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The Effect of Rock-Water Interaction on Permeability 

Wunan Lin, J. J. Roberts, W. Glassley, and D. Ruddle 
Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94551 

Abstract 
Radioactive decay heat is likely to create coupled thermal-mechanical-hydrological- 

chemical (TMHC) processes in the near field of a nuclear waste repository. One of the 
coupled TMHC processes is the effect of the rock-water interaction on fluid flow in the 
rock mass. This effect may also play an important role in geothermal energy recovery. 
Previous laboratory results showed that dissolution and redeposition of minerals on the 
fracture surfaces, caused by flowing high-temperature water at a confining pressure of 
5 MPa, can significantly decrease the permeability of fractured Topopah Spring tuff. The 
present experiment is designed to investigate the effect of differential pressure on fracture 
healing. 

Laboratory results indicate that at a differential pressure of only 0.5 MPa 
(confining pressure = 1 Mpa, pore pressure = 0.5 MPa), the water permeability of a 
fractured Topopah Spring tuff sample decreased from about 18 x 10-15 m2 to about 11 x 
10-15 m2 during an initial complete thermal cycle of heating to 150'C and cooling back to 
25°C. Permeability decreased in the subsequent thermal cycles at greater differential 
pressures (1.5,2.5, and 4.5 MPa), but the amplitudes of these decreases were much less 
than that in the initial thermal cycle. The permeability decrease during the initial heating is 
consistent with the preVious results, except the amplitude of decrease in this experiment is 
much less than that reported previously. One possible explanation for the discrepancy is 
that the confining pressure in this experiment is only 20% of previous experiments. 

electron microscope study of the fracture surfaces before and after the experiment indicate 
that deposition of silica may have occurred during the initial heating. Dissolution of silica 
may have also occurred during the subsequent thermal cycles at greater differential 
pressures. However, the subsequent rock-water interaction was less active than that during 
the initial heating. This difference may be attributed to varying freshness of the fixture 
surfaces. Future experiments are designed to quantitatively investigate the effect of the 
differential pressure on the fracture healing by testing fractured samples that have similar 
freshness in the fracture surfaces at various differential pressures. 

Chemical analysis of the water that flowed through the sample and a scanning 
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In traduction 

Current investigations for managing high-level nuclear wastes focus on studying 
deep geologic repositories. The Yucca Mountain Site Characterization Project of the US. 
Department of Energy conducts studies on Yucca Mountain, Nevada, to determine its 
suitability as a potential high-level nuclear waste repository. The potential host rock in 
Yucca Mountain is a layer of devitrified Topopah Spring tuff that is densely welded, 
fractured, and lithophysae-poor. 

The suitability of a potential nuclear waste repository site depends on, among other 
factors, how the near-field environment affects the integrity of waste package materials and 
the transport of radioactive nuclides away from waste packages. Model calculations are 
needed to predict the near-field environment for the entire life-span of a repository. 
Radioactive decay heat from nuclear waste packages is likely to create coupled thermal- 
mechanical-hydrological-chemical (TMHC) processes in the near field of a repository. The 
coupled TMHC processes must be understood so they can be incorporated in the model 
calculations. One of the coupled TMHC processes is the effect of the rock-water interaction 
(a chemical-mineralogical process) on the fluid flow in the rock mass (a hydrological 
process). 

of 5 MPa and temperatures to 160”C[1-3] showed the following: (1) The saturated water 
permeability in an intact core was independent of temperature, dehydration, and 
rehydration. (2) Flow of hot water (at temperatures greater than 90°C) or steam through a 
fractured core caused saturated water permeability to decrease significantly. Permeability 
decreased by 3 to 4 orders of magnitude in cores that were tested for about 4 months. 
(3) Heating a water-saturated fractured sample to 150”C, without water flowing, did not 
change the permeability measured at room temperature. (4) Dry N2 permeability in a 
fractured sample was independent of temperature. (5) The chemical composition of the 
water or steam that flowed through the samples and the scanning electron microscope 
(SEM) images of the fracture surfaces, taken before and after the experiment, indicated that 
dissolution and deposition of silica minerals on the fracture surfaces by the flowing fluid 
probably caused the decrease in permeability. (6) The conditions of the fracture surfaces 
(e.g., natural fractures with coating on the surfaces, saw-cut surfaces, or induced tensile 
frachkes) had no major effect on the decrease of permeability. The decrease of permeabfity 
due to rock-water interaction was called “fracture healing.” Because the previous 
experiments were conducted under a constant confining pressure of 5 MPa, the fracture 
healing was attributed, at least partially, to the confining pressure. 

Laboratory experiments on Topopah Spring tuff cores at a confining pressure (Pc) 

, 
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This paper presents results of an experiment designed to investigate the effect of 

differential pressure (confining pressure - pore pressure) on the fracture healing in a 
fractured Topopah Spring tuff sample. 

Description of the, Experiment 

A cylindrical sample of fractured Topopah Spring tuff 5.085 cm in diameter and 
6.335 cm long was machined from core sections taken from the USW G-4 hole at a depth 
of 340.24 m. The sample identification number is 0017351.1. The porosity of the sample 
is about 10.4%. The mineralogical composition of this rock is: alkali feldspar, 6W10 %, 
quartz, 1622 %, cristobalite, 14k4 %, and smectite, 1 %.I4] The original core contained an 
intact longitudinal natural fracture located near the middle of its cross section. The fracture 
was pulled open when the sample was machined. A section of the original core adjacent to 
the machined sample was preserved for future SEM examination. The test preparation and 
the apparatus for the experiment are the same as described previously.[1] 

The sample was saturated with the ground water from well J-13 at the Nevada Test 
Site (NTS).  The pore water was doped with sodium azide (1 g/L) to prevent bacteria 
growth. Occasional microscopic examinations of pore fluid confirmed that bacteria growth 
was not a problem. Saturated water permeability was measured at room temperature as a 
function of confining pressure (Pc) from 1 to 5 MPa and then back down to 1 MPa, while 
the pore-water pressure (Pp) was maintained at 0.5 MPa. These conditions were used to 
determine the effect of the mechanical compression on the inelastic deformation of the 
fracture surfaces. As discussed in the next section, an differential pressure of 4.5 MPa did 
not cause an irreversible change in permeability. Permeability was measured as functions of 
temperature and differential pressure, as described below. 

Permeability measurements were conducted during a complete temperature cycle of 
heating from 25 to 150°C followed by cooling to 25'C, while Pc and Pp were kept at 1.0 
and 0.5 MPa, respectively. Then Pc was increased to 2.0 MPa while Pp was maintained at 
0.5 MPa, ahd the measurements as a function of temperature were repeated. Next, Pc was 
increased to 3 and 5 MPa while Pp was kept at 0.5 MPa, and the measurements as a 
function of temperature were repeated at each level of Pc. Mer each permeabfity 
measurement, water was sampled for chemical analysis. The concentration of some cations 
(AI, Bj Ca, Fe, K, Na, Si, and pH) and anions (chloride, fluoride, and sulfate) in the water 
samples were determined using inductively coupled plasma atomic emission spectrometry 
(ICP-AES). After the experiment, the fracture surfaces of the sample and the virgin piece 
adjacent to the sample were examined under SEM and microprobe to detect any changes 
due to the experiments. 
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Results and Discussion 

The Effect of Pressure at Room Temperature. Figure 1 shows the permeability and 
Pc as a function of elapsed time, while Pp was kept at 0.5 MPa. As mentioned previously, 
at the beginning of the experiment (between 0 and 517 hours of the elapsed time), 
permeability was measured as a function of Pc at room temperature. Permeability decreased 
with increasing Pc and then increased to its original value when Pc was decreased to 1 
MPa. This change indicates that the maximum Pc of 5 MPa (equivalent to a Pe of 4.5 MPa) 
in this experiment was not high enough to cause an irrecoverable decrease in permeability, 
which was observed in fractured rock samples at greater pressures.[5] These results are in 
agreement with results reported by Lin,[3] indicating that temperature and pressure had no 
effect on gas permeability of a dry sample. 

The Eflect of Temperature at Constant Pressures. At each level of Pc, as shown in 
Figure 1, the permeability data represent a complete temperature cycle between 25 and 
about 160°C. Figure 2 shows permeability and temperature as a function of elapsed time. A 
complete temperature cycle in Figure 2 corresponds to a period of constant Pc in Figure 1. 
At the Pc of 1 MPa (Pe of 0.5 MPa), permeability decreased with increasing temperature. 
The steepest decrease in permeability started when the temperature reached about 1WC. 
Permeability continued to decrease during the cooling phase. However, at greater Pc, 
permeability decreased only during heating. Permeability showed a slight increase during 
cooling. The amplitude of the permeability decrease was the greatest (from 18 to 11 x 10- 
15 m2) during the first heating phase, when Pc was 1 MPa. 

The decrease of permeability during the first thermal cycle is consistent with 
previous results,[*-3] except that the amplitude of decrease in this experiment is much less. 
One possible explanation of the discrepancy may be that Pc in the present experiment is 
only 20% of that in the previous experiments. However, increasing Pc in the subsequent 
thermal cycles did not enhance the amplitude of the permeability decrease. 

Chemical Composition of the Water. Water that flowed through the rock sample 
during the permeability measurements was collected for chemical analysis using ICP-AES. 
The concentration of several cations and anions were determined. Only the concentration of 
Si and Ca will be presented in this paper, because Si is the most abundant element of the 
tuff and Ca is one of the major elements in the secondary minerals on the fracture surface. 
Figure 3(a) shows the Si concentration and Pc as a function of elapsed time, while Pp was 
maintained at 0.5 MPa. Figure 3(b) shows the Si concentration and temperature as a 
function of time. The Si concentrations in the J-13 water before it flowed through the 
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sample are marked on the left vertical axis of the figure. 
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As shown in Figure 3, the Si concentration in the water that flowed through the 
sample increased with time, independent of the heating and cooling, when Pc was 1 MPa. 
Later in the experiment, at greater levels of Pc, the Si concentration increased with 
increasing temperature and decreased with decreasing temperam. A general trend of 
increasing Si Concentration was superimposed on the variations because of temperam. 
During the first thermal cycle (Pc = 1 MPa), the Si concentration was below that in the 
virgin J-13 water until the temperature reached about 150°C. This finding indicates that 
during the first heating phase, silica may have been deposited on the fracture surfaces. This 
was also the period when permeability decreased the most. In most parts of the experiment 
at greater Pc, the Si concentration was greater than that in the virgin 5-13 water, but below 
the saturated concentration when the J-13 water was in equilibrium with a-cristobalite, 
which is about 125 ppm.[6] Also when Pc was equal to 2 MPa or greater, the Si 
concentration increased when permeability decreased. These results indicate that silica was 
dissolved from the sample during the subsequent thermal cycles. However, the dissolution 
was probably not very active because the corresponding decreases in permeability were not 
significant. 

Figure 4(a) shows the Ca concentration in the water flowed through the sample and 
Pc as a function of elapsed time, while P, was kept at 0.5 MPa. Figure 4(b) shows the Ca 
concentration and temperature as a function of time. The Ca concentrations in the virgin J- 
13 water are marked on the left vertical axis of the figure. Similar to the Si concentration, 
the Ca concentration was independent of temperature and below that in the virgin 5-13 
water during the first heating phase at Pc = 1 MPa. During the subsequent heating and 
cooling at greater levels of Pc, the Ca concentration showed the normal inverse relationship 
with temperature. There is no trend of increasing Ca concentration with time. 

rock-water interaction was most active during the initial heating of the sample. The 
freshness of the fracture surfaces may decrease during the course of the experiment, which 
may explain why the increased Pc did not significantly affect permeability. 

SEM Examination of the Fracture Surfaces. Figure 5(a) shows SEM images of the 
pre-test fracture surfaces, and Figure 5(b) shows those of the post-test fracture surfaces. 
Some deposition on single crystals was indicated. 

The chemistry of the water flowed through the sample seems to indicate that the 

Conclusion 
The results of this experiment clearly show that water flowing through a fractured 

Topopah Spring tuff sample can significantly decrease the water permeability even at an 
differential pressure as low as 0.5 MPa, and that temperature plays a significant role in this 
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decrease. The rock-water interaction also seems to be important in the decrease of 
permeability. Moisture that may be driven away from waste packages by the radioactive 
decay heat of a nuclear waste repository will be condensed into high-temperature water at a 
distance fiom the waste packages. Any movement of the hot water (mainly due to gravity) 
will probably decrease the fracture permeability, which will then change the hydrological 
properties of the near-field environment. 

differential pressure on the fracture healing by testing fractured samples that have similar 
freshness in the fracture surfaces at various differential pressures. 

Future experiments are designed to quantitatively investigate the effect of the 
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Figure 1, Water permeability and confining pressure as a function of time. The pore pressure 
was maintained at 0.5 MPa. 
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Figure 2, Permeability and temperature as a function of time. 
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Figure 3(b), Si concentration and temperature as a function of time. 
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Figure 5, SEM images of the fracture surfaces, (a) before the test, and (b) after the test. 


