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EXPERIMENTALLY DETERMINED ROCK-FLUID INTERACTIONS APPLICABLE TO A

NATURAL HOT DRY ROCK GEOTHERMAL SYSTEM

R. W. Charles, C. E. Holley, Jr., J. W. Tester,
L. A. Blatz, and C. 0. Grigsby

Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545

Summary

The Los Alamos Scientific Laboratory, under the sponsorship of the U.S.
Department of Energy is pursuing laboratory and field experiments in the
deveirreent of the Hot Dry Rock concept of geothermal energy. The field
orecoam consists of experiments in a hydraulically fractured region of low
permeability in which hot rock is intercepted by two wellbores. These
experiments are designed to test reservoir engineering parameters such as:
heat extraction rates, water loss rates, flow characteristics including
impedance and buoyancy, seismic activity and fluid chemistry. Laboratory
experiments have been designed to provide information on the mineral re-
activity which may be encountered in the field program. Two experimental
circulation systems “have been built to study the rates of dissolution and
alteration in dynamic flow. Solubility studies have been done in agitated
systems. To date, pure minerals, samples of the granodiorite from the
actual reservoir and Tijeras Canyon granite have been reacted with distilled
water and various solutions of NaCl, NaOH, and Na,C03. The results of these
experimental systems are compared to observations made in field experiments
done in a hot dry rock reservoir at a depth of approximately 3 km with
initial rock temperatures of 150 to 200°C.
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Introduction

Under the sponsorship of the U. S. Department of Energy, the Los Alamos
Scientific Laboratory is conducting field and laboratory experiments to

develop a means of extracting energy from deep impermeable rock. The concept

- known as hot dry rock (HDR) geothermal energy - involves the creation of
heat transfer surface area by hydraulically fracturing the rock between two
wells.

In a commercial-sized system, energy would be removed by circulating
pressurized water over 1 to 2 km? of rock surface at depths of 4-5 km and
initial temperatures from 200 to 300°C [1,12, 13]. Continuous circulation

~of water at high rates over hot surfaces is required to insure economically

acceptable production rates. Large heat extraction areas are needed because

of the inherently low thermal conductivity of the rock which quickly con-

trols the rate at which heat is transferred to the fluid contained within the
fracture.

This rather unique set of operating conditions and reservoir charac-
teristics results in a different set of crystallization/dissolution prob-
lems than those encountered in natural hydrothermal environments. The
kinetics and equilibria associated with in situ granite-water interactions
are important in determing how the fluid and rock composition of the system
will vary over the 20-40 year lifetime of a typical hot dry rock (HDR) power
plant. The extent of this chemical interaction can have profound effects on
the performance of the reservoir and the surface plant. For example, pres-
sure drop and fluid circulation patterns within the fracture as well as
fluid permeation losses will be influenced by local chemical dissolution and
reprecipitation reactions occurring on and near the fracture faces. In
addition, dissolved material, particularly silica and carbonates, may de-
posit on heat exchange surfaces because of the large pressure and temper-
ature differences experienced as fluid is heated within the reservoir and
cooled in the surface heat exchange system.

As stated above, LASL's current program in addition to field tests on
the HDR reservoir consists of laboratory and theoretical studies directed
toward understanding geochemical alteration, morphological changes, dissolu-
tion kinetics, solubility, and scale deposition in granite-water systems.
These laboratory studies are useful in predicting as well as interpreting
the performance of the field system. The first two sections of this paper
discuss these experimental aspects of the program while the third section
deals primarily with the geochemical behavior of the field reservoir during
75 days of closed loop circulation. The general charcteristics and proper-
ties of the present system located at the Fenton Hill site are listed in
Table 1.

‘ The intent of this paper is to summarize the more salient features of
our work; interested readers should consult references 1, 12, 13, 14, and 15
for details. :

Rock - Water Interactions

Introduction

Laboratory experiments are necessary to define the reaction relations
encountered in a flowing hydrothermal system in contact with granitoid
material at pressure and temperature because rock water reactions are criti-
cal to the long term life of the HDR reservoir. Static experiments, while

saLaey) °M -y

€2 Jo 2 abed




Y

Table I - Characteristics of The Phase 1 Fenton Hill
Hot Dry Rock System i

Reservoirs
depths « « = = = = = = ctesececcaann 2.5-3 km
fnitial rock temperatures - - « = = o - o o - 180-200°C
major rock type* ceeeeereceecenn biotite granodiorite
dengfty o ¢ e s s s s s et et ccnnes 2700 kg/m3
specific heat « e c e e e e e c e e e o a0 1000 J/kgk
permeability (mateix)® - - - 10778 0 10720 52 (1 o 1072 y darcy)
porosity (matrix)* e « - = = - c - c e n e oo a073
permeability (in §4tu) - - = = = = < = - - « o= 10715 t0 10717 w2
porosity (4n $4tu) = = = = = = == = - o= e~ 10?2 108
thermal conductivity « = = « = e = 0 = o 2o v v - 2.8 W/mK
therma) diffusivity = o = = o s oo eoven- 1076 mé/s
p-wave velocity L 5.9 km/s
V¥ ===~ R R R s 1.7

Mellbores
Injection well (EE-1) o « = = - = 3.07 kn total depth

cesed with 7 5/8-1n and 8 5/8-1n steel casing to 2.93km
min injection zone at 2750 m behind casing
production well (6T-28) = = = - = 2.70 kr totsl depth
cased with 7 5/6-in steel casing to 2.60km
main productfon zone at 2660 m in open hole
Surface Plant
Circulation pumps = « = « « Hu'ltistagé centrifugal AP = 100 bar

Neat exchanger - - - = - = forced dreft-air cooled carbon steel tubes
with sluminum fins

sdetermined from cores.

iy tent, only determine the equilibrium phase assemblage which will be
conig:iible in the rock reservoir for a given set of physical conditions.
_Dynamic (circulatory) systems have been built which model the pressure and
temperature conditions encountered in the HDR reservior. The phase rela-
tions of the biotite granodiorite reservoir rock in contact with a dilute
aqueous solution in a circulation system have direct application to the
field experiments. Specifically, the physical and chemical changes ocurring
in the experimental rock samples indicate how the actual rock reservoir may
be expected to behave. Removal of large amounts of material may be a prob-
lem and deposition of material may constrict the circulation loop below or
above ground. Important questions are: How are the original minerals
attacked - along grain boundaries, fractures, or compositional zones? Which
minerals are attacked? Where do secondary phases grow and why?

-Experimental System

The experimental system (Figure 1) consists of a loop in which the
aqueous solution moves slowly through a heated chamber containing rock
samples, through a cooling column, through a circulating pump, and back to
the heated chamber. Pressure within the system is maintained by a second
pump. Temperature of the sample chamber is controlled by a tube furnace.

sajdeyy M -y
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Fig. 1 - Fixed Temperature Circulation System.
Note: T1-8 are thermocouples.

Temperature of the loop between the sample chamber and the cooling column is
maintained by heating tapes. The cooling column has a central core of
platinum gauze on a tantalum rod for collection of scale. All heated por-
tions of the system are gold plated to prevent spurious reactions. During
an experiment, circulation is maintained continuously at 2.5 cm3/min. for
the 560 cm® system during the week and stopped at temperature and pressure
during the weekend.

Eight polished rock disks 3 mm thick and 19 mm in diameter are mounted
vertically on a carousel made of tantalum, placing the rock disks at the
center of the vertically mounted 500 m¢ pressure vessel.

The results presented here in some detail will be from an experiment
reacting a biotite granodiorite with distilled water at 200°C and 1/3 kbar
pressure for a total time of 9 mo. Disks 1 through 3 were removed at 1, 2,
and 4 mo. The remainder were removed at 9 mo. Solutions were sampled at
29, 53, 213, 817, 1372, 3147, and 6579 h. Reacted rock surfaces were ex-
amined by scanning electron microscopy and electron microprobe. Solutions
were analysed by atomic absorption. This experiment will be compared with
others done under different physical conditions.

Rock Alteration

Introduction. Initial modal rock analysis is shown in Table II.
Fourteen phases have been identified. Kspar (var. microcline, Orgs) is
relatively fresh. Plagioclase shows a bimodal composition. The albite rich
rims (Abgg) surround a core of oligoclase (Abs; ). Biotite is commonly
chloritized. Original biotite always shows a K deficiency and is too alumi-
nous to be on the annite-phlogopite join. Sphene, apatite, magnetitie, and
zircon round out the primary mineral phases. In addition to chlorite,
metamorphic alteration includes epidote, sericite, calcite, and a trace of
prehnite. '

The initial surface is smooth, showing some natural fractures with vein

'fillings of quartz and calcite.
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Table II - Biotite Granodiorite Modal Analysis

Phase Percent

Microc‘ine I A N R N NN NN NN NNENNENNNNENNENN] 15
Plagioc‘ase 0 S0 OP OISO SEOGEPIOIOPESOINOSEOSIOIOSNOES 40
Quartz SO 0000V O OO DOIBOIOOSEOOIRISIESLSOIOESOODS 30
Biotite and Chlorite c..eceecvveconcse
Magnetite ceeececesccccccccscccccccncs
Epidote LR I B B I AR X BUBE BE BN BN BN BN BN B N N N N NN N NN N N N N )
Sphene 0500000000 LNOBEESOOOCEOEOSNOIOSOOIEOBDEOSETOPTEOGEES
ca1C1te S0 00000 SOOI ODOININIOIOSIEBIROGSEOEOEBPIPENPNPOIODNS
Apatite O 0 S 0800 SO0 OPOSSOSIOESIOSIOOESIPOPOOLPOSEOTOEIEPOPTOES
ZirCon OO 0 ¢ OO0 0 OO0 OOSEOOSOOOERNOGESEPIOGEOEOSEPBSRISTDOES tr.
Sericite ceveccccccecocsocoscscnscsses tre
Su]fide LI 3K B BT B BE BN BN BN BN BN BN BN BN BY BE BN BN BU BN BN BN ONK BN BN OB BN NN N ] tr.
Prehnite B 0 000D OSSP OPPOEIDOERNROEOSIOEOIESEBSNOSEOSETESDS tr.

NN N = ed

After 9 mo. reaction, the quartz and microcline are etched. A filmy
white material, compositionally the zeolite phillipsite, almost entirely
covers the plagioclase. Some of the plagioclase exhibits striations caused
by etching along the twin planes. Much of the plagioclase is pock-marked.
Bic*'te and the minor primary phases remain resistant. Relative reactivity
is: quartz > plagioclase > .microcline > mafics and trace phases. The
natural hydrothermal alterations (sericite, epidote, prehnite, and chlorite)
show resistance to the distilled water leach. Veins originally containing
calcite are deeply attacked. The other rock disks removed at 1, 2, and
4 mo. show similar although less advanced alteration.

The rock disks underwent a net weight loss: 1 mo, 1.3%, 2 mo., 1.8%,
4 mo. 3.4%, and 9 mo. (ave. of five), 5.4%.

Chemical Alteration. As described in the previous section, the origi-

nal phases show a wide range of reactivity as indicated by their change in

morphology. Table III presents compositional data.

Quartz was congruently dissolved. Microcline also showed essentially
congruent dissolution, whereas plagioclase reacted with solution in Tless
than a month (817 h) to yield experimental secondary overgrowths. Analyses
taken on. plagioclase grouped into four categories, plagioclase, naturally
altered plagioclase, and two experimentally grown alterations, phillipsite
and possible laumontite (See Table IV). '

Biotites show some chemical change. Between 4 and 9 mo. crusty chro-
mium rich overgrowths appear on the biotite in addition to loss of potas-
sium. Excess chromium only appears in the biotite analyses. The biotite
appears to be undergoing replacement of Mg for Cr. Chlorite does not show
this effect. Chlorite remains resistant throughout the experiment. Epidote
and sericite are also resistant. Sericite is considerably more silicic than
muscovite. Other phases are resistant. ‘

Scaling. Although infrequent, when scaling was observed, screen samples
showed it to be primarily silicic. This is in contrast to a similar experi-
ment done at 300°C where alpha quartz, amorphous silica, Ca- Si hydrate, and
wollastonite were observed.

Solution Composition. Solution analyses (analysed by atomic absorb-
tion) are presented in Table V. Silica reaches a steady state after about
2 mo. at about 170 ppm. A1l other cations, with the exception of Na,
leveled off after a few days. Sodium did not reach a steady state until
about 4 mo. Total solution burden reached 190 - 200 ppm.
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‘Table III - Major Phase Composition Before and After Reaction

Phase : Composition
Microcline (fresh) K0.93"°0.07A11.02512.9808

(9mo.) Ko g4N2g,0ahT 03512,080%%
Plagioclase (fresh) Core: Nag 94%q 01C%, 26”17 2855 9208

Rim: Nag g9Kp,02C%0,09%71,13%12,87%

(9mo.) Plagioclase rarely found. Substrate covered by secondary
alterations, A1l analyses on reacted plagioclase are
presented in Table Vv,

*
Biotite (fresh) Ko.8e"91.37781 . 210 0410091 .415%2.81010(0H);
(Smo. ) Ko.40%%0.01M90.957€1 20570, 22710, 100, 04211 .52512.86010(O%);
Chlorite {fresh) "92.50“12.49F°2.18""0,08512.7301o(OH)a
(Smo. ) Ko.02%%0.0592.17*72, 3571 .67710.03"0.05513.06%0(O)g
Epidote (fresh) Cal.99Fe0.77k12.2a513.110]2(0H)
(Smo.)  Cay gaFeq 77A1; 21513 140;2(0H)
Sphene (fresh) c‘l.00A10.09F°0.067i0.875i1.0305
(Smo.) C29.,56A%0,19F¢0.077 10,7651, 060%s
Sericite (fresh) Ky goN3 03M9p,13F€0.24R12,60%13,17%0(0M);
(gmo.) K0.90M0,02M90, 0870, 18412,61573,10%10(0);
Prehnite (fresh) Ca].gzml.99513_02010(%)2

® A11 Fe calculated as 2+ with the exception of epidote.

Table IV - Secondary Phases Grown on Plagioclase.

Phillipsite is reduced to 16(0) and laumontite plus plagioclase mixture is
reduced to 8(0).

Phillipsite
B17n  Cay goNag 23Kp.70"70.01M90. 05780, 1143, 73514, 53016 Ho0

1632h Cag g6N2g 170, 62MM0,00%90,03F€0. 05473, 8051442016 H20
3147h  Ceg gsNeg 13073470, 00M%.06F€0.11473. 76514, 36016 He0
6579h Cag_g3M20.11%0, 730, 0390, 057¢0,13473,7454, 3606 "¥20
817h  Cay 39M2p,45%0.05"11.42512.580%
1632h €2y 31N 53,0341, 35512, 6408
3147h Cag agh2g 550,001,407 2.60%
E579h Cag qy%29 47Kp,03AT1.43572,57%

Sal4eY) °M °y
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Table V - Solution Analyses (ppm + 5%)

Time Si0, Al Fe Ca Na K Total
2%h 79 2.1 0.20 3.4 8.6 5.8 101
53 67 4.0 0.40 3.2 7.9 4.5 88
213 92 4.1 0.60 4.2 8.8 5.0 115
817 128 2.4 0.30 2.4 9.5 4.1 143
1372 153 n.d.  nd, nd, nd. nld, -ee
3147 173 4.0 0.70 2.4 16.2 5.0 201
6579 162 4,2 0.70 1.4 17a 3.5 190
Discussion

Mass Balance. Initially, the eight rock disks totaled 22.9808
g. Final cumulative wefght is 22.0099 g, after drying, for a net loss of
0.9709 g, or 4.2%. If the weight loss were calculated as silica alone, the
volume loss is 0.37 cm® or 4.3% of the total volume of 8.54 cm3.

- Rock density was determined by two methods. First, the regular disk
shape facilitated volume calculation (8.54 cm®). This yields a density of
2.69 g/cm. Second, the density was estimated by the mineralogy and modal
analysis. Densities of minerals were taken from Robie et al.[11] Biotite
was approximated by annitegophlogopites, and epidote was calculated as
zoisitegspistacitess. Calculated density by this method is 2.73 g/cms.

teih methods have their shortcomings. The first ignores void space,
which yields a low density. The second assumes no void space, which will
yield a high density. Also, this method has a random error due to approxi-
mations necessary to calculate the densities of the solid solution minerals.
Both methods should bracket the real density: about 2.71 % 0.02 g/cm3.

For a weight loss of 0.9709 g, if the rock reacted congruently, one
would expect a volume loss of 0.36 cm® (4.2%), which compares favorably with
the assumption of only quartz loss (0.37 cm®).

A mean solution burden of 190 ppm was measured at the conclusion of the

experiment. For a system volume of 560 cm3, this accounts for 11% of the
weight loss. About 500 m¢ were removed (and replaced with distilled water)
for sampling. This accounts for about 10% more material. The remaining 79%
occurs as small deposits of scale which cannot be weighed directly.

Weight Loss. The weight loss data were fitted with a power function
(see Fig. 2): .

4 point fit: wt.¥loss = 0.0106 t 0-708% 2 = g g9

where t = time in hours, amd r2 = correlation coefficient

Because surface damage due to sample preparation may make the first
weight loss point somewhat high, the data were reduced again using only the
last three points:

., 3 point fit: wt.%loss = 0.0056 ¢t O-7848 .2 _ g g9
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@© : Thres-Point Pit
e : Four-Polat Fit
I : Data Points + 0.4%

Weight Loss

1000 2000 3000 4000 5000 6000
Time

Fig. 2 - Weight Loss (¥) Versus Run Duration (h).

This rate function is controlled primarily by silica dissolution. Once
quartz is entirely removed, different reactions buffered by feldspar dissolu-
tion will change the kinetics of dissolution.

Geochemical Thermometry. The silica geothermometer (Morey et al.[10])
and the Na-Ca-K geothermometer (Fournier and Truesdale,[5]) can be used in
the experimental and natural system. For the experimental system, T (quartz
at 1 kbar) = 148°C, T (quartz along the vapor pressure curve) = 167°C, and T
gga-Ca;§% = 203°C. The known temperature for the laboratory experiment was

0t .

Early fluid samples taken from the Fenton Hill system (before the 75
day experiment) yield Na-Ca-K temperatures of 198°C vs. a 197°C original
we1l temperature, while the silica thermometer yields a temperature of
188°C. :

More detailed examination of the data presented here, as well as under
different experimental conditions, are presented in Charles [2 and 3].

Dissolution Kinetics and Solubility

Experimental Apparatus And Procedures

Small Agitated Vessels. Small stainless vessels with teflon cup liners
similar to Parr Instrument Company's vessel (Bulletin 4745) were used for
the study of the solubility of amorphous silica, and for some of the kinetic
studies. Closure was by means of a steel spring which was compressed when
the 1id of the bomb was screwed onto the body pressing the cap of the cup
against {ts body for a teflon-to-teflon seal. The vessels were agitated
gently in an oven on a rocking platform. For rapid heating to temperature,
heat tapes were wrapped around the bombs to provide heat additional to that
nrovided by the oven.

saldeyy M -y
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For an experiment, one gram of silica or granite and 15 m¢ of water or
solution were placed in the teflon cup, the equipment assembled, and the
experiment begun. At the end of the heating period, the bomb was quenched
in liquid nitrogen, but removed before the contents had frozen, and warmed
to room temperature with water. Samples were then taken for pH measurements
and silica analyses. Monomeric silica was determined spectrophotometrically
using the ammonium molybdate method and total silica by atomic absorption.

Model Geothermal Test Loop. The model geothermal test loop is designed
to operate at temperatures up to 300°C and pressures up to 0.1 kbar (1500
psi), and flow rates of 15 to 151 2/h. It consists of a 5 £ rock reactor, a
10 £ ballast volume, and a diaphragm pumping head located in an oven, and
associated equipment (see Figure 3). For corrosion resistance nearly all
parts are made of titanium. The rock reactor has a titanium plate with many
holes in it, mounted a couple of centimeters above the bottom, the purpose
of which is to even out the upward flow of solution through the rock parti-
cles and minimize channeling. A 65 pm filter protects the pump from large
rock particles. The sampler is of the flow-through type. During use, it is
attached to the system and evacuated. The flow is then diverted through the
sampler for a few minutes before the sample is taken. The accumulator damps
out the pumping pulses, provides a space into which the water can expand as
it is heated, and replenishes water removed by sampling. The pressure in
the accumulator is set at slightly higher than water vapor pressure at the
temperature of the experiment to suppress the vapor phase. At the start of
an experiment, the flow bypasses the rock reactor until the operating temp-
eratu o is reached, which takes about 2 h. The zero time is taken as the
time ~hen temperature has been reached and the flow is switched into the
rock reactor.

Results

Solubility of Amorphous Silica. These experiments were done in small
bombs at 200°C using Baker's ultrex Si0, and distilled water. Various
equilibration times were used and a steady state value of monomeric silica
of 995 + 10 ppm was reached in 2 d. However, when the same silica sample
was treated with successive amounts of fresh distilled water the apparent
solubility in two days decreased successively to about 800 ppm, 450 ppm, and
350 ppm. The lengths of time were then increased and the values obtained
were, after 4 d about 400 ppm, after 8 d about 600 ppm, and after 16 d about
700 ppm. There was considerable variation among duplicate runs.

Fresh silica particles were then examined under the scanning electron
microscope (Fig. 4). Each particle was covered with very many small parti-
cles, less than a micron in size. Probably these very small particles give
the high rate of dissolution and high apparent solubility observed ini-
tially.

Interaction of‘Fenton Hi1l Granodiorite with Aqueous Sodium Carbonate
and Aqueous Sodium Hydroxide. Dissolution rate and solubility data for

reactions between granodiorite cuttings and solution of NaOH amd Na,COs were
obtained in a series of agitated vessel experiments. This information was
used in the design and interpretation of a leaching experiment conducted at
Fenton Hill [13].

Experiments were done with 0.1 N, 0.3 N, 1.ON, and 3.0 N aqueous
sodium carbonate and with 0.05 N, 0.1 K, and I.0 N aqueous sodium hydroxide
for times of 2, 4, 7, 12, 24, 48, and 96 h. The silica contents and the pH
of the resulting solutions were measured.

The results are shown in Figures 5 and 6.
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SCHEMATIC OF
GEOTHERMAL
TEST LOOP

Fig. 3 - Mode1 Geotherma]rTest Loop

Interaction of Tijeras Canyon Granite with Water. Experiments to

investigate the effects of flow rate on the build-up of silica in solution
were done in the small geothermal test loop on Tijeras Canyon granite which
is similar in composition to the Fention Hill granodiorite.

These experiments were done at flow rates of 0.4 and 2.2 2/min. and
temperatures of 175°C, 200°C, and 225°C. The results are shown in Figure 7.

Discussion

Solubility of Amorphous Silica. The apparent solubility of fresh
amorphous silica in teflon at 200°C of about 995 + 10 ppm is somewhat higher
than the 934 1 50 ppm given by Walker [8] as a composite value from the work
of a nymber of investigators. However, because of the presence of the very
fine particles on the surface of the silica and the slow rate of approach to

equilibrium, this solubility value must be considered approximate.
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Fig. 4 - Ultrex Silica - Untreated

LI | L

30N NoyCOy |
12,0001 , 13,000 AT 144h
')

8,000 -
1ON co
._.O NazCOs _

Si10z(ppm)
T

9.3 N NazCO3

04N Na,COy —

WATER

at
—

% sic2¢ a5 96
TIME (h)

Fig. 5 - Solubility of Silica for Fenton Hill Granodiorite vs. Time at
the Sodium Carbonate Concentration Indicated
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Fig. 6 - Solubility of Silica from Fenton Hill Granodiorite vs. Time
at the Sodium Hydroxide Concentrations Indicated
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T T T T T T T T 71 T TV T T T T T 7T T TV T 11
LTG-6 2.2 £/min 200’C

LTG-7 040 £/min 200°C

LTG-8 040 L/min 175°C

LTG-9 1.6 TO 25 £/min 175°C LTG-Il o
LTG-10 040 £/min 225°C :

2401 LTG-11 040 £/min 225°C

Si0,(ppm)

LTG-8
LTG-9

0 IJJJJIJJ__IJJIJJJJ!IIJJI[
O 4 8 12 16 20 24 28 32 36 40 44 46

TIME (h)

Fig. 7 - Silica Buildup in Model Geothermal Loop using Tijeras Canyon
Granite and Distilled Water

Interaction of Fenton Hill Granite with Aqueous Sodium Carbonate and
Aqueous Sodium Hydroxide. The results of these experiments are qualita-
tively as expected. The dissolved silica increases rapidly with time ini-
tially and approaches asymptotically, for each concentration of solvent, a
value characteristic of that concentration. Both the initial rate and the
final value are higher for more concentrated solvents.

If the initial rates are plotted against the saturation values for the
corresponding concentrations, a straight line results for both sodium carbon-
ate and sodium hydroxide.  This is consistent with a rate law which says
that the rate of dissolution of silica from the granite is equal to some

constant times the difference between the saturation value and the existing o)
value of the soluble silica: ;:
AT = a { [5i02] g,y - [S102] 1) g

g

= rock area to fluid volume parameter H

= rate constant = f (T, flow conditions, other parameters)

On integration this becomes: | | -
&

| [S10)gy - ISi01) 2

501, |  ° | (2) &

©

This rate law is successful in correlating the data as seen in Flgure 8 and ;”
Figure 9. w

From the pH measurements it is possible, with a few assumptions, to
calculate the number of hydroxyl ions which have reacted with a silica

" molecule, the number, n, in:




QOS5 N NaOH

(SlOz)Qq" (Sioy)

| T T T Y O I T T |

c
1.1 L 1 1 1 1 i 1 ] ] 1 A 4
024 &8 12 16 20 24 28 32 36 40 44 48
TIME (h)

Figure 8 - Integrated Rate Equation Compared with the Sodium Hydroxide Data
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Fig. 9 - Integrated Rate Equation Compared with Sodium Carbonate Data

. - _ :n=N

$i0, + qOH = Hnswz+n ’
and thus suggests a form for the aqueous species. For the sodium hydroxide
solutions this is fairly straightforward and n is 1 or a little more than 1
(see Table VI) as expected from the ionization constant of silicic acid.
For the sodium carbonate solutions, because of the hydrolysis reaction of
the carbonate ion, additional measurements were needed on the pH of solu-
tions with various carbonate ion/bicarbonate ion ratios. The value of n
then calculated is 1 or a little less than 1 (see Table VII). However,
because of the increased number of assumptions involved in this latter
calculation, the agreement is reasonable.
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These measurements and calculations were made on solutions cooled to
room temperature and may not duplicate the conditions at 200°C, the tempera-
ture of the experiments.

Interaction of Tijeras Canyon Granite with Water. At lower tempera-

tures there should be no effect of flow rate on dissolution because the

rate-limiting step would be a surface-controlled hydrolysis reaction. At
higher temperatures, the surface reaction rate may be fast enough for diffu-
sional transport from the rock surface to the bulk solution to be limiting.

As is seen in Figure 7, at 200°C, the slower flow rate gave a slower rate

Table VI - Calculated Values of n (Eqn 3) for NoOH Solution

0.05 N MalH 0.10 N NaOH 1.0 N NaOH

2 hours 1.25 1.76
4 hours 1.17 1.%
7 hours

12 hours i 1.22
16 hours

24 hours 1.4 1.
48 hours 1.9 1.21
96 hours 1.3

7 days 1.24 1.03
10 days 1.20 1.05

Table VII - Calculated Values for n (Egn 3 ) for Na,Co, -Solution

Calculated values of n

«1N N32C03 «3N Na2C03 IN Na,CO4 3N NazCO3

2 hr. R 1.42 .87

4 hr. .87 .85

7 kr. .85 .86
12 hr. ‘ ’ .78
24 hr. 1.08 62 I 1
48 hr. - .83 ~ 87 '.51
96 hr. .81 .71 ‘ .46

of dissolution, but at 175°C, the effect was reversed. The runs are num-

bered in the order in which they were done, and at a given temperature, the

second run gives a slower rate of dissolution than the first. It is probably
the order in which the experiments were done and not the flow rate which is

causing the effect. The fresh rock has many fine particles, corners, and

edges, which have a higher reactivity than the bulk rock. As these are

dissolved away, the apparent rate of dissolution decreases which is similar

to the results of the experiments in the small vessels.
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Field Experiments

Flow through the fracture system during a 75-day circulation test was
distributed between several injection zones in EE-1 and production zones in
GT-2B as shown in Fig. 10. Samples of the circulating fluid were collected
periodically at the production and injection wellheads and from the makeup
system. Injection and production conditions during the test are described
in Table VIII. Figures 11 and 12 show the concentration-time history of
dissolved Si0, and chloride in fluid produced at GT-2B.

GT-2B/EE-1_SYSTEM

o  FEET 00
|
MAY, 1977

to
JAN, 1979

€ 2700 =
E -+9000E
a8 &
gaeoo g
-19500

2900

° 20 30 )
DISTANCE ALONG BEARING OF 135° (m)
Fig. 10 - Elevation View of the EE-1/GT-2B Wellbore and Fracture System.

ote that the horizontal scale 1s exaggerated by a factor of ten over the

vertical scale. Vertical fractures and connecting 60° joints are depicted
by dotted lines.

Samples taken early in the test have high concentrations of dissolved
- species (TDS~3300 ppm) and probably represent undiluted fluid contained in
the reservoir several months prior to this experiment. Relatively fresh
makeup water (~400 ppm TDS) is injected into the reservoir where it mixes
- with and dilutes the fluid contained in the fracture system. Initially,
when the makeup water rate is high, the dilution effect dominates and con-
centrations are low as shown by the TDS levels listed in Table VIII. As
recirculation continues and the water loss rate to permeation decreases (see
Fig. 13), the concentration of dissolved material rises and eventually
approaches an asymptote. Local fluctuations in concentrations can be ex-
plained by perturbations in loop operation. For example, the sharp peak on
day 23 corresponds to a sudden change in flow impedance, a short shutdown
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Fig. 11 Dissolved Si0, Concentration History During the 75 Day Phase 1 Test.

Theoretical fit shown as dotted line with { = 0.04 d™1,

800 T T | T I

J I
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~ 6001 -
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& 400 .
§ |
- o
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O i .
0 0 2 30 4 5 6 T 80
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Fig. 12 - Dissolved Chloride (C1") Concentration History During the
75 Day Phase 1 Test.
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Table VIII - 75-Day Operating Conditions EE-1/GT-2B
tenton Hill System

| Initial Einal
Injection Pressure (EE-1) 90 bar 55 bar
Production Pressure (67-28) : 12 bar 12 bar

- Buoyancy AP Effect 18 bar 8 bar
Injection flow rate 7.9 kg/s 14.5 kg/s
Power produced S 2 Wi(t) 5 Mi(t)
Average reservoir temperature 174°C §5°C
Flow impedance 1§ bar-s/liter 3 bar-s/liter
Effective heat transfer area 8000 m? 8000 n?

" Water loss rate >3 liter/s .€0.02 liter/s

Fluid mixing fndex* 0.6 1.1
Total dissolved solids (TDS) 540 ppm 2000 ppm

*Expressed as inverse dispersive Peclet number (see ref [2], section 4.2)

xio? T l T | L | L
40
% ~
n\ .
Eozf- —mg
Eﬁ , w
< — = THEORETICAL FIT 3
(1 o
¥ o DATA :
Fra e
ol-
- —lo
\~\
] 1 | B |
0056 30 40 50 70 0

TIME (days)

- Fig. 13 - Water Loss Rate During the 75 Day Phase 1 Test.
Fluctuations in rate are caused by unscheduled shutdowns and startups of the
circulation loop. The general decreasing trend in loss rate is adequately
described by a one-dimensional transient diffusion model accounting for
permeation perpendicular to the fracture surface into the formation.
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and a resulting partial flow back of fluid (see Fig. 13). Water which had
been forced into the rock pores returned to the circulating system because
of a transitory pressure decline, providing a source of high concentration
fluid. As the syst:m returned to its initial injection pressure, the fluid
again diffused into the formation and short-duration, high makeup flows were
required. Assuming the system is limited by quartz-controlled silica sat-
uration, the asymptotic value of Siog concentration shown in Fig. 11 sug-
gests a reservoir temperature of 188°C. However, within three days after
start up, this downhole temperature was below 160°C corresponding to a
quartz-controlled saturation concentration of less than 147 ppm. Clearly
the declining mean reservoir temperature could not account for the increasing
Si0, content in the fluid. A secondary flow path at the initial reservoir
temperature or higher is required. This agrees with interpretations based on
the Na-Ca-K thermometer. Temperature-flow measurements suggest that secon-
dary flow occurs in a lower fracture system leaving EE-1 at ~2940 m as shown
in Fig. 10. If we assume that this region remains isothermal throughout the
75-day period and that active dissolution of quartz occurs within this
region and that no dissolution or reprecipitation occurs in the cooler main
flow path, a differential material balance shows that the rate of accumula-
tion of Si0, results from a superposition of three principle effects: fluid
loss due to permeation, makeup of permeated fluid, and the production of
Si0, due to active dissolution and/or displacement in the hot region.
Becauss < total circulation time is large compared to the overall mean

resi > time, 1, the material balance is written as [4]
@€ _ . - . _ ~ka* tafy o _
v a T 9 (cin C) + qr (1-e ) (C cin) (4)
where
q - q q
. = Lt __loss g, Tloss oM
'In [ .
a7 At
v = total volume of primary and secondary flow paths = V1+V2
CM = (S5i0,) makeup = concentration of Si0, in the makeup water
2 2 -

, ‘,80 ppm
c = (Siozsat)T;Tmax = quartz controlled saturation concentra-

tion of Sioz at T

max

t = (§i02) = average concentration of Sioz at time t
k = dissolution mass transfer‘coefficient, cm/sec
ﬁz. = fluid circulation rate through hot region at time t
Qoss = qmakeup = fluid loss rate to permeation at time t
1, = mean residence time in hot region (secondary flow path)
f = fraction of plug flow conversion = function of dispersion

in hot region (0sfsl)

In the case of low water loss and rapid reaction in the hot
region (ka*tzf >> 1), eq.(1) reduces to

=" - (- ¢ e RV = ¢™ - (¢ - ¢ et (5)
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The solution to this equation with { = 4.63 x 10°7 sec-1, (0.04 d"),'

€* = 510,52 = 220 ppm $i0, and C, = §i0, (t=0) = 80 ppm (the Si0,

T=180°C initial
concentration of the initial EE-1 injected water, is shown as the dotted
line on the S$i0, plot of Fig. 11. Rate eiyations of the same form were
applied to the fluoride, sulfate and the 87/88Sr data with the same success.
Remarkably, the value of { is in each case 4.63 x 10"7sec”!. Since in al1
probability more than one mineral is dissolving to contribute $i0,, SO, ,
F and Sr2” to the solution, it would be quite remarkable if all dissolution
rates are equal. A more plausible mechanism is suggested by the solution to
the material balance equation (4). The value of 4.63 x 10°7 sec-! for the
time constant { also appears reasonable if you consider that about 1 to 2%
of the flow that leaves EE-1 at ~2940 m enters the lower fractured region
and returns to GT-2B. Fluid residence time distribution studies conducted
during the 75-day test suggest that the volume of this secondary flow path
could be as large as 200,000 £ with a production flow rate of ~0.22 £/s.
This yields an estimate of { of 11.0 x 107 sec™! agreeing quite well with
the empirical value of 4.63 x 10°7 sec-! when you consider uncertain know-
ledge of the flow geometry and in situ reaction kinetics. For example, if
the secondary flow rate is somewhat higher and the volume smaller, similar
fits to the data would result if saturation was not reached in the secondary
path, that is ka*tzf < 2.

As seen in Fig. 12 chloride concentrations also show a marked increase
in time possibly indicating displacement and/or mixing with saturated pore
fluid because no solid mineral source of chloride should exist at the reser-
voir conditions.

Conclusions

Geothermometry

Our experiments point out the limitations of the silica geothermometer.
This thermometer will not yield rigorously correct temperatures because the
system is not completely saturated with respect to quartz. Other reactions
involving silica (i.e. producing phillipsite and possibly laumontite) lower
silica activity from the pure quartz - water system. While the assumption
of quartz saturation is & good approximation at low temperatures (<100°C),
the silica concentration deviates from quartz saturation more noticeably at
high temperatures in multicomponent systems. The distilled water granite
system is about 30°C low at a nominal temperature of 200°C. The actual HDR
reservoir natural system is not this far off due to the presence of other
ions in the solution, principally carbonate. These observations are in
agreement with the work of Khitarov.[9] We emphasize that these observa-
tions do not entirely negate the use of the silica geothermometer. It must
be modified at higher temperatures to take into account other equlibria.

On the other hand, the Na-Ca-K geothermometer apparently involves
equilbration of a solution with secondary phases growing principally on the
feldspars. Experience here and with the geothermal well indicates the
Na-Ca-K geothermometer also "remembers" the highest temperatures more readily.
The Na-Ca-K solutions metastably persist at higher temperature equilibrium
values while the silica begins to re-equilibrate toward the lower tempera-
ture concentration. Concurrently, experiments are underway to determine
which phases and reactions control the Na-Ca-K geothermometer.

Mineral Solubility

Precise determination of the solubility of amorphous silica is diffi-
cult because it is thermodynamically unstable in the regions it is being
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studied. Crystallization of silica to other polymorphs yields lower values
for amorphous silica concentration.

Alkaline solutions will rapidly leach silica from the reservoir rock.
However, field tests have shown that large amounts of alkali solutions are
required to significantly increase the matrix permeability.

A1l of the solubility studies depend upon the method of sample prepara-
tion. If care is not taken to reduce the very high surface free energy of
the starting material for the experimental system, apparent supersaturation
results. This observation has some application in field experiments when
new fractures are opened by hydrofracture.

Wall Rock Alteration

Laboratory experiments show that early in the reservoir life reactivity
will be controlled by the presence of quartz which will suppress the solu-
bility of the other mineral phases. Should most of the quartz be removed
and deposited elsewhere in the system, reactivity will be controlled by
feldspar dissolution. The principal secondary phases early in the reservoir
life appear to be zeolites which should not interfere with reservoir opera-
tion.

Movement of silica down the temperature gradient [R. 0. Fournier, 6]
may explain higher impedance in the downhole system after shutin for a
period of months. This effect has been observed in another circulation
- system developed here which has a controlled temperature gradient. With a
gradient of 50 to 310°C across the vessel (91.5 cm or 36 in long), silica
did deposit in the cool end of the vessel. For the field system, the situa-
tion is more complicated because geochemical, pore pressurization, and
thermal stress effects are superimposed.

The natural fluids contain C1°, S0,2-, and C032- not added to the
experimental circulation systems at this time. These ijons are not in suffi-
cient concentration to suppress the appearance of zeolites. At higher Pcoz,

zeolites will be suppressed in favor of carbonate phases. Currently, experi-
ments have begun reacting granodiorite with a mild (0.01 N) sodium chloride
solution to test effects of other ions.

Experimental secondary phases consisted of discrete overgrowths and did
not appear to be a continuous layer of precipitate as envisioned by Correns
and Von Engelhard[4] and Helgeson[6]. Reactions to form secondary phases
appear to be fixed by reaction of fresh rock with solution. Primary phases
can act as a template for nucleation of secondary phases with similar struc-
ture, for example, phillipsite on plagioclase. Both phases are framework
silicates. '

Concerning the natural rock reservoir, the host biotite granodiorite, a
high temperature mineral assemblage, shows clear signatures of at least two
metamorphic events. First, epidote - prehnite - qyartz characteristic of
very Tow to low grade metamorphism at about 250 + 50°C, and second, very low
grade metamorphism at higher PCQ: producing calcite + quartz veining at

about 200°C. The host rock is better equilibrated with the first (older)
signature and is well out of equilibrium with the second. After the pro-
posed deepening of the well is competed the host rock at the new depth would
be expected to be more in equilbirium with ambient conditions.

Field Experiments and Modeling

The geochemical behavior during a long-term circulation test in.a
fractured, granodiorite reservoir was adequately described by a differential
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material balance which accounts for fluid mixing and chemical dissolution
within different regions of the reservoir.
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Fig. 7 - Silica Buildup in Model Geothermal Loop using Tijeras Canyon

Granite and Distilled Water

N

Interaction of Fenton Hill Granite with Aqueous Sodium Carbonate and

Aqueous Sodium Hydroxide. The results of these experiments are qualita-

tively as expected. The dissolved silica increases rapidly with time ini-
tially and approaches asymptotically, for each concentration of solvent, a
value characteristic of that concentration. Both the initial rate and the
final value are higher for more concentrated solvents.

corresponding concentrations, a straight line results for both sodium carbon-

ate

If the initial rates are plotted against the saturation values for the

and sodium hydroxide. This is consistent with a rate law which says

that the rate of dissolution of silica from the granite is equal to some
constant times the difference between the saturation value and the existing
value of the soluble silica: :

d(5i02) - 4 { [$102),, - [S102)

dat 1)
a = rock area to fluid volume parameter
k = rate constant = f (T, flow conditions, other parameters)
On integration this becomes:
- = =3

This rate law is successful in correlat1ng the data as seen in F1gure 8 and
Figure 9.

From the pH measurements it is possible, with a few assumptions, to

calculate the number of hydroxyl ions which have reacted with a silica
molecule, the number, n, in:
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Fig. 9 - Integrated Rate Equation Compared with Sodium Carbonate Data

| Si0p + nOH™ = H 51022n
and thus suggests a form for the aqueous species - For the sodium hydroxide
solutions this is fairly straightforward and n is 1 or a 1little more than 1
(see Table VI) as expected from the ionization constant of silicic acid.
For the sodium carbonate solutions, because of the hydrolysis reaction of
the carbonate ion, additional measurements were needed on the pH of solu-
tions with various carbonate jon/bicarbonate ion ratios. The value of n
then calculated is 1 or a little less than 1 (see Table VII) However,
because of the increased number of assumphons involved in this latter
calculation, the agreement is reasonable.
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These measubements and calculations were made on solutions cooled to
room temperature and may not duplicate the conditions at 200°C, the tempera-
ture of the experiments.

Interaction of Tijeras Canyon Granite with Water. At lower tempera-
tures there should be no effect of flow rate on dissolution because the
rate-1imiting step would be a surface-controlled hydrolysis reaction. At
higher temperatures, the surface reaction rate may be fast enough for diffu-
sional transport from the rock surface to the bulk solution to be 1limiting.
As is seen in Figure 7, at 200°C, the slower flow rate gave a slower rate

Table VI - Calculated Values of n (Eqn 3) for NoOH Solution

0.05 N MaOH 0.10 N NalH 1.0 N NaOH
2 hours 1.25 1.76
4 hours : .17 1.3
7 hours
12 hours 1.22
16 hours
24 hours 1.4 LR
48 hours .37 1.21
9 hours 1.3
7 days 1.24 1.03
10 days 1.20 1.05

Table VII - Calculated Values for n (Eqn 3 ) for Na,Co. Solution

Calculated values of n

1N Na2c03 3N Nazcos' IN NazCO3 3N Na2CO3

2 hr. .27 1.42 .87
| § hr. ' .87 .85
7 hr. .85 .86
12 hr. .78
24 hr. 1.08 62 : 89
48 hr. .83 .57 .51

86 hr. . +81 7 46

of dissolution, but at 175°C, the effect was reversed. The runs are num-
bered in the order in which they were done, and at a given temperature, the
second run gives a slower rate of dissolution than the first. It is probably
the order in which the experiments were done and not the flow rate which is
causing the effect. The fresh rock has many fine particles, corners, and
edges, which have a higher reactivity than the bulk rock. ' As these are
dissolved away, the apparent rate of dissolution decreases which is similar
to the results of the experiments in the small vessels.
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Field Experiments

Flow through the fracture system during a 75-day circulation test was
distributed between several injection zones in EE-1 and production zones in
GT-2B as shown in Fig. 10. Samples of the circulating fluid were collected
periodically at the production and injection wellheads and from the makeup
system. Injection and production conditions during the test are described
in Table VIII. Figures 11 and 12 show the concentration-time history of
dissolved Si0, and chloride in fluid produced at GT-2B.

GT-28/EE-1_SYSTEM

s FEET oo
1 ]
MAY, 1977

to
JAN, 1978

€ 2700 s
£ 2000k
a8 -3
Ezaoo g
9500

2900

-0 20 30 40
DISTANCE ALONG BEARING OF 135° (m)

ﬁig. 10 - Elevation View of the EE-1/GT-2B Wellbore and Fracture System.

ote that the horizontal scale 1s exaggerated by a factor of ten over the
vertical scale. Vertical fractures and connecting 60° joints are depicted
by dotted lines.

Samples taken early in the test have high concentrations of dissolved
species (TDS~3300 ppm) and probably represent undiluted fluid contained in
the reservoir several months prior to this experiment. Relatively fresh
makeup water (~400 ppm TDS) is injected into the reservoir where it mixes
with and dilutes the fluid contained in the fracture system. Initially,
when the makeup water rate is high, the dilution effect dominates and con-
centrations are low as shown by the TDS levels listed in Table VIII. As
recirculation continues and the water loss rate to permeation decreases (see
Fig. 13), the concentration of dissolved material rises and eventually
approaches an asymptote. Local fluctuations in concentrations can be ex-
plained by perturbations in loop operation. For example, the sharp peak on
day 23 corresponds to a sudden change in flow impedance, a short shutdown
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Fig. 11 Dissolved Si0, Concentration History During the 75 Day Phase 1 Test.
Theoretical fit shown as dotted line with { = 0.04 d™1.
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Fig. 12 - Dissolved Chloride (C1) Concentration History During the
75 Day Phase 1 Test.
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Table VIII - 75-Day Operating Conditions EE-1/GT-2B
Fenton H1l]l System

‘ Initia) Final

Injection Pressure (EE-1) 90 bar ;;:;:;
Production Pressure (6T-28) 12 bar 12 bar

- Buoyancy AP Effect 18 bar 8 bar
Injection flow rate 7.9 kg/s 14.5 kg/s
Power produced 2 MN(t) 5 Mi(t)
Average reservoir temperature 174°C - §5°C
Flow impedance 15 bar-s/liter 3 bar-s/liter
Effective heat transfer area 8000 m? 8000 n?
Nater loss rate | >3 liter/s <0.02 liter/s
Fluid mixing index* 0.6 1.1
Tote1 dissolved solids (TDS) 540 ppm 2000 ppm

*Expressed as inverse dispersive Peclet number (see ref [2], section 4.2)
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Fig. 13 - Water Loss Rate During the 75 Day Phase 1 Test.
Fluctuations 1n rate are caused by unscheduled shutdowns and startups of the
circulation loop. The general decreasing trend in loss rate is adequately
described by a one-dimensional transient diffusion model accounting for
. permeation perpendicular to the fracture surface into the formation.
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and a resulting partial flow back of fluid (see Fig. 13). Water which had
been forced into the rock pores returned to the circulating system because
of a transitory pressure decline, prov1d1ng a source of high concentration
fluid. As the Ssyst:m returned to its initial injection pressure, the fluid
again diffused into the formation and short-duration, high makeup flows were
requ1red Assuming the system is limited by quartz- controlled silica sat-
uration, the asymptotic value of S10§ concentration shown in Fig. 11 sug-
gests a reservoir temperature of 188°C. However, within three days after
start up, this downhole temperature was below 160°C corresponding to a
quartz-controlled saturation concentration of less than 147 ppm. Clearly
the declining mean reservoir temperature could not account for the 1ncreas1ng
Si0, content in the fluid. A secondary flow path at the initial reservoir
temperature or higher is required. This agrees with interpretations based on
the Na-Ca-K thermometer. Temperature-flow measurements suggest that secon-
dary flow occurs in a lower fracture system 1eav1ng EE-1 at ~2940 m as shown
in Fig. 10. If we assume that this region remains isothermal throughout the
75-day period and that active dissolution of quartz occurs within this
region and that no dissolution or reprecipitation occurs in the cooler main
flow path, a differential material balance shows that the rate of accumula-
tion of Si0, results from a superposition of three principle effects: fluid
loss due to permeation, makeup of permeated fluid, and the product1on of
Si0, due to active dissolution and/or displacement in the hot region.
Because the total circulation time is large compared to the overall mean
residence time, 1, the material balance is written as [4]

g@ = aT (cin D+ q2 (1-e ke th) (C 1n) (4)
where
q - q q
c. = -t loss z, Toss M
'.n . .
Gt At

v = total volume of primary and secondary flow paths = V1+V2

CM = (Sioz) makeup = concentration of SiOz in the makeup water
= 80 ppm

c® = (Siozsat).r_Tmax quartz controlled saturation concentra-

- tion of S102 at T

[4 = (570,) = average concentration of Sio2 at time t

k = dissolution mass transfer coefficient, cm/sec

&2 = fluid circulation rate through hot region at time t

Qoss = qmakeup = fluid loss rate to permeation at time t

T, mean residence time in hot region (secondary flow path)

f

fraction of plug flow conversion = function of dispersion
in hot region (0sfsl)

In the case of low water loss and rapid reaction in the hot
region’ (ka*tzf > 1), eq. (1) reduces to

C=c™- (" -c eV e (™o (- ettt (5)
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The solution to this equation with { = 4.63 x 10-7 sec-!, (0.04 d-1),

C* = 5i0,°%% = 220 ppm $i0, and C = Si0, (t=0) = 80 ppm (the Si0,
initial
concentration of the initial EE-1 injected water, is shown as the dotted
line on the Si0, plot of Fig. 11. Rate equations of the same form were
applied to the fluoride, sulfate and the 87/8°Sr data with the same success.
Remarkably, the value of { is in each case 4.63 x 10" ?sec”!. Since in 311
probability more than one mineral is dissolving to contribute Si0,, SO, ,
F and Sr2" to the solution, it would be quite remarkable if all dissolution
rates are equal. A more plausible mechanism is suggested by the solution to
the material balance equation (4). The value of 4.63 x 1077 sec-! for the
time constant { also appears reasonable if you consider that about 1 to 2%
of the flow that leaves EE-1 at ~2940 m enters the lower fractured region
and returns to GT-2B. Fluid residence time distribution studies conducted
during the 75-day test suggest that the volume of this secondary flow path
could be as large as 200,000 £ with a production flow rate of ~0.22 2/s.

This yields an estimate of £ of 11.0 x 10°7 sec™! agreeing quite well with

the empirical value of 4.63 x 10-7 sec-! when you consider uncertain know-
ledge of the flow geometry and in situ reaction kinetics. For example, if
the secondary flow rate is somewhat higher and the volume smaller, similar
fits to the data would result if saturation was not reached in the secondary
path, that is ka*tzf < 2.

As seen in Fig. 12 chloride concentrations also show a marked increase
in time possibly indicating displacement and/or mixing with saturated pore
fluid because no solid mineral source of chloride should exist at the reser-
voir conditions.

Conclusions

Geothermometry

Our experiments point out the limitations of the silica geothermometer.
Thic thermometer will not yield rigorously correct temperatures because the
systsn is not completely saturated with respect to quartz. Other reactions
involving silica (i.e. producing phillipsite and possibly laumontite) lower
silica activity from the pure quartz - water system. While the assumption
of quartz saturation is a good approximation at low temperatures (<100°C),
the silica concentration deviates from quartz saturation more noticeably at
high temperatures in multicomponent systems. The distilled water granite
system is about 30°C low at a nominal temperature of 200°C. The actual HDR
reservoir natural system is not this far off due to the presence of other
jons in the solution, principally carbonate. These observations are in
agreement with the work of Khitarov.[9] We emphasize that these observa-
tions do not entirely negate the use of the silica geothermometer. It must

be modified at higher temperatures to take into account other equlibria. -

On the other hand, the Na-Ca-K geothermometer' apparently involves
equilbration of a solution with secondary phases growing principally on the
feldspars. Experience here and with the geothermal well indicates the

Na-Ca-K geothermometer also "remembers" the highest temperatures more readily.

The Na-Ca-K solutions metastably persist at higher temperature equilibrium
values while the silica begins to re-equilibrate toward the lower tempera-
ture concentration. Concurrently, experiments are underway to determine
which phases and reactions control the Na-Ca-K geothermometer.

Mineral Solubility

Precise determination of the solubility of amorphous silica is diffi-
cult because it §s thermodynamically unstable in the regions it is being
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studied. Crystallization of silica to other polymorphs yields lower values
for amorphous silica concentration.

Alkaline solutions will rapidly leach silica from the reservoir rock.
However, field tests have shown that large amounts of alkali solutions are
required to significantly increase the matrix permeability.

A1l of the solubility studies depend upon the method of sample prepara-
tion. If care is not taken to reduce the very high surface free energy of
the starting material for the experimental system, apparent supersaturation
results. This observation has some application in field experiments when
new fractures are opened by hydrofracture.

Wall Rock Alteration

Laboratory experiments show that early in the reservoir life reactivity
will be controlled by the presence of quartz which will suppress the solu-
- bility of the other mineral phases. Should most of the quartz be removed
and deposited elsewhere in the system, reactivity will be controlled by
feldspar dissolution. The principal secondary phases early in the reservoir
life appear to be zeolites which should not interfere with reservoir opera-
tion.

Movement of silica down the temperature gradient [R. 0. Fournier, 6]
may explain higher impedance in the downhole system after shutin for a
period of months. This effect has been observed in another circulation
system developed here which has a controlled temperature gradient. With a
gradient of 50 to 310°C across the vessel (91.5 cm or 36 in long), silica
did deposit in the cool end of the vessel. For the field system, the situa-
tion 1is more complicated because geochemical, pore pressurization, and
thermal stress effects are superimposed.

The natural fluids contain C1°, S0,2-, and C042- not added to the
experimental circulation systems at this time. These ions are not in suffi-
cient concentration to suppress the appearance of zeolites. At higher PCOg’

zeolites will be suppressed in favor of carbonate phases. Currently, experi-
ments have begun reacting granodiorite with a mild (0.01 N) sodium chloride
solution to test effects of other ions.

Experimental secondary phases consisted of discrete overgrowths and did
not appear to be a continuous layer of precipitate as envisioned by Correns
and Von Engelhard[4] and Helgeson[6]. Reactions to form secondary phases

appear to be fixed by reaction of fresh rock with solution. Primary phases

can act as a template for nucleation of secondary phases with similar struc-
ture, for example, phillipsite on plagioclase.” Both phases are framework
silicates. ,

Concerning the natural rock reservoir, the host biotite granodiorite, a
high temperature mineral assemblage, shows clear signatures of at least two
metamorphic events. First, epidote - prehnite - qyartz characteristic of
very low to low grade metamorphism at about 250 + 50°C, and second, very low
grade metamorphism at higher PCQ producing calcite + quartz veining at

about 200°C. The host rock is better equilibrated with the first (older)
signature and is well out of equilibrium with the second. After the pro-
posed deepening of the well is competed the host rock at the new depth would
be expected to be more in equilbirium with ambient conditions.

Field Experiments and Modeling

The geochemical behavior during a long-term circulation.test in a
fractured, granodiorite reservoir was adequately described by a differential
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‘material balance which accounts for fluid mixing and chemical dissolution

within different regions of the reservoir.
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