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ABSTRACT 

This paper reports on a continuing experimental 
effort to characterize the adsorption behavior of rocks 
from The Geysers steam field in California. We show 
adsorption results obtained for 36 rock samples. All 
of the adsorption isotherms plotted on the same 
graph exhibit an envelope of isothenns. The minimum 
and the maximum values of the slope (or rate of 
adsorption) and of the magnitude within this 
envelope of isotherms belonged to the UOC-1 
(felsite) and NCPA B-5 (serpentine) samples. The 
values of surface area and porosity, and pore size 
distribution for 19 of the samples indicated a very 
weak correlation with adsorption. An interpretation of 
the pore size distributions and the liquid saturation 
isotherms suggests that the change in the slope and 
the magnitude of the adsorption isotherms within the 
envelope is controlled primarily by the physical 
adsorption mechanism instead of capillary 
condensation. Grain-size and framework grain to 
matrix ratio are found to be insufficient to 
characterize this adsorption behavior. An accurate 
identification of the mineralogy of the samples will be 
essential to complete this analysis. 

INTRODUCTION 

In general, geothermal systems can he categorized as 
liquid- or vapor-dominated reservoirs depending on 
liquid water saturation level. In liquid-dominated 
systems, the resident fluid is mostly hot liquid water 
while it is mostly saturated or superheated steam in 
vapor-dominated systems. Vapor-dominated systems 
are the most attractive commercially because of their 
high energy content. Examples of such systems are 
Larderello, Italy and The Geysers, CA. The focus of 
this study has been on The Geysers geothermal field 
in California. 

In an early attempt to explain the source of The 
Geysers geothermal reservoir, White (1 973) 

suggested that liquid might either be supplied from 
an external water aquifer or exist at an adsorbed state 
in pore space. Since further research has failed to 
prove any evidence of such an external water source, 
the phenomena of adsorption is the more likely 
mechanism. If this is the case, then it is very 
important to identify and to measure the quantity of 
so called “adsorbed water” in the reservoir in order to 
forecast correctly the production capacity and the life 
of the reservoir. Moreover, the effects of this 
phenomenon must be accounted for when designing 
a proper reinjectiodproduction process in The 
Geysers since both fluid transport and storage will 
depend on how strong such effects are. 

Although the hndamentals of the adsorption 
phenomena has long been well known and the body 
of the literature on the subject of adsorption at low 
temperature is large, the studies regarding adsorption 
at high temperatures are limited. Previously, a 
number of experimental and theoretical attempts were 
made at Stanford in order to measure the amount of 
adsorbed water and to improve the understanding of 
the adsorption behavior at The Geysers field. In 1980, 
Hsieh constructed a BET (Brunauer, Emmett and 
Teller) type of sorptometer and conducted adsorption 
experiments with Berea sandstone core and 
unconsolidated silica sand. His results showed that 
adsorption behavior is affected by temperature and 
that steam adsorption is a possible water storage 
mechanism (Hsieh and Ramey, 1983). Later, 
Luetkehans (1 988) improved this equipment and 
conducted more experiments with Berea sandstone as 
well as with geothermal rock samples. Due to the 
excessive leaks that occurred during the long 
equilibrium times required when using core samples 
with very low porosity and permeability, the accuracy 
of these results were questioned. This problem was 
also encountered by Herkelrath et al. (1983) and 
Herkelrath and O’Neal(l985) in the studies of steam 
flow in porous media and nuclear waste disposal. 
Previous studies indicated the need for a better 
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apparatus that could provide a better control of 
experimental errors. 

After the acquisition of an improved, computer 
automated, high temperature adsorption equipment, 
Harr (1991) and Shang at al. (1994a,b) reported a 
number of preliminary adsorption measurements on 
tight rock samples. Additional experimental results 
for the rock samples from The Geysers field were 
reported recently by Satik and Horne (1995). A 
comparison of the results obtained at 80, 100 and 120 
"C showed that the effect of temperature is negligible 
on the adsorption cycle whereas it is of significance 
during the desorption. The results of Satik and Home 
(1995) also revealed another interesting feature. 
Adsorption behavior for a few samples randomly 
selected at the various locations in The Geysers 
showed a possible adsorption envelope ranging from 
a low-valued curvilinear to a large-valued linear type 
of isotherms. The cause of these changes in the 
adsorption behavior was unclear. These results 
indicated the need for further research to understand 
and to characterize this behavior, which then led us 
to a more detailed and systematic study. The ultimate 
goals of this project are to ascertain if a correlation 
exists between adsorption behavior and intrinsic 
chemical and physical properties such as mineralogy, 
permeability and porosity, and to conduct an 
adsorption survey of the Geysers field if such a 
correlation exists. 

In this paper we report the continuing experimental 
effort towards this final goal. First, we discuss the 
general geologic condition at The Geysers and 
describe the main rock types. Next, we shall explain 
the methodology followed during the process of 
sample selection. Following this, we give a brief 
description of the experimental apparatus and 
procedure. Finally, we discuss the results of the 
adsorption experiments conducted for The Geysers 
samples selected for this study. 

GEOLOGIC SETTING OF CORES 

General GeoloPic Condition at The Gevsers 
The Franciscan Assemblage in the vicinity of The 
Geysers is well-known and described in numerous 
publications in detail that will not be repeated here 
(e.g.: Bailey et al., 1964; McLaughlin and Donnelly 
(editors), 1981; GRC Special Report 17, 1992). At 
The Geysers, the Franciscan Assemblage occurs as a 
sequence of tabular, stratigraphically continuous, 
slabs bounded by thrust faults known to some as 
"thrust packets" which dip eastward (Thompson, 
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1992). These were intruded by a composite, shallow, 
granitic Quaternary pluton of batholithic proportions 
thought to underlie an area of approximately 40 to 50 
square miles beneath The Geysers. 

A large portion of The Geysers geothermal reservoir 
is within a thick, areally extensive body of 
metamorphic, graywacke sandstone. This body of 
metagraywacke can be subdivided into turbidite 
deposits of deep water submarine fans. In the Central 
portion of The Geysers, the metagraywacke section is 
often composed of massive, medium to coarse- 
grained proximal sandstone turbidites. In the 
Northwest Geysers, the metagraywacke units become 
thinner and finer grained, with intervals of siltstone 
and argillite interbeds, and other stratigraphic features 
characteristic of distal turbidite sequences (Sternfeld, 
1989). The metagraywacke reservoir is interrupted 
by tectonically mixed units of rocks known as 
"melange" in the Northwest Geysers, and greenstone 
in the Southeast Geysers. The vast majority of steam 
entries in Geysers wells, however, occur in 
metagraywacke. 

In the Central and Southeast Geysers, ophiolitic 
sequences of Franciscan greenstone, chert and 
serpentinized peridotite are the thrust packets which 
outcrop and form the caprock to much of reservoir. 
In portions of the Northwest Geysers. However, 
metagraywacke both outcrops and forms the entire 
geothermal reservoir section; the difference being that 
the metagraywacke "caprock" does not have an open 
fracture system, and the reservoir graywacke does. In 
the Northwest Geysers, the metagraywacke section 
above the pluton is believed to be at least 11,000' 
thick. In the Southeast Geysers where the pluton is 
shallowest (now at -500 feet subsea elevation), the 
overlying metagraywacke section is as thin as 3500' 
thick. Here, the pluton was intruded sufficiently 
shallow into the crust so that the fracture system 
caused by the pluton reached the surface causing 
venting, decompression, boiling and convection 
(Walters et al., 1988). 

Felsite 
The term "felsite" is a general term applied to light- 
colored igneous rocks, and used locally to designate a 
large, granitic intrusive complex of batholithic 
proportions which is known to underlie The Geysers. 
An extensive study on this pluton has been reported 
in Hulen and Walters (1 994). 

The three major rock phases recognized by Hulen and 
Walters (1 994) to underlie the Central and Southeast 
Geysers are: Hornblende-p yroxene-biotite 
granodiorite, leucocratic biotite microgranite 



porphyry and orthopyroxene-biotite granite. The 
shallowest major felsite phase is rhyolite porphyry. 
Orthopyroxene-biotite granite dominates the top of 
the felsite in the Central Geysers. This granite is 
apparently a high-silica (77%) variety, though its 
composition has clearly been modified in part by 
hydrothermal alteration. Apparently the youngest and 
certainly the most mafic of the three major felsite 
phases is a distinctive, dark-colored granodiorite 
occurring at depth in the eastern portion of The 
Geysers. A core from this intrusive phase contains 
67% Si02; thus it appears chemically to be a true 
granodiorite. 

The intrusion of the felsite may have created both the 
vertical and horizontal fracture permeability and the 
basic "plumbing" needed to integrate pre-existing 
fractures remaining from the Jurassic-Cretacous 
subduction. Tertiary uplift and Quaternary tectonism 
of the San Andreas Fault Zone. A s  discussed by 
Sternfeld (1989), there is a strong coirelation between 
occurrences of five major steam anomalies delineated 
by Thomas (1 98 1) and the shallowest occurrences of 
steam underlain by the shallowest known occurrences 
of the felsite (Hebein, 1986). Many of the larger wells 
are also in close proximity to the drilled apices of the 
felsite. 

The Geysers felsite is the basement rock in the 
Southeast and Central portions of The Geysers 
geothermal reservoir and is also the probable 
"basement rock" in the Northwest. More than 60 
deep geothermal wells have penetrated the felsite. 
The overlying metagraywacke is thermally 
metamorphosed to a distance of 1000' to 2500' by the 
felsite throughout The Geysers (Walters et al., 1988; 
Sternfeld, 1989). The drilling data indicate that the 
thickness of The Geysers felsite mqy exceed 10,000 
feet. 

Metapravwacke 
The reservoir rock at The Geysers is often called 
"graywacke", or the "main graywacke"; however this 
name belies the fact that the reservoir rock is 
primarily metagraywacke and has lost the 
petrophysical values associated with sedimentary 
sandstone. Previous analysis of cores from The 
Geysers reservoir show that the graywacke sandstone 
and intercalated shale have been metamorphosed to 
metagraywacke and argillite; that intergranular 
porosity has been reduced to almost nil; and that 
measurable porosity and permeability is in 
microfiactures, along welded grain contacts, and in 
dissolution pores. 

The Geysers "graywacke" is, in fact, a pumpellyite- 
grade metagraywacke with a weak and localized 
textural fabric (Type I+) described by Blake et al. 
(1  967), and McLaughlin (1 98 1). Although the 
textural and mineralogic grade of the metagraywacke 
is "weak" by petrographic standards, the 
metamorphism has had a significant effect on the 
porosity and permeability of the original graywacke 
sandstone. The Geysers "graywacke" should be 
classified as metagraywacke for petrophysical 
purposes after the usage of Hulen et al. ( 1  99 1) when 
discussing its reservoir properties. 

Graywacke is a subclass of sandstone. It consists of 
sand grains of quartz, feldspar and rock fragments 
embedded in a well-indurated dark gray to black 
clayey matrix. Matrix percentages greater than 15% 
are common and often exceed 50% of the total rock. 
Graywacke is composed of two components: 
framework grains and matrix material interstitial to 
the framework grains. 

Framework grains range widely in size, from pebble 
to sand to silt particles (64mm to O . O l m m ) ,  and in 
composition. They are primarily quartz and feldspar 
with trace to minor accessory minerals such as 
epidote and biotite. Polymineralic rock fragments 
include greenstone, argillite, and chert. Most detrital 
grains are subangular to subrounded in shape. 

Graywacke matrix is not a homogeneous 
monomineralic cement. It is an extremely 
inhomogeneous paste composed of many 
constituents. The most common are: silt-sized 
framework grains; incompetent lithic fragments such 
as greenstone which have been crushed and squeezed 
between competent framework grains; silica cement; 
and phyllosililcates cements including illite, 
montmorillonite, sericite and chlorite. 

A fundamental aspect of the framework grain to 
matrix ratio is that the proportion of the matrix 
material increases as the size of the framework grains 
decreases. Thus, fine to very fine graywackes will 
appear more argillaceous because greater than 50% of 
the rock may be composed of matrix paste. Coarse- 
grained graywackes, characterized by matrix 
percentages of less than 20% will appear to be cherty 
or siliceous. In actuality, the matrix paste is an 
admixture of clay cement and silica cement. It has a 
siliceous appearance because both silica and 
crystalline clay minerals are colorless at high 
magnification under a microscope. When the matrix 
material is primarily argillaceous, and the grains 
range from 0.01 to 0.05 mm, the rock is classified as 
argillite. Argillite is therefore an "end member" of the 
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metagraywacke-argillite facies, as shale is an "end 
member" of the sandstone-shale facies. 

METHODOLOGY 

Sample Selection 

The Geysers reservoir is a 1000 m to 3500 m thick 
section of Mesozoic metagrawacke with an area of 
about 75 sqkm which has been intruded by a 
Quaternary granitic body of batholithic proportions 
locally known as "the felsite". More than 85% of the 
reservoir volume and steam resource are in the 
metagraywacke and granitic intrusive rocks, the 
remainder of the reservoir volume being intercalated 
units of metashale ("argillite"), metavolcanic 
greenstone, and serpentinite which have been 
tectonically mixed with the metagraywacke. The 
metagraywacke is derived from proximal and distal 
turbidite units which range from dark, fine-grained, 
argillaceous rock to light gray, coarse-grained 
litharenites. The essential difference between the 
metagraywacke subtypes is the grain size, and the 
amount of matrix paste which includes sericite 
(illite), chlorite, and smectite. A correlation between 
these lithologic differences in the metagraywacke the 
adsorption behavior is sought. 

36 samples of core at 18 locations in the vapor- 
dominated reservoir at The Geysers were selected for 
adsorption measurements. These samples were 
selected to represent the variations in lithology 
across the reservoir so that the measurements can be 
used to define the adsorption properties of each 
significant rock type, and to determine if correlations 
with adsorption can be made with depth, geologic 
structure, and other physical properties including 
porosity, surface area, and pore structure. 

Distribution of the samples selected for this study 
were as follows: thirteen silty to fine-grained, twelve 
medium-grained and five medium to coarse- 

grained, lithic metagraywacke samples of core were 
selected within metagraywacke. There are three units 
known within the felsite intrusive complex: a biotite 
granite being areally most extensive at the top of the 
pluton; a granodiorite apparently predominant at 
depth, having assimilated the biotite granite;-'and a 
rhyolite porphyry. One sample from each of these 
three felsite units were selected. Argillite is an end 
member of the graywacke-argillite facies in the same 
manner as shale is an end member of the sandstone- 
shale facies. One argillite sample of core was 
selected. Finally one sample of greenstone and one 
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sample of serpentine were also included. The Geysers 
steam field is elongated along a NW-SE axis. The 
geographic distribution of the 36 samples is weighted 
toward the center of the field where the large number 
of wells are drilled: nine samples from Northwest 
Geysers, 19 samples from Central Geysers and eight 
samples from Southeast Geysers. 

Experimental Apparatus and Procedure 
Our experimental apparatus is a computer-automated, 
high temperature sorptometer (built by Porous 
Materials, Inc.). Details of the experimental apparatus 
and procedure were given in Satik and Home (1 995). 
Briefly, it consists of three isolated chambers 
(electronics, top and sample chambers), a computer 
system and a vacuum pump. All of the electronics 
that control the operation are located inside the 
electronics chamber, which is kept at room 
temperature. The top chamber consists of a set of 
valves, transducers and thermocouples, a steam 
vessel, a heater and a fan. This chamber is kept at a 
temperature higher than the experiment temperature 
(currently up to 150 "C). Finally, the third chamber is 
the sample chamber where a sample tube container is 
located. The sample chamber has a separate heating 
system such that it can be kept at the experiment 
temperature. A control software loaded in the 
computer system is used to operate and carry out 
sorption experiments. 

Since the equipment is computer-automated, the 
experimental procedure is simple. Normally, an 
operator only needs to load the sample and start the 
control software. The remaining experimental 
procedure is carried out under computer control. 
Before each experiment, a new sample is outgassed 
under vacuum for 10-12 hrs. at 180 "C. Then, the 
procedure summarized in Satik and Home (1995) is 
followed to obtain points on an adsorption or a 
desorption isotherm. 

Due to the physical configuration of the sample cell 
(a steel U-tube with inner diameter of 9.65 mm), 
before starting each experiment, the rock (core) 
samples to be used are normally crushed into smaller 
pieces (particle size of 0.355 mm or larger). This 
procedure raises an important question regarding the 
sensitivity of the results to the particle sizes. 
Therefore, in order to address this point adsorption 
experiments have been carried out with crushed rock 
samples sieved at four different mesh ranges (particle 
sizes of up to 2 mm, 0.833-2 mm, 0.355-0.833 mm 
and 0 .104-0 .355~) .  The adsorption curves 
obtained for the samples with particles of sizes of 
0.355 or larger are similar while it differs 
significantly when the particle size are between 0.104 



and 0.355 mm (Figure 1). These results suggest that 
the use of crushed samples that 
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Figurel. The effect of particle size oti adsorption. 

contain particles of at least 0.355 mm large is 
appropriate to represent the overall adsorption 
behavior. Moreover, the adsorption equilibrium time 
could be extremely long for tight core samples, such 
as from The Geysers, with porosities of order of a few 
percent. Use of moderately ciushed samples 
conveniently reduces the experiment run time and 
reduces the danger of leaks. 

DISCUSSION OF RESULTS 

Sorption experiments were carried out towards the 
final goal of conducting an adsorption survey of The 
Geysers geothermal field. 36 samples were selected 
by following the methodology outlined above. 
Although both adsorption and desorption isotherms 
have been obtained experimentally at 120 "C for all 
of The Geysers samples selected, we discuss only the 
adsorption isotherms in the scope of this paper. 
Analysis of the desorption isotherms will be given in 
a hture paper. 

After the adsorption experiments were completed for 
all of the samples, measurements of surface area, 
porosity, pore size distribution and grain density were 
Table 1 : Summary of the results 

also performed on the same samples at a commercial 
laboratory. A summary of all of the results are given 
in Table 1. All of the sorption data obtained in our 
laboratory are currently accessible to the public 
through the Internet. Our World Wide Web page 
URL address is: http://ekofisk.stanford.edu/geoth/ads- 
data.htm1. 

In Figure 2, the adsorption isotherms obtained from 
the sorption experiments for all of the 36 samples 
selected for this study are shown. The figure shows an 
envelope created by the end-point isotherms of UOC- 
1 and NCPA B-5 samples. The slope and the 
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Figure 2. Results of the adsorption experiments for 
the 36 Geysers samples. 

magnitude of these isotherms within the envelope is 
the largest for NCPA B-5 and the smallest for UOC-1 
while all of the other isotherms fall within these two 
curves. NCPA B-5 is the only core sample of 
serpentine and its lithologic description (Table 1) is 
serpentine, serpenitized very fine-grained 
metagraywacke and silty-textured argillite, all of 
which.are expected to have a very strong adsorptive 
behavior. On the other hand, UOC-1, leucocratic 
rhyolite p6rphyry (high silica granite), is one of the 
three felsite samples selected for this study. 
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The adsorption isotherms given in Figure 2 include 
contributions from both surface (physical) adsorption 
and capillary condensation mechanisms of the 
adsorption phenomena. To analyze these results, 
some information about the contributions of each of 
the two mechanisms to the total amount adsorbed is 
needed. The first mechanism is related to the 
chemical and/or mineralogic composition of the rock 
while the second is mainly controlled by the 
topology of the rock (porosity, pore size distribution 
etc.). Shown in Figure 3 are the 
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Figure 3. Pore size distributions for the 19 Geysers 
samples obtained from the mercury intrusion 
experiments. 

volumetric fraction vs. pore diameter value curves 
for 19 samples, excluding all of the samples (surface 
area and porosity measurements on the samples are 
pending). These results were obtained from the 
equilibrated-step mercury intrusion experiments 
conducted at a commercial laboratory. In Figure 3, 
the volumetric fraction denotes the ratio of the total 

mercury injected (in volume) at a pore diameter step 
to the total cumulative mercury injected (in volume) 
at the smallest pore diameter. The total cumulative 
volume of mercury injected at the smallest pore 
diameter is also the total pore volume within the rock 
detected by this method. The smallest value of the 
pore diameter obtained from these experiments is 
about 0.003 micrometer which requires a mercury 
pressure of as high as 60,000 psia. 

In order to have a direct comparison, the rock 
samples used for adsorption measurements were also 
used for the mercury injection experiments. As 
discussed above, all of these rock samples were 
previously broken into smaller pieces (gravel-sized) 
before the adsorption experiments were conducted. 
However, we must note that the breaking process 
must have increased the external surface area, which 
in turn has increased the accessibility of pore space. 
Therefore, the total pore volume and the porosity 
values (see Table 1) obtained from the mercury 
injection experiments should represent the absolute 
rather than the effective values. The effective values 
are expected to be somewhat smaller. Results shown 
in Figures 2 and 3 are consistent. An envelope similar 
to that in Figure 2 is also apparent in Figure 3. Figure 
3 shows that the lowest- and highest-end curves of the 
envelope belong to the samples from Sulphur Bank 
15-D (1430.9 ft) and Prati 5 (6497 ft), respectively. 
The lowest-end 1 curve reads a pore volume 
distribution as follows: 70% by the pores of sizes of 
0.025 micrometer or less, 15% between 0.025 and 7 
micrometer and 15% by the pores of sizes of 7 
micrometer or larger. On the other hand, the pore 
volume distribution for the highest-end curve is as 
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follows: 21% by the pores of sizes of 0.025 
micrometer or less, 32% between 0.025 and 7 
micrometer and 47% by the pores of sizes of 7 
micrometer or large. 

In Figure 4, we show the liquid saturation vs. relative 
pressure curves obtained by using the 
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Figure 4. Liquid saturation vs. relative pressure 
curves obtained for the 19 Geysers samples. 

adsorption isotherms given in Figure 2 and the total 
pore volume values obtained from the mercury 
injection experiments. From the figure, the final 
saturation values at the end of the adsorption cycle 
for Aidlin 6 (8810 ft) and NCPA E3-5 (5300 ft are 
0.147 (at p/po ~ 0 . 9 8 )  and 0.662 (at p/po =0.995), 
respectively. The capillary condensation mechanism 
in pores are traditionally described by Kelvin's 
equation. Simply, this equation provides a 
relationship between a relative pressure and a 
characteristic radius (called Kelvin radius). At any 
capillary condensation stage, steam phase existing in 
all pores with a radius smaller than the Kelvin radius 
will be condensed through the capillary condensation 
mechanism. (Satik and Yortsos, 19915). For typical 
geothermal conditions, one can calculate a Kelvin 
radius value of 0.003 micrometer at p/p0=0.91. The 
radius value of 0.003 micrometer is Iselected because 
it is the smallest pore radius detected by mercury 
injection experiments. At p/p0=0.9 1, the liquid 
saturation values for the samples from Aidlin 6 (8810 
ft) and NCPA B-5 (5300 ft) are 0.05 and 0.6, 
respectively (Figure 4). Therefore, adsorption process 
until at p/p0=0.91 must take place only through the 
physical adsorption mechanism since the capillary 
condensation mechanism simply could not have 
started by the Kelvin equation. Interestingly enough, 
at this relative pressure value, %34 of the total 

adsorption has already taken place for Aidlin 6 (8810 
ft) and %91 for NCPA B-5 (5300 fi). Therefore, we 
conclude that the rate of adsorption (the slope) for the 
isotherms shown in Figures 2 and 4 must be 
controlled only by the surface adsorption mechanism 
which depends mostly on the chemicaVmineralogic 
composition of the rock. 

Figure 5 shows adsorption isotherms normalized 
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Relative pressure 

Figure 5. Surface area normalized adsorption 
isotherms for The Geysers samples. 

with surface area values for the 19 Geysers samples. 
An envelope similar to that in Figure 2 is also 
obtained which suggests that these changes observed 
in the adsorption behavior (the slope and the 
maximum adsorption value) are not caused by the 
surface area. However, surface area values for the 
remaining samples (for which measurements are still 
in progress) are required to fill in this envelope. 

Figures 6 ,  7 and 8 show the adsorption isotherms 
obtained for the samples of fine grained-, medium 
grained- and coarse grained-metagraywacke subunits, 
respectively. A similar envelope with a large variation 
is seen also within the each subgroup of 
metagraywacke. The rate of adsorption (slope of 
isotherm) and the maximum adsorption value are 
expected to be higher for the fine to very 
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Figure 6. Adsorption isotherms for all of the fine 
grained-metagraywacke Geysers samples. 
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Figure 7. Adsorption isotherms for all of the medium 
grained-metagraywacke Geysers samples. 
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Figure 8. Adsorption isotherms for all of the coarse 
grained-metagraywacke Geysers samples. 

fine grained-metagraywacke than for the medium or 
coarser grained-metagraywacke due to the fact that 

coarser samples have more grain than matrix material, 
therefore, they may contain less highly adsorptive 
minerals within the matrix. However, a comparison of 
the isotherms for the samples within the same 
subgroup shows that the grain size is apparently not a 
primary factor causing these changes. On the other 
hand, we believe that mineralogy may still be a key 
factor because samples from the different subunits of 
metagraywacke may actually have comparable 
amounts of highly adsorptive minerals (clays, micas 
etc.) although their matrix-grain ratio values are quite 
different from each other. Some of the most 
adsorptive metagraywacke samples in each subgroup 
are from the caprock, or near the top of the reservoir, 
SB 15-D is an example, and work by Hulen and 
Nielson (1 995) shows that mixed-layer illitehmectite 
is a common vein mineral. This issue can be resolved 
by identifying the mineral contents for each Geysers 
sample and may be achieved by X-ray diffraction 
andor thin-section analysis methods both of which 
are currently under consideration. 

In Figure 9, we show the adsorption isotherms 
obtained from the experiments for the three felsite 

c 

-cA 9584.7842 n 

1 
$ 4  
E - 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Relative pressure 

Figure 9. Adsorption isotherms for all of the felsite 
Geysers samples. 

samples selected from The Geysers. Although we had 
only three samples from the felsite, these isotherms 
seem to agree well with each other and show an 
adsorption behavior similar to silicic metagraywacke. 
The felsite is predominantly plagioclase and quartz 
with relatively less micdclay minerals (having a 
smaller rate of adsorption). However, considering the 
number of the felsite samples used, the agreement 
might well be coincidental. More adsorption 
experiments from the felsite are required to justify 
this. 
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Finally, Figure IO compares the adsorption isotherms 
for the samples from different rock types, 
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Figure IO. Adsorption isotherms jbr  the samples 
representing each rock type in The Geystw. The rock types 
of serpentinite, argillite, greenstone, medium 
grained-metagraywacke and felsite are represented 
by the samples from NCPA B-5, Aidin 8, NCPA C- 
IO, UOC-8 and UOC-I, respectively. 

namely serpentinite (NCPA B-5), argillite (Aidlin 8), 
greenstone (NCPA C-1 0), medium grained- 
metagraywacke (UOC-8) and felsite (UOC-1). As 
expected, the results show that the felsite (UOC-1) 
and serpentine (NCPA B-5) samples demonstrate the 
least and the strongest adsorption behavior, 
respectively, while the greenstone (NCPA C-1 0) and 
argillite (Aidlin 8) isotherms fall between them. 

The total amount of water stored, and the rates of 
steam adsorption and condensation vary between the 
rock types and the subunits of the metagraywacke. 
Serpentinite appears to be the most adsorptive rock 
type and granitic felsite may be the least, with an 
order of magnitude difference betwee:n the two. The 
shapes of some adsorption curves together with 
mercury injection data suggest a bimodal porosity 
structure may exist in the metagraywacke. 

Argillite and fine-grained metagraywacke have higher 
rates of adsorption for given pressures, and store 
several times the amount of water of the coarser 
grained metagraywacke and granitic felsite. The 
northwestern portion of The Geysers reservoir is 
characterized by thick sequences of distal turbidite 
units consisting of argillite anld fine-grained 
metagraywacke. Consequently, the reservoir rocks of 
the Northwestern portion of The Geysers reservoir 
store more adsorbed water than the Central and 
Southeastern Geysers which is dominated by 

proximal turbidites units consisting of medium and 
coarse grained metagraywacke, and granitic felsite. 

Greenstone and serpentinite constitute a small but 
significant portion of the reservoir section in the 
southeastern Geysers. Although the adsorption 
properties of the greenstone do not significantly differ 
from metagraywacke of the proximal turbidite units, 
the serpentinite found in some melange units is much 
more adsorptive. Consequently the lithologic details 
of any particular Geysers well may be important in 
characterizing the overall adsorptive properties of a 
particular portion of the reservoir. 

CONCLUDING REMARKS 

In this paper, we have reported the results of 
adsorption experiments conducted for 3 6 Geysers 
samples. The adsorption results obtained for all of 
the samples exhibited an envelope of isotherms. The 
minimum and the maximum slope (or rate of 
adsorption) and absolute adsorption (the largest value 
attained) values within this envelope belonged to the 
isotherms of UOC-1 (felsite) and NCPA B-5 
(serpentine) samples. Surface area, porosity and pore 
size distribution values for the 19 Geysers samples 
were measured at a commercial laboratory. Each of 
these measured values indicated only a very weak 
correlation with adsorption. Based on the pore size 
distributions and the liquid saturation isotherms, it 
was concluded that the change in the slope and the 
magnitude of the adsorption isotherms within the 
envelope is primarily controlled by the physical 
adsorption mechanism instead of capillary 
condensation. The adsorption isotherms for the 
metagraywacke samples indicate that the grain-size 
and framework grain to matrix ratio are insufficient 
measures to characterize this adsorption behavior. A 
more accurate identification of the adsorptive 
minerals is needed to complete the interpretation of 
the experimental results. 
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