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ABSTRACT

Strong feedbacks link temperature (T), hydrologic flow (H), mechanical deformation (M), and chemical alteration
(C) in fractured rock. These processes are interconnected as one process affects the initiation and progress of
another. Dissolution and precipitation of minerals are affected by temperature and stress, and can result in signifi-
cant changes in permeability and solute transport characteristics. Understanding these couplings is important for
oil, gas, and geothermal reservoir engineering, for CO2 sequestration, and for waste disposal in underground
repositories and reservoirs. To experimentally investigate the interactions between THMC processes in a naturally
stressed fracture, we report on heated (25°C up to 150°C) flow-through experiments on fractured core samples
of Westerly granite. These experiments examine the influence of thermally and mechanically activated dissolution
of minerals on the mechanical (stress/strain) and transport (permeability) responses of fractures. The evolutions
of the permeability and relative hydraulic aperture of the fracture are recorded as thermal and stress conditions’
change during the experiments. Furthermore, the efflux of dissolved mineral mass is measured periodically and
provides a record of the net mass removal, which is correlated with observed changes in relative hydraulic frac-
ture aperture. During the experiments, a significant variation of the effluent fluid chemistry is observed and the
fracture shows large changes in permeability to the changing conditions both in stress and in temperature. We
argue that at low temperature and high stresses, mechanical crushing of the asperities and the production of
gouge explain the permeability decrease although most of the permeability is recoverable as the stress is released.
While at high temperature, the permeability changes are governed by mechanical deformation as well as chemi-
cal processes, in particular, we infer dissolution of minerals adjacent to the fracture and precipitation of kaolinite.
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INTRODUCTION another. The evolution of the transport and mechanical
properties of rock fractures cannot be predicted by
During last several decades, intense research has been

performed on the processes that link temperature (T),

only considering each process independently. These com-
plex coupled behaviors are important in many systems

hydrologic flow (H), mechanical deformation (M), and
chemical alteration (C) in fractured rock (e.g., Tsang
1987; Stephansson et al. 1996; Baghbanan & Jing 2008;
Faoro et al. 2013). These processes are strongly intercon-
nected as one process affects the initiation and progress of

© 2015 John Wiley & Sons Ltd

related to oil, gas, and geothermal reservoir engineering
and for waste disposal in underground repositories and
reServoirs.

It has been observed, for example, that chemical precipi-
tation from aqueous solutions can reduce (Lowell et al.
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1993) and even completely occlude (Martin & Lowell
2000) rock permeability, transforming open fractures into
mineralized veins (Vermilye & Scholz 1995). Thermal
expansion or contraction also drastically affects permeabil-
ity distribution and fluid-flow characteristics (Lowell &
Germanovich 1995; Germanovich ez al. 2000, 2001),
including the role of thermal stresses and the nonlinear
closure characteristics of fractures to applied stress (Jones
1975; Gangi 1978; Kranz et al. 1979; Neuzil & Tracy
1981; Tsang & Witherspoon 1981; Walsh 1981; Raven &
Gale 1985; Gavrilenko & Gueguen 1989).

The hydraulic transmissivity of fractured rock masses is
strongly affected by coupled THMC processes and is con-
ditioned by the interaction of the evolution of stress, varia-
tion of temperature, and the chemistry of the circulating
fluid. It remains difficult to predict the response of the
fracture (opening or closing) to these processes. During
flow-through tests in limestone (Polak ez a/. 2003) and
novaculite (Yasuhara ez al. 2006), for example, sponta-
neous variations of permeability were recorded in response
to changes of temperature without change in stress or of
fluid influent chemistry.

To investigate the interactions between THMC pro-
cesses in a natural stressed fracture, we report on heated
flow-through experiments on cylindrical specimens of Wes-
terly granite split by a single fracture parallel to the core
axis. During the experiments, the evolution of the hydrau-
lic responses of the fracture (permeability and relative
hydraulic aperture) to the imposed changes of the stresses
and of the temperatures of the circulating fluid is followed.
Furthermore, the efflux of dissolved mineral mass is mea-
sured periodically to provide a record of the net mass
removal of minerals and to correlate this with the observed
hydraulic responses of the fracture during the flow experi-
ment.

EXPERIMENTAL SETUP

The schematic of the experimental setup is represented in
Fig. la. In a standard triaxial cell within the Temco core
holder, a jacketed fractured core sample is placed between
two axial cylindrical platens, which is in turn connected to
two high-precision pressure syringe pumps operated in
stress control mode (pumps type: ISCO 500D, pressure
range: 1-70 MPa; for more technical details, refer to Wang
et al. 2013). The first intensifier applies an identical radial
(confining) and axial stress to the cylindrical sample; the
second pressurizes the circulating fluid within the sample.
The pressure transducers PDCR 610 and Omega PX302-
5KGV (resolution of 0.03 MPa) measure, respectively, the
pressures of the confining and of the circulating fluid.

The sample comprises a Westerly granite core 25.4 mm
in diameter and 100 mm in length that is longitudinally
notched to a depth of 2 mm, split in half in a knife-edged-

vice (see Fig. 1b), cleaned with compressed air, and finally
reassembled without offsetting the walls of the fracture.

The sample is first placed between the two cylindrical
platens and then jacketed with a PVC sheath (thickness
5 mm). Once the sample is arranged within the Temco
pressure vessel, we apply first the confining pressure and
then connect the internal hydraulic circuit for fluid injec-
tion into and out of the sample.

The inlet fluid (deionized water) circulates in through
the upstream fracture edge, transits the sample along the
fracture, and drains from the downstream fracture edge. In
each experiment, periodic measurements of efflux of dis-
solved mineral mass provide a record of the net mass
removal of constituent minerals.

We perform experiments at different temperatures of the
circulating fluid. The Temco vessel is encased within a home-
made furnace, and heat is generated by two ‘Omegalux’ radi-
ant ceramic heater plates (power of up to 2KW and surface
temperatures of up to 980°C/1800°F) (see Fig. 1c,d).

In order to minimize the thermal dispersion and to insu-
late the furnace itself from the heat, the internal walls are
lined with sheets of refractory ceramics (thickness: 15 mm)
(see Fig. 1d). The temperature of the furnace is controlled
by a thermostat to an accuracy of 0.1°C and measured by
one thermocouple to an accuracy of 0.01°C. The fluid
inlet pipeline to the fracture is long (60 ¢cm) and coiled to
guarantee that the inlet fluid is brought to the same equi-
librium temperature as the air in the furnace before injec-
tion. The significant thermal mass of this coiled line also
damps out thermal fluctuations and their effect on thermal
expansion of the water.

EXPERIMENTAL PROCEDURE

We report on three deionized water flow-through experi-
ments on three fractured cores of Westerly Granite, and at
three different boundary conditions (see Table 1, section:
“Test conditions’).

In the first experiment, performed at room temperature,
the stress applied at isotropic condition (o, = 6, = G3) is
stepped up and down from 1.5 to 60 MPa, while the pore
pressure is adjusted between 150 KPa and 5 MPa to guar-
antee the continuous circulation of fluid (see Table 1 for
details).

In the second experiment, the isotropic stress is kept
constant at 5 MPa, and the pressure of the circulating fluid
is 150 KPa, while its temperature is stepped up to 150°C
and back to 25°C as follows: 2545, 45-90, 90-120, 120-
150, 150-75, and 75-25°C.

Finally, in the third experiment, the isotropic stress is
40 MPa, the pressure of the circulating fluid is adjusted
between 1 MPa and 5 MPa, and the fluid temperature is
stepped up to 140°C and back to ambient condition as fol-
lows: 25-50, 50-100, 100-140, 140-100, and 100-25°C.

© 2015 John Wiley & Sons Ltd
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Fig. 1. Equipmental arrangement showing: (Top A) the schematic of the pressure vessel, the pressure intensifiers, the plumbing arrangement, and the fur-
nace. In detail: the internal geometry of the pressure vessel with sample (shown in jacket) and the fluid access lines. (Bottom B): Westerly granite sample: ®:
25.4 mm and L:100 mm. (Bottom C and D): respectively, the plain and frontal views of the pressure vessel, the plumbing arrangement, and the furnace.

During the experiments, the pumps pressurize both the
confining and the circulating fluid, and are operated in
stress control mode. Readings of flow rate are continuously
recorded. The maximum values of both temperatures and
pressures are set according to the limits of the equipment.

In all the experiments, each ‘step-like change’ of the
boundary conditions: Both the stress and the temperature
last on an average of ~24 h.

Finally, net effluxes of dissolved mineral mass are mea-
sured periodically to provide a record of the net mass
removal, which will be ultimately correlated with the
changes in aperture observed during the flow test.

RESULTS

The permeability is computed by the measurement of the
flow rate at steady-state conditions of stress and tempera-
tures using the following equation:

Q- Ls

S I VR S
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where £ permeability [m?]; Q; steady fluid flow rate
[m® sec !]; Lg length of the sample [m]; Ag cross-sec-
tional area of the sample [m?]; Ak: water head drop [m];
p: water density [kg m™3]; 4 gravitational acceleration
[m sec2]; and Wep: dynamic viscosity as a function of the
circulating fluid temperature: [kg m™! sec™'] (Dortmund

Data Bank, viscosity):
) = A - 105079 (2)

where A: 2.414%107° [kg m~! sec™']; B: 247.8 [°K]; C:
140 [°K]; and T: inlet fluid temperature [°K].

The equivalent hydraulic aperture: & is related to the
recorded flow rate: Q and the head drop: Ak, measured
over the sample of length, Lg, and diameter Dy as:

b - Ds-Ab

Q=15 3)

(1) " Ls

Finally, the dissolved mineral mass removed (labeled:
Mass in Table 1) is computed by multiplying the volume
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Table 1 Experiments: variables and results.

Test conditions Test measurements

APore Mass,

Temp., °C G405, 63, MPa  pressure, KPa  k, m? b, mm Al ppm Ca, ppm K, ppm Mg, ppm Na, ppm Si, ppm Volume, ml mg
25 1.5 150 2.87e-15 0.189 235 0.99 0.22 1.38 0.21 50 0.26
5 150 1.65e-15 0.157  0.02 1.81 0.35 0.14 0.41 0.19 7.46 0.28
10 150 1.62e-15  0.156 1.33 0.30 0.12 0.55 0.09 63.53 0.43
20 150 1.09-15 0.137 1.02 0.15 0.09 0.14 0.07 25.85 0.47
40 5000 2.29%-16 0.081 0.15 263 1.50 2.78 6.79 1.54 5.43 0.68
60 5000 1.68e-18 0.015 0.12 52.4 1.79 5.18 14.6 2.25 6.62 1.18
40 1500 1.08e-18 0.010  0.05 343 1.75 3.23 14.5 2.44 4.38 1.43
20 200 4.42e-19 0.013  0.01 2.58 0.16 0.21 0.96 0.23 11.76 1.48
10 200 2.29e-16  0.081 0.42 0.09 0.04 0.08 0.06 45.97 1.51
5 200 1.12e-15 0.138 0.37 0.05 0.03 0.05 60.6 1.54
25 5 150 1.07e-15  0.135 1.57 0.26 0.14 0.73 0.20 65.87 0.19
45 8.09e-16 0.127  0.02 3.30 0.30 0.28 1.69 0.36 33.56 0.39
90 3.46e-16 0.097 0.05 4.47 0.75 0.27 2.37 3.29 71.34 1.18
120 3.45e-16 0.090 0.01 0.80 0.15 0.04 0.34 2.15 45.31 1.34
150 2.04e-16  0.084 0.01 43.1 36.78 2.92
75 2.74e-16  0.093 0.01 0.78 0.78 0.03 1.17 15.3 2.07 2.96
25 9.9%-16 0.126  0.02 2.82 0.22 0.11 0.60 3.82 30.19 3.19
25 40 1000 3.52e-17 0.043 0.06 13.9 0.91 1.46 4.77 0.83 40.27 0.88
50 5000 9.37e-18 0.028 0.08 12.3 0.70 1.08 4.05 1.34 38.96 1.64
100 5000 4.83e-18 0.022 0.10 5.24 0.52 0.32 2.26 3.68 23.65 1.92
140 5000 2.7%-18 0.018 0.03 0.71 0.40 0.02 1.73 34.6 23.87 2.82
100 5000 2.34e-18 0.017  0.01 0.37 0.21 0.01 0.66 22.8 10.07 3.06
25 5000 2.88e-18  0.018 0.14 8.29 8.00 0.18 323 14.1 12.57 3.85

of the discharged flow rate (labeled: Volume in Table 1)
by the aqueous concentrations of the major elements pre-
sent in the effluent fluid. Initial solid state composition of
Westerly granite core is as follows: 27% quartz: SiO,, 36%
microcline: KAISizOg, 30% plagioclase: NaAlSiz;Og to
CaAl,Si,Og, and 6% phyllosilicates: MgsSigO15(OH),-6
H,O (Meredith & Atkinnson 1985).

The panel in Fig. 2 shows on the left the evolutions of
the permeability as a function of the confining stress for
the specimen tested at 25°C and as a function of the tem-
peratures of the circulating fluid for the samples confined,
respectively, at 5 MPa and at 40 MPa. On the right of
Fig. 2, it is displayed the evolutions of the cumulative dis-
solved mass removal within the sample as a function of the
equivalent hydraulic aperture. The measured magnitudes
are reported in Table 1, section: ‘Test measurements’.

The experiment performed at 25°C (top panel, left col-
umn Fig. 2) shows that the permeability of the fractured
sample is inversely proportional to the confining stress. In
this experiment, the sample is loaded from 1.5 to 60 MPa
and then unloaded to 5 MPa. The permeability drops by 3
orders of magnitude from the initial value of 2.87¢-15 m?
to 1.08¢-18 m?, before recovering to 1.12e-15 m? as the
stress is released. The minimum value of permeability is
recorded at the first step of the unloading sequence:
40 MPa; the final value is recorded at 5 MPa and is
approximately equivalent to that recorded at the same
the 1.65¢-15 m?
Table 1). The equivalent hydraulic aperture is inferred

stress  during loading phase: (see

from the permeability measurements and therefore follows
a similar trend: from 185 pm at 1.5 MPa to 10 pm at
40 MPa (of the unloading phase) and then back to
138 um at 5 MPa. During this test, 1.54 mgs of mineral
mass are removed by dissolution, in particular the largest
fraction (~1 mg) at the highest stress, during the loading
interval: 40-60-40 MPa (top panel, right column of
Fig. 2).

In the heated (150°C) test at the lower constant confin-
ing stress (5 MPa), the temperature of the circulating fluid
is increased to 150°C before falling to the initial standard
conditions: 25°C. The permeability (central panel, left col-
umn of Fig. 2) is inversely correlated to the temperature:
from an initial value of 1.07¢-15 m? at 25°C to a similar
final one of 9.99¢-16 m? (at the same temperature) after
dropping to 2.04¢-16 m?
hydraulic aperture follows the trend of the permeability:

at 150°C. The corresponding

135 pum at 25°C, then a minimum value of 84 um at
150°C, and finally recovering to a final value of 126 pum.
During this test, the amount of dissolved mass is 3.19 mg.
At equivalent intervals of time (24 h), 15% (0.5 mg) of the
mass has been dissolved between 45 and 90°C and 45%
(1.5 mg) between 120 and 150°C (central panel, right col-
umn Fig. 2).

Finally, in the heated test (140°C) at the higher confin-
ing pressure (40 MPa), the permeability decreases quasi-
exponentially from the initial value of 3.52e-17 m? to
2.88¢-18 m? although the temperature of the inlet fluid is
increased up to 140°C and then cooled to 25°C (bottom

© 2015 John Wiley & Sons Ltd
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panel, left column of Fig. 2). The inferred hydraulic aper-
ture reduces from 43 um to 18 pum following the perme-
ability trend. During this test, 3.85 mgs of dissolved mass
were collected, 25% of that between the interval 100-
140°C (bottom panel, right column of Fig. 2).

The aqueous concentrations of the main elements (Al
Ca, K, Mg, Na, Si) as a function of applied stress for the
sample tested at room temperature (i.e., 25°C) and as a
function of the temperatures of the inlet fluid for the sam-
ples confined at 5 MPa and 40 MPa are represented in
Fig. 3 and reported in Table 1 in the section ‘Test men-
surements’.

© 2015 John Wiley & Sons Ltd

Concentrations of the main clements falling below the
detection limits of the Perkin-Elmer Optima 5300—Induc-
tively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) are not shown in the figures or in the tables.

In the experiment performed at 25°C (left panel of
Fig. 3), we record that for all the elements, the resulting
aqueous concentrations exhibit similar trends but different
magnitudes: Those of Ca and Na are on average 1 order of
magnitude larger than those for Mg, K, and Si and 3
orders of magnitude higher than those for Al. Further-
more, the concentrations are highly sensitive to changes in
confining stress. More specifically, the higher the stress,
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Fig. 3. Concentrations of the main elements (Al, Ca, K, Mg, Na, Si) as a function of the stress for the sample tested at room temperature (left panel) and as
a function of the temperatures of the inlet fluid for the samples confined at 5 MPa (central panel) and 40 MPa (right panel). These values are also reported
in Table 1 in the section: 'Test measurements’. Measurements below detection limits are omitted.

the higher the concentrations, except for the initial increase
in stress (from 1.5 MPa to 20 MPa) where they decrease
slightly. The minimum values are recorded at the end of
the experiment when the confining stress is returned to
5 MPa.

For the heated experiment (150°C) confined at 5 MPa
(central panel of Fig. 3), the concentrations of each ele-
ment vary with the temperatures as previously noted,
except for the Si which follows an opposite trend after
120C. In more details, between 25°C and 90°C, the
higher is the temperature, the higher are the concentra-
tions. The most abundant elements are Ca and Na, fol-
lowed by Si (that increases of 1 order of magnitude
between 45°C and 90°C), then K and Mg, and finally the
least abundant is Al (for the entire test, it ranges on aver-
age 1 or 2 orders lower that the others: between
0.01 ppm and 0.05 ppm). Between 90°C and 120°C, the
concentrations slightly decrease; at 150°C (except Si), they
drop to their minimum and then (except Si) increase again
to the final values recorded as the temperature is lowered
to 25°C. These final values are similar to those measured
for the same boundary conditions at the beginning of the
test. In contrast, at 150°C the concentration of Si increases
~20 times the previous value at 120°C and reaches its peak
of 43.1 ppm; then, during the cooling stage of the experi-
ment, it decreases to its final value of 3.82 ppm at 25°C
(~20 times higher than the initial concentration recorded
at room temperature).

In the heated experiment (140°C) confined at 40 MPa
(right panel of Fig. 3) the concentrations of all the ele-
ments are still strongly dependent on the temperature, and
except for Si, they follow the same trend. Only the Si, in
fact, shows that the concentration is positively correlated

to the temperature of the circulating fluid (the higher the
temperature, the higher the concentrations). For all the
other elements, this is not true and in fact, their concentra-
tions continuously decrease until the 100°C of the cooling
phase where they reach their minimum values (~0.5 times
lower than the respective initial concentrations). Then,
during the last part of the experiment, at temperatures
between 100°C and 25°C, all the concentrations increase
to reach their peak values (Na, K, AL) or a value similar to
their initial concentration (Ca).

ANALYSIS

Our measurements show that the variations in the stress
and the temperature of the circulating fluids affect the
hydraulic (permeability), mechanical (hydraulic aperture),
and transport (net mass of removal and relative aqueous
concentrations of the main elements) properties of the
fractures in the Westerly granite samples.

To understand which mechanisms are responsible for the
observed results, for each test, we (i) first analyze and cor-
relate the permeability evolutions (Fig. 2) with the devel-
opment of the aqueous concentrations of the principal
elements present in the Westerly granite (Fig. 3), and then,
(ii) we compare the rates of hydraulic aperture reduction
d&/dtiyq independently computed from equation 3, with
the rates (d&/dtcp.) derived from the recorded effluent
concentrations (Fig. 4).

The chemical rates of aperture reduction are calculated
as (Polak ez al. 2003):

dv QG
Echc - A;p (4)

© 2015 John Wiley & Sons Ltd
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Fig. 4. Comparison between the rates of hydraulic aperture reduction db/dt,q and the chemical rates of aperture reduction (db/dtcpe).

where Q; steady fluid flow rate [m? sec™1]; A,. fractional
contact area of the fracture surfaces [m?]; C, and p: are,
respectively, the concentrations (see Table 2) and the den-
sities of the elements present in the effluent [kg m™>]:
2700 kg m~* for Al, 1550 kg m—® for Ca, 890 kg m?
for K, 1740 kg m~® for Mg, 968 kg m® for Na, and
2650 kg m~* for Si.

The data represented in Fig. 4 show the chemical aper-
ture rates (d&/dzcp.) at five different estimated fractional
contact areas: 1, 10, 25, 50, and 75%.

From the first test performed at room temperature, we
have observed that the permeability is inversely correlated
to the applied stress and that the variation of stress does
not produce a permanent change in the hydraulic proper-
ties of the fracture. At the beginning and end of the exper-
iment, the stress conditions are identical and the initial and
final values of the permeability are almost the same. For
this test, a fractional contact areca of the fracture of 1-10%
is needed for the chemical aperture rates to match the
hydraulic aperture reduction inferred from permeability
measurements (left panel of Fig. 4). This can be explained
if we consider that even if the increments of confining
stress forcing the progressive mechanical closure of the
fracture induce some damage to the contacting asperities,

most of the resulting deformation is recoverable. During
the loading path, the creation of gouge temporarily plugs
the fracture and reduces the permeability. On the contrary,
during the unloading part of the experiment, the relaxation
of the stress not only reduces the production of gouge but
also facilitates gaping of the fracture and as a consequence,
the permeability recovers to close to its initial value at the
beginning of the test. This is also confirmed by the fact
that, for all the cations, the aqueous concentrations
increase as the level of stress becomes higher, namely when
the production of gouge is maximum (~1 mg between the
stress interval 40-60-40 MPa). In contrast, the concentra-
tions decrease when the production of wear products is
absent or at least greatly reduced, that is, precisely at the
beginning of the test at stresses below 20 MPa (0.2 mg)
and in the second part of the load cycle at stresses ranging
between 60 MPa and 5 MPa (0.1 mg).

During the second experiment at a confining stress of
5 MPa, we observe that the changes of permeability
depend on the temperature of the circulating fluid and that
they are reversible. At this low stress level, the production
of gouge by mechanical crushing of the asperities can be
considered insignificant: The computed fractional contact
arca of the asperities is 1% (center panel of Fig. 4).
Nonetheless, we have recorded that the production of mass

Table 2 Possible Westerly granite chemical reactions in nonsaturated solutions of distilled water and stoichiometric computations of the weight ratios of the

products with SiO,.

Stoichiometry reactions ** Gj0, o Ca* *#* Na* ok K ok Mgt * Kaolinite * Al,Si,O5(0OH),
Mg4SicO415(0H), * 6H,O + 8H" — 4Mg>" + 65i0, + 11H,0 6 4

CaAl,Si,Og + 2H* + H,O - AlSi,O5(OH), + Ca®* 1 1

2NaAlSi;Og + 2H* + H,O — ALSi,O5(OH), + 4Si0, + 2Na* 4 2 1

2KAISi30g + 2H* + H,O — AlySi,O5(0OH), + 4Si0; + 2K* 4 2 1

moles: 14 1 2 2 4 3

molecular weight of 1 mole [g mole™"I: 60.85 40 23 39.1 243 258.134

total weight of the moles [g]: 851.9 40 46 78.2 97.2 774.402

ratio SiO,/** in weight: 1 213 185 10.9 8.8 1.1

© 2015 John Wiley & Sons Ltd
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is double than that recorded during the experiment con-
ducted at room temperature (see Table 1 and the bottom
panel in the central column of Fig. 2). This result is proba-
bly due to the fact that during this test, the most active
processes are those of temperature-assisted chemical disso-
lution of the fracture surface followed by convective trans-
port of the removed material. The mechanism of
temperature-assisted chemical dissolution explains the
higher productions of mass (bottom panel, central column
of Fig. 2) that occurs during the higher increments of tem-
perature (45-90°C and 120-150°C), but is not sufficient
to fully explain the permeability behavior. Considering that
at higher temperatures, more material is dissolved from the
walls of the fracture thus enhancing the fracture permeabil-
ity, we still need to explain why the permeability decreases
with an increase in temperature (especially between 90°C
and 150°C) instead of increasing. We find the answer in
analyzing how the concentrations of the main elements
evolve during the test (central panel of Fig. 3). In particu-
lar, we notice that at higher temperatures (90-150°C), the
aqueous concentrations (except for Si) decrease, or more
precisely, suggesting that the elements such as Ca, Na Mg,
and K are consumed, while Si is still produced. That sug-
gests that at higher temperatures, some chemical reactions
are likely engaged in forming new material. Such reactions
are staunched as the temperatures drop; in fact, the con-
centrations of the elements that previously were consumed
now increase, while the production of Si is reduced. The
formation of new material by itself is still not sufficient to
explain why the permeability decreases. In order to affect
the permeability of the fracture, the new material has to
precipitate and clog the fracture. Our analysis, presented in
more detail later, favors the formation of kaolinites as the
clay mineral could clog the fracture aperture and explain
our observations. During the cooling part of the test, the
permeability of the fracture increases and regains the same
levels recorded at the beginnings of the experiment,
because the formation of new material no longer occurs,
and instead, the only processes still active are mineral dis-
solution followed by the transport of the dissolved mass.
Finally, we argue that during the heated test (140°C) at
higher stress (40 MPa), the permeability continuously
decreases even if the amount of collected mass is the high-
est (~4 mg), because the processes involved in this experi-
ment are both mechanical (crushing of the asperities due
to the high level of stress resulting in an estimated frac-
tional contact area of the walls of the fracture ranging
between 1% and 10% [right panel of Fig. 4]) and chemical
(formation, precipitation, transport of gouge). If we con-
sider that the values of the recorded mass of this test are
the results of the effects of the two mechanisms, we
should be able to compare at least the first value: 0.88 mg
at 40 MPa and at 25°C, with those of the previous experi-
ments that were recorded under similar boundary condi-

tions. In particular, the value from the first experiment
(0.68 mg at 40 MPa and at 25°C) should represent the
mechanical part, while the value from the second test
(0.19 mg at 25°C) should be related to the chemical
effect (values are reported in Table 1). Their summation is
0.87 mg, which is in agreement with the value of the mass
(0.88 mg) recorded during this test. Furthermore, consid-
ering the evolution of the concentrations (right panel of
Fig. 3), we can immediately recognize that those chemical
reactions (previously detected in the heated experiment at
5 MPa), consuming most of the Na, Ca, Mg, and K and
producing Si, are progressing as the temperatures rise dur-
ing the experiment. As it happens for the previous experi-
ment, we assume that the newly formed material
precipitates, clogs the fracture, and reduces its permeability.
We infer that as the temperatures drop, the production of
the new mineral halts and the permeability increases. In this
case, the increment of permeability recovery is small and
the permeability does not reach values similar to the initial
magnitudes because the stress is high, and the processes of
dissolution and transport of material are slower.

This new material that is formed during the heated parts
of the experiments could be kaolinite (Al;Si,O5(OH)y),
produced from the reactions of dissociation in water of
both the plagioclase and the microcline present in the
granite. In general, the possible chemical reactions that are
developed from the Westerly granite in unsaturated solu-
tions of distilled water are as follows:

for the phyllosilicates:

Mg, SisO15(OH),e6H,0 + 8H" — 4Mg?*
+6S8i0, + 11H,0
(5)
for the plagioclase:

CaAl,Si, Og + 2HT +H,0 — AleizOs(OH)4 + Ca2+ (6)
for the plagioclase:

2NaAlSiz;Og + 2H" + H,O — AlLSi,Os5 (OH)4

7
+48i0; + 2Na* @)

for the microcline:

2KAISizOs + 2H" + HO — AL Si,05(OH),

8
+48i0, + 2K* ®)

For each element (see Table 2), we first compute the
total stoichiometric weight of the moles produced from
the reactions and then we calculate its weight ratio with
the SiO, (those raw values are reported in Table 2 as
labeled: ‘ratio SiO5/** in weight’). It is important to com-
pare the stoichiometric, theoretical weight ratios of the
SiO, with the experimentally measured ratios. We assume,
in fact, that the reactions (5,6,7,8) occur and that the
kaolinite is formed when the experimental weight ratios
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Table 3 Mass removal and experimental computations of the weight ratios of the main elements with SiO,.
Test conditions Test measurements
Temp., °C 01,0, 03, MPa Ca, pg K, pg Mg, ng Na, pg Si, nug ,3—' S Si Si
o a Mg K a
25 15 117.46 49.43 10.77 69.16 10.27 0.148 0.953 0.208 0.087
5 13.52 2.59 1.01 3.08 1.44 0.469 1.430 0.558 0.107
10 84.46 19.05 7.63 34.71 5.95 0.171 0.779 0.312 0.070
20 26.33 3.91 2.38 3.61 1.77 0.490 0.743 0.453 0.067
40 142.95 8.17 15.11 36.87 8.36 0.227 0.554 1.024 0.059
60 346.64 11.84 34.30 96.55 14.90 0.154 0.434 1.258 0.043
40 150.04 7.65 14.13 63.31 10.70 0.169 0.757 1.398 0.071
20 30.35 1.84 2.42 11.27 2.76 0.245 1.141 1.499 0.091
10 19.39 4.27 1.71 3.76 2.63 0.700 1.534 0.616 0.136
5 22.38 2.89 2.10 3.13 1.491 1.082 0.140
25 5 103.59 17.06 8.91 48.07 13.09 0.272 1.469 0.767 0.126
45 110.90 9.91 9.38 56.87 12.07 0.212 1.288 1.218 0.109
90 318.93 53.52 18.98 168.91 234.64 1.389 12.365 4.384 0.736
120 36.42 6.81 1.95 15.22 97.36 6.395 49.856 14.287 2.673
150 0.19 1584.99 8130.906
75 1.62 1.61 0.07 2.42 31.77 13.111 475.180 19.718 19.584
25 85.00 6.56 3.43 18.24 115.36 6.324 33.608 17.585 1.357
25 40 559.33 36.44 58.84 191.99 33.33 0.174 0.566 0.915 0.060
50 480.79 27.12 42.18 157.85 52.18 0.331 1.237 1.924 0.109
100 123.94 12.35 7.57 53.53 87.12 1.627 11.504 7.051 0.703
140 16.91 9.50 0.48 41.33 825.81 19.983 1738.497 86.947 48.837
100 3.75 2.13 0.14 6.66 229.89 34.521 1666.350 108.041 61.385
25 104.22 100.50 2.28 405.84 176.99 0.436 77.579 1.761 1.698

values are larger than the stoichiometric ones. We calculate
the experimental values from the records of the aqueous
concentrations of the main elements. For each test, those
values are reported in Table 3 and are represented in
Fig. 5. In particular, in Fig. 5, the stoichiometric values
(that vary between 1 and 21.3) are highlighted in the ‘sto-
chiometric range box’.

Those results are consistent with all previous assump-
tions. In fact, for the first test in which we assume that
only mechanical processes occur, the experimental ratios

are below the stoichiometric range (left panel of Fig. 5),
while for the heated tests, during the heating part of the
experiments, precisely after 90°C at 5 MPa and 100°C at
40 MPa, they become equal or larger than the theoretical
range. Those values also persist higher than the theoretical
range during the cooling phase of the tests. Consequently,
the precipitation of kaolinites, a process dominant at
higher temperatures, is then replaced at lower temperatures
by the chemical dissolution of the fracture surface and the
transport of the dissolved material.

10 Temp: 25°C Stress: 5 MPa Stress: 40 MPa
A Si/Na AVSi/NIa ‘ I 4 I l A Si/Na
¥ SiM i Y SilM
- 1000, o S:/Kg {1 ' Slﬂ?g 4 Lt o S;/Kg rr 4
< ¢ Si/Ca Stoichiometry ¢ Si/Ca v ¢ Si/Ca
.% 100 range ; i .
1 1 F : 1 F oo 9w
S ! | 4 » i L ¢
£ . = §=r :
g 10 s i LI LI . .
27, HO NN . : _
4 > v ¥ o L N @ ]
g TtrorngRpFiotyr 80 I AR
& 010 2 24, . o o 5 o4 N
1L 1 [ e —> 1 L —> ]
¢t e e, 0 M o v
1.5 5 102040 60402010 5 25 45 90 120150 75 25 25 50 100 140 100 25

Stress [MPa]

Samples' Temperature [C]

Samples’ Temperature [C]

Fig. 5. Comparison between the theoretical/stoichiometric and the experimental weight ratios of the main elements with SiO2 as a function of stress for the
sample tested at room temperature (left panel) and as a function of the temperatures of the inlet fluid for the samples confined at 5 MPa (central panel) and
40 MPa (right panel). These values are also reported in Table 3 in the section: ‘Test measurements’.
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Westerly granite: Stress 5 MPa

350 pm

0

30 um g°

350 jun 0

Fig. 6. Analysis using scanning electron microscopy including estimations of the roughness of the fractures via white light interferometry on surfaces of the
following: (top) pristine sample of Westerly granite; (center) sample heated to 150°C confined at 5 MPa; and (bottom) sample heated to 140°C confined at

40 MPa.

We have sought physical evidence of the presence of
kaolinite in our heated samples. On the two heated sam-
ples and on one fracture of pristine Westerly granite, we
have completed scanning electron microscopy (SEM) anal-
ysis and estimates of the roughness of the fractures via
white light interferometry (Candela ez al. 2012). The
results are reported in Fig. 6. A detectable trace of kaolin-
ite has yet to be found, but the roughness and SEM mea-
surements show that the fracture surface is relatively
cleaner, rougher, and with angular crystal before the exper-
iments compared to after the heated test at 5 MPa where
the surface appears slightly altered, coated with fine

particles, and smoother. Finally, the signs of heavy alteration
and chemical transformations become more evident on the
surface of the heated sample loaded at higher stresses.

Although promoted by the development of damage
within the fracture in response to changes in effective
stress, this evolution of permeability is similar in nature to
the evolution of impermeable caprocks in geothermal
reservoirs. The mechanism noted here is specific to frac-
tures, but this initial reduction in permeability could be
the precursor to the evolution of convection cells that then
promote large-scale recirculation of fluids that then under-
plate the initial barrier.

© 2015 John Wiley & Sons Ltd



CONCLUSION

In order to experimentally investigate and to contribute to
better understand the interactions between THMC pro-
cesses in a natural stressed fracture, we have performed
three flow-through experiments on fractured cylindrical
cores of Westerly granite, measuring continuously the evo-
lution of hydraulic (permeability and relative hydraulic
aperture) and the transport (records of aqueous concentra-
tion and net mass of removal) responses of the fractures as
the conditions of stress and temperature of the circulating
fluid changed during the experiments.

In particular, we argue that the reversible changes of the
permeability (from 2.87¢-15 m? to 1.08¢-18 m? and back
to 1.12e-15 m?) recorded during the first test (performed
at room temperature on a sample cyclically stressed up to
60 MPa) are essentially due to mechanical effects of dam-
aging of the asperities of the walls of the fracture. In par-
ticular, we think that at higher stresses, the permeability is
reduced because crushed fine materials temporary clog the
fracture, while as the stress relaxes, the permeability contin-
uously increases (reaching values similar to the ones
recorded at the beginning of the test) because the mechan-
ical crushing stops and most of the deformation is recover-
able.

From the second test, in which the confining stress is
kept constant at 5 MPa as the temperature of the injecting
fluid rises from 25°C up to 150°C, by analyzing the distri-
bution of the aqueous concentrations of the main ele-
ments, we demonstrate that the initial reduction in the
permeability (from 1.07¢-15 m? at 25°C to 2.04e-16 m?
at 150°C) could be due to the formation of the kaolinite,
while the subsequent increase (up to initial values) as the
temperatures lower is mainly due to the process of chemi-
cal dissolution of the fracture surfaces associated with the
transport of the dissolved matter. During the unloading
path, transport of the newly formed kaolinites could also
explain their absence along the fracture plane at the end of
the experiment.

Finally, in the last experiment (the fracture is tested at
constant stress of 40 MPa in a temperature cycle from
25°C to 140°C), the continuous decrease in the permeabil-
ity from 3.52¢-17 m? to 2.34¢-18 m? is probably due to
the fact both the mechanical and the chemical mechanisms,
described above, occur simultaneously.

These experiments have implications for the long-term
evolution of permeability in hydrothermal and EGS-type
geothermal systems. As noted above, the mechanically
induced damage may serve as a precursor to small-scale
fracture-based reduction in permeability that may first ini-
tiate the sealing of a caprock above hydrothermal sys-
tems. This initial reduction in permeability would be the
trigger to allow the deepening of the caprock with the
resulting formation of convective circulation cells below.

© 2015 John Wiley & Sons Ltd
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However, the mechanism is more likely of importance in
EGS-type systems that are directly analogous to these
experiments—fractures are created in either Mode I or II,
have fresh and reactive surfaces, and cycle through a
number of stress states during multistage stimulation and
then production. Under these circumstances, the signifi-
cant loss of permeability that may result due to
hydrothermal alteration is an important consideration in
the loss of function of such conduits for flow and heat
transfer. The time scale of these effects is rapid and
would be important on time scales of both stimulation
and production.
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