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OIL AND GAS EXPLORATION
USING

SPECTRAL INDUCED POLARIZATION

Phoenix Geophysics has designed a highly efficient and reliable system
for conducting Spectral Induced Polarization (SIP) surveys for oil and gas
“exploration. The application has been developed during an extensive research
project in 1981 and 1982. SIP surveys have been conducted over a number of
known 0il1 and gas fields in the United States and Canada. Well defined
resistivity and IP anomalies have been observed coincident with nearly
every field studied. These anomalous features are thought to be due to geo-
chemical alteration of the rocks overlying hydrocarbon accumulations.

The geochemical alteration may include deposition of fine grained pyrite
which would explain the observed IP anomalies. The reactions by which pyrite
can be deposited are well understood, and are summarized in the accompanying
diagram. What is not well understood at the present time is the driving
force by which the reductants (H2S or CH,) are transported upward from the
hydrocarbon reservoir into the overlying rocks. It is probable that a com-
bination of processes are operative, including diffusion,_buoyancy, and water
flushing. The same phenomena probably are responsible for the Tow resistivity
anomalies which are commonly observed. These resistivity anomalies may be in
some way associated with highly conductive oil field brines.

Head Office: 200 Yorkland Blvd., Willowdale, Ontario, Canada M2J 1R6 (416)493-6350
214-744 West Hastings St, Vancouver, British Columbia, CanadaV6C 1A6  (604) 669-1070



Of all the "unconventional" techniques which have been developed for
hydrocarbon exploration, SIP may be the most sensitive and the most reliable.
The reasons for this are two-fold. SIP surveys could be considered as a geo-
chemical tool which can detect small concentrations of pyrite contained in
rocks within several thousand feet of the earth's surface. Because such
~ large volumes of rock are involved, sampling errors and near surface fluct-
uations can be avoided. The second advantage is that SIP would measure
cummulative effects rather than present day flows or concentrations. The
volume precent of pyrite deposited would depend on the length of time that the
seepage phenomena persisted in addition to its intensity.

The equipment used for SIP surveys was designed and manufactured by
Phoenix Geophysics. The receiver, the IPV-3, is the most efficient SIP receiver
commercially available. It utilizes six voltage channels for simultaneous
measurement on six different dipole separations. It also uses automatic
switching between frequencies to further speed the measurements. The trans-
mitter, the IPT-3, is the most powerful trahsmitter ever built for SIP surveys.
The high currents attainable (up to 95 Amperes) over the frequency range d.c.
to 128 Hz enable high quality data to be gathered with fewer stacks and in less
time than any other system. -

Phoenix Geophysics will soon have the capability to transfer data on a
daily basis from the field to it's Denver office, using Telenet. This will
enable geophysicists in the Denver office to provide over-night direction to
field personnel.

The Phoenix SIP system operates over a wide frequency range, typically
1/32Hz to 128Hz. These broadband measurements are required in order to separate
the IP response from the electromagnetic or induction effects which are en-
countered in sedimentary environments. In addition, it appears that the
response of well casings and metal pipes can in some cases be separated from
the IP response. The accompanying figures show observed spectral data obtained
with the following:

1) fine grained pyrite in a hand specimen, measured in the laboratory,

2) fine grained pyrite measured with short dipole length to reduce EM
coupling.



3) typical field example from a sedimentary environment displaying an
anomalous IP response,

4) typical field example from a sedimentary enviromment showing back-
ground IP response,

5) typical field example from a sedimentary environment showing well
casing response.:

Fine grained pyrite.produces a maximum IP response usually at a frequency
of THz or greater. When similar mineralization is encountered in the field,
electromagnetic effects are superimposed on the data. The amount of electro-
magnetic cdhp]ing increases as the dipole length increases. Because of the
weak IP response often encountered, and because of the strong electromagnetic
coupling, data must be gathered over a broad frequency range in order to
separate the two effects. Well casings and pipes studied to date have a
response different enough from the IP response of fine grained pyrite that
their influence can be recognized and sometimes eliminated in the data pro-
cessing.

The field studies which have been completed to-date are part of a research
project sponsored by the following oil companies:

Sohio Petroleum Company Amoco Prod. Company

Chevron Resources Company Union 0i1 Company of California
Phillips Petroleum Company Superior 0i1 Company

Marathon Qi1 Company PanCanadian Petroleum Limited
Sunmark Exploration Company Aquitaine Company of Canada Limited
Texaco U. S. A. ) Canadian Hunter Exploration Limited

Hudson's Bay 0il and Gas Company Limited
Gulf Research & Development Company

The results obtained from the various sites are confidential. They-
cannot be released at the present time except to representatives of the above
companies. The observed response, however, can be described as follows. 0il
fields often show weak to moderate resistivity lows and weak to moderate IP
highs. These features are not always directly above the reservoirs, but



are sometimes offset laterally.

The results obtained so far in the research project are encouraging.
Spectral Induced Polarization may be a reliable technique for indirect
detection of oil and gas deposits. With its six-channel receiver and high
power tranmitter, Phoenix Geophysics is able to provide this exploration

service in the most cost effective manner currently available to the oil
industry.

Explanation of Figures

The five figures showing SIP data are described as follows. Observed
amplitude (0) and observed phase angle (+) are plotted versus frequency, with
logarithmic scales used for each variable. The broad symmetric phase peaks
represent the IP response. The steeper curves with peak at high frequency
represent the component due to electromagnetic coupling. The sum of the
two individual components is the total observed response. The difference
between anomalous and background IP response can be fairly subtle and show
up mainly in the phase at low frequency.






HAND SPECIMEN WITH FIWE GRAINED PYRITE
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TYPICAL FIELD EXAMPLE WITH Bﬂcxsﬁqunn 1P RESPONSE
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TYPICAL. FIELR EXAMPLE WITH ANOMALCUS IP RESPONSE
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IPT-3 HIGH POWERED HIGH FREQUENCY TRANSMITTER

Specifications

Timing: Standard IPT-1 waveforms in both time and frequency
. domain. Variable duty cycle is optional. Frequency
range DC to 128Hz. _

Power: Nominal 100kw. 2000v/100A maximum. Can be driven
by any 400Hz, three-phase, 208v motor generator from
15kw to 100kw.

Weight: Approximately 800 1bs. (360 kg.) in two cabinets.
Suitable for trailer/van/pickup truck mounting.

Current

Regulation: Approximately 0.1% within voltage/power constraints.

Other

Features: Open circuit to ground during time-domain "OFF" time.



V-8

Seven Channel
Spectral IP Receiver

¢ Simultaneous Measurement of Transmitter Current

and Six Receiving Dipoles

® Microprocessor-Controlled Real-Time Signal Stacking
and Averaging in Time and Frequency Domains

e Automatic Deconvolution at each Frequency

e Coherent Detection and Automatic Scan 2'%to 2'° Hx

* Digital Filtering for High Cultural Noise Rejection

® Statistical Dota Logged on Magnetic Tape and

Alphanumeric Printer

Specifications

INPUT
Channels

Impedance
Protection

Ranges

SP Cancellation

OPERATION

Frequencies

Transmitter Drive

Current Monitor

Deconvolution

t Seven input channels allow the current
and six dipole voltoges to be measured
simultaneously.

£ 1000 Megohms.

: The input is protected from excessive
voltages by a 10,000 ohm fuse resistor.

: 3V full scale to 30 microvolt full scole
in eloven 10db steps.

: Cancellation is manval in four ranges
of +200 mV and +2V.

: 27 Hz102"® Hz (000061 Hz 10 65536 Hz)
in 31 binary steps. An automatic
frequency scan is initioted by selecting
Fhigh and Flow to be different volues.
The scan can step by a factor of 4 or by a
foctor of 2.

: The transmitter is slaved to the receiver
timing circuitry through on isolated, RF
modulated signal passed along o two
conductor connecting cable.

: The exact shape of the transmitter wave-
form is continuously being reloyed back
to the receiver vio o second isolated, RF
modulated signal link. This monitoring
capability is essential for high precision,
broadbond IP measurements.

: The physical quontity which we are
attempting to determino is the resistivity
transfer function. Since it is not possible
to control kilowotts of power passing
through unstable current electrodes to
aon accurocy of 1 port in 10000, it is
necessary to monitor both current and
voltage and then to deconvolve the
curront from the voltage to obtain the
true spectrol IP response. This deconvo-
lution is corried out automatically in the
IPV-3 at each frequency by dividing the
voltage amplitude by the current
amplitude ond by subtracting the current
phase from the voltage phase for oll six
voltage channels.

Operating Sequence

SIGNAL PROCESSING
Filtering

Coherent Detection

Standard Deviation

: START sefs the receiver and tronsmitter

to 1 Hz and ollows the operator to cancel
SP and adjust gain for each chonnel.
ENTER is pressed ofter each of the
operating parameters is input through
the keypad.
A overaging time
B number of channels
C current in amperes
D dipole identificotion
E electrode interval in meters
F frequency range (Fhigh, Flow)
The six parameters are held in
memory. Only o few are usually
changed from station to station
along o line.
PRINT prints out the six operoting para-
meters if it is desired to check their
volues.
RUN starts the automatic frequency scan.
The unit first measures, calculates and
prints the resistivity at 1 Hz. It then
proceeds to Fhigh, makes the required
meosurements, displays and prints the
results, proceeds to the nex! frequency
ond so0 on, down to Flow.
TAPE is pressed if the scan is satisfactory
and it is desired to make a tape copy of
the results.

: The filtoring in the IPV-3 is entirely

digital. Both 50 Hz and 60 Hz foll ot
notches in the digital filters.

: Tho signal is stockod and averaged in

real time, Signal o noise enhancement
is proportional to the square root of the
measurement time.

+ Averaging is carried out in the frequency

domain os well as in the time domain,
This permits accurate colculation ot both
the mean and stendard deviation of
the amplitude and phase.

Head Office:

Vancouver Office:
Denver Office:

PHOENIX GEOPHYSICS LIMITED

Geophysical Consulting and Contracting, Instrument Manufacture, Sale and Lease.

200 Yorkland Blvd., Willowdale, Ontario, Canada M2J 1R5

Telephone: {416) 493-6350 Telex: 06-986856 Cable: PHEXCO TORONTO

214-744 West Hastings Street, British Columbia V6C 1A6 Tel: (604) 669-1070
4891 Independence St., Suite 270, Wheatridge, Colorado, 80033, U.S.A. Te!l: (303) 425-9393




Specifications

INPUT GENERAL

Analog Display : A meter for each input channel allows Temperature : Storage temperature range is -50°C to
easy adjustment of SP and gain. +70°C. Operating temperature range is

-20°C to +50°C.

Digital Display : Two six digit LCD displays provide
continuous readout of the mean and Humidity : The instrument is moisture proof and
standard deviation of the resistivity, may be operated during light showers.
phase or amplitude of any selected
channel. Resistivity is calculated at 1 Hz Altitude :-1600 m to 10000 m.
and disployed in ohm-m. Phase is
displayed from -Pl radians to +PI radians Vibration : Suitable for transport in light aircraft
with a resolution of 0.} milliradian. The and bush vehicle.
amplitude is normalized by its value
at 1 Hz and is displayed with five digit Batteries : Six 9V transistor radio batteries are used
resolution. The display is constantly for SP cancellation. Twelve 2V Gates 5.0
refreshed with the latest stacked and AH rechargeable X cells (PN 0800-0004}
averaged results. form the main 24V supply. Operating time

without recharging is 8 hours at -20°C.

Printer : A 12 character alphanumeric thermal Two 12V chargers are used for recharging.
printer records resistivity at 1 Hz and
amplitude and phase and their standard Case : Fiberglass. This provides electrical
deviations for each dipole at each insulation and freedom from tearing or
frequency. denting.

Tape Drive : The printed results are also stored on Weight : 23 kg.
tape cortridge for plotting and further
processing. Dimensions :25 x 42 x 36 cm.

Features

EXTREMELY BROAD FREQUENCY RANGE

The IPV-3 was designed to cover the entire frequency range of interest
for electrical medsurements. Its complete frequency range is nine
decades.

With o top frequency of 65.5 kHz it can be considered a multifrequency EM
unit as well as a spectral IP unit. High frequency measurements may be
made very quickly, and provide useful, detailed data about the resistivity
section. Pseudosection plots of the high frequency phase angles provide
geometric as well as parametric EM information.

The lowest frequency of 1 cycle/4.5 hours is about as low as the most
enthusiastic researcher would wish to go in determining, for example,
the complete spectral response of graphite. The intermediate frequencies
allow very accurate removal of electromagnetic coupling from IP data, and
provide information on mineral type, which in certain situations can
result in considerably more cost-effective exploration programs.

DESIGNED FOR BOTH RESEARCH AND PRODUCTION

The IPV-3 has been designed to be both an extremely powerful research
instrument os well as the fastest production IP unit available. The
conversion is accomplished simply by changing the limits of the frequency
scan. Reconnaisance work might be carried out at a single frequency, in
which cose the measurements are extremely fast and accurate. If an
aonomaly is encountered, the scan may be widened to provide additional
data useful for the evalvation and removal of inductive coupling, and
useful for purposes of mineral discrimination.

SEVEN CHANNEL CAPABILITY

The multichannel capability of the IPV-3 can decrease measurement time
by o factor of six over conventional units.

REAL TIME DECONVOLUTION

Any variations in the transmitter waveform are closely monitored and
accurately compensated for. This is equivalent to continuous calibration of
the transmitter electrodes. All calculations are made in real time. No
measurement time is wasted waiting for the processor, even at 65 kHz.

MEAN AND STANDARD DEVIATION

Both mean and standard deviation are continuously displayed and
recorded. Thus a constant record is moaintained of the precision of the
measurement. If the desired accuracy is achieved early, time can be saved
by pressing NEXTF. The processor then prints the results and proceeds
with the next frequency.

FLEXIBILITY

Electronic technology is changing at an extremely rapid rate. In order to
guord against obsolescence, the IPV-3 was constructed as four modules
comprising the input section, processor, printer ond tape drive. Any one
of these modules as well as cards within the modules may be up-graded
in the field.

For truck-mounted operations or laboratory applications, the half of the
IPV-3 which contains the input section may be directly connected via a
16 bit parallel interface to any Hewlett Packard 9800 series desktop
computer. The other half of the IPV-3 is essentially a dedicated, low power,
field portable substitute for o desktop computer.

SYSTEMS APPROACH

The 1PV-3 was designed as part of o complete data acquistion, presen-
tation and interpretation system. All data handling is entirely automated.
Either an HP 9845 or 85 desktop computer may read the data stored on tape
in the IPV-3, Currently two software packages are available:

SW-3: Pseudosection plotting and contouring

SW-4: Inductive coupling removal and Cole-Cole parameter fitting.

Further software for AMT, CSAMT and MT using the IPV-3 ore projected
for 1981.
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Phoenix pioneering

New electrical method

By David 1. Salter,
. Marketing Manager,

Phoenix Geophysics Ltd.
Exploration for hydrocarbons i$
still based primarily upon the inter-
pretation of seismic data, although
in some situations gravity ‘and/or
magnétic data can also be of assis-
tance 1o-the geophysicist. Recent
advances in digital elecironics and
the use of information theory have
led to considerable improvements
in seismic equipment, data pather-
ing procedures and the interpreta-
tional technigues used, but wiihi very
few exceptions the. interpretations
are still.limited to the delineation of
favorable sedimentary siructures,
based upon the measurements of
seismic velocities in the subsurface.
At the same time, there has been
only a little progress made in any
ahiernative technique that could be
successfully employed to indicate
the possible presence of hydrocar-
bons themselves. However, there
have been suggestions that some
characieristics of geophysical data,
ar of the rocks themselves, are pos-

sible phenomena which could be

diagnostic, for example: ,
1) Color changes in the rocks

|
|
i
!

N

Russian claims -
This postulated mechanism-

would place the pyritized zone con- *

siderably closer 1o the surface than
the hydrocarbon pool itself, and if-
this pyritic alteration zone were
within the concentration limits and

. depth range of surface Induced

ahove the hydrocarbon azccumula-
tion or color variations in the sur-
face foliage due to volatile com- :

pounds emanating from. the hydro-
carbon pool. )

2) Slight changes in the porosity
of the overlying sediments due to
alteration attendant with the passage
through the rocks of such volatile

compounds. These changes in the -

porosity might be expected to give
rise 10 slight variations in the seis-
mic velocily and the electrical resis-
-tivity of the rock column through
which the volatile' compounds have
passed. , ,

3) Direct detectjon at the surface
of volatile gases (H:S, SO; elc))

which may emanate from the hydro- |

carbon pool and escape to the sir-
faccr.'..-. s e Lt ’

4) The use of the electrical insu-
lating properties of oil itsell, within
the othérwise quite conductive sed-
imenlary section.

5) Formation of the metallic min-
--eral pyrite in the sedimentary sec-
fion above hydrocarbon accumula-
tions. One mechanism for this would
. be the reduction of .the iron oxide
mineral hematite (almost always
present in sediments) to the iron sul-
phidé'mineral pyrite by the action'of
H.S. )

[

Polarization and resistivity mea-
surements it should be delectabie.
Indeed, Russian geophysicists claim
to have measured increised Induced
Polarization effects in the sedimen-
tary column above hydrocarbon

accumidlations, compared (0 the
effect measured at some distance to
the side. :

Having over 22 years' experience
in the measurement.of L.P. and resis-
tivity' parameters in the mineral
énvironment, the geophysical and
engineering staff of Phoenix Geo-
physies have commenced a thor-
ough study aimed at testing this last
“hypothesis. With a view 1o the poten-
tial benefit of such a relativély low
cost electrical method in hydrocar-
bon exploration,.a number 6f major
oil companies are supporting the
project. These participants are pro-
viding access to an appropriale
selection of survey sites which will

“yield dawa from a wide range of
siructures and environments. Phoe-
nix is uniquely qualified for its fole

. by virtue of the operating experi-

ence of its eréw and the sophistica-
tion of the measurement hardware
and interprefational software it has
developed for mineral exploration.

_The lower resistivity environment
of the sedimentary basin has neces-

. sitated developmént of a 100 kw high

power transmitter, but otherwise
standard eguipment and interpreta-
tional techniques are being used.
The-core of the sistem is the Phoe-
nix IPV-3 Muiti-Frequency Spectral
1.P. Receiver, which has already
provenits value in the mineral field.
The large volumes of data acquired
are processed initially on site to ver-

ify quality-and to allow flexibility in

the measurement, program, but full
analysis and interpretation is

accomplished using the -company’s

VAX-11/750 computer.

Over-45 sites have been selected
throughout Alberta. British Colum-
bia and 12 of the U.S. states, classi-
fied as "Mature;” “Immature.”
“Prospect” or "Unknown.” They are
represeniative of typical geological
structures, e.g. reef, channel sand,
bar-sand, anticline, fracture zone,
which are of interest to the hydro-

mrnebie— —mm e e

While the majority of. sites are
proprietary to individual participat-
ing oil companies, three are some-
what different, due 1o their associa-
tion with the joint GEQSAT-
NASA/IPL Tesi Case Program, This

. program flies potential spaceborne

remaote sensing systems over known
deposits of hydrocarbons, uranium
and porphyry copper, and as a sup-
porting member of the GEOSAT
Commiltee Pligenix has undertaken

. to provide geological ground-truth

data for the following sites:

1) Coyanosa Feld, Texas

2) Lost River, West Virginia

3) Pairick Draw, Wyoming

A major element of the satellite
data for these sites is derived from
the Thematic Mapper (T.M.) oper-
ating in thé I-3 micron region. By
optimizing reflectance wave lengths
the T.M. can regionally discriminate
sedimentary rocks, .alteration

zones, metamorphic rocks and soils, *
" “In parallel with the field mea™

surements, a program of geochemi-
cal studies and laboratory measure-
ments on chip samples is under way.

This work will provide a better
understanding of the geochemical
environment in which pyrite may
form. and enable development of a
viable geochemical model which in
turn will provide eriteria for both
{umre test site selection and data
interprétation. )
Over-all, this study is probably the
most ‘ambitious attempt to date 1o
establish a sound scientific basis for

. many of the claims made by propo-

nents: of electrical methods for oil

explofdtion. Such claims have fre- .

quently rested on hypotheses
desived from empirical interpreta-
tion rather than hard data, but their

exisience would seem to indicate

some record of success using some: |
type of electrical measurement. But

clearly, accurate interpretation of
field data is. not aided by false
assumptionsregarding the nature of
the measurements.

Atatimewhen highenergy stakes

justify enormous expenditures for .

“conventional™ exploration, the
devélopment of a complementary,
consistént, low-cost alternative
based on data from a different mea-
surement domain, is of extreme
importance. Making no claims
whatsoever at this point, Phoenix’
work will surely be ohserved with
more than casual interest by the oil

_and gas.industry.

oil hunt studied

1
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I\: Abstract
! The only known concentration of carbonatite complexes in North America is in north-

/ern Ontario and western Quebec, in a petrographic province here named the Ontario

This petrographic province has some 50 known carbonatite com-
plexes over an area of 1.3 million km2. Almost all of the carbonatite bodies occur along
recognizable major tectonic features, three of which are most probable, and one
predicted. According to their ages, the carbonatite bodies belong to four groups; the

two younger groups, dated 120 and 570 m.y., are restricted to the Ottawa graben, .
whereas the two older groups, dated 1,100 and 1,700 m.y., are situated along the Kapu-
skasing High and the Albany Forks and Carb structures, Al four structures are major
tectonic features probably related to the Mid-Continent High No carbonatite complexes

have been recogmzed to date along the Mid-Continent High in Mxnnesota and Wisconsin,

but their existence is predicted.

A number of complexes were examined for their mineral potential. They all con-
tain apatite in the carbonatite phase, in amounts of 5 to 25 percent, and some contain
significant enrichments of apatite through leaching out of carbonates.

Such enrichment occurs on the Cargill complex, located on a branch structure off the
Kapuskasing High. The complex contains a unique, very high grade residual phosphate
deposit associated with a well-developed karst topography now buried under glacial lake
clays. During karst development carbonates were dissolved from the carbonatite, and
residual minerals, mainly apatite, were concentrated in sink holes and troughs. Sorting
and reworking of apatite-rich residuum by surface and subsurface water formed concen-
trations of nearly pure apatite sand, locally several tens of meters thick. Unusual con-
centrations of rare earth minerals are ‘present in a discontinuous thin blanket of second-
ary weathering products on top of the residuum. Widespread occurrences of vermiculite
suggest further possible economic potential.

‘Carbonatite Province.

Y OF UTA
STITUTE
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Introduction

THE carbonatite petrographic province! in the Pre-
cambrian Shield of northern Ontario and adjacent
western Quebec is the only such province in North
America, with a cluster of some 50 known carbona-
_tite complexes. A few isolated carbonatite bodies
also occur elsewhere on the continent in the younger
fold belts but these are sporadic occurrences.

Due to their circular shape and distinct magnetic
expression, most of these complexes were discovered
during regional aeromagnetic surveys in the mid-
1960s. Many of the complexes are poorly exposed
or unexposed in this glaciated and heavily drift-
covered terrane and chances are that some, lacking
a strong magnetic signature and a circular shape,
have escaped detection to date.

LtIn its strict definition neither the term “petrographic
province” nor “tectonic province” should be used for this
cluster of carbonatites since they intrude a wide range of
rocks in various tectonic settings. Nevertheless the author
feels that the term is justified, insofar as these complexes
haye a strong genetic link in space and time and they over-
print the preexisting terrane by a petrographlc province of
their own.

The Ontario Carbonatite Province

Size and age

Inasmuch as the concentration of carbonatite bodies
is mainly in Ontario, the name “Ontario Carbonatite
Province” is proposed. The area of this petrographic
province, as known to date, is some 1.3 million km?
There is regional aeromagnetic coverage of excellent
quality and detai! throughout this area; thus the east-
ern, western, and northern limits are reasonably well
known. The southern boundary, however, is not yet
defined. Carbonatite occurrences stop abruptly at
the Ontario-Minnesota border and at the northern
shores of Lake Superior and Lake Huron. To the
author’s knowledge no carbonatite bodies are known
in northern Minnesota, Wisconsin, or Upper Michi-
gan, although alkalic rocks and one kimberlite body
occur. The only carbonatite body reported, which
may have a distant connection with the Ontario Car-
bonatite Province, is in Nebraska (Brookins et al.,
1975). The fact that carbonatite bodies have not
been discovered in the adjacent United States to date
may be related to absence of good quality magnetic
coverage and to the progressive southward deepening
of the Paleozoic cover. Chances are thought to be

: : ' | 331
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good for finding carbonatite bodies in this region
especially in northeast. Minnesota and northwest
Wisconsin within the Mid-Continent Gravity High.
Due to their relative susceptibility to weathering
under the- local climatic conditions, these assumed
carbonatite bodies are expected to be poorly exposed
or une(posed and only detailed aeromagnetic sur-
veys or drilling are likely to reveal them.

When age'dating on 14 carbonatite bodies became
available in 1967 (Gittins et al., 1967), it was recog-
nized that the carbonatites fell into four age groups:
near 1,700, 1,100, 570, and 120 m.y. Since that time
four more carhonatite hodies have been dated (Bell
and Watkinson, in prep.; Charbonneau, 1973; Doig
and Barton, 1968) and these ages also fall close
to the ahove dates (Table 1). A whole-rock Rb-Sr
isochron by Owen and Faure (1977) has confirmed
the general accuracy of earlier K-Ar dates on biotites
at Lackner Lake.

Distribution

When the Ontario Carbonatite Province is viewed
as a whole, several features become apparent. The
first is the distribution of carbonatite bodies accord-
ing to age. Complexes of the two younger age groups
occur only in the southeastern part of the carbonatite
province along the Ottawa graben described by
Kumarapeli and Saull (1966) and Kumarapeli
(1976), whereas the remainder of the dated com-

" plexes is north and west of this graben (see Fig. 1).

The apparent structural control of most of the
carbonatite bodies is another noteworthy feature.
Currie (1976) has noted and described such control
for the alkalic rocks, including carbonatites, and he
has given names to some major structures. However,

TanLe 1. Carbonatite Ages in the Ontario
Carbonatite Province

K-Ar
. age
Carbonatite (m.y.) Reference

Oka 124 Fairbairn et al. (1963)
St. Honoré (Niobec) 564 Doig and Barton (1968)

Manitou 565 Lumbers (1971)

Mercier 973 Charbonneau (1973)

Big Beaver House 1,005 Gittins et al. (1967)
Clay-Howells 1,010 v

Nemegosenda 1,012 "’

Firesand 1,048 "

Portage 1,069 "

Lackner 1,090 Lowdon et al. (1963)
Seabrook 1,103 Gittins et al. (1967)

Prairie 1,112 "

Schryburt 1,145 Bell and Watkinson (in prep.)
Argor 1,655 Gittins et al. (1967)

Goldray 1,695 "

Township 107 - 1,790  Watkinson and Grimes (1974)
Cargill 1,823 Gittins et al. (1967)

Carb 1,824 Bell and Watkinson (in prep.)

he used the term “alkaline province” for each of these
structures which is not only misleading but an incor-
rect use of the term. His names, thus, were not
adopted in this paper.

The most pronounced structural controls are thé
following. :

1. The Ottawa graben along which at least nine

_ carbonatite complexes from Oka to Iron Island are-

aligned and, although the graben was originally not
postulated that far, the Township 107 and Seabrook
complexes are also on a straight line in the extension
of the graben, extending a distance of at least 750 km.

2. The Kapuskasing High, a gravity and magnetic
high along a rift zone running southwesterly for at
least 400 km from near James Bay to a point where it
apparently dies out before reaching the Ottawa gra-
hen. Nine complexes from Argor to Seabrook are
known along this high whereas two more, the Cargill
and Firesand complexes, appear to be on a subsidiary
hranch subparallel to the Kapuskasing High.

3. A structure, which is here named the Albany
Forks structure, is relatively short, perhaps 200 km
long, but nine complexes are known along or near it
(Poplar to 1 \Iag'lgaml) all buried under deep Paleo-
zoic cover.

4. A possible structure, here named the Carb
structure; though not as obvious as the previous
three, this one is strongly suggested by alignment of
several alkalic complexes with Carb at the north end,
Big Beaver House and Schryburt in the middle, and
Prairie with two alkalic ultramafic intrusives, Killala
and Port Coldwell, clustered at the Iake Superior
end. Carb, Big Beaver House, and Schryburt are
exactly on a straight line and Prairie complex is only
a few kilometers from the southeasterly extension of
this line, 780 km from the Carb complex. This
linearity is thought to be an expression of structural
continuity.

Implications

It seems apparent that the principal carbonatite
magmatism occurred during two distinct periods in
the Superior geologic province, first around 1,700
m.y., then a second period, probably mainly along
the same structural zones, at 1,000 to 1,100 m.y. Two
younger episodes are suggested along the Ottawa
graben at about 570 and 120 m.y. During these
younger episodes the remainder of the Superior prov-
ince did not experience rejuvenation of carbonatite
magmatism. This geographical distribution of car-
bonatite ages strongly suggests an easterly migration
of carbonatite magmatism, an idea originally pro-

posed by Gittins et al. (1967), or, conversely, a rela- .

tive westerly movement of the continent over a deep
source of carbonatite magma generation.
Another remarkable, though not unexpected, fact
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Fic. 1. The Ontario Carbonatite Province showing location of carbonatite complexes, gravity
. and magnetic highs, and major structures.

becomes apparent when the regional gravity and
magnetic highs are superimposed on the location map
(Fig. 1). A great majority of carbonatite complexes
are found associated with gravity highs as well as
with the axes of magnetic highs, thus strengthening
the suspicion that most structural controls are major
rift zones of continental scale and significance.

Phosphate Potential

In spite of their significant place in continental
tectonic history and their unusual petrographic char-
acter, carbonatite complexes have only recently be-
come targets for mineral exploration in Canada.

i

In other carbonatite provinces, such as in South
Africa, East Africa, and Brazil, mineral deposits in
or related to carbonatite bodies have been mined for
some years. Many are in dry, hot climates where
the carbonate-rich complexes tend to remain as re-
sistant hills and are well known. In the cool, moist
climate of northern Ontario and Quebec, the car-
bonate-rich rocks weather to topographic lows and
are rarely exposed. Since recognition of these car-
bonatite bodies, a number of exploration programs

_ have tested them by drilling, mainly for columbium,

but also for rare earths, copper, vermiculite, mag-
netite, or titanium. However, only two complexes
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have become mines, the Oka and St. Honoré com-
plexes (see Fig. 1), both columbium producers.
Because of limited success, exploration interest in

Canadian carbonatite complexes had declined prior

to 1974 when International Minerals and Chemical
Corporation (IMC) undertook a program to re-
examine the carbonatite province for its phosphate
potential. ‘After preliminary screening in the field,
the Cargill complex, located on a branch structure
about 50 km west of the Kapuskasing High (Fig. 1),
was selected as the first drilling target. This complex
had been explored by other exploration companies
three or four times and drilled twice with discourag-
ing results, IMC’s program was based on a new
geologic concept predicting a topographic depression
created by the weathering of carbonates with the re-
sultant concentration of resistant minerals including
apatite. Drilling in early 1975 confirmed the postu-
lated model with the intersection of a substantial
thickness of high-grade apatite residuum. Further

TaBLe 2. Phosphate Content of Canadian Carbonatites

Approx.
range of
Complex Rock type P3y0s (%)
Argor Biotite-calcite 2.7- 44
) carbonatite
Big Beaver House Biotite pyroxenite 1.4- 5.3
Calcite carbonatite 1.7- 29
Carb Calcite carbonatite 2.3 48
Cargill " Calcite carbonatite 2.0-10
Leached carbonatite 10.0-20
Residuum 20.0-41
Clay-Howells Magnetite-calcite 19- 48
. carbonatite
Crevier Carbonatite . ~4
Firesand Calcite carbonatite 0.1~ 5.0
Dolomite carbonatite 0.3 3.5
- Mafic rocks 25170
Lackner Apatite-magnetite rock 9.2
Mercier Calcite carbonatite 1.9- 5.5
Nemegosenda Calcite carbonatite 1.7- 3.8
Mafic rock 1.1- 1.5
Oka Carbonatite 1.8-11.6
Prairie Calcite carbonatite 1.5- 9.2
Ijolite 0.9- 8.2
St. Honoré Carbonatite 0.5~ 6.9
St. Véronique Biotitite . 1.2- 3.6
Pyroxenite 29- 3.2
Shonkinite 3.2- 40
Schryburt Calcite carbonatite 2.5~ 8.9
Mafic calcite 5.7-14.8
carbonatite
Leached carbonatite 18.9-19.6
Seabrook -Calcite carbonatite 1.7- 7.7
Mafic rocks 0.6~ 1.7
Township 107 Biotite-calcite 1.0- 49
carbonatite

extensive, systematic drilling of the Cargill complex
has defined a potentially economic concentration of
this material.

IMC continued the program with detailed study

and exploration of several more complexes but failed -

to find another significant residual concentration.
Nevertheless, it was found that all carbonatites con-
tain apatite, some in minor, some in near-economic
quantities, Table 2 summarizes the approximate
range of phosphate content of each complex. Tt
should be noted that many of the figures are based
on too few analyses to be significant statistically,
giving a very rough estimate only. Some figures are
not the result of IMC’s work but taken from pub-
lished sources,

Residual Phosphate Deposits—Cargill Complex

General geology

The geology of the complex and petrography of
rock units were described in detail in two earlier
papers (Sandvik and Erdosh, 1977; Erdosh and
Sandvik, 1976) which are here briefly summarized.

In its petrographic make-up the Cargill complex is
a typical alkalic carbonatite complex with two major
groups of rocks: carbonatite and pyroxenite-amphi-
bolite. (In the latter unit both rock types are pres-
ent and both are believed to be primary; see Allen,
1972.) In its surface magnetic expression, however,
the complex is atypical, as it appears to be broken up
into three parts of subcomplexes; two large ones,
designated as the south and north subcomplexes, and
a smaller one, the west subcomplex (Fig. 2). This
complexity may be the result of displacement along
faults or separate emplacement at the time of intru-
sion.

The area of the Cargill complex was covered dur-
ing glacial times by the huge Lake Barlow-Ojibway.
This lake left a relatively thin but uniform clay cover
throughout the region. As a consequence, very few
rock outcrops are present over the complex and, with
one exception, all of these expose only the pyroxenite-
amphibolite unit. Figures 3 and 4 illustrate the gen-
eral geologic setting of the south subcomplex, the
only one drilled in detail to date.

Fenitization

Fenitization, a typical alkalic metasomatism sur-
rounding most carbonatite bodies and alkalic com-
plexes, has not been recognized in the south subcom-
plex. In the vicinity of the complex the host quartz
diorite gneiss, where intersected in drill holes, is
fresh, apparently unchanged by the intrusion. How-
ever, since fenite zones are frequently narrow around
even large carbonatite bodies (sometimes less than 10
m in width), such a narrow, presumably vertical
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Fi16. 2. Aeromagnetic expression of the Cargill alkalic complex.

zone may have easily been missed by the vertical
drilling program. )
Banded quartz diorite outcrops near the unexposed

“and yet unexplored, but presumably related, west sub-

complex have distinct fenitization around the mag-
netic anomaly that defines this subcomplex, suggest-
ing that fenitization may eventually be found around
the main intrusions as well.

Primary zoning of carbonatite

Primary zoning is expressed by the distribution of
carbonate minerals. In the south subcomplex zoning
is expressed by calcite to the east which gives way to
dolomite westward, with an intermediate zone con-
taining both calcite and dolomite. Near the west
side siderite-ankerite dominate, accompanied by their
oxidation product, goethite, while calcite and dolomite
become minor.

This zoning is poorly understood and could not be
studied in any detail for the same reason given in the

description of fenitization ; the zones are vertical, con-
sequently few contacts were intersected in the simi-
larly oriented vertical drilling program. Neverthe-
less, field relations tentatively suggest that contacts
between calcite and dolomite carbonatites are grada-
tional over a few meters or tens of meters, while the
siderite carbonatite has a sharp contact with the dolo-
mite carbonatite.

This sequence from calcium to magnesium to iron
carbonate is a classic differentiation sequence, the
calcite being the highest temperature (earliest) and
siderite the lowest temperature (latest) intrusion
phases, . '

Since calcite and dolomite carbonatite 2 bodies

2 Carbonatite terminology, such as beforsite or rauhaugite,
is deliberately avoided in this paper because it is not only
confusing but inconsistently used in the literature. The
author believes that simple petrographic terms such as dolo-
mite carbonatite or ankerite carbonatite would be well under-
stood for the expert and novice alike and urges the use of
such terminology.

s
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5558] LEACHED CARBONATITE KA
- [7i2:] CARBONATITE * . '. i

-RESIDUUM ikfl‘,-; i ".~ )

Fic. 3. Geology of the south subcomplex, 50-meter level {(measured from the surface).

grade into each other, the intrusion of one may have

- followed the other closely. Siderite carbonatite, on
the other hand, may have been intruded as a distinct,
late phase after sufficient cooling of the dolomitic
phase to prevent mixing.

In pipelike carbonatite intrusive complexes, the late
low-temperature portion of the camplex frequently
occurs as a central plug surrounded concentrically by
the earlier, higher temperature intrusive phases.
Following this model, the initial geometry of the
Cargill pipe is inferred to have had a similar concen-
tric configuration, with sideritic material in the cen-
ter, dolomite and calcite progressively further out as
ringlike bodies surrounding the core. However, the

w 4 .__E

- LEACHED CARBONATITE - BriEs PYROXENITE
R oumrz DIORITE

LAKE CLAY
SAND, GRAVEL, CLAY CARBONATITE
RESIDUUM - cormcr ZONE

Fxc 4. Geology section at 10,440N (for location see Fig. 3).

,

existing geometry at Cargill'departs from the classic
model. Siderite carbonatite, the inferred core ma-
terial, is in direct contact with quartz diorite gneiss
along the west side of the complex and part of the
inferred dolomitic and calcitic rings are missing. This
combination of the disrupted zoning pattern and the
northeast extension of the carbonatite, together with
the regional and local magnetic patterns, suggest that
the north subcomplex represents a fault-displaced
segment of the original single intrusive complex.

Karst subsurface topography and development of the
residuum

A well-developed, "typical karst topography that
developed over the carbonate-rich rocks of the south
subcomplex has been described elsewhere (Sandvik
and Erdosh, 1977). Figure 4 illustrates a cross sec-
tion of this karst topography, now buried under a
thin blanket of glacial lake clays.

The karst weathering and leaching at Cargxll
developed possibly during Lower Cretaceous, at the
same time when the Mattagami Formation of the
large Moose River Basin a hundred miles north was
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RESIDUUM

THICKNESS

METERS
0-10

Fic. 5. Isopach map of residuum, south subcomplex.

deposited. This tentative conclusion is based on a
pollen analysis from the fossil plant-bearing quartz -
sand and clay that overlies the karst-scarred complex.
Some pollen was identified by J. Norris of the Uni-
versity of Toronto as Upper Cretaceous to Paleocene
Maastrichtian (R. P. Sage, pers. commun., 1977).

During karst development the slightly acid rain-
water dissolved .the carbonate minerals which are
readily soluble at cool temperatures. Along joints
and/or faults solution proceeded at a more rapid rate
and subsurface drainage resulted, carrying carbonate-
rich solutions away.

With time the joints and faults enlarged by solu-
tion into troughs and at intersection of such struc-
tures deep sinkholes were developed (Fig. 5). At
the same time at weaker points large underground
solution cavities were formed which later collapsed,
creating depressions and other sinkholes on the
surface.

At the time of the principal development of the
karst surface with its overlying blanket of thick
residuum, the Cargill carbonatite was a circular de-
pression surrounded by topographically higher quartz
diorite gneiss and pyroxenite. Water entered the
system, principally from local rainfall, Intermittent
lakes occupied the deepest parts of the basin, the
largest being a crescent-shaped one in the southwest
with smaller circular lakes occupying some of the
deeper depressions. During periods of heavy rainfall
some of the lakes coalesced, but water continually
drained downward through the fractured bed rock,
so that the lakes expanded and contracted inter-
mittently.

The minerals of the carbonatite that resisted both
chemical and physical weathering, namely apatite,
clays, and goethite, remained on the lowering bed-
rock surface and became thickest in the troughs and
sinkholes where they were accompanied by slumping

.
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and some alluvial action, Clean, well-sorted ac-
cumulations of nearly pure-apatite sand, in places tens
* of ‘meters in thickness, were formed in Underground
streams and cavérns (Flg 5).

Weathering products of the surroundmg rocks alse
accumulated by washing and slumping into the lakes
and troughs, forming clean, unweathered, well-sorted
quartz sand.several tens of meters in-thickness and
interbedded organic clay and tree remains. Occasional
thick pure kaolinite layers are also interbedded with
the quartz sand.

A thin crandallitestich blanket, in whtch high rare
earth values occur, is présent in some places at the
top of the apatite residuuth unit. Several rare and
umisual minerals are also associatéd with this blanket
but only the rare earths are thought to have economic
significance. The crandallite-rich blanket is the resnlt
of secofidary weathering or leaching processes. Con-
centration of secondary pyrite has also been noted
near the top of the residuum.

Véermitulite is extensive.and probably significant in
many places; both in unconsolidated and solid rocks,
especially nedr the pyroxemte but jts economic im-
portance has not yet been evalvated.

Only préliminiary drilling with 240-meter centers
has explored the northern subcomplex which shows
that the kaist .devélopment extends to that area as
well, Accumulation of apatite is deeper here but so
far the gtology arid mineral potential of this sibeom-
plex is not well knéwn,

Other known residucl apatite deposits

As mentioned earlier, residual deposits of fimited
extent, including apatité concedftrations everlying
carbonatite complexes, are. fiot unusual in tropical
climates, In the earlier stages of apatite mining at
]acup:ranga Brazil, for instance, residual concentra-
tibns containing 22 percent PoOs (Melcher, 1966)

were exploited in subsurface karst hollows on the

carbonatite.

The dévelopment of mature karst topography and
concentration Of apatite in substantial thickness on
the scale observed at the Cargill complex, however,
is geologically very unusual and rare. A similar oc-
currence. is, reported in Finland in the Sokli carbona-
tite complex, (Paarma, 1970), and possibly in
another complex in the adjacent USSR, and .one.in
southern Siberia (Paarma, pers. commun.}.
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Oxymin Details Plans for

In Situ Leach Project
In Arizona
|
v

Officials of Occidental Minerals Corp.,

intent upan developing a copper deposit
located beneath the town of Miami, Ariz.,

presented, their plans for extracting the o

En;htlnl(tthe :{Iianlni town council on Sep- “NIMERSEW F U?‘AH

lcz;f\?;ﬁ\:f.signcd an option for the Van &Z%%%ﬁgguéﬁiglggE
.

k

==

Dyke copper property in 1968 and con-
ducted an exploration program which ex-
tended until 1975, At that time, about 40
holes had been drilled throughout the de- : \
posit, delineating approximately 100 mil- |
lon tons of oxidized copper mineralization SUBJ
with anaverage grade of 0,5%. Unlike most MNG !
ol the other deposits in the Globe-Miami ODPI J
|
]

Renhaenth T

copper district, the Van Dvke deposit does
not autcrop. It is campletely buried under
the Gila Conglomerate and underlics part
of the town of Miami, Within the town lim-
its, the deposit lies at a depth of from 335 to
10 m (1100 to 2000 {t) beneath the surface.

. Leach Tests Successful

. Dueto the depth of the deposit, the low
grade of the mineralization, and the fact
o that the major portion of the deposit is
‘inder the town, no conventional mining
~ method appears to be feasible, Tn January
1976, Oxvinin decided to start in situ-leach
pilot testing throngh surface drill holes.
Two holes were drilled to o depth of
slightlv more than 305 m (1000 fi), spaced
23 m (75 1) apart. The specific zone to be \
leach-tested was then hydrofractured with
watter and a Huid connection was estab-
lished between the holes. Further testing
with a weak subfuric acid solution has pro-

_J

ven the feasibility of in situ leaching of the ¢
deposit; however, company officials noted TR
that further testing remains to complete / N
the design and to prove that the process is 2k
ceonomically sound. They stressed that . |
hvdrofracturing, as used in the Van Dyke hd i i
deposit, witl extend the hairline fractures K VAL erles $1y
in the copper mineralization w maximum of L
approximately 60 a0 (200 fi) from the point : .
ol fluid injection, and that tests have indi- . \
cated that blasting will probably not be P ] 1 f’ ' '
necessary to increase thu) permeability of SO versatlle’ lt lts nearly all s L
the material, 3 3 !
~ slurry shutoff applications.
Commercial Drilling Underground - . A
If further pilot test work proves the eco- o \ "
nomic feasibility of eommercial produc- !
tion, Oxvimin anticipates in situ leach min-
ing from underground workings, A vertical . 3 K
shaft would be sunk outside the town lim- . . . :
its und a gridwark of nearly horizontal | PLUS Exceptlonal wear-resistance because the '
drifts will be driven below the town. The internals of the valve, when open, are perfectly "
+ solution injection and recovery wells will . smooth Extremely simple design ACCGptS A
be drilled and operated trom the under- ' . A i [
». ground drifts. Copper in the leach solution manual, hdeaUhC or pneumatic actuators. i
s will he rocn.\'crcd by a con\'gnti.mml sol- Wide range of sizes. Details in Product Bulletin !
~vent extraction and clectrowinning plant Lt
on the surtice. The barren solution from 20-20. |
the plant will then be reeveled into the MRS
lenching circuit. . L HE
To monitor the eftects of the operation : b {
on ground water, Oxvmin has sunk two ) j -,
wells in the alluviam of Bloody Tanks .
Wash northeast of the deposit. The wells m THE CLARKSON COMPANY .
are about 30 m (100 ft) deep, and are lo- 3430 West Bayshore Road
cated 760 m (2500 ft) downstream of the CLARKSON Palo Alto. Cal?{fomia 94303 U.S.A. : "
test site. Representative ground water Cable: CLARKSONCO Telex 34-5544 . / o
(Continued on page 16) !
Circle No. 6 on the reader service cord. ' 4
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* instatl - wear evenly

PolyArmor

MOLDED CAST
URETHANE ELASTOMER

‘*abrasion resistant products for industry”’

SPOUTS - CHUTES - CONVEYOR
SURFACES & LININGS - ROLLERS
SCRAPERS - SIZING SCREENS -

WHEELS - PADS - WEAR PLATES,

Complate Dosign & Engineering Capahbilitias

Call 313/773-7900....0r Write
Polyarimer Products Div., Foameraft, Inc,
29603 Parkway, Rosewlle, Mi, 48066

Circle No. 13 on the reader:service card.

RODUCTION _
EQUIPMENT 5

Helwig Carbon -
Brushes are easy {0

—~ and give even
current distribution.
Exclusive RED TOP
absorbs vibration for
better commutation.
longer brush life —
minimum of commu-
tator maintenance,

KEEP A SUPPLY ON HAND
Avoid Costly Downtime -
H

T m—
STRIP MINING

=

{ T

OFFSHORE BRILLING

414/372-3113

HELWIG

CARBON PRODUCTS. Inc.
2440-A tornh 30th Streat
Milwaukee, Wis, 53210

Circle No. 15 on the reader service card.
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(] copper Mineralization

Plan view of the Miami, Ariz.. area.

sumples are abtained by pronping from the
atlevial aquilier in the wash, and ietoal
duta are subinitted o the Minmi Town
Comncil. According to company officials,
the datindicate that no significant change
in chemical constituents in the grond
water hus oveurred during the pilot test
Jeaching activities,

Cround water from the athuvinm in the
wash is not nxed for manicipal supphy es-
cept in extiomedy diy periods when it is
added in fractional sunounts to the water
tuken from the Contimd Hoeighis area whicl
is ubout <08 ke (3 miles) northeast of the
Vi Dyvke deposit and is the town's wiain
water supply.

The Question of Mineral Rights

Oxviiin told the town conneil the “min-
eral estute” wis severed from the sarface
rights prior to ereation of the “sarface ex-
tate” and sirface owners purchased the
surface tocdepth of 12 (40 10, Stndar-
dized deed restrictions, cousistent with
the arant of the severed minenl estate,
were incorparated i the surfiee decds at
the time the surface parcels were finst of-

4000 teet

Va -~

{ Miami East
\ Deposit at ¢
« Depth /

Gila Conglomerate

Town of Miami A,u

1000
2000 feet

feved i 1909 for sabee o fndividuad pore
chasers, 1o the lunvoage of the decds,
these restrictions absolve the miveral es-
e oneners (o Tiabilite 1o the seeface
owners in the event ol subsidence resalt-
iny from mininge .(‘p!'l':lli(lll.\ conducted
under them, During the development of
the tosen of Miami. the owners ol the min-
crabss Van Dyke Copper Cooand Sho-Me
Copper Co. condneted exploration, de-
velopment, and mining operations in,
underand adjaucent to the town, hedinning
i 1916 and continuing to the prosent.
The present minerad right ownees and
Osyinin have fodienated w willingness to
compeisate surfiee praperty owners for
dinnge that might be caused by wining
operdions underground. The company
stated that compensation for damage
wounld 1ot he based an o predeiennined
formula. ot rather on wcase-hy-vase hasis

tuken from an appraisal ade at sueh time.

:l“.\ (lill”:lg(' Oeenrs,

The company noted that it plans to em-
ploysoswork foree including as nuiny as 200
Miamwi residents if further testing proves
snecessful, 3 '

Town of Miami

Solution Wells
Drilled and
Operated trom Drift

Schis/

0 500 1000 feet

feet Below Surface

2000
Schist

i
{

1

Proposed Oxyminin situ leach plan for the Van Dyke copper deposit. Right-hand drift will X

contain additional solution wells.
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in Crystalline Rocks™

by S. N. Davis ond L. J. Turkb
Member NWWA

Abstract. . _
Water-bearing properties. of crystalline rocks are de-
pendent on the occurrence of joints and faults and the
extent of weathering. Interstitial openings caused by
weathering are mostly at depths of less than 100 feet.
Joints are less abundant and openings along joint planes
are smaller as depth increases. Openings along fault sur-
faces also tend to close with depth. These geological
observations which indicate a decrease in rock permeability
with depth are verified by a study of well yields and water-
injection tests. Mean yields per foot of well are 0.23 to 0.30

_ gpm at 100 feet but only 0.013 to 0.04 gpm at 1000 feer.

Mean injection rates per foot of drill hole under 100 psi
pressure are 0.11 to 0.4 gpm at 100 feet but only 0.014 to
0.038 gpm at 1000 feet. Median values of both well yields
and injection rates are from one-half to one-third of the
mean values. Geologic structure is more important than rock
type in determining yields and injection rates. The decrease
in rock permeability with depth indicates an increase in
the unit cost of warter with depth. The optimum depth of a
well is, therefore, detcrimined largely by economic factors.
Unless geologic factors are favorable, wells in crystalline
rocks should be less than GO0 feet deep. In general, do-
mestic wélls should be less than 150 to 250 feet deep.

Introduction

The scientific location of water wells in regions
of dense crystalline rock is commonly made difficult
by the presence of soil, vegetation, and broken rock
rubble which cover the structural features of the rock.
Geophysical techniques are of some use if large con-
trasts in rock properties are present, as for example,
the contrast between a zone of deep rock weathering
and underlying dense unweathered rock. In most

however, geophysical methods do not
locate narrow openings which yield water in the un-
weathered rock. General observations of topography
and positiori; of surface streams can alsd be useful
guides for drilling in regions where detailed studies
of exposed rock are not possible (L.LeGrand, 1962).
Nevertheless, even under the best conditions, results
of drilling are difficult to predict. Under the worst
conditions, blind probing must be used and results
can be predicted only in a general way through statis-

tical information gathered fr_om drilling in comparable

2 Paper presented ar National Water Well Exgositior.),
San Francisco, California, September 30, 1963.

bAssociate Professor, Department of Geology, Stanford

University; and Geologist, Socony Mobi}l 0il Company,
Libya, respectively.
Discussion open until June 1, 1964.

- Optimum Depth of Wells NG

_determining the optimum depth.

40

rocks situated in similar topographic positjons
The purpose of this paper is to s'.unmz:né;_r ,,w
from wells drilled in crystalline rock in order ¢4 ‘
in regional planning of water development. (o :;(_::kw
a guide to the probable success or fzilure of ¢..r :
and to help determine the optimum depth of =,k g
Emphasis in this paper will bs on e Probies )

Origin and Depth of Permeatle Zones
B N
The temm, crystalline rock, as used in this .
1

Sl

refers to igneous and metamerphic rocks su-s ‘é)f
schist, gneiss, granite, diorite, 2nd gabhro. Carlee,, ?
rocks, which commonly develop solution opening: o L
not considered. g

Unweathered and unfracrured crysralline o, ‘3
i

generally will have less than one per cent pain
and will have permeabilities so small as 10 be ak.,
negligible. Weathering will cause differential cipn |

sion of various mineral grains due to parual h:%
tion. The expansion and differential movement ¢
produce, in turn,
circulating water may increase local porosity by g

B

intergranular pore space. A.}
dissolution of unstable minerals. Porosicies prods;
by weathering commonly range from 30 to 30 pc::::g..

(Figure 1). If the rock is originally coarse- gy

60

T I T I I T

501 POROSITY

1) ! | ! A ! |

o] 20 40 60
DEPTH IN FEET

Fig. 1. The relotion between depth and porosity, uat % 3

cific yield in weothered metemorphic rocks north of Afl‘-""?\

Georgia. Curves from 0 to 65 feet are from measurements®

Stewart (1962); extensions to 80 feet are hypothetical.
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:-kh a moderate abundance of stable minerals such as
.quarez, a relatively high permeability may result from
the weathering. Wells producing between 10 and 50
gallons per minute (gpm) from the zone of weathering
2re common.

The thickness of the zone of weathermg depends
on the geologic history of an area. In areas of rapid
erosion, fresh rock may be at the surface. In contrast,
maximum depths of almost 300 feet of weathered rock
ma2y be encountered in areas of little natural erosion.
Depths between 10 and 100 feet, however, are more

typical. The transition from weathered into unweath--

ered rock is. moderately abrupt and may' take place
through a verrical distance of only 10 to-20 feet
(Figure 1).

Permeability will be significant in unweathered
crystalline rocks only along fractures that have been
developed in response to volume changes in the rock
or to externally applied forces such as those that
produce faulting. Herizontal joint surfaces, which
probably'form in response.to rock expansion associat-
ed with erosjonal unloading, tend to be concentrated
near the surface and are spaced much wider apart as
depth increases (Jahns, 1943). -

.Other joints 2lso may tend to decrease in fre:

quency at depth (Crosby, 1881). In addition, there are
good theoretical reasons for believing that many
joints caused by tension at or near the ground surface
will die out rapidly with increasing depth
{Lachenbruch, 1961). Suifaces or rupture associated
with incipient landslides also will be confined to
relatively shallow depths. :

. Tunneling and mining operations, nevertheless,
have demonstrated amply the existence of permeable
zones at depths of several thousand feet. Most of this
permeability appears to be associated with faulting.
Even along vertical fault zones, however, slight
amounts of rock creep should tend to close small
fractures so that some decrease in permeability should
be experienced in deeper zones. Low-angle faults
will tend to close at depth due to the load of over-
lying rocks.

All genera) lines of reasoning, therefore; indicate
a reduction of permeability with depth. The data

accumulated for the study substantiate this reasoning, -

and. the analyses give a quantitative idea of the
reduction of permeability.for crystalline rocks. .

Although the matter was nor srudied, it is likely
that similar depth-permeability relations exist in
consolidated sedimentary and volcanic rocks, such as
some types of arkeses and welded wffs. The only
information on this topic comes from careful pressure
tests in jOlﬂted quartzite of the Shawangunk Forma-
tion in New Jersey which have shown a regular de-
crease in permeability with depth (Smith, 1962).
Collection ond Orgonization of Data
Water Wells

Records were compiled from published descrip-
tions of 2,336 water wells in granite and schist. All

of these wells were in the eastern part of the United
States. In addition, information conceming 239 wells
in étystallinc rocks of the Sierra Nevada was collect-
ed (Turk, 1962). Most of these wells are in grano-
diorite, although 2 number of metamorphic rocks also
are involved. Wells used in the study have records of
diameter, total depth, rock type penefrated, and final
production. Some of the wells in eastern United States
and all of the wells in California have records of
static water levels, casing lengths, and perforation
intervals. Information on topographic position of

‘wells, although very important, was not available in

enough - publications to be included -in the present
study. Yields per foot were calculated by dividing the
total yield of the well, as reported by the driller, by
the depth of the well below the water table. Where
water-table information was lacking, an average value
computed from other wells was used.

Water-Pressure Tests

Study of 1,291 water-pressure tests in 340 drill
holes at dam sites and tunnel lines provided addition-
al information on depth-permeability relationships

(Davis and Turk, 1963). Data were obtained from the
United States Corps of Engineers, the United States
Bureau of Reclamation, and the California Department
of Water Resources. These tests were in various rock
types and were performed with varying amounts of
pressure.

To standardize data from the several. sources, the
quantity of water injected, or water take, was correct-
ed to that expected at a pressure of 100 pounds per
square inch (psi), assuming that water take varies

directly with pressure. Tests of several zones using °

differing pressures were studied, and the direct ratio
between pressure and water take was relatively con-
sistent when pressures were over 50 psi; thus 50 psi
was the minimum pressure for tests used in this
study. Owing to lack of information concerning static
water levels, corrections were not made for varying
depths to the water table. :

The mean vertical depth for each zone tested was
calculated; if a hole was not vertical, its mean depth
was found by trigonometry. Holes less than 45 degrees

from horizontal were not used. The average water take

per foot of hole was calculated by dividing the length
of hole tested by the amount of water accepted during
the test. AlSo computed was the percentage of pres-

“sure tests in each depth increment which failed to

inject water into the rock. These are called "‘zero
water take percentages’’ in this report.

Thrée rock types were studied separately in
water-pressure tests to determine whether rock type is
a major factor in deep circulation of ground water.
These types are:

1. Granitic rocks.

2. Amphibolite.

3. Miscellaneous rocks including serpentine,

NI " TR




 greenstone, slate, schist, quartzite, phyllite, metar-
‘hyolite.

" Interpretation of Data

The data were compiled and graphs were plorted

illustrating the variation of water take and/or yield
with depth. The mijor relationships among variables
" of interest are shown in Figures 2, 3, 4, 5. 6, and 7.
All -curves clearly verify the qualitative conclusion
based on general geological evidence that permeabil-
ity decreases with depth. However, the scatter of the
.data is large. As might be expected, natural varia-
tions of structure and rock type give rise to large

differences in the permeability of individual fracture

zones as well as the overall abundance of the zones.
A good example of this contrast is shown in data from
" the Roberts Tunnel, Colorado (Wahlstrom and Homback

1962).

-In_highly fractured Precambrian gneiss -and

quartzite associated with thrusting, an average of one

1000
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10 | ] 1 }\
0.05 0.1 0.5 1.0

WELL YIELD IN GPM PER FT

Fig. 2. Yields of wells in crystalline rock of eastern United
States. Open circles represent mean yields of gronitic rock

‘bosed on a total recoid of 814 wells. Black dots represent

meon . yields of schist based on a total record of 1522 wells
(compiled by Turk, 1963).

fault per ‘ten feet of tunnel was encountered. Water
seeping into the tunnel through the faults and other
fractures averaged slightly more than one gpm for

each -foot of. tunnel.

In contrast; a Tertiary quartz

monzonite had one fault per 30 feet of tunnel and only
‘0.05 gpm of water for each foot. The two rock types
were tunneled at about the same ‘distance below the
ground surface. '

Variables other .than those. of the .geologic..en-

vxronment also account for some of the scatter in the

data.

Diameters of wells and drill holes, testing

methods, casing lengths, depths to water, completion
methods, and a host of other factors vary from one
hole to another. Although methods of pressure testing

IN

1000
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FEET

100

50

DEPTH

10 ] i § |
0.01 0.05 0.4 0.5 -
WELL YIELD IN GPM PER FOOT

Fig. 3. Depth-yield relations for crystalline rocks of «,
Sierra Nevado, California, based on dota-from 239 weyy,
{Turk, 1963). Most wells ore in granodiorite er closely o
lated rocks.

1000
' I J N T T
" SN 90% TESTS Have
sool. . . . WATER TAKE SELOW Tk
. N . ' LINE
-
i /3
w
'y L °
=100 -
L SO -
Y 25% TESTS HAVE
w WATER TAKE BELOW
THIS LINE N
| ! 1 St RN 1
0.01 0.05 0.1 05 1.0 5w

WATER TAKE IN GPM_PER_FOOT

Fig. 4. Water-injection deta from Oroville daom site, Colv
fornia. Although mean points for the class intervals are me

shown, computed values hove obout the some scottes »
relation to the ‘‘mean line'’ as do the median values 1ot
‘*median line."" Diogram is based on the results of 3t

injection tests in amphibolite.
tend to be more uniform than methods in water-se
drilling, equipment and techniques are not always g«
same from one agency to another.

Despite. the many factors causing the data &
scatter, several clear-cut relauonshxps are evidest
These are:

1. Crystalline rocks have roughly the same dept
permeability relationships. The similarity is partict
larly striking in data from water wells in granite a3
schist .in eastern United States, Figure 2, and f

pressure tests in amphibolite and granitic rock # 3%

California, Figures 4 and 5. Data from pressure te*”
in miscellaneous rock types, Figure G, show deps
tures in the depth-permeability relations. The roci?
tested include low-grade metamorphic rocks which 37
not actually crystalline in the usual meaning of &

- word. These rocks have low strength and tend to clo®

their fractures rapidly with depth.

[
2. The percentage of pressure tests having
. . . - ol
water take increases rapidly with depth in the mis¢
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Fig. 5. Water-injection igtes, or woter take, related to depth
in granitic rocks of Colifornia. Diagram bosed on dato from
412 tesfs '

laneous rocks as well as the granitic rocks, Figure
7. This trend is lacking in data from amphibolite. The
reason for this may be the fact that many data were
from deep-holes at-the -Oroville.Dam site .specifically
drilled to intersect deeper fractured zones, which
were presumably more permeable than the normal rock.

3 Frequency distributions of yxeld and water
take are skewed strongly to the right, Figures 8 and
9. Mean values are between 2.0 and 3.5 times as large

as' the median values. The vields or water- -take val-

ues, whxch are exceeded in only ten percent of the
tests are five to ten times larger than the mean values.
The ratio of mean to ‘median values tends to -be con-
stant throughout all depths studied.

Optimum Depth of Wells
The optimum depth of wells in cr)stallme rocks
is determined. largely by economic factors provided

the position of water-bearing zones cannot be predict-
ed by geological or geophysical means. The first step
in an economic analysis is to compare the cost of

developing well water with the cost of water from .

other sources. Inasmuch as the amount of water pro-
duced per foot of well diminishes rap1dly with depth,
1000

T T T T I
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!
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Fig. 6.. Medion woter 20ké in miscellaneous rock types in
California. Diagrom bosed on data from 494 tests in ser-
pentine, slate, phyllite, gobbro, and other rocks..

the unit cost of water increases as a well is deep-
ened.. This relationship is shown by the two. curves in
Fxgure 10. Important assumptions used in making the
curves were a well construction cost of $10.00 per
foot, a power rate of 2 cents per KWH, an interest rate
of 6 percent, and a well life of 30 years. Depth-yield
relations similar to crystalline rocks of eastem United
States and an average depth to the water table of 30
feet were also assumed. Although different curves
should be constructed for each region of interest
because of variations in economic and geologic
factors, the general shape-of all such curves is prob-
ably quite similar.

1000

1 T
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500 - . //.—.
/
— /
w
w )
[
=z 100t -
T | ]
- 50
a
-
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10 !
10 - 50 00

PERCENT ZERO
WATER  TAKE

Fig. 7. Percent of tests hoving zero water take in granitic
rocks, shown by black dots, ond miscellaneous rocks,
" shown by open circles. T ’
A fixed unit cost has been assumed for water from

sources ' other than wells. This is commonly true of

' small a}noun;s obtained from municipal supplies but

may not be true of larger volumes. The 'straight lines
in Figure 10 show the cost of various amounts of wa-

“ter per unit time for différent unit charges. It can be

seen that, under the assumed conditions, well water
will be always more expensive than other water at 5
cents per 1000 gallons but always cheaper than water
at 50 cents per 1000 gallons. Between these extremes,

- the choice should be based on a study of economic
“factors.

The manner in which Figure 10 can be used to
assist in determining the optimum depth of wells will
be given by the following hypothetical example. A
city has a choice of either drilling a large number of
wells or importing water at a fixed rate of 20 cents per
1000 gaillons. From the mean curve in Figure 10 it is

9
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determined that well water will be cheaper only if the
" depths of wells are generally less than 350 feet. The
maximum economic advantage is gained for each well
at the pumping rate which gives the greatest horizon-
tal separation between the mean yield curve and the
20-cent$: line. This pumping rate is about 19 gpm
which can be obtained at a depth of about 150 feet,
which can beé considered the optimum depth.

"The foregoing example is correct only if a large
number of wells are to be drilled. In such a case, a
few wells which have high yields will compensate for
the wells which are failures or which produce only a
small amount. If a 'single well is to be drilled, the
most likely, or median, yield is of most interest. As
an example, if a small dairy wishes 20 gpm,-the
median yield curve of Figure 10 would indicate that it
is unlikely that this amount of wdter can be obrained

from a si.ngvl.e wgl}_ at a reas»ona.ble cost. Although -
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w
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TOTAL WELL YIELD IN GPM
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Fig. 8. Frequency distribution of yields of 239 wells in
crystalline rocks of the Sierra Nevada. Data from wells of
various depths have been grouped together. Of the total
number, 8.4 percent were ‘'dry holes'’ and 16.3 percent had
yields of less than 1.0 gpm.

representing a different region, Figure 8 would sug-
gest that there would be only one chance in four of
obtaining the desired water from a single well. A very
good chance exists, however, for the development of
the water from 5 wells having depths of from 40 to 80
feet. The expected cost of this water is less than 15
cents per 1000 gallons. Of the five wells drilled, one
would probably be a failure,three might produce 2 gpm
each, and the other well might produce 15 gpm. The
total production would be 21 gpm; the average, or
‘mean, yield would bé 4.2 gpm; but the most likely, or
"median; yield of a single well would be only 2 gpm.
One of the most frequently encountered problems
in drilling in érystalline rocks is that of abandoning a
. well which has failed to encounter water. Experience
has shown that there is always a chance of finding
_ water at a greater depth, so the tendency is to take a

10

IN EACH 0.5 GPM
INTE RVAL

PERCENT

60.-

40-

20.

LTI

CLASS

O- ' [ ‘ [ 13
WATER TAKE IN GPM
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.Fig. 9. lfrequency distribution of water take of 62 testl
the 81 to 100 ft. depth interval at the Oroville dam ¢}
Colifornia. Zero water take was reported for 14 percent
the tests. - ‘ 5

tion gathered thus far, it would seem best o anf"“
pate the problem before drilling by budgeting mod

YIELD N GPM

v — . :
4 1co 200 300 COLLARS FLs MON'*

Fig. 10. Curved lines show cost of developing ground =¥
in crystalline rocks of eastern United States under §
assumptions stoted in the text. Straight lines indicoie

of water at fixed rotes, such as might be delivered fio%gy
city water supply. Yields in gollons per minute (QP“‘\j
for continuous use. )
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4 &'l'owﬂ the water table, a distance only great enough

.o 8llow for drawdown duve to pumping and to accom-
podate seasonal water-level fluctuations. Thus, in
janning domestic wells in an arez in which the water
able is near the surizce, three adequately spaced
soles only GO feet deep would appear to be a far

tole 240 feet deep. Nevertheless, cost of prepgring
dilling sites, limitations’ of available space, and
distance to points of use will determine the feasibil-
“fty of drilling more thaa one hole.

piscussion and Summary s

%z~ Aesthetic considesztions, biological and chemi-
"al purity of water, local zoning regulations, and a
. zge number of other factors which cannot be uea'ted
& simple economic or geologic analyses are common-
# important in.making decisions conceming water-
' ;:1_1 drilling. For this reason, the entire process of
gaking the decisions will probably never be fully
formalized. In a similar problem with oil-well drilling,
Greyson (1960) has pointed out, however, that even
tough many steps witl always remain qualitacive,

same type of formal approach is desired to minimize
ée possibility of seriozs errors. The present authors
kave attempted to give some quantitative expression
w only one decision making’ step in one class of
water-bearing martenial. It is our hope that the entire

decision making process will be analyzed eventually.
" .For the present; the following conclusions can be
‘_P‘spful. ) )

characteristics of most
. aystalline rocks are primarily controlled by weather-
.‘:.i.pg_an_d structure. Rock type alone is commonly of
;’stcondary importance. ‘

“wx: 1. The water-beasing

%7 2. In the absence of geological and geophysical
-guidance; drilling in crystalline rocks encounters
: highly variable amouszts of water. In unweathered
ik, from 5 to 15 percent of the wells are failures,
ieglian vields are less than. 8. gpm, and roughly 10
percent will have yields of 50 gpm or more.

e

3. Water productica. per foot of well decreases
: ,‘._Pldly with an increase in well depth. This decrease
' "8-roughly ten-foild bezween depths of 100 and 1000
L.

%‘;?54 The optimum depth of water wells in crystal-

¢ rocks is determined largely by economic factors

perter means o search for ground water than a single

unless the geologic structure is known in deail.

S. Although a detailed economic swdy was not
made, rough estimates suggest that the depth- of single
domestic wells should be less than 150 o0 250 feet
and wells of larger production should be'less than 600
feet. In many places the optimum depth of domestic
wells will be less than 100 feet.
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..lNTERNATIONAL INFORMATION COLLECTED ON PER-
--MEABILITY AND CAPILLARITY

A tosk group on permecbility and capillarity of soils, repre-
denting Committee D-18 (Soils for Engineering Purposes),
}A ‘tﬂericon Society for Testing ond Materials, was estab-
Nished in 1962 to ossexble information on research and
‘-"h°d°|09y for the permecbility ond copillarity of soil ond
""?" materials, The present objective of this task group is
. h~"‘°”etf information on equipment and procedures current-

ly used throughout the world, to summarize current and post
research, ond-to promote needed research for the future.

A detailed questionnaire hos been prepared and dis-
tributed federal ond
agencies, and commercial organizations in the engineering,
ogricultural, ond geologic disciplines in the United States
and foreign countries. Anyone who did not receive o ques-
tionnoire, moy do so by contocting the chairmon of the tosk
group: A. l. Johnson, Chief, Hydrologic Laboratory, U. S.
Geological Survey, Denver, Colorado.

to universities, state government
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ABSTRACT

Letowski, F., 1980. Ore leaching model with partial decomposition of rocks. I. Theoretical
predictions. Hydrometallurgy, 6: 121—133.

A theoretical model of rock leaching is derived for the simultaneous reaction of two
components at different rates accompanied by disintegration of the rock. The model has
been developed for the acid leaching of copper sulphide minerals in rocks that contain car-
bonate minerals. The rate controlling step is assumed to be diffusion through the ele-
mentary sulphur layer adhering to liberated sulphide particles.

INTRODUCTION

Considerable interest in hydrometallurgical metal winning processes, partic-
ularly in the winning of copper from ores, has led in recent years to a number
of mathematical models which have been developed for these processes. At
least three kinetic acid leaching models were developed for low-grade
porphyry ores containing copper sulphides and particularly chalcopyrite: an
“in situ”’ ore leaching model (Bartlett, 1973), a heap leaching model (Roman
et al., 1974) and a mixed kinetics model (Braun et al., 1974; Madsen et al.,
1975). A kinetic ammonia leaching model of ores containing native copper
and chalcocite was also developed (Hockings and Freyberger, 1976). Finally,
Roach and Prosser (1978) presented a universal model describing the chemical
treatment of low-grade materials, based on the transportation of liquid or
gaseous reactants through porous lumps. Of the other attempts to describe
leaching processes mathematically one could mention the leaching models for
pure minerals described by Habashi (1970), the geometrical leaching model

for polydispersed materials (Neumann, 1964) and the leaching model for non-

porous particles (Loveday, 1975). However, their application is limited as a
rule to the high-grade materials.

The kinetic model which allows for the effect of chemical decomposition of
secondary ore components on the leaching yield of the main component is pre-

0304-386X/80/0000—0000/%$02.25 © 1980 Elsevier Scientific Publishing Company
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.sented in this paper. This case occurs during acid leaching of copper sulphide
ores from sedimentary deposits containing some carbonate gangue in the form
of dolomite, calcite or magnesite.

It may be expected that in acid solutions the rate at which large pores are
generated by decomposition of, for instance, dolomite will be high enough
that penetration of the reagent to the interior of a lump of ore is a secondary
factor determining leaching rate. In extreme, the lump may disintegrate and
expose the copper minerals before they have reacted to any extent. ‘

Studies were therefore initiated to determine conditions under which the
costs involved in sulphuric acid consumption by the decomposition of
dolomite might be compensated by the elimination of ore crushing and grind-
ing in order to increase the access of the leaching agent to the surface of the
copper sulphides and to replace the crushing process with the chemical decom-
position of certain deposit components (Letowski, 1978).

Part 1II of this paper describes-laboratory tests on the model derived in Part I
(Letowski and Augustowska, 1980).

‘BASIC CONSIDERATIONS*

The model in question is concerned with ore leaching in an acid ferric sul-
phate solution. Ore components were divided into three groups:

(1) copper sulphides which consume an oxidant — ferric sulphate — during
the leaching process;

(2) carbonates, mainly dolomite, which consume sulphuric acid during the
leaching process; .

(3) inert components.

- The assumptions that define the model result from the following conditions
in the leaching process:

(1) The decomposition of carbonates proceeds more rapidly than the
simultaneous leaching of exposed copper minerals;

(2) As soon as the carbonates are fully decomposed the ore 1umps dis-
integrate into smaller fragments;

. (3) The extent to which the copper minerals are exposed to the reagent de-
pends on the carbonate content of the ore; the insoluble components still part-
ly block the surfaces.

The following deviations from real conditions were assumed:

(1) The model of an ore fragment of mass m, is a sphere with radius R, of
the same mass and the same mass percentages of components. The factor o
which is greater than unity, relates real ore fragments to those of the model
and is-defined as the ratio of the real fragment surface area to that of a sphere
of the same mass and density;

(2) In all unreacted ore fragments the distribution of all components is
uniform;

* Definitions of the symbols used are given at the end of the paper.
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(3) Copper sulphide particles are spherical grains with initial radius ro, uni-
formly distributed in the ore fragment with initial radius R, ; the correlation
between the model and actual condition being described by the factor o, de-
fined as for the entire ore fragment;

(4) In the first approximation the sizes of all copper sulphide partlcles in an
ore fragment are replaced by the average size of particles r,.

Additional assumptions defining the model are as follows:

(1) Decomposition of carbonates and leaching of copper proceeds with con-
stant sulphuric acid and ferric sulphate concentrations in the leaching solution
which may be readily achieved in a continuous process; the acid concentration
is high enough for the hydrolytic precipitation of iron(IIl) from the solution
to be ignored;

(2) The gypsum resulting from decomposition of dolomite and calcite does
not block the sulphide surface to a significant extent. Owing to its appreciable
solubility it is expected to crystallize out beyond the decomposition zone of
the carbonates; ' .

(3) The blocking effect of elementary sulphur, formed as a product of leach-
ing of the sulphide, is assumed to control the rate of reaction of the exposed
surfaces of the sulphide minerals.

The geometrical model of an ore fragment under leachmg is presented in
Fig. 1.

'

&3 dolomite_—" u'/ »

& copper sulphlde \é*?/é}& /g

7 insoluble N
deposit
components

Fig. 1. Geometric model of an ore fragment under leaching.
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THE EFFECT OF DOLOMITE DECOMPOSITION ON THE DEGREE OF COPPER
LEACHING

According to the assumption of the model where Ry, >> r,, the degree of
copper leaching a, is given by:

" a = (mey, = mcu)/me, ’ 1)

-where mgy is the unleached mass of copper and mcy  the initial mass of cop-
per in the ore fragment. « depends on the degree of exposure of copper sul-
phide particles § which is the same as the degree of decomposition of the
carbonates o

ng —n mdo - mg

f= - — . (@),

Ny mdg

0

where n and mq are the number of copper sulphide particles and mass of car-
bonate minerals in the unreacted core of radius R, respectively, and n, and mgq,
are the same values in the unleached ore fragment. .

Since the mass of decomposed carbonates is (4/3)7pgq(R,® = R?) the
degree of exposure of copper sulphides may be presented as a function of
radius R of the unreacted core.

B=1-(R/Ry) (3)

On the other hand, the degree of dispersion of copper minerals expressed
by the number of sulphide particles in the ore fragment, n,, is the ratio of the
total copper content in the ore fragment to the copper content in one sulphide
particle and is equal to

% 7Ry’ pgCu _ Ro\? 1 . :
ne = —a— = |=2) = | (4)
3 Mre” Pz2XCu To G
where the factor typical of a given type of ore, G, is equal to
G= szCu‘/PgC'u (5)
The balance of leached copper may be described by the equation:
i=n g -n
mcy, — Mcu = 3 TR’ pECu ~ [% TRpgcy +5 mhzxcu Y, rf‘] (6)
i=1
for 1, < ¢t

where the first term on the right-hand side is the initial copper content in the
ore fragment and the expression in brackets is the sum of the copper mass left
in the unreacted core and the mass of unleached copper left in n, ~ n grains
exposed during a time 7; equal to, or smaller than the leaching time t.

After substituting the respective terms of eqn. (6) into expression (1) and,
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after taking eqns. (2), (4) and (5) into account, the degree of copper leaching
is

n,—n

" [R\?® ig :
a=[l— GE)] - (7)

According to expression (3), eqn. (7) gives the relation between the degree
of conversion of soluble deposit components  (i.e. carbonates in this case)
and the degree of copper leaching « '

n,—-n
5w
a i=1 '
—=1—‘_-3' forallr; <t _ (8)
B (no —n)ro

Values of o and 8 for all leaching times t are obtained experimentally. The
ratio a/f can also be expressed in terms of mean values r, and r

aff = 1= (rfr)? : (9)

where r, the so-called “mean radius” of exposed grains of copper sulphides
after leaching time ¢, is related to the sizes, r;, of copper sulphide grains after

-an exposure time r; by means of the following relationship:

i=n,—n 1/3
oo
- =1
rty=1 ° 4 (10)
o =N | ict)

LEACHING PROCESS EQUATION

As in the case of the dissolution of pure mineral particles where, depending
on leaching conditions, the Valensi, Jander or Ginstling—Brounsthein—Crank
equations may be applied (Habashi, 1970) as well as in the other leaching
models for low-grade raw materials mentioned in the introduction, the de-
pendence of the degree of ore leaching on time may be derived with sufficient
accuracy from the simplified Fick equation where the transportation of re-
actants or products is expressed by flux I perpendicular to the leached surface:

dmCu
dt

o7l de : :
=_ = S:\D — 11
(',?1 ') dyi )

where ~dmg, /dt is the change in copper mass in the solid phase during leach-
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of radii R and r:

. -
mey = $7R3pgou + 3 7 (e ~ n)pzXcyu =

=4 mpgcu [R3 +(Ro? -Ra)(%)s] | | | (16)

Thus, 4 change in the mass of unleached copper is the following function of
changes in R and r:

47 - - o
dmey = —;ifc—“ [(F® - )RR + (R — R*)F*dF] - 1
0 .

Bearing in mind that acéording to eqn. (11) dmgy = —Idt and substituting
“eqns. (15) and (17) for dmgy and I, the basic equation describing a change in
the ore fragment size, R, and in the sizes of copper sulphide particles, r, during
the leaching process is

4
_ 27PECw [(ro - )R’dR+(R0 _ R%)72d7] =
ro
_ 4n(Re - R)(1 - plosDie - )i

G;oz(ro - ") (%)

This equation should be integrated w1thm the approprlate limits of changes
in R and r and time ¢:

= R ¥ r r

re = r - R*R -.- 1 - .-

(E_ ) (ro® = 7) f = t f rdr - — f ridr=
rro R -e Ry’ - R y ro [

_ (1-p)oD(c - <) fdt

(19)
Gpdcu

The lower integration limit of the first integral is shifted by the amount of
the value e. This parameter characterizes the copper sulphide surface area ac-
cessible to the leaching agent as soon as the leaching process begins, corre-
sponding to the fraction of ore fragment surface occupied by copper sulphides.
Since, however, integration is carried out not as a function of surface area but
of radius R,

€=Ro vecu - (20)

and this is the hypothetical change in radius R which would lead to the same
degree of surface exposure as that occurring in the unleached ore fragment. In
this case the corrected degree of sulphide surface exposure f is

B=1-R>*(R, - ¢y : - (21)
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ing, dc/dy; is the gradient of oxidant concentration in the diffusion layer y;,
n,-n - :

and Z S; is the sum of all exposed sulphide surfaces through which the re-
i=1 :

actants are transported. D is the diffusion coefficient of the leaching agent in

the reaction zone which in this case is probably limited to the diffusion layer ¥

at the boundary of the solution and copper sulphide phases. In the case of a

porous diffusion layer its thickness may vary as the reaction proceeds. In the
case under consideration y; = ro; - r;.

ny,—n
The exposed sulphide average surface area E S, equal to the real sum E :
=1
is given by:
28 = 471 - p)(no - n)o, : (12)

where p is the fraction of copper sulphide surface accessible for the ledaching
agent, depending on the degree of its masking by the insoluble part of the
deposit. Since n = ny(1 - p), taking eqns. (3) and (4) into account, one, obtains
the exposed surface area as a function of the radii R and r of the unreacted
core and liberated sulphides:

208 = 4nr}(Ry® - R®)(1 - p)o,/Gry® (13)
Under constant leaching conditions the flux of copper transported from
. n,—n
unit surface-area of a given éulphide 1s constant. Because 235-= 2, Si,on

i=1
substituting expression (13) for 255 into eqn. (11) and allowing for the fact
that for average grains '

dy =d(7o - ) = —dr ' (14)

one obtains the relationship which, after integration within the reactant con-
centration limits in the bulk solution, ¢, and in the reaction zone, ¢;, and also
within the limits of the change in dimensions of copper sulphide particles
from ry to r, leads to determination of the flux I

4n(Ry® = R®)(1 - p)o.D(c - ci)r
GroX(ro = 1)

I= (15)

According to the balance of leached copper (6) and relationships (4), (5),
(3) and (10), the mass of unleached copper may be described by the function
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and the lower mtegratlon limit-of this mtegral may be represented by the fuhe-
tion of the tnass fraction of copper in the ore:

Ry —e=Ry(1-vEow) | - (32)

After solving eqn. { 19) and after substltutmg @ and 8 from reiatlonshlp (9)
the final equation may be derived

1-22_ (1 E'2/3+!°f 1'3-M3‘1 m-1+ P\ hees
35 (tmg) 5l e (reim)mes

- where the constant , k,_{ is:

k=2(1-p)e:Dic-"¢)/F Gpeg, | (24)

and A is a, factor dependmg on copper content in the ore:

R (25)
. DISCUSSION OF THE KINETIC EQUATION

Fig. 2 shows a number of curves o = f (kt) determined from éqn. (23) for
-various ratios ¢/8 and various copper concentrations in the ore (g¢gy) related to .
the.parameter A according to eqn. (25).

Generalising discussion of the leaching model with decomposition of
deposit components and extending the interpretation of.eqn. (23) to other
‘cases, it can bé seén that the variable which determiries the -leaching rate of the
sulphide minerals o = f(¢) is the leaching rate of the carbonate minerals B=Ft).

111) = T T T i T - T T T
o | 2035
08

267

o

a2yl

] 02, 07 26 .08 10 2 1 8 I

Fig: 2. Effect of the a/f ratio on the degree of copperleaching o for various copper con-
centrations in the raw material (g, ) as-a function of kt.
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In addition, the leaching rate a depends on the ¢oncentration of the sulphii;le
minerals in the ore, included in rate constant k and in parameter A, and it also
depends on other valués typical of a givén ore, represented by the rate con-

stant k.

As the ratio a/f increases, the nature of the curves shown in Fig. 2 is .
changed since the leaching rate of-the sulphide minerals isinhibited by the rela-
tively stow decomposition -of deposit. compdonents.

If 8 is much greater than o, it may be assumed with a certain degree of ap-
proximation that for all times ¢, § achieves a maximum valué of 1. This 15
equivalent to rapid decomposition of the ore fragment -and the leaching pro-
cess itself may be-interpréted as the léaching of ore crushed down to sizes de-
pendmg on the relative content of insoluble gangue components, In a specific
case where, for instance, the carbonate concentration is so h:gh that dfter its
decomposition all copper sulphides would be-exposed (1 —p ~ 1), the leach-
ing rate is determined by the diffusion of reactants through the maximally ex-

tended- sulphide surface and eqn. (28) is reduced to the form

1- %a—(l—a)”j:" + = cc[(lm-c:f)_‘/3 -1] In Z‘}_l = kit ' (26)

This equation corresponds to curves.in Fig. 2 determined for g = 1 and for
various copper coneentrations in the ore (goy). During the leathing process
the total decomposition of a gangue component béing leached more rapidly is
achieved earlier than that of the main component and it is therefore practical-
ly impossible to maintain a censtant /8 ratio. For this reason the curves de-
scribing the leaching procéss for various a/f ratios-turn gently into.curves
characteristic of 8 = 1 in the fina) stage of leaching. '

On the other hand, if the degree of conversion of deposit componerits for
all times ¢ is approximately equal to the degree of léaching of the main com-
ponent and- & = §, then the leaching rate is determined by the velocity of the.
spherical front shifting from Ry to R and’ egn. (23) is reduced. to the, form

o - X
i (1+ v 17) L{1- 3Kt) | (27)
Ifg<eaitis. necessary to allow for the dominating effect of diffusion inhibi-
tion through a porous bed. Such a situation is conttary to the assumptions of
the model presented in this paper: This condition is reflected in the model
developed by Madsen et al. (1975) and the modél of Roach and Prosser (1978).
The.most important differencesin the model described in this paper and
that. of the model of Roach and Prosser are as.follows:
(1) In the geometrical assumption of the model of Roach and Prosser spher-
ical grains of uniform size of reactive minerals randomly distributed in the ore
lump-are expesed to contact with leaching solution by cylindrical pores of uni-
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R R%R . Ry - R?
——— =-1kh — (30)

R - R,* - R? " Ro® - (Rg - €)

Since according to eqn. (21) and eqn. (20)
R> =(Ro - €)*(1 - ) = [Ro(1 = VEcu)P(1 -8 (31)
the solution of integral (30) is the relationship

R RdR L 8
[ s . .(1+A : (32)
R,(1-Veécu) o - B
where A is a factor depending on the copper content of the ore according to

relationship (25). Calculation of the other integrals in eqn. (19) yields the
equation:

(ro "') ("o "'3) L 12 T2 (r® ';03) -
T T 3 ln(1+A-1>+’(r_r°)_ 37,
_ (1-p)e:Dic-cit 33
Grgcu .

which, after being ordered and putting (r,® — r*)/3r, before the bracket, after
solving with respect to a and § using eqn. (9), results in the final equation (23).

LIST OF SYMBOLS

A parameter dependmg on the copper content in the ore, A=

-Vecu)™?
c, Cj leachmg agent (ferric sulphate) concentration in the bulk solu-
tion and in the reaction zone
D diffusion coefficient of the 1eachmg agent in the reaction
zone y
G coefficient typical of a given type of ore, G = pzXCulPECu
gd, ECu mass fraction (content) of .carbonates or copper in the ore
I flux of reactant or leaching products
k rate constant

mo, mq,, mcy, initial quantity of unleached ore and initial quantity of car-
bonates and copper in the ore
m, mgq, mcy  mass of ore, carbonates and copper in the ore at time ¢

ng, n number of copper sulphide particles with average radius | ro Or
rin an ore fragment with radius R, or R, respectively
p coefficient related to the masking of the copper sulphide sur- .

face by the insoluble component of the deposit, equal to the
fraction of surface inaccessible for. the leaching agent
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form-size arranged in an orthogonal three-dimensional interconnected network.

The general Roach and Prosser equation may be presented in the following
form according to their terminology:

¢ ( ¢)2/3_2M'CDeﬂ~t

1--— 28
Opoan2 (28)

6
where ¢ is recovery or proportion of the reactive phase (minerals) leached
from the ore lump, and 0 is ultimate recovery or proportion of reactive phase
eventually accessible. Parameter § does not depend on the leaching time and
it is constant during the process.

(2) In the geometrical assumption of the model described in this paper
spherical grains of uniform size of the main reactive phase (minerals) uniform-
ly distributed in the ore lump are blocked by the accompanying reactive phase
and by insoluble ore components. Because the rate of decomposition or leach-
ing of the accompanying reactive phase (in this case dolomite) is more rapid

than the rate of leaching of main reactive phase (in this case copper sulphides),

the main reactive minerals are liberated during the leaching process.

The ratio a/f in egn. (23) corresponds to the ¢/8 ratio in eqn. (28). In
contradiction to the parameter 0, which is constant during leaching, the
degree of exposure of grains of main reactive minerals (relationship (2))
changes during the leaching process. This results in the final equation (23).

One can easily observe that the first three terms of eqn. (23) related to the
diffusion contribution (Madsen et al., 1975; Letowski, 1978) correspond to -
the left-hand term of eqn. (28). Other terms in the left hand of eqn. (23) are
related to the degree of exposure of the grain surfaces of the main reactive
component which depends on the degree of conversion of another reactive
component.

APPENDIX

. In order to solve the first mtegral in eqn. (19) it was resolved into simple
fractions:

R%dR =1f "dR —3f RdR _
’ ? R2 +RRO +R02

R, dR

(29)
3 R2+RR +R0

and then typical solutions were used replacing the function arctg R with the
first term of a series expansion. Taking the integration limits into considera-
tion. this integral was calculated
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‘L‘ | R, radius of the unleached ore fragment

! ’ R radius of the unreacted ore fragment core at time ¢

' roj radius of the copper sulphide grains of a given grain-size grade j
) ' in the unleached ore fragment
| ro average radius of copper sulphide particles in the unleached

ore fragment, ro = 3 FojX;
i

ri radius of ith grain of copper sulphidé leached at r; < ¢
o r average radius of unreacted core of copper sulphid/e grains
i . . 1/3
: _ i=n,-n
during the leaching process, r(t) = [ 2 ] rl(ng—n)]
: =1 (i< t)
¢ “ n,—-n
‘ o 2, Si sum of surface areas of copper sulphide particles i accessible to .
ot i=1 the leaching agent
A o .
' ; 25 ~ sum of surface areas of copper sulphide particles with average
- _ n,—-n
. radius r accessible to the leaching agent, 25= > S;
b _ i=1
- t leaching time of ore fragment
' ¥ ¥i reaction zone: thickness of liquid diffusion layer or thickness

of porous diffusion layer of solid product of the sulphide leach-
I ' ing reaction at the phase boundary solutioncopper sulphide

. XCu mass fraction (content) of copper in the sulphide
", xj - mass fraction of copper sulphide in a given grain-size grade j
a degree of copper leaching
W i degree of carbonate decomposition
W g, 0z sphericity coefficients: ratio of the actual ore fragment surface

| or actual copper sulphide particie surface to the surface area of
, a sphere with the same mass and density '
B p, Pz densities of ore and copper sulphides
oy ‘T; leaching time of copper sulphide particle i equal to or smaller
than time of ore fragment leaching t, r; < t
no Note: Explanation of the symbols used in eqn. (28) are provided by Roach
- and Prosser (1978).
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ABSTRACT

Letowski, F. and Augustowska, R., 1980. Ore leaching model with partial decomposition
of rocks. I1. Laboratory tests. Hydrometallurgy, 6: 135—146.

A kinetic leaching model with partial decomposition of the ore components has been
applied to the acid leaching of a dolomitic sulphide copper ore. By means of the model
the rate constants for the leaching of uncrushed ore lumps (> 0.65 ¢m) were determined
from measurements of the fraction of copper leached and the simultaneous decomposi-
tion of dolomite. The experimental results appeared to be in good agreement with the
theoretical leaching model equation. The use of the model in assessing the contributions
of various rate controlling factors in the leaching process was demonstrated.

INTRODUCTION

Penetration of an acid leaching agent deep into an ore lump, facilitated by
decomposition of dolomite, makes possible rapid exposure of the sulphide
copper minerals without any need for comminution of the ore by grmdmg
A kinetic model of such a leaching process (Letowski, 1980)
is described by the following equation:

2a 28 2« o T8 B8
1—-———1—— + == 1—-— —1)In(1 + =kt 1

~3, (175 *3,0=2) Jin(1 + ——2) (1)

where a and § are the fraction of copper leached and dolomite decomposed,
respectively, A is the parameter depending on copper content of the ore, gp,:

A=(1—Vao)? ' L2

and k is the leaching process rate constant defined as '
_ 2(1 —p)o.D(c—c;)

ro? Gogcy

(3)

*Part I: Letowski, 1980.

0304-386X/80/0000-0000/802.25 ® 1980 Elsevier Scientific Publishing Company
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The meaning of thé symbols’in this equation is as follows: p is the fraction
of copper. sulphide surface inaccessible to the leaching agent, and depends

on the degree of masking by the insoluble part of deposit, g is the sphericity
coefficient whmh expresses the ratio between the actual surface area of the
sulphide and the spherical surface of the same mdss and denisity, D is-the
diffusion coefficient ¢f the leaching-agent in the reaction zone, c.and c;:are
the leaching agent concentrations in the bulk: selution.and in the reaction
zohe; respeetwely, ro is the mean copper sulphide grain:radius in the un-
leached ore fragment, and G is the coefficient typical of a given type ‘of ore
defined by:

G=p, xculp 8cu “ (4)

“where p and ¢, are the densities of the ore-and copper sulphides in the ore,
tespectivély, and x¢y is the mass fraction of copper in the sulphide.
The first three terms of egn. (1) denoted by X, i.e.

-2 1% =x o CN

ate related to transportation througha porous layer to the unreacted copper
sulphide surface and the expression denoted by Y, i.e,

2 o __4-113,_1- i
55 (=5 =11 o=

-1)'= Y (6)

18 :elated to the development of the sulphide surface accessible to the leach-
ing agent. ‘

The expression In(1 + §/(A — 1)] describes the effect of the coppet con-
-tent of the ore (egn. (2)) -and the effect of-the. degree of dolomite de¢ompo-
sition-expressed as'a function of achange in the radius of the ére fragment
dufing leaching from R, t6 R '

8=1—(R/Ro) (7)

on the copper leaching process:
EXPERIMENTAL

Leaching tests were carried out with two fractions of salid slate copper
ore lumps teceived from the Lower- Silesian Zechstein sedimentary deposits.
Thé leaching process was performed continuously at 22—25°C in glass col-
umns filled with ore fragments of specific, grain size fractions. The leaching
solution was recirculated in a closed, cireuit, the columns being fed from
the bottom. The volumes, of the solutions were selected so that the reactant
concentration changes during the experifnents might be regarded as in-
significant with no effect on.the rate constant k.

The main ore componentsand the compositions_ of leaching solutions are




summarized in Table 1;-other experimental conditions are presented in
Table 2. '

Variations of copper and magnesiuin ¢oncentrations in the leaching solu-.
tions in columns I ang I are presented. in Table 3 while the corresponding
‘variations in iron(II) and iron{III} concentrations are presented (typically
for the coarser ore fraction, i.e. columnT) in Fig. 1.

TABLE 1

‘Specification of ore and composition of the leaching solution.

dre

Mass fraction of copper,£cy 0.0468
Mass fraction of dolomite, gy 0.1411

Mass fraction of chaleocite, Cu,S ' 0.044
Mass fraction of bornite, Cu,FeS§, . 0.016 )
Mass fraction of chalcopyrité, CuFe8, 0.004 ’ 4 4.594
Ore density, p (kg/dm?) ()'?‘t 2.64 /g“) ﬂ— ((’r'ﬂh W
‘ . . [ g
Leaching solition . 3

C - k 60
H,S0, concentration (gfdri‘l’)’ - 50.0 ©° bs alﬁ‘ < i I 1+ j/{d 3
Fe(IIT}* initial concentration {g/dm?) 12,0 : Cos

Sulphuric'a¢id consurnption for decomposition of dolomite, 0,15 kg H,80,/kg ore.,
*In the form of Fe,(S0,),.

- {9
'.bﬁ'W‘ﬂ‘ ?

Tee
12 : - T T T %o&/fﬂ ¢
LT R ' {Jfg-
AN ‘ o4l ‘
Ml N\, b T ,_b.'r = ‘}'li
5 O f]
> Hin .
@ LY ‘ME
= E ‘ -_ ",D
5 Fe 1t _ . _ o~
?g-?' : i NS
B A= . ' i . 22
5 ] |

s ’A—A‘A—E

FL ] 1] [
t days

]

Fig. 1. Variations in solution concéntrations.during leaching of the ore fraction of a
‘mean fadius R, = 1.35 cm in column I {Table 3).
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‘TABLE 2

Specification and conditions of laboratory ore leaching tests

Specification " Column I Column II

Mass of ore, m (kg) 1.297 1.306

Fraction (ore fragment size) (cm) 2.4—3.4 1.0—1.4

Number of ore fragments, n 47 . 490

Average radius of ore fragments, R,* (cm) 1.35 . 0.65

Column size, dia. X height (ecm X cm) 6.8 X 54 6.8 x b4 4
Volume of leaching solution (dm?) 15 15 |60 ™
Flow rate (m®s™ x 10%) 3.67 3.67

Duration of tests, ¢t (days) 120 : 90

* Average radius of ore fragments in a given fraction was determined from the relationship
R,=(3 m p n/4n)'" where m = ore mass; p = ore density; n = number of ore fragments in

the column. .
’ 367 "‘)/met.
TABLE 3

N
Variations of copper and magnesium concentrations in leaching solutions as a function of
leaching time, ¢ i

Column I, R, = 1.35 cm Column I, R, = 0.65 em

t " Concentration (g/dm?) t Concentration (g/dm?)
(days) [Cu®*] [Mg**] (days) [Cu?*] [Mg**]

1 0.085  0.186 1 0.286  0.285
2 0.135  0.415 2 . .0.289  0.602
4 0.225  0.520 4 0.450  0.838
5 0.482 : 5 0.610
o1 0.440  0.652 10 1.202  1.150
10 0.800  0.737 12 1.320 1.160
12 1.010  0.740 14 1.450  1.170 , ’5(35"
14 1.020  0.810 16 1.480  1.180 W
16 1.080  0.840 18 1.602  1.195
18 1.160  0.880 20 1.750  1.220
20 1.175  0.920 24 1.780  1.240
24 1.336  0.960 26 1.860  1.240
26 . 1.355  0.960 48 2.340  1.245
30 1.460  1.040 - 50 2.422  1.260
35 1.560  1.062 56 2.540  1.288 -
50 1.922  1.090 63 - 2.526  1.302
56 2,182  1.140 70 2.580  1.300
63 2164  1.162 77 2.620  1.300
70 2.250 . 1.170 84 2.678  1.302

77 2.340 1.184
84 2.362 1.184
98 2.464 1.184
105 2.470 1.184
112 2.480 1.184
119 2.560 1.184




CALCULATIONS

The plots of & and § determined from.the data summarized'in Tables.2
and 3 are presented for both experiments in Fig. 2.

The rate constants, k, were détermined graphically by approximating the.
léft-hand side of egn. (1) to a straight line function of the leaching time,
(Fig, 3). The values of k determined by this method are: fora.mean ore
fragment radius Ry = 1.35em., k= 3.8 X 107, and for the finer fraction,

chh.ﬁ%u’\ vt

Ry=065cm., k=4.8%X 107,

1
-80
t.days

Flg 2. Degree of copper leathing & and degree of dolomite decomposition § during
]eachmg tests: [a] eolumn I, B, = 1.35 ecm;(b) column II; R = 0.65 cm.
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Fig. 3. Graphical determination of the rate constant k according to eqn. (1): (a) column
I, R,=1.35 cm; (b) column II, R, = 0.65 cm.

DISCUSSION OF RESULTS AND CONCLUSIONS
It may be readily proved (Letowski, 1980) that

K PR ' . .
E=' 1 —(r/ro) : ' (8)

where r, is the mean copper sulphide grain radius in an unleached ore frag-
ment and r is the mean radius of the unreacted cores of copper sulphide
grains during leaching of the ore fragments.

The mean radius r is equal to the sum of the radii r; of sulphide grains for
which time of exposure 7; is equal to or shorter than time of leaching ¢
(Letowski, 1980). '

Since for the same type of ore the sizes of copper sulphide grains should
not depend on the degree of fineness of the ore fragment size then the plot
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a /B = f(t) for both fractions under investigation should coincide on one
curve. This relationship is presented in Fig. 4. The slight spread of the a/8
ratios for leaching the ore fragments of the mean radius Ry, = 0.65 cm and
1.35 cm indicates that the experiments performed were accurate.

On the other hand, variations in the contributions of the rate inhibiting
factors related to diffusion (X), and surface development (Y), should be
different for both fractions (Fig. 5).

Inhibition of the leaching reaction owing to diffusion through a porous
layer exceeds that resulting from limited surfaces development in the initial
stages of the leaching process. For the finer fraction (R, = 0.65 cm) the
contribution of the latter factor and the decomposition reaction rate of

0.6 -

°‘L 7 ' +-Ry 135 cm
0-R,=065¢m W
[
O?Qf -

1 1 1 I

0 20 w0 60 ] 100 120
t.days

[

Fig. 4. Variations in the «/g ratio during leaching,.
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>| .
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02 ce-R,=065cm i
84 -Ro=135em
0 1 A 1 1} il
0 20 40 60 80 100 120
t . days

Fig. 5. Contribution of the diffusion factor (X) and surface development factor (Y)
to inhibition of the leaching process rate according to eqns. (5) and (6).
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‘ ‘ copper sulphides become comparable with inhibition due to the transporta-
L tion of reactants to the reaction zone within 7 days but for the coarse frac-
}; © tion (Ry = 1.35 cm) only after 19 days of leaching. This means that for
2 Jarger ore fragments the leaching process is controlled more by the transport
’ conditions to the reaction zone than by surface development. In the latter
‘ stages of the leaching process diffusion inhibition contributes about 35% to
it control of the leaching rate and inhibition related to limited development
F‘Z of the sulphide surface accessible to the leaching agent contributes about
il '65%.
. The results of the experiments indicate the following deviations of actual
leaching processes from the assumptions of the model:
! (1) The rate constant varies slightly depending on the ore fragment size.
‘ N (2) Plots of § = f(t) presented in Fig. 2 demonstrate that in the final
leaching stage the decomposition of dolomite becomes inhibited at 70--80%.
i In effect the measured points for leaching periods exceeding 60—100 days
! do not satisfy the model ‘equation (1) with sufficient accuracy and in Fig. 3
gk these points can be seen to deviate considerably from the straight line
L - towards lower values of k.
3 The reasons for these deviations may be attributed to the variability of
co certain parameters included in the constant k (eqn. (3)) which were not
i"t‘ expected when eqn. (1) was derived (Letowski, 1980).
A The solid decomposition product of dolomite is gypsum which may be
- ‘accumulated as a reaction product directly in its zone of formation, or may
i; . . crystallize from the solution beyond the reaction zone. An attempt is made
to account for the deviations from the model in terms of these possibilities.

In the former case this could lead to a decrease in the decomposition rate

Vo of dolomite as leaching proceeds or even to complete masking of the

' dolomite surface. In that case the surface fraction of exposed copper sul-
phides equal to (1 — p) would not be constant owing to more rapid decom-
position of dolomite.

In the latter case, if gypsum were to crystallize from solution beyond the
reaction zone then in the course of leaching it might impede the transport
conditions through the layer so that it would be necessary to allow for
variations in the diffusion coefficient D. However, although the decomposi-
tion rate of dolomite in sulphuric acid and ferric sulphate solutions is of the
same order as the decomposition rate of chalcocite and is higher than the

-dissolution rate of other copper sulphides (Table 4), the decomposition rate
of dolomite is more inhibited than the leaching reactions of copper sulphides.

" ' Under such circumstances it is considered more probable that the source

1 of the deviations observed is the masklng of the dolomite surface by gypsum

! in the course of the leaching process.

) The mass of decomposed dolomite mdoﬁ is equal to I3St where I is the

I dolomite decomposition rate (g cm™2s7'), S the dolomite contact surface with

b solution and t the time in which a conversion ratio of 8 is reached.

SEetatm s v T Ie e L

mg,f =138 ' (9)




TABLE 4

.Decomposition rates of dolomite in sulphuric acid and initial dissolution rates of copper sulphides in ferric sulphéte solutions

Mineral Leaching agent Concentration Temp. (°C) Rate of dissolution (g cm™?s™) Reference
Dolomite H,SO, 6% 20 1.72xX10°% Letowski (1979)
Chalcocite Fe,(SO,), 3—6 g Fe(I11)/dm? 20—30 1.8—2.8x10°® . Mulak and Niemieck (1969),
: ) Letowski (1979)
Covellite Fe,(SO,), for conc. of Fe?* 25 ~1077 Mulak (1971)
Bornite Fe,(SO,), higher than about 25 6.1x1077 Dutrizac and MacDonald (1974a)
Chalcopyrite H,S0,, O, 01M 20 5.8x107'° Lewis and Braun (1973)

€Vl
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Since the initial dolomite mass m4_in the ore fragment is (4/3)7R}pgq
and the surface area S, according to the spherical geometry and eqn. (7), is
So(1 — B)2R where S, is the initial ore fragment surface area occupied by
dolomite and S, = 47R3 0g4(1 —p), on substituting these relationships into
eqn. (9) one obtains an expression which makes possible calculation of the
time t within which the ore fragments of initial radius R, will reach the
conversion ratio of :

B

(—1—‘7)2/‘; Ro =.at (10)
where
a=3l4(1—p)alp : (11)

Coefficient d may be determined from experimental data (Table 3) for
both ore fractions from the formula [8/(1 — 8)*?] R, = f(t). This function is
presented in Fig. 6. It is approximately linear in the initial stage of leaching .

-and the directional coefficient a is about 0.10 up to ¢ = 14 days. For longer

leaching times, probably because of variations in the (1 — p) factor, a no
longer remains constant but gradually decreases reaching a value of 0.015
after 80 days of leaching. These variations may be attributed to the dolomite
masking by gypsum formed in the reaction with sulphuric acid. It must be
expected that if a sulphate-free leaching solution (e.g. HCl + FeCl;) were
applied, the factor (1 — p) would be approximately constant.

A possible effect of variations in reactant concentrations in the leaching
solution on the constant k should also be considered (eqn. (3)). The condi-
tions of the experiments were selected so that this effect would be constant
during the leaching process. In compliance with the experimental conditions
(Tables 1 and 2) the maximum change in H,SO, concentrations accompany-
ing the complete decomposition of dolomite did not exceed 13 g/dm3,
but the concentration of ferric sulphate decreased considerably during
leaching (Fig. 1). However, according to many authors (Thomas and
Ingraham, 1967; Kopylov and Orlov, 1969; Mulak and Niemiec, 1969;
Dutrizac et al., 1969; Dutrizac and MacDonald, 1974a,b; Ugarte and Burkin,
1975; Ferreira and Burkin, 1975) the effect of changes in Fe®* concentra-
tion on the copper sulphide.leaching rate is secondary for [Fe®*] >
0.1 M, i.e. in solutions containing more than about 6 g/dm? of Fe(III). Since
the ferric ion concentration during the experiments always exceeded that
value, concentration changes observed should not affect the rate constant k.

From eqn. (10) and from the coefficients a determined from experiments
with the fraction of ore fragments of mean radius R, = 1.35 cm, the ex-
pected changes in the degree of dolomite decomposition were calculated for
other sizes of the leached ore fragments and presented in Fig. 7. A com-
parison of the curve calculated in this way for R, = 0.65 cm with the points
obtained during experiments in column II exhibits certain differences which
appear after the leaching time exceeding 40 days and did not result from the:
assumed model.
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Fig. 6. A plot of [8/(1 — )R, versus leaching time ¢ for R = 1.35 cni, and R = 0.65
cm. .

Fig. 7. Effect of the ore fragment size R, on the degree of dolomite decomposition g as
. a function of the leaching time ¢.

An attempt to describe the laboratory leaching tests presented in this
paper on the basis of the theoretical leaching model with partial decomposi-
tion of the rock suggests its possible practical application, the more so as the
deviations of the experimental results from theoretical assumption have been
elucidated in the discussion presented. It is possible to expect that by apply-
ing the model for interpretation of other leaching cases and by determining
the nature and magnitudes of experimental deviations from the theoretical
model it would be possible to identify equally clearly the course of the
leaching process.

VALIDITY OF THE MODEL

It should be noted that although the agreement between the experimental
data and the predictions of the model are good except in the latter stages
of leaching, this in itself does not establish the physical validity of the
model. In order to do so it would be necessary to determine the values of
the parameters k and a independently by mineroclogical examination of the
ore both before and during the course of leaching. Such a study should also
confirm whether gypsum precipitation is in fact the cause of the deviations
from the predictions of the model observed during the later stages of the
process and whether an impenetrable layer of gypsum does form to prevent
reaction of the acid with the dolomite.
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Nevertheless the model is a useful means of predicting the effect of
various leaching conditions and of indicating the relative importance of the
various factors that might control the leaching rate.
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A study was made in the present work of molybdenite oxidation by nitric acid [1-5] 'm!
in the presence of other sulfides and of their effect upon the kinetics of the proc- |
ess. The subject of study was molybdenite powder -0.1 + 0.074 mm in size containing - .29
94% Mo. The added sulfides were of the same size. B
A weighed portion of molybdenite (0.1-0.3 g) was placed in a glass vessel, to o
which 1200 ml of a solution of acids of specified concentration were added. The solu- & ”f
tion was mixed mechanically at 600 rpm. Provision was made to isolate the gas phase £
produced from the surrounding atmosphere. The process temperature was kept constant _Jﬁ
with an accuracy of * 0.5° C. The oxidation-reduction potential of the solution was i
monitored continuocusly, and the solution molybdenum concentration was measured peri- a
odically. The instant of molybdenite addition to the solution heated to the neces- J
sary temperature was taken as the start of the process. . Fig.
The sulfuric and nitric acid concentrations in the solution were each kept at the of n
50 g/liter level in studying the effect of temperature upon the speed of molybdenite the
oxidation. o
. Oxidation of molybdenite by nitric acid in a sulfuric acid wi et
) 3 medium begins at 70-80° C and proceeds at low speeds (Fig. perc
o= : i 1). Addition of sulfides (pyrite and chalcopyrite) increases 11, 4
; the speed of molybdenite dissolution, pyrite having the cent
15 : more effective action. vera
¥ == iments in which nitrogen peroxide was passed through . 1'2)
7 —— the a ut to confirm that oxides of
. _‘//ﬁ |2 nit pyrite and chalcopyrite were ment
S S " s ads . idation was achieved as when
E [ { _{ 5| PY ” 1b, curves 6 and 7).
&’ ¥ @Mﬁ rite is present, the effect of
§ //“"V th iecause the oxides of nitrogen
7 x : wh 1g to the following reactions: -
// 02+ SN2 4HLO. (0 '
P % ‘ Mol
/ ——— F 72N, < 4HO 2) "stro.
® ] e i o . : ‘ nrope:
h . and curve 5 (see Fig. la) coincides with curve 1, which is lcads
l——ﬁggéz;? %3 for oxidation by nitric acid alone. Thus
¢ 2 ¥ § hr It is interesting to note that there was no acceleration . 1. 2
Fig. 1. Changes in the ' of molybdenite oxidation when molybdenite and sphalerite .
molybdenite concen- were oxidized together (see Fig. 1, curve 8). Sphalerite v
tration in time at obviously dissolves according to the following reactions: )
B0° C with various ' {0, — Zn (N .51, =
additives, g/liter: ZnS + 2HNO; — Zn (NOslg + HaS1 (3}
L) vighout saastives; -
g?pgsg7pgézo;szgegéi The hydrogen sulfide which evolves reacts with the nitric
(NH2)2: 6) 2 FeSy; 7) acid without forming oxides of nitrogen:
NO, (gas); 8) 2 InS; BHNO; - 5H,S == 4N, + 5H,80, -+4H,0. (5)
9) 50 H2S0, + 2 Ce- i ' .
(SO,) 2. The experiments confirmed that the oxides of nitrogen e M
formed by the decomposition of nitric acid act as oxidizirg _ loly
agents for molybdenite. . “Sses
Increasing the pyrite consumption increases the molybdenite oxidation speeds con- ) ::? no
siderably. The oxidation speed obtained by passing nitrogen peroxide through the s0- ;e mo
lution is achieved with a pyrite consumption of 3 g. i i2€ oc
Raising the temperature when pyrite is added increases the speed of molybdenite -iTe a;
oxidation substantially (Fig. 2). The presence of pyrite shifts the temperature at
which oxidation begins. With a pyrite consumption of 2 g, oxidation begins at 30° € .
and proceeds more rapidly than oxidation by nitric acid alone at 80° C. At 80° C the 2
speed of molybdenite oxidation in the presence of pyrite is dozens of times greatel :“iéiil
) N 3

than without pyrite. ¥ nite
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Thus it was established that addition of pyrite to solutions containing nitric
! acid caused the acid to decompose and intensified the process of molybdenite decompo-
sition.
When nitrogen peroxide was passed through the sulfuric acid solution, the molybde-
nite oxidation speeds were of the same order as when pyrite was added (see Fig. 2).
It is quite probable that nitrogen peroxide serves as the direct
oxidizing agent. The reaction of molybdenite oxidation by nitric

7/ acid is in the kinetic region, and the apparent activation
%VJ energy is 20-26 kcal/mole [1,3). When nitrogen peroxide is .
§3:£ passed through the sulfuric acid solution, the apparent activa-
y 0 8 tion energy reaches 20.5-23.6 kcal/mole when the temperature
g 2 4;%( 2 changes from 60 to 80° C. It falls to 4-4.5 kcal/mole with a
3 T g further increase in temperature, to 90° C. Diffusion limitations
i s ,/( T are imposed upon the molybdenite oxidation process under these
i N / 1 conditions.
1 0 The oxidation of molybdenite by nitric acid with addition of
‘ pyrite is in the mixed diffusion-kinetic region. The apparent
. P activation energy when the temperature changes from 60 to 90° C
2 4 7T hr is 8-9 kcal/mole.

Fig. 2. Oxidation ‘The speed of molybdenite oxidation by oxygen in an alkaline
of molybdenite in medium is determined by the heterogeneous reaction on its sur-
the presence of face [6). The oxygen is adsorbed (chemisorption) on the sulfide
pyrite (2,3) and surface, which is covered by a monomolecular layer of oxygen
‘'with nitrogen consisting of 1 mole O, to each mole of molybdenite. The chem-

| peroxide blowing ical mechanism of sulfide oxidation in an acid medium is prob-
: (1,4): Tyg = con- ably more complex. The products of molybdenite oxidation are

. centration. Tem- molybdate and sulfate ions Moof‘ and 2 s0%- [5], i.e., 9 atoms
: perature, °C: of 0; are required for one atom of Mo. It was proved in [7-9]
¢ 1,2) 70; 3,4) 80. that molybdenite is oxidized by annexation of an oxygen atom,

with formation of molybdenum oxysulfide and subsequent replace-
ment of sulfur atoms by oxygen atoms.

MoS, 7+ 1,05 = MoOS,. (6)

MeOS, + 1,0, = Mo0,S + SO,. (7)

M0,S - Y/,0y = MO, + SO,. (8)

Molybdenite can be regarded as a p-type semiconductor [8) which can maintain
"strong” chemisorption of nitrogen peroxide and which has marked donor-acceptor
properties. Formation of a "strong" bond between the surface and the sorbed particle
. - leads to an increase in the reactive capacity of the latter.

K Thus the following molybdenite oxidation mechanism may be suggested.

1. Adsorption of nitrogen peroxide at active centers on the molybdenite surface:

MoS, + NO; — MoS, ... NOsaq. (9)

2. Reaction between molybdenite and nitrogen peroxide, forming oxy compounds:
L MoS, ... NOs2q~ MoOS, 4+ NO1. (10)

3. Oxidation of molybdenum oxy compounds:
MoOS; 4 5NO, — Mo0,S + SO~ -+ 5NO1. (11)

Mo0,S - 5XO; — MoO, + S03= +5NOT. (12)

4. MoO, dissolves in the solution.

Molybdenite is oxidized and dissolved at constant speed. This is typical of proc-
€sses taking place at active centers (caused by defects in the crystalline structure)
and not over the whole surface; this is proved by the straightness of the sectors in
the molybdenum concentration-time curves (see Fig. 1). When all the active centers

are occupied, the curves showing changes in the speed of molybdenite oxidation in
ime are almost parallel to the abscissa.

. CONCLUSIONS
i .
l. Pyrite has the greatest effect upon the speed of molybdenite oxidation: it is

'*xiidily oxidized by nitric acid, causing the latter to decompose forming oxides of
rogen.




56 TSVETNYE METALLY / NON-FERROUS METALS
T —

2. Oxidation begins at 30° C in the presence of pyrite, and increases in speed ag
the temperature rises and pyrite consumption increases.

3. The apparent activation energy values for the reactions were found. It was
demonstrated that addition of pyrite shifts the reaction into the diffusion-kinetic
region. .

g. A chemical mechanism for the reaction of molybdenite oxidation by nitric acid
was suggested. It was demonstrated that oxidation takes place at active centers op

the mineral surface.
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OREGON'S MINERAL DEVELOPMENTS - 1980

| BY

JERRY J. GRAY AND HOWARD BROOKS ~ WRIVERSITY OF UTAN
RESEARCH MISTITUTE

OREGON DEPARTMENT OF GEOLOGY EARTH SCIENCE LAB.

AND MINERAL INDUSTRIES

PRESENTED AT THE DECEMBER, 1980
86TH NORTHWEST MINING ASSOCIATION
CONVENTION, SPOKANE, WASHINGTON

This paper is not intended to give a complete summary of the mineral
happenings in Oregon for 1980. It is intended to give a glimpse of Oregon's
total mineral spectrum through the use of 55 slides. Some major mineral
developments will be left out because no slides were available. For those
interested, a much more complete analysis will be published in the Department's
"Oregon Geology" during the early part of 1981.

. The presentation of this paper will be a little different than in
previous years. In past years the paper was separated into three sections,
energy minerals, metals and nonmetals. Last year's speaker noticed that

when the nonmetal section of the paper was reached, a.good quarter of the
audience walked out. So this year the paper is arranged as a trip across the
state, starting with the northwest then moving south to the southwest, crossing
to the center of the state, and then over to the northeast corner of the state.
Therefore, anybody that wants to miss the nonmetals section will need to pop in
and out like a yo-yo.~

In 1979 the Mist gas fie]d was the star of the show and remains so for
1980. SLIDE 1 gives a location map for the Mist area.

Oregon's first and only gas field was the site of continued drilling
activity during 1980. Since the beginning of the year, one drilling rig has
been continuously active, drilling wells for American Quasar Petroleum and for
the partnership of Reichhold, Diamond Shamrock, and Northwest Natural Gas Company.

Within the area shown on the map » Reichhold and its partners
drilled two producers this year as well as eleven dry holes and six dry redrills.
The redrills consisted of directional holes drilled from the surface location
of an existing straight hole. ) ~
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ABSTRAGT.

The objectives of this study wére to measgre all ground motions in the
outrunning region produced by the Mineral Rock Event of Operation Mine
Shaft. The Mineral Rock Event was a duplication’ of the Mine Ore Event of
the same series, and was a 100-ton sphere of TNT placed with the center of
gravity 0.9 charge radius (about 7.2 feet) above the ground surface.

Accelerometers and velocity gages were installed from 200 to 500 feet
from ground zero at depths of 2, 10, and 18 fegt. Time histories of all
successfully recorded gages are presented in Appendix A along with integrals
of each record.

The outrunning acceleration data were partially obscured by a cable
noise problem. This noise was blast overpressure-induced and unfortunately
was present during the significant outrunning motion cnset, i.e., before
airblast arrival at the gage locations. Although these data are limited,
they are discussed along with the outrunning velocity data. Airblast-
induced motions are treated in detail.

Vertical airblast-induced accelerations were found to attenuate
rapidly with distance and depth from the maximum downward acceleration of
32 g's at the 200-foot range and 2-foot depth. These accelerations were
correlated with overpressure, and, for the 2-foot depth, acceleration-to-
overpressure ratios averaged 0.2 g/psi, which is considerably less than for
a similar detonation over soil.

Vertical particle velocities also attenuated with distance and depth
from the maximum value of 1.3 ft/sec at the 200-foot range and 2-foot
depth. Horizontal velocities followed much the same pattern, with a peak
value of 2 ft/sec at the same location. Outrunning motion was noted on
all horizontal velocity gage records. For the vertical component, out-
running motion was not apparent at the 250-foot range, but was of signifi-
cant magnitude at the 500-foot range. '

Vertical downward displacements of a high confidence level were limited
to the 250-foot range and were found to be 0.0060 to 0.0075 foot. Horizon-
tal displacements were successfully computed from acceleration and velocity

records, and at the 250-foot range were three to four times as large.as the

vertical displacements.
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PREFACE

This report describes an experiment conducted by the U. S. Army Engi-
neer Waterways Experiment Station (WES) as a part of Operation Mine Shaft.
This study was sponsored by the Research Branch of the Huntsville Division,
U. S. Army Corps of Engineers (HND). Operation Mine Shaft itself was con-
ducted under the ausﬁices of the Defense Nuclear Agency (DNA), with the
WES having direct technical supervision.

This study, designated Project SX30223, was conducted under the super-
vision of Messrs. G. L. Arbuthnot, Jr., Chief, Nuclear Weapons Effects
Division, L. F. Ingram, Chief, Physical Sciences Branch and Technical Di-
rector for Mine Shaft, and J. D. Day, Chief, Blast and Shock Section.
Project personnel were Messrs. D. W. Murrell, Project Engineer and author
of this report, W. M. Gay, C. M. Wright, and F. L. Switzer, all of the
Blest and Shock Section, and Messrs. L. T. Watson, F. P. Leake, B. E.
Beard, G. H. Williams, and C. E. Tompkins of the Instrumentation Services
Division, WES.

The author acknowledges the able assistance rendered by the WES Con-
crete Division personnel, under Mr. D. M. Walley, who performed the grout-
ing work, and Soils Division personnel, under Mr. Henry McGee, who drilled
all instrument holes.

COL Levi A. Brown, CE, and COL Ernest D. Peixotto, CE, were Directors

of WES during the investigation and the preparation of this report.

Mr. F. R. Brown was Technical Director.
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British units of measurement used in this report can be converted to metric

units as follows.

CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

K- Multiply By To Obtain
ﬁ'» inches 25.4 millimeters
N feet 0.3048 meters
] miles 1.6093kL kilometers
;?l pounds 0.4535924 kilograms
ounces 23.34952 grams
E’ ! tons (2,000 pounds) 0.907185 megagrams
‘ pounds per square inch 6.894757 kilonewtons per square meter
| pounds per cubic foot 16.0185 kilograms per cubic meter
! feet per second . 0.3048 meters per second
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVE

The objective of this study was to obtain -and analyze ground motion
measurements in the outrunning region for a high explosive (HE) surface

burst over rock.

1.2 BACKGROUND

Rational design of missile launch and control systems requires knowl-
edge of the free-field response of geological media to explosions which
produce significant loadings of the ground surface. The phencmenon of out-
running ground motion is not well understood, and very little experimental
data are available for design purposes. The Mine Shaft Series presented an
excellent opportunity to supplement the meager amount of empirical data on
hand. A rather limited program was undertaken on the first two events,
Mine Under and Mine Ore (Reference 1), and the results suggested that a
more ambitious program on Event Mineral Rock would be worthwhile. The
charge weights and geometries for these events are given in Table l.l.l
While scaling of data from these HE tests to the nuclear case is less than
exact, results of explosive tests can be extremely useful in verification
of calculational techniques which are being developed for predicting ground

shock from nuclear explosions.

1.3 GROUND MOTION PREDICTIONS

Since the amplitude and frequency ranges of instrument systems are
limited, reasonably accurate predictions of ground shock phenomena are
imperative for maximum data recovery and integrity. Theoretical predic-
tion techniques currently available for above-ground detonations were de-

veloped primarily for superseismic ground shock in alluvial-type soils,

1

A table of factors for converting British units of measurement used in
Table 1.1 and elsewhere in this report to metric units is given on page 8.




and extension of these to a hard rock environment was not deemed appro-
priate. Consequently, gage and rccording system set ranges were seleéted
on the basis of the limited far-out data acquired on Events Mine Ore and
Mine Under and extrapolations of the close-in data from the Mine Ore Event ’
(Reference 1). Predictions of peak motions for the parameters to be
measured, i.e., horizontal acceleration (AH), vertical acceleration (AV),
horizontal velocity (UH), and vertical velocity (UV), were made and are

listed in Table 1.2 for the locations of interest.
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TABLE 1.1 EVENTS IN WHICH OUTRUNNING MOTION DATA HAVE BEEN OBTAINED AT
THE CEDAR CITY TEST SITE

Event Date of Yield Charge Height to
Detonation Radius Center of
Charge
tons TNT feet feet
Mine Under 22 Oct 68 100 8 4.2
Mine -Ore 12 Nov 68 100 8 7.2
Mineral Rock 8 Oct 69 100 8 7.2

TABLE 1.2 GROUND MOTION PREDICTIONS

Peak predicted values are downward (negative) values for vertical motions

and outward (positive) values for horizontal motions.

AV--vertical accel-

eration; AH--horizontal acceleration; UV--vertical velocity; UH--horizontal

velocity.
Distance Depth Peak Predictions
AV AH uv UH
feet feet g's g's ft/sec ft/sec
200 2 25 25 a a
18 12 12 a a
250 2 18 18 0.3 0.7
10 13 13 0.2 0.5
18 8 8 0.1 0.2
300 2 10 10 : Z
10 7 7
18 4 4 a a
Loo 2 5 5 a a
10 3 3 a a
18 2 2 a a
500 2 3 3 0.06 0.14
10 2 2 a a
18 1l 1 a a

a
Not measured.

11




CHAPTER 2
PROCEDURE
2.1 DESCRIPTION OF TEST SITE AND EVENT

The site of the Mine Shaft Series was in the Three Peaks area of south-
western Utah, roughly 8 miles northwest of Cedar City. The Mineral Rock
Event was a 100-ton TNT sphere whose radius was approximately 8 feet and
whose center of gravity was 7.2 feet (0.9 charge radius) above the ground
surface. The event was detonated on 8 October 1969.

The test site itself was an iron-rich intrusion covered with a thin
layer of sandy silt and somewhat weathered rock having a maximum surface
relief of approximately U feet (Reference 2).

A detailed presentation of the rock properties is found in Reference 3.

riefly, the rock was classified as a tonalite according to the system of
Shand (Reference 4), and results of laboratory analysis of the rock indi-
cated a specific gravity of 2.6, a laboratory specimen compression wave ve-
locity of 13,000 ft/sec, a porosity of 5.0 percent (relatively high com-
pared to g}anite, dolomite, etc.), and nonlinear hysteretic stress-strain
behavior. Refraction seismic surveys (Reference 5) conducted in the field
showed generally lower seismic velocities than were obtalned with the lab-
oratory specimen. These lower velocities were found to be related to the
direction of the major joint systems, which occurred predominately in a
north-south direction. Seismic velocities of 9,700 to 12,200 ft/sec were
observed on traverses parallel to the jointing (north-south), and from

8,000 to 9,400 ft/sec transverse to the joints (east-west).

2.2 INSTRUMENTATION LAYOUT

Thirty-six ground motion gages were installed for this project, in-
cluding 28 accelerometers and 8 particle velocity gages. These gages were
installed at 14 locations ranging from 200 to 500 feet from ground zero
(GZ) and at depths of from 2 to 18 feet. The gage layout is presented in
Table 2.1 and is shown graphically in Figure 2.1.

All gage locations were along a single radial line which lay roughly

E 10° S of GZ. This line was an extension of the easterly gageline

12




instrumented for the close-in measurement program (Reference 6) which cov-
ered the region from 40 to 110 feet from GZ. Actual gage locations were
varied slightly from a true radial in order to maintain, as closely as pos-
sible, the desired &istance from GZ and yet to locate the gages in a rea-
sonably competent outcrop of rock which required a minimal removal of
overburden.

The system of gage identification used in this report was designed to
be self-explanatory, listing in order the distance from GZ, the gage depth,
and gage type and orientation. The code consists of a three-digit number
giving the horizontal distance in feet, a one- or two-digit number giving
the depth below surface in feet, and a two-letter code indicating the gage
type and orientation. Gage types are broken down into accelerometers,
coded as A, and velocity gages, represented by U. V representis vertical
and H horizontal for the gage orientation. Thus for example, Gage 250-
10-AH was a horizontal accelerometer located 250 feet from GZ and at a

depth'of 10 feet.

2.3 INSTRUMENTATION

2.3.1 Gages and Calibration. Of the 28 accelerometers installed for

this study, 18 were Endevco Model 2262 semiconductor strain gage types, 8
were Statham Model A69TC gages, and 2 were Consolidated Electrodynamics
Corporation (CEC) Model 4-202 strain gage models. The Endevco gages are
undamped and have a natural frequency of 31 kHz. The Statham and CEC
gages are damped to 0.7 times critical and have natural frequencies of
230 to 500 Hz, depending on range.

The particle velocity gages were a commercially available CEC version
of the Sandia Corporation Model DX-B (Reference 7). This gage, developed
under a Defense Atomic Support Agency (now Defense Muclear Agency) contract,
is a greatly overdamped mechanically integrating accelerometer. With vari-
ous modifications for individual users, it is the "standard" particle ve-
locity gage for ground shock measurements, and has proved reliable on a
number of field experiments.

All gages were calibrated in-house at the U. S. Army Engineer Water-

ways Experiment Station (WES). All accelerometers were calibrated

13
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statically on a spin table with proper cable lengths attached. Calibration
resistors were then selected for each fage which gave an output of known
acceleration when shunted across an arm of the bridge circuit.

The velocity gages were calibrated by allowing the seismic mass {a
pendulum) to swing through its arc under the pull of gravity. A calibra-
tion curve was produced with a slope of 1 g for horizontal gages and 2 g's
for vertical gages. Calibration resistors were selected which, when
shunted, gave an output equivalent to a known velocity.

Calibration resistors were manually shunted, and outputs were recorded
just prior to shot time, in case of failure of the automatic stepping cir-
cuit. At 30 seconds before shot time, all resistors were again shunted,
this time automatically.

2.3.2 Recording System. Signal conditioning equipment for the accel-

 —

erometers consisted of operational amplifiers designed and fabricated by
WES. These amplifiers are solid state units having a frequency response of 1
0 to 10 kHz. ,

CEC 1-113B (System D) carrier-demodulator amplifiers were used with
velocity gages. These units havé a frequency response of 600 Hz when termi-
nated with the design load of roughly 70 ohms (a galvanometer). On the
Mineral Rock Event, however, the System D's were used to feed a tape driver
amplifier, which is a high-impedance load, cutting the frequency response
to about 100 Hz.

All data were recorded on CEC VR-330C FM magnetic tape recorders.
Twelve channels of data were recorded on each machine, along with a
reference track and IRIG B time code.

All signal conditioning and data recording equipment was housed in two
recording vans located some 3,000 feet from GZ. These vans were parked be-
hind timber and earth revetments to provide protection from airblast and
ejecta. TFigure 2.2 shows the recording van area; the view is toward GZ and
the protective revetments can be seen-in the background.

2.3.3 Data Reduction. All data recorded in the field were of analog

form on FM magnetic tape. These were digitized at the rate of 24 kHz on an

analog-to-digital converter at WES. The digital data were then processed

through a GE LOO digital computer which performed integrations and, where
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3 necessary, baseline corrections, and were then plotted automatically by an

on-line plotter.

2.4 FIELD OPERATIONS

1 Field operations for this project began ?mmediately following the Min-
eral Lode Event, which was detonated on 5 September 1969. All field opera-
tions, benefited by good weather and working conditions, proceeded smoothly,
and the project was ready on 29 September 1969, 10 days preshot.

2.4.1 Instrument Cables. Cable runs of 50-pair telephone-type cable

were used for 2,700 feet from the recording van area toward GZ. These
F cables had been installed for Events Mine Under and Mine Ore and were found

p to be servicezble. About 300 feet from GZ, a junction box was installed,

“ and additional multipair cable was run to the far-out motion gageline where
a second Junction box was installed. From this point, individual four-
conductor ceble was run to each gage. All individual gage cables destined

' for a given location were then bundled together and were protected by pipe

! insulation of l/2—inch wall thickness. Cables between junction boxes and

between the second junction box and instrument holes were placed in

trenches 12 to 18 inches deep in the soil overburden. Where subsurface
rock prevented this, the cable was bedded in dry sand and covered with

4 sandbags and native material.

2.h.2 Gage Installation. All ground motion gages scheduled for a

-

particular location were installed in a single aluminum canister. The can-
ister was constructed of 5-inch-outside-diameter by 1/2-inch-wall-thickness
aluminum tubing, with end caps cof l/2-inch aluminum plate. The bottom end
cap had an aluminum gage mounting block welded in place. A placement stem
was attached to the top cap. Canisters were potted with paraffin after
gage installation to dampen gage mount vibration and seal out moisture.
Overall canister length, not counting placement stem, was 10 inches, and
weight was 17 pounds 2 ounces, giving a density of 171 pef. This compares
favorably with the average rock density of 162 pef.

Figure 2.3a shows a canister bottom cap and gage mounting block with
two velocity gages and two accelerometers installed. Figure 2.3b shows a

typical assembled canister with placement stem attached.
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Gage canisters were set in place using an aluminum‘placement tool, the
bottom section of which contained a threaded coupling to it the placement
stem. After placement and orientation of a canister, grout designed to
match the density and sonic velocity of tonalite was pumped until the can-
ister was just covered. The grout was then allowed to set, the placement
tubing was removed, and grout was pumped to a point just below the next
canister location. The installation procedure was then'repeated for this

location.
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TABLE 2.1 GROUND MOTION' GAGE LAYOUT

v

X denotes AV, AH; Y denotes AV, AH, UV, UH.
AV--vertical acceleration; AH--horizontal
acceleration; UV--vertical velocity;
UH--horizontal velocity.

S Horizontal Gage Array at
Distance Indicated Depth

2 feet 10 feet 18 feet

T

- feet

! 200 X X
250 Y Y Y

f 300 X X X

! 400 X X X
500 Y X X

- e e~
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a. Gage mount and gages. b. Assembled gage canister.

Figure 2.3 Typical gage canister assembly.
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CHAPTER 3
RESULTS
3.1 INSTRUMENT PERFORMANCE

All gages checked out satisfactorily after installation, and all were
operational at shot time. Start signals were received at shot time, and
calibration and recording equipment operated as programmed. The Detonation
Zero pulse was received and recorded on all tape machines.

Of the 36 gages installed for the Mineral Rock Event, 34 responded to
the ground shock. No data were received from Gages 500-2-UH and 500-10-AV.
Seven particle velocity gages operated successfully and yielded data of ex-
cellent quality. The 27 accelerometers, however, were affected by electri-
cal noise at 20 msec after detonation. This noise persisted for about 15
msec, and primarily affected records from the 300- and 400-foot ground
ranges. Attempts to remove the noise by digital filtering were unsuccess-
ful since the noise was within the frequency band of the ground shock data
itself.

Some of the noise was removed by beginning data processing only after
onset of the noise. Data processing was begun at 25 msec after detonation
for data from the 300-foot range, at 35 msec for the LOO-foot range, and at
45 msec for the 500-foot range. These times were selected in order to skip
as much noise as possible yet insure that little or no data were lost.

That no real, or at least measurable, data were thus removed is borne out
by the shock arrival time of 29 msec for the horizontal velocity gage at
the 250-foot range and 18-foot depth. The minimum arrival at the 300-foot
range would then be about 33 to 34 msec, or well after data processing had
begun. This procedure substantially improved the quality of record inte-
grations by removing a large portion of the noise-induced baseline shift.
Some effects of this noise are still present in the first and second
integrals, however.

It is worth noting that onset of the noise coincides with airblast ar-
rival at the portions of the gage cable line which lie closer to GZ than
the gageline itself (see Figure 2.1). Since the pressures encountered

could alter somewhat the electrical characteristics of the cable, the noise
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‘and is in fair agreement with the 13,000 ft/sec determined by laboratory

was possibly shock generated. It remains unresolved, however, why the ve-
locity data were not affected, since the ac carrier system should be more
sensitive to capacitive changes induced by squeezing than the dc
accelerometer circuits.

The 34 successfully recorded time histories are presented in Appendix
A along with first and second integrals. The label in the upper right-
hand corner of each record lists the event, gageliﬁe direction (east), and
gage identification code, plus computer and data recall information.
Marked on each record with an arrow labeled "AB" is the airblast arrival
time at the surface above the gage.

Peak values of measured parameters and integrals are presented in

Table 3.1.

3.2 ARRIVAL TIMES

yo -y -

Arrival times of ground motion were unfortunately obscured by noise
except for four of the velocity gages and the two accelerometers at the
200-foot range and 18-foot depth. Arrival times for these gages are listed
in Table 3.1. Both of the accelerometers showed initial response at. 16.8
msec after detonation; indicating arrival of outrunning ground'shock (the
airblast arrived at this point some 24 msec after detonation). The average

ground shock transmission velocity was 12,000 ft/sec to the 200-foot range,

compression wave veloéity tests. Initial motion was detected on the hori-
zontal velocity gages at the 250-foot range at 29, 30, and 32 msec for the
18-, 10-, and 2-foot depths, respectively, while airblast arrival at this

point was about 40 msec, again indicating the presence of outrunning motion.

Average shock transmission velocity from GZ to Gage 250-18-UH was then
8,500 ft/sec, which is considerably less than that calculated for the
200-foot station.

Outrunning motion was also noted at Gage 500-2-UV, where the arrival
time was 62.4 msec, giving a transmission velocity of 8,000 ft/sec. The
difference may be attributed, at least in part, to the difficulty in pick-

ing accurate arrival times for the velocity gages, which exhibit low
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initial motions and long rise times. It is worth noting also that the
8,000- to 8,500—ft/sec velocities are in good agreement with data obtained
on field seismic tests which reported velocities much less than those ob-
tained on the laboratory specimens. It is also possible that rock jointing,
which caused lower seismic velocities in the east-west direction than in the
north-south direction, was locally most severe beyond the 200-foot range.
Figure 3.1 is a plot of airblast-induced-motion arrival times at the
o-foot depth and, where obtained, outrunning arrival times versus distance.
The airblast-induced-motion arrival times are noted to agree well with the
predicted airblast arrival itself and serve to substantiate the airblast
predictions since arrival times for airblast were not reported beyond the

320-foot distance.

3.3 ACCELERATION

As mentioned previously, all acceleration channels were subjected, to
some degree, to an extraneous electrical noise during the early portion of
the ground motion. This nocise obscured the outrunning ground motion and,
at the 200- and 250-foot ranges, was superposed on the airblast-induced
motions. Fortunately., the airblast-induced signals at these locations were
of considerably greater amplitude than the noise signals. This can be seen
from the first two traces in Figure 3.2. At the 300-foot and 400-foot sta-
tions, initiation of data processing was delayed, thus eliminating most of
the noise. This process was used also at the 500-foot range; however, at
this location signal amplitude was small enough that the noise is still
quite apparent. The waveforms seen in Figure 3.2 are characteristic of
near-surface vertical accelerograms in rock, i.e., a sharp downward spike
of very short rise time (generally less than 1 msec) followed by oscilla-
tions and/or an upward pulse.

The record of Gage 500-2-AV shows a fairly well developed outrunning
waveform, although the early portion is obscured. After noise cessation at
about 105 msec, the oscillatory, relatively long-period pulse of outrunning

motion is evident, with the downward spike at airblast arrival superposed

ét 153 msec. The downward acceleration due to airblast is noted to be of
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larger magnitude and shorter dufation than the immediately preceding out-
running signal. This was consisterit throughout the array. Figure 3.3 is

a plot of peak downward vertical acceleration versus distance for all three
depths instrumented. Four vertical acceleration peaks measured at the

2-foot depth on Event Mine Ore are included, and are generally in good

agreement with the Mineral Rock data.

Peak dovmward accelerations at the 2-foot depth are noted to attenuate
rapidly with increasing distance. This suggests the use of a correlation
based on dovmward acceleration-to-overpressure ratios, which has also been
found effective for accelerations in soil (Reference 8). Figure 3.4 is a

plot of this ratio versus overpressure for the five stations instrumented.

Overpressures used in computing the ratios are listed in Table 3.2
(Reference 9).

For the first four stations, 200, 250, 300, and 400 feet, the downward
acceleration-to-overpressure ratios are 0.16, 0.1k, 0.24, and 0.20 g/psi,
respectively. At the 500-foot range, the ratio drops off to 0.10, in con-
trast to the pattern of increasing ratios at lesser overpressures usually
observed in soil. The O.2-g/psi average ratio for the first four locations
is considerably lower than the figure of 0.6 to 1.0 g/psi for similar pres-
sure ranges noted for 100-ton detonations over soil (Reference 8). This is
consistent with elastic theory, which gives an inverse relationship between
acceleration and seismic velocity for a constant rise time of stress. The
difference is not as great as the 10-fold difference that the seismic
velocity ratio would suggest. N

Attenuation of peak downward vertical acceleration with depth is also
apparent from Figure 3.3 and is consistent throughout the horizontal array.
Peak values at the 18-foot depth ranged from 22 to 38 percent of those at
the 2-foot depth. This is in marked contrast to data in soil, where accel-
erations at a depth of 17 feet average about 7 percent of near-surface
(1.5-foot) data. This fact emphasizes the effectiveness of an alluvial
soil, such as encountered on the Distant Plain Series, as a filter of high-
frequency motions, even though near-surface accelerations are larger at

similar overpressures in soil.
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Peak horizontal accelerations are plotted versus distance in Figure
3.5. The peak values plotted are peak outward accelerations neglecting ap-
parent noise peaks. In most cases, the peak values can be attributed to
passage of the airblast, with two obvious exceptions being Gages 500-2-AH
and 500-1C-AH. At these locations, the acceleration signature was domi-
nated by an outrunning motion of both greater magnitude and considerably
longer duration than the airblast-induced motion. A rapid attenuétion with-
distance is again apparent, .and, for the 2-foot depth, is about the same in
rate as was noted for vertical accelerations. The peak horizontal acceler-
ations themselves, however, are consistently only 40 to 60 percent of the
vertical peaks.

Horizontal accelerations alsc attenuate sharply with depth. Most of
the attenuation appears to occur in the upper 10 feet of rock, with gen-
erally only a smell difference in peak values at 10- and 18-foot depths.
This is in contrast to vertical measurements, where data at the 18-foot

depth were consistently well below those at the 10-foot depth.

3.4 PARTICLE VELOCITY

The number of particle velocity gages installed for this project was
unfortunately small, especially in view of the high quality data yielded.
Integrals of acceleration records, especially the early portions, are some-
what suspect due to the noise problem. See, for example, the first inte-
gral of Gage 300-10-AH (Figure A.20) where integration of the noise
produced a relatively spurious and erroneous initial velocity.

Figure 3.6 shows, for comparison, the three vertical velocity records
from the 250-foot ground range. These records are typical of vertical ve-
locities in the superseismic region, and indicate an absence of measurable
vertical outrunning ground shock at this location. The records are charac-
terized by an initially downward pulse of width which increases with depth,
followed by an upward motion of neafly uniform duration. Also shown in
Figure 3.6 is a composite vertical velocity record constructed from
close-in data (Reference 6) from Mineral Rock which was obtained at dis-
tances of 4O to 110 feet from GZ. It is emphasized that the amplitudes in-

dicated on the composite record are meaningless, even as a relative
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indicator, since the amplitudes of various portions of the record are de-
pendent on location. A striking similarity in wave shape is present,
however, indicating that predominant features of the ground shock persist
throughout the range of instrumentation. Of interest here is the increased
width of the initial downward pulse for the far-out data, which follows the
pattern set on close-in measurements. The initial downward pulse, for ex-
ample, was only of 1.8-msec duration at the 40-foot range, and had in-
creased to 4.8 msec at 110 feet, both at the 2-foot depth (Reference 6).
The duration of this pulse had increased to 16 msec at the 250-foot loca-
tion. The subsequent upward and downward oscillation does not appear to
have been affected by either depth or distance and retained a nearly uni-
form perind of 140 msec at all distances and depths instrumented for both
close-in and far-out programs.
In contrast to the apparently superseismic waveforms of Figure 3.6,
the outrunning vertical velocity of Gage 500-2-UV is shown in Figure 3.7.
Here the motion is initially upward and is oscillatory, with the downward
airblast-induced pulse superimposed on the outrunning motion at about 155
msec. The outrunning motion is both larger and of ionger period than the
airblast-induced ?ulse at this location, and the wave shows significant os-
cillation well beyond the airblast arrival. Since this record indicates
that significant vertical outrunning motion was present at this range, it
would be expected that similar motions would be observed at the 250-foot
stations at correéponding times, i.e., about 30 msec. It is also apparent
that the magnitudes and fregquencies are well within the capability of the
velocity gage. Significant horizontal outrunning motion was observed at
the 250-foot range, as will be discussed later, so it must be concluded
that the outrunning pulse, though present, had not developed a measurable
(relative to. airblast motion) vertical component at the 250-foot range.
Peak downward vertical particle velocity is plotted versus distance in
Figure 3.8. Shown here are the four vertical velocity measurements along
with integrals of vertical acceleration records. In all cases where veloc-
ity was measured directly, the peak downward motion was considerably less
than that obtained from integrated accelerations. This is in keeping with

results from previous tests, although the low-frequency response of the
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velocity gage amplifiers, as used on this experiment, probably aggrévated
the problem.

For the most part, downward velocities plotted in Figure 3.8 are as-
sociated with passage of the airblast above the point in question, although
outrunning motions no doubt exert some influence on the peaks. Phasing of
the airblast relative to outrunning motion was important at Stations 500-2
and 500-18. For example, at Station 500-2, the airblast pulse was super-
posed on an upward cycle, and no net downward motion resulted. Peak down-
ward motions for this station are consequently not associated with the
airblast.

Vertical velocities, as did accelerations, attenuated sharply with
distance, at about the same rate for the 2-foot depth as the airblast over-
pressure. Dovmward velocities at the 2-foot depth correlate well with
pressure, and velocity-to-ove:rpressure ratios range from 0.01l2 to
0.023 ft/sec/psi. This ratio is again less than has been observed for al-
Juvial soils where ratios in this pressure region are about 0.05 ft/sec/psi
(Reference 8).

Attenuation of the downward velocities with depth is less regular than
was found for accelerations, and at the 300- and 400-foot ranges the deeper
motions are greater‘than the shallow ones. This can probably be attrib-
nted, at least in part, to integration of noisy data. The three directly
measured velocities at the 250-foot range, for example, do exhibit a de-
crease in amplitude with increasing depth, as might be expected. This
reinforces their credibility, at least in relation to each other.

An average fit to the close-in velocity data is also shown in Figure
3.8. Most of the data fall in reasonable proximity to an extension of the
close-in data, although several points appear to be rather high. It is
clear that no gross anomalies in magnitudes are present, and this is in
turn an indicator of data reliability.

Figure 3.9 shows horizontal particle velocity-time histories for the
250-foot range. The first of these, for the 2-foot depth, is marked by
two features which depart from the pattern set by the two deeper stations.
First is the double peak on the first outward pulse which was not noted at

the deeper locations; however, it did appear on the acceleration integral
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also (Figure A.7). The second anomalous occurrence is the series of~
fairly significant peaks at 160 to 180 msec after detonation. This was not
apparent to any extent on the integrated acceleration, and is thought to be
a gage malfunction. The remaining two records show a single smooth outward
pulse 'of similar duration. The last plot on Figure 3.9 is a composite hor-
izontal velocity waveform constructed from close-in data (Reference 6).

The amplitude is again arbitrary. The period of this pulse averaged 5O
msec, which appears slightly shorter than on the far-out data, although

the difference is not great.

Figure 3.10 presents peak outward horizontal velocities versus dis-
tance for both direct measurements and integrals. Much better agreement
is immediately noted between peak values obtained by the two methods than
was found for vertical data. This follows the trend noted for close-in
measurements and is probably due to the lower frequencies (longer initial
pulses) for horizontal data which the velocity gages are better able to
follow.

Attenuation with range is similar to that found for vertical data, and
follows a projection of close-in measurements quite well. As a result,
there appears to be approximately a one-to-one correspondence between hori-
zontal and vertical peaks, at least Qithin the data scatter. Attenuation
with depth, although apparent, is not pronounced, and again is concentrated

in the upper 10 feet of rock.

3.5 DISPLACEMENT

Vertical displacement peaks, as can be seen from Table 3.1, show con-
siderable disparities between second integrals of acceleration and first
integrals of velocity, and even between measurements at the same ground
range. Consequently, no plot of vertical displacement versus distance was
constructed. The three integrals of velocity measurements at the 250-foot
range did produce displacements which were very consistent among themselves,
ranging from 0.0060 foot at 18-foot depth to 0.0075 foot at 2-foot depth.
This precision, together with the generally typical velocity waveforms from
which they were derived, lends credence to the data at this point.

Peak horizontal displacements are plotted versus distance in
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Figure 3.11, and with two readily apparent exceptions, plot nicely with a
regular attenuation pattern. Very little attenuation with depth is seen in
Figure 3.11, with a notable exemple being the data at 250-foot range where
all six data ﬁoints (three velocity integrals, three acceleration second
jntegrals) all fall between 0.020 and 0.028 foot. The horizontal peak
gisplacement values all seem to fall somewhat above the average fit to
close-in data. It should be kept in mind, however, that the representative
fit to the close-in data is an average, and data scatter would encompass
the far-out peaks.

Using the data at the 250-foot range as representative values, it is
seen that horizontal displacements at this range are three to four times
larger than the vertical. Since peak velocities exhibited a one-to-one
correspondence, the difference can be attributed to the longer durations of
the horizontal particle velocities. This, in turn, is brought about by the
fact that horizontal airblast and outrunning velocity pulses reinforce each
other (both outward), thus tending to lengthen outward pulse duration,
while destructive interference may occur in vertical displacements

depending on placing of the airblast and outrunning signals.




TABLE 3.1 PEAK GROUND MOTION DATA

AV--vertical acceleration; AH--horizontal acceleration; UV--vertical velocity;
Ul--horizontal velocity. Positive motion is upward for vertical and outward Tor
horizontal.

Distance Depth Gage Arrival Acceleration Velocity Displacement
Type Time
Positive Negative Positive Negative Positive WNegative
feet feet msec g's g's ft/sec ft/sec feet feet
200 2 AV -- 23 32 0.14 1M a 0.03
AH -- 16.4 19.2 1.9 0.48 0.059 b
18 AV 16.8 L.9 7.1 0.37 0.88 a 0.016
AH 16.8 4.8 2.k 1.h 0.52 0.24 b
250 2 AV -- 8.9 15.6 0.34 1.2 a 0.016
uv - -- 0.27 0.72 0.002 0.0075
AH -- 10.0 3.0 1.k 0.50 0.028 b
UH 32.0 -- -- i.2 0.40 0.026 b
1G AV - 3.1 4.0 0.26 1.2 a 0.052
uv -- -- -- 0.28 0.43 C.n02 0.007
AH ~- 3.2 2.2 0.9 0.k2 c.cet b
UH 30.0 -- -- 0.85 b Q.026 b
18 AV .- 2.2 2.8 0.39 0.62 0.205 0.012 .
uv -- -- -- 0.28 0.34 2.203 0.006
AH -- L5 1.8 0.76 0.15 G.023 b
UH 29.0 -- -- 0.60 0.22 0.919 b
300 2 AV - 10.4 12.0 0.L2 0.59 C.0L7 0.003
AH -- 6.6 6.0 0.72 0.76 Q.023 b
10 AV -- 2.4 h.2 0.51 0.72 a 0.017
AH -- 2.4 2.2 0.66 0.43 0.019 b
18 AV -- 1.k 2.6 0.25 0.56 a 0.015
AH -- 1.7 1.4 0.62 0.53 0.c22 b
Loo 2 Ay -- 6.0 6.0 0.3k 0.h2 0.001 0.006
AH - 2.4 2.5 0.48 0.35 0.01L b
10 AV -- 3.0 2.4 0.70 0.72 0.01k 0.018
AH -- 1.4 1.1 0.22 0.40 0.009 0.008
18 AV -- 2.0 1.5 0.38 0.59 0.C0L 0.01k
AH -- 0.88 1.0 0.18 0.62 0.007 0.019
500 2 AV -- 2.80 1.4 0.19 0.16 0.003 0.007
uv 62.4 -- - 0.12 0.12 0.002 0.003
AH -- 0.58 0.49 0.32 0.05 0.022 b
UH -- c -- -- - -- --
10 AV - c ~- - - - -
AH - 0.58 0.60 0.48 0.10 0.03h4 b
18 AV -- 0.60 0.56 0.25 0.13 0.008 b
AH -- 0.66 0.52 0.1h 0.22 0.005 b

& No positive peak.
No negative peak.
No data..
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: 1 TABLE 3.2 AIRBLAST OVERPRESSURES

Distance Pressure Remarks
e feet‘ psi
200 190 Predicted value
i 250 : 115 Airblast Line 1 (North)
E 300 49 Adjacent to ground shock instrument hole
f- 400 : 30.3 Adjacent to ground shock instrument hole
500 15.0 Adjacent to ground shock instrument hole
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CHAPTER b

CONCLUSTONS AND RECOMMENDATIONS

4.1 TINSTRUMENT PERFORMANCE

3 All 36 gages installed for this project were operable at shot time, in-
dicating successful installation insofar as gage or cable damage was con-
cerned. All channels calibrated properly, and recording systems operated
correctly as programmed. Two gages (one accelerometer and one velocity gage)
produced no readable output and are considered to have failed at shock ar-
rival. The remaining 27 accelerometers were all subjected to a strong

electrical noise signal at 20 msec after the detonation. This time was

noted to correspond to shock arrival at the nearest approach to GZ of the
cable line. and the noise was attributed to shock effects on the cable it-
R self, even though ceonsiderable cable protection precautions had been taken.
The seven operable velocity gages were not alffected.

t With the exception of the pressure-induced cable noise, the 34 suc-

i cessfully recorded gages showed good response. The relatively low-

4 ' frequency response of the velocity gage-System D amplifier system caused

some problems in comparing vertical data with acceleration integrals.

Gage and recording system set ranges were sufficiently accurate that

Lo 0

good signal amplitude was obtained on all channels. All signals were well

above normal system background noise, yet no channels were driven out of
band.

s o amae 20 e O

.2 MOTION MEASUREMENTS

Peak downward airblast-induced vertical accelerations were found to
attenuate sharply with both distance and depth from the maximum value of

32 g's at the 200-foot range and 2-foot depth. Vertical airblast-induced

accelerations were noted to correlate well with overpressure, averaging
about 0.2 g/bsi for the 2-foot depth. This ratio is approximately one-
fourth that for 100-ton detonations over soil.

Peak horizontal accelerations were also generally associated with pas-

sage of airblast and were approximately one-half the vertical peaks at the

L3
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2- and 10-foot depths; at the 18-foot depth, horizontal accelerations were

about three-fourths the vertical.
Dovmward ailrblast-induced vertical velocities attenuated with distance

and depth, although attenuation with depth was less regular than for accel-
erations. This is attributed partially to the noisy accelerograms which
did not produce very reliable integrals. No measurable vertical outrunning
velocity was noted at the 250-foot range. At the 500-foot range, however,
the outrunning pulse had a significant vertical component of both greater
magnitude and longer duration than the airblast-induced motion. Horizontal
velocities followed much the same pattern as did the vertical, and over the
range instrumented were roughly equal to vertical peaks. Horizontal veloc-
ities generally showed considerable outrunning motion, with the airblast-
induced pulse superposed on a long-duration outward pulse. Relative veloc-
ity contributions of the two pulses were quantitatively indeterminate, al-
though due to its duration, the outrunning (directly, induced) motion would
be the primary source of displacements.

Vertical displacement measurements of a high confidence level were
limited to the 250-foot range. Very little attenuation with depth was
noted, with displacements ranging from 0.0075 foot at the 2-foot depth to
0.0060 foot at the 18-foot depth. Horizontal displacemenfs were success-
fully computed from both velocity and acceleration data. At the 250-foot

range, they were three to four times as large as the vertical displacements.

ly.3 RECOMMENDATIONS

Recommendations for future work fall into two categories: (1) changes
or improvements in basic experiment design, and (2) changes in operational
procedure.

Under the first of these, it is recommended that a larger percentage
of channel space on future tests be devoted to velocity gages. This pro-
vides generally more reliable displacement data and, except where acceler-
ation data itself is of vital importance, should be the primary instrumen-
tation. Where accelerations are required, velocity gages provide excellent

back-up data.
Additionally, instrument locations should be spread over as wide a

i
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range of distance and depth as practical in order to adequately define
attenuation patterns.

Under the second rategory, the cable protection methods used for Min-
eral Rock were apparently inadsquate. Since pressure effects had nol been
noticed on prior tesis, proteclion from ejecta missiles was uppermost in
mind, and cables were adequately protected from this hazard. Pressure pro-
tection for future tests could be offered by more judicious {(though more
expensive) cable routing and by protection by encasing in pressure-proof

material such as conduit.
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OPTIMUM NUMBER OF SPONTANEOUS”EVAPORATION STAGESEENE&
WHEN LEACHING BAUXITES BY THE -BAYER PROCESS

N. S. Mal'ts

Dptlmlzlng the production of alumlna by the Bayer process depends on the. appara ts
and technology used to leach bauxites.

The optimum leaching process has to include fac;lltles for varying the principal
technological parameters for producing alumina by the Bayer process {concentrations
and caustic modulus values of the reéycled and aluminate solutions, the evaporated
residue factor, and the number of red-mud waslhing stages, etc.) with a view to ach-
ieving the greatest. possible technical and economic effects.

We know that the reliability of optimization caleulations is governed by the cor-
rect selection, on a sound economic basis, of a quantitative evaluation of the gqual-
ity of the emplayed sotution (the optimality criterion)., as well as by sufficiently
complete mathematical descrlptlon of the link between this criterion and the technol-
ogy and egquipment used .in production, and the interconnection among these parameters.

It was shown earlier [1} that the requirements for the optimality criterion of the
technologlcal parameters used in the Bayer process are best satisfied by a complete
ecnomic indeéx; this- would be the sum of thé heat and power consumed and the alkali
consumed to compensate for its losses in the liqguid phase of the discarded slurry.
The fact that a sound basis was uséd to select this criterion of optimality for the
principal technologicil parameters is proved by’ analyzing the components of the costs
involved in producing alumina by the Bayer process. This analysis shows. that the ap-
paratus and technology are most effectively improved through effecting reductions in
consunptlons of heat, power, and soluble alkali; while retaining a high degree of
alumina extraction from bauxite

It is easy to prove that the Speclflc outlays -- the sum of which was used as the
optimality criterion for téchnological parameters of the Bayer process as a whole --
must 2lse be included in the composite économic index for evaruating the optlmallty
of the apparatus and thé technclogy selected to leach bauxites.

Actually, the concentratian of the recycled soluticn, and thus the concentration
and caustic modulus of the autoclave slurry, are govarned by the temperature of the
leaching process; they depend on the system through which heat is regenerated from
the leaching slurry and the method used to heat the slurry to the -reaction tempera-
ture, The same technological parameters, cgiipled with the concentratlons of the alu-
minate and the weak solutlon before evaporatlcn las well as its caustic modulus) in
turn govern the heat &nd energy losses in the Bayer cycle, as well as -consumptions
for compensating losses of dissolved alkali in the discarded slurry.

The possible vaporization factor for the recycled solution (governed by its concen-
tration, and accordlnc1y the depression temperature) 2nd the washing of the red mud
depend on these parameters.

When the’ optlmum apparatus and technelogy for leachirig bauxite are selected, howey=-
er, the optimality  eriterion cannot be: llmlted solely by the sum of heat and energy
consumptions as. well as the expenditures made +to compensate for alkali losses, since
if this were so there would be ne ;allowance made: for capital outlays. Raising the
leaching temperature and improving the system of rege1erat1ng heat from the leached
=lurry and heating the raw slurry call for consdiderable increases in capital cutlay
and in correspondihg operating costs.

We therefore adopted -the indéx of the sum C of reduced outlay figures per ton of
bauxite processed as the optlmallty criterion for :selecting the apparatus and tech-
nology to leach bauxites; this index: includes the sum ¢ + C; of the heat and power
consumption, the expenditures made to compensate for alkali losses with the liquid
vhase of the discardeé slurry (C3), and the normal expenditures in capital outlay Cu:

C=0C; +Cp + C3 + Cy - (1)

Components c, + C, is the sum $Q of heat consumption in ‘the Bayer cycle when leach~
ing bauxite (Q y and VuDOleathn of the recycled solutien (Q ), as related to the
total amount Gb of processed bauxite, i.e.; '

= 19 :

where g - is the nominal cost per gcal steam. .
Component C represents the lossés by weight LN of alkali (per ton of processed.
bauxite) from the liguid phase of the discarded slurry:

C3 = LNON

(3)

RESELiml- .;.yﬂ'a’am
UDC 669:712:1 ° _ . EARTH SCiENCE &ﬁB. %
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where °N - is the cost per ton of alkali in conversion to Na,O0. )
Component C. allows for normal capital outlays per ton of processed bauxite:

Ca-Vs1-10°
- 4
Cv™ $760-160-0.8° 31r (4)

where Ca - is the nominal cagital outlay corresponding to a single set of autoclaves
with a productivitx of 160 m’/hr slurry, in million rubles; Vgl - the volume of
fresh slurry, in m’/t bauxites; 0.8 - the coefficient of equipment utilizztion; 0.31
- is a total coefficient, allowing for normal capital outlays (depreciatiosn, repairs
and maintenance, as well as equipment).

The quantities XQ, LN, Vsl, and Ca -- included in Equations (2], [3], z=d.([4] --
are associated with the principal apparatus-technology parameters of procuaction and

"the bauxite-composition by approximate mathematical-model equations.

The basic analytical expression for the link between the LQ, the heat consumption
in the Bayer cycle, and the alkali losses from the liquid phase of the discarded
slurry LN with the apparatus-technological parameters '
of production; it is a component part of the mathemat-

ical description of the production system, as given in A0y 971
an earlier work [1).

With slight modifications, the mathematical model in- nw{
cludes the equations for the link between heat and wob

power consumption and the aqueous balance of the Bayer
cycle with the system for the regeneration and utiliza-
tion of heat during the autoclave leaching, given in an

earlier work [2]. The approximate mathematical model 25 . //

also includes the regression equation: Azut = 1.286 . :

Naut + 0.7673 T1 - 218.35, obtained by the linear app- 20} /

roximation of the data in Fig. 1 showing the connec~ //445
%

——

tion between the solubility of Al,0; in diaspore baux- 157

ites (SUBR) and the temperature Tl and concentration . ) , LAJ
Naut in the autoclave-leaching region [3]. Within a R T R R )
leaching temperature of 220-260°C, it is permissible %00, g/1

to make a linear approximation of the connection be-
tween the operating pressure P in an autoclave and the
temperature; this is expressed by the simplified
equation:

Fig, 1. Cc=position of
guilibriuom aluminate
solutions in relation

P=0.5TL - 8.8, - to temperzture when

.leaching Ziaspore

in which it is assumed that there is an excess press- bauxites [3], °C:

ure of 5 atm in the autoclaves and a solution depres- 1 -~ 200; 2 - 220: 3 -
sion of 15°C. An equation for the connection between 240: 4 - 360 5’_
the usefully employed heat from the heated vapor E 280: 6 - ;00'

and the temperature was similarly derived:
) E = (710 - T1)-10-?
The equation:

0.72P + 0.061nl + £,.0.016 + £,-0.016 0.2

40 6 200 200 6

represents the relationship between the capital outlays Ca for a single autoclave
battery with a capacity of 160 m3/hr slurry to the operating pressure P in the auto-
claves (or.to T1l), the number of spontaneous~evaporation stages n;, and the size of
the heat-transfer surface necessary to heat the slurry in the spontaneous—evaporation
system (f;) and to heat the slurry with an external heat source (£,) {(the heating is
conducted in tubular heat exchanges with a surface area of 200 m?). The final term

Cay =

. . . ".2n . . . . . c Y aa
in this equation g—%—* includes the increase in capital investment for the building

and other equipment when the number of spontanecus-evaporation stages is increased
to over six. ;

The optimum values for apparatus-technology parameters used in the leacniing of
bauxites, providing for minimum reduced specific outlays C, were determined with an
electronic computer. The At values were successively fed into the computer (it
was varied at 5°C intervals between 30° and 80°C), and the values of C ané its com-
ponents (C,, C,, C; and C,) were calculated for the corresponding values of ,t, and
the number of spontaneous-evapo,ation stages n:.

The values of At and n , providing the minimum reduced specific outlays C are the
optimum values, and are given in the Table for the bauxite-leaching temperatures T)
under consideration and the varying values for steam costs Ogt. The cost of the
paid for heat-content of the steam (taking into consideration the recycle< conden-
sate, it comes to 0.66 of the steam cost), depending on the region in which plans
call for plant placement, may vary between 2 and 8 rubles per kcal.
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34
Effect of Leaching Temperature and Cost of Steam for
Heating on the Number of Spontaneous Evaporation Stages
rll og | m l ¢ l ¢ } ¢ I c. l c I at I N
Heating with live steam, At' = 4t
240 2 7 0,355 1,459 0,089 0,891 2,773 45 235
3 7 0,443 1,824 0,069 0.891 3,680 43 253
4 9 0,637 2,877 0,083 0,989 4,569 40 252
5 12 0,705 3,543 0,062 1,135 5,444 35 249
6 12 0,845 4,251 0,062 1,135 6,294 35 249
7 16 0,855 4,884 0,039 1,330 7427 30 248
8 16 0,977 5,551 0,039 1,330 7,947 30 246
250 2 6 0,415 1,244 0,095 0,987 2,741 50 233
3 6 0,623 1,866 0,095 0,987 3,571 50 233
4 10 0,679 2,398 0,034 1,190 4,360 40 227
5 13 0,849 2,988 0,084 1,199 5,126 35 225
6 13 0.901 3,528 0.079 1,356 5,864 35 225
7 17 0,911 4,033 0.075 1,566 6,584 30 222
8 17 1,041 4,609 0,073 1,566 7.291 30 222
260 2 7 0,444 0,974 0,13 1,207 2,756 50 208
3 7 0,667 1,462 0,130 1,207 3,466 50 208
4 H 0,727 1,851 0,114 1,437 4,129 40 203
5 14 0,804 2,250 0,107 1,608 4,768 35 200
6 14 0,965 2,700 0.107 1,608 5,379 35 200
7 17 1,125 3,130 0,107 1,608 5,990 35 200
8 19 1,115 3.497 100 1,886 6,598 30 193
Heating with steam, without dilution, At' = 0
240 2 4 0,523 1,254 0,073 0,838 2,693 60 222
3 7 0,588 1,881 0,067 0,934 3.520 45 222
4 7 0,784 2,508 0.057 0,984 4,343 45 222
240 5 9 0.871 3,135 0,064 1,082 5,152 40 222
6 9 1,043 3,762 0.05¢ 1,082 5,953 -40 222
7 12 1,067 4,389 0,050 1.229 6,745 35 222
8 12 1,220 5,016 9,060 1,229 7,525 335 222
230 2 5 0,511 0,998 2.087 1,033 2,659 55 206
3 6 0,697 1,495 0.091 1,105 3,391 50 205
4 6 0,930 1,997 0,09} 1,105 4,123 S0 206
5 10 0,930 2,495 0,081 1,313 4,820 40 206
6 10 1116 2,995 2,031 1.313 5.506 40 206
7 13 1,139 3,494 0.077 1,470 6,180 35 206
8 13 1,302 3,994 0,077 1,470 6,842 35 206
260 2 7 0,449 0,706 0.125 1,354 2,683 50 18
3 7 0,7 1,059 0,125 1,35 3,286 50 183
4 7 0,997 1,412 Q125 1,334 3,888 50 183
5 11 0,997 1,764 9,110 1,578 4,449 40 183
6 11 1,197 2,117 0,110 1,378 5.001 40 183
7 14 1,222 2,470 9,103 1,746 5,540 35 183
8 14 1,396 | 2.823 | 2.103 1,746 | 6,068 35 183
Heating with live steanm and Zilution within temperature of
z' = 33°C
240 2 4 0,478 1,438 0,030 0.766 2,763 60 232
3 7 0,538 2,158 .089 0,900 3,664 45 32
4 7 0,717 2,877 0.059 0,900 4,562 45 252
5 9 0,797 3,598 i,085 0,989 5.447 40 232
6 9 0,956 4,315 2.035 0,989 6,325 40 252
7 12 0,976 3,034 3.062 1.123 7.195 35 252
8 12 1,105 5,75 0,062 £,123 8,054 35 252
250 2 6 0,424 1,199 9,094 1,009 2,726 30 227
3 6 0,637 1,799 0,09 1,009 - 3,538 S0 227
4 6 0.849 2,398 0.094 1,009 4,330 50 227
5 10 0,849 2,993 02,084 1,199 5,129 40 227
6 10 1,018 3,597 0.084 1,199 5,898 40 227
7 13 1,040 4,197 2,079 1.34 6,657 35 227
8 13 1,188 4,796 08,079 1,341 7,403 35 227
260 2 7 0,454 0,925 9129 1,234 2,743 50 203
3 7 0,681 1,358 0.129 1,234 3,433 50 203
4 7 0,908 1,831 0.129 1,234 4,123 50 203
5 I 0,908 2,314 Q.14 1,437 4,773 40 203
6 1l 1,090 2,776 D114 1,437 5.417 40 203
7 14 1,113 3,239 0.107 1,590 6,049 35 203
8 14 1,272 3,702 0.107 1,590 6,670 35 203

Symbols: T) - leaching temperature,
.rubles/gcal;

°{: 3¢ = cost of heating steam, in

n: - number of sgontanecus-evaporation stages:

Ci- €. -

;specific outlays, rub/tons of bauxizes: 21t - tenperature at which slur-
-ry is heated by external source of heaz, *C; N - concentration of re-

cycled sgolution, g/l.
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Fig. 2, 'Relationship of
the number of spontane-
ous-evaporation stages
(n,) and the sum of re-
duced expenditures (C)
to the temperature At
to which slurry is
heated by an external

_heat source at a leach-
ing temperature of 240°
C, and thermal power
costing 2 rub/gcal (a)
and 4 rub/gcal (b).

In an earlier paper
(11, it was shown that
with a fixed number of
red-mud washing stages
(5), and with the slur-
ry heated to leaching
temperatures without
dilution (At' = 0)* the
optimum values for the
concentration of the
recycled solution aye
between 150 and 210 g/1
Na,0.; therefore, in
the calculations for
leaching temperatures
of 240, 250, and 260°C,
the solution concentra-
tions adopted for the
reaction autoclaves
(Naut) were respective-
ly 210, 190, and 170
Na;0.. The modulus val-
ues of the aluminate so-
lution following leach-
ing, in relation to the

*it' - temperature range for heating slurry with live steam (with dilution).
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temperatures,were calculated from the equation showing the connection of the Al;0;
solubility with the temperature Tl and the concentration Naut. The other process
parameters (Na, R, ag, and n) were taken as fixed at a nominal level.

Depening on steam prices and leaching temperatures, the optimum number of spon-

taneous evaporation stages varies within 4 to 14 (see Table).
when heating the slurry with live steam is determined solely by the recyperative

heatlng temperature (At' = At) and the cost of thermal power is high (g>g rubles/gcal)
the optimum number of spontaneous evaporation stages could be > 14.

When the cost of thermal power is < 4 rubles/gcal, and bears no relationship to the
leaching temperature, the optimum number of spontaneous evaporation stages (pt' =
0.40°C) is 4-7. This is connected with the effect of the capital investments and.the
operating costs (C«) in the total specific outlay (C), although a decisive influence
is exerted by the heat and power outlays (Ci1 + C:). We can see from the calculation
results that where there is a thermal power cost of 2 rubles/gcal (Fig. 2a), the spe-
cific outlays are not extreme and the number of spontaneous evaporation stages can be
varied within 3 to 9, with no appreciable economic loss. Where the thermal power
cost is 4 rubles/gcal (Fig. 2b), there is a clear extreme area of optimum values,
corresp0nd1ng to 6-9 spontaneous-evaporates stages.

It is obvious that it is economically advisable to increase the leaching temperature
-~ particularly as the cost of thermal power rises.

For instance, the effectiveness of increasing the leaching temperature from 240°C
to 260°C (using the variant st' = 40°C),where the thermal power costs 4 rubles/gcal,
is about 0.44 rubles/ton of bauxite or about 1 ruble per ton of Al;0s3. This calcula-
tion does not take account of the possibility of increasing the steam utilization
factor when the concentration of the the recycled solution drops from 252 to 203

g/1 Na,0,, nor does it take account of the increase in-alumina extraction from baux-
ite as the leaching temperature is increased. Moreover, when the specific capital
outlay is calculated, the same leaching time is employed for ‘all of the considered
temperatures; the possibility of substantially reducing the time as the process
temperature is increased is not considered.

This confirms the progressive nature of the tendency toward increasing the temper-
ature at which polyhydrate bauxites are leached.

CONCLUSTIONS

It was shown that at the current cost of thermal power and the importance of capi-
tal and operating costs, the optimum number of spontaneous evaporation stages is
4-7. From an economic point of view, it is advisable to raise the temperature at
which polyhydrate bauxites are leached to > 240°C.

1. N. S. Mal'ts. Tsvetnye Metally, 1966, No. 7, pp. 57-61

2. N. S. Mal'ts and V. A, Bernshtein. Tsvetnye Metally, 1967, No. 4, 57-62.

3. N. N. Tikhonov, P. V. Yashunin, and™S. I. BeneslavsKii. Alunlna Pro uctlon. Coll-~
ection No. 77, Leningrad, VAMI, 1971, pp.-5-8.
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MIAMI PROJECT
918 LIVE QAK
MIAM}, ARIZONA

OCCIDENTAL MINERALS CORPORATIONERRTH

& SUBSIDIARY OF OCCIDENTAL PEIROLEUM CORPORATION
P. O. DRAWER A-G
ox ' MIAMI, ARIZONA 85538

% / (602) 473-4421

THE OXYMIN PROJECT AT MIAMI, ARIZONA

A SUMMARY OF A PRESENTATION MADE TO MIAMI, ARIZONA TOWN COUNCIL

September 12, 1977

HISTORY OF THE VAN DYKE COPPER DEPOSIT

The Van Dyke deposit is part of the Globe-Miami Copper District.
A simplified map and cross-section are shown in Fig. 1. The first

mining in the area,

beginning about 1896, recovered ore from the out-

crop where the copper minerals had oxidized into high-grade ore.
Leaching began in the district in the early 1920's and has continued
up to the present time. Leaching is the extraction of copper from
rock through the percolating of a weak acid solution which dissolves

the copper minerals.
production from the

Leaching has accounted for a major part of

district. Unlike most of the other deposits in

the district, the Van Dyke deposit does not outcrop. It is completely
buried under the Gila Conglomerate and underlies part of the Town of
Miami. Within the town limits, the deposit lies at a depth from 1,100

to 2,000 feet below

the surface.

After signing an option for the Van Dyke property in 1968, OxyMin
started its exploration program and by 1975, about 40 holes had been
drilled throughout the deposit. This drilling delineated about 100

million tons of oxidized copper mineralization with an average grade

of about one-half of one percent copper (0.5%).

¢

IN-SITU LEACHING - WHY AND HOW

Due to the depth of the deposit, the low grade of the minerali-

zation and the fact

that a major portion of the deposit is under the

Town of Miami, no conventional mining method, such as open pit or

block caving, appear

s to be feasible. A modern mining method, in-

situ (in-place) leaching through drill holes, however, offers con-

siderable promise.

In-situ solution mining means dissolving and
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recovering the mineral values in the rock at great depths with
solutions that are pumped down injection wells and pumped back up

and out of recovery wells. The average copper mineral in hairline
fractures is about five hundredths of an inch thick (0.05") or

about as thick as a penny. A very minute amount of material, approx-
imately 4 pounds leached from each ton of rock, will be removed.
Because only this tiny fraction will be removed to the surface, no
cavities will be formed. Collapse and surface subsidence is there-
fore impossible. '

HOW OXYMIN HAS TESTED THE PROCESS

OxyMin in January, 1976, decided to start in-situ leach pilot
testing through surface drill holes. Two holes were drilled to a
little over 1000 feet in dépth and 75 feet apart. As shown in Fig.2,
the specific zone to be leach-tested was then hydrofractured with
water and a fluid connection was established between the holes.
Hydrofracing, or more properly,” hydraulic fracturing; involves pump-
ing water to the bottom of a cased well. When the fluid pressures
from the water downhole exceed thée rock pressure, the hairline
fractures are opened slightly and thus form passages through which
the fluid is circulated. Hydrofracturing, as used in the Van Dyke
deposit, will extend the fractures a maximum of about 200 feet from
the point of fluid injection.

After pressure testing with.water to demonstrate the absence
of casing leaks, weak sulfuric acid solution was then injected through
one hole into a selected part of the copper oxide zone and retrieved
up the other hole. Testing, to date, has proven the feasibility of
in-situ leaching of this deposit. A very important result of the

completed test is that it now appears that blasting is not necessary

to increase permeability. The continuation of OxyMin's tests will

not involve any underground detonation.

HAS IN-SITU LEACHING BEEN USED BEFORE?

In-situ solution mining operations under towns are not new at
all. There are many present day examples of deposits being mined
under towns at the same depths, or closer to the surface, than OxyMin's
Van Dyke copper deposit. There are no commercial in-situ solution
copper mining operations, but there are many successful commercial

in-situ solution salt mining operations in existence today. 1In the
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State of Michigan, there are at least five commercial in-situ
solution salt mining operations below towns, at depths ranging from
900 to 3500 feet. There are two similar commercial in-situ solution
salt mining operations in Ohio, and two in New York. One of the New
York operations has been continuously operated for the past 70 years.

The objective of OxyMin is to apply some of the known and
commonly used in-situ solution mining techniques to the Van Dyke pro-
perty, so it will not be necessary to excavate large quantities of
rock.

COMMERCIAL DRILLING WOULD BE UNDERGROUND

OxyMin anticipates in-situ solution leach mining from under-
ground workings if further pilot test work proves the economic feasi-
bility of commercial production. This would mean no noise, lights or
vibration in the town. A vertical shaft will be sunk outside the
town, limits and a gridwork of nearly horizontal drifts will be driven
below the town. The solution injection and recovery wells will be
drilled and operated from the underground drifts, as shown in Fig.3.

The leach solutions will be weak sulfuric acid, the same as used
by several other copper mining companies in this part of Arizona. The
copper in the leach solutions will be recovered by a conventional sol-
vent extraction.and electrowinning plant built on the surface. The
solutions from the plant which are then barren of copper will be
recycled into the in-situ leaching circuit.

There will be no mill, dumps, tailings or smelter associated
with this environmentally attractive and technically advanced operation.
The shaft and the extraction plant will be the only sizable surface
installations and they will both be outside the town limits.

WHAT ABOUT WATER?

Ground water for municipal supply in the Miami area is now ob-
tained from several wells in the Central Heights area, about three
miles northeast of the Van Dyke deposit (Fig. 4). They tap the
upper sandstone layers of the Gila Conglomerate and yield moderate
amounts of good quality water. Ground water from the alluvium in
Bloody Tanks Wash, closer to the deposit, is not used for municipal
supply, and has not been for several years except in extreme dry
periods when it is added in fractional amounts to the Central Heights

water. It is of poor quality, and exceeds several of the U.S. Public
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Health Service recommended limits for domestic use.

OxyMin has constructed two wells for monitoring purposes in the
alluvium of Bloody Tanks Wash in Miami. These wells are about 100
feet deep, and are 1ocat§d about 2500 feet downstream of the test site.
These wells were specifically constructed so that representative ground
water samples can be obtained by pumping from the aliuvial aquifer in
the Bloody Tanks Wash. Sampling from these wells has continued monthly
since May, 1976, and will continue in the future. The factual data
from these samples have been, and will continue to be, submitted to
the Miami Town Council. The data indicate that no significant change
in chemical constituents in the ground water has occurred during the
pilot test leaching activities.

OxyMin has not conducted in the past, nor does it intend to con-
duct in the future, any operations that will impair the quality of
the ground water within the Miami area. To this end, OxyMin will
continue its hydrological evaluation and ground water monitoring pro-
grams throughout all phases of its operations.

THE QUESTION OF MINERAL RIGHTS

Development of mining operations in the Miami area and the devel-
opment of the Town of Miami have historically coincided. Indeed, it
was the mining activity that led to the establishment of the original
Miami town site. The mineral estate was severed from the surface
rights prior to creation of the surface estates and surface owners
purchased the surface to a depth 9f forty feet.

Standardized deed restrictions, consistent with grant of the
severed mineral estate, were incorporated in the surface deeds at the
time the surface parcels were first offered in 1909 for sale to
individual purchasers. In the language of the deeds, these restrictions
absolve the mineral estate owners from liability to the surface owners
in the event of subsidence resulting from mining operations conducted
under them. During the development of the Town of Miami, the owner
of the severed mineral estate and its lessees were conducting explor-
ation, development and mining operations in, under and adjacent to the
Town of Miami, commencing in 1916 and continuing to the present.

PROTECTION FOR LAND-QWNERS

The owners of the mineral estate, Van Dyke Copper Co. and Sho-Me

Copper Co., are now willing to enter into agreements with the surface
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estate ovners requiring the mineral estate owner to compensate the
surface owner for any damage that might be caused by mining operations
conducted beneath the surface. OxyMin is willing to accept and assume
such an agreement with respect to its operations. This proposal was
first outlined to area residents, including members of the Town Council,
at a meeting held 15 months ago in Miami. The binding effect of the
agreement should assure the surface owners and any lending institutions
that their property investment will continue to be secure. In addition,
this agreement should permit those surface owners who might otherwise
feel that their security was impaired to proceed with any surface
developments or improvements that they might desire.

Compensation for damage would not be based upon some predeter-
mined formula but rather upon an appraisal made at such time, if any,
as surface damage occurs. OxyMin will soon make available to the
surface owners a form of the agreement. Copies will be available at

OxyMin's Miami office on Live Oak Street. ’

WHAT WILL HAPPEN IF OXYMIN GOES AHEAD

If OxyMin's further testing operations prove successful, full
development will not only be compatible with the economic and envir-
onmental interests of the Town of Miami but will, in fact, be of
substantial benefit to the entire Miami area. OxyMin anticipates
that it will employ a work force of over 200 Miami area residents.
The town's tax base will obviously benefit from such an operation as
will the tax bases of the Miami School District and of Gila County.
OxyMin reaffirms its willingness to work with the Miami community in
an effort to achieve common goals. A common effort will provide a
significant boost to the future stability and prosperity of the town
and its residents.

If you have any questions about OxyMin's Miami project, please contact:

Bob Zache - :
Occidental Minerals Corporation
918 Live Oak Street

Miami, Arizona

(602) 473-4421
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OBSERVATIONS ON RECOMMENDED ELECTRODE ALLOYS
UDC 669.35:620.1

M. V., Zakharov, F. V. Korolev, and V., A. Ignat'ev .

‘Choosing the best heat-registant copper: conductor alloys, including electrode al-
loys for centraliZed production, is a matter of wvital 1mportance. In dur view this
prozlem was not dealt with successfully in the paper by A. K. Nikolaev and his co~-
authors :

The authore tock more than 20 different alloys for study, but most of the materi-
al given in the paper is indéterminate to say the least,

This affects the ‘main points in the paper: alley chemlcal composition, routineg
for hardening heat treatment and their validation, ‘methods of research, the alloy
physical and chemical properties produced, and. finally the life of the alloys 1n '
-welding machine contacts. Here are some examples.

1. Even the average chemical composition of the -alloys studied is not given.

2. 'The hardening heat treatment for the alloys, namely the specific alloy ag-

ing routines, is not indicated. :

3. The aprlication of mechanical and Heat treatment (quenchlng plus cald deform-
ation pius -aging) to the alloys studied is not clear, becaiuse thisg type of
mechanical and heat treatment justifies itself only when copper alloy arti-
cles operate at moderate temperatures of, the ordér of 200~400° ¢, pot at 600—
700°C as the authors state,

‘4, Although tha operatlonal life of electroda alloys on welding machlnes de~
pends upon. certain variables, thé most important of them, brov*ded ‘that the
heceéssary thermal conductivity .is presént, is heat “eQLstance, i.e., the te-
sistance of the alloys to creep., In this case ¢keep if the alloys is made
worse by the many thousand alternating glectrode loading at high temperaturesf
This creep shouwld have been assessed in the main alfovs. At least the hard-
ness and electrical copductivity of the tested alloys .supplied for the mac-
hine should have been given.

‘The problems in assessing the operatlonal life of the electroda alloys studied
are not riew. The alloys meritioned in the paper (see footnote 1} axcept for Br.K Kk
Ko, have already been studied and tested by variecus authors, both at “he ARll-Union
Electric Welding Equipment Research Institute and et the plants, using both lab-
oratory and plant heats, They have been tested both in the spdt welding of steels’
and in other forms of resistance welding (sedm welding, ‘butt welding, etc.) and on
other materials apart from steels. The results of this résearch have been dis-
cussed repeatedly at All-Union conferences. Comparative: experimental ‘data om. the
life of the alloys Mts5A {0.35% Gr + 0.2% Zr), Br,NBT (1.4% Ni + 0.3 Be + 0.1 Ti},
and Mallory 328 (0.6% Cr + 0,05 Zr) in Spot~welding low-carbon steel demowstrated
‘the adVantages of the Soviet: alloy Br. NBT. Br, NBT alloy can be recomnended for
weldinq stainless steel and heat-resistant nickel and titanium ai loys.

_For spot-welding of low-carbon dteels the authors recommend Br, Kh Tsr (0,4-1.0%
Cr 4+ 0.03-0.08B% Zx), i.e:, according to its avetrage. themicdl composition, and
Mallory-328 (0. §5% Cr+ 0,04% Zz), although dccording -to the authors® own experi-
mental data their life was similar to that of Br NBT (changes in Da1 048 and 0. 8
mm respectively). Even the expensive English alloy MEKE {2.5% Go + 0.5% Be) is not—
iceably infetrior to the cheap Soviet alley Br . NBT in Spdt ani seam welding of vari=
ous steels accordrnq to data from the ‘All-Union Electrlc We1ﬂ1ng Equipment. Research
Institute, in spite of the fact that MKB is made from pufe metals. In our opinion

this 4s due to the fact that MKB contains more beryllium than is required on the bas=.

is of the Cu~CcBe quasiblnary section. Alloy MKB should have included Only 0.40% Be
on average lnetead of 0.5-0,6% Be, in order to be -on the Cu-CoBe quasibinary - .section.
In our opinion Br, K ¥h Xo alloy, which is recommended as having the longest life
in welding stainless steel (see footnote 1)y requires additional plant testing, for
two reasons. Firstly, Br, K Kh Ko was given the. optimum heat treatment. The: chemnl-
cal composition of Br. K Kh Ko was taken at the upper limit of alloying additions,
and that of Br.NBT was taken .at the lower 11m1t .
Secondly, while hav1nq 1ife wvalues in weldlng stainless steél such as d%
and 0.55 mm, the expénsive Br. K Kh Ko alloy was cOnslderably inferior to ke cheap

. Br ,NBT alloy in welding low-carbon steel {daz 1.6 arid 0.8 m respectively}: Accord=
e e |

#. K. Nikolaey, F. Senwovlk,‘V.‘MmiRozenberq, and ‘8, K. Sliozbherg, Tsvetnye Metally,
1974, ¥o, 11, 53-59. '
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ing to recent findings by the authors themselves?, after quenching at 1000°C, Br. K
fh Ko has a considerable amount of the ternary brittle chmical compound CryCosSi,

shich is relatively insoluble in copper; hot forming of this alléy is therefore im-
g?gﬁlble without a line .structiire leading to .anisotropy in properties and to corro-

- There has been sufficient discussion of the problem of alloying electrode alloys,

the most impo:ﬁﬁn;,fact is. that the alloys with the longest 1liveés ..(Br.NBT, Br, K KuN,

pr. K Kh Ko) according to the authors' findings (see footnote 1) proved to be on the

corresponding quasibinary sections.,’ X o
;n'ogg'gpinion, the universal Soviet alloy Br.NBT (1.6% Ni + 0,3% Be + 0.1% Ti),

vhich .is made from-high-beryllium bronzé production waste, must be recommended for

all forms of resistance welding for stainless steel and heat resistant nickel and

titanium alloys.

3 y | ' '
“N. I. Revina, A. K. Nikolaev, and V. M, Rozenbérg, Nauchhye Trudy Institiut Gipro-
tsvetmetobrabotka, 1975, No. 48, 61-70, 9 7 4 B

M. V. zakharov, Tsvetnye Metdlly, 1974, No. 8, 6367,

? : ‘EDITORTAL NOTE

- In the opinfon of the metalworking section the paper by A. K, Nikolaev and others
é?§¥5tnyecﬂetallyr‘197§, No. 11, 53-59) was of definite value in spite of certain
anlts, -

The differences of opinion between the .authors of that paper and M. V. .Zakharov
and others, the authors of the published observations, relate mainly to tlie evalua=
tion of the alloys Br,.NBT and Br, K kh Ko, ‘ S '

Both alloys are produced mainly in the form of flat stock, and the technolegy for
producing small-dliameter rods.  {extruéion, drawlng with intermediate annealings) in
both alloys is laborious and far from perfect, Nevertheless there are Technical
specifications for these alloys and for 5 other electrode alloys, which will be re-
placed by a State Standard, = ’ ' ' B
_ The answer to the guestion of advantages and disadvantages will apparently be
found in prolonged practical use, The journal editorial board therefore regards
continued discussion on this matter &s undesirable .in the immediate future.
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OBSERVATIONS OF SOLUTION TRANSPORT, PERMEABILITY, AND
LEACHING REACTIONS.IN LARGE, CONTROLLED, COPPLR BEARING
WASTE BODIES.

L.E MURR

Department of. “*!ctauurgtcgaf and Materials Engineering, New Mexrco Institute of Mmmg
and Techno!og; Socorro, Néw Mexico 8780] (US. AL
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ABSTRACT

Muir, L.E., 1979, Observations of solution transpdrt, peremability,.and le.{chmg reactlon.s
in large -controlled, copper-bearing wastie: hodlos Hvdmmetnh'urgv GTQQ&

The leaching characteristics. (wa stecbody température profiles, totdl daily oxvgen con-
sumptlon and copper extractionas-well zs solution chemistry . features} are compared Tor
two.vastly differerit; large.{1.7 X 10% kgYlow- gradle, coppdr-Hedring wasts' bodids Drne
‘cclumn, - Rennecoit:-Santa Hite waste 'ﬂ 35% total (‘u" Arag primarily a chalcocite-waste
with fittle detectable acid consumnption; requiring esscu.iallv no.neutralization while the
other column; a Duval:Sierrita waste (0. 34% tota! Cu) was primarily. 4 chalcopyrite vaste
with high acid consuniers present in the host roc;»., and requn-mg a lengthy nt,utmllzatm"l
‘penod “This [atter column whiéh messuréd 3.1 m-in diameter , Was appropr.atelv scaled
dowi with two smaller columns measu¥ing 0.3% and 0.10.m m diamietér, respectively.

The initial per*neablhtv and drain-down characteristics are c.ompa;ed along with final per-
Theabilitiés in the Konndcott-Santa Rifa wastebody (following the conclusion oF 18athing
experiments). A post-leaching [Cl] teacer test eonducted on the Kennecoti-Santa Riig
column suggests that, consistent with indications {rom pnrmeablhty data;:deard spaces:
dceurted within thé wastebody and these.feaiutes 568t 16 have contribnted toihe Wdath-
ing perfcrmance and characteristics, acalmg experiments wera.ohserved 4o canicl\r
characterize and follow the neutralization of the Duval-Sierrita waste {as determined by
fonitorifg ¢ffiuent solution pH), but there iwaslittle correlition dhetwdeh copper éxtractid
Jin thelarge Duval:Slerrita waste column (3 1m daamets,rj and the:smallest Ll{"o'atory
cohimn fO 1 m diainéter). -

INTRODUCTION

It is well known that when the fluid {low characteristics in a-system.are
kngwn, it is possible to formulate heat and mass-transfer phenomena from
first principles {1}. Inthe absence-of such data, it is-necessary to consiruct.
mathematical' raodels. Ultiniaté!y howéver, such tvodels ust be verified by
eithér tde insertion of data of comp'm:.r')"z\ with expérimeéntal obsérvations.

Dump leaching of low-grade waste i 2 complicatetl procéss which involves
‘the lIﬂ‘Ell"El’ltIO]bhl}'J of air.convection, fiuid transport, aﬂanbactelnlly-cata yzed

reactions. These determine the durnp heatmg:, which in turn infivences the res
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.
actions. Permeability and variations of .permeabitity will directly influence air
convection and fluid transport, and can.lead to irrégularities in waste-particle
consolidation which, over long periods of time, can altér dump properties and
averall leaching performance’ It is véry difficult at present to differeritiate be-
tween the effectslof specific parameters characteristic of -a leach dump on the
léaching phenomena, especially rate of extraction, in the leaching of porphyry
copper rock, particularly chalcopyrite wastes, even though several dump

. leaching models have been proposed which show considerable promise in

scaling-up laboratory test data to expected-field results {2—5]. The reasoh.
for this isthe lack of seale.data, the inability to perform large, controlled
leaching studies, and the difficulty in performing eXpetiments where the
parameters alluded to above can be successfully distinguished and character-
ized.

As recently pointed out hy Roman [6], research pertaining to solution
flow‘bin leach dumps has generally been neglected. Harris [7] has.alludéed to.
the phenomenon of bulk density convergence where the bulk density ap-
proaches that of the undisturbed rock where in principle compacted regions
of a dump will act as a single “particle”. Roman [6] has considered this brief-
ly in terms of the solution flow path where at hlgh bulk densities or regions

of high bulk densitiesleach solution no longer surrounds each part:cle_, but flow
paths are effectively separated by these -high-bulk-deénsity “particle” réglmes
which lead to solution channeling. Roman [6] has shewna y—y log, plot for
ahole drilled into a leach dump at Kennecott’s Chine operation in New Mexico
which is indicative of two lithologic regimes based on the bulk density.

In describing a recent.dump leaching model, Cathles and. Apps. [8] have
demonstrated the importance of air convectlon oxXygen halance, and heat
balance; including dump height and dump permeability. Some of these fea-
tures have béén demonstratéd to be experimentally valid not only in practical
{operatirig) léach dumps, but also in controlled, large-scale laboratory-type
experiments [2].

‘The present experiments represent-an attempt-to gather some data pertinént
to-the dump leaching regime using large, controlled, waste-rock masses in in-
sulated metal (stainless steel) tariks. This approach extends the limits of labora-
tory experiments o a scale commensurate with a largé dump unit or model.-
unit, and allows for the monitoring and control of solution and air flow, heat-
ing effects, solution chemistry, and bacterial activity. The present paper pre-
sents some qualitative comparisons of two large waste bodies systematically
leached over a 2- -year period, along with some laboratory scaling of one of the
waste bodies on smaller scales. This approach shows some promise in- promdmg
direct experimental evidence which net only prowdes a basis for existing
models, but also new or extended models as'well as illustrating a diréct ¢on-
nection between permeability, transport, and attendant feaétions'in the dump "

leaching of low-grade, copper-beating waste.
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. instrumentation was brought threugh theése locdtiens by attaching pipe-fittings

_the bottom of each tank consisting of schedule 80 PVC pipe 1.5 m square,

69

EXPERIMENTAL CONSIDERATIONS

The large:scale leaching experitiients to be described in this work were per-
formied ifi two converted liquid-oxygen storage dewars which measured 3.1 m
inside-diameter and 12.3 m height. These tanks had an inside stainless steel
jacket separated from an outer carbon (mild)- steel wall by-a 0.3 m thick per-
lite insulating layer. Access'windows were cut.into the outer steel wall and

through the inner stainless steel jacket. An aération system was providéd at

drilled with small 2.5 cm holes, with a fotal.area of escape cross section to
pipe cross section of 4:1. These aerators were connected to air compressors
through a line extending out-of the tanks. A drain line was also cut through
the bottom of.each tank. A 1 i high gravel bed, using'quartzite rock (+2"'), ,
was placed above thé aeration system and thermocouples imbedded in PVC :
schedule 80 pipe were placed at the top of the gravel beds. In one tank, gyp- ;
sum moisture blocks were also.placed in an array spaced 0.6 m from the cir-
cumference of the.innerjacket, and approximately 0.5 m of waste rock was
hand placed upon the instrumentation. Additional waste ¥ock was theén.ele-
vated and dropped into'thétanks from an opening in the tob, with frequent
leveling torandomly distribute the rock size fractions. This was continued
until the level reached the fixst access port location. Instrumentation, including
porous cup lysmleters for the collection of solution samples were placed at
the port location, rock hand loaded over the instruments as before, and the
loading process continued. In one tank PVC pipe half-sections (pipes et in
half, forming gutters) were placed at the access port locations to allow for
solutlon collection and analysis; while.in the other tank, 0.25 m diameter

PVC funnels were imbedded near the center of the waste rock, displaced slight-
ly from the lysimeters. Access pipes (b cm diameter) also allowed for-augering
into the waste rock for periodic remaval of smail rock samples-for bacterial
analyms

Solution was applied to the waste through a rolating arm with. graduated
openings which provided a uniform distribution of solution over the rock sur-
face..Solution entered the arm through a slotted shaft which passed through
a reservoir which allowed a pressure head to be maintained. The arm, havinga
diameter ¢f 3 m, rotated at a speed of 1 rpm..

The solution circuit consisted of an underground holding tank into which
solution drained from the copper-bearing waste body, a series of elevated surge
or holding tanks into which solution was pumpéd from the underground tank
for subsequent pumping to the solution distributor. A series of cementation
cells (iron scrap launders) were placed just ghead of the surge tanks to strip
the pregnant solution of its copper. Barren solution copper levels, after cemen-
tation, were normally in the range of 100—150 ppm copper.

Figure 1 illustrates the. major- design features of the large-scale leaching
facility described above, showing the overall appédranée of the waste rock tanks,
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Fig.1. Large experimental leach tank design and operational features (a) Physical view of
the tanks. An air compressor is shown at (ac). One of two iron scrap launders utilized in
the circuits is shown in the middle left of the photograph. (b) Schematic view of the sam-
pling and instrumentation arrays in one of the experimental waste bodies (Duval-Sierrita).
(c) Solution circuit schematic.

the placement of instrumentation, and the solution (leach) circuit. Table 1
shows for comparison the principal features and parameters of the two waste
rock experiments. One column was filled with a Duval-Sierrita waste while
the other was filled with a Kennecott-Santa Rita waste (copper-bearing rock).
As shown in Table 1, there were fundamental differences not only in the rock

TABLE 1

Experimental waste-b‘ody a

Parameters

Quartz (wt%)

K-feldspar (wt%)

Biotite (wt%)

Dickite (wt%)

Total Cu (wt%) (
Non-sulfide Cu
(‘Acid-soluble %

of total Cu) (
Chalcocite (wt%) <{
Chalcopyrite (wt%) <(
Pyrite (wt%) .
Carbonate (wt%) <C
Total SiO, (wt%)
Total Fe (wt%) §
Dry body bacteria:
(cells/g)
Total waste-body
weight (kg) 1.6 x

Max-rock size {inches)
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TABLE 1

Experimental waste-body analysis and properties

Parameters Kennecott-Santa Rita Duval-Sierrita
waste waste

Quartz (wt%) 68 29
K-feldspar (wt%) 2 38
Biotite (wt%) 2 5
Dickite (wt%) - 5
Total Cu (wi%) 0.36 0.34
Non-sulfide Cu

(Acid-soluble % -
of total Cu) 0.22 0.03
Chalcocite (wt%) <0.3 -
Chalcopyrite (wt%) <0.1 0.8
Pyrite (wt%) ~4 3.3
Carbonate (wt%) <0.1 2
Total SiO, (wt%) 75 71
Total Fe (wt%) 5.6 2.7
Dry body bacteria: 10° <10
(cells/g)

"Total waste-body

weight (kg) 1.6 x 108 1.7 x 10%
Max-rock size (inches) <4 6

—

Eize, but also in composition. The Kennecott rock was characteristically a

chalcocite waste with some chalcopyrite. The Duval rock was characteristical-

ly a chalcopyrite waste, with a high carbonate content (~2%) and other acid

consumers. The Duval-Sierrita host rock was a very hard silicate while the

Kennecott-Santa Rita host rock was an easily fragmented quartz monzanite

prone to decrepitation. This producéd some marked differences in permeability
-and transport properties.

Initial permeabilities were measured for the dry rock masses by sealing the
tanks and blowing air at various rates of flow through the columns, vented at
various locations. The gauge pressure was recorded at each flow rate when the
flow into and out of the columns had equilibrated. Per meabilities were then
measured by plotting the pressure in atmospheres versus the flow rate in ml/s,
finding a representative slope, and then considering the distance through the
column znd the air viscosity in the standard Darcy equation.

Following the dry (waste) permeability measurements, each tank was satu-
rated with water. The Kennecott waste column was saturated with Chino
Mines (New Mexico) leach solution (tailings water) at pH 2.6. The Duval waste
body was saturated with fresh water adjusted to pH 2.5 with H,SO,. Each
tank was allowed to drain following saturation and the drainage characteristics
were monitored. Retained water was also calculated. These procedures were
utilized on each waste column but not simultaneously. The Kennecott experi-
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ment was begun in late 1975 while the Duval experiment was begun in late
1976. Little neutralization was necessary in the Kennecott waste and the ini-
tial inundation brought out roughly 12% of the total copper (acid-soluble
copper). No copper was solubilized during the Duval waste inundation and a
considerable neutralization period was required.

The Duval column experiment was also followed with two sinaller scale
experiments. One involved a column run simultaneously at the large-tank test
site [Fig.1(a)], while the other involved a laboratory-scale test conducted in
the laboratory. The rock sizes and air and solution flow rates were scaled-down
using a simple geometrical criterion based on the large waste-body diameter/
height ratio. Since this ratio differed in the smaller scale versions by a factor
2 from the large-tank waste body, this factor was also considered in designing
the smaller experiments. Table 2 shows the scaling data and other experimental
parameters characteristic of these experiments.

All leaching experiments were conducted in intermittant solution application

cycles (referred to in this work as flushes) where leach solution was normally
applied for 48 h periods followed by several weeks of rest. Air was continuous-
ly forced through the waste using the aeration scheme described earlier, and
the rest periods provided for oxidation to occur. The influent and effluent
solutions were continuously monitored for Cu, Fe?*, Fe?*, pH and Eh. The
total oxygen consumed was also monitored by measuring the oxygen level at
the injection point and at the top of the waste body for a known air-flow
(injection) rate. Bacterial activity was also monitored by a technique which
determined the population or most probable number of microorganisms per

TABLE 2

Duval-Sierrita waste leaching scale-test data
N

Parameters Large column Medium column Small column
Diameter, d (meters) 3.04 0.38 0.10
Waste-body height, h

(meters) - 9.75 2.64 0.69
d/h 0.290 0.145 0.145
Maximum particle
(rock) size (inches) 6 0.76 0.20 ~.
Initial drain-down T
rate (1/min) 4 0.20 0.10 '
Initial onfluent .
solution (leach) Rate (1/min) 2 0.100 0.005
Initial air-flow rate i

(I/min) 17.5 0.875 0.044
Recovered/saturated :
solution 0.77 0.72 0.68
Waste-body weight (kg) 1.7 x 10% 4.1 % 10? 7.0
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gram or ml of sample. The details of this analysis have been described else-
where and these results will not be presented in this paper [9].

At the conclusion of the Kennecott experiment, the permeabilities through-
out the waste column were again determined as outlined above, and a [Cl™]

tracer (as NaCl) was added in pulses to the fresh water (Flush) solution (pH 6.8).

The [Cl7} concentration in the effluent was monitored along with the pH, at
several influent flow rates. At the conclusion of this tracer test, 2 kg of Rhoda-
min B dye was flushed into the waste in order to act as a stain indicator (both
optical and U.V.). The column was then systematically unloaded from the top,
each 0.6 m length photographed, and sampled rigorously at each access port
level. At this writing, this post-mortem or post-leaching procedure had not
been entirely completed but the unloading had reached the first access port
{port 1 in Fig. 1(a)]. The Duval column was still being leached when this
paper was written.

RESULTS AND DISCUSSION

As a matter of convenience, the results will be treated in a chronology simi-
lar to that described in the previous section. Figure 2 shows for comparisen
the original wet and dry waste (ore) body permeabilities. It should be apparent
from Fig. 2 that considerable differences existed in the copper-bearing waste
regimes at the outset of leaching. The permeability discontinuity in the Kenne-
cott column probably resulted from hand loading over the instrument loca-
tions at access ports 1 and 2 [Fig.1(a) and (b)]. Figure 3 shows for comparison
the drain-down characteristics of the two waste columns. The more rapid
drain-down for the Kennecott column is probably indicative of some initial
solution channels while the difference in slope of the curves also reflects a
difference in the size fractions; the Kennecott column having a significantly
smaller size distribution than the Duval column (Table 1). This feature is also
shown in Fig.4 which illustrates the drain-down rates for the Duval-waste
scaling experiment. Here the rates are reduced with smaller size fraction (Table
2), and the curves shrink in the same proportion. The discontinuity in the large
column draining flow rate shown in Fig.4 is averaged out in the corresponding
plot of the same, abbreviated data in Fig.3.

As indicated previously, the Kennecott column required essentially no ini-
tial neutralization while the Duval column required an extensive neutralization
period. The neutralization was also carefully scaled down (solution flow ac-
cording to Table 2), and solution application was begun with fresh well water
acidified to various pH values with H,SO, and recycled, adding new water as
required make-up in the circuit {Fig. 1(c)]. It is interesting to note as shown
in Fig.5, that this phase of the Duval experiment scaled very closely in-so-far
as the effluent solution pH could be monitored. Figure 5 shows that after
continuous solution application for roughly 165 days, the Duval waste (at all
sizes) was essentially neutralized. This was in some respects a superficial neutral-
ization for the large column where it can be seen that the effluent pH values
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were less than the influent pH values only after roughly 515 days of elapsed
time from the start of neutralization. It can be noted in Fig.5 that air, at dif-
fering rates, was continuously forced through the large column, and appropriate-
ly scaled down as shown in Table 2 for the smaller columns (medium and

small scales). Following the initial neutralization period (Fig.5), the solution
was normally applied in flushes of 48 hours duration, followed by a rest period
as indicated in Fig.5. The scaling of these leaches or flush periods ended with
flush 8 (Fig.5).
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Figure 6 shows the leaching features in terms of copper extracted for the
farge Duval waste column and the smaller-scale.columns as well as those of the
Kennecott waste column for comparison. The flush periods and flush se-
guences for the Kennecott waste column are also indicated. In addition to
the enormous difference in leaching characteristics shown on comparing
these respective waste bodies, it can be observed from Fig.6(a) that in the
large column, there is no measurable copper extraction until after the neutrali-
zation period shown in Fig.5. In addition, the scaling of the leaching or ex-
traction of copper seems to be relatively ineffective, especially when com-
paring the small (laboratory) scale column experiment with the large (Duval)
column expetriment. This occurs in large part hecause of the particle size dif-
ference, the flow characteristics, and prohably temperature. Figure 7 shows
the smaller-scale (medium and small column) test temperatures. Since the
laboratory temperatures were nearly constant (and consistently high), there
was a definite temperature advantage aiding the copper leaching reactions in
the laboratory. Figure 8 shows for comparison, the large waste column tem-
perature profiles and the ambient test site temperatures over the total testing
period to date. It can be readily observed that the Kennecott waste body
temperature profiles are decidedly different from the Duval waste body tem-
perature profiles, and this obviously must account in large part for the very
marked differences in copper extraction. Figure 8 shows that to a large ex-
tent, the Duval waste body temperatures were controlled by the ambient
annual cycle while the Kennecott waste column temperatures were in several
cases independent of the ambient temperature. This is due in large part to bac-
terial catalysis which was much more effective in the Kennecott column than
the Duval column as discussed previously [9]. Figure 9 shows, for comparison-
with Fig.8, the corresponding oxygen consumption data for the two large

columns. The ambient annual temperature cycle is observed to influence these

values also. It is of interest, however, to note in Fig.9(b), that the oxygen con-
sumption in the Kennecott column does not decline with the abrupt tempera-
ture reduction after 300 days of elapsed time. This is due to the continuation

of bacterial catalysis [9].

The decline in leaching at the end of the Kennecott experiment as indi-
cated in Figs. 6, 8, and 9 is not really understood at this time although a com-
bination of phenomena seem to be involved. For example, Fig.10 shows some
of the changes which occurred during leaching (solution flushes), at the later
stages of the experiment. The large difference in the effluent Fe?* concentra-
tion is apparent along with the declining pH values. In addition, the draining
(flow rate) tail seems shortened at the later flush (21) and the copper concen-
tration corresponding to this tail is considerably reduced from the earlier
flush (15). To a large extent these features are characteristic of the internal
chemistry, etc. of the waste body which is indicated in some respects in lysi-
meter data tabulated in Fig.11. Figure 11 should be compared with Fig.8 as
well.
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Figure 12 shows the permeability in the Kennecott waste colurn following
the last flush [22 in Fig.6(b)]. This should be compared with the initial wet
body permeability shown in Fig.2. While the initial permeability discontinuity
exists in Fig.12, it is shifted somewhat (upward) and altered from Fig.2.
Overall, the permeability is higher at the conclusion of leaching the Kennecott
waste body, and this is probably another indication of solution channel de- -
velopment during leaching as well as the alteration (degradaticn) of the rock.
Figure 12 shows the general nature of the waste body as it was unloaded. As
noted, a hard layer was formed between access port locations 1 and 2
[Fig.1(a)]. This layer formed a slab more than a meter in diameter and roughly
0.25 m thick, and was composed of fine host-rock material (silicates, alumino-
silicates, etc.), microcrystals of pyrite in various stages of reaction (and conse-
quently some traces of elemental sulfur were present) large numbers of small
gypsum crystals, and jarosites (iron hydroxides) generally coating everything;
rendering a yellow-orange coloration throughout. This region was probably
somewhat different from the other regions of the waste body and it consumed
some acid, forming the gypsum and precipitating the iron from solution.
There was no indication of copper precipitation in this regime. The gypsum
crystals and other particulates were packed tightly together in this regime,
and its porosity was certainly very different from most of the rest of the waste
body.

It might be expected, on examining Figs. 2 and 12, that some dead spaces
would occur in the Kennecott column as well as perhaps some backmix flow
[1]. This is confirmed to some extent by the [Cl ]-tracer data shown in Fig.
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13. The pulse shapes seem to rule out any signilicant bypass flow, and indeed
there was no evidence of such flow in ultraviolet photographs following dye
staining and systematic unloading of the waste rock from the top of the column,
There was also no evidence of wall channeling around the perimeter of the

tank, and flow was concentrated primarily withii a region of 2 m radius from
the center. In preliminary examinations of several ports following the post
mortem of the Kennecott column, U.V. dye photographs tend to indicate

that the solution channels allowed roughly 60—70 percent of the waste to be
directly contacted. Consequently, the channeling could be completely respon-

PREATNE VRSN

Fiush 21

i T SRR

sible for the cessation of leaching since 100% of the copper in this contacted b+
volume could have been leached. Figure 6(b) shows in fact that 60% of the > f§‘ X
total copper was leached. A more detailed analysis of this feature is underway ~ £\
and the results will be published elsewhere. :
Unfortunately, as indicated earlier, it was not possible at the time this t,T:<_.__)
study was summarized, to compare the Kennecott waste body post mortem .
with the Duval column. It was also not possible to conduct a more extensive ‘: % .‘
mathematical analysis of the data, particularly the tracer data in Fig.13. S

However, the results presented, and especially the comparisons made, illustrate
that many factors influence the efficient leaching of porphyry copper waste
rock, including chemistry, microbiological phenomena, heat generation, fluid
and air flow (and convection), and related transport phenomena. All of these
factors also change progressively with time, and are altered in the way in which
they interact. It is apparent from the results presented in Figs. 2 and 12 as

well as Figs. 8 and 10 that the waste body depth (or height), permeability, and
solution flow rate are important factors affecting copper leaching from low--~
grade waste as previously alluded to by Cathles and Apps [8]. It is possible
that the Kennecott waste body heating near the mid-point of the column
(Fig.8) is due in part to the permeability discontinuity shown in Figs.2(a) and .
12 as a result of dead-space production and water retention, thereby promoting
enhanced reaction and local heating.

A significant feature differentiating the two large leaching experiments was
the fact that the Kennecott experiment utilized tailings water from Chino
Mines (New Mexico) which was already high in iron (4 g/l) and the bacterial
population was 10% cells/cc. The Duval experiment, on the other hand, began
with well water and both the iron and bacterial levels had to. be developed.
Bacterial levels were equivalent to the Kennecott solution at the end of the
neutralization period. This certainly could have had a very significant effect
on the leaching. However, the fact that the iron and bacterial levels reached
similar values makes this a very elusive point indeed.

While this study has attempted to compare two very distinct waste-leaching
regimes, the comparison has been qualitative and incomplete. There are many
unknown factors and interactions governing the total leaching picture. It is
not known, for example, why the temperatures in the Kennecott column began
to decline (Fig.8) at the end of the test program, although this must have in-
volved alterations in the waste chemistry and the lixivant chemistry. A prob-

0o

1

Fush 15

(2)

[~ B B
N o - -
[CLEHPRAS IR =g

{wad 1_:og) a) wen

! . Ettent pR
- uent p

. ‘e
LAPTOR L

I P

250

() o W
(wdd O nD W,

1-5 -

T a2
»

o


http://dead-spj.ce

bypass flow, and indeed
tographs following dye
irom the top of the column.
1 the perimeter of the
egion of 2 m radius from
rts following the post
aphs tend to indicate
srcent of the waste to be
1ld be completely respon-
copper in this contacted
n fact that 60% of the

f this feature is underway

sible at the time this

aste body post mortem
mduct a more extensive
acer data in Fig.13.
ymparisons made, illustrate
porphyry copper waste
na, heat generation, fluid
phenomena. All of these
iltered in the way in which
ed in Figs. 2 and 12 as
height), permeability, and
pper leaching from low-
Apps [8]. It is possible
-point of the column

ty shown in Figs.2(a) and.
tention, thereby promoting

leaching experiments was
ngs water from Chino

(4 g/1) and the bacterial
on the other hand, began
s had to be developed.
wution at the end of the

a very significant effect
bacterial levels reached

ery distinct waste-leaching
:omplete. There are many

u leaching picture. It is

1w Kennecolt column began
nough this must have in-
ivant chemistry. A prob-

& /

Flush 21

200

3
Q
z S
|
2 Al
i\ P
:j,- -.\ /.)/'8
ff-*i—.——'fl,' .....
o N 1o
. a . <
. O .
* = !
‘.\ :\;. R Q
=

Fed e 7y g
(UikIf) AOf) YUy}t s
- {wdd 08y 1D a3 e
0
s I 8
g 2
- 8
&
_ € Ja
() @
~v =} ]
5 113
. \ 9
i
s 3 Q
tos y ’
gacl - SN
NN Jg
£ Sy
et E N
| O h g W g a1
: e o o - [@]

(U7 1) rOoH WRNHD e
(wdd o) nD Jusnyz s

Tme (hrs)

Time (hrs )

Q
R =
%]
3
i 2
g £
Q
Q
2 2
! e
o - l\
s M
o s .
Oa ~e
s,"( i -
n/o: :-V
. .
’on.aa —et
A
n " e ——
AT 8§ g & g ¢
(Au:aOL) udg wen3s
0
&
2
= 13
g =F
a El-
a Q
% N
2 e
“b %
b !
N . eP
e, ) 2
2 10
el 8 e
o Y
- L‘,‘c 1
L
n,n_‘__’.&-o 1
| — ‘H 1 1 °l 1 l.:.
A8 8 g ¢ g v

(MUZOL) U3 wampy3e.

Time (hrs )

Time (hrs )

87

rison of the details of the flushes or leaching cycles for the

Fig.10. Examples and compa
Kennecott-Santa Rita waste

step represents the solution

column as shown in Fig.6(b). The solid line ending as a dotted

(a) shows data for flush No. 15 while (b) shows

onfluent flow rate.

data for a later {lush (Nn. 21V,



. model involving laboratory scale-up. To a large extent, the important features

88 5,
[}

bable explanation would involve the fact that essentially all of the solution-
contacted rock had been leached of copper. Further analysis of these waste
bodies will be necessary to more fully unravel the interacting parameters,
and a more rigorous mathematical modeling and testing of the experimental
results will certainly provide additional clarification. The present results are
also indicative of a failure to scale the leaching data for a very high acid-

-consuming chalcopyrite waste and this will require some additional attention

in future tests or analysis of the present data.

SUMMARY AND CONCLUSIONS

This paper has dealt with a qualitative comparison of experimental leaching
and related data for two very different porphyry copper-waste bodies: A
Kennecott-Santa Rita, mainly chalcocite waste and a Duval-Sierrita, mainly
chalcopyrite waste. Initial permeability, draining flow characteristics, and
leach solution application cycles have been described as these might relate
to the copper extraction and other leach-related phenomena. It has been
shown that in one case, waste-body heating was somewhat independent of
annual temperature cycles while the temperature profile in the other system
was strictly controlled by ambient temperature variations. Whether a waste-
body temperature is controlled intrinsically or extrinsically (from within or
without) probably depends upon a number of parameters including the mineral-
ogy, solution chemistry, bacterial activity and perhaps is significantly con-
trolied by solution flow, air convection, permeability, and other phenomena
such as oxygen mass transfer, acid consumption of gangue and other host
minerals. o

On the basis of the results presented and the comparisons made, the follow-
ing specific conclusions are drawn:

(1) Permeability of a waste body has an important influence on leachmg
as a result of its relationship to solution flow and air convection, which are the
principal transport agents giving rise to leaching reactions.

(2) Permeability changes which occur during the course of leaching as a re-
sult of decrepitation, channeling, or the development of zone structures either
by precipitation, reactions producing agglomeration, and related phenomena

"can alter the heat and air convection, solution flow patterns, etc. and have a

significant effect on the rate of reactions attendant to the recovery of metal
values in solution. N
(3) Scaling of copper sulfide leaching, particularly chalcopyrite waste |
leaching, is a very complex task requiring far more than a consideration of
simple geometrical parameterization. To the extent that permeability, solu-
tion flow, heat and air convection are altered in different regimes and size
distributions, this must be better understood and included in any successful

of heap or dump leaching of chalcopyrite waste do not seem to be readily
amenable to scale-up from laboratory experiments.
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(4) Large-scale experiments such as those outlined herein can provide for
a more realistic assessment of a leach dump regime or unit and provide for an
opportunity to directly test flow and transport models and compare the re-
sults with tests conducted on actiial dumps. The [C17] tracer data presented
herein is a good example of experimental data which can be tested in this way.

(5) Detailed leaching studies combined with post-mortem (or post-leaching)
investigations on a large scale as reported herein can begin to provide some
realistic indications of the important parameters which are involved in the
leaching process.
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ON THE EFFECT OF ANISOTROPY
IN EXPLOSIVE FRAGMENTATION

" 5uBd
MG
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INTRODUCTION AND SUMMARY

An alternative to the use of the plasticlity theo—
ries to characterize the dynamic behavior of rock is
to represent the effect of flaws by statistical meth—
ods. We have taken such an approach to study the
fragmentation of oil shale because it appears to have
a large number of advantages. Foremost among these 1is
that by considering the effect of cracks on rock be-
havior it becomes possible to address the underlying
physics directly and to understand the phenomena that
occur during fragmentation. In addition, in such an
approach the parameters that characterize material
properties have a straightforward physical interpreta-
tion and can often be determined by direct measure-
ments. Mean crack size and the number density of
cracks are important examples. 1In a more physical ap-
proach it should also be possible to encompass a wider
range of scales with a few parameters than in a phe-
nomenological theory. For instance, we note that
plasticity theory does not naturally account for rate
effects, though they can be artificially introduced
through additional functions, which are determined em-
pirically. 1In our SCM (Statistical Crack Mechanics)
theory, however, rate effects are naturally accounted
for by introducing.the speed of crack growth to char-
acterize the behavior of unstable cracks. 1t was
shown by Dienes and Margolin (1980) that this is suf-
ficlent to represent the observed rate effects in oil
shale, which are very large. Similarly, size effects
are known to be important in rock mechanies, with
small samples showing much higher strength than large
ones, and such effects are accounted by statistical
methods without introducing any new physics. Another
serious concern is that the dilatancy observed when
rocks are sheared is not modelled in a natural way by
plasticity theories. In a micromechanical approach,
however, cracks open during loading and may remain
open on unloading, and this appears to be the essence
of dilatancy. An additional advantage is that it be-
comes possible to compute permeability from an analy-
sis of intersecting cracks with such a theory.

An attempt to formulate an isotropic statistical
theory by Dienes (1978a) was abandoned because it
could not incorporate the effects of shear cracks,
which we believe are important under compressive load-
ing, and because it appears to be important to permit
cracks with certain orientations to grow while others
remalin fixed in size. This is particularly the case
in oil shale, in which bedding cracks play an impor-
tant role. The current theory, which allows for an-
isotrople crack distributions, has now been coupled to
the SALE hydrodynamic code, making it possible to com-
pute explosion, impact or other dynamic processes. 1In
addiction to summarizing the theory, the object of this
paper is to show that a spherical explosive calcula-
tion with SCRAM using published mechanical properties
of oil shale agrees well wich experiment.

John K.
Theoretical Division, Group T-3
University of California
Los Alamos National Laboratory
DU Los Alamos, NM 87545

Dienes

164

UNIVERSITY @F UTAH
RESEARCH INST!TUTE
EARTH SCIENGE LAB.

SCRAM

In the preceeding symposium a theoretical approagi
to Statistical Crack Mechanics was described and gopg
results based on the SCM computer program were pre-
sented. SCM returns the stress as a function of tip,
when supplied with a tensor strain rate history, ac-
counting for growth and coalescence of cracks. In @
SCRAM the SCM subroutine is coupled to a general pure
pose code, SALE, written by Amsden, Ruppel and Hirc
(1980) which integrates the equations of continuumg 1
motion. Although in the current work SALE is used ag
a Lagrangian code, it has the capability to calculate
deformation using an Eulerian mesh, or with a mesh
which passes through the continuum in an arbitrary
manner. Hence, SALE is an acronym for Simplified
Arbitrary Lagranglan Eulerian.

A central idea of SCM is to represent the strain
rate as the sum of several parts. The first is a
strain rate due to distortion of the matrix material,
which is characterized as a Maxwell solid. The sec-
ond is a strain rate due to distortion of an ensemble
of open microcracks. The third results from interfa-
clal sliding of shear (closed) cracks. The fourth {is
a strain rate due to unstable crack extension, and
the fifth is the result of material rotation. Ex-
pressions for these quantities have been derived in
Los Alamos oil shale quarterly reports, and here we
shall only summarize the main results. For the ma-
trix strain rate we put

Ci 2%z (0

4€
dij

where the dot is used to denote the rate of change of
stress. It 1is not the Zaremba—Jaumann-Noll stress
rate, nor its generalization described by Dienes
(1979b), for the rotation terms are accounted for
separately below.

In addition to the matrix deformation we account
for the influence of microcracks, which are consid-
ered as an ensemble of flat circular cracks. The
theory is exact in the sense that the opening of an
isolated circular (penny-shaped) crack under an arbi-
trary (static) state of stress is known. Though one
might consider wore general cracks, the influence of
shape appears to be quite small. We consider the
crack statistics to be defined by a distribution
function ¥(c,R,t) in which R designates, symbolical-
ly, crack orientation. Then N{(c,R,t)AQl represents
the number of cracks with orientation near Q whose
radil exceed c¢ with normals in the range of solid an-
gles represented by AQ. It is shown by Dienes and
Margolin (1980) that the strain rate due to opening
of these cracks 1is given by

°s
13

{¢]
a3

o _ =
dij 8 dn “1njnk“£ £ dc 5c (2)
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where the ng are the. components of the unit crack

normai,-Nq dénotes the distribution of open cracks,
al‘ld =

g° = 8{1-v}/3u , (3)

with v and y the Poisson ratic and Shear wodulus.
gince thé péneral solution fer a crack in an-aniso-
groplic material 1s not known,, we have to use average
values for y and v if the matrix is considered aniso-
tropic. In the curreat caleulation, however, we will
be considering the material to be isofrople, and.will
assume thaf the observed anlsotropy arises from cracks
in the bedding planes, so that the thedry is s&lf-con-

sistent in ‘this example. The superscript in N® is
gsed to déncte the distribution of open cracks. The
criterion for cracks ‘té be’ gpen is that Che normal
compoient of tracrion Uijninj' be positive (fensile)..

In addition to the' straln resultihg'ﬁtom crack
opening there may bé & significant contributicn frowm
interfacial sliding of closed cracks. By-.arguments a
1ittle more complicated than for open cracks, we have
obtained the expression

= S

S _ a8 qc N 3
dj =B °kz’§{, dQ b‘iju(j) dé g ¢ (%)

for the rate of strain due te shear cracks in which

S = 8(1=v)/du(2-v) (5
and

b:fjki = ninkﬁjﬂ + njnksil - 2n; I'I.jnkl‘l a {6)

Here NS denotes the distribution of élgsed (shearﬁ
cracks — those for which the normal component -of trace
tion 1s negative (compressive). -

If rhe normal force on a clésed crack -is signifi-
cantly gteater than the tangential force; friction may
prevent interfacial sliding. In this case we say that

the erack is locked, anvas is set to zera. The nor-
mal component of Etraction is given by .
B=g,.,n,n (7

1317)

.and the tafigential stress by

v = Va 52 (8)

vhere

A= (9

157 3%k ™

is the magnitide squared :of the Lfaction acting on a
crack, The locking criterion is simply
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2

A< (izﬂ}a (10)

where, & is fhe coefficiént of €riction,

Cracks bécome unstable when the far—field stress
is large enough: The effect of unstable cratk growth

on a microacopic level is to produce additional

srrain rate at the macroscopic leével: .According to
data collected by Stroh (1957), under high stresses
cracks propagate dt about a third of the longirudinal

wave speed. We denote this constant speed by . The
stabllity criterion we use is given by Dienes and
Margolln (1980) as

A UBZIZ + (113
where
L= wEy(2-v)/he(1=vDy a2)

and is an extensien of the Griffith criterfon. For
shear cracks the stability criterion is significantly
more complicated because of the effect of interfacial

friction. Dienes (1978c) finds

< wyu(2-v)/2(1-v)(t-1)(1-31) (13)
where

I =B (14)

and 't is the shear stress defined above.

Crack growth is guite different from erack open—
ing, as it involves a change in crack diameter rather
than crack width. 1If we write

O,
injnkqu (§*)] {15)

o o .
Eij =g ak1_£ d@ n

as the strain due to open cracks, it may change be~
cause of either changes in stress, Oy g OF changes In
the distribution, N°(e,R,t} which influences g;’ 5
through

&
3y (;c,n,t) . (16)

Foﬂﬂ) = f de ¢
o

The' rate of change of strain due to the crack»growtﬁ
can be written as

a8% = g°

3 {2 4% nyn mny Fo () N

13

where




o = 3N F
FP = { de & e - (18)

There 1s a similar contriBution due to unstable exten-
sion of shear cracks which we write as

BS _ .S . S .
diy = 87 9ig £ Mg b (19)
whére
q S
5= [ de & E%E (20)
1]

and the integral is taken over all ungtable, closed
ctacks that are mot locked.. The tetal straln rate due

to crack extension, d% » 1s the sum of the expressiong
in (17} and {19). 3

Thé fieed to dccount for material robtation was. men—
tioned above, and arises from the effect of material
rotation on the stress tensof. If is shown by Dienes
(19794} that the. strain rate due to material rotaticn
is given by

Y

137 e T iy (21)

wWheéTe

= g? B3 s & ‘ R
Y5 = B %% B Endi %ty T 2 %)

+

CijggkL (22)

and for modefately small distorticns~wij is the vorti-
eity. If the deformation is largé it_istﬁowﬂ by
Disnes (1979b) that wij should be replaced by a rate

" -y and the curredt code has
id
this eapability. In (22)

of matérial rotation,

o n Fo :
zijkl £ an ninjnknlf . 23
s - s :
Ziga "L @ (24)
and
zij = [ an ninj?s « (25)
I

At high pressure the cracks are closed -and Iocked
and material behavior is poverned by a high-préssure
equztion of staté which we assume fo be isotropic and
have the Mie-Gruneisen form describéd by MeQueen EE
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al. (1970). However, since material behavior in che
linéar regime” is already actounted for by the pre-
ceeding (anlsotropic) representation, the linear be-
havior must be &ubtracted out of the equatlon of
sfaté. If we, take the general form of the equation
of state to be

pr=Gpe I ¥ (p) (263

where I denotes the internal energy. and p, the densi-
ty; and also assume the linear form

ug = c qu (27)
betweén shock velgeity, g and particle velocicy,

up, then it is straightforward to show that

£(0) = kO[1=¢_8/2)/(1-58)* (28)

whére. § Is used £6 dénote the compression
6=1-p/lo - (29)

It follews that the high-pressure portion of the
stress tensor is given by

sh _ e A :
og . = [(ke /o £ e conGIIaij . (30)

ij

‘where k 1z the bulk moedulus.

The preceeding results can be. summarized by

d,. ~df, - a8

13 7 %5 7% T M ek (3

where

<]

Bige T s

Sc _9g8
Zijeg t 8 (zjzﬁik * 2308 5k ‘2211E£J

+C . (32)

1k

In the current version of SCM it {s assumed that
initially all the cracks are exponentially diserib—
uted and active, that is, frée to grow 4f the stréss
is gredt enough to make thém udsfable, *As a result
of intevsections, however, we envisage that many
cracks will beédme inactive. Without intersections
failure of rock samples would be catastroptic with
the largest cracks freé to propagate through the sam—
ple. This is not what 1s usually observed, and we
believe that this 1s, at least in patt, because the
material behavior is modified by crack intérsec—




We denote by [(c,R, t) the number of active
with a

tionse.
cracks with orientation 2 whose radii exceed c,

similar definition of M(c,f,t) for the fnactive
cracks. The total number density of cracks, N, 1s the
sum of L and M. When cracks with the mean size, c,
are unstable we consider all the cracks with that ori-
entation to be unstable. This is a great simplifica-
tion, and does not cause a major error since the
smallest cracks do not contribute significantly to the
overall behavior. It is shown by Dienes (1978a) that
L satisfies the Liouville equation

L+clr=-M (33)

where L' denotes the derivative with respect to ¢ and

M= kL (34)
is the rate at which active cracks become inactive.
It can be shown that for ¢ > ct

L = N_ exp[-(c-ct)/c-kt] (35)
and

M = (N k/cB)[exp(Be=c/c) - exp(-c/c)] (36)
whereas for ¢ < ct, L = 0 and

M = (N k/cB)[exp(-ke/e) - exp(-c/c)] . (37)
Here, A

B = c/ck (38)

and k describes the rate at which cracks become inac-
tive. Dienes (1978a) gives an estimate for k in the
case of an isotropic distribution. Since it has be-
come clear that isotropy is too strong an assumption,
we have formulated a more general theory with the pa-
rameters depending on orientation. We assume that the
crack orientations are lumped into a finite number of
bins (currently 9) with average orientation, Qj.

For oll shale it is natural to divide the distri-
bution of cracks into a bedded set and an isotropic
set. Then, it can be shown that

kj = (Anzala)(nzﬂzz + szi sinej] (39)

where L represents the number density of isotropic
cracks; Nb, the number density of bedded cracks; 6

the angle of the ith bin with the bedding planes;
¢, the mean size of isotropic cracks; EL, the mean

i’

size of bedded cracks, and a, a crack intersection pa-
rameter, typically 4.
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The fragmentation theory has been incorporated in-
to a family of subroutines called SCM. The simplest
use of the subroutine is wich a driver that pre-
scribes the strain rate for SCM, which then prints
out stress and strain at prescribed intervals. Veri-
fication of SCM was described in the preceeding sym-
posium. One method was to run hystersis loops simu-
lating triaxial test conditions and verify that the
behavior was credible and that the residual energy
had the correct sign. Another test was to run load-
ing histories to a fixed strain at different strain
rates. The final stresses were strongly strain rate
dependent, and are in qualitative agreement with ex—
perimental data obtained by Grady and Kipp (1980).
Quantitative comparisons are not feasible because the
crack statistics for the samples tested are not
available. The most definitive test of SCM was to
determine the moduli of the cracked material for sev-
eral kinds of loading from computer output and com-—
pare with analytic solutions, which can be obtained
when the crack distribution is isotropic.

COMPARISON OF SCRAM WITH EXPERIMENT

The original purpose of the spherical shots car-
ried out by Fugelso (1978) was to determine an effec-
tive yield strength for oil shale by embedding in it
spheres of high explosive and comparing radiographs
of the cavity produced with numerical calculations.
Such a comparison was made by Dienes (1978d) using
plasticity theory and an average yileld strength of
100 MPa (14500 psi) for 1.85 g/cc oil shale and
showed fair agreement. The discrepancy was due pri-
marily to asymmetry of the cavity which is aspirin-
shaped, having vertical sides and rounded top and
bottom. In order to explain this curious shape, cal-
culations were made with a number of variations on
the anisotropic plasticity theory developed by Dienes
(1979a), but in no case were there any significant
deviations of the cavity from a spherical shape. It
was, therefore, most gratifying to find that SCRAM
could calculate the shape accurately. In the remain-
der of this section we discuss the experiment, de-
tails of the calculation, and present an explanation
of the cavity shape.

The spherical explosive experiment was set up by
machining a one~inch hole with a hemispherical bottom
in an irregular block roughly a foot across. A one-
inch sphere of PBX-9501 was placed in the hole, which
was then filled with clay. The detonation mechanism
for the spheres has been carefully designed to result
in spherical detonation waves. Tests on shales of
different densities were made, but in chis paper we

will be concerned only with the cavity in 1.85 g/cm3
material. A radiograph was made at 30 ps and is re-—
produced in Fig. 1. The horizontal lines are evi-
dence of the layered structure, and the aspirin-shape
is evident.

In order to obtain a credible explanation of the
cavity shape using numerical calculations it is im-—
portant to establish a priori the properties of the
oll shale. Since the current theory is based on
crack statistics, one could go for direct measure-
ments of crack size and number density, and this is -
the approach taken at SRI, as discussed by Seaman,
Curran, and Shockey (1976). There is an alternative,
however, which may be more conservative and is much
easier to implement, and that is to infer crack sta-
tistics from simple mechanical properties such as
strength and elastic moduli. This allows us to avoid




Radiograph of the cavity produced in oil
shale at 30 us by a one-inch sphere of explo-
sive.

difficult questions such as how to characterize cracks
that are not penny-~shaped, what to do about character-
izing flaws that are not cracks, such as inclusions
and crystal boundaries, and how to determine volumet-
ric properties from observations on a surface. Though
Dienes (1979c) has addressed the problem of inferring
volume statistics from observations on a plane, the
circumstances are somewhat idealized and have not been
verified by direct observation. Perhaps more to the
point, mechanical properties are available for oil
shale and crack statistics ‘are not.

According to ultrasonic measurements by Olinger
(1976) the elastic properties of oil shale with densi-

ty 1.85 g/cm3 considered as a transversely isotropic
material are given by ¢y = 21.7 GPa, Cy3 = 13.2 GPa,
Cug 4.2 GPa, €2 = 8.0 GPa and ¢y = 6.0 GPa. 1In
terms of Young's modulus and the generalized Poisson
ratios Dienes (1976) finds £ = 17.5 GPa, E' = 10.8
GPa, v = 0.276, v' = 0.204, and v" = 0.332. 1In order
to determine crack size, we make use of the Griffith
criterion and tensile strength measurements by Youash
(1969), who has tested a number of anisotropic materi-
als at varying orientations. He finds that cich oil
shale varies in strength from 300 psi when loaded
across the bedding planes to 1600 psi when loaded 1in
the bedding planes. The lean varied from 900 to 1400
psl with orientation. Dynamic measurements have been
made by Schuler, Lysne and Stevens (1976) who find
that tich oil shale has a dynamic tensile strength
averaging 2645 psi and the lean, 3340 psi, with no ap-
parant dependence on orientation. For the SCRAM cal-
culation we assume a tensile strength of 1250 psi when
loaded across the bedding planes and 2500 psi when
loaded in the bedding planes. Much more work needs to
be done to characterize the tensile strength.
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To determine the crack statistics we begin with
the fracture toughness relation

2

o?c = K%/n = 2Ey (40)

and an estimate by Grady (1980) for K of about 1 MPa
m*. To estimate the surface energy, y, we need a
value of E, which we take as the Young's modulus when

loaded in the bedding planes and is given above.

Then, Yy = 7.57 J/mz. In the current analysis we make
the assumption that the anisotropy 1s entirely due to
the effects of penny-shaped cracks in the bedding

planes. Since these cracks do not affect the stiff-
ness measured in their plane, the Young's modulus of
the matrix material and the in-plane modulus are the
same. Using the theory of the preceeding section and
the assumption that the crack radil are exponentially

distributed with mean ¢ it is straightforward to show
that the compliance matrix has the form

1/E -v/E ~v/E 0
-v/E 1/E —v/E 0
H=
~S/E /E ) /E+B°th 0
S —
0 0 4] 8 th+l/2u

(41)

where Nb is the number of bedding cracks per cm3 and

h = 623 (42)
The fourth-order material tensor in (32) can be re-
placed by a 9x9 matrix and the stress and strain ten-
sors redefined as 9-vectors. Because of the symmectry
of the stress and strain tensors, there are only 6
independent components, and it is sufficient to con-
sider a 6x6 matrix to characterize the material. For
axisymmetric deformations there are only 4 independ-
ent stresses and strains, and it is possible to rede-
fine H as a 4x4 matrix. In (41) v, E, and p denote
properties of the isotropic matrix material. H is
somewhat different from the general compliance matrix
for a transversely isotropic material

1/E ~v/E -v'/E 0
-v/E 1/E -v"/E 0
H = (43)
-v'/E -v"/E 1/E! 0
0 0 0 1/2u

To bring H and H 1into approximate agreement we take E
= E, and V to be the average of v, v', and v", which
is 0.27. Then le = Hl3 =_H23 = -1.55, whereas le =

-1.58, Hl3 = - 1.16 and H23 = -1.90, all in iaverse




megabars. Thus the error 1s on the order of 20%.

However, Hll =<ﬁll = § To complete the rep-

22 © W2t
resentation of oll shale with bedded cracks, we re-
quire that

1/E + 3°th = 1/E' . (44)

The number density of bedding cracks can be obtained
from this result if e (hence h) is known. To estimate

©c we consider the strength of the samples tested by
Youash which i1s determined by the largest cracks they

contain. The crack size ¢ such that on average there

is just one crack greater than E in radius in the vol-
ume V is given by

vae—c/c = 1 (45)

If we consider an ensemble of samples of size V, the

mean size of the bedding cracks exceeding ¢ in radius
is given by

oy
¢ = l Ve g% de = ¢ Zn(VNb/e) , (46)
c

provided that V >> Es.
To complete the estimate of © we use the preceeding
result and write the fracture toughness relation for

penny—-shaped cracks (given, for example, by Tetelman
(1967)) as

~

o) & = (u/é)Ki = (a/2vE/G-vD) . (47)
Combining these results we have
T =Mk ! (48)

2(l—v2) ai £n(VN0/e)

Though the result depends on assumptions about sample
size and crack shape, it is somewhat insensitive to
them, and the reader should not infer that different
assumptions would lead to very different results.

Scrictly speaking, we do not have Nb at this point,

and the solution should proceed iteratively. We anti-
cipate, however, and note that on the basis of explor-
atory calculations with SCRAM the cavity shape seems
about right for Nb = 100. We estimate V, the sample
volume for the Youash tests, to be 5 cm3. Wich the
isotropic matrix parameters E and v given above and

o, = 8.62 MPa (1250 psi) we find ¢ = 0.058 cm. With
this résult (44) can be solid for the number density,
and we find N, = 107 cn 2 1In addition to the bedded
cracks there are isotropically discributed cracks.

Their mean size is taken as 0.0145 cm on the basis
that the strength across the bedding planes 1s half
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the strength in the bedding planes, and critical
crack size goes as the inverse square of strength.

The high pressure behavior 1s specified by the
Grunelsen parameter G = 1.5 and the slope of the u, -
up line, S = 1.5. In addition, it 1Is necessary to

specifiy the coefficient of friction, which we take

to be p = 0.2. The high explosive 1s represented as
an ideal gas expanding adiabatically with a ratio of
specific heats y = 3 and and initial energy of 1000
cal/g. Though this is not the best representation of
the explosive, it gives good results so long as the
pressure remains above a few kilobars, as it does in
the current problem. The volume of the explosive
products, which is necessary and sufficient to com-
pute the pressure in the adiabatic approximation, is
obtained by numerical integration.

The SCRAM calculation was run with a time step of

2 x 10"7 sec using a polar coordinate system, with
the (spherical) cavity edge a coordinate surface.
Cells near the cavity have a radial dimension of | mm
and are very nearly square. Away from the cavity the
cell dimensions increase geometrically with a growth
rate of 10%. The initial pressure in the cavity is
167 kilobars, and it results in an essentially radial
motion of the oil shale at early times since the ma-
terial behavior at high pressure is dominated by its
(isotropic) equation of state. At later times

cracks begin to open and to grow as a result of ten-
sile hoop stresses. The effect of anisotropy at la-
ter times may be seen in Fig. 2 vhich illustrates the

Fig. 2.

The grid distortion in oll shale at 30 ys
due to detonation of a one inch explosive
sphere.

grid distortion. The strain in cell 19, which is ad-
jacent to the intersection of the equator and the
cavity, is strongly influenced by the dilacant effect
of the bedding cracks. The average density of the

cell gets very low, on the order of 1 g/cm3, at late
times. The calculated cavity shape is compared with
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l Abstract—In order to clarify the respective roles of stress wave and gas pressure in the frag-
mentation of an underground blast the fracture process in the zone immediately around the
borehole was studied by separating the two principal blast forces analytically and experi-
mentally. Il model tests the explosion wave was simulated by the pulse generated by an under-
water spark discharge, and the expanding combustion products by pressurized oil.

The wave-generated radial fractures around the cavity were investigated in detail and the
J diameter of the fractured zone was found to approach six hole diameters for a spherical charge
and nine hole diameters for a cylindrical charge. The stress field generated by the pressurized
) gas in this star-cracked cavity was shown to be identical to that of a pressurized and uncracked
‘equivalent cavity’ whose diameter is equal to that of the fractured zone. A very large region is
therefore stressed by the gas, and consequently considerable crack extension can be expected.

The influence of boundary conditions, i.e. preexisting fractures, static stress field, and close
free surface, on the wave and gas-generated fracture pattern, was investigated in detail. Pre-

existing fractures grow to larger lengths than new ones and cause a fracture-free zone in their K
immediate vicinity. Cracks grow preferably in the direction of maximum principal stress of hatred
superimposed stress fields. Cracks pointing towards the free surface are longer than the ones % ;{
v pointing away from it. I ie
l The gas pressure was shown to play an important role in blasting, but it was also shown to be 1-:, f
only effective if the cavity and free surface have been preconditioned by the stress wave. | ::::‘ ‘r' :
-y

1. INTRODUCTION

THE violence and extreme rapidity of explosions pose formidable obstacles to research in
rock blasting. It is generally impossible to directly observe more than the final size and shape
of the crater or pile of fragments. Advances have been made through use of small-scale
model testing and ultra high-speed photography but present understanding is still far from
| . complete. ‘

' Much blasting research tends to be concentrated on one aspect of the blasting process
! to the exclusion of other significant effects. Some investigators consider the major portion
! of fragmentation to be caused by the initial explosive strain pulse generated in the rock.
' Others similarly attribute all but a small part of the blasts effects of the gas pressure deve-
loped in the borehole after passage of the detonation wave and the associated strain wave

-~

) 'Tl'u; study formed part of a thesis submitted to the Schoot of Minetal and Metallurgical Engineering, R
Umversity of Minnesota, and it was financially supported by the U.S. Bureau of Mines and conducted.
at the Twin Citics Mining Research Center, U.S. Bureau of Mines, Minncapolis, Minn.

Former address: University of Minnesota, Minneapolis, Minnesota.
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in the rock. A comprehensive theory concerned with the combined effects of both strain wave
and gas pressure has not yet been devised. This paper presents an attempt to consider, in
simplified fashion, both effects and their interaction.

Theoretical considerations and actual measurements indicate that although ‘the strain
pulse’ [1-4] and ‘gas-pressure’ [5-8] effects are each part of a continuous pressure-time
variation in the rock, the two may be validly considered separately. It must be recognized,
however, that the rock subjected to the ‘gas-pressure effect’ has been preconditioned by
strain wave impulsive loading. A major difficulty of estimating each effect in conventional
blasting is the rapidity with which one follows the other. It is virtually impossible to sepa-
rate them. For the experiments described below, special procedures were devised in order
to permit separation. The wave action was generated by the ‘electrohydraulic effect’, i.e.
a high-voltage underwater-spark discharge. The quasi-static pressure of the expanding gases
was simulated by static oil pressure. With the forces thus separated, it was possible to study
the breakage process as a successive sequence of crack initiation and fracture propagation.
The force interaction is of particular importance in the zone around the charge and conse-
quently most attention was given to fracture development in this region. Since the stress
wave is emitted before the gas pressure becomes fully active the dynamically generated
fractures are essentially completed by the time the combustion products start to expand. It
is logical, therefore, to discuss the dynamic fracture process before that of the quasi-static
gas-pressure process.

For completeness, a short review of the physical phenomena involved in an underground
explosion and relevant to this investigation is presented first.

2. SUCCESSIVE PHYSICAL PHENOMENA OF A CONTAINED EXPLOSION

All forces, dynamic and quasi-static, generated in an explosion result from the detonation
of a contained chemical charge, i.e. the very rapid chemical reaction of a thermodynamically
unstable substance, resulting in the creation of great heat and high-density gases. The
violence of the detonation process is governed by the velocity of the detonation wave within
the explosive. Chemical properties, density, homogeneity and size of the charge together
determine the velocity of detonation. The pressure generated is in turn a function of the
detonation velocity. After the initial almost instantaneous rise, the pressure-time curve
falls smoothly at a decreasing rate.

As the rapidly expanding high-pressure gas 1mpacts the surrounding rock material, an
intense pressure wave is emitted into the rock. The more the combustion products and the
‘precursor’ shock wave are able to expand before they encounter the rock boundary, the
lower the peak pressure will be at the moment of impact. (This is in principle the effect of
‘decoupling’ where the borehole pressure exerted on the borehole wall is reduced by making
the diameter of the latter larger than that of the charge.) Thus, the pressure acting on the
borehole wall rises almost instantaneously to its peak, which for all practical purposes can
be assumed to be of the order of one-half to one-quarter of the detonation pressure, and
then decays more or less exponentially due to the cooling of the gases and the outward
expansion of the cavity. The duration of this pressure pulse is of the order of a few hundreds
of microseconds. Although the gas pressure mitially drops quite rapidly, it remains high
enough to continue the expansion of the cavity and to exert a quasi-static pressure on the
rock boundary for a relatively long time. In some cases, venting of the gases through the
borehole or through large cracks may drastically reduce the duration of gas-pressure action.

The amount of energy contained in the wave is generally acknowledged to be only a small
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fraction of the calculated total energy released by the explosive. Test blasts in granite
gneiss [9] revealed wave energies of the order of 10-18 per cent of the total energy released;
in salt the wave energy was found to be 2-4 per cent only [10]. The remaining part of the
explosive energy is contained to a large extent in the expanding high-temperature, high-
pressure gas. This may lead one to ignore the wave energy completely and to treat the blast-
ing problem as one of adiabatic gas expansion only. In the immediate vicinity of the hole,

‘however, the wave energy is highly concentrated and produces extensive breakage in that

region. This significantly modifies the hole boundary on which the gas pressure subsequently
acts.

When the strain wave reaches the free surface of the rock, it is reflected and may cause
spalling of surficial slabs. This spalling has been widely explored [1] and sufficiently demon-
strated [3]. It will not be discussed further here. The fracture zone immediately around the
charge has received little study; it will be discussed in detail later in this paper.

Basically, three zones of varying destruction and deformation can be distinguished
around a contained explosion [11}; a strong-shock (hydrodynamic) zone (most significant
in nuclear explosions); a transitional, non-linear zone ; and the elastic region. In the first zone,
which lies in the region immediately around the cavity, the explosive stresses exceed several-
fold the compressive strength of the rock so that the rock is intensely crushed and shattered.
This excessive disintegration is associated with a correspondingly high energy consumption.
In the hydrodynamic zone the elastic rigidity of the rock is completely insignificant. The
adjoining nonlinear zone is characterized by increasing importance of the shear resistance,
although the wave stresses are still substantially above the yield strength. The fracture
phenomena in this zone range from severe crushing through plastic deformation to partial
fracturing, the particle size rapidly increasing with radial distance. The outer region exhibits
predominantly radial fracturing produced by the tangential component (hoop stresses)
of the elastic precursor wave. The elastic region is the largest one being theoretically without
an outer limit. Attention in this paper will, however, be restricted to that part of the elastic
region which has fractures generated in it. Even this fractured part is large compared to the
inner two zones. It is consequently the most interesting one as regards breakage around a
contained explosion in brittle rock. The hydrodynamic and nonlinear zones are only of any
practical-importance as far as they act as a stress filter and determine what percentage of
the explosive generated stress pulse is emitted from the inner boundary of the elastic region.

Wave propagation in the elastic zone is marked by a peak amplitude lower than the elastic
limit of the rock, and by a constant velocity. Analytical expressions for an explosion-
generated elastic wave are available for spherical [12-14] and cylindrical [15~17] charges.
The most relevant result with respect to breakage is the attenuation of the wave; for a
step-rise pulse the peak amplitude of the radial stress component is theoretically propor-
tional to r~! for the spherical case, and to r~* for the cylindrical case, where r is the radial
distance from the center of the shot hole. Furthermore, the frequency spectrum of the wave
is a function of the charge size, the low-frequency portion increasing with charge size. The
theoretical solutions are based on the principle of energy conservation. In rock, however,
energy will be absorbed in the form of friction, heat and fracturing. Consequently, more
rapid attenuation of the stress amplitudes than indicated above are to be expected. Empiric-
ally the relationshipo, . = 0o 7~ with n = 1-5-3-0depending on the type of rock, has been
found to hold for the radial stress component. Very little attention has been paid so far to
the tangential stress component of the wave. Although it attenuates faster than the radial

component and becomes negligible at larger distances, it is nevertheless, the major cause of
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fracture in the region around the charge. It is therefore surprising that practically no field
measurements of this tangential component are available.

Fracturing within the elastic zone is due solely to the tangential stress. The radial stress
component is basically compressive with a peak amplitude smaller than the compressive
strength of the rock, and therefore it cannot be the cause of any fracture initiation. Under the
influence of the wave, the rock particles are moved radially outwards resulting in a strain
and tensile stress in the tangential direction. As the tensile strength of rocks is considerably
smaller than their compressive strength, the tangential stress of the wave is large enough to
cause radial fractures, even though the associated radial compression has fallen below the
compressive strength. These fractures can result either from the continuation of cracks
generated in the non-linear zone, or from new cracks initiated from microfractures inherent
in the rock. Once the tangential stress has attenuated below a critical value, the wave passes
through the rock medium without further breakage.

: As the dynamic stresses of the wave propagate outwards, the expanding combustion
products start to penetrate into the primarily radial cracks and exert a high quasi-static
pressure on the so-extended cavity boundary. This results in an increase of the crushed zone
radius, since the static strength and the yield limit are lower than the dynamic ones. Exten-
sion of existing cracks and possible creation of new radial cracks due to the elastic hoop
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' F1G. 1. Consecutive stages in the fracture process of a fully contained explosion.

o stresses, may also occur. A detailed study of the stress distribution and associated fracture

phenomena around such a pressurized radially cracked cavity forms the bésis for the section
below on the role of the gas pressure. Figure 1 summarizes schematically the consecutive
stages in the fracture process of a fully contained explosion.

3. STRESS-WAVE GENERATED FRACTURES AROUND THE CAVITY
& Although the presence of heavy rock breakage in the zone immediately around the
i charge of an underground explosion is easily visible, very little attention has been paid to
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its analytical investigation. However, in some cases such as in presplitting, the fractures
around the borehole are of extreme importance. Even for cratering blasts the events in the
immediate vicinity of the shot hole play a decisive role in the determination of the final
crater dimensions. With the exception of very large charges the breakage due to crushing
and plastic behavior is confined to a very small region close to the hole and can be safely
neglected. The elastic zone is consequently of prime interest. The outgoing wave causes brittle
fracture of the rock. In contrast to reflection breakage, it is the tangential tensile stress
component of the outgoing wave rather than the radial compressive component, which
determines the extent of rock failure. It is noteworthy that no blasting experiment or field
test has been reported where the tangential stress was measured in addition to the radial

stress or strain.

Theoretical model .

Specification of the temporal and spatial distribution of the tangential stress wave form
is necessary to allow prediction of the approximate length of the radial wave-generated
cracks. Using SHARPE’s solution [12] for an exponential pulse emitted from a spherical
cavity, KurTeR [18)] determined numerically the attenuation of the peak tangential tensile
stress for various pulse parameters and material properties. The input radial pulse, i.e.
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the forcing function simulating the interaction of the explosive and rock was assumed to be
of the form:

p(t) = pe~

where p, is the peak pressure at the borehole wall, o is the time constant, and ¢ the time.
The analysis reveals that the originally exponential pulse rapidly develops a tensile tail as
it moves away from the source. This stress reversal is particularly pronounced for the tan-
gential stress component. This can be clearly seen in Fig. 2 which shows the tangential and
radial components of the stress pulse at increasing times after emission. Kutter plotted the
computed results from the attenuation of the tensile tangential peak of a spherical pulse in
normalized form (Fig. 3) and found that in the region immediately around the cavity the
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FiG. 3. Peak stress of the tangential tensile tail for an exponential pressure pulse, p = poe~*; (a’ is a dimen-
sionless parameter equal to [a . a/c]).

tensile peak of a spherical pulse is approximately inversely proportional to the 2nd power,
and that of a cylindrical pulse to the 3:2 power of the distance from the source. The values
for a pulse emanating from a cylindrical source are taken from SELBERG [15].

For the E and v values of rock and a a-value for a typical production blast, the peak tan-
gential tension oy ,,, at the wall of the spherical cavity was calculated to be about 0-5-
0-7 po, and for the cylindrical cavity this value appears to be between 0-6 and 10 p,.
Furthermore, the tensile peak was found to travel with approximately the same velocity
as the wave front. For the spherical wave, the length of the tensile tail following the tensile
peak is about 1-7 times the pulse length preceding it; for the cylindrical wave the corres-
ponding ratio is about 3. ‘

'
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-This stress information allows a rough prediction of the extent of the wave-generated
fractures, provided several simplifying assumptions are made as follows:

(1) The rock is considered to be homogeneous, isotropic and perfectly elastic.

(2) The rock breaks in a brittle manner and the operative failure criterion is that of
maximum tensile stress. (This is in agreement with Griffith’s failure criterion, as
long as the magnitude of the maximum principal stress is less than three times the
magnitude of the minimum principal stress, where a tensile stress is negative.) The
dynamically determined, rather than the lower static tensile strength is taken as the
failure limit.

(3) The rock is completely stress-free prior to the explosion.

(4) Energy dissipated in fracture is considered negligible in comparison to the total
wave energy. In this way elastic wave propagation is not altered by the formation of
fractures.

(5) The cavity is of sufficient size with respect to the charge such that no crushing
occurs around the hole. The peak wall pressure p, is consequently assumed to be
equal to the dynamic compressive strength of the rock. In other words, all crushing
and inelastic behavior is confined to the region inside the assumed cavity.

Since tangential stresses are the most tensile the majority of cracks will propagate in the
radial direction. The radial cracks are assumed to terminate at that radial distance where the
tensile stress oy mas, has attenuated to a value below the dynamic tensile strength of the
rock. More precisely, this is the critical radial distance from the source beyond which no
new cracks will be generated. With the above assumption (5) and a further assumption of a
fixed ratio of 16:1 between dynamic compressive and dynamic tensile strength, the radial
distance beyond which no further crack generation occurs can be found and marked in
Fig. 3. Two heavy curves are plotted for Poisson’s ratio, v of 0-23 and 0-32. The critical
radial distance is thus found to be approximately four times the cavity radius.

A similar conclusion can be reached for the cylindrical charge. The tension (tangential
to the wall) for the cylindrical case is higher and the rate of attenuation is smaller. Conse-
quently longer radial cracks are to be expected. Going through the same procedure as in the
spherical case, the radius of the crack tip for the cylindrical cavity is determined to be
approximately six times the hole radius. Thus, the crack length in the cylindrical case is
almost twice as great as that for a spherical charge of the same cavity radius.

The above radii can only be considered to define the limit for the generation of new cracks,
since extension of existing cracks can still take place even when the tensile stress has dropped
below the critical value for initiating new cracks. Crack extension can taken place approxi-
mately as long as tension is applied normal to the crack tip, that is to say, as long as the
full length of the tensile tail of the tangential stress has not yet passed by the slower pro-
pagating crack tip. Assuming a maximum crack propagation velocity and applying the
earlier referred to length of the tensile tail, the additional crack extension A/ can then be
expressed in the form [19]

17 ¢/ ax

Al = 1
2-35J( - ”) 1
l——2v_.

where a is the cavity radius, v is the Poisson’s ratio of the rock, and ¢',,,, the dimensionless
rise time for the tangential tensile peak {19]. For the cylindrical case the factor 1-7 in the
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above expression changes to 3-0. As a practical example, for a rock with v = 0-26, and a
stress pulse similar to those from production blasts, Al is predicted to be 1-6 hole radii for
the spherical charge and 2-5 hole radii for the cylindrical charge. Thus the total radius of
the fractured zone becomes now 5-6 hole radii and 8-9 hole radii for the spherical and
cylindrical cases respectively.

There is another theoretical observation which is worth noting. At a certain distance from
the cavity the radial stress component (complementary to the tangential tensile peak stress)
also becomes tensile and eventually exceeds the tangential component. The preferred frac-
ture direction beyond this radial distance is therefore no longer radial, but suddenly becomes
tangential. A radial crack thus terminates with one or two small branches running normal to
it. This feature is often observed and appeared frequently in the model tests described later.
For the spherical pulse, the numerical analysis gives this critical radius as between 3 and 4
hole radii, depending mainly on Poisson’s ratio of the rock.

The question may arise: “‘to what extent are the theoretical results for a simple exponential
pulse valid for an actual explosion-generated wave 7’ A comparison between the results for
the mathematically more complicated, but also more realistic, pulse shape used by Aso {20]
and those for the simple exponential pulse which roughly fitted over the more complicated
shape reveals practically the same tensile peak for both wave shapes. Further refinement
is therefore not justified.

Experimental results

For a process as complicated as the generation of fractures by dynamic waves, theoretical
solutions can cover only a few very simplified situations. Supporting experimental investi-
gations are essential for a deeper understanding. Extensive tests on two-dimensional models
were therefore performed. In order to be able to achieve a sufficiently accurate repeatability,
and easy variation of the peak input pressure, a nonchemical explosive source was used:
the ‘electrohydraulic effect’ caused by an underwater spark discharge offered itself as an
excellent explosive wave generator.

When a high-voltage spark is discharged across an electrode gap, a plasma and vapor
channel is built up between the electrodes. This channel expands very rapidly because of the
concentrated electric field and the extremely high temperatures developed within the spark
channel. The surrounding medium is impacted by the channel walls, and a pressure peak of
the resulting ‘explosion’ wave is produced. The peak pressure increases with the density of
the surrounding medium. Thus, in order to produce high explosion pressures, the spark gap is
submerged in water. The peak pressure changes not only with the density of the surrounding
medium, but also with gap width, discharge voltage and other electric parameters of the
discharge circuit. Details of the electric circuit and the parameters of the generated pressure
pulse are described elsewhere [21].

Two-dimensional samples, i.e. plates and discs with circular holes mostly situated in the
center, were positioned between the spark electrodes for dynamic loading tests. The charge
hole was filled with water and a spark was initiated through its center in a direction normal
to the sample. The water was contained in the cavity of the sample by means of small
Plexiglass caps which were sealed with a thin film of grease (Fig. 4).

In order to reduce reflection of the emitted wave from the boundary of the sample, a
wave trap was put around the circular sample discs. Aluminum segments were attached to
the rock disc with a thin film of grease and kept in this position by a tightened chain (Fig. 4).
The reflected tensile pulse is then trapped in the ring since no tension could be transmitted
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FiG. 4. Rock disc with aluminum wave trap in spark gap.
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F1G. 5. Wave-generated fracture pattern in 12-in. diameter glass disc of ~% in. thickness after spark discharge
through the centerhole.
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FiG. 7. Dynamic fracture patterns around cavities with one and two preexisting cracks. Stress relief in the
vicinity of the preexisting crack(s) is demonstrated by crack-free regions on either side of the preexisting
crack(s).
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FiG. 9. Wave-generated fracture patterns around cavities in rock discs. (a) Tennessee marble,-(b) Charcoal
: granite, (c) Basalt, (d) ‘Belgian Black’ slate. -
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Fi1G. 12. Wave-generated fracture pattern in rock discs under uniaxial compressive static stress field in
direction of arrows. (a) ‘Belgian Black’ slate, (b) Tennessee marble.




Fic. 13. Isochromatic fringe pattern for (a) a star-cracked cavity with one longer crack and (b) for ‘equivalent
cavity’.
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cross the metal-rock boundary back into the sample. Because of the good match in acoustic
npedances between rock and aluminum, almost the total wave energy was transmitted
ato the ring. This very simple method of trapping the wave once it has passed through the
ample facilitated reliable fracture studies.

Explosive fracture patterns in rock were found to be quite difficult to see and became
isible only after special treatment of the samples with fluorescent penetrant.* A large part
f the fracture tests was therefore performed on glass and Plexiglass samples, where the
racks were easily visible. Glass is more brittle than most rocks, whereas Plexiglass is more
luctile and has a wave velocity lower than that of most rocks. At high rates of loading,
1owever, the fracture pattern in both translucent materials appears to be practically identical
vith that in rock. Only the scale, i.e. the length of the cracks is different.

A typical two-dimensional fracture pattern in glass caused by explosive loading of the
:entral cavity is shown in Fig. 5. A zone of dense radial fractures can be observed immediately
iround the hole. The fracture surfaces are rough and strongly riffled and consist mainly of
wmerous small cracks whose width is. smaller than the thickness of the plate. The zone
erminates rather abruptly at a certain radius. Bordering it is a second zone with much wider
ipaced radial cracks. These fractures have a mirror-like surface and penetrate through the
ull thickness of the disc. They are evenly and symmetrically distributed around the center-
10le. The appearance of these longer cracks seems to indicate a much slower fracture growth.
‘t was further observed that the cracks of the first zone frequently make a distinct and sharp
urn as they reach the boundary between the two zones. CHRISTIE and KoLsKy [22] observed
similar fracture phenomena in specimens of glass and plastics under impact loading.

The very dense, radial fractures of the first zone are caused by the tensile hoop stresses
of the outgoing wave described earlier. In this region the hoop stresses exceed the dynamic
iensile strength of the material and consequently form a number of tiny, radial cracks. These
:racks start separately but do not have much time to grow before the short-duration-pulse
1as passed on, since the velocity of crack propagation is much lower than that of the pro-
sagating wave. These very densely distributed, independent, small cracks eventually join
Secause of residual stresses at the individual crack tips, thus forming longer fractures with
very rough and uneven surfaces. This type of fracture terminates very rapidly at the radius
~here the tangential tensile stress of the wave drops below the tensile strength of the
material. :

The wider spaced, radial fractures of the second zone are the extension of some of the
cracks of the first zone. Their mirror-like and smooth surfaces indicate very clearly that they
were each formed by the extension of one individual crack, rather than by the joining of
many independent ‘cracklets’. It also appears that these fractures propagated at a slower
rate. Two major reasons for the formation of these fractures can be proposed; viz.

(1) Due to the discontinuity of displacement along the ring formed by the crack tips,
restdual hoop stresses are active. They will extend those cracks whose growth ensures
the maximum decrease in strain energy.

(2) Although the tensile stress of the wave has dropped below the critical value for
initiating new cracks, it will still be sufficient to extend already existing cracks. Less
stress is required to cause a crack to grow than to form it.

The mirror surface definitely identifies these cracks as running cracks. A crack extension
can take place as long as the full length of the tensile tail has not yet passed by the more

* The penetrant used was zvGLo Type ZL-22 manufactured by Magnaflux Corp., Chicago, Illinois.
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slowly propagating crack tip. The analytical expression for approximate length of this addi-
tional crack extension was presented in the previous section.

The earlier observation that a lower stress is required to extend a crack than to initiate one,
was demonstrated in a few simple {racture tests in Plexiglass. A disc with four prefabricated
cracks of different lengths radiating from a central hole was dynamically loaded at the hole
boundary. A few new cracks appeared in the zone immediately around the hole, but no
fracture initiation took place at intermediate distances where the extension of the prefabri-
cated cracks was still considerable. An approximately linear relationship was found between
crack extension A/, and length /, of the preexisting crack (Fig. 6). In a full-scale blast in the
field the prefabricated cracks of the model are represented by preexisting joints, weaknesses
or bedding planes in the rock. In the presence of such preexisting discontinuities, the major
crack generation will be in their direction and certainly no uniform fracture can be expected.
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F1G. 6. Dynamic crack extension vs original crack length in spark-loaded Plexiglass disc with 1-in. diameter
centerhole.

A few comments on the rather regular and wider spacing of the radial cracks in the second
zone seem warranted: as soon as a crack begins to extend, the hoop stresses are released in
its immediate vicinity. This release acts in the form of a wave radiating from the crack tip.
Thus, within a certain angle of the crack, the chance for new radial cracks is minimized and
practically no other radial fractures can start. At points sufficiently far away from the crack,
the peak tensile stress is reached before the relief wave arrives and hence an extending
crack forms there. This crack in turn again relieves an area around it from hoop stresses.
The second zone is thus made up of radially running cracks alternating with fracture-free,
stress-relieved segments. The resulting total fracture pattern constitutes, therefore, a very
symmetrical arrangement of cracks. In a series of experiments performed on Plexiglass
plates of 3-in. thickness, this hoop stress-relieving effect of cracks was demonstrated. Three-
quarter-inch diameter center holes of discs with one, two, and four prefabricated cracks
were spark-loaded. Figure 7 shows the resulting fracture patterns with a clearly visible stress-
relief zone around the prefabricated cracks in which no new radial cracks were generated.
In the samples with four symmetrically arranged cracks no new cracks appeared, only the
existing ones were extended.

In alast series of tests on Plexiglass the question of the influence of the hole diameter on
the degree of fracturing was investigated. A number of discs -with centerholes varying in
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diameter from } to 1} in. were loaded by a constant input pulse from the spark discharge.
The holes were again filled with water to ensure perfect coupling. The resulting fracture
patterns are shown in the photographs of Fig. 8. One might expect the longest radial cracks
around the smallest cavity, since the peak pressure at the borehole wall is the largest for this
case. The experiment showed, however, that the crack lengths for small and medium-
sized holes are approximately the same. The crushed and densely fractured zone is largest
for the small hole. The generation of these dense fractures is accompanied by a high
rate of stress attenuation and thus, despite the higher input pressure, the wave from the
smaller hole attenuates to the same stress as the originally weaker wave from the only
slightly crushed medium-sized hole at approximately the same radial distance. Furthermore,
waves originating from small holes attenuate faster because a small cavity radius a
causes a faster stress drop due to the previously given o, oc (R/a)~ 2 relationship. A very
practical conclusion can be drawn from these tests: An increase in charge size and in
brisance of the explosive or a decrease in decoupling do not necessarily lead to a larger
fractured zone or improvement in fragmentation.

Thus, the basic fracture phenomena and the general fracture pattern around a hole, as
generated by the outgoing wave, have been established and analysed in theoretical terms
and demonstrated in glass and Plexiglass samples. Although the basic principles which
determine the dynamic fracture process around an explosive charge were believed to be the
same for brittle rock as those for glass and Plexiglass, a separate test series was necessary
to verify these concepts and conclusions for rock, the actual material of interest.

For this purpose, four representative rock types were chosen. The properties measured
in the laboratory are listéd in Table 1. Also listed in this table are laboratory values for the
so-called ‘dissipation function’ [23] or internal friction 1/Q, which is defined as the ratio of
the ‘band-width’ (frequency interval between half-power points) to the mid-band frequency
of a resonance curve (displacement amplitude plotted vs. frequency). For small damping the
logarithmic decrement A of free vibrations is related to this function in the form A = =n/Q.
Thus, the internal friction is small when 1/Q is small.

The rock samples were discs of 8% in. in diamheter and 1in. thickness, with a 4-in. diameter
hole in the center. The rock discs were dynamically loaded by spark discharge with a wide
range of effective input pressures. The resulting radial fracture patterns, of which typical
examples are shown in Fig. 9, turned out to be very similar to those observed in glass.
Although not quite as distinct, the two zones of dense and widely spaced fractures are again
visible. Branching of the cracks in their later stages seemed to be quite common, particularly
in basalt. No crushing could be observed on any of the more than forty samples. Each
rock type was exposed to the full range of pressures available from the discharge set-up.
All fracture patterns were carefully recorded and a linear relation between crack lengths
and peak input pressure was found. This linear increase in crack length with input pressure
applied to both fracture zones.

For a given input pressure the crack lengths for granite, marble and basalt were approxi-
mately the same, whereas the fractures in slate are up to twice the length of those in the other
three rock types. According to the previously developed theory, the crack length should be
inversely proportional to the dynamic tensile strength of the material. This would lead to
the conclusion that the tensile strength of the slate is considerably smaller than that of the
other three rocks. The results from static tensile pull tests, however, invalidate this conclu-
sion. The values for the average tensile strength (Table 1) would rather suggest very long
cracks for the granite and marble and the shortest ones for basalt.
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TABLE 1. PHYSICAL PROPERTIES OF THE FOUR REPRESENTATIVE ROCK TYPES

Rock type Basalt Belgian Black Charcoal Tennessee
slate granite marble
Density (g/fcm3) 2:97 270 2:72 2:69
Young’s modulus
(108 1bfin?) 14-50 11-30 7-40 10-22
Poisson’s ratio 0-30 0-32 0-26 0-32
P-Wave velocity
(ft/sec) 22,200 21,200 15,700 20,000
Shear wave velocity
(ft/sec) 11,800 10,900 9850 10,450
Tensile sfrength
(Pull test) (Ib/in?) 3700 1850 1200 1240
Compressive strength
(Ib/in?) 48,800 — 33,000 31,000
Internal friction 1/Q 252 158 480 . 189

This difference between the experimental and theoretical results can be partly explained
by the absence of any damping or ‘internal friction’ component in the theoretical model.
However, even by taking the 1/Q values into account, the differences would not disappear.
For instance, slate and marble have about the same ‘internal friction’, approximately equal
dilatational wave velocity, the same Poisson’s ratio, and similar tensile strengths, but produce
cracks of widely different length; or on the other hand, granite and marble have approximate-
ly the same tensile strength and their respective crack lengths were almost the same, despite
a vast difference in energy absorption. There is no doubt that energy absorption is a critical
factor in the analysis of the dynamic fracture process, and the tests have clearly shown that
neither tensile strength nor wave velocity alone determine the length of the radial fractures.
But it also became clear that the ‘dissipation function’ does not yet represent a satisfactory
answer. A thorough theoretical and experimental investigation of the dynamic behavior
of rock is therefore necessary before a more reliable prediction of wave-generated fractures
becomes possible.

An encouraging start in this direction was undertaken by HAKALEHTO [24] who found,
with the use of the Hopkinson split-bar method, that the limit to maximum energy trans-
mission is determined by the maximum stress amplitude which can be transmitted unattenu-
ated through the rock specimen. .

The previously discussed fracture phenomena were in principle those for a dynamically
loaded cavity in an infinite and stress-free medium. All blasting shots, however, take place
near a free surface and frequently, for instance, in tunneling, within a static stress field.
Both conditions should, therefore, be considered in a study of the fracture process in actual
blasting. The presence of a free surface in the near vicinity of a contained explosion is
essential for effective fragmentation of the rock, and is a prerequisite for the formation of a
crater. As remarked earlier, the phenomenon of scabbing or spalling produced by reflection
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of the outgoing pulse is well known and has been extensively investigated. Since the fracture
process in the region around the cavity is of main concern here, only those aspects of the
reflected wave which affect the immediate fracture pattern around the borehole will be

discussed.
When the reflected wave with its tensile radial and tangential component travels back

from the free surface, it passes over the region around the hole where it previously had

generated radial fractures. Thus, renewed tension is applied particularly to those crack tips
which point towards the free surface. The steeper a crack is inclined towards the free surface,
the larger will be the tensile stress acting normal to the crack and, consequently, the longer
its secondary extension.

This influence of the free surface on the final length of the wave-generated radial fractures
was demonstrated with Plexiglass plates. Holes at variable distances from the free boundary
were spark-loaded. The resulting fracture patterns (see Fig. 10) indicate quite distinctly
preferred fracture in the direction of the shortest line between hole boundary and free
surface. In the absence of any gas pressure, only the reflected wave can account for these
longer cracks pointing towards the free surface. Thus, the role of the reflected stress wave
in cratering is not only to cause scabbing, but also to extend the radial fractures from the
cavity towards the free surface.

The influence of a static stress field on the fracture pattern is of importance for under-
ground explosions where either a gravitational or tectonic stress field acts in the region of
the borehole. Such a stress field, unless it is hydrostatic, causes a nonuniform stress con-
centration around the wall of the cavity. That part of the boundary which is under tangential
tension will favor the formation of radial cracks, whereas that under tangential compression
will suppress it. The zone with the highest tension will always produce longer and denser
fractures under dynamic loading by the wave. Although an in situ stress field is biaxial in
most cases, it is only the difference between the two principal stresses in the plane normal to
the borehole axis which will cause a nonuniformity in the fracture pattern. Hence, only a
uniaxial static stress field will be considered here.

From the stress concentration around a hole in a plate under uniaxial compression we
know that maximum tangential tension at the internal boundary is at those points which,
seen from the center of the cavity, are in the direction of the applied stress, and maximum
tangential compression is at the points on a line in a direction normal to the applied stress.
When the compressive wave is then emitted into the plate from the boundary of the hole,
the preferred radial fracture direction will be in the direction with the highest tangential
tension, i.e. the direction of the maximum principal stress.

To experimentally verify the fracture process of a dynamically loaded cavity in a uniaxial
static stress field, diametrically compressed Plexiglass discs were spark-loaded in the manner
described earlier. The uniaxial stress was applied in the form of a bolt-tightened clamp
applied at diametrically opposed edges of the disc. The exact force exerted by the clamp
was not measured but was in the range of 1000 1b. A typical fracture pattern around a hole
in a Plexiglass disc is shown in Fig. 11. The arrows mark the direction of the superposed
static stress field. The preferred fracturing in the direction of the maximum principal stress
is clearly visible,

In one particular test the influence of a prefabricated crack on the fracture pattern under
uniaxial static load was studied. A Plexiglass disc with two prefabricated, diametrically
opposed, radial cracks was clamped and spark-loaded. The static stress field acted in a
direction normal to the two prefabricated cracks. The resulting fracture pattern indicated
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no extension of the prefabricated cracks, but long new cracks were generated in the direction
of the applied static stress field. This example demonstrates the important role that in situ
stresses play in the formation of wave-generated fractures. It is evidently so great, that the
relatively easy process of crack extension and progression is suppressed at some locations
in favour of crack initiation at others.

Dynamic fracture tests with additional uniaxial static stress were also performed on rock
discs. The resulting fractures demonstrate very clearly the influence of the static stress
field upon preferred crack direction. Figure 12 shows the results obtained in slate and
Tennessee marble. Some of the cracks in the slate, which originally started in a radial
direction other than that of the maximum principal stress, eventually curve off into the
direction of the applied static stress field.

4. FRACTURE EXTENSION UNDER QUASI-STATIC GAS PRESSURE

Introduction

As mentioned previously, the energy stored in an explosive charge in the form of potential
chemical energy is released upon detonation, partly as energy contained in the transient
stress wave and partly as energy contained in the expanding combustion products. The
kinetic and strain energy of the transmitted stress wave can be determined from stress pulse
measurements in the rock at various distances from the explosion. The remaining part of
the total energy can be approximately identified as energy stored in the highly compressed
combustion gases, although a certain percentage of it will be lost in the form of heat trans-
ferred into the surrounding rock. The relatively small amount of energy in the propagating
stress wave indicates that the major portion of the explosive energy must be associated with
the expanding gas. It would thus seem logical to expect a large number of fractures or extend-
ed cracks around an underground explosion, due to the gas pressure.

Nevertheless, almost all previous investigators have neglected and disregarded the gas
action and solely concentrated on the wave action, particularly reflection breakage. As a
result, very little is known about gas-pressure effects. This is due in part to the negligible
attention it has received but also to the adverse conditions which exist in the region around
the charge. The stress wave can be measured at a relatively large distance from the source
and a rough estimate of the wave parameters in the borehole vicinity can be obtained by
extrapolation. The quasi-static stress field of the gas pressure attenuates much faster with
distance and thus is hardly picked up by a pressure sensor outside the fracture zone. Further-
more, any sensitive pressure or strain gage is likely to be damaged by the high preceding
stress wave before the quasi-static stress ever becomes active.

Because of this lack of information on the gas pressure any study of the fracture process
caused by the expanding gases has to rely either on theoretical derivations, which give
gas pressures in the range of 10-20 per cent of the peak wall pressure, or to be limited to a
qualitative investigation of the general principles and fracture phenomena involved. The
latter approach has been chosen here. No numerical results for specific cases are derived,
but generally valid principles are established.

The ‘equivalent cavity’

The gas pressure in the cavity is active for a considerably longer time than the transient
stresses of the emitted wave. The stress field caused by the gas pressure can therefore be
considered to be quasi-static and secondary in time to the stress wave. This means that the
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H .
wave-generated radial fractures around the cavity already exist when the gas starts to
expand. The gas can therefore penetrate into the cracks. In investigating the degree and
type of fragmentation caused by the gas pressure one then has to consider the pressure as
acting over a much larger opening than the original borehole. What kind of stress field is
generated by a pressurized radially-fractured cavity 7 KUTTER [25] investigated this problem
analytically and defined as ‘equivalent cavity’ that size of hole which, when under the same
pressure, produces in the region beyond the radial fractures the same stress field as the pres-
surized, radially-fractured borehole. He made a number of simplifying assumptions, such
as considering the rock elastic and isotropic, limiting the extent of the dynamically induced
fragmentation to symmetrically distributed radial cracks of equal length and (in order to
allow a static stress analysis) assuming the gas pressure to remain constant during crack
extension. With these assumptions the problem could be reduced to that of an infinite plate
under biaxial tension and plane strain, containing a central circular hole with radial cracks.
The analytical solution of the stress field around a star-cracked cavity was then obtained by
conformal mapping. Although the solution is only for the two-dimensional case or cylindri-
cal borehole it is valid to apply the results concerning the ‘equivalent cavity’ also to the
three-dimensional opening of a spherical charge.

The results showed very clearly that with increasing crack number the stress field
approaches that of an uncracked cavity with a diameter approximately equal to that of the
radially fractured region. The more radial cracks there are, the closer the similarity. Six,
equally spaced cracks bring the two solutions already very close together. Thus for the
practical purpose of predicting fracture propagation produced by the gas, the full gas
pressure can be assumed to act over an equivalent cavity which has a diameter equal to that
of the cracked zone close to the borehole.

It may, however, be unrealistic to assume that in practice the gas penetrates into all the
cracks since these may initially be very tight, hairline cracks. It is more than likely that a
considerable pressure drop occurs by gas flow into the cracks. An idea of the influence of
partially pressurized cracks can be obtained by examining three limiting cases: (1) the
pressurized uncracked hole, (2) the radially fractured hole with gas pressure acting in the
hole only and (3) the radially fractured hole with full gas pressure acting in the hole and in
the cracks.

With the cavity as the unit circle, R the radius of the cracked region, r the radial distance
from the center of the cavity to any arbitrary point, and p the gas pressure, the principal
stresses outside the fractured zone of a cylindrical hole are for

°

Case (1) o, = —gy = p_
r2
Case (2) 0, = 11; ap® =0 Forl <r < R
r
6, = — g, ~ R Forr > R
r2
RZ
Case (3) 0, = — g, ~ P
r

Thus, for the cylindrical hole, the radial and tangential stresses in the three cases are related
in the ratio:
o) : 6@ : g3 = |1 R R2,

ROCK 8/3—8
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For the spherical case the same basic equilibrium conditions yield a slightly different rela-
tion:
g : 6™ = 1:R:R3,

This comparison demonstrates very clearly the important role the radial fractures play in
determining the stresses around the cavity. For example, the stresses around a pressurized
cylindrical cavity with pressurized radial cracks of a length equal to two hole radii are nine
times higher than those around a plain, pressurized borehole. The actual field situation will
be somewhere between case (2) and case (3), but will approach case (3) as the time progresses.
It appears therefore that the gas-induced stresses around a cavity with wave-generated
fractures may be more than sufficient for extensive crack propagation and fragmentation.

Another idealization which was necessary for the theoretical analysis but which hardly
holds true for the practical case is that of equal crack length. But is the concept of the
‘equivalent cavity’ still valid or are considerable modifications necessary if for instance one
crack is longer than the remaining ones ? KUTTER [25] investigated this problem by compar-
ing the photoelastic fringe pattern of: (i) a pressurized cavity with radial cracks all of equal
length except one which was longer, with (ii) the fringe pattern of the ‘equivalent cavity’
having only one small crack equal in length to the amount by which the long crack exceeded
the others in the first case. Both fringe patterns proved to be very similar outside the cracked
region (Fig. 13). It is therefore valid to consider the stress field outside the fractured zone
of a star-cracked cavity, with one crack longer than the rest, as equivalent to an ‘equivalent
cavity’ with one small crack. The fringe pattern also demonstrates very clearly the higher
stress concentration at the tip of the longest crack. It therefore follows that the longest
crack will require the lowest critical pressure for propagation, i.e. it is the least stable of all
the cracks.

Critical pressure for crack extension

The knowledge of the stress field around a pressurized, fractured cavity is not sufficient
for determining the critical pressure for crack propagation. For this purpose a failure cri-
terion has to be established. The critical pressure can be predicted theoretically from an
extension of the previously described stress analysis of a star crack together with a failure
criterion based on energy considerations, i.e. Griffith’s failure criterion. This derivation is
described elsewhere [25] and only the relevant results are summarized here.

For a given crack length the smallest critical pressure for extension of the fractures is that
for two diametrically opposed cracks. The critical pressure increases with the number of
cracks which radiate from the cavity. The only exception is that for the single crack which
will propagate at a pressure approximately equal to that required for four symmetrically
arranged cracks. The crack length significantly influences the critical pressure only for cracks
smaller than the cavity diameter; within this range the critical pressure increases appreciably
with decreasing crack length. For cracks longer than the hole dlameter there is no significant
decrease in the critical pressure.

In practice, therefore, crack extension is likely to continue, once initiated, since the critical
pressure decreases with increasing crack length. The decrease in gas pressure due to cavity
expansion and gas penetration into the cracks is therefore not necessarily a reason for ter-
mination of crack growth. Also, for effective extension of the fracture by gas, the dynamic-
ally generated fractures should be as widely spaced as possible, and the dense radial fracture
zone should be kept at a minimum, so that the secondary dynamic fractures are of sufficient
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t for optimum crack gréwth. The crushed and highly fractured zone appears to have an
se effect on crack extension under gas pressure, as well as being undesirable because

:h energy absorption.

e o B Ky e

rimental results

:est series modelling the gas pressure action was conducted on two-dimensional samples
rify and demonstrate the theoretical principles derived above. The pressure exerted
1e expanding combustion products was simulated by oil pressure. The pressurized oil
contained in the center-cavity by sandwiching the sample disc between two hardened
less-steel plates (Fig. 14). For photoelastic tests the bottom plate could be exchanged
. plate with a window, similar to the top plate. With this experimental set-up the oil
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F1G. 14. Cross section of pressure cell for static loading of cavities.

ssure was acting not only on the hole boundary and in the cracks, but also over the flat
:a of the sample which lay within the O-ring seals. The stress in the direction of the hole
s, however, can be considered to be of negligible influence on the crack extension process.
The major objective of this static test series was to demonstrate the overriding influence
preexisting radial fractures on the critical pressure. Because of the ease of fracture
servation the first test series was performed on Plexiglas discs with a centerhole and with
rious arrangements of radial cracks i.e. different lengths from sample to sample but of
ual lengths within each sample. The cracks were induced with a thin saw blade, and an
ra-thin dental saw was used for the tip section of the crack. The samples were inserted
o the pressure cell and pressurized to failure. The striking decrease in critical pressure
th the presence of radial fractures was successfully shown. The critical pressure for a
/ity with radial cracks was found to be S0 per cent or less of that for an uncracked hole.
the limited number of tests on Plexiglass little systematic influence of the crack length
the critical pressure was found. The uncertain variations in the sharpness of the fabricated
ick tips together with the fact that, according to the theoretical curves, there is no sub-
ntial variation in the critical pressure for crack lengths in the range of one to three
rity radii, may account for this deviation from the theoretical results.

[n another series, spark-fractured discs were subjected to internal static load. The remark-
le result of these tests was the observation that, without exception, the longest crack
vays propagated first and in the process it also caused the extension of the crack diametric-
y opposed to it. The sample thus failed without any appreciable growth of the remaining
lial cracks. The discs always broke into two halves.

To study the influence of a superposed, external static stress ficld, a Plexiglass sample
ich had been previously loaded dynamically by a uniaxial external stress, was subse-
ently loaded statically in the cell. Under the static loading, however, the external stress
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field was rotated 90° compared to that for the dynamic loading. Thus, before pressurizing
the cavity, the longest cracks were normal to the direction of the external stress field.
After loading the sample to its critical pressure, the failure did not occur in the direction of
the longest crack, but in the direction of the superimposed stress field. The resulting fracture
pattern is shown in Fig. 15 where the small arrows indicate the crack tips before static
loading, and the large arrows indicate the direction of the external stress field. This test
rather strikingly demonstrates the enormous influence that an in situ stress field can have on
the final fracture process.

In a final test series a large number of the previously described dynamically fractured
rock discs were subjected to static ‘gas Joading’ inside the centerbole and cracks. Only
those dynamically fractured rock discs, whose radial fractures were small enough not to
stretch beyond the O-ring seal of the pressure cell were used. For comparison a series of
uncracked rock discs with a plain centerhole was also loaded to failure. Here again, the -
enormous decrease of the critical pressure due to the presence of radial fractures became
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Fic. 16. Critical pressure for rock discs vs length of largest crack before stati_c loading.

apparent. As in the Plexiglass discs, the longest crack was the first to grow and cause failure.
The relationship between longest crack length (before static loading) and the critical pressure
is illustrated in Fig. 16. It is seen that the critical pressure appears to decrease approximately
linearly with increasing crack length. These test results thus prove again that for effective
crack extension under gas pressure the presence of dynamically induced fractures is essen-
tial. Of some side interest are the pressures for the failure of the discs with a plain center-
hole. The critical pressure for this type of expansion test gives an indirect measurement of
the tensile strength. Comparing these values with those from the pull test yields practically
no agreement. Although again basalt is the rock with the highest tensile strength, some of
the strength values are higher, others are lower than in the pull test. It probably is significant
that in this test the slate appears to be the rock with the lowest tensile strength.

Finally, the influence of a free surface on the development of gas expansion fractures
will be examined, The presence of a free surface close to the contained explosion is an
essential requirement for crater formation. Although the free surface is of particular import-
ance for wave-generated fractures, it also influences the fracture process due to gas expan-
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sion. The closer the free surface is situated to the ‘equivalent cavity’, the more will it influence
the hoop stresses around it.

Relevant conclusions can be drawn from the analytical solution for the plane case of a
semi-infinite plate containing a pressurized circular hole. The solution to this problem can
be derived from the general case of the stress field in regions delimited by two circles, as
given by SAVIN [26]. The tangential tensile stress at the boundary of the cavity is no longer
uniform as in the earlier case of a cavity in an infinite medium, but varies with the angle ¢
[see Fig. 17(a)). It maximizes at those points of the hole contour for which ¢ is a maximum:

d> + R?
d? — Rz'

The maximum tension thus increases as the cavity approaches the free surface. Tensile
stresses are also generated at the free surface, with a maximum at point 4. However, for
most blast geometries, where d is generally larger than the cavity diameter, the surface
tension is smaller than the tensile hoop stresses. Applying the analytical results to the actual
blasting situation and in particular to the fracture process due to gas expansion, one now has
an additional criterium for preferred fracture direction. Those radial fractures within the
‘equivalent cavity’ which terminate in the zones of maximum tangential tension, propagate
at the lowest critical pressure and represent therefore a preferred fracture direction. These
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F1G. 17. Influence of free surface on stress distribution around cavity. (a) Semi-infinite plane containing a
circular hole. (b) Schematic of crater geometry.
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cracks grow towards the free surface and probably determine largely the final crater bound
ary in the vicinity of the charge. One has to keep in mind that the free surface at the time o
the gas action has already been altered by reflection breakage and the effective parameter ¢
greatly reduced from its original value [Fig. 17(b)] thus further increasing the tensile hoog
stresses compared to those computed from the original blast geometry. This is thus ye
another way in which preconditioning by the precursory wave can aid fragmentation by the
gases, i.e. generation of the radially fractured “‘equivalent cavity’ and surface slabbing are
beneficiary if not absolutely necessary.

There are situations where a free surface is completely absent. Such is thé case for pre-
splitting, where a smooth fracture plane is created in solid rock. There, of course, the above
described surface effects are missing, but all the other earlier described fracture phenomena
are valid. KUTTER and FAIRHURST [27] have given a detailed explanation of the fracture
mechanism in presplitting based on these experiments and fracture investigations.

5. SUMMARY AND CONCLUSIONS

The fracture phenomena which occur in the immediate vicinity of a charge in an under-
ground explosion have been examined in detail, by studying the effects of the emitted stress
wave and of the expanding pressurized gas separately. The problem was explored theoretic-
ally by wave and stress analysis and experimentally by fragmentation tests on Plexiglass
and rock models. In the model tests the explosion wave was simulated by a pulse generated
by underwater spark discharge, and the expanding combustion products by pressurized
oil. In this way, i.e. by separating the two principal forces which act in an underground
explosion, it was possible to assess the respective roles each plays in the blasting process.

The fracture pattern generated by the wave is that of a dense, radially fractured zone
immediately around the cavity, followed by a ring of wider spaced radial cracks. It was
found that the width of the radially fractured zone depends not only on the tensile strength
and wave velocity of the rock, the input pressure and the detonation velocity of the explosive,
but to a large degree also on the extent of energy absorption in the rock mass. It was further-
more demonstrated that, for a given borehole size, increase of explosive charge beyond an
optimum amount does not increase the fractured zone but results only in additional crushing
around the cavity. The diameter of the fractured zone was theoretically computed to be
around six hole diameters for a spherical charge, and nine hole diameters for a cylindrical
charge. It is in this expanded or ‘equivalent cavity’ that the gas pressure becomes active
rather than, as generally assumed, the original borehole. The concept of the ‘equivalent
cavity’ leads then to a more extensive stressed region and consequently to more extensive
crack propagation by gas expansion.

This, in summary, constitutes the basic fracture process. It is altered and influenced,
however, by:

1. Preexisting fractures, such as joints, bedding planes and discontinuities, which
dominate the nature of the fracture pattern. No new fractures are generated in their
immediate vicinity but preexisting ones are extended to greater lengths at lower
stresses than newly generated fractures would be. The enormous influence of the
geologic structure, i.e. joint spacing and separation, schistosity and lamination of
beds, on the result of a blast can be demonstrated and explained in this way.

2. The underground stress field. Both wave and gas-generated fractures propagate
preferably in the direction of the maximum principal stress. This effect has been
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shown to be so strong that it can even eliminate the influence of preexisting frac-

tures. This effect explains the dlﬁiculty in presplitting the roof section of deep

tunnels.
3. The nearby free surface. Besides the well-known phenomenon of reflection breakage,

the presence of a free boundary also favors the generation and extension of those
cracks which point towards the surface.

Finally, this investigation has demonstrated that high-pressure gases play a considerably
more important role in blasting than generally anticipated and admitted. It has been equally
clearly demonstrated that the gas pressure alone would not be very effective. Only the pre-
conditioning, i.e. the precracking and ‘effective widening of the cavity by the emitted wave
and the reduction of the burden by surface spalling make it possible that the expanding
gases are fully utilized in rock fragmentation. Neither the strain wave nor the gas pressure
can therefore be considered exclusively responsible for rock fragmentation in blasting.

Each has an important role. -
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#ig.l Diagram of the experimental apparatus.
1) Quartz reactor, 2) titanium sponge,
3) drum with microspheres, 4) chloride
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Fig.2 Photomicrographs of the surface of
zirconium dioxide spheres; initial
particles (a) and particles coated
with titanium (b).
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Oxidation of vanad in_solutions durin titanium production wastes

L V Denisova, V I Cherkashin, A V Skiyar, T M Petrenko and V M Pechennikova {Institute of Titanium -

Zaporozh's Industrial Institute)
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Summary

Ammonium persulphate has undoubted advantages over
sodium hypochlorite as a solid oxidising agent. The oxida-
tion process occurs without dilution of the solutions, with-
out reduction of the acidity, and without negative side
effects, The length of the process is measured in minutes.

Fig.l

The dependence of the degree of
oxidation of vanadium on the con-
sumption of the oxidising agent
at temperatures °C: 1 - 50, 2 -
70, 3 - 80, 4 - 90.

t 2 z
' 13
%0
50 Fig.2
The effect of temperature on the
« degree of oxidation of vanadium.
Samples taken 5 (1) and 10 (2)
min.after addition of oxidising
2 agent.

e
» 20 0t °C

Table: Variation of the rate constant and temperature
coefficient of the rate constant with variation of

temperature
19C K I/min-g-atom Temperature
’ coefficient

23 0.076 -

35 0.112 1.49

40 0.132 1.24

50 0.166 1.25

60 0.38 2,28

70 1.05 2.76

80 3.55 3.39

90 9.56 2.711

160

The mechanism and kinetics of the oxidation of vanadium

by ammaonium persulphate were investigated. It was shown
that the process is described by second-order reactions.
The activation energy of the process at temperatures above

600C amounts to 26.9kcal/g-atom.
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Fig.3 Variation of the reciprocal of the
concentration of unoxidised vana-
dium (g-atom) during oxidation.
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Fig.4 The dependence of the logarithm of
the rate constant on the reciprocal
of the temperature during the oxi-
dation of vanadium by ammonium
persulphate. Length of process 5
min.
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