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RESEARCH ON THE PHYSICAL PROPERTIES OF GEOTHERMAL RESERVOIR ROCKS

Report of Progress During the Period from
September 1, 1976 to January 10, 1977

INTRODUCTION

In the art of interpretation of geophysical well surveys,
empirical correlations between pairs of physical properties of
rocks are used. These correlations permit measurements made
of one physical property in a well bore to be interpreted in
terms of another physical property which is of more significance
in evaluating the reservoir behavior of a rock. Often, these
correlations are developed through a series of laboratory measure-
ments because the properties which are needed in evaluating
a reservoir cannot be measured directly with the rock in place.
In the evaluation of oil and gas reservoirs, interpretations
based on such an approach have reached a high degree of develop—
ment.

With a growing geothermal industry, it is likely that
geophysical well surveys can play an equally important role
in estimating the performance of geothermal reservoirs. ”However,_
this will require the:development of correlations between:‘ |
physical properties for the.rock types that are commonly found
in geothermal reservoirs. Exlstlng correlatlons deve10ped for
the oil and gas industry apply only for those rocks in whlch

oil and gas are commly found,. such as ClaSthS and carbonates. 47'




Some gebthefmal reservoirs also may occur in such rock types,
but probably a larger fraction will occur in volcanic rocks

and in metasedimentary rocks. This report describes research
‘being carried on at the Department of Geophysics,'Colorado
School of Mines under contract to the Energy Research & Develop-
ment Administration to address the problem of interpretation of
geophysical logs in volcanic rocks.

The intent of the study is to establish correlations between
measurable properties such as electrical resistivity and acoustic
wave speed, and properties which need to be known, such as
porosity, water salinity, température, and well productiﬁity. The
first stage of the study was collection of suites of samples from
extensive Cenozoic volcanic fields in the western United States,
fields which might reasonably be expected to serve as reservoir
rocks. Sampling was carried out during the summer of 1976 in
the Snake River Plain volcanic field, the Columbia Plateaus
volcanic field, the Cascade Range, the Modoc Volcanic Province,
the central Nevada volcanic field and the Jemez volcanic field.
The geologic setting of these fields and the strategy used in
collecting samples has been described in the preceeding progress
report. '

During the period from September 1, 1976 to January 10,
1977, a major part of the effort has been in preparing samples
for laboratory measurements of physical properties. The field
samples consisted of rough blocks of rock with dimensions of
several tens of centimeters. From each of these field samples,
one to three core plugs were cut. These plugs are cylindrical
in shape, with a diameter of 1.6 centimeters and a length ranging

from three to six centimeters. The shape and size of the samples
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was dictated to a considerable extent by the requirements for
sample holders_usedlinrmaking»measurements;of‘acousticuwaved_
speed... - |
Following preparation of the core plugs, a variety of
physical properties was_measured at laboratory ambient
conditions; that is.‘at approximately 20°_centigrade and under

1 atmosphere pressure.

Textural Properties

The first of the physical properties to be measured in
the laboratory were the textural properties,‘including porosity,
bulk density, and grain densityl Porosity was’determined by
a simple water saturation technique. In this, the samples
were flrst drled at a temperature of approx1mately 105° C.
Dry welght was. determlned by welghlng the samples at thls _
elevated temperature. The samples were then placed in a container
and a vacuum drawn for a period of124vto 72 hours.r The samples
were then,submerged‘in water and permltted to'saturate at
atmospheric pressure for;a,prolonged_period of time, ranging
from several days to several weeks."This procedure can be expected

to result ln the saturatlon of 95 to 98% of the connected

.+ pore space.‘ Vacuoles and other pore _spaces separated from the

pore structure by 1mpermeab1e barrlers is not saturated and for 4:
the purposes of this study cannot be cons;dered as, belng part -
of the por051ty of the rock. 7 ‘ |
The samples were welghted a second tlme w1th the pore v
spaces saturated w1th water. For some of the samples in whlch
large vacuoles were present,vlt was necessary to wrap the core

plugs in thin plastlc fllm to prevent the water from dralnlng




out during measurements.

The volume of each sample was determined in two ways. The
volume is determined approximately by measuring the dimensions
of the sample and calculating the volume. A more exact determina-
tion of volume was made by weighing each sample while suspended
in a beaker of water. The loss of weight with respect to measure-
ments made on the wet samples in air represents an exact
determination of sample volume. From these various determinations
of weight and volume, effective porosity for the water saturation

method was calculated, as well as bulk and grain density.

Resistivity Measurements

Two sets of resistivity measurements were made. In the
first set, the samples were saturated with distilled water.
The resistivity was then measured using a two-terminal method,
in which the resistance to current flow through the sample was
observed. The two-terminal method of measuring resistance is
very convenient, but is sometimes subject to errors caused by
contact resistance at the ends of the samples. ExXperiments
indicated that the amount of error caused by this contact
resistance is a few ohms. The relatively high resistivity of the
volcanic samples combined with the use of samples with a high length
to diameter ratio minimized the error caused by contact resistance.
It almost certainly did not exceed 1 or 2% of the measured
resistance value.

The resistivity was computed from measured resistance
and the dimensions of the samples.

After measurements were made with distilled water in the

pores, the samples were dried and resaturated with a l-normal
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solution of sodium chloride. Resistivities were determined a
second time for this higher salinity. The need for the two
measurements is as fbllows. When samples were taken from the
field, no information was available about the salinity of the
original water content. When the samples were dried, it is
obvious that any original salt in the pore spaces would have
remained. On resaturation, this salt will go back into solution
and possibly contribute significantly to the salinity of the
water in a pore space. By making measurements first with the
sample saturated with distilled water and then with samples
saturated with a known solution, the amount of original salinity
can be calculated, and if necessary, a correction can be made

to the second measurement of resistivity. The data have indicated
that original salinities in the pore space amount to less than
1% of a l-normal solution and so are negligible in terms of
affecting the accuracy of the second measurement. It is

likely that the original salinity actually represents cation
exchange capacity of’the rocks rather than salts present in

the rocks. This is reasonable, inasmuch as all samplés were
surface samples which have probably been washed clean of salts
by rainfall. ;

The convent10nal means of correlatlng resistivity measure-
ments with porosity COQSlStS‘Of fqrmlng a quantity known as »
formation factor. The fqrmation faétor is the ratio of the .
bulk resistivity of a rock to the resistivity of the solution
saturating its pore spaces. If measurements are done correctly,
the formation factor is independent of the salinity of the water
in the pore spaces, and represents the geometrlc dlstrlbutlon of

electrical conduction paths through the rock. It has been




observed that in ordinary oil and gas reservoir rocks, such
as limestones and sah&stohes‘ thé formation factor isrsimply
related to porosity through an empirical relationship known
as Archie's Law:
F=a ﬁ-m

-Here, the symbol @ indicates the fractional pore space, F is
the formation factor as defined above, and the parameters a
and m are derived empirically to make the expression fit a
given set of observed data. Normally, for clastic rocks, the
coefficient a has a value between 0.6 and 1, and the parameter
m has a value between 1.6 and 2.0. |

If measurements of porosity and formation factor are
plotted to logarithmic coordinates, Archie's Law will be
represented by a straight line. To test whether or not Archie's
Law reasonably represents the measurements on volcanic rocks,
such plots have been prepared for 5 of the 6 rock suites studied
and are included in this report as Figures 1 through 5. On each
of these plots a solid line is drawn representing Archie's Law ’
for maximum reasonable values of the parameters a and m, which are
1.0 and 2.0, respectively. It is important to note that in all
cases the values of formation factor measured on these volcanic
rocks are considerably higher than the highest values observed
for clastic rocks over the same porosity range. This means that
for a given porosity and for a given water salinity, the electrical
resistivity of a volcanic rock will be 3 to 10 times higher than

a similar clastic rock.

Measurements of Acoustic Wave Speed

Acoustic wave speeds for both compressional and shear
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modes of transmlsSLOn were also determlned on each,of the
samples. The measurements were made by mountlng a sample in
a core holder in whlch plezoelectrlc transducers were pressedr
against each end of the sample. The transducers at one end |
were excited with an electric pulse to generate an acoustic

wave, and the: arr1va1 'of this acoustlc wave at the other

‘end of the sample was: detected w1th the second set of trans-

ducers. Two sets of transducers could be used one of which
excited compre551onal waves travelllng alongrthe sample, and
the other whlch exc1ted torsional waves travelllng along the
sample. The transmltted pulse and the v1brat10ns recelved at
the other end of the sample are dlsplayed on a two-trace osc1llo—‘
scope. The travel time. for the acoustic waves through a sample
is determined by ‘moving the time base on the recelved 51gnal
until the initial onset of the acoustlc v1bratlon c01nc1des w1th 7
the 1nstant of transm1s51on._ The t1me Shlft 1s callbrated and ‘
can be read to a tenth of a mlcrosecond ’The system is callbrated
for delays 1n transm1551on whlch may take place at elther ‘end of
the sample by making measurements on materlals ‘with prec1sely
known acoustlc ‘wave speeds, such as hallte and other crystalllne
materlals. B A _

In order to obtaln eff1c1ent transm1551on of acoustlc
energy through the rock sample, partlcularly a volcanlc vock
it is necessary to compress the rock under a substantlal pres— i
sure.p In the system whlch we have used the frame pressure "and

the conflning pressure can’ be controlled separately. ‘The: frame

pressure is controlled. by a hydraulic ram whlch compresses the -

transducer pads aga1nst the two. ends of . the sample, The entlre _
sample is jacketed 1n a plastlc tube and 1mmersed 1n an 01l—f111ed ‘

reservoir. The conflnlng pressure on the sample is then controlled




by a hydraulic pump. For the measurements described in this
report, relatively low compressional and confining pressures
were used; the two pressures amounted to 1,000 pounds per
square inch.

For clastic rocks, a simple relationship between acoustic
wavespeed and porosity has often been used in evaluating well
logs. This is a time averaging formuia developed originally
by M. R. J. Wyllie at Gulf Research Laboratories. If a rock
consists of two phases, one a mineral, and the other a liquid,
the speed of propagation for acoustic waves can reasonably
well be approximated by considering that the energy has to
flow through the two phases in sequence. The travel time is
then the sum of the travel times through each of the two
phases. The wavespeed observed for a sample lies someplace
between a maximum wavespeed which would be observed in a rock
with no porosity and a minimum wavespeed which would be
observed in a rock with 100% porosity. Wyllie's relation-
ship would plot as a straight line if porosity and velocity
are plotted to linear co-ordinates.

We soon realized that the measurements we have made did
not fit well with the Wyllie relationship and so have not
presented such plots. 1Instead, compressional and shear wave-
speeds are shown plotted as scatter plots against porosity
on Figures 6 through 15, accompanying this report.

It is important to note that there is at best only a weak
dependence between acoustic wavespeed and porosity in the

samples which we have measured. The compressional wavespeeds

-8-
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are relatively high, with inverse wavespeeds being in the range
5 to 10 microseconds per foot. - Shear wavespeeds are correspond-
ingly lower, in the range from 10 to 30 microseconds per foot.
For the compressional wavespeeds, there is a slight decrease

in wavespeed with increasing porosity. For the shear Wave-
speeds, if any relationship exists, wavespeeds increase slightly
with increasing porosity. Because of the very small change in
wave with porosity, these apparent changes may be in part a
consequence of experimental error. The incompressibility of a
sample can be expected to decrease mith increasing porosity.
Under a frame pressure of 1,000 pounds per square inch, there

may be a shortening of the samples, and this has not been

‘taken into account in the determinations of velocities made so

far.

The results obtained so far indicate that acoustic velocity
measurements cannot be used as a' guide to porosity in volcanic

rocks.

Effect of Temperature on Physical Propertles.

At the tlme this report 1s belng prepared only an exper-
imental effort has been done in maklng measurements of the
propertles of tbese samples as a functlon of temperature. _The
1mmed1ate ob]ectlve is to dev1se equlpment and a measurement ,
scheme whlch w111 permlt rellable determlnatlons of phy51ca1
propertles at temperatures between laboratory amblent and

AR

laboratoryvborllng,polnt. Temperature control appears to be

a relatively minor problem. 1In the acoustlc wavespeed measurements,




temperature can be controlled precisely by heating the oil
reservoir around the sample holder. In measuring formation
factor, a somewhat more complicated procedure will probably
need to be devised. At present, we have developed a nonmetallic
Hassler sleeve core holder for the resistivity measurements.
In the Hassler sleeve, a core is mounted inside a rubber tube
which in turn is contained within a rigid tube. The rubber tube
is lightly pressured with a nitrogen supply so that it forms
a close contact with the rock sample and prevents escape of
water. Measurements of resistance are made using wire mesh
electrodes installed near the end of the sample but not in
immediate contact with it. Contact between the electrodes
and the sample is made through a water saturated paste.

The reason for this fairly complicated resistivity cell
is that we plan to use a microwave induction heating device
to increase the temperature of the sample in a series of steps
from laboratory ambient to laboratory boiling. The microwave
heating device operates by inducing current flow in any conduc-
tive material within the microwave field. Thus,'thersample
holder must be nonmetallic or any metal parts such as the
electrodes must not lie in direct contact with the sample.
Any metal in contact with the sample will lead to locai heating.
An advantage of microwave heating is that it introduceé the
desired amount of energy uniformly through the sample as it is
irradiated. Other heating processes require cdnductioﬁ of
heat from the outside of the sample.to the center and this cah

be very slow.
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To date{#measprements havewheen>carrieqyeut on only a
single_samp;eAasqavfuhetioh:of temperature,  For the resistivity.
measurements, the resistivity decreased by a factor of approxi-
mately 3 over the temperature range,from.zo° C. to 97? C. With
further heating,,the_resistivity increased as water was con-
verted‘to‘steam in the_porenspace, At this stage, no effort
was made to make careful determinations of the steamwater ratio.
It should be pointed out that the‘variatipn ih resistivity is
that which one would expect on the basis of the change in
properties of the electrolyte alone. No significant second
order effects caused by interaction between the electrolyte
and the rock framework were expected, and none was apparent..

A similar set‘qf:measurements ofvacoustic‘wayespeed was .
made on a‘sihgle,sampleras the temperature was raised from
20° c. te the boilingipoint.,ﬂSomewhat torour%surprise, the
compressional wavespeed did not change by more than 1% untilr
the hoiling point was reached. On dehydration,.a relatively

small change in compressional wavespeed was observed.
 PLANS

As 1nd1cated in oﬁr orlglnalrpropo al for thlS pro;ect,'af
major objectlve is determlnlng the effect of temperature and’ of o
the conver51on of water to steam ‘on the phy81ca1 propertles of -
volcanlc rocks.’ Measurements w111 be made of both acoustlc o
wavespeeds and formation factor as a functlon of temperaturevﬁ:s.

and steam saturation. However, considering the results obtained
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so far, we expect to place less emphasis on the acoustic

velocity measurements than on the formation factor measurements.
At this stage, we believe that a relatively limited number of
measurements will show that over the temperature ranges that

we are operating, that acoustic velocity is relatively unaffected
by temperature, and that the information obtained from borehole
measurements of acoustic velocity may not be useful in estimating
temperature or water content in volcanic rocks.

With measurements of formation factor, up to the boiling
point, it is likely that the effect of temperature can be taken
into account merely by applying a temperature correction based
‘on the properties of the electrolyte. However, when pore space
is partially saturated with water vapor, it must yet be established
whether the behavior of the rock is the same as in the cases
where water is displaced by gas or oil, or if there is a significant
difference. One may expect some difference, based on the differences
in wetabilities of the nonwater phase in the various cases. The
shape of the remaining water saturation when a sample is saturated
with two phases will depend on the surface tension between the
two phases, and the angle of absorption when the two phases
are in contact with the solid mineral. All of these factors
may be quite different in volcanic rock than in the normal oil
and gas reservoir rock. Thus, we plan to make careful measure-
ments of the change in resistivity as steam displaces water in

the pore spaces of these samples.
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Figure 1. Scatter plot of formation factors and porosities
for samples gather in the Snake River Plain
volcanic field. The solid line is Archie's law
for m= 2 and a= 1,
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Figure 2, Scatter plot of formation factors and porosities
for samples gathered .on the Modoc Plateau. volcanic
fisld in Oregon. The solid line is Archie's lap
for m= 2 and a= 1,. ’
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Figure 3. Scatter plot of formation factors and porosities
' for samples gatrered in the Cascade Range of Oregon.
The solid line is Archie's law for m= 2 and a= 1.
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Figure 4. Scatter plot of formation factors and porosities
for samples of volcanic rock obtained in central
Nevada., The solid line is Archie's law for m= 2
and n= 1, :
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-Scatter plot of formation factors and porosities
for samples from the Columbia Plateaus volcanic
field. The solid line is Archis's law for m= 2

and a= 1, :
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porosities for volcanic samples from the Columbia
Plateaus, The vertical scale is in microseconds
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for samples from the Cascade Range in Oregon.
The vertical scale is in microseconds per foot.




1
] ROCK SUITE OR '
1

> »

e . .

0 =

o = . .l s

ot _ » .

gQ s te ": K ’ Y

m: ) .'.: -;:. .u;n' f oma® *

< |

[ I

fas)

o

=i N e

PERCENT POROSITY
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for samples from the Snake River Plain. The
vertical scale is in microseconds per foot.
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Figure 14,

Scatter plot'of shear wavespeeds and porositieé
for samples from the Cascade Range of Oregon.
The vertical scale is in microseconds per foot,
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