in determining a settling rate,-
and density is relatively unimportant. Liquor in t ro
duced into the bottom of a V-t rough has a constantly 
decreasing vertical velocity as it ascends in the vessel.' 
I t is therefore possible to set the discharge elevation 
of the V-trough at a height which permits the effluent 
liquor to carry with i t essentially all of the small. 
particles-, of .abraded copper, bu t to retain essentially 
all of the larger particles of sponge iron. 

As the particles of sponge iron continue to react ini 
the V-t rough they become smaller in diameter andi 
lighter in we igh t The lighter particles produced by; 
reaction with strong headwater are then displaced; 
upward in the charge of sponge iron and the relat ively! 
heavy copper coated particles from higher in the i 
charge settle downward, eventually being forced by I 
the sloping sides of the V-trough to cover the jets of| 
entrant, l iquor and thus becoming subject to mechan-< 
ical abrasion and chemical reaction, J 

This system effects the following results: 

1) A fresh surface of iron is kept exposed for r e - | 
action. I 

2) Copper is removed from the field of reaction j 
essentially as it forms. This is important be-< 
cause the Bisbee leach liquor has a ra ther higha 
ferric iron content and freshly precipitated cop- j 
per is a good reducing agent for fenic iron. Ifi 
the copper is not removed, it tends to go b a c k | 
into solution. s 

3) The.re is a constant stirring of the charge which] 
prevents caking and permits the sponge irons 
particles to react unifomdy. | 

T w o P r o d u c t s P r o d u c e d i n V - T r o u g h j 

During the t ime the sponge iron pilot p lant w a s i 
in operation, a series of systematic tests was made at I 
Bisbee to learn as much as possible about the action? 
of sponge iron in a V-t rough precipitator. Several r, 
different troughs were made and studied and enough ••( 
data were accumulated to .permit some confidence in , 
the design for permanent modification of the existing-: 
precipitation p l a n t I t was planned that sponge iron 5 
would replace shredded tin cans as the pr incipal . 
precipitant. | 

Among the more important items of general infor- ' 
mation ascertained d iu ing this period were: -j 

1) The extreme reactivity of porous sponge iron was 
being successfully utilized. The original tin can plant ̂  
was designed to keep the pregnant solution in con- • 
tact with tin cans for one hour. By charging a slight 
excess of sponge iron into a V-trough, JEerric i ron ' 
can be reduced to a negligible amount and the optimum '̂  
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ampunt of copper precipitated with a time in residence 
of less thaii'SO seconds. . " 

2) Tw'o products are made in the V-tfdugH. One is 
cemeht copper "which assays about 70 percent copper. 

'•:• Tbe other is residue which remains :in the trough at 
llie end of a batch run. This residue assays from 15 
to 40 percent copper and one to two percent metallic 
ii:dn, depending upon how long it was allowed, to 
react. Numerous attempts were made in the labora
tory to concentrate the copper in this residue and make 
a rejectable product but without success. These 
.Titempts included attrition/mixing and sizing, giirid-
ing and flotation, aiid •maghetic separation, Kohe of 
these methods produced a product containing less 
than five percent copper, Sincevthe residue is hot re-
jectab'e it is combined with the cement coppei-.: This 
makes a lower grade Cement,-but-'it also iinproves the 

1̂  drying qualities of the precipitate. Carload shipments 
of this combiiiation product have assayed as low as 

1' eight percent moisture while the normal cement eppp.er 
usually contains f rom-25-tb 30 percent moisture. 

3) The fact that fresh -sponge iron" reacts -very 
lanidly, but increasingly slower after it is partially 

Sponge iron has re
placed tin cans as the 
principal precipitant at 
the Bisbee, leachijig plant 

reacted suggested a> countei'-cuiTent method of opera
tion. In order to utilize substantially all of the metallic 
iron content df sponge iron, it must be reacted with 
strong headwater. In, order for a pregnant solution to 
be stripped of substantially all of its copper, it must 
be reacted with fresh sponge iron. 

During the-test period, two V-troughs were operated 
in series. Strong.-water was pumped through the first 
V-ti'ough which" cpritained. partially reacted sponge 
iron; tailwater from the. first V-trbugh was pumped 
through' a second V-trougb which contained fresh 
sponge-iron, A typical shift's result from this counter-
current operation is tabiilated below: 

Lb per. 1000 Gal 

JHead water 
V-trough no. 1 

Tailwater 
•V-trough no; 1 

Tailwater 
V-trough no. 2 

Cu Fe^ FBS Fe '̂'̂ > pH 

U.9 62,4 22.8 85.2 1.9 

,2.7 109.6 0.8 110.4 -2.7 

0.2 124.0 Na 124.0 3.7 

A single operator can 
completely control the V-
trough operation. By set
ting selector switches, 
strong or weak water can 
be directed through any 
one of three precipitators 

^ i ^ ^ \ ^ i ' %^ 
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,4) During the test 'period, one batch of sponge'iron 
was aUpwed tO; react uritil no evolution of hydrogen 

. coiild be observSjd. This residue, which was entirely 
non-magnetic, was allowed: to^ completely air-dry^ T h e 
dry residue weighed only 18,5 lb per cu ft compareA 
with 137'lb per ' cu ft for the original sponge iron. 

J i n Con Beds Fil ter Fines 

During the period of testing a careful compafisdn 
was made of the relative efficiencies of the tin can 
precipitation plant and the sponge iron yj-trough in. 
te rms of. iron consumption. Although, a direct com^ 
parison could not be m^de because of plant, arrange. ' 
ment , i t v^as concluded that the efficiencies were, the 
same, 

A substantial percentage of the copper produced in 
the V- t rough is in very small particles, being a t ox-
near'colloidal size, and settling is something of a p rob 
lem. MocCulating agents do not seem to' be particularly 
effective in speeding up the settling ratesi bu t fortu
nately a; bed of tin cans 'makes an. effective filter for 

.-the fine copper. Current practice i s to operate the 
• V- t rough plant so that the ferric iron i s completely 

reduced and - the tailwater coii tains between one. and 
two lb of copper pe r 1000 gal. This tailwater is passed 
over t in can beds,of the original precipitation plant 

Gao meet your 
requirements 
. For all elevating ancl 

conveying equipment 

We specialize'in material mov
ing equipment. High qijality 
•steel elevator buckets-, wing' 
type self cleaning pulleys, wilSi 
taper lock hubs and bushing — 
or solid hubs bored to your 
specifications, and bin gates 
in either single or duplex style. 
All Standard products are man
ufactured by skilled workmen 
in our imodern plant. 
We also fabricate: weldments 
aiid other sheet, plate and light 
metal assemblies. 

.for complete line details write for catalog 

where the fine capper is effectively filtered out. While| 
i t would appear that such a- method should result jn | 

. exc^sive.KO'^ ^ ' 'nsumption, this-is ..not the case. Suc-i 
cessive tin can cells becoine blinded •vvith copper j whichi 
prevents appreciable• iron consumption unti l the bed | 
is washed. 

SM.23 

Plon* i i o s Two W o t e r S y s t e m s 

Ih 1965 the Bisbee precipitation plant was modified t o 
use sponge iron as the principal precipitant and is! 
Currently using in-excess of ,40 tpd. The modified-plant 
has a strong water and a weak water system. There; 
are three V-troughs available and any one may b e | 
used for weak or strong water. Headwater enters the 
strong water- sump, which has three 30-hp, abrasion-
resistant and acidproof, rubber-lii ied sump piunps 
The pumps are electrode controlled. In addition, a, 
pneumatic device keeps the sump level constant by. 
throttling- a- valve that controls the flow of liquor; 
into the bottom of whicheyer V-t rough has been! 
selected. Overflow -from this V- t rough goes to a large 
Settling .sump whose overflow goes to a weak waterj 
sump. i 

A set of pumps and -controls identical to those of • 
the srtroiig water system sends the partially stripped 
weak water tb a- second V-trough charged wi th fresh i 
sponge iron. Effluent from the second V-trough goesi 
to a settling sump whose overflow goes to the t in .can: 
beds of the original precipitation plant where thej 
final pound or so of'copper in solution is precipitated^ 
and any unsettled particulate copper is filtered out. 
Sponge iron is fed into the cells directly from storage'' 
bins by means of vibrating feeders having a feed; 
range of up to seven tph. 

Cells C l e a n e d Eve ry 2 4 Hr 

Present practice is to dump the residue ' f rom each 
V-trough pnce each 24 hours. To do this, the sponge 
iron/feed is cut off from, one cell a t a t ime and the cell 
is operated for two hours without the addition of more 
feed. At the end of two hours the metallic i ron content 
bf the residue has been reduced to between one and 
two percent; copper content .is usuaUy about 20 pe r 
cent. By throwing a switch in the control room the 
op'erator opens a rubber-l ined, pneumatically-operated 
Hump valve and the entire load of rejsidue is fiushed 
into a decarif'cell. !Here the water is drained off and 
the.mixed Cement copper and residue are transferred 
onto a drying pad with a clamshell. 

A single operator can completely control the V -
trough operation from the cohtrol room. By setting s e 
lector switches, strong or weak water can b e directed 
through any of the three V-troughs. Residue can be 
flushed from any desired- trough by throwing a switch. 
The only operation still requiring manual labor is 
washing the settled copper from the Settling cells 
into the decant cells. This is done once a week and 
is a much easier task than washing a large number 
of'can cells. The use of sponge iron in the Bisbee p r e 
cipitation plant has resulted in a substantial reduction 
in labor requireimehts. 
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by F.Q. BARNES 
Geologist, Vice President, David S. Robertson & Associates Ltd. ^ESEARCS^ BStaSTITUTE 

The following remarks describe the size, grade and form ofthe various uranium reserves in the non-communist.jil.. |p„ ppf 
producible at costs up to $25 per pound. The data has been compiled from a large number of sources and is compl^ "̂ the ne 
varying degrees. In general, the data for the United States, Canada, South Africa and Australia is considered r n o n ^ ;.| ^^ .̂̂ ^ 
plete than that for other parts of the world. "• ' 

inillion tons, and average thickness is about 10 ft 
variations from 2 ft to as much as 50. ^^ 

The deposits are flat to low dipping and are being"^ 
in open pits and underground tp about 2500 ft. Sorn^ 
are free digging and others are blasted, but all r ^ ' ^''""^J 
transport from the face. Deposits near Mount Tafi ^'"'"^"''' 
N.M., are at depths in excess of 4000 ft with rock temi 
tures in excess of lOOT. These deposits have not ye| 
exploited. Grades vary frorn 2 to 10 lb UaOg per to 

Reference to reserves applies only to those tonnages which are reasonably assured and which are estimatedliK 
sarrie manner as tonnages of other commodities. Large tonnages of uranium, yet undiscovered or inferred by liig 
factual data, are labeled as resources, estimated in a manner too loose to be acceptable by industry as reserves o n ^ 
productive facilities can be planned for the future. In ref
erence to oflRcial figures in the United States, we consider 
only some classes of reserves and, of course, no class of 
resources as fitting industries definition of reserves. • 

U.S. reserves are low cost. In Canada however, and 
particularly at Elliot Lake, Ont., there are large tonnages 
of lov/ grade materials in the drill indicated category, pro-
ducible-from existing openings at costs up to S25 a pound 
whichcould be relied upon as mill feed when prices reach 
higher levels. 

- Uranium deposits around the world, regardless of their 
individual characteristics, can be classified into a few 
main types on the basis of origin, form or environment of 
occurrence. Geologists commonly refer to the four main 
world reserve types as the pyritic, quartz-pebble con
glomerate, the porous sandstone and conglomerate, the 
vein and-replacement, and the-granitic and syenitic rock 
uranium deposits. The four types may be described in 
terms considered important to the producer as follows: 

Pyritic, quartz-pebble conglomerate deposits. These are 
essentially of syngenetic origin, consequently the values 
relate to observable sedimentary rock uriits which form 
large blanket-like deposits in one or more stacked layers, 
aggregating as much as a hundred million tons. Individual 
stope grades of some deposits vary from 1 to 4 Ib UsOg 
per ton, averaging about 2 lb, whereas others are half a 
pound more or less where uranium is recovered as a by
product. The deposits are usually flat to moderately dip
ping, and stope muck is rarely free flowing. The stopes 
vary in height from 6 to 20 ft or more and average 10 ft. 
These deposits are mined underground from 100 to pver 
6000 ft in depth and all current workings are at 2000 ft or 
more. The ores are hard and impervious and require fine 
grinding, but mill recoveries of 95 percent are realized 
with low acid consumption. 

Porous sandstone and conglomerate deposits. The de
posits in porous sands and conglomerates are found main
ly in the western United States but are also found in Aus
tralia and parts of Africa, eastern Europe and Russia. 
The mineralization is largely epigenetic, introduced by 
ground waters whose presence is a continuing mining haz
ard. The deposits are commonly pod-shaped, some are in 
blankets and others are stacked along fault zones. Indi
vidual tonnages vary from a few thousand to more than a 
2 8 • . • • • • • 
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commonly average 4 to 6 lb. The uranium is g e ^ f̂  ^ .̂ y, 
readily soluble, with 95 percent recovery. Milling prea ' '^=^ ^° 
few problems except for high acid consumption wlM .̂̂ ^ ^ ' '^ 
individual deposits may be due to carbonate conterit^' v ' •.7'̂ '̂ 

" . . . • " & iJmill rei 
Vein and replacement type deposits: Replacement " . 
deposits are represented by large vertical or steegg _.^' "̂  
dined, plum-shaped or sheet-shaped bodies siiniw X \i^^r 
those recently discovered in Australia. Vein-like.-^ ? , ^. 
rences are found at Beaverlodge in northern SaskSi '^'/". 
wan and at the Swartzwalder mine in Colorado. T l ^ ""^ 
esis of these deposits is similar to those in porous|» ,.•, , °<̂  
stones but m a uilierent environment ot emplacernec ^ n . , 

Vein and replacement deposits are generally high^ tGullrr^ 
and are commonly at or near surface'. Grades in i t ^ 
ual deposits vary upward.from 3 lb UgOg per t o a ^ 
percent, and overall size from.a few to more than-lffi nn'^'lh^' 

• toris PfUgOg per deposit; By-product copper, gofdj: j' - j . - ^ ^ , 
other metals will be available from a few of th^c .„, ' ' ' 
u J- m -overed j 
bodies. . " ^ .^ 

A large portion of world reserves of this t y p e ^ |j • . ? 
mined in open pits and they can be considered as c ^ ,̂ , 
ing the lowest cost and most readily available poj| y ^ ' ° 
There are milling problems associated with some df Jndicat"̂ ^ 
its be<:ause of certaih ore aind gangiie rfiinerals. W isnerts I 
particularly true of deposits with significant second:^ lo^̂ ^ 
richment. In a few cases, it may be more econ'omira.- ere^mY 
to a carbonate leach process in spite of higher capiM; licates t^ 
operating costs. ^ , S ^overy r 

Granitic and syenitic uranium deposits. Granitic an»- -j ^ 
nitic rock deposits, in spite of their low grade, p r ^ ^̂ ĝ j .Q ̂  
have considerable future importance because o*^ ' 

porous s 
posits ar 

large potential reserves. Uraninite-bearing graniti^f 
matities at Bancroft, Ont., the supergenely enrichedi|i 
ite ofthe Rossing deposit in South West Africa and 
Ilimaussaq syenite of south Greenland are exampS 
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PRODUCTIVE CAPABILITY 

^rd less of their size, ore reserves vary in their pro-
jjjve suitability one from another. Depending on size, 
^^-depth and grade of the deposits, some orebodies 
-Reextracted economically in months whereas others 

"^ Inquire decades. In the case of vein-type deposits 
gjng 5000 tons of UjOg at surface and grading 10 to 20 
j^nt UaOe, extraction and gravity concentration could 
^dertaken quickly at low-cost. In the case of blanket 
^ quartz-pebble conglomerate deposits however, 
*^capital costs are high, thickness and grade relative-
xs«,.and back support and ventilation are continuing 

connmunist wcr ̂ problems, the irnrnense reserves will still be mined 
ind IS complei: ĵj,g ĵg t̂ century. Therefore the size of a reserve has 
idered more cc ĵ '̂ r no meaning in respect to demand. Rather, demand 

j^termine the required finding rate in respect to each 
• estimated in; Jgf deposit sought, 
iferred by limr|*̂ **" 
eserves on wh 

more than 50. 
copper, gold 
few of tbe 

this type wil' 
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RESERVES 

ibulk.of U.S. reserves are fpund in porous continen-
;^dstones of post Permian age. They occur pre-
OTantly in the West, on the Colorado Plateau and in 

^bout-10 ft 

d are beingr 
500 ft. Some ci4i»^ 
1, but all req-: ^ -
r Moun a\ Myt̂ ming Basins, with smaller deposits in the Gulf 
ivith rock tem.n # ? . - ^ , o „ ^ . • -r. .".•._ j . ^ ^ - . 
have not yei o: 
UaOg 
mum IS generj^- j^ 350,000 tons of ore a year. Total U.S. re 

Milling prcNrKS-- ' . . •' 

"'^^ ^ ' il^iExtractiorijates underground of about 80 percent 
^̂  ̂  • fBulI.recpyenes,of 95 percent vyilj.reduce this amount 

&|l shows the breakdown of the reserve by existing. 

^ plains near San Antonio, Tx. Minbr deposits are 
^und in Washington state. The deposits are mined 

* • ^ Underground and in open pit. Underground mines 

.epiacernen Jt^t^ed and potential future mills along with their pro-
cal or steepi. ge.capacities through the year 2000. 
bodies simna. ^ ^ Colorado.Plateau^thebulk of uranium deposits 
i,^'"'c \ ,; i^^nd in a curving belt from west of Albuquerque 
1 "vi Th piLaguna,"Grants, Gallup and Shiprock in New 

jlo.rado. i ne.. ^ ^̂  j ^ ^ ^ ^ ^̂  ̂ ^^^ ^^^^ ^^ j ^ j ^ Wyoming, the de-
m Porous^^^ ^e . found mainly inthe Gas Hills and iri the'Shirley 
emp ^^f"^^J; powder river basins we.st and northeast of Casper.' Iri 

^ ^ ^ ^ . • f[ Iffilf Coastal Plains, the uranium deposits are likewise 
jrades^m inoî  ^ ^ ^ sands located soijtheast of San Antoni.o. Other 
mr.̂ '̂tK^n f̂l̂  ^ s are-found near Denver, in South Dakota adja-

l^plhe Powder river basirf, and near Spokane. 
^ddition to the outlined reserves', uranium could be 
^ired as a by-product from.the burning of lignites, 
^Kipper solutions, and from phosphate rock in phos-
tolacid production. The'amounts involved are small, 

^ e r , on a yearly basis. 
^?uranium demand relative to productive capabi.li-

Th' ^^^^^ ^ ^ ^ ° ^ ^^" '" supply by 1978 (fig. 2). The 
minerals. ^ t s for additional discovery of reserves in the 
ant seconda. j ^ ^ i-equired to meet projected demand are bleak. 
f ^rnnnmi ' Quired discovery lead time of about 5 years clearly 

^ t e s that imports will benecessary. Required annual 
• • |S?.ri' '•̂ ^ ŝ ^re calculated at 60,6oO tons of UgOg in 

„ . ; ' J, ^creasing to 90,000 tons by 1985. Annual discovery 
Granitic an • ^^^y^ reached 60,000 tons in only one year and sur-
I grade, pio • ^4o^o00 tons in only 5 years since inception of ex-
because o •_ ^pn about 1948. No new major uranium district has 
nng gram"^^ f̂̂ 'und jnthe U.S. since 1957^ although annual explo-
^lyennchea^r p.arilling has not dropped below 10 million,ft since . 
st Atnca a ^#learly, the projected demand cannot be met in the 
are examp ^from high grade uranium sources, and uranium re-
Mining Congrt*)' ̂ ;̂ ĵ7j -.. . 
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Fig. 1. Uranium deposils of the United Slates •' 

sources of the required rnagnitude grade ]ess than a 
pound UjOg per. ton. . . :. 

Canada , . 

Of Canada's 440,000 tons of UsOg reserve, a full 85 per
cent is found in pyritic quartz-pebble conglomerates iri 
the area of Elliot Lake, Ont. The replacement and vein-
type deposits are located principally in northera Sas
katchewan along the edges of the Athabasca sandstone 
basin, and account for .most of the remaining resierves 
(fig. 3). Another smaller vein-type reserve is foimd in the 
Brinex deposits in Newfoundland. A few thousand tons 

1983 

YEAR OF DELIVERY 

Fig. 2. U. S. uranium demand vs production capability 
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Further discoveries ar^ 
to meet later needs and to continue as a n^ 

Fig. 3. Uranium deposits of Canada 

are found iii radioactive pegmatites in the Bancroft area 
between Toronto and Ottawai. They will require consid
erable, underground development and grade control and 

• mill feed will average no more than 2 lb UaQg per ton. 
Canadian reserves and productive capabilities to the. 

year 2000 are listed in table 2, which shows the lower an
nual but sustained period of Canadian productive capa
bility compared to the U.S. Canadian productive capabili
ty will reach an annual output of only three quarters of 

. that in the U.S. in spite of the larger reserve. This is at
tributable to the nature of occurrence and grade of the 
ores in the Elliot Lake area. 

Utilities in Canada are in a more favorable situation 
than those elsewhere insofar as Canadian reserves are 
about 50 percent greater while accummulative demand 
through the year 2000 is less than 10 percent of that in the 
U.S. Even so, Canada has recognized the inadequacy of 
its future productive capability in terms of demand and 
committed export sales. Consequently, it is now federal 
policy that Canadian producers set aside ore for a 30-year 
forward reserve for those reactors now operating and 

building. If the U.S. implemented such a policy, it v ^ .•-'̂  f 
require about 775,000 tons of U^Og in reserves foS'ii 
114,000 mw already built or under construction. ^ 

In spite of Canada's large uranium reserves, avaiiat !>» 
production will be inadequate for Canada's need^j 
1987, as indicated in fig. 4. 
quired 
world supplier ofui-anium. 

Further discoveries can be expected in the areas o ^ 
rent reserves; however, these will not come easily n^ 
the rate previously experienced. Other obvious bu^ 
productive target areas have been searched a fiumber 
times over the past 25 years without success. In reco| 
tion of the need for additional reserves, the Federal^ 
vincial Uranium Reconnaissance Program has beeipt 
tiated and will involve high sensitivity airborne g a ^ 
ray spectrometry at 5 km spacings and geochemic^ 
veys in mountainous and overburden areas. E x e ^ 
ofthe program will require 10 years arid will outline^S 
tional areas of uranium concentration which charaf 
istically host the known reserves. Similar Erda.J 
sored projects are underway in the United States.! 
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South Africa and South West Africa 

South Africa and South West Africa's reserves a r ^ 
servatively estimated at 300,000 tons of UaOg (see %c 
These reserves are largely by-product from gold tiiffi , 
in the Rand and, consequently, the productive capafe 
is pre-determiried regardless of the reserves. M 

The Rand deposits are in pyritic quartz-pebble|c 
glomerates and have an average grade of less than^ 
U ^ g per ton. The- annual production from the mfc y.-i.Cancidia 
could be an estimated.5000 to 6000 tons UaOg.. Imm . , . . 
quantities of riiill tailings average about 0.1 lb UsOf* '^°"''''^'^ 
ton,-although some-slime areas of the ponds have ' 
values. The slimes could be a source at elevated 
but their productive capability is low because gradĵ s 
about 0.3 lb UaOĝ  per ton. . . . 
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Velocity and Attenuation in Partially Molten Rocks 

GERALD M. MAVKO 

U.S. Geological Survey, Menlo Park, California 94025 

Interpretation of seismic velocity and attenuation in partially molten rocks has been limited, with few 
exceptions, to models that assume the melt to be distributed either as spheres or as thin films. However, 
olher melt phase geometries, such as interconnected tubes along grain edges, might equally well account 
for seismic observations if there is a much larger fraction of melt. Seismic velocity and attenuation are 
estimated in rocks in which the melt phase has the tube geometry, and the results are compared with re
sults expected for the raore familiar film model under similar conditions. For a given melt fraction, lubes 
are found to give moduli intermediate between moduli for rigid spherical inclusions and compliant films. 
For example, in polycrystalline olivine at 20 kbar the model predicts a decrease in K, of 10% and a de
crease in Vp of 5% at 0.05 melt fraction, without considering inelastic relaxation. Shear attenuation ap
pears to be dominated by viscous flow of melt between the tubes and/or films. For olivine the tube model 
predicts the increment of relaxation due to melt, Ajj/fi, to be 0.01 at 0.05 melt fraction. Relaxation of the 
bulk modulus is dominated by flow between melt pockets of difi'erent shape, heat flow, and solid-melt 
phase change. If melt is present, considerable bulk attenuation is expected, although the relaxation may 
be observable only at long periods, outside the seismic body wave band. 
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INTRODUCTION 

It has t)een recognized for some time that partially molten 
rocks can have significantly different acoustic and electrical 
properties than the same rocks just below the solidus. In
clusions of the liquid melt phase are more compliant in both 
compression and shear than the solid matrix material. Hence 
they mechanically soften the rock and decrease wave velocity 
[Eshelby, 1957; Shimozuru, 1963; Walsh, 1965; Wu, 1966; 
O'Connell and Budiansky, 1974; Birch. 1969; Stocker and Gor
don, 1975; Watt et a i , 1976]. The time dependence of proc
esses excited by passing waves, such as viscous flow of melt, 
heat flow, and phase changes, results in dispersion and wave 
attenuation [Walsh, 1969; Vaisnys, 1968; O'Connell and Bu
diansky, 1977; Kjartansson and Nur, 1980]. In addition, the 
network of melt phase provides paths of high electrical con
ductivity [Presnall el a i , 1972; Waff, 1974; Shankland and 
Waff, 1974, 1977; Shankland, 1975). The strong dependence of 
seismic and electrical properties on the presence of melt sug
gests that these may be diagnostic of material properties at 
depth. 

Quantitative interpretation of seismic wave velocity and at
tenuation in partially melted rocks has been limited, for the 
most part, to models that assume the melt to l>e distributed ei
ther as spheres or as thin films [Goetze, 1977; Mavko et a l , 
1979]. For example, Walsh [1969] modeled the melt phase as a 
dilute distribution of isolated penny-shaped ellipsoidal films. 
Under the stress of a passing wave the rock relaxes through 
simple shear deformation across the fibn faces. Walsh pre
dicted that the rock behavior with inclusions ofa single aspect 
ratio a is that of a standard linear solid [Fung, 1965; Zener, 
1948] with modulus defect ^ M / M given by 

I ^ I M = yS/2a 

and frequency of peak attenuation given by 

/o = a^/20T) 

(lfl) 

(16) 

where /8 is the melt concentration by volume, /i is the shear 
modulus of the matrix, and TJ is the melt viscosity. Comparing 
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Walsh's theoretical results with seismic velocity and attenua
tion data, Solomon [1972] inferred a value of 10* P, and Nur 
[1971] a range of 10*-10'^ P for the viscosity of melt in the 
tow-velocity zone under North America. Similarly, Spetzler 
and Anderson [1968] and Anderson and Spetzler [1970] inter
preted velocity changes in partially frozen brine in terms of 
the Walsh model. 

Simple shear relaxation of spherical inclusions has been 
modeled by MacKenzie [1950], Oldroyd [1956], and Sato 
[1952] and applied to interpretation of molten materials by 
Birch [1969] and Stocker and Gordon [1975]. Birch concluded 
that P and 5 wave velocity in the low-velocity zone can be ex
plained by assuming about 6-10% melt in the form of spheres. 

While the Walsh type simple shear relaxation can at least 
qualitatively explain the observed drop in velocity when melt 
appears, Goetze [1977] and O'Connell and Budiansky [1977] 
argue that the relaxation is too fast to explain the observed at
tenuation at seismic frequencies. The melt viscosity must be 
tmreasonably high or the aspect ratio too small for the fre
quency, given by (IZ>), to lie within the seismic range. The fre
quency of peak attenuation for spheres, also given by (lb) 
with a = 1, lies many orders of magnitude above the seismic 
range. Hence simple shear relaxation in any geometry may 
not be important except at laboratory frequencies. 

A second postulated mode of viscous fluid relaxation, in
volving films, occurs when melt flows between films at differ
ent orientations or different aspect ratios. This 'melt squirt' 
was discussed by Mavko and Nur [1975] as a mechanism of 
upper mantle relaxation and much earlier by Biot [1962] as a 
mechanism of wave attenuation and dispersion. O'Connell 
and Budiansky [1977] have quantitatively analyzed the squirt 
mechanism in considerable detail for the film geometry and 
argue that it is a more relevant model for wave attenuation 
because of its longer relaxation time. 

For a given volume fraction of melt the thin fibn geometry 
is the most efficient softener, causing the greatest decrease in 
velocity and, depending on frequency, the greatest increase in 
attenuation. As a result the velocity and attenuation in much 
of the low-velocity zone, for example, can be explained with 
less than about 1% melt [Anderson and Spetzler, 1970; 
O'Connell and Budiansky, 1911]. 
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Thermodynamic considerations [Bulau and Waff, 1977; 
Bulau et al., 1979] and experimental results [Waff and Bulau, 
1977, 1979] suggest that tubes, rather than films, may be the 
expected equilibrium melt geometry under some conditions. 
Frank [1968] postulated the tube geometry to model melt per
colation and to explain certain aspects of beat and mass trans
port in a convecting upper mantle. Walker et al. [1978] refined 
Frank's tube model to calculate melt mobility and melt-solid 
segregation. The effect of solid tubular inclusions (with circu
lar cross section) on the effective elastic properties of a com
posite has been treated by Wu [1966], Boucher [1974], and 
Walpole [1969]. 

In the tube model suggested by Smith [1964], shown sche
matically in Figure 1, each tube is roughly triangular in cross 
section with sharp edges. In the film geometry the flat grain 
faces are coated. Details of tbe shape (e.g., tube versus film) 
depend on the relative solid-soUd and soUd-melt surface 
energies, as well as whether or not the system is in equilib
rium. The factors affecting shape are discussed by Smith 
[1964], Stocker and Gordon [1975], and Bulau et al. [1974]. 

Nonuniqueness in interpretation of seismic velocity and at
tenuation has been recognized before [Stocker and Gordon, 
1975; Goetze, 1977]. Even within the film model the results de
pend on the aspect ratio of the film. However, analyses for ge
ometries other than films and sphere have been lacking. In 
this paper 1 present new model results for the effects of melt 
on seismic velocity and attenuation. First, theoretical ex
pressions for effective elastic moduli are derived for the case 
of melt in the tube geometry. Next, the effects of the melt 
phase on attenuadon and dispersion are explored by com
paring the high-frequency (unrelaxed) and the low-frequency 
(relaxed) states. The model results are plotted and compared 
with results for the film and sphere models in order to show 

the effect of melt phase geometry on seismological inter
pretations. Finally, theoretical results are compared with pub
hshed laboratory and field observations of velocity and atten
uation. 

CALCULATION OF ELASTIC MODULI 

We approximate the rock in Figure la as an isotropic elastic 
soUd containing a distribution of randomly oriented tubes of 
the type shown schematically in Figure lb. For mathematical 
convenience we assume that each tube segment is long and 
narrow enough that its deformation is adequately modeled 
with a two-dimensional cavity. The modeled cross-sectional 
shape of each tube is given in the x-y plane by the parametric 
equations 

X = ^ ( c o s e -\- COS 26) 
2 + e 

y = /{(-sin e -¥• sin 2ff) 

(2) 

where R and e are constants and the parameter $ varies from 0 
to ITT to trace out the entire contour. These shapes are chosen 
because they somewhat resemble the three-sided cross section 
in Figure la and because they are convenient td treat mathe
matically. The approach is to use the complex variable 
method o{ Muskhelishvili [1953] and to conformaUy map the 
shape (2) into a unit circle. The shape (2) is shown in Figure 
lb for three values of e. In the limh e = 0 the shape has three 
cusps and the largest surface to volume ratio. This is the shape 
used to represent the melt tubes in Figure la and to calculate 
results in later sections, though given the degree of approxi
mation of the model, the value of e is somewhat arbitrary. In 
the limit e —» oo the shape is a circle. By carrying e through the 
calculations we can see the sensitivity of the results on pore 
shape. In addition, various results can be checked by sub
stituting e —» oo and comparing with published results for 
tubes with circular cross section. 

In this section we calculate the effective bulk and shear 
moduli of the partially melted rock in two stages. We first find 
the effective moduli of a dry porous rock with empty tubes, 
using the Betti-Rayleigh reciprocity theorem [Walsh, 1965; 
Jaeger and Cook, 1969]. The results are then easily extended 
to the case with melt-filled tubes. 

Bulk Modulus 

To apply the reciprocity theorem to find the bulk modulus, 
consider the two sets of tractions shown in Figure 2. The rock 
with volume V has a distribution of N pores or cavities of the 
type shown in the figure. The system on the lefl is loaded by 
an externally applied hydrostatic stress SP, resulting in the 
pore wall displacements fiU. Because we start by treating 
empty cavities, the pore faces are stress free. The system on 
the right has the same uniform stress SP, applied to both the 
external surface and the pore surfaces. In this case the system 
behaves like a sohd block without pores. Applying the reci
procity theorem, we can write 

e = 0 
JJ p ftp 

S P ^ y = S P ^ V - S P 
K K J 

l - l i l l 

SU„dA (3) 

Fig, 1, (a) Schematic representation of melt tubes along grain 
edges (after Smith, 1964], (6) Cross sections of model meh tubes for e = 
0, I, oo. 

where /fis the intrinsic bulk modulus ofthe rock material and 
KJ is the effective bulk modulus of the dry porous rock. The 
integral is taken over the entire pore surface of the rth pore, 
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1. iP 

\-> 

"vf V 
Fig. 2. Applying the reciprocity theorem to a rock under two sets 

of applied stress to calculate bulk modulus. On the left the pore sur
faces are traction free. On the right the stress SP is applied also to the 
pore, making the rock deform as though nonporous. 

and SU„ is the component of displacement normal to the pore 
wall (defined as positive for pore expansion). Rearranging the 
equation, we obtain 

_1_ 
K j " 

l_ 
K ' 

I 
SP- V / - I / / 

SU„dA (4) 

which gives the effective compressibility (equal to the inverse 
of the effective bulk modulus) in terras of the pore wall defor
mation. In the limit SP—*0 the last term in (4) is simply the 
pressure derivative of porosity. 

The pore wall displacement SU„ resulting from the re
motely applied stress SP is derived in the appendix. Sub
stituting (A27), (A28), and (A30) into (4) yields 

_1_ 
KJ 

I 
' K ^ 

N 

II 
1=1 

7rRi% f 2(1 - »/)[(2 -t- ey -H 2] 

liV I (2 + €)̂  

( 1 - 2 . ) ^ [(2 + 6 ) ' - 2 ] 1 
2(1 -i-v) (2-1- e)^ J 

(5) 

where n and v are the intrinsic shear modulus and Poisson's 
ratio of the sohd elastic material. Here d, is the tube length in 
the third dimension. Average pore dimensions R and d can be 
defined by 

NR^d= £ R,^d, (6) 

The total volume of Â  identical pores having dimensions R 
and d defined in this way equals the total volume of the origi
nal pores having the variable dimensions R, and d, if all pores 
have the same shape parameter e. Hence we can write 

_1_ 
KJ 

l_ NitR'd f 2(1 - »)[(2 -t- i f -t- 2] 

v̂ y (2 + cf 

{ l - 2 v f [{2 + ef-
2(1 -I- y) (2 + €)• 

il} (7) 

As a test we can examine the limiting case e —> oo which 
corresponds to tubes of circular cross section. In this case the 
pore volume is NtrR^d, and the expression (7) becomes exactly 
the same as that given by Wu [1966] for the limiting case of a 
low concentration of needle-shaped cavities (Wu's result with 
the moduh ofthe inclusions set equal to zero). The bulk mod-
idus for e = 0 and e —» oo is shown in Table 1. Note that the 
softening effect for tubes with e = 0 is about twice that for 
tubes with « —> oo. 

The bulk modulus given by (5) and (7) assumes small 
enough pore volume that pore interaction can be neglected in 
the calculation of SU„. ResuUs for larger pore volume are esti
mated by using the self-consistent approximation [O'Connell 
and Budiansky, 1974] which we treat in a later section. 

For the same rock wilh cavities filled with a liquid melt the 
static or low-frequency bulk modulus K„' can be obtained by 
using Gassmann's [1951] relation 

where 

K„ 

F = 

KJ + F 
K-i-F 

K ,{K-KJ) 
K K - K , ) 

(8a) 

(86) 

Here KJ, and K, and K̂  are the bulk moduh ofthe dry porous 

TABLE I, SimpliAed Forms of Bulk and Shear Modulus for Tubes 

€ = 0 

Bulk modulus, dry 

Static bulk modulus, 
saturated 

Static or dry shear 
modulus 

Unrelaxed saturated 
shear modulus 

KJ K K 
1 3 - 4 ; ' -

3(1 - 2. 
8P^ 1 

') ^ 

J . ' , . f KK, 

m - 2 u ) P K V y ' 
2(1 + v)NtTR^d [(13 - 4 v - 8r^)/4 (I-^ v)] } 

M' M Ml 

1 1 P 
HJ ll' I 5M 

" 4 0 - 2 6 ; ' ' 
15 

r 5 - 4 ; ' 
[n/K!{S-Av)]+l ' 

KJ K K 
5 - 4 P 

3(1 - 2v) 

K J K ^ [ K - K , 

3(1 - 2 P W K V 

2(1-h v)N7rR^d[{5 - 4v)/3{l 

H H fl 
' 40 - 24«' ] 

15 

I 1 p 
l l j (I' 1->M 

1 

L WK,) + 1 

r' 
- 2 v ) ] ] 
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rock, of the intrinsic rock material, and of the fluid, respec
tively, and p is the volume fraction of melt. Substituting for 
KJ from (5), we obtain 

^ = ^ + I { - j ^ + 3(1 - 2v)p K 2(1 -H .)^S/?M 

f2(l-y)[(2-f6)^ + 2] , ( l - 2 p f [(2-H6) 

(2 -1- €)= 
-f-

2(1 -t- v) (2 mjy (9) 

This result assumes that the pore pressure is uniform every-
vvhere throughout the rock. Cases where this condition does 
not hold are discussed in the later section on attenuation. The 
modulus K J is shown in Table 1 for e = 0 and e - • oo. 

Shear Modulus 

To estimate the effective shear modulus, we consider the 
same rock model used for the bulk modulus and once again 
solve the problem in two steps. First, the reciprocity theorem 
is used to compute the shear modulus for the corresponding 
dry rock. Then the effect of hquid melt is included. To apply 
the reciprocity theorem, consider the two sets of tractipns 
shown in Figure 3a. The rock has volume V and a distribution 
of N randomly oriented pores of the tyj>e shown in the figure. 
The system on the left is loaded by the externally applied 
principal stresses a „ = —SP, â y = SP, and a,.. = 0, resulting in 
the pore wall displacements 5U. The pore faces are stress free. 
The system on the right has the same extenial load plus the 
tractions 

T = SP 

\ 

-1 

0 

0 

0 

1 

0 

0 

0 

0 

(10) 

applied to the internal pore surfaces, where n is the unit nor
mal to the cavity surface (pointing into the cavity) at each 
point. In this case the system behaves like a solid block with
out pores. Applying the reciprocity theorem, we can write 

l ^ I 1_ 
fl' ~ M •*" (SP) - v ^ l 

' ' f l t i 

SM.IdA (11) 

where the integral is taken over the entire surface of the /th 
pore. 

The orientation of the fth pore relative to the apphed prin
cipal stresses is specified by the spherical coordinates A and ^ 
of the pore axis as shown in Figure 3b. To solve for the pore 
deformation, it is convenient to express the applied stresses in 
terms of a rotated coordinate system x'-y-z' such that the z' 
axis coincides with the pore axis. The primed system is ob
tained by a rotation through an angle | about the z axis fol
lowed by a rotation through an angle A about the / axis. The 
remotely applied stress components relative to this system are 

^ ^ y X I 

IP iP 

Fig. 3. (a) Applying the reciprocity theorem to calculate shear 
modulus. On the left the pore surfaces are traction free. On the right 
the tractions T are applied to the cavity, making the rock deform as 
though nonporous. (b) Orientation of the /th pore in terms of spheri
cal coordinates. 

that appears in (II), 

/ 
W= T.SVdA (14) 

which represents the additional strain energy due to in
troducing each pore, is invariant under rotations about the z' 
axis. This follows from the symmetry of the pore. We can 
therefore freely rotate the coordinates to facilitate evaluating 
the pore strain energy (14). 

The displacement field is found in the appendix. Sub-
sUtuttDg (A38)-(A40), (A45), and (A49) into (14) yields 

/ 
T.SVdA = ^ ^ ^ ^ { 2 7 ^ + 00' 

2(1 - ;')[(2 -1- 6)' + 2] 
(2 -1- ef 

2(1 + y)[2-h € ) ' - 2] 
(2 + cf 4S\l - v)\ (15) 

For large N the summation over all pores can be replaced 
with an integral over the range of orientations A aiid ^ [ Walsh, 
1966]. In each increment of solid angle, dSl = sin \ d\ d ,̂ the 
number of pores is N dSi/4v, assuming an isotropic distribu
tion of pore orientations. Integrating and substituting into (I I) 
give the effective dry rock shear modulus, vahd for small con
centrations of tubes: 

I ^ NirR^d 
7 ^V i l 15 

2(1 ;')[(2 -\- ef -t- 2] 
(2 + ef 

2(l+.)[(2-t-e)^-2]-
(2 + ef + 1(1-") (16) 

(aj) = SP 

cos^ A(sin^ I — cos^ 1) 2sin ^ cos | cos A sin A cos A(sin^ | — cos^ Q 

2sin I cos ? cos A cos^^-s in^ l 2sin | cos | sin A (12) 

sin A cos A(sin^ i - cos^ 1) 2sin f cos ^ sin A sin^ A(sin^ | - cos^ Q 

and the tractions T appearing in (11) can be written 

T = f '•> • n' (13^ Expressions for the cases e = 0 and e —» 00 are summarized in 
'̂  Table I. Again the softening effect of tubes with € = 0 is about 

where n' is the unit normal vector to the pore surface in the twice that for e —»• 00. Once again the limiting case e —» 00 
primed system. agrees with Wu's [1966] result for low concentrations of 

An important feature of the calculations is that the integral needle-shaped cavities. 

« 
i-
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For the same rock filled with a liquid melt the modulus is 
frequency dependent. At sufficiently low frequencies the in
crement of pore pressure induced by the applied stress is zero 
everywhere throughout the rock, and the saturated rock shear 
modulus is equal to the dry rock shear modulus given in (16). 
At very high frequencies the appUed stress changes faster than 
the fluid can flow to equalize the pore pressure. In this case 
the pores are effectively isolated from each other with respect 
to flow. The pore pressure is a function of pore orientation rel
ative to the apphed stresses and is generally not equal to zero. 
The nonzero fluid pressure resists distortion of the rock, and 
the effective shear modulus with isolated pores, denoted here 
as fiJ is larger than the low-frequency modulus in (16). We 
solve for fjj as follows. 

Consider again the tractions shown in Figure 3a, with the 
exception that pore pressure 6/*,, are now appUed to the rock 
on the left, resulting in shghtly different pore waU dis
placement 61). As before, the system on the right behaves as a 
soUd block. Applying the reciprocity theorem, we can write 

the cavity walls, except that the pore is now considered to Ue 
in a soUd elastic material having the yet-unsolved-for effective 
moduU. Hence the self-consistent dry rock moduU are found 
by replacing /x and v with the effective values ii' and v' on the 
right sides of (7) and (16) and solving these together with the 
usual relation for linear isotropic elastic materials: 

" d = 
3KJ - 2n' 

2(3KJ + ii') 
(20) 

M"' H ^ (SPfV ^1 
l - l J l 

S V . T d A -
l 

(SPfV ^ti 
t spJ 
l - l i l l 

SUJds 

(17) 

The very low frequency self-consistent bulk modulus for 
the melt-fiUed case is obtained from the self-consistent dry 
modulus by using Gassmann's relation. The low-frequency 
melt-fiUed shear modulus is the same as the dry rock modulus. 

FinaUy, the high-frequency self-consistent bulk and shear 
moduU for the melt-filled case are found as foUows. On the 
right side of (19) K, v, and ii (including values of/t impUcit in 
the term l/jii') are replaced by their effective values o i K J , vJ, 
and fi„'. On the right side of (7), p. and v are replaced by the 
effective /i„' and vj^, and the self-consistent form of (7) is then 
substituted into Gassmatm's relation. These two equations are 
then solved simultaneously with 

where the integral in each summation is over the entire sur
face of the Ith pore. The quantity 

-JKJ - 2n' 
2(3KJ + y.') 

(21) 

AK,= ^ SUJ ds (18) 

where SUJ is the normal component of pore wall dis
placement, gives the volume change of each pore in the rock 
on the right side of Figure 3a. Because the rock on the right 
deforms as a uniform soUd block, A V, is simply proportional 
to the hydrostatic component of the applied stress (which is 
zero). Hence A f, is identicaUy zero, and (17) reduces to a form 
similar to (I I). 

The pore wall displacement in this case is also evaluated in 
the appendix. Substituting (A67) and (A76) into (I I) and in
tegrating over aU pore orientations yield 

CALCULATION OF ATTENUATION 

A number of mechanisms have been proposed to account 
for wave attenuation in rocks at elevated temperatures [Jack
son and Anderson, 1970; Johnston et a l , 1979; Mavko et a l , 
1979]. In this paper we focus on losses associated with the Uq
uid melt phase. In particular, we consider stress-induced vis
cous fluid motion, heat flow, and phase changes. Other mech
anisms, including dislocation motion and atomic diffusion, 
dissipate wave energy iii the soUd phase at temperatures both 
above and below the solidus and must be superimposed. How
ever, the various sources of attenuation may not be simply ad
ditive [Stocker and Gordon, 1975; O'Connell and Budiansky, 

/x; M'"^ 15Mf' 

2(1 - v)[(2 + t f + 2] - (1 - 2;')[(2 + ef - 2] ] 
•2(1 - v)[(2 + ef + 2] -H /i[(2 -I- ef - 2][(l/K) - (l/K,) - [(I - 2;.)V2/i(l + v)\\\ 

•{ 
2(1 - v)[(2 -t- ef + 2] - (1 - 2;')[(2 + ef - 2]1 

(2 + ef J 
(19) 

where /t' is the low-frequency modulus given by (16). Sim-
pUfied forms for /i„' are given in Table I for e = 0 and e -^ oo. 
As a check, the case e —» oo agrees with W«'s [1966] result for 
low concentrations of saturated isolated needle-shaped cav
ities (computed by setting the inclusion shear modulus equal 
to zero in Wu's result). 

Self-Consistent Approximation 

As stated, the expressions (5), (7), and (9) for effective bulk 
modulus and expressions (16) and (19) for effective shear 
modulus were derived by assuming no pore interaction in the 
elastic calculation. The self-consistent scheme [Hill, 1965; Bu
diansky, 1965; Walpole, 1969; O'Connell and Budiansky, 1974) 
provides one way of approximating the interaction and ex
tending the results to sUghtly larger melt fractions. 

To find the self-consistent moduU, we use the same isolated 
pore solutions derived in the appendix for the displacement of 

1977]. For example, grain boundary relaxation may dissipate 
wave energy below the solidus. If, however, melt appears as 
films on grain boundaries, grain boundary relaxadon is re
placed by viscous shear, not added to it. For tubes the inter
action should be much smaUer, and we assume that the atten
uation calculated here represents the difference in attenuation 
just above and just below the soUdus. 

The attenuation is most easily estimated from the modulus 
defect [Fung, 1965; Kjartansson, 1979]. Consider, for example, 
a material whose relaxation can be approximated as a single 
decaying exponential, resembling a standard linear soUd [Ze
ner, 1948]. In this case the maximum attenuation is given in 
terms of the modulus defect as 

1 M „ - M « 
(22) 

^•"" 2 (MM^y"" 

and occurs at a frequency wg. Here A/„ the 'unrelaxed modu 
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lus,' is the modulus at frequencies much higher than tOo, and 
W„, the 'relaxed modulus,' is the modulus at frequencies 
much lower than UQ. The peak frequency ojo depends on the 
physical mechanism of relaxation and is almost always a 
strong function of grain and pore geometry. 

Rocks are, without exception, characterized by distributions 
of grain and pore dimensions and shapes. Furthermore, some 
relaxation mechanisms (e.g., some of those controUed by dif
fusion) cause attenuadon to be spread out over a much 
broader range of frequencies than is the attenuation ofa stan
dard linear solid [Kjartansson and Nur, 1980]. We would ex
pect, then, that a continuous distribution of simple relaxation 
peaks over a range of frequencies UQ would be required to de
scribe the attenuation. 

In the case where the distribution catises Q to be constant, 
or nearly constant, between frequencies c}, and uj the attenua
tion can be related to the moduU M, at u, and M2 at aj2 with 
the dispersion relation [Kjartansson, 1979] 

where 

(M2/M,) = (a>j/o;,)'^ 

1 . 1 
Y = - tan ' -

IT Q 

(23) 

For large Q, (23) can be approximated as 

^ 1 "• M , — M-i 

2 In (0)1/^2) M2 
(24) 

If we interpret A/, as being approximately equal to the unre
laxed modulus and M^ as the relaxed modulus, then (24) takes 
on roughly the same form as (22) except for the factor which 
depends on the spread of relaxation frequencies. This spread 
is the most poorly determined quantity in any relaxation 
model, but fortunately, the logarithmic dependence is weak. 
For example, when w, and coj are separated by 6 orders of 
magnitude, (24) becomes 

^ % M^ 
M^ 

(25) 

which differs by only a factor of 4 from the single relaxation 
peak result in (22). 

In the following discussion of attenuation we estimate sepa
rately the modulus defect and frequency dependence. We first 
identify the various relaxed and unrelaxed states of the par
tially melted rock and estimate the corresponding effective 
moduU, using the results of the previous sections. While we 
can estimate these moduli fairly accurately, a detailed calcu
lation of the frequency dependence depends on many more 
assumptions about the unknown distributions of pore sizes 
and shapes and about the manner in which pores inter
connect. Because of this uncertainty we estimate the' magni
tude of attenuation by using (23) and (24) and simply assum
ing that Q is approximately constant over a range of fre
quencies. In most of the figures we plot (M„ — MJ)/2M„, be
cause it is independent of assumptions about the frequency 
dependence and because it is an estimate of the upper bound 
on the attenuation resulting from the mechanisms considered. 

Bulk Attenuation 

Consider again the rock model represented in Figure \b. If 
uniform pressure is suddenly applied, an increase in pore 

1 

Kad 

ll„d = 

V„d 

1 

Kt 

IXr 

Vr 
I 

Ta' 

• P ' ^P 

+ ErTo^/9pc,' 
- E-rTo^/9pc, 

pressure is induced that is nearly uniform throughout the 
rock, except for localized gradients that tend lo force a small 
amount of melt out of the sharp tips of the triangular tubes. 

At the same time, increased adiabatic temperatures are in
duced, generaUy different in the soUd and melt phases because 
of-their different thermodynamic constants [Kjartansson and 
Nur, 1980]. Neglecting the minor fluid motion and consid
ering limes much shorter than the time for substantial heat 
flow between solid and Uquid, we take for the unrelaxed mod
ulus K„ the expression (9) with adiabatic values for K, Kf, and 
;' substituted on the right side. Tabulated values for the elastic 
moduli of individual phases are usuaUy appropriate for iso
thermal conditions, but we can solve for the adiabatic values 
by using the relations [Landau and Lifshitz, 1970] 

(26). 

where c,, is the specific heat, Tis the absolute temperature, a is 
the volume coefficient of thermal expansion, and subscripts ad 
and T refer to adiabatic and isothermal conditions, respec
tively. 

On a longer time scale, relaxation occurs as heat flows be
tween the soUd and Uquid. One possible intermediate relaxed 
state occurs when the local adiabatic temperature gradients 
are relaxed. A second relaxed state wiU occur when the in
duced solid-melt phase change is complete and the local tem
perature gradients resulting from the release or absorption of 
latent heat of fusion are relaxed. These effects are discussed in 
detail by Savage [1965], Vaisnys [1968], and Kjartansson and 
Nur [19&0]-

With phase changes, the net relaxed volume change result
ing from an applied compression (and therefore the effective 
bulk modulus) depends on the elastic compressibilities of the 
soUd and liquid and thermal expansions resulting from the 
temperature increase. The temperature increase associated 
with phase change depends on the Clausius-Clapyron equa
tion, which dictates the change in temperature that results 
from the change in pressure for a solid and melt in equiUb-
rium. In addition, a very large effect is the volume change that 
accompanies the melting (or solidification) of material. 

Kjartansson and Nur [1980] have computed the equiUbrium 
relaxed properties of partiaUy melted olivine (fayalile) and 
pyroxene, including the effect of the phase change, using ther
modynamic data from Carmichael et al [1977], Their calcu
lations assume that the induced pore pressure is equal to the 
appUed pressure, which is appropriate for very thin films of 
melt. For the present geometry the induced pressure is less 
than the applied. 

We obtain a rough estimate of the relaxed bulk modulus 
KJ with phase change for the tube geometry, using expression 
(9) with adiabatic moduU specified for the soUd and an effec
tive melt modulus K/' defined to include the effect of the vol
urne decrease at phase change. For a given melt fraction p we 
estimate K/ from Kjartansson and Nur's values for relaxed 
moduli KJ, using 

I 
KJ Kad Kf 

(27) 



MAVKO: STANFORD Q CONFERENCE 5179 

where K d̂ is the adiabatic soUd modulus. The expression (27) 
is simply the effective compressibility for a composite with in
duced pore pressure equal lo the applied pressure, the case 
treated by Kjartansson and Nur. 

We assume that the time constant for relaxation is governed 
by both the phase change reaction kinetics [Vaisnys, 1968] and 
the thermal diffusion time, given by 

tr = / V<c (28)-

where / is a characteristic diffusion length and K is the diffusi
vity; K is typicaUy of the order of 10~- s cm~^ [Carmichael el 
a l , 1911]. Length scales range from the pore radius R for 
equiUbration ofthe thinnest tubes up to the grain diameter for 
equUibration of the larger tubes. Neither of these dimensions 
is weU determined for the upper mantle, but a reasonable 
range of 0.001 < / < I cm, for example, corresponds to relaxa
tion times of 10"" < /,•< 10̂  s. In contrast, Vaisnys [196&] sug
gests that the relaxation time, if it is based on the reaction ki
netics, is of the order of 500 s. In a given system the slower 
process would determine the overall relaxation time. 

Shear A itenualion 

Consider now the rock represented in Figure 3. If pure 
shear stress is suddenly appUed, the instantaneous induced 
change in pore pressure is not uniform throughout the rock 
bul rather depends on the orientation of each pore relative to 
the appUed principal stresses. In addition, within each pore, 
minor pressure gradients and viscous shear stresses appear 
near the sharp crack tips. 

Neglecting the latter, we take as the unrelaxed state the 
condition where the pore pressure is uniform within each pore 
but different, frora one pore to the next. The unrelaxed shear 
modulus is ju.„', given by (19) with adiabatic moduli substituted 
on the right side. 

Relaxation occurs as melt flows from one pore to another, 
from high pore pressure to low pore pressure. The final state, 
if pores are randomly and isotropicaUy distributed, has uni
form pore pressure equal to the pore pressure thai existed be
fore the shear stress was applied. Hence the relaxed raodulus 
is given simply by (16) with isothermal moduU substituted on 
the right side. 

An interraediate relaxed slate is possible. If squirt is suffi
ciently slow, the local compression and dilation of unrelaxed 
pores might lead to localized thermal relaxation and phase 
change, even though the average microscopic stress field has 
no hydrostatic component. 

The relaxation time for flow between tubes is estimated as 
follows. During relaxation a volume of liquid Avo is trans
ferred frora a pore with initiaUy high pore pressure Apo to one 
with initially low pore pressure —A/>o, where Apo is the in
crement of pore pressure change induced by the appUed shear 
stress. When relaxation is complete, the increment of induced 
pore pressure has decayed to zero. Hence we estimate the pore 
pressure at any point during relaxation as 

Ap = Apo Av/Av„ (29) 

where Av is the portion of excess pore fluid remaining in the 
pore. The total volume flow rate out of a circular pipe with 
radius r under pressure gradient dP/dx [Batchelor, 1967] is 

3Av 
dl 

•nr" dp 
"si)" ax 

where TJ is the Uquid viscosity. For the triangular tube with 
length d the pressure gradient is approximately dP/dx = ^p/d. 
Assuming an equivalent circular tube with radius roughly r = 
2R/3, the volumetric flow rate out of the tube is 

aAv^ IT \ 2 R V Apo Av 
dt 87)| 3 I d Avo 

Then Av decays exponentially with time constant 

C = 8l7)dAvo/27rjrApo 

(31) 

(32) 

The ratio Avo/Apo can be estimated from (A69) and (A70) to 
be of the order of •nP^dlKi. Hence 

/, ^ (4Qri/Kf)(d/Rf (33) 

Kf is typically 0.6 X 10'̂  dyn/cra^, and TJ is probably less than 
IO* P. Again, the iraportant dimensions are poorly deter
mined, but d ~ I cm, and 0,001 < /? < 0.1 cm corresponds to 
relaxation times 10~^ < f < 10̂  s. Lower viscosities and shorter 
tube lengths decrease the relaxation time. In comparison, 
O'Connell and Budiansky [1977] estimate the relaxation time 
for flow between films of aspect ratio a as 

If = 2-!n\IKa^ (34) 

On the average the ratio of pore length to width wiU tend to 
decrease as the melt fraction increases, causing relaxation 
times to shorten, Frank [1968] modeled grains as truncated oc-
tahedra of diameter a (between square faces) as follows. Each 
of the 36 grain edges is shared by three grains, so that the total 
edge length per unit volume of material is 6(2)'^^/a^. Ifthe av
erage tube diameter along aU of the edges is R, then the melt 
fraction of the tubes is 

P = 3mV'\Rlaf (35) 

If the distance of flow for squirt is d =̂  a, then 

(d/Rf = 3772"V)S (36) 

Therefore as P increases, there is a tendency for t„ given by 
(33), to decrease. However, to estimate the actual relaxation 
times, we would need to know the distribution of tube diame
ters R rather than the average R: For some tubes, d/R might 
be significantly smaUer than d/R. Similarly, we need to know 
what fraction ofthe melt is in the tubes and what fraction is in 
the tetrahedral regions where tubes intersect [Bulau and Waff, 
1979]. For example, if only 10% of the melt is in tubes, then 
(36) is modified as 

(d/Rf = 30rrV/P (37) 

(30) 

The distribution of tube diameters and the fraction of melt in 
tubes versus tetrahedra probably have very little effect on the 
estimate of raoduli versus raelt fraction. These factors do, 
however, complicate our estimation of relaxation time. 

MODEL RESULTS 

Effective bulk and shear moduli calculated for oUvine 
(fayalile) and pyroxene at 20 kbar are shown in Figure 4 as a 
function of melt fraction. The similarity of results for the two 
minerals suggests that the results may apply as least qualita
tively to a range of compositions. Thermal and phase change 
calculations were taken from Kjartansson and Nur [1980], and 
material parameters were taken from Carmichael et a l [1977]. 
Curves labeled 'tubes' show the results of this study (for £ = 
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Fig. 4. Computed effective moduU as a function of volume melt 
fraction, assuming (left) all tubes and (right) all films. The dashed 
curve is the result from Kjartansson anti Nur [1980] (see text), (a) OU
vine: P = 20 kbar, T = I600°K. (fc) Pyroxene: P = 20 kbar, T == 
1900°^ 

0). For comparison, curves labeled 'films' are shown that as
sume that the melt exists as penny-shaped eUipsoidal films 
having a distribution of aspect ratios a uniform in In a be
tween 10~' and 10"". This is the case computed by O'Connell 
and Budiansky, For films the expressions of O'ConneU and 
Budiansky were modified (see appendix) to treat more cor
rectly the case of nonzero melt fraction. AU of the curves in 
Figure 4 incorporate the self-consistent approximation. 

Comparing tubes and films, the upper unrelaxed bulk mod
uU curves are approximately the same, because the adiabatic 

CompressibiUties of soUd and melt are within a factor of 2, 
Hence the difference in pore stiffness is not very important. 
The other bulk modulus curves represent the various possible 
relaxed states. Note that there is a smaU buUc relaxation due to 
squirt. Although squirt should not affect isolated tubes in pure 
compression, their compression does depend on the effective 
shear modulus ofthe matrix. Hence at larger meU-concentra
tions we observe the effect of coupling between bulk and shear 
incorporated in the self-consistent approximation. For aU ge
ometries a sraaU bulk relaxation results from the relaxation of 
adiabatic temperature gradients (curve labeled 'thermal'). 

The largest single effect for the bulk modulus is the induced 
solid-melt phase change. RecaU that in this case the melt 
looks effectively very compressible. By our model the differ
ence between unrelaxed and (phase change) relaxed moduU 
at small melt fraction goes continuously to zero at zero melt 
fraction, where the results of Kjartansson and Nur show a dis
continuous drop in relaxed modulus at the onset of melt. This 
difference is produced by Kjartansson and Nur's assumption 
that the composite has zero shear stiffness. Their results are 
shown as dashed curves in Figure 4. Note that our results con
verge with theirs at raelt fractions large enough that /i' —> 0. 
The curves labeled 'squirt -I- p.c ' (phase change) show an ef
fect physically sirailar to the 'squirt' only curve except that the 
relaxation is raagnifled because the raelt is now effectively 
very compUant. 

The sets of shear raoduli curves show the upper unrelaxed 
raoduU and various relaxed states. The greatest effect in shear 
is relaxation due to squirt. However, the effect of phase charge 
without squirt is also distinguishable. 

In raost cases the effects of raelt are magnified in the film 
geometry.. 

Figure 5 shows normalized P and S wave velocities pre
dicted for olivine at 20 kbar if meU is in the form of tubes (e = 
0) only. The upper curves represent the unrelaxed or high-fre
quency values. The spread in velocities represents the dis
persion resulting from the various relaxation mechanisms 
shown in Figure 4. Note that if squirt alone occurs, there is a 
large S dispersion and a smaU P dispersion. The effect of 
phase change is to introduce additional P relaxation with no 
further change in S. 

In the plot of raodulus defect, ^M/2M (where M = K -i- 4/i/ 
3) and ^ii/2ii, note that without phase change, squirt causes S 
wave attenuation to be approxiraately 3 tiraes the P wave at-

P wave S wave 

squirt 
ihase change . 

squirt + p.c. •" 

0 .02 .04 .06 .08 .10 

phase change 
squirt 

0 .02 .04 .06 .08 .10 

melt f ract ion 

Fig. 5. Computed P and S wave velocity and attenuation versus volume fraction melt for oUvine at 20 kbar, 1600''K, 
assuming that melt is in the form of tubes only (e = 0). Different curves show the eSects of the various relaxation mecha
nisms. 
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Fig, 6, Computed P wave velocity and attenuation for olivine at 
20 kbar, 1600°K, comparing three different melt geometries: t, tubes 
only (e = 0); f, films only, uniform in In (aspect ratio) between 10"' 
and 10~"; and t + f, mixture of tubes plus films where at any melt 
fraction 30% is in the form of films. The shaded regions show the 
range of dispersion, (a) Relaxation due to phase change plus squirt, 
(fc) Relaxation due to squirt orJy, 

tenuation. If phase change is important, then the situation is 
reversed, RecaU that these values can be transforraed into l /Q 
if we estimate the frequency spread of relaxation. For a single 
relaxation time the curves represent 1/g. For a spread of 6 or
ders of magnitude the values l /Q would be approximately 
one quarter of the plotted values. 

Figure 6 shows normalized P and S wave velocity dis
persion and attenuation for olivine at 20 kbar. Three sets of 
calculations are compared. One assumes that the raelt is in the 
forra of tubes (e = 0) only; the second, films only (in the same 
uniform distribution of aspect ratios as in Figure 4); and the 
third, a mixture of tubes and films, where at any melt fraction, 
30% by volume of melt is in films. The shaded regions define 
the total range of dispersion, that is, the difference between 
the high-frequency (unrelaxed) and low-frequency (relaxed) 
velocities. The modulus defects are also plotted. 

In Figure 6a il is assumed that both phase change and 
squirt relaxation occur. This gives the largest possible relaxa
tion for the various mechanisras discussed in this paper. In aU 
cases the dispersion and attenuation are predicted lo be cora-

TABLE 2, Material Parameters for Copper and Lead 

Copper 
Solid 

Lead 
Solid 
Liquid 

K-ad, 

Mbar 

1,300 

0,360 
0.337 

Vad 

0.355 

0,459 

P. 
g/cm' 

8,792 

11.07 
10.68 

>?. 
dyn s cra"^ 

0,025 

parable and sometimes greater for P waves as compared to S 
•waves. This difference is caused by the phase change and il
lustrates that it is primarily a mechanism of local compres
sion. 

Figure 66 is simUar to Figure 6a except that phase change is 
neglected so that the relaxation is produced by squirt only. 
This would be the case if, for example, squirt were dominant 
in the seismic body wave band and phase change were impor
tant only at longer periods. Now S wave attenuation is pre
dicted to be 2 or 3 times the P wave attenuation. 

The interpretation of the curves for P and 5 wave velocity 
dispersion and attenuation for pyroxene (Figure 7) is the same 
as for the case of oUvine in Figure 6, 

Velocity and attenuation in partiaUy melted copper-lead al
loys were measured in the laboratory by Stocker and Gordon 
[1975], in extensional resonance at about 100 kHz. The results 
are shown in Figure 8. The vertical velocity axis is normalized 
to the velocUy with no meU. The horizontal scale is melt frac
tion by volume. This aUoy was chosen because it is known to 
have a nonwetting melt that tends toward the tube geometry. 

In Figure 8a the circles are data points. The curves are 
based on theoretical low-frequency results for several raelt ge-
oraeiries, using the material properties given in Table 2. (It is 
assumed that viscous flow is relaxed and phase changes are 
unimportant for these conditions.) The upper curve is for 
spherical inclusions of melt as presented by Slacker and Gor
don [1975], using Oldroyd's [1956] theory. The lower two 
curves are for triangular tubes (e = 0), and the middle curve is 
for tubes with circular cross section (e -* oo). All curves incor
porate the self-consistent approximation except the one la
beled Nl (noninteracting), which is included for comparison. 
Comparing the self-consisteni curves, the triangular tubes are 
raore than twice as compUant as spheres or circular tubes; that 
is, for a given velocity it lakes twice as much melt in the circu
lar geometry to explain the observations. The difference be-

a 
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Fig. 7. Same as in Figure 6 but for pyroxene. 
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Fig. 8, Comparison of computed velocity and attenuation with 
observations from Slacker and Gordon (1975) for a copper-lead aUoy. 
(a) Velocity normalized to the value without melt. Circles are data. 
Curves are computed for the foUowing geometries: sphere, spherical 
inclusions; cir, circular tubes; tri and NI, triangular tubes. All com
putations are self-consistent except for the curve NI (noninteracting). 
(fc) Attenuation. Boxes are data. The dashed curves were computed by 
Stacker and Gordon [1975), The sohd curves were computed for three 
different spreads in relaxation time (see text). 

tween the two triangle curves is entirely a result ofthe method 
of malheraalically treating elastic interactions of the in
clusions. At low raelt fractions (<5%) the curves converge, as 
is expected, and fit the data quite well, much better than the 
sphere or circular tube geometries. Hence it seems that the 
shape (€ = 0) is a good model for the melt georaetry. At larger 
raelt fraciions the self-consistent and noninteracting results di
verge. Probably, the best fit is some average of the noninter
acting and self-consistent values. 

Attenuation is plotted in Figure 86. The boxes show the val
ues observed by Stacker and Gordon [1975]. The curves show 
upper bounds predicted by several models. The curves for 
heat flow and phase change were taken frora Slacker and Gor
don [1975] and are too low to account for the observed attenu
ation except al the lowest raelt fractions. 

The curves for {, {, and I'j h E / E correspond to a single re
laxation tirae and spreads of relaxation tiraes approxiraately 
equal to 6 orders and 9 orders of raagnitude (see (24)), respec
tively. The relaxation times, using Table 2 and (33), are of the 
order of 

f = 3 • W - ' \ d / R f (38) 

This would equal the experimental frequency if R/d = 5 x 
10"'', Such a thin tube might be reasonable at very small melt 
fractions where the curves agree with the observations. At 
larger melt fractions (~0.10) the theoretical curves predict a 
maximum attenuation an order of magnitude or more larger 
than that observed. The results could explain the observations 
if, for exaraple, the attenuation outside the frequency band of 
constant Q falls off as l/o; and the largest relaxation tirae were 
about one decade shorter (10"* s) than the experimental pe
riod (10~* s). Again, using (33), this could require R/d = 10"' 
for the thinnest tubes. A two-decade difference between the 
longest relaxation time (10~' s) and the experimental period 
would require R/d = 0.005. 

The lube geometry explains very well the velocity data and 
provides a plausible explanation for the observed attenuation 
in the copper-lead alloy. Slacker and Gordon [1975] also mea
sured velocity aud attenuation in a partiaUy melted copper-
silver alloy, which tends toward the film geometry. O'Connell 

and Budiansky [1911] have shown that those results are consis
tent with theoretical predictions for raelt squirt in the filra ge
oraetry. 

DISCUSSION AND CONCLUSIONS 

We have discussed calculations for velocity and attenuation 
in partiaUy raelted rocks. In particular, new results for the 
tube georaetry have been presented and compared with results 
expected for the more famUiar fiUn model under similar con
ditions. Our motivation was not to demonstrate that any one 
model is best but rather to show the range of behavior that is 
possible. In fact, over a range of conditions from crustal 
magma bodies lo ocean ridges to the asthenosphere it is pos
sible that a variety of melt geometries exist. It is also possible 
that the geometry depends on the amount of melt present. 

From Figures 7 and 8 it is clear that the greatest reduction 
in velocity and increase in attenuation is expected where melt 
is in the film geometry; the least where in the tube geometry; 
and almost any intermediate values when mixtures of tubes 
and films. If melt is present, a finite bulk attenuation arising 
from thermal relaxation, raelt squirt, or phase change is ex
pected. The phase change seems to be quite large for the oU
vine and pyroxene examples calculated here. 

Since bulk attenuation is seldom required to explain P and 
S (body wave) attenuation, the model results suggest several 
alternative constraints on melt in the upper mantle: 

1. If buUi attenuation from melt is iraportant at body 
wave frequencies, then the spatial distribution of melt must be 
very restricted. For example, partial melt in the mantle low-
velocity zone would have to be in thin layers. Alternatively, 
melt might exist only in lateraUy restricted regions, such as 
under ridges or trenches (E. Kjartansson, personal communi
cation, 1979). 

2. If bulk attenuation from melt is important at body 
wave frequencies, then melt can be widely distributed but 
only in minute fractions by volume except in spatiaUy re
stricted regions. 

3. Bulk relaxation due to melt raay not be important at 
body wave frequencies. The larger relaxation time suggested 
by Vaisnys [1968] would imply that bulk attenuation associ
ated with phase change would be observed only with longer-
period surface waves and free osciUations. 

We have suggested that in many cases dispersion and atten
uation can be easily estimated from the spread of relaxation 
times and modulus defect by using (23) and (24). Figure 9 il
lustrates the results of this technique relative to more exten
sive viscoelastic calculations done by O'Connell and Bu
diansky [1977]. The plotted points are normalized 5 wave 
velocity and Q for melt in the filra georaetry as computed by 
O'Connell and Budiansky [1977, Figure 8]. For the three melt 
fractions shown (0.6%, 1.8%, and 3%) a distribution of aspect 
ratios is assumed to be uniform in In a between 10~* and 10"', 
as in Figures 4, 6, and 7. The results represent relaxation due 
to squirt only. 

Our predicted Q (assuming frequency-independent Q), is 
shown by the pairs of dashed lines. The upper line in each 
pair was found from the plotted value of A^/2^ in Figure 6b 
and the simpUfied expression (24) using w,/i02 = 10'. The 
lower line in each pair is calculated from the more exact ex
pression (23) using the unrelaxed and relaxed moduU for 
squirt only in Figure 4. Our predicted velocity dispersion is 
calculated using (23) to interpolate between the utuelaxed and 
relaxed moduli and using the constant Q value also calculated 
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Fig. 9. Comparison of computed dispersion using the simple con
stant Q assumption versus the more detailed viscoelastic calculations 
of O'Connell and Budiansky [1977]. 

from (23). For the two smaUer melt fractions (0.6% and 1.8%) 
the low-frequency velocity at 10"' Hz was taken from Figure 
6b. For the largest melt fraction (3%) the lower-velocity curve 
was calculated using the relaxed velocity from Figure 6b, at 
10~* Hz. The lower frequency was used because O'ConneU 
and Budiansky's 3% Q has not yet roUed off at 10"' Hz. A bet
ter fit is obtained by using our estimated constant Q and sim
ply extrapolating upward from O'ConneU and Budiansky's 
lowest velocity. Hence the constant Q approximation seems to 
provide reasonable back-of-the-envelope eslitnates com
parable to the results of more complicated calculations. 

A sample interpretation of the upper mantle low-velocity 
zone can be made from Figure 6. Typical values under the 
western United States [Goetze, 1977] are a shear velocity drop 
of 10-16% and peak attenuation of 1/g = 0.04-0.06. These 
ranges are shown by the horizontal dashed lines in Figure 6, 
and it appears that a continuous range of interpretations is 
possible between ~ l % for films only to ~8% for tubes only. 
An independent constraint comes from upper mantle electri
cal conductivity. Gough [1974] raodels georaagnetic deep 
sounding data under the western United States with a value of 
0.5 mho/m. This value suggests a miniraura melt fraction of 
the order of 5% at 100-km depth [Shankland and Waff, 1977, 
Figure 7], From Figure 6 it is clear that the seismic observa
tions are consistent with raelt fractions greater than 5% only if 
the raelt is in the form of tubes or tubes mixed with films. The 
model with films alone lowers the velocity too much. 

APPENDIX 

Plane Slrain Tube Deformation 

In this section the deformation of a tube under remotely ap
pUed stress is found. The method of solution is that given in 
detail by Savin [1961] for polygonal-shaped cavities. 

The problem is most conveniently posed by using the com
plex variable notation of Muskhelishvili [1953]. Stress solu
tions of two-dimensional problems (plane stress and plane 
strain) in the theory of linear isotropic elasticity can be ex
pressed in terms of two analytic functions <f),(z) and il/,(z) of 
the complex variable z = x -¥ iy: 

where the overbar refers to the complex conjugate. 
For the case of an infinite body loaded uniformly at infinhy 

and having a cavity surrounding the origin, each of the poten
tials can be expanded as 

tjtXz) = ^ V ) + «*(2) 

M )̂ = n^) + r(^) 
(A3) 

where tfi" and ifP give the solution in a body without a cavity 
under identical remote loading and <̂ * and ip* give the super
imposed perturbations due to introducing the cavity. 

If the remote loading takes the form of a uniaxial tensUe 
stress P acting along an axis forming an angle a with the x 
axis, the corresponding potentials of the uniform solutions are 
[Savin, 1961] 

4>°(z) = Pz/4 

^"(z) = -Pze - ' ^ /2 
(A4) 

The corresponding uniform stress coraponents relative to the 
x-y axes are 

a „ = P cos^ a 

Oyy = P sin^ a (A5) 

Psia a cos a 

The problera of introducing the cavity into the imiforra 
stress field can be thought of as foUows. Before introducing 
the cavity the stress is uniforra throughout the body. The trac
tion T on any surface normal to the x-y plane specified by 
outward unit normal A is given by Cauchy's formula [Fung, 
1965]: 

T = (A6) 

„ , „„y, and Oyy are given by (A5). Imagine now cutting where a 
and reraoving material to form the desired cavity but simulta 
neously applying precisely the tractions given by (A6) to the 
newly formed surfaces. At this point the elastic field outside 
the cavity is exactly the uniform field that existed before mak
ing the cuts. The final desired state of traction free cavity sur
faces is achieved by relaxing these tractions, the equivalent of 
superimposing the additional tractions —T. Hence the prob
lem reduces to finding the potentials <t>*(z) and \('*(z) that cor
respond to an infinite body with a cavity loaded by tractions 
—T and having zero stresses at infinity. 

The stress boundary conditions in the form of tractions —T 
with components —X and — y acting on the surface of the cav
ity can be related to the potentials at the surface by [Savin, 
1961] 

<t,*(z) -t- z,t,*'(z) + r ( z ) 
Jo 

(X-i-iY)ds (Al) 

where s is the distance along the surface in the z plane. In the 
cutting process described above, a similar condition holds be
tween the potentials of the tmiform part of the solution and 
the tractions +T given by (A6) that were appUed to the cavity: 

tft^z) + z^°'(z) + 4^(z) = +/ / (X-i-iY)ds I? (A8) 

a„ - f a , ^ = 2{< ,̂'(z) + < ,̂'(z)] (Al) Hence at the surface ofthe cavity only we have, equating (A7) 
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and (A8), 

,i>*(z)+ztf,*\z) -)- r(2)=-[<«V)+^<i>'"(^)+n^)] (A9) 

It is convenient to treat irregularly shaped cavities such as 
those in Figure 1* by conformaUy mapping the outside ofthe 
complex z plane into the inside of a unit circle in the complex 
f plane by means of a function z = a)( J), which we choose here 
as 

'^"{riT-e^ (AIO) 

where R and e are real constants. Accordingly, the values of 
f = pe"" on the unit circle (p = I) generate the parameteric 
equations for the tube when they are substituted into (AIO): 

X = R\cos e -t- cos 2e\ 
2 -(- e 

V = /? -s in e -I- sm 2^ 
1 2 + e \ 

Muskhelishvili [1953] gives the more general form 

z = Rij-i--A 

(All) 

(A12) 

which if m = l/n, maps the unit circle |fl = 1 into a symmetric 
figure in the z plane with n -I- 1 cusps. Savin [1961] treats the 
special case z = ^ • ( l / f -t- f^/3), which corresponds to e = I in 
(AIO). 

By using the mapping (AIO) and the uniform solutions (A4) 
the potentials (A3) for the total problera can be transforraed 
to the f plane: 

* iKf) ] = j ^ n + ' i ' X f ) ] 

U'^(m = - J - e-"-o (̂o + r[<^(0] 

Including the notation 

</>(f) = 4>i[< (̂0] -Ki) = U<^im 

uo='t>*[<^(0] u o = r[<o(D] 

(A13) 

(A 14) 

the problera now reduces to finding the functions <J>(f) and 
i^f) in the interior of the unit circle. SimUarly, the boundary 
condition (A9) can be transformed using the mapping (AIO) 
and the uniform field potentials (A4) to read 

f j ( g ) - P 
Mo) + ^ ^ <l>o'(o) + Mo) = - ^ ["(or) - e*'^ w(<T)] (A15) 

u'(o) ^ 

where a = e" denotes the values of f on the unit circle. 
Two functional equations for M O ^^d M O can be ob

tained by multiplying (A 15) and the complex conjugate of 
(A 15) by 

< ^ ( 0 - H - L , / ^ ^ ) ^ ^ - H ^ 
277/ J., u (a) a —s 

Wn-H5^./^<^o'(a)-^, 
2m Jy (,}(a) a - £ 

where yS is an undetermined constant. 
If we assume a solulion in the form 

M f ) = a i f + « 2 r + a , i r + -

(A 17) 

(A 18) 

(A 19) 

substitute into (A 17), and equate coefficients of identical pow
ers of f, we obtain 

M0 = 
PR 

,«"f. 
2 - I - 6 r (A20) 

Substituting (A20) inlo (A 18), we obtain 

M0 = 
PR 2f 

2 -I- e (2 -I- e)^ 

e"''([(2-t-£)^ + 2]/(2-t-e) '}r 
1 - [2/(2 -1- €))r 

[2/(2-fe)]{[(2-t-€)' + 2]/(2-H6) ')r 
1 -I- [2/(2 -I- e)]p 

- f + T 
2 - t e 

(A21) 

FinaUy, substituting (A20) and (A21) into (A 13), we obtaui 

(A22) • ( 9 = ^ |-l-2e'̂ f-r-!—f^ 
f " 2-f-e 

iKO = PR 
2f 

(2 -t- e)e^ - [2 -h (2 -H ef ]^ -I- (2 -h e)^e"°r 
2(2 4- ef - 4(2 -I- e ) r 

(A23) 

1 da 
2m ff — f 

(A16) 

Hydrostatic Stress 

The normal coraponenfof pore waU displacement SU„ of 
each pore resulting from the remotely appUed hydrostatic 
stress SP can be found as the superposition of two problems. 
The first is the plane strain deforraation SU,„ resulting from 
remotely applied stresses ff„ = SP, â y = SP, and a,.. = 2PSP. 
Here the z axis is chosen to coincide with the pore axis. The 
second problem is the deformation Si/j, resulting from uni
axial appUed stress ff.j = (I — 2ii)SP. 

The displacement field 5U, = (u, v) for the plane strain 
problem can be expressed in terms of the analytic functions 
<|),(z) and if',(z) ofthe complex variable z = x -i- iy found in the 
preceding section. 

The outward normal component of displacement SU,„ can 
be written in terms of the Cartesian components as 

SU,„ = (u,v)-
where f is a point inside the unit circle, and integratmg each 
equation about the unit circle [Muskhelishvili, 1953, pp. 303-
308; Savin, 1961]: 

(dy, -dx ) 
(dx' + d f f 

(A24) 

where ds = (dx, dy) is the increment of pore contour F in the 
x-y plane. It foUows that 
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I SU,„ ds = l m I (u-i- iv) dz (A25) 

where ds = \ds\ and Im refers to the imaginary part. • In-j 
troducing the transformation (AIO) into (A25) gives ' 

L SU,„ ds = —Im 
2/i 

) •I'iKni - "(0 /{(3-4, 

• <#.i'Kni - ' / ' iMni} " ' ( n d i ( A 2 6 ) 

The functions <f>(f) = <|)|[co(f)] and v/̂ f) = i/'i[w(f)] are given by 
(A22) and (A23) for the case of a body with a single cavity 
loaded al infinity by a uniaxial stress P acting along an axis iin 
the x-y plane forming an angle a with the x axis. For the 
plane strain part of the hydrostatic problem we superimpose 
the solulion for stress SP and a = 0 with that for stress SP arid 
a = 7r/2. FinaUy, evaluating (A26) gives 

/ . 
SU,„ ds = SP 

2'ITR\1 - 2v) [(2 -h ef -H 2] 

ll (2 + ef 
(A27) 

The uniaxial loading problem with stress o„ = SP(l — 2v) 
results in the axial strain e„ = SP(l — lv)/E and lateral strains 
from the Poisson effect €„ = ê y = —ce^. Here E is the in
trinsic Young's raodulus for the rock material. Hence we can 
write the change in cross-sectional area of the pore as 

dA 

where 

= j S U , „ d s = (e,„ -H eyy)A = _ z i i ^ _ j : i z z ^ ^ ( A 2 8 ) -2K1 - 2v)SP 
E 

A = 
•ITR'[(2 -h 6)' - 2] 

(2 + ef (A|29) 

is the unstrained cross-sectional area of the pore obtained by 
integrating the area enclosed by the curve (2). The contribu
tion to the strain energy integral frora the pore ends can be 
approximated by assuming a finite pore length d and finding 
the pore axial length change 

/ 
rem 

8U„-ids = e,^d--
SP(l - 2v)Ad 

(A30) 

Substituting the contributions (A27), (A28), and (A30) into (4) 
gives the effective bulk modulus. i 

i 
Pure Shear Applied Stress: Empty Pores 

The pore wall displacement 5U from the remotely appUed 
stress (12) is found as the superposition of three separate prob
lems. Accordingly, we write the appUed stress (12) as the sum 

(oij') = SP 

" y x 

+ SP 

"yx "yy " 

0 0 v ( a j + 0yy') 

0 

0 

0 0 

0 0 

0 0 a J - v ( a j + Oyy') 

+ SP 

I 0 

0 

OiJ 

(A31) 

The first term on the right side ofthe expression gives the uni
forra appUed stress field corresponding to plane strain defor
mation; the second lerm is uniaxial stress; the last terra corre
sponds to antiplane deformation. 

The rotational symmetry ofthe strain energy (26) aUows the 
plane strain problera to be replaced by the two-dimensional 
hydrostatic (H) and deviatoric (D) components in the princi
pal stress coordinate system 

(O.ij')lt + (OIJ ' )D = 

Oo 0 

0 Oo 

0 0 

where 

Oo = (oxJ + Oyy')/2 = -

S" = l(OxJ - o„;f /4 + â y 

= [i(cos^ \ + l)\siif 1 -

0 

0 

2vaQ 

+ 
S 

0 

0 

-sin^ X(sin^ J -

]̂SP^ 

- cos^ D' +•4 

0 0 

- S 0 

0 0 

(A32] 

- cos' ^SP/2 (A33) 

sin' g cos' ^cos'X]5/* 

SimUarly, the antiplane problem can be replaced by the ro
tated antiplane (A) stresses: 

fo 0 T 

(Oij')A = 0 0 0 

T 0 0 

(A34) 

where 

T̂  = a J + Oy,̂  = SP' sin' A[cos' X(sin' i - cos' Q' 

-I- 4 sin' g cos' g (A35) 

With the problem thus divided, the pore energy can be writ
ten as 

j T.SVdA=l (T̂  + T„ + T^ + T„y) 

• (5U^ + S\]„ + 6U„ + SU.̂ x) dA (A36) 

where the subscripts A, H, D, and AX refer to the tractions 
and corresponding displacements in the antiplane, hydrostatic 
plane strain, deviatoric plane strain, and uniaxial problems, 
respectively. By symmetry, several of the cross products in the 
integrand integrate to zero, yieldmg 

J T . S V d A ^ d . j T^U„ ds 

+ d j T^V„;, ds+ f T̂ SV^̂ d̂A 
J r /ends 

+ d,JToSVods +d,JT.,SV,tds (A37) 

Each of these five integrals is now treated separately. 
The contributions from the plane strain and axial deforma

tions are foimd as in the calculations of bulk raodulus. By 
siraply replacing SP in (A27) with OQ and noting that |T/,| = Oo 
we obtain 

d, 
, I ,^^^^^ ^^ ^ o ^ . R ' d i l - m ( 2 + ef + 2] 

ix(2 + ef 
(A38) 

The uniaxial stress a J = —2ao(l + v) causes the lateral strains 
e „ ' = eyy' = 2aov/E from the Poisson effect, and we can imme-
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diately write, analogous to (A28), 

2ao'vdflrR' [(2 + e ) ' - 2] 

Substitutmg the contributions (A38)-(A40), (A45), and (A49) 
into (14) gives the dry rock strain energy needed to find the ef-

(A39) fective shear modulus (16). d,-fT„SV..ds ^ ^^^^^ 

Antiplane Deformation 
The contributions from the pore ends are found from the axial 
strain as in (A30) leading to ^" ^^^ section the antiplane solulion is found for an infinite 

body with a tube loaded by a uniform simple shear field at in-
/ * _ , „ . . . _ 2ao'diTrR\(2 -t- e)' — 2] (XMW ^ ' ' V - Choose Cartesian coordinates such that aU antiplane 

/ends "* ''" /'(2 + ef displacements U are in the z direction. Then t/ is a harmonic 
function and can be considered the real part of an analytic 

The plane strain deviatoric contribution is found by refer- ^̂ ^̂ ^̂ ^̂  ^(2) ^f the complex variable z = z -1- />-. It follows 
ring agam to the complex notation. The energy integral can be t^at Uie only nonzero stresses can be written as 
expanded as 

a,,-ia„=nd<ti/dz (ASO) 

dij TpSVo ds = dij (u, i")' Q _^\ M ^ I (A41) For the case of a body loaded uniformly at infinity and con-

where u and V are the x and y coraponents of 5U and the in
ward unit normal to the pore contour dz = dx + i dy is 

taining a cavity the solution can be expanded as 

,t>(z) = 4,°(z) + 4>*(z) (A51) 

I / -dy \ 
(dx' + d /Y" dx 

(A42) 

It foUows that 

d J j t ^ V o ds = lm~^ 1^(3 - 4it)Mz) - z ^ ) - M ^ ] dz 

(A43) 

where 41° is the solution for a uniforra body without a cavity 
under identical loading and tfi* is the perturbation due to in
troducing the cavity. 

In the case of simple shear loading the uniform field is 

0°(z) = (r/li)ze-" (A52) 

The corresponding stresses are 

ff^j -I- ioy: = T cos a + ir sin a (A53) 

Transforming to the f plane using (AIO), this becomes 

^ y* | (3 - 4ii)4,,[u>(0] - § U ^ ] - iM^O]}w' di Im 

Here a gives the angle between the normal to the plane of 
maximum shear stress and the x axis. 

The stress boundary conditions in the form of tractions T 
acting on the surface ofthe cavity can be related to the poten-

(A44) tial function at the surface by 

fl'^l'^'f [0(z) - 0(Z)] (A54) For the plane strain deviatoric problem we take <̂ (f) and ipd) 
from (A22) and (A23) and superimpose the solution for 5 at a 
whh that for - S at a -I- 7r/2. Integrating around the unit chcle where s is the distance along the cavity contour in the z plane. 
Y, we obtain A simUar condition applies to both the uniform solution <̂" 

/• A/i \P2D2 and the perturbing solution <|)*. We can now write 
d,/ T„6U„ds = ' ^ ^ - " ^ ^ ^ ' ^ (A45) 

• ' r M M r , o , _ x T O T ; ^ , _ - M J [A^) - '('"(z)] = - f [</.»(z) - .>*(z)] (A55) 
The antiplane problem is solved by using a sUghtly different 

complex notation. The antiplane displacement 5C/̂  is nonzero for z on the contour of the cavity. Using the mapping (AIO) 
only in the z' direction and can always be written as the real and introducbig the notation MO = <l>*[AO]i this becomes 
part of an analytic function tj>(z). It foUows that the stresses 
can be written as 

Oxz + ioy: = tl d<t>/dz 

The energy integral can be written as 

(A46) 

dAT^SM., ds = d j s U(a,,, dy - Oy, dx) (A47) 

Mo) - Mo) = — (aj(o)e"'° - co(ff)e"'] (A56) 

where o denotes values of f on the unit circle. A functional 
equation for MO ^ obtained by multiplying both sides of 
(A56) by 

I da 
2m a - i 

(A57) 

It foUows that 

d i J T J V , ds = Im i J J (<(. + <̂") dz (A48) 

The function <j> is found in the next section. Transforming to 
the f plane using (AIO) and integrating around the unit circle, 
we obtain 

d j T ^ S \ } ^ d s = ^ ^ ^ ^ (A49) 
J l - l l 

where f is a point inside the unit circle, and integrating 
around the utiit circle 

2-^/*^^^-=5; / .M.> ' -^a-^f 

If we assume a solution of the form 

MO = u,i + a ^ i ' + -

(A58) 

(A59) 

file:///p2d2
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integrate, and ..equate Uke: powers of f, we find 

MO 

The. total solution is that 

1 1 ^ 2 + e 

M.<0\ = — 
(I -r̂ '̂ ' 

(A60) 

(A6I) 

Fure.Shedr Loading. If̂ ith Pore Pressure 

To evaluate the pore wall displacements 5U of the rth pore, 
coiisider the' stress shown in Figtire 3ci.. The desired set df 
boundary conditions for the ith pore consists of the remotely 
applied stress oJ given by (12) pltis the normal stress' —SP„i 
(stress defined as- positive in tension) applied to the waUs of 
the pore. This can be expanded as the superpositipn of two 
problems. The first has the hydrostatic stress—fi^^ apphed re
motely as weU as at the pore-waUs: The resulting deformation 
is^that of a solid .block under pure hydrostatic stress. The sec
ond problem.has the stresii 

(A62) 

applied remotely while the pore walls are stress- free. This 
probletn resembles the dry rock calculation above and can be 
once again decomposed into plane strain; uniaxial, and ariti-
piane problems, as.in (A31)". It can be immediately seen that 
•the pore pressure affects only the terms in (A37) iiivblving 
plane strain hydrostatic and-uniaxial displacements. These are 
evaluated as foUows, 

? , / + SJP,„ 

az.: 

W l ' 

o . / 

0,J + SP̂ ^ 

uj i ' 133 

o i j 

OzJ 

' + SP, 

I 
ifcn. 

TA.JVA:,ds={l-2oo(l + i>) 

+ SP,il - 2r)]/£ - SP/3K] dA- (A66) 

Substituting (A45),(A49), (A63), {A65), and (A66) into (14) 
gives 

/ T^U di = ^ ^ ' f27= + 4S'(,1 - v) 

, r 2 a - . ) t ( 2 + # + 2] 

2CI + .^)[(2-He)'-2]" 

(2 + # 

2(i-A>)f(2+^)'-^•2], 
^^^'• ' ' ' p T e f 

(l-2.)[(2+•£) '-211 
(2-+ £)' J 

The induced pore pressure fiP^^is given: by 

SP^, = -Kfi^V,/V,) 

(A67) 

(A68) 

where AF^/Fp is the pbrS volumetric "strains. The.yolumetric 
strain is the" sum ofthe pore cross-sectional area strain in the 
x'-y plane, plus the pore axial strain tn the z direction, 

AF/.F^ = (A^/^)-l-e^ (A69) 

which are contained in the expressions (A63), (A65), and 
(A6.6), EUminating AF^/F^ from '(A68) and (A69) and using 
(A63) and (A66), we pbtain the induced pressure in the rth 
pore due to the plane hydrostatic Stress ao. 

«'^' = ^ = 2 ( I ^ 
2_(1 - ,)[(2 + ef + 2}-(l-2, .)[(2 + e f - 2] 

v)[i2 + e)' + 2]+M2 + e f - 2 ] {{\/K) - {l/K,) - [(1 - 2«f/2;t(l + ")])} 
(A70) 

The .plane strain hydrostatic, displatemenf is found just as' Modified Forms pf Self- Consistent 
in (A27) witĥ Oo repla'ced.by Oo '+ Sfp,. Adding the solid block Moduli for Films 

O'ConneU and Budiansky give the following self-cofisistent 
expressions for effective bulk modulus Kj and shear modulus 
fi/ for isolated saturated thiii (penny shaped), films of aspect-
ratio a. 

area change oW = —2&PA/3K, we obtain 

d,JT,m.t—4*01-%^ 

\i (2 -He)' 
(A63) 

K ' - K 

The uniaxial stress componeiit of (A62) is 

a^;, = (ja^ + SPJ) - r((a„' + S/^,) + (a^ ' + :^P,^ 

= 2(ro(l + p) + Sfp.O - 2^) (A64) ^^ere 

The resulting area change froiii the Poisson effect is dA = 
—2,vAa,,x/E. Hence 

9 ( i -2y^) 

1«=H 
32 „ , J ^ 3 

d,JT„i •Ŝ AX ds = —2vd,<ro 
[-2ff6CI + ^ ) + j i U l - 2 y j ] 

I 3m (1 - In') 

(A71) 

(A72) 

(A73) 

The crack density parameter e is defined as e = (l,a,^)/V, 
where a; is the radius,of the rth crack and V is the total rock 
volume containing the N cracks. 

(A65) These results are strictly valid only in the limiting case of 
zero crack porosity. This can be seen by examining the results 

The pore shortening-from the same uniaxial stress is a^^d/E when the crack density e .becomes large enough that fi' = 0, 
and from the superimposed soUd block problem is -SP/3K: that is, e = 45/32 and v' = 0.5. la this case, (A71) and (A73) 
Hence reduce to 

(2+-c)'^ 
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K ' K ' 
(A74) 

wKe"re j8 is the porosity given by 0 = 4jr(Saifl,'^)/3 Ĵ , The cor
rect limit' is 

K ' K Kf 
{A75) 

w'hich agrees with (A74) only when j8 •=£:, i. 
A second important lunitiiig case is where K, ,= K, "which-

should'yield the result K' =.K. However, (A7I) and (A73) re
duce to 

K' = K -
j iK 

1-H (3™/4)(l - 20 / (1 - c") 

which is correct only if ;8 - * 0. 
A m o d i f i e d set of. setf-cortsistent moduU for nonzero film 

porosiiy Tyere derived by using the reciprocity theorem Ln or
der to calcuiate the examples in Figures.4, 6, and 7. These a re 
exactly the same as ' (A71)and (A 72) except that the paraineter 
D is now rede filled as 

Fo. K ^ , 1 + (4/37r«)((l - t / . m } - 2v')]{K!/K') 

(A76) 

In this case, Kl in the limit as fi' —» 0 reduces to (A75), and the 
K' - » K in the Uhiit K, 
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The variation of the mechanical and transport prop
erties of cracked rock with pressure are accurately 
described and their interrelationships developed and 
understood by using the "Bed-of-Nails" model (Gangi, 
1975, 1978). A number of different models were treat
ed (by considering che asperities on cracks to be des
cribed as hemispheres, cones, wedges, etc.) and it was 
shown that they are mechanically equivalent to the 
simpler "Bed-of-Nails" model which treats the asperi
ties as distributions of rods. The same model was 
used by Kragelskii (1965) to obtain an analytic model 
for the true area of contact between rough faces to 
characterize friction. 

The rationale for the model is illustrated in Fig
ure 1. Figure IA shows "(schematically) a "natural" 
crack. This "crack" was generated by making a hair
line fracture in the unfractured medium and then trans
lating the lower half of the rock to right (by about 
one-half the dominant wavelength of Che hairline frac
ture) and introducing some deformation to the contact 
areas of the crack. This is similar to how open 
cracks are formed in rocks In nature; that is, the 
rock is fractured in extension and shear displacements 
prevent the crack from closing up completely when the 
rock is pressurized. Of course, if there is no or 
little shear displacement along the crack, the crack 
will mate very well and will close up, almost 
completely, when the rock is pressurized. 

A) Natural Crack (stylized) 

'.--'.'̂ *'. ̂/-"» *.*.,'•..','/,̂  <:- , 'x^. \ - . . - . - . . .^ . -^. 'T ' . /^^ix. / ^ ' . 1 y 

B) Mechanically and Hydraulically Equivalent Crack 
(schematic) 

Figure 1. 

The mechanical properties of this crack can be 
determined by using complex mathematical techniques, 
such as Muskhelishvili's method of Singular Integral 
Equations•(see Mavko and Nur, 1978), but the essential 
properties can be determined using a much simpler 
method which treats the problem as a statistical one, 
which it Inherently is. The model chosen by the 
author (Gangi, 1975, 1978) is the "Bed-of-Nails" model 
which is illustrated in Figure IB. That is, the dis
tribution of asperities is treated as a distribution 
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of rods; these are much simpler to analyze. 

Earlier, Greenwood and Williamson (1966) used dis
tributions of hemi-spheres of different heights to 
characterize the closing or "approach" (and therefore, 
the modulus) of cracks under pressure. They assumed 
gaussian and exponential distributions for the heights 
of the hemispherical asperities. Walsh and Grosenbaujh 
(1979) used the Greenwood and Williamson theory to 
predict the stiffness of a crack (i.e., the Joint 
stiffness or modulus) is proportional to the (normal) 
stress (see their Figure 7). Walsh and Grosenbaugh 
used the exponential distribution for the asperity 
heights. We find the same mechanical behavior with 
the simpler "Bed-of-Nails" model if the power of the 
power-law asperity-height distribution function 
(Gangi, 1975, 1978), 

N(h) N_(l-h/w^) 
T O 

n-1 
(1) 

is very large; that is, if (n-1) is very much greater 
than one. This distribution function holds when 
there are very few tall asperities and most asperities 
have heights that are a small fraction of the maximum 
crack width, w . 

o 

In equation 1, N(h) is the number of asperities 
that have heights lying between h and WQ. The quan
tity Nf is the total number of rods on the crack face 
used to represent the asperities. That is, all the 
rods (as well as all asperities) have heights lying 
between zero and WQ, the latter being the width when 
there is no stress acting across the crack (here we 
are referring to the equivalent crack shown in Figure 
IB). 

We find that some cracked rocks have crack moduli 
which definitely do not vary linearly with pressure 
as predicted by the Greenwood and Williamson model. 
These distinctly different moduli variations with 
pressure are easily accomodated by the simple "Bed-
of-Nails" model by allowing different values for n 
(l<n<<») in equation 1. The resulting asperity-height 
distribution functions are Illustrated in Figure 2. 
These functions were chosen simply because they allow 
us to determine the variation of the crack width with 
pressure (or crack modulus) while at the same time 
being general enough so that they can represent 
reality. ' 

For power-law asperity-height distribution 
functions (equation 1), the width (w) of the equiva
lent crack varies with normal stress, P, (Gangi, 
1978) as 

v / u = 1-(P/P,) 
o 1 

l/n 
(2) 

where 

P, = EN w b/n 
1 o o 

E = the rod's Young's Modulus 
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