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ABSTRACT 

Using unique facilities and expertise developed 
in the Geothermal Program and in projects 
supported by DOE'S Office of Basic Energy 
Sciences, researchers in OWL'S Geochemistry 
and High Temperature Aqueous Chemistry 
groups are conducting detailed experimental 
studies of the physicochemical properties of the 
granite-melt-brine system; the sorption of water 
on rocks from steam-dominated reservoirs; the 
partitioning of salts and acid volatilcs between 
brines and steam; the effects of salinity on 
hydrogen and oxygen isotope partitioning 
between brines, minerals, and steam; and the 
aqueous geochemistry of aluminum. These 
studies contribute in many ways to cost 
reductions and improved efliciency in the 
discovery, charac-terization, and production of 
energy from geothermal resources. 

BACKGROUND 

Over a period of several decades, under the 
direction of Dr. Robert E. Mesmer, the 
hydrothermal research program in O N ' S  
Chemical and Analytical Sciences Division has 
become recognized as one of the world's 
leadiig centers for experimental studies of the 
physicochemical properties of aqueous brines, 
chemical and light stable isotope exchange 
reactions in aqueohs media, brine/steam/solid 
interactions, and silicate melt/brine interactions. 
The bulk of this research has been supported by 
the Chemical Sciences and the Engineer&, and 
Geosciences Divisions of DOE'S Qffrce of 
Basic Energy Sciences (BES). 'he Electric 
Power Research Institute (EPRI) also supports 
substantial research on basic solution &emistry 

. 
applied to corroiion mitigation and performance 
improvements in wwer plant steam cycles. 

Recognizing the relevance of this research in 
improving exploration and resource char- 
acterization, and in understanding geodzennal 
system evolution, reservoir dynamics, and 
down-hole and in-plant corrosion, the 
Geothermal Division of DOE'S Offce of 
Energy Efficiency and Renewable Energy has 
for a number of years supported parallel studies 
of a fundamental nature, but addressing specific 
problems identified by the geothermal industry 
in its interactions with DOE. This symbiotic 
relationship between our basic and applied 
research projects results in substantial 
leveraging of applied program fands 
(Geothermal, EPRI) and ensures that the 
research performed is quantitative and 
definitive. 

Currently the Geothermal Program at ORNL 
consists of five separate research projects, each 
of which is briefly summarized below. Space 
does not permit a complete bibliography of 
publications fiom this work, and so only a fcw 
of our key papers will be cited in each section. 

RECENT ACTIVITIES 

Thermodynamics and pbase relatiom of 
synthetic granite melts and associated 
aqueotu flaids We have recently initiated a 
study of the phase relations, water solubilities, 
and aqueous fluid compositions of melt-crystal- 
brine assemblages in the haplogranite system 
(albiisanidme-quam-water, or Na-K-AI-Si-0- 
H), widely regarded as an excellent d o g  for 
nahual granites. The experiments arc perfarmed 
in precious-metal capsules in cold-seal pressure 
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vessels and our unique hydrogen-service 
internally heated pressure vessel. A vacuum- 
manometric apparatus has been developed for 
measurement of the water content of saturated 
and unsaturated haplogranite melts. A new 
method has also been developed for monitoring 
the activity of water in equilibrium with 
unsaturated melts. Finally, we have developed a 
method that overcomes nearly all of the 
difftculties of determining the compositions of 
brines equilibrated with silicate melts (Anovitz 
et al., 1995; Blencoe and Anovitz, 1995). 

With these new approaches, we are now actively 
investigating: a) the phase boundaries of melt- 
crystal fields in haplogranite systems at 500- 
2500 bars, 680-1OOOOC; b.) the activity- 
composition relationships of water in 
haplogranite melts at 500-2500 bars, 680- 
1OOOOC; and c.) the K, Na, AI, Si, and Cl 
contents of alkali chloride brines in equilibrium 
with haplogranite melts. 

We are also extending a thennodynamic model 
based upon earlier work in our BES program on 
the albite-water melts (Blencoe, 1992), which is 
qualitatively consistent with current models for 
water solubility in silicate melts as hydroxyl 
(OH) groups at very low total water, and as 
molecular water plus hydroxyl at higher water 
contents, to more complex systems. The 
equation is also consistent with all of the high 
quality phase-equilibrium, volumetric, and 
calorimetric data for high-temperature phases of 
the albite-water system. A comprehensive 
thermodynamic model for hydrous granitic 
magmas would facilitate the quantitative 
prediction of crystallization paths for the melts, 
which correlate with release of latent heat; 
estimating rates of heat "loss from granitic 
intrusions; the pressure-temperature-com- 
position conditions at which an aqueous fluid 
begins separating from a granitic magma;, and 
the chemical signature of magmatic fluid input 
into the superadjacent geothermal circulation 
system* 

Measurements of water adsorption on the 
Geysers rocks (Gruszkiewicz et al., 1996). 
This is our newest project, in which we are 

using the unique capabilities of our high 
temperature isopiestic (equal vapor pressure) 
apparatus to measure the quantity of water 
retained by adsorption on the surfaces of rock 
samples taken from drill holes in The Geysers 
geothermal system. The impetus for this 
research is to enable modeling of the depletion 
of reservoir pressure in this and other steam- 
dominated geothermal fields, and to predict the 
effects of reinjection on reservoir pressures. 
Such models require a detailed knowledge of 
the fraction of water present as adsorbed layers 
and capillary condensates, relative to steam in 
pores, as well as the extent of hysteresis in the 
uptake versus release profiles of various rock 
types with changing reservoir pressure. The 
ultimate size of the economically extractable 
resource depends critically on these phenomena. 

O m ' s  isopiestic apparatus is the only one of 
its kind in the world that operates in the range of 
100-250OC, spanning the average temperaave 
(24OOC) of the steamdominated reservoir at The 
Geysers. The apparatus was developed and has 
been used for many years to determine the 
activity and osmotic coefficients of electrolyte 
solutions (NaCI, CaC12, etc.) over wide ranges 
of salinity. The apparatus consists of a large 
pressure vessel housing a copper block within 
which rest 20 platinum dishes, some of which 
contain standard titanium weights. Tbe dishes 
can be simultaneously lif€ed and rotated at P and 
T, and each dish placed sequentially on an 
internal torsion beam balance for highly precise 
in situ total mass determination. The vapor 
pressure in the vessel is controlled within 5 
mbar by injection or release of water, and the 
temperature is controlled within 0.1OC. 

For this initial study, core samples from three 
wells in the producing steam reservoir of The 
Geysers (NEGU-17, 8530-8530.5 R; PRATI- 

4336-4336.3 ft.) were crushed and sieved into 
three size fractions: warse (2.00-425 mm), 
medium (0355-2.00 mm), and fme (0-0.355 
mm). All samples were dehydrated hr vacuo at 
2OOOC overnight at better than 0.5 mbar vacuum 
in the isopiestic vessel prior to the start of each 
adsorptioddesorption isotherm. All samples 
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Figure I .  Milligrams of water adrorbed per 
gram of rock vs. ratio of vapor pressure to 
saturation pressure from a Geysers drill hole. 

were studied in the same experiment, starting at 
150°C, then moving to 200°C. The 25OOC 
experiment is currently under way. At each 
temperature the amount of water adsorbed on 
the rock surface per unit gram of rock mass 
(mglg) is reported relative to the ratio of vapor 
pressure to the vapor pressure of bulk pure 
water at that temperature (p/po). 

Figure 1 shows a comparison of the 
adsorptioddesporption behavior of the coarse 
fraction of MLM-3 at 150°C with the published 
results of the Stanford &roup (Satik and Home, 
1995) on a sample taken from the same well at a 
depth of 4335.1 ft., and studied at 12OOC. It 
should be emphasized that mineral 
heterogeneities, differences in grain size (the 
Stanford group uses coarser material), 
temperature, ctc. have not been normalized out 
in this comparison. It is a general observation 
in this study that, while the adsorption isotherms 
of all of our samples were found to be quite 
similar to each other and to roughly equivalent 
samples reported by the Stanford Group, our 
desorption isotherms for the coarse and medium 
fractions generally exhibit closed hysteresis 
loops (i.e. the sample returns to its starting 
weight by the end of the experiment), whereas 

the Stanford group reports open hysteresis loops 
in all cases (cf. Shang et al., 1995). A direct 
comparison of the two experimental methods 
with identidal samples, to the extent that this is 
possible, might be desirable. 

The hysteresis of our sample shown in Figure 1 
is of the IUPAC H3 type possibly associated 
with slit-shaped pores in the adsorbent, The 
coarse and medium fractions of all three 
samples exhibited similar isothem. 
Furthermore, the amount of water adsorbed at a 
particular value of pipo is roughly the same at 
150 and 200OC. The fine grained fraction of all 
samples had aa3orptfon isotherms at lSO°C 
similar to the medium and coarse fractions, but 
the hysteresis on desorption was large and 
remained widely open, as shown in Figure 2. 
Furthermore, the adsorption isotherm at 2OOOC 
follows the l5OoC desorption curve and shows 
even more hysteresis on desorption. This 
suggests an irreversible, temperature-dependent 
process of hydration of fiesh surfaces exposed 
by fme crushing, which may involve the 
formation of hydrous minerals or surface OH 
groups at high p/po, which arc very slow to 
break down during desorption. 
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Figure 2. Rdrotptioddesorption behavior of a 
jinely-cmhed Geysers reservoir rock 



* 

These preliminary results suggest that reservoir 
rocks which have been exposed to alteration for 
long periods of time should exhibit sorption 
isotherms similar to our sample MLM-3 in 
Figure 1, with little dependence on surface are% 
grain size or temperature, and this greatly 
simplifies the modeling of pressure changes in 
the unsaturated reservoir during production and 
reinjection. However, fracturing associated with 
reinjection, collapse during production, or 
earthquake activity, may expose fresh unaltered 
mineral surfaces which may irreversibly adsorb 
large amounts of water. 

Volatility of HCl and the thermodynamics of 
brines during brine dryout (Simonson and 
Palmer, 1993; Palmer and Simonson, 1993; 
Simonson and Palmer, 1995). Some wells in the 
high temperature (>3OO0C), vapor-dominated 
resource at the Northwest Geysers have 
produced steam with high levels of chloride, 
greater than 100 ppm in some cases. This 
chloride-bearing steam is extremely corrosive to 
piping and well casings, leading in severe cases 
to loss of production within a few days. In 
order to mitigate this problem, it is first 
necessary to investigate the possible sources of 
corrosive steam components. We therefore 
designed a special liquid-vapor equilibration 
system which permits sampling of coexisting 
liquid and vapor at temperatures to 35OOC 
without perturbing the phase compositions. 

Earlier results from our research demonstrated 
that in order for steam to contain levels of HC1 
consistent with the excess chloride (relative to 
Na+ and other common cations) observed in the 
Northwest Geysers, a coexisting brine with 
very low pH (4) is required, which is 
inconsistent with the observed mineral 
assemblages in the reservoir rocks. Additional 
experiments demonstrated that the partitioning 
of NaCl into steam, even over very concentrated 
NaCl brines (to halite saturation and even to 
brine dryout) is significantly lower than that 
predicted from recently published equations of 
state for NaCl + H20. Additional experiments 
have been conducted with NaCl brines in 
contact with Geysers reservoir rocks, which 
indicate that the chloride content of coexisting 

steam is not significantly enhanced by fluid- 
rock interactions. Finally, experiments to 
350OC with aqueous brines containing MgC12, 
MgCl2 + NaCl, or CaC12 indicate that, while 
additional HCl in the steam is produced by 
hydrolysis of divalent cations in the brine, the 
total amounts of HCl generated are too small to 
account for the chloride levels observed in the 
Northwest Geysers steam. 

High-chloride steam at The Geysers is often 
high in ammonia as well (to 1000 ppm). This 
field observation, coupled with experimental 
studies of “&I partitioning between liquid 
and vapor conducted in our EPRI-sponsored 
program, suggested a possible alternative. For a 
brine containing HCl, “3, “&1, and NaCl, 
all four solutes partition into the vapor, but 
“&I is much more volatile than NaCl, chough 
less so than HC1. We have developed a model 
for the vapor phase composition coexisting with 
mixed brines in this system, which indicates that 
concentrations of chloride as “&I + HCl can 
easily exceed 100 ppm at temperatures above 
3OO0C, even in equilibrium with brines having 
near-neutral pH (pH=5-6 at 3OOOC for a brine in 
this system coexisting with up to 100 ppm HC1 
+ MIqC1, and 1000 ppm ammonia. 
Interestingly, in our experiments involving 
interaction of NaCl brines with Geysers rocks, 
the sampled steam contained significant 
concentrations of ammonia, even though the 
rock samples were pretreated with HCl, and the 
starting solutions contained no ammonia. 

The model we have generated for the “3- 
NaCLHCLH20 system also permits assessment 
of the efficiency of desuperheating, or injection 
of liquid water into superheated steam to lower 
its temperature and/or increase its pressure to 
the saturation point, as a means of stripping 
chloride from the steam. In Figure 3, F is the 
fraction of water as liquid in the steam by 
weight. The vertical axes are the chloride 
content of the steam and the pH of the l i d  
water at 200 and 27S°C for an initial steam 
containiing 70 ppm total chloride and 1000 ppm 
“3. As can be seen, at 2OOOC the chloride 
content of the steam drops to about 1 ppm when 
only 1% liquid water is present, while 1oo/o 
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Figure 3. Chloride content in steam and the pH 
of an NHqCIiH20 condensate as a function of 
fiation of water as condensate. 

liquid water is required at 275OC. At both 
temperatures, however, the pH of the liquid 
remains relatively high, about 4.3 to 4.5. 

Future research in this project will involve 
detailed modeling of chloride partitioning into 
steam from mixed salt brines. Experiments 
involving brine-solid interactions, including 
halite and Geysers reservoir rocks, will 
continue. We will also study corrosion problems 
in process units at Magma Power Company sites 
in the Salton Sea geothermal system, a 
hypersaline liquid system, and high chloride 
steam in two-phase wells at Los Azufres. 

Salt effects on stable isotope partitioning 
between geothermal brines, steam, and 
minerals (Horita et al., 1993; Horita and 
Wesolowski, 1994; Horita et al., 1995). 
Hydrogen and oxygen isotope studies of 
produced water and steam at well heads, in hot 
springs and fluid inclusions, etc., are commonly 
utilized to constrain the sources of geothermal 
brines, reservoir temperatures, phase separation 
processes, and reinjection efficiencies. Our 
research in this project unambiguously 
demonstrates that solutes dissolved in water 
pert@ the partitioning of hydrogen and 

oxygen isotopes between brines and coexisting 
phases (steam, minerals), that these salt effects 
are too large to be ignored in moderate to 
hypersaline systems, and that the efftcts are 
related simply and systematically to salt 
concentidon and critical phenomena. 

Using the same experimental apparatus as in the 
liquid-vapor solute partitioning studies above, 
as well as static systems with remotely-actuated 
valves, we have investigate the hydrogen and 
oxygen isotope compositions of water vapor in 
equilirium with brines in the system Na-KIca- 
Mg-Cl-S04-H20 from 0 to 100°C for pure 
water, single salt, and mixed salt brines to 6 
molal total salinity. The isotope salt effects on 
brine-steam partitioning of 0-6 molal NaCl have 
been studied to 35OoC, 0-4 m CaC12 to ZOOOC, 
and 0-4 m KCl to 130O. Recently, we have 
begun measuring the effect of salinity on the 
partitioning of oxygen isotopes between NaCl 
brines and the minerals calcite and strontianite 
at 300 and 45OoC, and the partitioning of 
hydrogen isotopes between NaCl and MgCl2 
brines and brucite at 20O-45O0C. The mineral- 
brine isotope salt effects are found to be exady 
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Figure 4. Equilibrium D/Hfationation fattor 
(a) between coexisting water liquid and vapor 
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the same as the vapor-brine salt effects at 
equivalent temperatures and salinities, to 3OOOC. 

Figure 4 illustrates the effect of 1.2 and 4 molal 
NaCl on the equilibrium D/H frpctionation 
factor (10001na) between water liqtid and 
vapor from 0 to 35OOC. It is apparent from this 
figure that the isotope salt effects are related to 
the increase in the critical temperature of the 
solutions with increasing salinity. Space does 
not permit a more detailed discussion of the 
experimental results, but our studies show that 
the salt effects, expressed as the log of the ratio 
of DM or 180/160 in the coexisting phases, 
are linearly related to salinity, are strong 
functions of both anion and cation charge and 
radii, and decrease with temperature to about 
2OO0C, then increase to at least 35OOC. 

Figure 5 shows the change in estimated 
reservoir temperature from simultaneous 
measurements of the DM and 180/160 ratios of 
two-phase water and steam collected at the well 
head for pure liquid water versus I ,  2, and 4 
molal NaCl brine. Errors of 50°C or more in the 
estimated reservoir temperature would result 
from neglect of the salt effect. Future studies in 
this project will include completion of liquid- 
vapor salt effect measurements on KCI, MgC12, 
CaC12, and Na2SO4 to 35OoC, determination of 
the liquidvapor salt eff'ts of a few mixed salts 
to 35OoC, and direct measurements of the brine- 
vapor and brine-mineral isotope partitioning in 
salt solutions to 5OOOC. 

Geochemistry of Aluminum in high 
temperature brines (Palmer and Wesolowski, 
1993; Wesolowski and Palmer, 1994) 
Aluminum is a major component of most 
geothermal reservoir rocks, and aluminosilcate 
transformations and dissolutiodprecipitation 
reactions often influence porosity and 
permeability changes in reservoirs, recharge 
zones, reinjection sites; and scale formation in 
production wells. At the start of this project 
some years ago, there was a major lack of 
reliable experimental data on the aqueous 
speciation of aluminum at both high and low 
temperatures, and various geochemical models 
predicted aluminum solubilities differing by 
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Figure 5. Downhole Temperature estimate fiom 
wellhead analysis of the oxygen and hyhogen 
isotopic compositions of steam and water 
separates as afunction of NaCl content.. 

orders of magnitude for a given pH and 
temperature. Our previous research, which 
involved experimental studies of gibbsitc, 
AI(OH)3, solubility and potentiometric studies 
of the formation constants of aluminum 
hydrolysis species and complexes with organic 
ligands, presented in a five-part series in 
Geochimica et Cosmochimica Acta, has 
essentially eliminated uncertainty in the low 
temperature behavior (0- 1 OOOC) of aluminum, 
and has been widely adopted by the 
geochemical community as the dtfrnitivt work 
on this subject (cf. Pokrovskii and Helgeson, 
1995). 

Our current studies involve measurements of the 
solubility of boehmite, AIOOH, in NaCl brines 
at 1O0-29O0C, using a unique high temperatme 
potentiometric cell designed for this project, 
which enables mineral solubility measurements 
to be made with continuous in sftu pH 
monitoring, and periodic sampling for solution 
chemical analyses, in experiments lasting a 
month or more. These are the fvst such 
measurements ever made at elevated tem- 
peratures. 



We have completed experiments in 0.03 molal 
NaCl at 101,203 and 25OoC, and in 0.1,0.3 and 
1.0 molal NaCI at 152,203, and 250OC. Figure 
6 shows results obtained at 203OC in 0.03 molal 
NaCI. The shape of the solubility curve is 
controlled by the relative stabilities of 
~ i ( 0 ~ Q - x  species ( ~ 4 - 4 )  as a function of 
pH, temperature, and ionic strength. As can be 
seen, at this low ionic strength we have obtained 
excellent agreement, at high pH where 
AI(OH)4- is the dominant aluminum species in 
solution, with the recently-published results of 
Bourcier et ai. (1993) and Castet et al. (1993), 
and good agreement with the latter study near 
the solubility minimum as well. However, the 
former study reported very much higher 
solubilities near the minimum, and is suspect. 
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Figure 6. Solubility of boehmite, AIOOH, QS 

function of pH at 203.2OC in 0.03 molal NaCI. 

Note that there is a region of pH (ca. 5-6) where 
our results appear to be too low. This has been 
observed at other conditions as well, and 
indicates that hi this region of pH, 
corresponding to the field of coexistence of 
AI(OH)~- and the uncharged Al(OH)3 species 
in solution, dissolutiodprecipitation reactions 
may be too sluggish to be studied in the time 
frame dictated by our approach. Our results at 
higher ionic strength are more difficult to 
compare with the literature data, until we have 

fully modeled the effect of salinity on aluminum 
speciation, and assessed the stability of 
N~AI(OH)~ ion pairs in solution.. 

Future plans for this research include 
completi6n bf boehmite solubility runs in 0.03 
molal to 1.0 molal NaCl solutions, and some 
studies in which NaCl is titrated into solutions 
in equilibrium with boehmite at constant pH, 
with tetramethylammonium'chloride as the ionic 
medium, which will enable us to directly 
determine the formation constants of 
NaA1(0~)4 ion pairs, assuming that the much 
larger tetramethylammonium ion does not 
complex with the aluminate anion. We also 
intend to initiate a series of measurements of the 
reaction rates and equilibrium constants for 
silicate mineral hydrolysis reactions, such as the 
hydrolysis of potassic feldspar to musmvite 
plus quark: 3Kspar + 2H+ e Musc. + 6Qk + 
2K+ ; which plays a major role in contro!lhg 
the pH of geothermal brines and may provide a 
source of corrosive HCl in coexisting steam. 

FUTURE ACTIVITIES 

We will continue our opportunistic approach of 
applying fundamental expertise and facilities 
developed in our BES programs to problems 
identified in consultation with the DOE 
Geothermal Program and the geothermal 
industry. Future studies may include studies of: 
the thermodynamics of more complex 
rneltlbrine systems, the kinetics of fluidhock 
interactions, development of a linked chemical 
and stable isotope exchange model for 
fluid/rock interactions, and scaling and 
corrosion in high temperature brines. 
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