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GEOCHEMICAL BEHAVIOR OF A HOT DRY ROCK GEOTHERMAL RESERVOIR
C. 0. GRIGSBY, FRASER GOFF, P. E. TRUJILLO, and D. A. COUNCE
Earth and Space Sciences Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

INTRODUCTION
Technical feasibility of the Hot Dry Rock (HDR) concept of geothermal-energy extraction was proved in 1978 (Tester and Albright,
1978). Since that time a series of experiments has been conducted in
the first (Phase I) reservoir to assess reservoir performance. The geochemistry of fluids obtained during these early experiments has been
discussed by Grigsby and others (1983) and Goff and Grigsby (1982).
These authors noted that the chemistry of fluids was subtly different
from the natural hydrothermal fluids originating in the nearby Baca
geothermal field, Valles caldera. After additional experiments, and after
obtaining samples of pore fluid from deeper wells at Fenton Hill, the
differences between these two fluids are even more noteworthy than
previously thought. Because of the attention now being focused on the
Valles caldera due to geothermal activities and the growing Continental
Scientific Drilling Program, it is appropriate that the fluid chemistry of
the Fenton Hill pore fluids be contrasted here with the Baca geothermal
waters.

BACKGROUND
The HDR concept of geothermal-energy production involves extracting energy from hot, impermeable rocks by a man-made geothermal
system. First, fracture-flow paths are created by hydraulically fracturing
the rock between two wellbores (Fig. 1). Cold water is pumped down
one wellbore, through the fracture system where it is heated, and up
the second wellbore. At the surface, the hot water is maintained under
sufficient pressure to prevent flashing and the attendant problems of

scale formation. Energy is transferred from the hot water to a refrigerant
that drives a turbine in a separate, closed loop. Fresh water is added
to the cooled production water as required to make up the permeation
losses in the reservoir before it is recirculated through the fracture
system (Smith and others, 1975).
Field-scale investigations of the HDR concept in low-permeability
Precambrian basement rock are being conducted at Fenton Hill, located
on the west flank of the Valles caldera in the Jemez Mountains of
northern New Mexico (Fig. 2). The initial reservoir design consists of
two holes connected by a fractured heat-extraction system that ranges
in depth from 2.5 to 3 km. The first borehole, Geothermal Test-2 (GT2), was drilled in 1974 to a depth of 2.98 km, where the temperature
was 197°C. A second borehole, Energy Extraction-1 (EE- 1 ), was directionally drilled to 3.06 km in 1975. These two boreholes and the
man-made hydraulic fractures connecting them constitute the Phase-I
system. A third well, EE-2, was completed to 4.4 km (14,400 ft true
vertical depth) in 1980, and a fourth well, EE-3, was completed to 4.1
km (13,399 ft) in 1981. This second pair of wellbores constitutes the
Phase-II system that is being developed to demonstrate the reservoir
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lifetimes required for commercial heat extraction. As of the preparation
of this paper, however, the two Phase- wells have not been hydraulically connected. Figure 3 shows a simplified geologic column from
cores and cuttings taken during the drilling of GT-2, EE-1, EE-2, and
EE-3. Superimposed on this figure is an elevation view of the four
wellbores drilled at Fenton Hill. The temperature scale from a background temperature log of EE-2 is also shown in Figure 3.
The Phase-I reservoir originally consisted of a set of near-vertical
fractures that crossed the EE-1 wellbore at 2.75 km (behind the EE-1
casing). The performance of this original system was evaluated by a
75-day heat-extraction test which began on January 28, 1978 (Tester
and Albright, 1978; Albright, 1978; Murphy, 1978; Grigsby and Tester,
1978). Following this test, the EE-1 casing was recemented and refractured, and a new, larger reservoir was formed with an injection
point at 2.93 km in EE-1. The production zones for the enlarged reservoir were the same zones that were active during the 75-day test of
the smaller reservoir. Preliminary evaluation of the enlarged reservoir
was accomplished during a 24-day heat-extraction experiment that began on October 23, 1979 (Murphy, 1980; Murphy and others, 1981).
More extensive testing of the enlarged reservoir ran for 280 days from
March 10 to December 16, 1980. Results of this extended test are
described by Zyvoloski (1981). A summary of the entire Phase-I experience is given by Dash and others (1983). Nominal values of various
Phase-I operating conditions are given in Table 1.
Fluid samples from EE-2 and EE-3 have been collected during various
experiments and workover operations. Three types of samples have
been collected: (1) downhole samples collected at in-situ temperature
and pressure using a one-liter high-temperature-fluid sampling tool developed by Los Alamos; (2) vent samples that result from the return of

fluid that has been pumped downhole in a fracturing experiment; and
(3) bottoms-up samples from reverse-circulating a wellbore to remove
fluid that has been sitting in a wellbore prior to conducting workover
operations (Fig. 4). Vent samples are typically collected at the liquid
outlet of a steam separator, and they require correction for flashing.
Bottoms-up samples have been cooled by counter-current flow of cold
water as shown in Figure 4.

FLUID GEOCHEMISTRY
Fluid samples (except for the EE-3 reverse-circulation samples) were
collected according to procedures described previously by Grigsby and
others (1983). The EE-3 samples that were not collected according to
those procedures are "grab" samples that were filtered and acidified or
diluted in the laboratory after a 24-48-hour delay. Results of these
various analyses are reported in Table 2.
The predominant ions in solution are Na', C1 , and HCO , with
, Ca', and SO, also present in significant concentrations. Important
minor or trace elements are B, As, F, and Br. The high concentrations
of all species, especially in the relatively undiluted EE-3 bottoms-up
samples, are significant in that these are the most concentrated fluids
ever observed in the Jemez Mountains (see Trainer, 1974; Goff and
Grigsby, 1982; White and others, this guidebook). Because of the counterflow heat exchange that occurs in reversing out a well, this fluid
arrives at the surface at temperatures substantially below the boiling
point. There is no concentration effect due to steam loss or boiling.
This is also evident from the low silica concentrations in the bottomsup samples, although it is not clear at this time if some silica from
these samples has polymerized before analysis.
-

3-

-

Because of the addition of fresh make-up water of dilute chemical
composition (i.e., C120 mg//) to the Phase-I injected fluid and of
similar fresh water to the Phase-II wellbores during drilling, workover,
and fracturing operations, uncontaminated samples of formation fluids
have never been obtained. Therefore, it is impossible to calculate the
absolute concentration of species in the pore fluid at this time. Only
the ratios of species can be defined with accuracy. The presence of a
unique formation fluid or pore fluid in the Precambrian rocks is inferred
from several lines of evidence:
(1) Oxygen- and hydrogen-isotope shifts suggest that long-term exchange has occurred between water and the rock;
(2) mixing relationships indicate the presence of a concentrated parent
fluid;
(3) similar behavior of several species in response to changing operational conditions.
Shifts in oxygen- and hydrogen-isotope ratios are shown in Figure
5 for produced, injected, and make-up samples from the 24- and 280-
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day tests of the enlarged reservoir. Make-up samples consist of meteoric
water that is pumped from the base of the volcanic section beneath
Fenton Hill (approximate depth 780 m). These points cluster near the
Craig meteoric-water line as they should (Craig, 1961). Injected fluid
consists of produced fluid plus make-up water just before it is recycled
through the system. Produced fluids (Fig. 5) represent a combination
of pore fluid (formation fluid) that has resided in the reservoir rocks
for extended periods of time and make-up fluid of meteoric composition.
Early samples of the HDR produced fluids show enrichment in 0 of
about 6.5 per mil relative to the make-up fluid. As recirculation continues, the formation fluid is diluted with meteoric water so that the
"steady-state" produced fluid shows only a 1.5-2.0 per mil shift. Likewise, there is a 15-20 per mil shift in hydrogen-isotope ratios in the
early samples, but with time this shift drops to only 5-10 per mil.
18

Also shown in Figure 5 are isotope analyses of samples from the
Baca wells, tapping the deep geothermal system in the Valles caldera
(see paper by White and others, this guidebook, for description of the
major element chemistry in the Baca wells) and from derivative hot
springs which discharge in Callon de San Diego (Goff and others, 1981;
Goff and Grigsby, 1982). The similarity in oxygen- and hydrogenisotope behavior between the Fenton Hill system and the Valles deep
geothermal and derivative fluids, which appears in Figure 5, does not
hold when ratios of other species are considered. Figure 6, for example,
shows two unique mixing relationships between local, surface-meteoric
water, Fenton Hill pore fluid, and Valles geothermal and derivative
fluids. Notice that the ratios of B/Cl and Li/C1 in the Fenton Hill system
are significantly different from the ratios in the Baca fluid. This mixing
behavior is also observed in the Na/Cl and K/C1 ratios, but in these

wo cases the differences between the Fenton Hill samples and the
Valles geothermal samples are not as striking. Possibly, Na and K are
showing minor re-equilibration effects with silicate minerals. However,
the time scale for recirculation is much shorter than the time scale for
re-equilibration (Charles, 1979), and these re-equilibration effects are
masked by recirculation.
Although the in-situ Fenton Hill pore fluid does not display unusual
chemistry compared with representative fluids from other geothermal
systems around the world (e.g., Fournier, 1981, table 4.2), the pore
fluid is roughly three times more concentrated than the Baca geothermal
fluids produced 8 km to the east (White and others, this guidebook).
On the other hand, saline ground waters originating from Precambrian
rocks have been recognized at other regions that do not have associated
thermal anomalies (i.e., Fritz and Frape, 1980). Thus, at this time it
is not entirely clear whether the saline Fenton Hill pore fluids would
normally appear in the underlying Precambrian section or whether their
appearance is somehow induced by heat from the Miocene through
Quaternary volcanism that culminated in the Valles caldera (Gardner
and Goff, this guidebook). We note that saline ground waters from the
Precambrian of the Canadian shield do not show much enrichment in
0 relative to the meteoric-water line (Fritz and Frape, 1980). In fact,
they display a tendency toward D rather than 'sot) enrichment. In contrast, the Fenton Hill pore fluid displays a pronounced 0 enrichment
of 6.5%o, suggesting to us rock—water interactions in a high-temperature
environment. We contend, therefore, that both the Fenton Hill and Baca
fluids are thermally driven by magmatic processes, but have different
histories.
18

18

The similar behavior of ions in the various Fenton Hill fluids can be
seen by defining a dimensionless-concentration scale such that the dimensionless concentration of each species in the pore fluid is 1 while
the dimensionless concentration of each species in the make-up fluid
is 0. The dimensionless concentration <C> is given by
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GEOCHEMICAL MODELING
The evidence discussed in the previous section indicates that a unique
aqueous phase containing dissolved salts is present in the Precambrian
granitic rocks, and this phase is distinct from the Valles geothermal
fluids. Furthermore, this fluid is apparently being added to the fluid
recirculating through the Phase-I system for the entire duration of the
280-day experiment.
The rate at which this fluid is added can be roughly calculated by
considering the increase in concentration of the pore-fluid species in
the circulating fluid as it passes through the downhole system. If we
assume that the pore-fluid composition is constant and that the pore
fluid initially present in the main-fracture system has been completely
flushed out so that no increase in concentration of CI, B, etc. occurs
in the system, then simple mixing of the fluid in the main-fracture flow
path with the pore fluid can be used to determine the relative amounts
of pore fluid and fresh fluid. This mixing relationship is simply expressed as a material balance
(1 — x) Cin + (x) C∞ = Cout

(2)

where x is the fraction of pore fluid in the produced fluid, C is the
injected concentration, and C„„, is the produced concentration. A graph
of x vs. time for the 280-day experiment is given in Figure 8. By
integrating this curve (after changing the flow fraction to a flow rate)
we find that the cumulative volume of pore fluid displaced from the
Precambrian rocks is of the order of 6,700 m 3 (1.8 x 10 6 gal).
m

GEOTHERMOMETRY
Quartz is by far the most reactive mineral under conditions of recirculating water flow past granodiorite samples from GT-2 at 200°C
(Charles, 1979). While quartz is exposed to recirculating fluid, the
aqueous-silica activity is almost completely controlled by quartz dissolution. The solubility of quartz as a function of temperature is well
known (Morey and others, 1962; Kennedy, 1950). Aqueous-silica solutions become metastable as they are cooled and become supersaturated. They do not immediately precipitate silica when the tempertature
is lowered, so the solubility vs. temperature relationship has been used
as a means of estimating equilibration temperatures between quartz and
water in wells and hot springs (Mahon, 1966; Fournier and Rowe,
1966). This quartz-geothermometer relationship is empirically expressed as
T(°C) =

____1309 _____ -- 273.15
5.19 – log10[SiO2]

(3)

where aqueous-silica concentration is in mg//. This equation applies
over the temperature range of 0-250°C, but works best for temperatures
above 150°C.

Another chemical geothermometer that is often used to predict reservoir temperatures is the Na—K—Ca geothermometer (Fournier and
Truesdell, 1973), which predicts the temperature of equilibration from
the ratios of Na/K and Na/Ca. These ratios are set by cation exchange
among the feldspars and feldspar-alteration minerals (particularly at
temperatures above 100°C). The Na—K—Ca geothermometer is written
1647
as
(4)
T (C o ) 
 273.15
log 10 ( Na / K )   [log 10 ( Ca / Na )  2.06]  2.47
where Na, K, and Ca are concentrations in mg/kg, and

  {4 / 3, T  100 o C ;1 / 3, T  100 o C
Because the Na—K—Ca geothermometer depends upon the ratios among
several dissolved species, dilution of a hot fluid containing large amounts
of dissolved Na, K, and Ca with a dilute fluid should not significantly
affect the ratios of the ions. Therefore, the predicted Na—K—Ca temperature should be relatively unaffected by dilution with fresh water.
The calculated Na—K—Ca temperatures range from 190 to 195°C in
samples collected during the 280-day experiment, and these temperatures correspond to the measured initial rock temperature.
Changes in calcium concentration within the system by dissolution
or precipitation of calcite can affect the accuracy of the Na—K—Cageothermometer prediction (Fournier and Truesdell, 1973). If calcite is
precipitating in the reservoir, the rate of precipitation of calcite would
be limited by the rate at which calcium is supplied either by feldspar
alteration or by the make-up fluid. Feldspar alteration is a slow process
relative to the recirculation rate, and the calcium concentration in the
pore fluid is higher than in the make-up fluid so that the calcium activity
is low. It is therefore expected that the Na—K—Ca geothermometer is
relatively unaffected by calcite precipitation in this system.
Comparisons of the silica and the Na—K—Ca-geothermometer temperatures with actual measured temperatures from the 280-day experiment are shown in Figure 9. In general, Na—K—Ca geothermometer
temperatures are higher than silica-geothermometer temperatures and
arc close to the initial rock temperature. This conclusion is not surprising, since the Na/K ratio is set in the fluid that has been in longterm residence in the Precambrian rock.
The behavior of the quartz-geothermometer predicted temperatures
is more difficult to explain. It was originally thought that quartz dissolution in the main-fracture flow path provided the source of additional
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silica, which is observed in the production fluid. However, as shown
by Grigsby (1983), the rate of quartz dissolution is much too slow and
the residence time is much too short to account for the silica concentrations in the production fluid. Instead, some of the fluid injected into
the reservoir must have sufficiently long residence time in regions that
have not been thermally depleted so that the silica concentration can
come to equilibrium at the initial rock temperature. This fluid is then
mixed in the reservoir with water, which has a short residence time in
cooler regions of the reservoir so that it contains only the silica concentration of the injected fluid. According to a simple mass-balance
calculation, approximately 30% of the injected fluid must have a mean
residence time greater than five days at temperatures of - I 95°C to
explain the silica behavior.

DISCUSSION AND CONCLUSIONS
A significant volume of a previously unknown geothermal fluid occurs
in Precambrian basement rocks on the west flank of the Valles caldera.
We suggest that this fluid has a different origin than the deep geothermal
fluids inside the caldera. Moreover this in-situ fluid exerts a controlling
influence over the observed fluid chemistry in the Fenton Hill HDR
system. Detailed modeling of recirculated water in the deeper HDR
reservoir may provide some clues about the origin of the in-situ fluid,
but study and comparison of hydrothermal waters from additional deep
wells drilled within and around the Valles caldera may ultimately be
the key to addressing this problem.

ACKNOWLEDGMENTS
This project was sponsored by the U.S. Department of Energy, Division of Geothermal Energy. We thank Frank Trainer and Art White
for reviewing this paper and thank Frank again for sharing with us the
publication on saline waters from the Canadian shield. We also thank
Marcia Jones for typing this manuscript and John Paskiewicz for drafting
the figures.

REFERENCES
Albright, J. N., 1978, Evaluation of the Fenton Hill hot dry rock geothermal
reservoir, part III. Reservoir characterization using acoustic techniques; in
Proceedings of the Fourth Workshop on Geothermal Reservoir Engineering,
Stanford University, pp. 256-263.
Chapin, C. E., Chamberlin, R. M., Osburn, G. R., and others, 1978, Exploration framework of the Socorro geothermal area, New Mexico: New Mexico Geological Society, Special Publication 7, pp. 114-129.
Charles, R. W., 1979, Experimental geothermal loop II: 200°C study: Los
Alamos Scientific Laboratory, Report LA-7735-MS, 40 pp.
Craig, H., 1961, Isotopic variations in meteoric waters: Science, v. 133, pp.
1702-1703.
Dash, Z. V., Murphy, H. D., Aamodt, R. L., and others, 1981, Hot dry rock
geothermal reservoir testing: 1978 to 1980: Journal of Volcanology and
Geothermal Research, v. 15, pp. 59-99.
Fournier, R. 0., 1981, Application of water geochemistry to geothermal exploration and reservoir engineering; in Rybach, L., and Muffler, L. J. P. (eds.),
Geothermal systems: principles and case histories: J. Wiley and Sons, New
York, pp. 109-143.
_____ , and Rowe, J. J., 1966, Estimation of underground temperatures from
the silica content of waters from hot springs and wet-steam wells: American

Journal of Science, v. 264, pp. 685-697.
_______, and Truesdell, A. H., 1973, An empirical Na K Ca geothermometer
for natural waters: Geochimica et Cosmochimica Acta, v. 37, pp. 12551275.
Fritz, P., and Frape, S. K., 1982, Comments on the "0, 21-I, and chemical
composition of saline groundwaters on the Canadian shield: in Perry, E.
C.. Jr. (ed.), Isotope studies of hydrologic processes: Northern Illinois
University Press, DeKalb, pp. 57-63.
Goff, F. E., and Grigsby, C. 0., 1982, Valles caldera geothermal systems, New
Mexico, USA: Journal of Hydrology, v. 56, pp. 119-136.
, Trujillo, P. E., and others, 1981, Geology, water geochemistry
and geothermal potential of the Jemez Springs area, Cation de San Diego,
New Mexico: Journal of Volcanology and Geothermal Research, v. 10, pp.
227-244.
Grigsby, C. 0., 1983, Rock-water interactions in hot dry rock geothermal
systems: reservoir simulation and modeling: M.S. thesis, Massachusetts
Institute of Technology, 134 pp.
__, and Tester, J. W., 1978, Evaluation of the Fenton Hi ll h ot dry rock
geothermal reservoir, part II. Flow characteristics and geochemistry; in
Proceedings of the Fourth Workshop on Geothermal Reservoir Engineering,
Stanford University, pp. 249-255.
, Trujillo, P. E., and others, 1983, Rock -water interactions in
hot dry rock geothermal systems: field investigations of in-situ geochemical
behavior: Journal of Volcanology and Geothermal Research, v. 15, pp.
101-136.
Kennedy, G. C., 1950, A portion of the system silica-water: Economic Geology,
v. 45, pp. 629-653.
Laughlin, A. W., Eddy, A. C., Laney, R., and other, 1983, Geology of the
Fenton Hill, New Mexico, hot dry rock site: Journal of Volcanology and
Geothermal Research, v. 15, pp. 21-41.
Mahon, W. A. J., 1966, Silica in hot water discharged from drill holes at
Wairakei, New Zealand: New Zealand Journal of Science, v. 9, pp. 135144.
Morey, G. W., Fournier, R. 0., and Rowe, J. J., 1962, The solubility of quartz
in water in the temperature interval from 25 °C to 300 °C: Geochimica et
Cosmochimica Acta, v. 26, pp. 1029-1043.
Murphy, H. D., 1978, Evaluation of the Fenton Hill hot dry rock geothermal
reservoir, part I. Heat extraction performance and modeling; in Proceedings
of the Fourth Workshop on Geothermal Reservoir Engineering, Stanford
University, pp. 244-248.
__, (ed.), 1980, Preliminary evaluation of the second hot dry rock geo thermal energy reservoir: results of Phase I, Run Segment 4: Los Alamos
National Laboratory, Report LA-8354-MS, 88 pp.
_, Tester, J. W., Grigsby, C. 0., and other, 1981, Energy extraction from
fractured geothermal reservoirs in low-permeability crystalline rock: Journal
of Geophysical Research, v. 86, pp. 7145-7158.
Smith, M. C., Aamodt, R. L., Potter, R. M., and other, 1975, Man-made
geothermal reservoirs: in Proceedings of the Second United Nations Symposium on the Development and Use of Geothermal Resources, San Francisco, California, pp. 1781-1787.
Tester, J. W., and Albright, J. N. (eds.), 1979, Hot dry rock energy extraction
field test: 75 days of operation of a prototype reservoir at Fenton Hill: Los
Alamos Scientific Laboratory, Report LA-7771-MS, 104 pp.
Trainer, F. W., 1974, Ground water in the southwestern part of the Jemez
Mountains volcanic region, New Mexico: New Mexico Geological Society,
Guidebook 25, pp. 337-345.
Zyvoloski, G. A. (ed.), 1981, Evaluation of the second hot dry rock geothermal
energy reservoir: results of Phase I, Run Segment 5: Los Alamos National
Laboratory, Report LA-8940-HDR, 94 pp.
-

-

