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Abstract. A hydrothermal flow-through experiment was performed for an artificially created single tensile fracture of
granite. Water that had dissolved granite (Si concentration: 250 ppm) was injected into the fracture under hydrothermal
conditions (effective normal stress: 10-13 MPa, temperature: 150 °C) during 450 hours. Non-monotonic changes of
fracture permeability were observed. Fracture permeability decreased significantly only during first 150 hours. Si
concentration of water produced from the fracture was increased monotonically. However, the Si concentration was
smaller than that of water injected into the fracture. A numerical modeling using experimental data was also performed
for hydrothermal flow in the fracture. Aperture structures for the beginning and the end of the experiment and resulting
hydrothermal flow were determined using experimentally obtained fracture surface geometries and fracture permeability.
For the beginning of the experiment, developments of preferential flow paths (channeling flow) in heterogeneous
aperture structure were observed obviously, while the developments of preferential flow paths were not observed
obviously for the end of the experiment. It was also observed that local apertures around the preferential flow paths for
the beginning of the experiment tended to become smaller at the end of the experiment, while other local apertures for
the beginning of the experiment tended to become greater at the end of the experiment. Although both increase and
decrease of local apertures were observed between the beginning and the end of the experiment, arithmetic mean values
of local apertures for the end of the experiment (71 wm) was smaller than that for the beginning of the experiment (84

wm).
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INTRODUCTION

Since geofluids flow through rock fractures,
understanding of flow properties of a rock fracture
under various geological conditions is one of the most
important factors for understanding of the Earth as a
dynamic system. In our recent coupled experimental-
numerical studies for water flow through artificially
created fractures of granite, channeling flow
(developments of preferential flow paths) has been
observed in heterogeneous aperture structures of the
fractures [1]. It is suggested that channeling flow
usually occurs in rock fractures under normal stresses
of 10-100 MPa (and, correspondingly, at depths of
400-4,000 m).

Our previous studies proposed coupled
experimental-numerical ~ method  for  imaging
channeling flow in a rock fracture under normal stress
and provided fundamental insights of the phenomena.
However, it is not clear how (preferential) flow paths
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in a rock fracture change by water-rock interactions
(dissolution and/or precipitation) under hydrothermal
conditions. No experimental observation has been
performed for changes of flow paths in a rock fracture
under hydrothermal conditions. Previous experimental
studies have focused on changes of fracture
permeability [2]. A few numerical studies provided
information for changes of flow paths in a rock
fracture under hydrothermal conditions [3]. However,
in the numerical studies, simulations were performed
under ideal conditions.

The objective of the present study is to reveal
changes of flow paths in a rock fracture under
hydrothermal  conditions using a  coupled
experimental-numerical method. A hydrothermal flow-
through experiment was performed for an artificially
created rock fracture, and hydrothermal flow in
heterogeneous aperture structure of the fracture was
determined for the beginning and the end of the
experiment using a numerical modeling and
experimental data.
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METHODS

Hydrothermal Flow-through Experiment

A cylindrical rock sample that contains an
artificially created fracture is used in a hydrothermal
flow-through experiment. The sample is 50 mm in
diameter and 120 mm in length and contains a single
fracture along the long axis. The sample is also used in
measurements of fracture surface geometries at the
beginning and the end of the experiment. The fracture
is separated into two surfaces, and 2-D distributions of
asperity heights are measured for each surface in a 250
um square grid system (200 x 480 data points) using a
laser-scanning equipment.

An experimental system for a hydrothermal flow-
through experiment is shown in Fig. 1. The system
was developed using the Rubber-Confining Pressure
Vessel [4]. The Rubber-Confining Pressure Vessel (R-
CPV) with a sample is placed in a pressing machine
(maximum load: 25,000 kg). By controlling the load of
the pressing machine, prescribed confining pressure is
applied to the sample, where a fracture of the sample is
subjected to the same normal stress as the confining
pressure. Distilled water (room temperature) is
injected into the fracture at a prescribed flow rate via a
pre-heating unit using a pump. In the R-CPV,
prescribed effective normal stress is applied to the
fracture by controlling pore pressure using a pressure-
regulating valve, and prescribed temperature is
maintained using a heating jacket.
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FIGURE 1. Experimental system for the hydrothermal
flow-through experiment.

In the experiment, hydraulic pressure difference
between inlet and outlet sides of a rock fracture is
measured at every prescribed time for evaluation of
fracture permeability. Fracture permeability is
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calculated on the basis of the cubic law assumption
using dimensions of rock fracture, fluid viscosity,
hydraulic pressure difference and flow rate (see,
Equations (2) and (3) in the next section). In addition,
produced water is collected every prescribed times and
analyzed wusing ICP-AES to infer water-rock
interactions in a rock fracture.

Numerical Flow Modeling Using
Experimental Data

A numerical model, which incorporates
experimentally measured fracture surface geometries
and fracture permeability, is used for determination of
an aperture structure of a rock fracture and
hydrothermal flow in the aperture structure. A model
of an aperture structure is constructed on a computer
by using digital data of fracture surface geometries.
The local cubic law (LCL) based hydrothermal flow-
through simulation is performed for the model under
the same boundary conditions as those in a
hydrothermal flow-through experiment. Based on the
simulation, the permeability of the model is evaluated
using the same equations as those in the flow-through
experiment, and the permeability is compared with the
experimentally obtained fracture permeability. By
matching the numerically obtained permeability with
the experimentally obtained permeability through a
modification of the model (a simulation of the normal
displacement of a rock fracture), an aperture structure
and resulting hydrothermal flow are determined.

A model of an aperture structure is represented by a
2-D distribution of local apertures in a 250 wm square
grid system, where the local apertures are represented
by wvertical separations between mean planes of
opposite fracture surfaces. A model with at least a
single contact point of fracture surfaces is initially
constructed, and the model is then modified through a
simulation for normal displacement (close) of a rock
fracture to match the permeability of a model with
experimentally obtained fracture permeability. In the
modification, all local apertures are reduced uniformly.
Although the deformation of actual fracture surfaces
depends completely on stress and temperature
conditions, the deformation is neglected except for
contacting asperities of the fracture surfaces, because
it is expected that the deformation occurred
predominantly at these points. In addition, vanishing
overlapped contacting asperities simulates both the
elastic and permanent deformations of the contacting
asperities and created zero local apertures [5].

The 3-D flow of incompressible and viscous fluid
(water) through an aperture structure of a rock fracture
is approximated by the Reynolds equation for a
laminar flow in a 2-D field [6]:
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where e is local aperture, u is fluid viscosity and p is
hydraulic pressure.

Liner equations derived from a finite difference
form of Equation (1) are solved using a simulator, the
D/SC [7], by substituting zero local apertures at
contacting asperities with 0.1 um local apertures, and
by assuming constant water viscosity, for convenience.
Boundary conditions are given such that macroscopic
water flow occurred in one direction. The condition of
constant pressure (constant macroscopic pressure
gradient) is given for boundaries perpendicular to the
direction of macroscopic flow, and the condition of
non-flow is given for boundaries parallel to the
direction of macroscopic flow.

The hydraulic aperture (e;) is calculated using the
following equation [8]:
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where Q is flow rate,  and L are the length of the
boundaries perpendicular and parallel to the
macroscopic flow and AP/L is the macroscopic
pressure gradient. In addition, permeability (k) is
calculated using the following equation:

2
e
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= (3)
RESULTS

A hydrothermal flow-through experiment was
performed for a granite sample containing a tensile
fracture. Effective normal stress in a fracture plane
was 10-13 MPa, where normal stress and pore pressure
were 16 MPa and 3-6 MPa, respectively. Temperature
and flow rate were 150 °C and 120 wl/min,
respectively. A pipe of pre-heating unit was filled with
crushed granite particles (1 mm in diameter), and
temperature and hydraulic pressure were 350 °C and
20 MPa, respectively. According to our preliminary
tests, Si concentration of water injected into the
fracture was approximately 250 ppm under the
conditions. The experiment was performed during 450
hours. In addition, the numerical modeling using
experimental data was performed using data of
fracture surface geometries and fracture permeability
measured at the beginning and the end of the
experiment.
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A change of fracture permeability with time is
shown in Fig. 2. Fracture permeability was 2.2 x 107"
m? (hydraulic aperture: 1.6 um) at the beginning of the
experiment, and decreased to 026 x 1077 m?
(hydraulic aperture: 0.56 um) at the end of the
experiment. In addition, non-monotonic decrease of
fracture permeability was observed. Significant
decrease occurred during first 150 hours. On the other
hand, gradual decrease occurred during 150-450 hours.
Si concentration of produced water increased with
time monotonically. However, the concentration was
smaller than that of water injected over the experiment.
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FIGURE 2. Changes of fracture permeability with time in
the hydrothermal flow-through experiment for an artificially
created tensile fracture of granite.

Images of aperture structures for the beginning and
the end of the experiment and hydrothermal flow in
the aperture structures are shown in Fig. 3. The images
of hydrothermal flow are the distributions of local
flow rates that are normalized by the maximum values
in each aperture structure. Since the local flow rates
ranged from unity to values much smaller than unity,
only the relatively greater local flow rates (1-0.001)
are indicated by gray scale, and the remaining smaller
local flow rates (< 0.001) are indicated in black, as is
the case for the local flow rates of 0.001. Comparing
the images between the aperture structures and
hydrothermal flow, the magnitudes of local apertures
did not always correspond to those of the local flow
rates for both the beginning and the end of the
experiment. For the beginning of the experiment,
developments of preferential flow paths (continuous
points of relatively high flow rate in limited regions)
were obvious. However, significantly different flow
paths were observed for the end of the experiment. In
addition, development of preferential flow paths was
not obvious (particularly in the middle of the image).
It was also observed that local apertures around the
preferential flow paths for the beginning of the



experiment tended to become smaller at the end of the
experiment, while other local apertures for the
beginning of the experiment tended to become greater
at the end of the experiment. Although both increase
and decrease of local apertures were observed between
the beginning and the end of the experiment, the
arithmetic mean value of local apertures for the end of
the experiment (71 um) was smaller than that for the
beginning of the experiment (84 wm).
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FIGURE 3. Numerically determined aperture structures and
hydrothermal flow in the aperture structures for the
beginning and the end of a hydrothermal flow-through
experiment for an artificially created tensile fracture of
granite.

DISCUSSION AND CONCLUSIONS

In the experiment, non-monotonic decrease of
fracture permeability with time was observed. Since Si
concentration of produced water from the fracture was
smaller than that of water injected into the fracture
over the experiment, it is expected that mineral
precipitation occurred in the fracture. On the other
hand, according to the numerical modeling, it was
observed that obvious preferential flow paths were
developed for the beginning of the experiment, and it
was also observed that obvious preferential flow paths
decreased for the end of the experiment. Surprisingly,
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it is expected that the changes of flow paths were
caused by both mineral precipitation and dissolution,
since it was observed that local apertures away from
preferential flow paths for the beginning of the
experiment tended to become greater at the end of the
experiment. The coupled experimental-numerical
observation indicated complex mechanisms for
changes of flow paths in a rock fracture (and,
correspondingly, changes of fracture permeability)
even under deceptively simple hydrothermal
conditions. It is also indicated that channeling flow in
a rock fracture can be ceased by long-term water-rock
interactions. Further studies are required to reveal
changes of flow paths in rock fractures under different
conditions and mechanisms of the phenomena.
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