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ABSTRACT

Flow-through experiments are conducied on a natural
fracture in novaculite at a consiant effective stress of 1.38
MPa and at staged temperatures of 20, 40, 80, and 120 °C.
Fluid and mineral effluxes are measured throughout the
3150-hr experiment, together with post-experiment imaging
by X-ray CT and destructive fracture-casting by Wood's metal
impregnation. These measurements are used to constraim the
evalution of dissolution-driven changes in {racture structure,
and related permeability under hydrothermal conditions. At
20 °C the fracture aperture monotonically decreases from an
initial aperture of 18.5 um to 7.5 um during the first 1494 hrs,
This reduction s attributed to removal of mineral mass from
bridging asperities. Subsequently, fracture aperture increases
to 13 um and is interpreted as a switching of dominant dis-
solution processes o free-face etching of the fracture void
surfaces. The resulting rate of gaping increases with an increase
in temperature. Post-experiment imaging by X-ray CT and by
using the fracture cast independently constrains the resulting
architecture of the evolved fracture porosity. No localized flow
channel is apparent, despite the evolving hydraulic response
which is suggestive of an evolving dissolution channcl.

Introduction

An understanding of how the flow and transport characler-
istics of rock fractures evolve in time 15 crucial for the effective
development of hydrothermal, and especially EGS, reservoirs.
The influence of mechanical and chemical effects on the perme-
ability of fractured reservoirs is well recognized, however the
interaction between mechanical and chemical influences remains
ill-constrained. To date, no conclusive view exists of theevolution
in {racture permeability when arbitrary stresses, temperatures,
and chemical potentials ure applied —specifically whether perme-
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ability will increase or reduce under net dissolution. Reduction
is driven as bridging asperities are removed and/or secondary
minerals are reprecipitated (i.e., pressure dissolution). Perme-
ability increase is driven as the fracture void is etched by net
dissolution {i.e,, Iree-face dissolution). Sealing, likely driven
by pressure solution, results from either removal of bridging
asperities or mineral precipitation, is reported in some instances
at elevated temperature (>300°C) [Moore ef al, 1994; Kanagawa,
et af, 2000; Morrow et aif., 2001; Tenthorey et al,, 2003; Hilgers
and Tenthorey, 2004], at modest temperature (50 — 150°C}) {Lin
et al., 1997; Polak et al, 2003; Dobson ef al, 2004}, and under
low effective stress (0.2 MPa) with an acidic solutien [Durham
et al., 2001]. Conversely, gaping driven by free-face dissolution
is suggested in carbonale reservoirs [e.g., Linef al, [997), and in
the developmeni of karst [e.g., Palmer, /99/]. Importantly, these
opposing behaviors may operate concurrently, but to varying
degrees. Subtie changes in local conditions of applied stress,
temperaitre or chemical potential may trigger switching between
dominant mechanisms. Thus, besides monotonic sealing or gap-
ing of a fracture, the behavior may switch, either in response to
changing stress, temperature or chemical conditions, or spontane-
ously, with no apparent trigger {Polak, et af, 2004].

This study examines changes in permeability with net dis-
solution that proceeds within a natural fracture in Arkansas
novaculite. Specifically, our focus is placed on defining the eriti-
cal factors controlling the overall behavior; fracture gaping or
closing. Experimental measurements ol evolving fuid pressure
differential between sample inlet and outlet, prescribed llow
rates and confining pressure, and non-destructive CT images
of the [tacture, are used to constrain the evolution of {racture
porosity. Final fracture void morphology is anchored by a
Wood’s metal cast of the fracture. These ensemble observations
are used to constrain the competing processes that contribule
to permeability augmentation and reduction.

Experimental Method

The flow-through experiment {Figure 1) was conducted on
a cylindrical sample of Arkansas novaculite (50.0 mm diameter
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Figure 1, Schematic illustration of experimental setup for flow-through
experiment,

x 89.5 mm length)} containing a single diametral fracture along
its cylindrical axis. Arkansas novaculite is > 99.5 % quartz
[Lee et al, 1991}, and distilled water was used as a permeant.
End-to-cnd pressure differential is continuously recorded along
the sample with prescribed flow rates in the range 1.0~ 1.0625
mL/min applied at 1.38 MPa (200 psi) effective stress, that may
be converted to hydraulic aperture [e.g., Gangi, /978, Tsang
and Witherspoon, 1981]. The sample was held at uniform
temperatures in the range 20 — 120 °C. Experimental cond:-
tions during the entire length of the experiment (3150 hrs)
are given in Table 1. In addition, the fluid samples were taken
{rom the flow outlet at regular intervals {one sampie per day)
to determine effluent Si concentrations. After the termina-
tion of the flow-through experiment the aperture disiribution

Table 1. Experimental conditions.

Time [he] Temperature Flow rate Flow
[*C} [mE/min] Direction
0-121 20 1.0 Original
121 - 380 20 0.5 Original
380 - 858 20 0.25 Original

838 930 24 4.0 -

Y30 - 1266 20 0.25 Original
1266 - 1292 20 0.125 Original
1292 - 1494 20 0.125 Reversed
1494 - 1369 20 0.0625 Original
1869 - 2235 40 0.0625 Original
22552875 80 0.0625 Originat
2875 - 3150 120 0.125 Originai
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within a fracture was measured first by X-ray CT, and then by
destructive casting with Wood’s metal.

Experimental Results and Analyses

The evolution of permeability within a fracture may be
attributed to the redistribution of mineral mass from contact-
ing asperities andfor Mracture void surfaces. Dissolution at the
contacling asperities may resull in a net-decrease in fracture
aperture, provided this effec outstrips gaping induced by dis-
solution {rom the fracture surface. These dynamic processes
are constrained from concurrent measurements of evelving
aperture, mineral efflux, and imaging by X-ray CT, anchored to
final destructlive casting of the fracture using Wooed’s metal.

Evolution of Fracture Aperture

Figure 2a shows the evolving change in normalized dil-
ferential pressure with time. The hydraulic aperture decreased
monotonically [rom 18.5 to 9.6 um during the first 1252 hrs
of the test, with a reduction in the flow rates from 1.0 1o .25
mE/min. After the fow direction was reversed at 1292 hr, the
aperture reduced to 7.5 pm during 1292 — 1494 hr. Abrupt

Reversed flow (20 °C)
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Figure 2. Experimental measurements; (3) Changes in hydraulic aperture
with tisme and (L} S5i concentration with time.



decreases in fracture aperture were apparent when the flow was
reversed at both 1292 and 1494 hr. This instantanecus closure
in aperture is interpreted as a switch of the stress distribution.
Effective stress at the sample inlet is smaller than that at the
outlel because of the higher pore pressure applied at the inet;
this may correspondingly accommodale a larger aperture at the
inlet. Switching of flow directions is correlated with the switch-
ing of stress distributions, and accordingly this may reduce
aperture around the previous inlet (i.e., outlet after reverse of
the flow), resulting in net-closure within the fracture.

Subsequently, the hydraulic aperiure switched to a mono-
tonic increase as temperatures were elevated for the remainder
of the experiment. The switch from aperture-reduction lo
-increasc has been previously reported in carbonates [Polak
et ai., 2004). The phenomenon of switching belween perme-
ability-reduction to permeability-increase is likely due to a
switch in the dominant process of mineral redistribution —from
beneath the bridging asperities to the faces ol the fracture.
Dissolution #t conlacting asperitics is siress-dependent [e.g.,
Ruticy, 7976; Raj, /9821 The stress al the asperitics decreases
with an increase in contact area as the fracture closes, reducing
the nass rate of removal from beneath the asperities relative
to that eiched by [ree-face dissolution. This correspondingily
results in a change from net closure to net gaping, with a con-
comitant change in permeability.

Surface Dissolution

The change in measured efffuent Si concentration is shown
in Figure 2b. Concentrations measured at 20 °C were in the
range 0.13 to 1.20 ppm with a mean of 0.76 ppm. The mean
values al elevated temperatures increased with the increase
of temperature; their values atl 40, 80, and 120°C were 1.30,
2.96. 8.10 ppm, respectively. Measured Si concentrations arc
clearly temperature dependent, and show the Arrhenius-type
dependence (Figure 3). The activation energy of Si solubility
obtained in this study is 22.2 kJ mol”', which is congruent
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Figure 3. Relation between $i concentration and temperature. Sobid

dots represent mean measured concentrations and error bars show the
raaximuen and minimue concentrations at the temperatures, Measured
$i concentration is strongly correlated to temperature by an Arrhenious-
type refation. Solid line represents the solubifity curve by ller 11979 with
activation energy of 21.7 kl mol”, and dotted line is the regression cusve
for the measured with apparent activation energy of 22.2 k] moi™,

Yasahura, et al.

with Her [1979] at 21.7 kJ mol™. In contrasl, the measured
concentrations are much lower than Si solubilities (~9, 17, 44,
94 ppm at 20, 40, 80, 120 °C, respectively [Her, 1979]) due to
the short residence time of the fluid within the fracture (ca. a
few tens of seconds), This implies that precipitation remained
inactive within the fracture throughout the 3150 hr duration
of the experiment, and suggests that net dissolution prevaited
throughout. '
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Figure 4. Comparison of change in rate of aperture reduclion, db/dt, Solid
line repeesents the change in direst observation of dlb/dt with time (0 -
858 hr. Slid circles, open triangles, and open circles represent predictions
by Eq. (2} at different flow rates in the range 1.0 to 0.25 mt/min.

The dominant role of dissolution at contacting asperilies
has been examined in terms of the rate of aperture reduction,
dbldt, [Polak ef al., 2003; Yasuhara et al., 2004] recorded
from flow-through tests where independent estimates of the
hydraulic fracture aperture are derived from the effusing fluid
and mineral flux. Hydraulically measured aperture reduction
rates, dbidr, in the first §58-hr duration are in the range 2.0x 10"
1 tg 5,0x107% mfs as shown in Figure 4. The hydraulically
measured rates may be augmented by estimates from mineral
mass efflux, where an assumption is made regarding the con-
tact-area ratio, R, as,

flf_= Q'Csinz s (1

dt  R.-A,p,
where A, is the total fraclure arca (4, = 8.95%107 m?) and
e 18 grain densily (2650 kg m™ for guartz). Varying the un-
measured fractional contact area in the range | to 30 %, the
rates of aperture reduction, dbfdt, may be determined from
the mean Si concentrations, Cy, of 0.18, 0.77, and 0.87 ppm,
equivalent to SiO, concentration, Cyigr. of 0.39, 1.63, and 1.86
ppm, at prescribed flow rates, @, of 1.0,0.5,and 0.25 mlL./min,
respectively, These estimates, in the range 1.1x107% Lo 2.0% 10
12 m/s, are close to, but slightly higher than those recovered
from the hydraulic measurements. This mismatch may resuit
gither from an unaccounted contribution of dissolution at
the fracture void walls, or from an underestimate ol assumed
{racture contact area.
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area) and eslimate the average lracture aperture of
the whoie rock sample. The total {racture volume was
calculated to be 390 mm?, which for the scanned area
of 4200 mm? gives an average {racture aperture of 93
um. The average fracture aperture eslimated from the
CT images is larger than the hydraulic aperture at the
end of experiment {i.e., 13 pwm), which may be attrib-
uted 10 the chosen threshold CT number. However,
the estimated aperture hereinabove is stiil plausible
and indexes o the actual value evaluated from the
flow-through experiment although the CT resolution
is insufficiently high.

Wood’s Metal Fracture

Following the injection of Wood’s metal into the
{racture, the Wood’s metal cast was removed from the
novaculite by immersing the cast-ingot inside a bath
filled with hydrofluoric acid (~25 wi.%). Immersion for
166 hrs removed the surrounding rock matrix, although
a small portion ol the {racture top was bowed (Fig-
ure 6a). It is apparent that Wood's metal propagated
throughout the fracture except not into the regions in
contact. No preferential flow paths are apparent within
the cast, which is congruent with the CT observations.
Importantly, the alloy fracture cast enabies the contact
area to be quantitatively evaluated lrom the digitized

Figure 5. lmages af the CT scan obtained at the end of the flow experiment. The left

_ [T B} ¥ X
images show two CT images of the rock sample taken at the top ) and bottom ) biac;\'aﬂd‘.‘-‘-’hﬂ_@ image {~65 % of the whole {racture}
parts of (he smnple. The fracture is clearly visible at the center of the image where the as shown in Figure 6b. The calculated contact-area
large black pores are areas where pieces of the fracture surface was missing. The right ratio is 14.5 % and may be consistent with the plausible
image (¢ shows a 3D reconstruction of 1477 CT images representing a complete view amount in rock fracturesfe.g., Tang and Witherspoon,
of the imeture surface. The white arcas are fracture voids demarked with a threshold 1981: Pyrak-Nolte ¢ al,, 1987]

C1 number of 2659. ’ ’ )

@

X-ray CT Analysis

The left side of Figure 5 shows two CT images taken at
the termination of the flow experiment from the upper (a} and
lower (b) parts of the rock sample. The fracture is clearly visible
in the center of the image (marked in black). The black spots
in the rocks matrix are areas where the density of the rock is
lower refative to the rest of the matrix. These regions are not
interconnected and exert ao influence on the in-fracture flow.
The right side of Figure 5 shows a 3D reconstruction of 1477
images represeniing a complete view of the rock fracture. The
two lines demark the scans where two images shown on the
left were captured. The white regions in the 3D reconstruc-
tion are {tacture voids demarked with a threshold CT aumber
of 2650. The 3D reconsiruction suggests that there are no
continuous paths within the fracture, however this aberration
results from the {inite resolution of the imaging {50x50x60.6
pm}. We may calculate the tetal volume of the fracture (white

Figure 6. Wood's metal fraciure extracled through chemical dissolution
using hydrolluoric acid; (a) whole fracture — while region is residual rock
sample, and (b} black-and-white representation of the boxed area in (a).
Black area represents regiens in contact and cajculated contact area is
14.5 %.
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Conclusions

Experimental measurements of fluid and mineral mass ef-
flixes, constrained by non-destructive imaging by X-ray CT,
and by destructive imaging of a fracture cast, allow the evolu-
tion of fracture aperture to be followed. For isothermal flow at
low temperature (20°C), the fracture closed monotonically as
the bridging asperitics are progressively removed. This amounts
to a 60 % reduction in {racture aperture over the initial 1500
hr duration of the experiment. Subsequently, free-face disso-
lution dominates over the effects of dissoiution at contacting
asperities, and resulls in an augmentation in fracture aperture.
The rate of gaping increases with an increase in lemperature,
corresponding to the exponential {or Arrhenius-type) depen-
dence on the mineral efffuxes measured. The aclivation energy
constrained in this work is 22.2 kJ mol”, congruent with that
obtained from Iler {1979 G.c., 21.7 kJ mol).

The post-cxperiment observations by the X-ray CT and
Wood's metal cast revealed the detailed distribution of local
apertures and regions in contact within the fracture. These
independent measurements imply no presence of a preferen-
tial flow path generated during the experiments — despite the
hydraulic siznal that suggests the contrary. The average aper-
ture evaluaied from the CT images is sevenfold larger than the
hydraulic aperture at the end of the experiment. This mismatch
is likely due to limitations in the resolution of the CT imaging,
and in the choice of threshold CT number.

The measured Si concentrations are significantly below equi-
librium solubilities at all temperatures, due o the high prescribad
flow rates, and the resulting short residence time in the fracture.
Examining this far-from-equilibrium behavior is important in
considering the rates and magnitudes of permeability-enhance-
ment within rock fractures stimulated by chemical permeants in
geothermal and petroleumn reservoirs, The current experimenlal
measurements showed permeability degradation first and then
accelerating enhancement with an increase in temperature, but
the important {actors (i.e., temperature, stress, and chemistry
in the pore fluid) triggering this switching remain insufficiently
constrained. Thus, further detailed investigations are required
to achieve more realistic understanding on the evolution in
fracture permeability mediated by coupled thermal, hydraulic,
mechanical, and chemical processes.
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