Reduction of Permeability in Granite at
Elevated Temperatures

Diane E. Moore,* David A. Lockner, James D. Byerlee

The addition of hydrothermal fluids to heated, intact granite leads to permeability reduc-
tions in the temperature range of 300° to 500°C, with the rate of change generally
increasing with increasing temperature. The addition of gouge enhances the rate of
permeability reduction because of the greater reactivity of the fine material. Flow rate is
initially high in a throughgoing fracture but eventually drops to the level of intact granite.
These results support the fault-valve model for the development of mesothermal ore
deposits, in which seals are formed at the base of the seismogenic zone of high-angle
thrust faults. The lower temperature results yield varying estimates of mineral-sealing rates
at shallower depths in fault zones, although they generally support the hypothesis that
such seals develop in less time than the recurrence interval for moderate to large earth-

quakes on the San Andreas fault.

Studies of active and exhumed faults
have demonstrated the importance of flu-
ids and fluid-rock interactions to fault-
zone processes at depth (I1-3). Mineral-
sealing processes, in particular, may be
significant in explaining the evolution of
fluid pressures in fault zones, and some
recent models of the earthquake cycle
invoke the development of mineral seals
within faults in the intervals between
earthquakes (3, 4). Successful testing and
application of these models requires
knowledge of the evolution of permeabil-
ity over time for rock and gouge materials
at elevated temperatures and pressures.
To this end, we measured the permeabil-
ity of Westerly granite under hydrother-
mal conditions, in experiments up to 6
weeks in length. The principal minerals
of Westerly granite—plagioclase, quartz,
and K-feldspar—are the most commonly
occurring minerals in the Earth’s crust, and
their response to hydrothermal conditions
is applicahle to a wide range of rock types
involved in continental faulting.

In the main series of experiments, cylin-
ders of granite 21.9 mm long and 19.1 mm
in diameter were placed between insulating
pieces of aluminum oxide in a copper jack-
et. The jacketed sample fit inside a cylin-
drical furnace in a triaxial deformation ap-
paratus (5). The fluid pressure at the ends of
the granite cylinder was maintained con-
stant by two pumps. During an experiment,
these pumps were set to maintain the pore
pressure on one side of the sample at 2.0
MPa above the pressure on the other side to
produce steady-state flow through the sam-
ple. The high and low pore-pressure sides of
the sample were reversed periodically dur-
ing each experiment to measure permeabil-
ity in both directions and to keep the same
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fluid in contact with the sample (6).

We investigated crack healing and
sealing rates and associated permeability
changes as a function of temperature (7);
parameters such as confining and fluid
pressure, differential stress, rock-to-water
ratio, and especially fluid chemistry will
be varied in future experiments. The ex-
periments here were run at temperatures
between 300° and 500°C (Table 1), with
confining and pore pressures kept con-
stant at 150 MPa and 100 MPa, respec-
tively. Duplicate experiments showed ex-
cellent repeatability of the results. Deion-
ized water was the starting pore fluid (6).
Most of the experiments were conducted
on intact cylinders of Westerly granite,
but we also tested two configurations at
400°C that are of significance to fault
zones. One configuration consists of a
layer of granite gouge (8) sandwiched be-
tween granite end pieces used to deter-
mine the effect of fault gouge on the rate
of permeability change. The other sample
was fractured in tension parallel to the
axis of the cylinder, simulating the frac-
tured country rock adjacent to a fault
zone.

For the intact and sandwich samples, we
determined permeability, k (in square
meters), by measuring the flow rate at in-
tervals over the constant pore-pressure drop
of 2.0 MPa, assuming that Darcy’s law holds
(9). In the case of the fractured sample,
resistance to flow was calculated in terms of
the parameter N (in cubic meters) (9). The
room-temperature permeability of intact
Westerly granite at an effective pressure of
50 MPa is in the range of 5 X 107° to 1 X
1071 m? (10). The initial heated perme-
ability values (Table 1) in our experiments
were higher than this room-temperature
range because of thermal cracking accom-
panying heating (11). The amount of in-
crease among the intact samples varied
roughly linearly with temperature (Table
1), consistent with the changes in perme-
ability predicted from the physical proper-
ties of Westerly granite at elevated temper-
atures and pressures (12). Permeability de-
creased over time in all experiments. For
most of the intact-rock experiments (Fig.
1), the rate of decrease was rapid for the
first 1 to 2 days after heating but subse-
quently dropped to a uniform rate that in
most cases continued until the end of the
experiment. In contrast, both of the exper-
iments at 500°C (Fig. 1D) were character-
ized by a rapid decrease in k after 5 to 6
days. The final permeability measurement
of 500i-2 was roughly three orders of mag-
nitude below the initial heated value, and
flow through the sample had in effect
ceased. Experiment 500i-1 differed some-
what in that, after decreasing to 2 X 102!
m?, the permeability partly recovered to 3
X 1072° m2. The cause of the rapid decline
in k at 500°C has not yet been determined.

Overall, the rate of permeability reduc-
tion increased with increasing temperature
in the examined range, but with some re-
versals. For example, k decreased somewhat
more rapidly at 400°C than at 450°C, as
indicated by the different slopes (Fig. 1C).
The data from both experiments at 300°C
also have steeper slopes than the nearly flat

Table 1. Summary of intact-rock and sandwich experiments, conducted at 150 MPa confining pressure,
100 MPa pore pressure, and 2.0 MPa differential pore pressure across the sample. All samples were

intact, except for 400s, which was sandwich.

initi i —8
Experi- Duration T /<(1('8E'§|) ?1((2929 re 2Ui51X1O )
ment (days) (°C) m?) m?) k =c(1071)
300i-1 19.5 300 166.1 59.1 8.10 £ 0.70
300i-2 17.6 300 99.6 56.5 8.30 = 1.02
350i-1 13.6 350 171.56 92.0 3.41 £ 1.21
350i-2 19.1 350 170.0 91.5 0.80 + 0.82
400i 45.8 400 137.6 18.3 19.08 = 0.56
400s 23.7 400 - 1230.9 171.8 —
450i-1 19.8 450 364.5 129.9 13.49 + 0.33
450i-2 20.0 450 404.0 121.4 14.50 + 0.35
500i-1 11.0 500 326.8 19.4 65.25 = 16.95
500i-2 9.8 500 465.4 0.4 +04 41.25 + 3.93
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trends of the two experiments at 350°C
(Fig. 1, A and B). A similar reversal in the
rate of permeability decrease has been ob-
served for granular aggregates of quartz and
plagioclase (13).

To quantify the rates of permeability
change, an exponential equation of the
form

k=c(1077) (1)

was fit by least-square methods to the
uniform part of each intact rock experi-
ment in Fig. 1 (14). For consistency, the
data from the first 2.0 days of each exper-
iment were excluded from the calcula-
tions. The rapidly decreasing permeability
values at the ends of experiments 500i-1
and 500i-2 also were omitted. The calcu-
lated values of r (£2 SD) are listed in
Table 1 and plotted relative to the tem-
perature of each experiment in Fig. 2. The
figure clearly displays the varying rates of
permeability change suggested by the data
in Fig. 1. The very low slopes of the data
from the 350°C experiments (Fig. 1B)
lead to the large relative error estimates
for those determinations of r.

Because of its large initial k (Table 1),
the permeability of sandwich sample 400s
remained higher than that of intact sample
400i throughout the experiments (Fig. 3A).
The overall rate of permeability change

108 T T T
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during experiment 400s also differed from
those of the other intact rock experiments.
For the first 10 to 12 days, permeability
decreased more rapidly in the gouge-bearing
sample than in the intact sample, although
the final rates of permeability decrease for
experiments 400s and 400i were similar.

Flow through the fractured sample 400f
was initially rapid, and for the first few days
only a small pore-pressure gradient could be
maintained across the sample at the maxi-
mum flow rate of the pump (Table 2).
Values of \ were fairly constant for the first
10 days of the experiment (Fig. 3B). Subse-
quently, however, the differential pore pres-
sure first increased to the 2.0-MPa set point,
and then the flow rates measured over the
2.0-MPa pore-pressure drop began to de-
crease rapidly. By day 17, N had decreased
nearly three orders of magnitude, such that
the rate of fluid flow was at the level of the
intact sample 400i. In Table 2, the final
permeability measurement is calculated in
terms of k as well as \; the value of k is
consistent with the 3.2 X 1072° t0 3.8 X
1072 m? range of k obtained during day 28
of experiment 400i (Fig. 3A).

Petrographic investigation of the causes
of permeability change is currently under-
way (6). However, the fractured sample
(400f) is briefly described here as an illus-
tration of the processes leading to the per-
meability reductions. Scanning electron mi-
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Fig. 1. Permeability of intact Westerly granite. (A) Temperature, 300°C; 300i-1 (circles), 300i-2 (squares).
(B) Temperature, 350°C; 350i-1 (circles), 350i-2 (squares). (C) Temperature range, 400° to 450°C; 400i
(diamonds), 450i-1 (circles), 450i-2 (squares). (D) Temperature, 500°C; 500i-1 (squares), 500i-2 (circles).
The final two data points of experiment 500i-2 measured flow over periods of 0.65 and 3.12 days,
respectively, as indicated by the horizontal lines. Essentially no measurable flow was detected during the

last 3.12 days of that experiment.
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croscope (SEM) examination of the sepa-
rated fracture surfaces revealed widespread
evidence of mineral dissolution and precip-
itation (Fig. 4). The feldspar and especially
the quartz surfaces were rounded by disso-
lution, and some quartz and K-feldspar crys-

T(°C)

1. 600 400 200
[ I [ P
! .
01— ;7 -
¢
] i
= o ° 1'%
»
%0.01 oo o &
3 5 2 Measurements| 2
< i ¢ j i L
: ;
0.001 F—=- == ;
. i —0.1
J’ 120 error bars
0.0001
1 25

1.5 2
1000/T(K)

Fig. 2. Plot of the coefficient r of exponential equa-
tions of the form k = ¢ (1077), fit to the intact rock
experiments of Fig. 1 versus temperature and the
inverse of temperature. The right-hand vertical
axis gives the decades drop in permeability per
year. Error bars, 2¢.
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Fig. 3. (A) Comparison of sandwich (400s) and
intact granite (400i) experiments at 400°C. (B) Plot
of N\ versus time for 400°C tensile-fracture exper-
iment (400f). Beginning at about day 10, the flow
rate in one direction diverged from that in the other
direction, indicated by the (+) and (—) symbols.
The direction of faster flow changed from (+) to
(—) after day 18. This nonlinear behavior remains
unexplained at present. Gaps in-the data at day 3
and days 8 to 9 correspond to times when one
pore-pressure pump was not operating.
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tals were redeposited at other positions
along the fracture. These features suggest
the operation of solution-transfer processes
that redistribute the minerals in the rock,
such that asperities are chemically removed
while pores and fractures are filled (2, 15).
The plagioclase (AbgyAn,,) that dissolved
took part in metamorphic reactions. The
sodic component of the plagioclase precip-
itated as albite (AbgeAn,Or;) (Fig. 4),
whereas the calcic component combined
with other elements to form phases such as
a possible actinolitic amphibole.

The changing rate of permeability de-
crease for the gouge-bearing sample (Fig.
3A) can be explained in terms of the solu-
bilities of some of the gouge materials.
Grinding minerals such as quartz to a fine
powder creates surface layers of disordered
or amorphous material (16) with higher
solubilities than that of the undamaged
mineral (17). Dissolution of these materials
temporarily raises solution concentrations
above equilibrium values. In addition, as
reviewed by ller (18), the equilibrium solu-
bility of convex grains of quartz increases
markedly with decreasing radius below
about 5 nm. The smallest grains therefore
dissolve preferentially, and the excess silica
in solution is redeposited elsewhere in the
sample. The disordered and ultra-fine ma-
terials may have been removed from the
sample in the first few days of the experi-
ment, leading to the higher initial rates of
permeability decrease. Thereafter, the rate
declined to the level of intact rock. The
high solubility and preferential loss of fines

Table 2. Summary of 400°C tensile-fracture ex-
periment (400f). The final heated value is the aver-
age of the last two measurements. The final value
calculated as k is 34.3 X 1072 m2,

AP q A
(10-¢ (10-23
(MPa) cm?3/s) md)
25°C 0.83 171 21600
Heated (initial) 0.08 171 31200
Heated (final) 2.00 6.9 51.4

Fig. 4. Secondary-electron SEM image of albite
crystals deposited on quartz on the fracture sur-
face of sample 400f.
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provide an appealing mechanism for seal
formation in active fault zones. Each earth-
quake shears the fault gouge, producing a
fresh zone of ultra-fine particles that quickly
dissolve. Subsequent time-dependent com-
paction expels the supersaturated fluid,
which clogs pores and fractures in the sur-
rounding rock (4, 19, 20).

The right-hand vertical axis in Fig. 2
shows the values of r from Eq. 1 in units of
years™ !, If the steady exponential decay of
permeability in Fig. 1 can be extrapolated,
permeability at 400° to 500°C could be
reduced by several orders of magnitude in 1
year. The predicted 500°C reductions do
not even include the rapid permeability
drops at the ends of those experiments (Fig.
1D). These higher temperature results sug-
gest that a well-connected crack network
may be impossible to maintain for any ap-
preciable length of time in deeply buried
granitic rock, at least in stable cratonic
areas. Such a suggestion is consistent with
the conclusion derived from geochemical
studies that pore waters in the crystalline
basement rocks of the Canadian shield are
confined to hydrologically isolated pockets
(21). At the low-temperature end of Fig. 2,
permeability is predicted to decrease by
roughly three orders of magnitude within a
single year at 300°C, but the yearly decrease
at 350°C would be at most about one order
of magnitude and possibly substantially less.

The formation of impermeable mineral
seals has been invoked at various depths
in and around faults. To play an effective
role in the earthquake cycle, a seal must
be created in less time than the earth-
quake recurrence interval of a given fault
or fault segment, because the seal is likely
destroyed by the fracturing and crushing
that accompany an earthquake. Our high-
er temperature results are consistent with
the rapid development of impermeable
barriers at the base of the seismogenic
zone, in accordance with the fault-valve
model of Sibson and his colleagues (22).
Our lower temperature data provide less
conclusive support for models requiring
seals at shallower depths in fault zones
such as the San Andreas (4, 19, 20),
where earthquake recurrence times of 50
to 300 years have been proposed (23).
The permeability reduction rates of the
experiments at 300°C support the possi-
bility that such seals can develop within
the time constraints, but the data at
350°C suggest considerably slower sealing
rates. These conflicting results may pre-
clude extrapolation of our data to the
lower temperatures of interest for the San
Andreas fault, particularly because the
mineral reactions should be different. Be-
cause of this uncertainty, long-term per-
meability experiments at lower tempera-
tures are required to obtain an accurate
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picture of sealing rates at shallow depths
in fault zones. Our results do suggest,
however, that the generation of fault
gouge should enhance the initial sealing
rates at any depth within a fault. In addi-
tion, the relatively high permeability of
fractures may also be readily reduced by
mineral deposition.
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Grain Size-Dependent Alteration and the
Magnetization of Oceanic Basalts

Dennis V. Kent* and Jeff Gee

Unblocking temperatures of natural remanent magnetization were found to extend well
above the dominant Curie points in samples of oceanic basalts from the axis of the East
Pacific Rise. This phenomenon is attributed to the natural presence in the basalts of three
related magnetic phases: an abundant fine-grained and preferentially oxidized titano-
magnetite that carries most of the natural remanent magnetism, a few coarser and less
oxidized grains of titanomagnetite that account for most of the high-field magnetic
properties, and a small contribution to both the natural remanent magnetism and high-
field magnetic properties from magnetite that may be due to the disproportionation of the
oxidized titanomagnetite under sea-floor conditions. This model is consistent with evi-
dence from the Central Anomaly magnetic high that the original magnetization acquired
by oceanic basalts upon cooling is rapidly altered and accounts for the lack of sensitivity
of bulk rock magnetic parameters to the degree of alteration of the remanence carrier in

oceanic basalts.

The intensely magnetized oceanic extru-
sive layer,” which consists principally of
several hundred meters of sheet flows and
pillow basalts, is a major source of sea-
floor spreading magnetic anomalies (1).
As oceanic crust ages, the basalts are al-
tered and their magnetization becomes
substantially reduced, even though a
record of the geomagnetic field is re-
tained. A‘hallmark of the alteration pro-
cess that is most probably responsible for
the reduction in magnetization is a pro-
gressive increase in Curie temperature as
the original titanomagnetite (TM60) car-
rier of the natural remanent magnetiza-
tion (NRM) becomes increasingly oxi-
dized to a cation-deficient titanomaghemite
(2). A time constant of 500,000 years has
long been assumed for this process, on the
basis of analysis of dredged basalts and deep-
tow magnetics from the slow-spreading Mid-
Atlantic Ridge (MAR) (3-5). To explain the
Central Anomaly magnetic high over the
fast-spreading East Pacific Rise (EPR), the
time constant of magnetization decrease must
be only ~20,000 years, more than an order of
magnitude faster (6). However, the large vari-
ation in NRM intensity found in dredged
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basalts from near the axis of the EPR (6) or,
for that matter, the MAR (3, 4) was not
closely accompanied by a systematic variation
in the Curie temperatures of the samples.

A more paradoxical result of some ear-
ly paleomagnetic studies of dredged ba-
salts from the MAR was that the maxi-
mum unblocking temperatures of NRM
invariably extended 50° to 100°C above
the dominant Curie temperature. The sys-
tematic elevation of NRM unblocking
temperatures was regarded by Irving (3) as
a laboratory artifact and was attributed to
the formation during thermal demagneti-
zation of a new higher unblocking tem-
peraturé phase that inherited its magne-
tization direction from the parent materi-
al. This interpretation was very influen-
tial in subsequent rock magnetic studies
of oceanic basalts, and thermal demagne-
tization, a key technique in characterizing
remanence in most other rocks, has sel-
dom been used since. In this report, we
test the importance of the Irving hypoth-
esis by heating and cooling samples of
oceanic basalts under a variety of condi-
tions in the laboratory.

The young basalt samples from the
EPR that we studied show a similar sys-
tematic discrepancy between unblocking
temperature spectrum of NRM and Curie
temperature. For example, even after
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thermal demagnetization of a sample at
200°C, well above the estimated Curie
temperature of 150°C, about 50% of the
initial NRM remained (Fig. 1A). The
NRM nevertheless had a similar direction
over the entire unblocking temperature
range (Fig. 1B). The NRM of the EPR
ridge axis basalts is thus characterized by
significant unblocking of NRM occurring
even above 300°C, consistent with an
oxidized TM60 as the carrier. Yet, the
high-field temperature experiments would
suggest that a relatively unoxidized TM60
is the principal magnetic mineral, even
though there is little unblocking of NRM
by the dominant Curie point.

We initially tried to reproduce the Irv-
ing effect in a series of prolonged heating
experiments at temperatures of 100° to
300°C in zero field (Fig. 2). The rema-
nence after even 100 hours of heating was
not appreciably different from the rema-
nence after the 1 hour of heating typically
used in thermal demagnetization. Even
when the susceptibility markedly in-
creased over prolonged heating at 300°C,
which may have resulted from the inver-
sion of some oxidized TM60 in the sam-
ple, the remanence direction and un-
blocking temperature distribution above
300°C were still essentially unaffected.

We next gave the samples a ther-
moremanent magnetization (TRM) at a
high angle to the NRM direction by cool-
ing them in a 0.03-mT field from 200°C;
this temperature is above the dominant
Curie point of 150°C but below the un-
blocking temperatures of ~50% of the
NRM. The resulting magnetization was
then progressively demagnetized in 25°C
steps from 50°C to 600°C (Fig. 3). If the
Irving effect were operative, the entire
remanence including any unblocking
temperature components above the Curie
point should have been aligned along the
laboratory-induced thermoremanence di-
rection. Instead, the laboratory-induced
thermoremanence was effectively demag-
netized by 200° to 225°C, and with fur-
ther thermal demagnetization we recov-
ered the appropriate fraction of the orig-
inal NRM vector. )

The fine-grained EPR basalts showed

little evidence of oxidation during these
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