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ABSTRACT 

Engineered Geothermal Systems (EGS) can be 
developed in reservoirs otherwise lacking sufficient 
permeability by hydraulic fracturing.  Proppants can 
be used to hold the fractures open when the fracture 
job is complete.  Although the use of proppants is 
commonplace in the oil and gas industry, their use in 
geothermal reservoirs has been far more limited.  In 
geothermal systems, proppants may be exposed to 
temperatures higher than those observed in oil and 
gas reservoirs.  Proppants may dissolve or act as 
nucleation sites for mineral precipitation.  In either 
case, fracture conductivity may be affected. 
 
Experiments were conducted on sintered bauxite and 
quartz sand proppants and on mixtures of proppant 
and granite at temperatures up to 230°C.  Deionized 
water, deionized water spiked with silica and 
geothermal water from the Raft River geothermal 
reservoir were used.   
 
Scanning electron microscopy (SEM) was used to 
image the proppant and granite surfaces.  Energy 
dispersive X-ray spectroscopy (EDS) was employed 
to determine the composition of the solids.  
Dissolution of sintered bauxite proppant was 
observed. 

INTRODUCTION 

Traditional geothermal operations are limited to wells 
where high temperatures, water, and sufficiently high 
permeability are all found at the same location.  In 
recent years, the prospect of creating Engineered 
Geothermal Systems (EGS) in otherwise low 
permeability hot, dry rock (HDR) has generated hope 
for increasing the amount of geothermal energy 
produced worldwide.  Central to the process of 
creating an EGS reservoir is hydraulic fracturing, a 
procedure that has been deployed in oil and gas wells 
for decades.  In contrast hydraulic fracturing is much 
less common in geothermal applications. 
 

Proppant is solid, granular material pumped into 
newly formed hydraulic fractures to maintain fracture 
permeability after the fracture job is complete.  
Various proppant sizes and materials are available.  
The choice of proppant is based on fluid type, in situ 
stresses and cost.  If hydraulic fractures are not 
propped open, they may reclose under in situ stresses.  
If a proppant material is not well suited to the 
specific application, it may degrade over time or 
serve as a nucleation site for solid precipitation.  In 
either case, fracture conductivity would be negatively 
affected.  In the present study, two proppant types 
were tested: inexpensive 20/40 silica sand and much 
harder 30/60 sintered bauxite.  Static experiments 
were conducted under conditions simulating a 
propped geothermal fracture environment. 
 
Granite units are prime targets for EGS development.  
Granite, crushed to 30/65 sieve size, was mixed with 
proppant grains to simulate interactions that might 
occur between the proppant and the host rock.  Three 
different waters were used in the several experiments:  
Deionized water, deionized water spiked with silica, 
and geothermal water from an operating well. 
 
The proppant and granite grains were imaged using 
scanning electron microscopy (SEM) before and after 
experiment.  Textural changes provided evidence of 
dissolution and precipitation that occurred during the 
experiments.  Energy dispersive X-ray spectroscopy 
(EDS) was used to determine the composition of the 
granite, proppant and any other solid phases that 
precipitated during experiment.   
 
The effects of water chemistry, host rock interactions 
and elevated temperature must be understood in order 
to make appropriate proppant selections for 
deployment in geothermal environments.  
Experiments were conducted to test the resilience of 
proppants exposed to simulated geothermal 
conditions for extended periods of time up to 11 
weeks. 
 
McLin et al. (2010) reported the findings from the 
first two trials in this series of experiments in which 



30/60 sintered bauxite was tested in the presence of 
deionized water.  Granite was not included in the 
experiments.  Experiments lasted between one and 
two months.  Stoddard et al. (2010) reported the 
results of short-term flow-through experiments.  
Water flow rates and pressure drop through simulated 
propped fractures in granite were measured and 
fracture conductivity calculated. 
 
Maurer Engineering undertook a substantial study of 
hydraulic fracturing in geothermal reservoirs 
including studies of proppants under geothermal 
conditions.  Among others tests, long-term (50 hours) 
flow-through experiments were conducted on 
proppants under confining pressure and at elevated 
temperatures up to 500°F (Maurer Engineering Inc., 
1981). 

EXPERIMENTAL 

Although hydraulic fracturing and deployment of 
proppants are commonplace in oil and gas reservoirs, 
the performance of proppants under geothermal 
conditions is largely unknown.  Experiments were 
designed to test the resilience of proppants in 
simulated geothermal conditions over extended 
periods of time up to 11 weeks.   

Materials 
Two proppant types were tested.  In a continuation of 
the series of experiments reported in McLin et al. 
(2010), 30/60 sintered bauxite was tested.  New to the 
present work, quartz sand proppant was been tested.  
Tests were conducted in the presence of granite and 
three different waters. 

Proppant 
Sintered bauxite proppant has several characteristics 
that make it an ideal material to be used in deep oil 
and gas wells, including its strength, deformability 
and resistance to corrosion (Atteberry, 1979).  In 
addition it is thermally stable.  Proppant technical 
data provided by the manufacturer is included in 
Tables 1 through 3 and Figure 1.   
 
Table 1.  30/60 sintered bauxite proppant general 

data provided by manufacturer. 
Specific Gravity 3.63 
Bulk Density 130 lb/ft3 
Crush at 12,500 psi 1.9% 
Absolute Volume 0.033 gal/lb 
Mean Particle Diameter 0.501 mm 

 

Table 2.  30/60 sintered bauxite proppant sieve data 
provided by manufacturer. 

Sieve Retained – % 
30 3 
40 77 
50 18 
60 2 

 
Table 3.  30/60 sintered bauxite proppant 

permeability data provided by 
manufacturer. 

Closure Stress – psi Permeability – darcy 
6000 169 
8000 137 
10000 120 
12000 103 
14000 86 

 

 
Figure 1.  Permeability of two proppants as a 

function of closure stress.  Sintered 
bauxite proppant is generally stronger 
than quartz sand proppant and therefore 
has greater resistance to crushing as seen 
by the rate at which permeability declines 
as closure stress increases. 

 
SEM images of unreacted 30/60 sintered bauxite 
proppant show the surface textures.  Figure 2A 
indicates that there are at least two different proppant 
surface types.  The surface of the grain on the left 
appears smoother and darker in the image, while the 
surface of the grain on the right appears rougher and 
is punctuated by surface craters.  Figures 2B and 2C 
are close-ups of the two proppant grain surfaces.  
EDS analysis (Table 4) reveals that the chemistry, 
and not only the texture, of the two grains are unique. 
 



 

 

 
Figure 2.  30/60 sintered bauxite proppant SEM 

images.  A) Two different surface textures 
are observed.  EDS analysis indicates that 
the two surfaces also have different 
compositions.  B) Close-up of smooth 
proppant grain surface.  C)  Close-up of 
rough proppant grain surface. 

 

Table 4.  Composition of surfaces of two proppant 
grains from EDS analyses of areas shown 
in Figures 2A and 2B. 

 Composition – wt% (mol%) 
Element Figure 2B Figure 2C 

C 62 (75) 20 (33) 
O 19 (17) 31 (38) 
Al 11 (6) 32 (23) 
Fe 8 (2) 18 (6) 

 
Sand proppants are generally less expensive that 
bauxite proppants, however, they do not hold up well 
in high closure stress reservoirs.  Technical data of a 
generic 40/70 quartz sand proppant is provided in 
Tables 5 through 7 and Figure 1. 
 
Table 5.  Generic 40/70 quartz sand proppant 

general data. 
Specific Gravity 2.63 
Bulk Density 91.1 lb/ft3 
Sphericity 0.7 
Roundness 0.6 

 
Table 6.  Generic 40/70 quartz sand proppant sieve 

data. 
Sieve Retained – % 

40 0.8 
45 14.7 
50 49.4 
60 26.6 
70 7.6 
80 0.8 

 
Table 7.  Generic 40/70 quartz sand proppant 

permeability data. 
Closure Stress – psi Permeability – darcy 

2000 88 
4000 65 
6000 34 
8000 16 

 
SEM images show the quartz sand proppant surface 
(Figures 3A and 3B) and results of EDS analysis 
provide the composition reported in Table 8. 
 

A) 
 

B) 
 

C) 
 



 

 
Figure 3.  A) 40/70 quartz sand proppant SEM 

image.  B) Close-up of surface of quartz 
sand proppant. 

 
Table 8.  Composition of surface of 40/70 quartz 

sand proppant from EDS analysis. 
Element Composition – wt% (mol%) 

C 7 (11) 
O 52 (62) 
Si 41 (27) 

Water 
Three different water types were used over the course 
of the experiments.  In the first experiments, 
deionized water was used.  Deionized water is 
chemically active and is not a good analog for 
geothermal waters, which are expected to be 
saturated with various dissolved solids.  Use of 
deionized water created an environment that is 
chemically more aggressive than would be expected 
to be found in a geothermal reservoir.  Steam 
condensate, however, is often reinjected into the 
reservoir and is fairly simulated by deionized water.   
 

In an effort to more closely simulate in situ 
conditions later experiments used DI water spiked 
with tetraethyl orthosilicate (TEOS).  TEOS reacts 
with water in a hydrolysis reaction to yield SiO2 and 
ethanol.   TEOS was added to water in an effort 
create a solution with SiO2 concentrated to near the 
quartz saturation limit at test temperatures.  Silica 
concentration was determined by inductively coupled 
plasma mass spectrometry (ICP-MS) analysis to be 
153 ppm.   
 
In the latest experiments, geothermal brine from Raft 
River, Idaho, well RRG-1 was used.  Two samples of 
water were provided by U.S. Geothermal Inc.  The 
first sample was collected before September, 2010; 
the second sample was collected on November 2, 
2010.  The first sample was used in Ampoule A and 
the second sample was used in all remaining 
ampoules.  Results of the elemental analysis of the 
geothermal waters performed by Thermochem Inc. 
are given in Table 9. 
 
Table 9.  Composition of geothermal brine from Raft 

River, Idaho, well RRG-1 from analyses 
performed by Thermochem, Inc.  

 Concentration – mg/kg 
Element Collected 

before 9/2010 
Collected 
11/2/2010 

Na 520 547 
Mg 0.124 0.108 
K 34.2 36.5 
Ca 55.2 59 
Fe <0.05 <0.05 
Si 121 129 
Cl 897 942 
B 0.205 0.213 
Sulfate 56.8 58.3 

Granite 
Many potential EGS reservoirs are found in granitic 
rocks.  In order to more closely simulate expected 
geothermal conditions, tests were conducted in the 
presence of granite.  In addition to the effects of 
water on proppant, it will also be important to know 
what if any interaction may be expected between 
proppant materials and the host rock.  In the present 
study, Little Cottonwood (Utah) granite was used.  
The granite was crushed to sieve size 30/65.  Granite 
mineralogy obtained by X-ray diffraction 
spectroscopy (XRD) analysis is contained in Table 
10. 
 

A) 
 

B) 
 



Table 10.  Mineralogic composition of Little 
Cottonwood stock granite.  Composition 
was determined using XRD. 

Mineral Composition – wt% 
Chlorite 7.0 
Biotite 4.4 
Quartz 23.7 
Plagioclase 45.7 
K-feldspar 19.2 

Experimental Methods 
Experiments were designed to determine the 
suitability of specific proppant types in geothermal 
applications. 

Trials 3-5 
The first set of trials – 1 and 2 reported by McLin et 
al. (2010) and 3 through 5 (present work) – combined 
solids and water in a stainless steel fixed bed 
autoclave batch reactor.  The reactor was constructed 
of stainless steel tubing (1-in outside diameter and 
0.083-in wall thickness) and end caps.  The 
temperature was monitored and controlled using 
electric heat tape wrapped around the outside of the 
reactor, a thermocouple and computer control 
software and interface.   
 
The apparatus used in Trials 3 through 5 was 
modified from that used in Trials 1 and 2 described 
by McLin et al. (2010) to include a valve and tubing 
coil at the bottom of the reactor (Figure 4).  This 
change was made so that water could be removed 
from the reactor, cooled quickly in an ice bath, 
collected and then immediately diluted to prevent 
precipitation.  The change was made to eliminate the 
risk of significant precipitation during an extended 
cooling period. 
 

 
Figure 4.  Reactor used in Trials 3 through 5.  The 

reactor was contructed of stainless steel 
tubing and end caps.  Temperature was 
monitored and maintained by a 
thermocouple and heat tape.  Water was 
removed through the valve and coiled 
tubing (not shown) at the bottom of the 
reactor. 

 
Proppant or proppant and granite mixtures were 
added to the reactors.  Water was added slowly to 
allow it to flow into the proppant pack.  The reactors 
were sealed and then left to cook.  At the end of each 
trial run, the bottom valve was opened to collect the 
reactor liquid.  The reactors were then allowed to 
cool and the solids were extracted.  Table 11 gives 
the details of each trial.  All experiments were 
conducted at 200°C. 
 
Table 11.  Experiment details.  Trials 1 and 2 were 

reported by McLin et al. (2010).   
Trial Solids Liquid Duration 

1 30/60 sintered 
bauxite 

Deionized 
water ~ 1 month 

2 30/60 sintered 
bauxite 

Deionized 
water 

~ 2 months 

3 

30/60 sintered 
bauxite and 
30/60 crushed 
granite 

Deionized 
water 10 weeks 

4 

30/60 sintered 
bauxite and 
30/60 crushed 
granite 

Deionized 
water spiked 
with silica 

11 weeks 

5 

30/60 sintered 
bauxite and 
30/60 crushed 
granite 

Deionized 
water spiked 
with silica 

11 weeks 

 
Each of the reactors of Trials 3 through 5 leaked to 
some degree.  As water leaked, the concentration of 



dissolved solids in the liquid would have increased.  
The elevated concentration would obviously have 
had an effect on water chemistry and could have 
caused precipitation inside the reactor that would not 
have otherwise occurred.   

Trials A – E 
To eliminate leakage of water in further trials, a new 
apparatus was used.  Reactants (proppant, granite and 
water) were loaded into quartz glass ampoules 
(Figure 5) similar to those described in Adams et al. 
(1986). 
 

 
Figure 5.  Schematic drawing of quartz glass 

ampoules. 
 
Each ampoule was weighed.  Proppant or proppant 
and granite were weighed and loaded into the 
ampoules.  Water was then slowly added using a 
syringe and tubing so that the water filled the pour 
spaces in the solid pack.  Enough free volume was 
left in the ampoules to allow for thermal expansion of 
the contents.  Each ampoule was then sparged with 
argon gas to remove oxygen.  The necks of the 
ampoules were hermitically sealed to prevent any 
leakage of water or ingress of contaminants.   
 
The ampoules were then loaded into one of two 
Autoclave Engineers pressure vessels.  Water was 
then added to the pressure vessels and the vessels 
were sealed and put in an oven to cook.  The water 
added to the pressure vessel was necessary to 
equalize the pressure inside the ampoules and prevent 
ampoule rupture.  Only a small amount of water was 
needed and enough free volume was maintained to 
allow for thermal expansion of the water. 
 
Autoclave Engineers (AE) equipment was used 
because a leak-free seal had to be maintained at 
elevated temperature and pressure for up to two 
months.  The first AE vessel was constructed from a 
10-in coned and threaded nipple (1-in outside 
diameter and 0.668-in inside diameter) and end caps 
(Figure 6).  The end caps are stamped for maximum 
allowable working pressure of 20,000 psi at room 
temperature.  The tubing is rated at up to 15,000 psi 
at 100°F. 
 

 
Figure 6.  Pressure vessel contructed of Autoclave 

Engineers coned and threaded nipple and 
end caps. 

The second AE vessel is a single-ended Kuentzel 
closure vessel (Figure 7).  The vessel was 
manufactured and certified by Autoclave Engineers 
and is stamped with a maximum allowable working 
pressure of 11,000 psi at 300°F.  The vessel has a 1-
in inside diameter and inner length of 8 in with a total 
volume of 103 ml. 
 

 
Figure 7.  Autoclave Engineers Kuntzel closure 

pressure vessel. 
 
The ampoules were designed such that up to three 
ampoules can fit in the Kuentzel closure vessel at 
once.  Between the two vessels, up to four trials can 
be conducted simultaneously. 
 
At the end of the experiments, the oven was turned 
off and the pressure vessels were allowed to cool 
long enough that they could be safely opened.  The 
pressure vessels were then opened and the ampoules 
removed.  The tops of the ampoules were cut off and 
a syringe and tubing used to remove the liquids.  
Aliquots were then taken and diluted to prevent 
precipitation of dissolved solids.  In two cases, the 
solids were rinsed with deionized water to wash away 
any remaining dissolved solids that might precipitate 
on the solid surfaces.  The solids were then put back 
in the oven to dry.  Solids were imaged using SEM 
and their compositions analyzed using EDS.  Liquids 
were sent out to be analyzed. 
 
Two different proppant types were tested in the 
presence of geothermal brine from Raft River, Idaho 
well RRG-1.  All tests were conducted at 230°C.  
Table 12 gives the details of the particular trials. 



 
Table 12.  Experiment details.  Trials A through E  
Trial Solids Duration Notes 

A 30/60 sintered 
bauxite 5 weeks  

B 
30/60 sintered 
bauxite and 30/60 
crushed granite 

4 weeks 
Solids 
rinsed with 
DI water 

C 
30/60 sintered 
bauxite and 30/60 
crushed granite 

4 weeks  

D 
40/70 quartz sand 
and 30/60 crushed 
granite 

4 weeks 
Solids 
rinsed with 
DI water 

E 
40/70 quartz sand 
and 30/60 crushed 
granite 

4 weeks  

Analytical Methods 
SEM images and semi-quantitative analyses by EDS 
were used to examine the unreacted and reacted 
proppant and granite. Samples were left uncoated for 
more accurate chemical analyses. The samples were 
examined on a FEI NovaNano Scanning Electron 
Microscope at the Dixon Laser Institute at the 
University of Utah. The SEM has a field emitter 
electron source. A low vacuum detector was used to 
image the uncoated non-conducting sample. An 
accelerating voltage of 7 kV and a beam diameter of 
4 micrometers were utilized. The chemical analyses 
were made using an EDAX detector. The 
quantification of the elements was made with EDAX 
software. 

RESULTS 

Results of experiments varied widely between trials 
in which significant water loss is suspected and trials 
that were conducted in leak-free quartz ampoules. 

Trials 3 – 5 
The results of Trials 3 and 5 indicate that significant 
dissolution, precipitation and crystal growth occurred 
in the reactors.  However, there is little evidence of 
either dissolution or precipitation in the case of Trial 
4.  As stated, Reactor 4 was completely dry; the 
assumption is that water leaked from the reactor so 

quickly that there was no time for dissolution or 
precipitation to occur. 
 
Although obvious evidence of significant dissolution 
in Reactors 3 and 5 is somewhat limited, this may be 
due to the amount of precipitation and crystal growth 
that occurred.  Some possible dissolution textures 
have been identified (Figure 8A), precipitation and 
crystal growth notwithstanding. 
 
Proppant and granite surfaces are characterized by 
the presence of a pervasive amorphous silica or 
aluminosilicate coating (Figure 8B) and are 
punctuated by areas of significant crystal growth.  
Wairakite (?) (Figure 8C), vermiculite (?), opal CT 
(?) (Figure 8D) and zeolites such as erionite (Figure 
8E) have tentatively been identified based on their 
morphologies and compositions.  In both Reactors 3 
and 5, proppant and granite particles in portions of 
the reactors became cemented together and to the 
walls of the reactors.  The cement binding the 
particles was likely the amorphous coating previously 
identified (Figure 8F). 
 
Precipitation and crystal growth likely occurred only 
as dissolved solids became concentrated above their 
saturation limits as water vapor escaped the reactor.  
In an actual geothermal reservoir application, it is not 
difficult to imagine a situation in which boiling might 
occur near a production well or as a result of pressure 
draw down during production. 

Trials A – E 
The results of the latest tests, Trials A through E 
conducted in sealed quartz glass ampoules, are 
significantly different from the results of early 
experiments conducted in the stainless steel fixed bed 
reactors. 
 
SEM images of the bauxite proppant from Trial B 
show significant evidence of dissolution of the 
proppant grains (Figure 9).  Similar dissolution 
textures have been observed in images from each of 
Trials A through C.  SEM images from Trials D and 
E indicate that dissolution of quartz sand proppant 
may also have occurred. 
 



 
Figure 8.  Scanning electron microscope images of proppant and granite from Reactors 3 and 5.  A) Possible 

dissolution textures covered by an amorphous aluminosilicate coating (Reactor 5).  B) Amorphous 
coating on proppant surface (Reactor 3).  C) Wairakite (?) growth on the proppant surface (Reactor 3); 
Inset: detail.  D) Growth of fine needles of opal CT (?) and books of vermiculite (?) (Reactor 3).  E) 
Acicular crystals of erionite (Reactor 5).  F) Proppant and granite cemented together by amorphous 
silica (Reactor 5).  

A) 
 

B) 
 

C) 
 

D) 
 

E) 
 

F) 
 



 
Figure 9.  Dissolution textures on proppant surface 

from Trial B 
 
In the absence of any leakage of water, little or no 
evidence of precipitation was found.  Certainly the 
amount of crystal growth observed in Trials 3 and 5 
was not found in Trials A through E.   

SUMMARY AND CONLUSIONS 

This study presents the results of experiments 
conducted on sintered bauxite and quartz sand 
proppants and mixtures of proppant and granite.  
These experiments were carried out in the presence 
of deionized water, deionized water spiked with silica 
and geothermal water from Raft River, Idaho, well 
RRG-1.  The reactors were heated to temperatures of 
200 to 230°C for periods between 4 and 11 weeks. 
 
The results indicate that dissolution of sintered 
bauxite proppant occurred in the presence of 
geothermal water at 230°C.  SEM images suggest 
that dissolution of quartz sand proppant may also 
have occurred.  This is expected because the 
geothermal water was undersaturated in silica with 
respect to quartz at the test temperatures.  Proppant 
dissolution would lead to an increase in fracture 
porosity and possibly permeability; however, the 
effects of dissolution on proppant strength have not 
yet been investigated 
 
The results of the early experiments reflect the effects 
of water loss from the reaction vessels and 
subsequent concentration of dissolved species.  In 
these experiments, precipitation of wairakite (?), 
vermiculite (?), amorphous aluminosilicates and 
zeolites occurred.  Simliar conditions could be found 
in fractures where extensive boiling has occurred.  It 
is anticipated that precipitation would have a negative 
effect on fracture porosity and permeability. 
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