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RESEARCH ON THE PHYSICAL PROPERTIES OF GEmHERMAL 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. 
this will require the development of correlations between 

physical properties for the rock types that are commonly found 

i n  geothermal reservoirs. Existing correlations developed for 

the oil and gas industry apply only for those rocks in which 

oil and gas are commly found, such as clastics and carbonates. 

However, 
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Some geothermal reservoirs  a l so  may occur i n  such rock types, 

but  probably a la rger  f ract ion w i l l  occur i n  volcanic rocks 

and in metasedimentary rocks. 

being car r ied  on a t  the Department of Geophysics, Colorado 

School of Mines under contract  t o  the Energy Research & Develop- 

ment Administration t o  address the  problem of in te rpre ta t ion  of 

geophysical logs i n  volcanic rocks. 

This report  describes research 

The in t en t  of the study is t o  e s t ab l i sh  correlat ions between 

measurable propert ies  such as e l e c t r i c a l  r e s i s t i v i t y  and acoustic 

wave speed, and propert ies  w h i c h  need t o  be known, such as  

porosity, water s a l i n i t y ,  temperature, and w e l l  productivity. The 

f i r s t  stage of the  study was col lect ion of s u i t e s  of samples from 

extensive Cenozoic volcanic f i e l d s  i n  t h e  western United States ,  

f i e l d s  which might reasonably be expected t o  serve as reservoir  

rocks. 

the Snake River Plain volcanic f i e ld ,  the Columbia Plateaus 

volcanic f i e l d ,  the Cascade Range, the Modoc Volcanic Province, 

the  cen t r a l  Nevada volcanic f i e l d  and the Jemez volcanic field.  

The geologic s e t t i n g  of these f i e l d s  and the s t ra tegy  used i n  

co l lec t ing  samples has been described in  the preceeding progress 

report  . 

Sampling was carr ied out during the summer of 1976 in  

During the period from September 1, 1976 t o  January lo, 

1977, a major pa r t  of the e f f o r t  has been i n  preparing samples 

fo r  laboratory measurements of physical properties.  The f i e l d  

samples consisted of rough blocks of rock with dimensions of 

several  tens  of centimeters. From each of these f i e l d  samples, 

one t o  three  core plugs w e r e  cut. 

i n  shape, with a diameter of 1.6 centimeters and a length ranging 

from three t o  s i x  centimeters. The shape and s i ze  of the samples 

These plugs a re  cy l indr ica l  
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was d ic ta ted  .to a considerable extent  uy the requirements for  

sample holders used i n  making. measurqments of 

speed. 

coustic &wave 

Following preparation of the core plugs, a var ie ty  of 

physical propert ies  was measured a t  laboratory ambient 

conditions: t h a t  is, a t  approximately 20° centigrade and under 

1 atmosphere pressure . 

Textural Properties 

The f i r s t  of the physical propert ies  t o  be measured i n  

the  laboratory w e r e  the t ex tu ra l  properties,  including porosity, 

bulk density, and grain density. Porosity was determined by 

a simple w a t e r  sa tura t ion  technique. In  t h i s ,  the  samples 

w e r e  f i r s t  d r ied  a t  a temperature of approximately 105O C. 

D r y  weight was determined by weighing the samples a t  t h i s  

elevated temperature. The samples w e r e  then placed i n  a container 

and a vacuum drawn fo r  a period of 24 t o  7 2  hours. The samples 

w e r e  then submerged i n  water and permitted t o  sa tura te  a t  

atmospheric pressure a prblonged period of t i m e ,  ranging 

from several  days t o  

to r e s u l t  i n  the sa tura t ion  o 5 to 98% of ,the connected 

pore space. acuoles and other  pore spa arated from the 

pore s t ruc tu re  

the  purpose 

of the porosi ty  of the rock. 

e ra1  weeks. This procedure can be expected 

The sa s w e r e  weighted a s 

spaces saturated with water. For 

large vacuoles nt, it was necessary 

plugs i n  t h i n  p l a s t i c  film t o  prevent the water from draining. 
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out during measurements. 

The volume of each sample was determined i n  two ways. The 

volume is  determined approximately by measuring the dimensions 

of the sample and calculating the volume. A more exact determina- 

t i o n  of volume was made by weighing each sample while suspended 

i n  a beaker of water. The  loss of weight w i t h  respect t o  measure- 

ments made on the wet samples i n  a i r  represents an exact 

determination of sample volume. From these various determinations 

of  weight and volume, e f fec t ive  porosity for  the water saturat ion 

method was calculated, as  w e l l  a s  bulk and gra in  density. 

Res is t iv i tv  Measurements 

Two sets of r e s i s t i v i t y  measurements w e r e  made. In  the 

first set, the samples w e r e  saturated with d i s t i l l e d  water. 

The r e s i s t i v i t y  was then measured using a two-terminal method, 

i n  which the resis tance t o  current f l o w  through the sample was 

observed. The two-terminal method of measuring resis tance is 

very convenient, but is sometimes subject t o  e r ro r s  caused by 

contact res is tance a t  the ends of the samples. Experiments 

indicated t h a t  the amount of e r r o r  caused by t h i s  contact 

res is tance is  a few ohms. The r e l a t ive ly  high r e s i s t i v i t y  of the 

volcanic samples combined w i t h  the use of samples with a high length 

t o  diameter r a t i o  minimized the  e r ro r  caused by contact resistancs.  

It almost cer ta in ly  d id  not exceed 1 or  2% of the measured 

resis tance value. 

The r e s i s t i v i t y  was computed from measured resis tance 

and the dimensions of the samples. 

After  measurements w e r e  made with d i s t i l l e d  water in  the 

pores, the  samples w e r e  dr ied and resaturated with a l-normal 

. 
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solut ion of sodium chloride. 

second time f o r  t h i s  higher s a l in i ty .  

measurements is  as  follows. When samples w e r e  taken from the 

f i e l d ,  no information was available about the  s a l i n i t y  of the 

o r ig ina l  water content. When the  samples w e r e  dried, it is 

obvious t h a t  any or ig ina l  s a l t  in  the pore spaces would have 

remained. On resaturat ion,  t h i s  s a l t  w i l l  go back i n t o  solut ion 

and possibly contribute s ign i f i can t ly  t o  the  s a l i n i t y  of the  

water i n  a pore space. 

sample saturated with d i s t i l l e d  water and then with samples 

saturated with a known solution, the amount of or ig ina l  s a l i n i t y  

can be calculated,  and i f  necessary, a correction can be made 

t o  the  second measurement of r e s i s t i v i t y .  The data have indicated 

t h a t  o r ig ina l  s a l i n i t i e s  i n  the pore space amount t o  less than 

1% of a 1-normal solut ion and so are  negligible i n  t e r m s  of 

R e s i s t i v i t i e s  were determined a 

The need for  the two 

By making measurements f i r s t  with the 

a f fec t ing  t h e  accuracy of the second measurement. 

l i ke ly  t h a t  the  o r ig ina l  s a l i n i t y  ac tua l ly  represents cation 

exchange capacity of the  rocks ra ther  than s a l t s  present i n  

the  rocks. This is reasonable, inasmuch a s  a l l  samples were 

surface samples which have probably been washed clean of s a l t s  

by r a i n f a l l .  

It  i s  

The conventional means of correlat ing r e s i s t i v i t y  measure- 

ments with porosity consis ts  of forming a quantity known as 

formation factor.  The formation fac tor  is the  r a t i o  of the 

bulk r e s i s t i v i t y  of a rock t o  the  r e s i s t i v i t y  of the solution 

sa tu ra t ing  its pore spaces. I f  measurements a re  done correct ly ,  

t h e  formation fac tor  is independent of the s a l i n i t y  of the water 

i n  the  pore spaces, and represents the geometric d i s t r ibu t ion  of 

e l e c t r i c a l  conduction paths through the  rock. It has been 
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observed t h a t  i n  ordinary o i l  and gas reservoir  rocks, such 

as limestones and sandstones, the formation fac tor  is simply 

re la ted  t o  porosity through an empirical re la t ionship known 

as Archie's Law: 

F = a j f "  

Here, the symbol fl indicates  the f rac t iona l  pore space, F is 

the formation fac tor  as  defined above, and the parameters a 

and m a r e  derived empirically t o  make the expression f i t  a 

given set  of observed data,  Normally, for  c l a s t i c  rocks, the 

coef f ic ien t  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  a re  

p lo t ted  t o  logarithmic coordinates, Archie's Law w i l l  be 

represented by a s t r a i g h t  l ine ,  To test  whether o r  not A r c h i e ' s  

Law reasonably represents the measurements on volcanic rocks, 

such p l o t s  have been prepared fo r  5 of the 6 rock s u i t e s  studied 

and a re  included i n  t h i s  report  a s  Figures 1 through 5 ,  On each 

of these p lo t s  a so l id  l i n e  is drawn representing Archie's Law 

f o r  maximum reasonable values of the  parameters a and m, which a re  

1.0 and 2.0, respectively, It  is important t o  note t h a t  i n  a l l  

cases the  values of formation factor  measured on these volcanic 

rocks are  considerably higher than the highest values observed 

for c l a s t i c  rocks over the same porosity range. This means t h a t  

fo r  a given porosity and for  a given water s a l i n i t y ,  the electriciJ 

r e s i s t i v i t y  of a volcanic rock w i l l  be 3 t o  10 t i m e s  higher than 

a s imi la r  c l a s t i c  rock, 

Measurements of Acoustic Wave Speed 

. 

Acoustic wave speeds for  both compressional and shear 
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modes of transmission were a l so  determined on each of the 

samples. The measurements were made by mounting a sample i n  

a core holder i n  which piezoelectr ic  transducers were pressed 

against  each end of the sample. The transducers a t  one end 

w e r e  excited with an e l e c t r i c  pulse t o  generate an acoustic 

wave, and the a r r i v a l  of t h i s  acoustic wave a t  the other 

end of the sample was detected with the second set of trans- 

ducers. Two sets of transducers could be used, one of which 
excited compressional waves t r ave l l i ng  along the sample, and 

the  other  which excited tors ional  waves t rave l1  

sample. 

the  other  end of the  sample a re  displayed on a two-trace osc i l lo -  

scope. 

is determined by moving the  time base on the received s igna l  
u n t i l  the  i n i t i a l  o acoustic vibrat ion coincides with 

the in s t an t  of t r an  

can be read t o  a tenth of a microsecond. 

The transmitted pulse and the vibrat ions received a t  

The t r a v e l  t i m e  for the acoustic waves through a sample 

The system is cal ibrated 

f o r  delays i n  transmission which may take place a t  e i t h e r  end of - 

t he  sample by making measurements on materials with precisely 

known acoustic wave speeds, such a s  h a l i t e  and other c rys t a l l i ne  

materials. 

ely. The frame 

pressure is  controlled by a hydraulic ram which compresses $he 

transducer pads against  the  two e The e n t i r e  

confining pressure on t h e  sample is then controlled 
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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. 

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. 

ship would plot as a straight line if porosity and velocity 

are plotted to linear co-ordinates. 

The travel time is 

Wyllie's relation- 

We soon realized that the measurements we have made did 

not fit well with the Wyllie relationship and so have not 

presented such plots. Instead, 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 
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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. 

wave with porosity, these apparent changes may be in part a 

Because of the very small change in 

consequence of experimental error. The incompressibility of a 

sample can be expected to decrease with 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 Properties. 

At the time this report is being prepared, only an exper- 

imental effort has been done in making measurements of the 

properties of tbese samples as a function of temperature. The 

immediate objective is to devise equipment and a measurement 

scheme which will permit reliable determinations of physical 

properties at t atures between 

laboratory boiling point. 

a relatively minor problem. 

Temperature control appears to be 

In the acoustic wavespeed measurements, 
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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, 

Hassler sleeve core holder for the resistivity measurements. 

At present, we have developed a nonmetallic 

In the Hassler sleeve, a core is mounted inside a rubber tube 

which in turn is contained within a rigid 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 maze 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 rubber tube 

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, the sample 

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 local heating. 

An advantage of microwave heating is that it introduces the 

desired amount of energy uniformly through the sample as it is 

irradiated. 

heat from the outside of the sample to the center and this can 

be very slow. 

Other heating processes require conduction of 
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To date, measurements have been carr out on only a 

single sample as a function of temperatur 

measurements, the resistivity decreased by actor of approxi- 

mately 3 over the temperature range from 20' C. to 97' C. With 

further heating, the resistivity increased as water was con- 

verted to steam in the pore space. At this stage, no effort 

was made to make careful determinations of the steamwater ratio. 

It should be pointed out that the variation in 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 betwe,en the electrolyte 

and the rock framework were expected, and none was apparent. 

A similar set of measurements of acoustic wavespeed was 

For the resistivity 

made on a single sample as th 

20' C. to the boiling'point. 

compressional wavespeed did not change by more 

the boiling point was reached. 

small change' in compressional wavespeed was observed. 

emperature was raised from 

Somewhat to our,surprise, the 

han 1% until 

On dehydration,. a relatively 

' 3  , i  

volcanic rock ments will be 

wavespeeds and' formatio 

and steam saturation However I 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. 

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. 

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. 

ments of the change in resistivity as steam displaces water in 

the pore spaces of these samples. 

However, when pore space 

The 

Thus, we plan to make careful measure- 
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Figure 1, Scat ter  p l o t  o f  formation f a c t o r s  and p o r o s i t i e s  
for  samples gather i n  the  Snake River Plain 
vo lcan ic  f i e l d .  The s o l i d  l i n e  i s  Archie's law 
f o r  mz 2 and a= 1. 
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F i g u r e  2. S c a t t e r  p l o t  o f  f o r m a t i o n  f a c t o r s  and p o r o s i t i e s  
f o r  samples g a t h e r e d  on t h e  Modoc P l a t e a u  v o l c a n i e  
f i e l d  i n  Oregon. The s o l i d  l i n e  i s  A r c h i e ' s  l a o  . 
f o r  m= 2 and a= 1. .  
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LOG-LOG PLOT OF FORSl'hTION FACTOR VS POROSITY 

ROCK SUITE OC 

Figure 3. Scat ter  p l o t  o f  formation f a c t o r s  and p o r o s i t i e s  
f o r  samples gaffered i n  t h e  Cascade Range of  Oregon. 
The s o l i d  l i n e  i s  Archie's law f o r  m= 2 and a= 1. 
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LOG-LOG PLOT O F  FORMATION FACTOR VS POROSITY 

ROCK SUITE N 

Figure 4.  Sca t ter  p l o t  o f  formation f a c t o r s  and p o r o s i t i e s  
f o r  samples o f  vo lcan ic  rock obtained i n  centra l  
Nevada. The s o l i d  l i n e  i s  Archie's  law for m= 2 
and n= 1. 
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Scatter plot of formation factors and porosities 
f o r  samples f r o m  the Columbia Plateaus volcanic 
f i e l d .  The solid line is Archie's law for  m= 2 
and a= 1, 
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Figure 6 .  Sca t ter  p l o t  o f  compressional wavespds  and 
p o r o s i t i e s  f o r  samples from the  Modoc Plateau 
vo lcan ic  f i e l d .  The v e r t i c a l  s c a l e  i s  i n  
microseconds per f o o t .  
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Figure 7. Scatter plot o f  compressional wavespeeds and 
porosities for samples f r o m  the Cascade Range 
in Oregon. 
per foot. 

The vertical scale is in microseconds 
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Figure 8.  Sca t ter  p l o t  o f  compressional wavespeeds and 
p o r o s i t i e s  f o r  vo lcan ic  samples from centra l  
Nevada. The v e r t i c a l  s c a l e  i s  i n  microseconds 
per  f o o t .  
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igure 9. Scatter plot o f  compressional wavespeeds and 
porosities f o r  volcanic samples from the Snake 
River Plain. The vertical scale is in microseconds 
per f o o t .  
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Figure 10. Scat ter  p l o t  of  compressional wavespeeds and 
p o r o s i t i e s  f o r  vo lcan ic  samples from the  Columbia 
Plateaus.  The v e r t i c a l  s c a l e  i s  i n  microseconds 
per f o o t .  

. 
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Figure 11. Scatter plot o f  shear wavespeeds and porosities 
for samples f r o m  the Cascade Range in Oregon. 
The v e r t i c a l  scale is  i n  microseconds p e r  f o o t .  
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F i g u r e  12. S c a t t e r  p l o t  o f  shear wavespeeds and p o r o s i t i e s  
f o r  samples f rom t tef lodoc P l a t e a u  V o l c a n i c  F i e l d .  
The v e r t i c a l  s c a l e  i s  i n  microseconds per  f o o t .  
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Figure 13. Scat ter  p l o t  o f  shear wavespeeds and p o r o s i t i e s  
f o r  samples from t h e  Snake River P la in .  
v e r t i c a l  s c a l e  i s  i n  microseconds per f o o t .  

The 
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Figure 1 4 .  Scatter plot of shear wavespeeds and porosities 
f o r  samples from the Cascade Range o f  Oregon. 
The vertical scale is in microseconds per f o o t .  
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