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ow-frequency seismic properties of thermally cracked
nd argon-saturated granite
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ABSTRACT

Torsional forced-oscillation techniques have been used to
measure the shear modulus and strain-energy dissipation on
cylindrical specimens of a fine-grained granite, Delegate
aplite. The specimens were subjected to thermal cycling and
associated microcracking under varying conditions of con-
fining pressure Pc and argon pore-fluid pressure Pf within the
low-frequency saturated isobaric regime. Complementary
transient-flow studies of in-situ permeability and volumetric
measurements of connected crack porosity allowed the mod-
ulus measurements to be interpreted in terms of the density
and interconnectivity of the thermally generated cracks. The
modulus measurements indicate that newly generated ther-
mal cracks are closed by a differential pressure, Pc − Pf,
which ranges from �120 to 160 MPa for temperatures of
300–600°C. This suggests crack aspect ratios on the order of
10−3. The covariation of in-situ permeability k and thermal
crack density � that we infer from the modulus deficit is con-
sistent with percolation theory. There is a well-defined
threshold at �c � 0.17, beyond which k increases markedly as
�� − �c��, with � � 2. At lower crack densities, it is difficult
to measure the sensitivity of shear modulus to variations of
confining and pore pressures because pore-pressure equilib-
rium is approached so sluggishly.At temperatures beyond the
percolation threshold, the modulus variation is a function of
the effective pressure, Peff = Pc − nPf, with the value of n in-
creasing toward one with increasing crack connectivity.

INTRODUCTION

Over the past few decades, researchers have become increasingly
ware of the need to account for the frequency dependence �disper-
ion� of elastic wave speeds and the associated attenuation in fluid-
aturated rocks in seismic interpretation �e.g., Gordon, 1974; Mavko
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nd Nur, 1975; O’Connell and Budiansky, 1977; Murphy, 1984;
inkler, 1985; Paffenholz and Burkhardt, 1989; Jackson, 1991;
avko and Jizba, 1991; Dvorkin and Nur, 1993; Le Ravalec and
uéguen, 1996; Schubnel and Guéguen, 2003�. The immense fre-
uency interval separating the megahertz frequencies of the ultra-
onic methods employed in most laboratory studies from the sub-
ilohertz frequencies used in geophysical exploration of the upper
rust presents a particular challenge. Saturation with a relatively in-
ompressible bulk pore fluid capable of stress-induced flow within
he pore space should result in generally higher and frequency-de-
endent effective moduli. There is also strong experimental evi-
ence to suggest that low concentrations of adsorbed volatiles may
educe the elastic moduli of rocks by influencing the energetics of
nd cohesive forces between silicate �especially quartz� mineral sur-
aces in intimate contact �King, 1966; Tittmann et al., 1980; Spencer,
981; Murphy et al., 1984�.

The theoretical description of rocks as porous/cracked media of-
en involves the calculation of effective elastic moduli for a compos-
te derived by embedding pores or cracks of prescribed geometry
nto a medium that initially has zero porosity �e.g., Walsh, 1969;
’Connell and Budiansky, 1974; Hudson, 1981; Kachanov, 1993;
ointer et al., 2000; Chapman et al., 2002�.An alternative, essential-

y phenomenological approach to obtaining the elastic moduli for
uid-saturated rocks relates the effective moduli for the fluid-satu-
ated medium to those of the same medium under dry conditions,
hus avoiding the need to specify the geometry of the pore space
e.g., Gassmann, 1951; Biot, 1956a, b; Gardner, 1962; Mavko and
izba, 1991�.

Both approaches have been used, especially for porous sedimen-
ary rocks and sometimes in conjunction with experimental data, to
stimate the substantial amount of dispersion to be expected for fluid
ow on various spatial scales �e.g., Winkler, 1985, 1986; Mavko and
izba, 1991; Le Ravalec and Guéguen, 1996�. However, there have
o far been very few direct experimental observations of the expect-
d modulus relaxation in fluid-saturated rocks of relatively low po-
osity �Gordon, 1974; Spencer, 1981; Tittmann et al., 1984; Murphy,
985; Paffenholz and Burkhardt, 1989�, and it is difficult to evaluate
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he observed dispersion and attenuation in terms of fluid flow. To ad-
ress these problems, we investigated the low-frequency shear-
ode behavior of thermally cracked and fluid-saturated rock by con-

ucting torsional forced-oscillation experiments at subhertz fre-
uencies.

EXPERIMENTAL PROCEDURE

ranite specimen and argon pore fluid

For this study, we have chosen an aplite from Delegate, New
outh Wales, Australia. It was previously described by Lu and Jack-
on �1998�, who showed that stable, thermally supported popula-
ions of microcracks could be generated in this rock. Delegate aplite
s a granitic rock of 0.5 mm average grain size, with a bulk density of
.57 g/cm3 and a total porosity of 2.3%, of which about one third is
ccessible to water saturation. Heating in air to 800°C results in a
eight loss of 0.25%.
The use of argon as a chemically inert pore fluid permits us to

valuate the purely hydraulic effects of fluid saturation without the
omplication of the chemical effects of adsorbed molecules and po-
ar fluids. Under the conditions of pore pressure Pf and temperature

used in this study, argon is a single-phase fluid. Its key physical
roperties are its density �, isothermal bulk modulus Kf or incom-
ressibility, and viscosity �. Figure 1 shows a graph of these proper-
ies plotted against pressure. Argon’s density varies from about 10%
o 110% of the density of water at standard conditions, whereas K f

nd � are each lower than the corresponding quantities for water by
bout an order of magnitude.

orced-oscillation measurements of shear modulus
nd strain-energy dissipation

Jackson and Paterson �1987, 1993� described a torsional forced-
scillation technique for the study of rock viscoelasticity at teleseis-
ic frequencies �mHz-Hz�, high temperature, and moderate confin-

ng pressure. An elastic standard of known elastic modulus and neg-
igible internal friction is connected mechanically in series with a

igure 1. Key thermophysical properties of argon as a pore fluid. The
ensity � and isothermal bulk modulus, KT = �v2/�1 + T��v�2/
p�, are derived from Stewart and Jacobsen �1989�, where � is the

hermal expansivity, v is the sound speed, and Cp is the specific heat
t constant pressure. The viscosity � is from Kaye and Laby �1973�
nd Vidal et al. �1979�. The corresponding properties of water at am-
ient conditions are � = 1.0 g cm−3, KT = 2.0 GPa, and � = 9
10−4 Pa-s �e.g., Kaye and Laby, 1973�.
ompound assembly comprising a cylindrical rock specimen mount-
d between alumina torsion rods, all jacketed within a thin-walled
teel sleeve. Thus, the entire assembly is exposed to the same applied
orque. At sufficiently low frequencies, the phase of the sinusoidally
ime-varying torque is essentially uniform throughout the assembly.
y measuring the relative amplitudes and phase of the torsional dis-

ortions of the elastic standard and the specimen assembly, the shear
odulus G and the associated strain energy dissipation Q−1 at maxi-
um strain amplitudes of about 10−5 can be determined. The proce-

ures for analyzing the forced-oscillation data are described by Lu
nd Jackson �1998�.

onfiguration of pore-fluid system

The argon pore/fluid system which was newly implemented for
his study consists of upstream and downstream reservoirs connect-
d to the respective ends of the specimen assembly �Figure 2�.
-ring seals at the upper and lower ends of the steel jacket isolate the
ressurized interior of the pressure vessel from the upstream and the
ownstream pore-fluid reservoirs. The upstream reservoir is com-
osed of a volumeter driven by a dc motor, an air-operated valve, a
onnecting pipe, and a hardened steel piston. The downstream reser-
oir includes the space within the hollow lower �steel� part of the
ompound experimental assembly, the lower vent tube, and an air-
perated valve. A filter has been placed at the entrance to the lower
ent tube to reduce the likelihood of blockage from possible contam-
nation from inside the pore-fluid system.

The fluid pressures in the upstream and the downstream reservoirs
re measured with two high-pressure transducers �Precise Sensors,
odel 114� that have a resolution of 0.1 mV/10 V �equivalent to

igure 2. Experimental configuration for �a� measurements of crack
orosity; and �b� measurements of shear modulus, attenuation and
ermeability.
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bout 0.05/500 MPa�, calibrated against a Bourdon-tube �Heise�
ressure gauge. The piston position within the volumeter was moni-
ored by a suitably calibrated dc LVDT �model 500HR-DC, Schae-
itz Engineering�. Digital data was acquired by a multichannel digi-
al acquisition card through a 5B Series backplane signal conditioner
Analog Devices Inc.� with LabVIEW software support �National
nstruments�. Both pore pressures and the displacement of the up-
tream volumeter piston were digitally recorded as functions of
ime.

For the purpose of studying the permeability of the rock speci-
en, it is vital that pore fluid should flow only through the rock.
herefore, a good seal is needed in the specimen assembly to prevent
ny short-circuit flow path between the steel jacket and the rock. In
ractice, it was found that a prior excursion to temperatures near
00°C at confining pressure Pc �50 MPa was sufficient to establish
atisfactory contact between the cylindrical surface of the rock spec-
men and the enclosing steel jacket.

easurement of connected porosity

The pressure sensitivity of fluid storage within any reservoir �in-
luding the pore space of a rock specimen� is given by its storage ca-
acity S, defined as

S = �1/� f���mf /�P� � Vf /Kf , �1�

here mf is the mass of fluid, with density � f and bulk modulus Kf,
tored within the reservoir of volume Vf under the prevailing condi-
ions of pressure P and temperature T. The approximation in equa-
ion 1 reflects the fact that the bulk moduli for a porous rock and for
ts crystalline matrix are typically each on the order of 100�Kf �e.g.,
hang et al., 1994�. For a rock specimen of total volume Vs and con-
ected porosity �c, the specific storage capacity �or storativity� is
hus

Bs = S/Vs � �c/Kf . �2�

Zhang et al. �1994� described a pore-pressure-incrementing tech-
ique for the in-situ measurement of connected crack porosity. With
he downstream reservoir disconnected �Figure 2�, one first estab-
ishes a state of uniform fluid pressure Pu in the upstream reservoir
nd rock specimen. The piston in the upstream volumeter is then ad-
anced to generate a small pressure increment in the upstream reser-
oir. The temporal covariation of Pu and the position x of the volu-
eter piston is monitored as fluid penetrates the pore space of the

pecimen, eventually establishing a new state of uniform fluid pres-
ure throughout. Zhang et al. �1994� showed that, by assuming con-
ervation of fluid mass and using the approximation to specimen
torativity given by equation 2, the porosity is given as follows:

�c = �AvKf /Vs���RT/�T���	x/	Pu�R − �	x/	Pu�0� , �3�

here �RT and �T are the densities of pore fluid under pressure Pu, at
oom temperature �within the volumeter� and at the elevated temper-
ture T �within the rock pore space�, respectively; Av is the cross-sec-
ional area of the volumeter piston, and 	Pu is the change in pore
ressure corresponding to a small displacement 	x of the volumeter
iston from the reference position. The first term in the brackets,
	x/	Pu�R, is determined from the measurements taken with the
ock specimen �indicated by subscript R�; the second term,
	x/	Pu�0, is determined by measuring at the same volumeter pis-
on position x but with a known impermeable standard �subscript 0�
s a control. The standard is a specimen of Cape Sorell quartzite,
hich was shown by Lu and Jackson �1998, their Figure 9� to be es-
entially impermeable even under the most favorable conditions for
uid flow, that is, at Pc = 50 MPa, T = 600°C. This latter measure-
ent is essentially a determination of the storage capacity Su of the

pstream reservoir, which is needed for the analysis of the perme-
bility measurements; Su is given by

Su = Av�	x/	Pu�0. �4�

he quantities �	x/	Pu�0 and Su, are each approximately inversely
roportional to Kf �equations 1 and 4� and thus vary significantly
ith both pressure and temperature �Figure 1�.
The quantities 	x/	Pu were estimated at x = 0 �that is, the posi-

ion of zero output voltage for the DC-LVDT� by differentiation of
east-squares fits to the �x,Pu� data �e.g., Figure 3� for a control spec-
men of impermeable quartzite �U in Figure 3� and for the samples of
elegate aplite �shortened from 145 to 45 mm length; S in Figure 3�

ested under conditions of high permeability �T
500°C�. Under
hese circumstances, the volumeter piston could be advanced at con-
rolled speed to cause the required covariation of x and Pu within a
ew minutes. We determined whether equilibrium had been attained
uring the dynamic test by measuring x and Pu again, under static
onditions at least five minutes after completion of the dynamic test
Figure 3�. At lower temperatures and permeabilities, much longer
elays �up to hours� were required for pore pressure equilibration so
hat �	x/	Pu�R was best approximated by the average ratio of finite
ifferences for positive and negative perturbations from the volume-
er piston reference position �x = 0�. Each determination of connect-
d crack porosity was based on at least four redundant measurements
f �dx/dPu�R or �	x/	Pu�R.
The use of equation 3 to determine the connected porosity de-

ends critically on the ability to resolve the difference between the
lopes dx/dPu for the two systems, i.e., that containing the granite
pecimen and that with the control specimen. Most of the error aris-
ng from the use of equation 3 is derived from the measurement of
dx/dPu�R.

igure 3. Representative measurements of storage capacity of the
pstream reservoir under contrasting conditions: S when connected
o a thermally cracked rock specimen and U when connected to a
ontrol specimen of impermeable quartzite. The filled circles repre-
ent the results of the static tests and their location at the extremities
f the continuous record from the dynamic test confirms the mainte-
ance of pore-pressure equilibrium during the latter experiment.
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easurement of permeability by the
ransient flow method

For relatively large rock specimens of low permeability, long pe-
iods of time are required to establish steady flow. So, experimental
ethods that rely upon the proportionality between the global pres-

ure gradient and the fluid flux �Darcy’s law� are impractical. An at-
ractive alternative is the transient-flow method, pioneered by W. F.
race, in which an equilibrium state of uniform fluid pressure p0

hroughout the system is perturbed by imposition of a small pressure
ncrement 	p in the upstream reservoir �achieved by advancing the
olumeter piston�. The subsequent decay �or growth� of fluid pres-
ure in the upstream reservoir is monitored �Figure 4�.

The fluid flow through the rock specimen is governed by a diffu-
ion equation that must be solved subject to the appropriate initial
nd boundary conditions. In principle, it is possible to determine
oth permeability k and storativity Bs by analyzing the pressure-time
ecord from a transient-flow test �Neuzil et al., 1981�. However, the
torage capacities of the specimens tested in this study are always
ufficiently small relative to those of the upstream and downstream
eservoirs �Su and Sd, respectively� for the solution to closely approx-
mate that given by Hsieh et al. �1981� for negligible storativity �Lu,

igure 4. Representative examples of the evolution of the pressure in
he upstream reservoir following application of small pressure incre-

ents. The exponential decay or growth of Pu is used to measure per-
eability �see text for details�. �a� Delegate aplite specimen #6 at
c = 103 MPa, unperturbed Pf = 51 MPa, and T = 600°C. The

light change in the downstream pore pressure in response to �Pu is
eyond the resolution of these measurements. �b� Delegate aplite
pecimen #6 at Pc = 101 MPa, Pf = 50 MPa, and T = 303°C. The
ore-fluid pressure increment is applied to the downstream reser-
oir. Pore pressure equilibration occurs much more slowly at the
ower temperature.
996�. Under these circumstances, the evolution of the hydraulic
ead in the upstream reservoir is given by

�p�0,t� − p0�/	p = �Su + Sd exp�− At��/�Su + Sd� , �5�

here the rate constant A is expressed as

A = �kAs/�LsSu��1 + Su/Sd� �6�

Brace et al., 1968�, where As is the cross-sectional area and Ls is the
ength of the rock specimen. The permeability k is therefore deter-

inable from the experimentally determined exponent A, but the
small� specimen storativity Bs remains unconstrained by the tran-
ient flow measurement. For the calculation of k from equation 6, Su

as independently measured as described above, the �pressure-de-
endent� viscosity � of argon was taken from Vidal et al. �1979�, and

d � Vd/Kf was estimated from the geometry of the downstream res-
rvoir and the equation of state of argon �Stewart and Jacobsen,
989; their Figure 1�.

The analysis leading to equations 5 and 6 neglects any variation of
uid properties, notably bulk modulus, across the pressure interval
p and thus is directly applicable only to measurements conducted

bove a threshold value of p0, such that 	p/p0�1. This condition is
et in the present study for the measurements with p0 �25 MPa but

ot for those of Lu and Jackson �1998� in which the fluid pressure in
he upstream reservoir was incremented �	p of 5–10 MPa� from p0

0.1 MPa. Accordingly, although a rate constant A for exponential
ecay was inferred from each of these earlier measurements, the ro-
ust estimation of k via equation 6 was not possible.

djustment of pore pressure

The downstream reservoir has a much larger volume than the up-
tream reservoir �Sd/Su � Vd/Vu � 35�. To increase the pore pres-
ure, pressurized argon gas was introduced through an air-operated
alve, usually into the downstream reservoir, and allowed to perme-
te the rock specimen — eventually raising the pressure in the up-
tream reservoir to the equilibrium value. The time required to reach
quilibrium pore pressure is a sensitive function of the permeability
f the rock specimen �equation 6�. To decrease the pore pressure, ar-
on gas was released from the downstream reservoir through the
ownstream valve until the prescribed value of pore pressure was
eached. The torsional forced-oscillation experiments at prescribed
alues of differential pressure �Pdiff = Pc − Pf� and temperature
ere conducted when the equilibrium state in pore pressure and tem-
erature had been reestablished.

However, for the first series of experiments conducted on Dele-
ate aplite specimen #5 under conditions of low permeability and
oom temperature, the following alternative procedure was used in
djusting the pore pressure. To reduce the time required for pore-
ressure equilibration, confining pressure Pc was initially set to a
ow value �50 MPa� to maximize the permeability. This allowed the
ore pressure to equilibrate at 45 MPa. The confining pressure was
hen raised to progressively higher values at fixed nominal Pf �see
ater discussion�; higher pore pressures were subsequently achieved
hrough the introduction of additional pore fluid, again initially un-
er conditions of low differential pressure.



S

o
c
1
t
fi
�
w
�
6
s
c
r

l
u
s
t
s
e
1

m
�
r
s
d
�
u
a
b

p
p
n
a
�
fi
3
t
p
t
c

I

f
fi
a
b
t
a
a
i
i
�

p
=
h
t
p

P

t
s
t
t
5
m
v

f
u
T
t
c
t
f
p

F

d

�
s
M
s
s

Seismic properties of saturated granite F151

D
ow

nl
oa

de
d 

06
/2

2/
16

 to
 1

28
.2

50
.1

44
.1

44
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/

RESULTS

hear modulus

Measurements of shear modulus and internal friction were made
n thermally cycled Delegate aplite under conditions of varying
onfining pressure �up to 230 MPa� and pore pressure �up to
50 MPa� at both room and higher temperatures. Figure 5a shows
he shear modulus at room temperature plotted as a function of con-
ning pressure for various argon pore pressures. For the dry rock
i.e., without argon pore fluid�, the shear modulus increases linearly
ith increasing confining pressure above 50 MPa, with a slope

G/�Pc of about eight. The shear modulus decreases by as much as
% when the rock is saturated with argon pore fluid at low pore pres-
ures �1–7 MPa�, but the dependence of the shear modulus upon
onfining pressure at low pore pressure is similar to that of the dry
ock.

Further increasing the pore pressure at room temperature also
owers the shear modulus markedly. The reduction in the shear mod-
lus is more pronounced at lower, rather than higher, confining pres-
ure. For specimen #5, which was more extensively tested at room
emperature, the variation of the shear modulus with confining pres-
ure conforms very well to a linear relation, with a slope ��G/�Pc�Pf,
qual to approximately 40 for pore pressures of 50, 100, and
50 MPa.

Van der Molen �1979� determined the dependence of the shear
odulus of Delegate aplite on confining pressure from ultrasonic

1-MHz� shear-wave velocity measurements on the dry rock at
oom temperature under confining pressures up to 300 MPa. His re-
ults are also shown in Figure 5a. Our results for the pressure depen-
ence of the shear modulus are consistent with Van der Molen’s
1979� ultrasonic data. However, there is a 3% difference in the val-
es for the shear modulus obtained by the two experiments, presum-
bly because of the different measuring systems and some variation
etween the rock specimens.

Figure 5b shows variations of the shear modulus with confining
ressure and pore pressure under the more permeable conditions that
revail at higher temperatures �300°C and 600°C�. There is no sig-
ificant difference between moduli measured under dry conditions
nd those measured with argon saturation at low pore pressure
1 MPa�. The shear modulus increases linearly with increasing con-
ning pressure below a critical confining pressure �120 MPa at
00°C and 160 MPa at 600°C�, with �G/�Pc � 90 at both tempera-
ures for pore pressures ranging from 30 to 100 MPa. For similar
ore pressures, this is more than twice the value at room tempera-
ure. Above the critical confining pressure, the shear modulus be-
omes much less sensitive to pressure.

nternal friction

Figure 6a shows representative data on the variation of internal
riction with oscillation period. The significant scatter precludes de-
nitive resolution of the frequency dependence. Therefore, the vari-
tion of Q−1 with temperature and argon pore pressure �Figure 6b� is
est assessed from the average values for the entire 1–100-s range of
he oscillation period. As in the dry rock, the internal friction of the
rgon-saturated rock increases with increasing temperature beyond
bout 400°C. For moderate confining pressures of 50–100 MPa, the
nternal friction measured at relatively high temperatures seems to
ncrease with increasing pore pressure. However, Q−1 is lower for Pf

1 MPa than for dry rock; as shown in Figure 6c, the effect is most
ronounced at 50 MPa confining pressure. In contrast, for �Pc,Pf�
�100,50� MPa, Q−1 for the argon-saturated rock is significantly

igher than for dry conditions �Figure 6b�. No such variation of in-
ernal friction with pore pressure was detected at 150 MPa confining
ressure.

ermeability measurements

In a previous set of measurements on Delegate aplite with an ini-
ial p0 = 0.1 MPa, Lu and Jackson �1998� found that the rate con-
tant A for pore-pressure equilibration remained low and almost
emperature independent below a threshold Tc that increased sys-
ematically with increasing confining pressure from �400°C at
0 MPa to � 550°C at 150 MPa. The rate constant A increased
arkedly with increasing temperature beyond Tc, indicating the de-

elopment of enhanced crack connectivity �Lu and Jackson, 1998�.
In the present study, we measured the transient flow resulting

rom a pore pressure increment �Pu or �Pd, which was superimposed
pon an initial pore pressure p0 greater than 25 MPa �Figure 4�.
hus, as described above, we were able to determine the permeabili-

y k from the rate constant A. Figure 7a shows the values of the rate
onstant for pore-pressure equilibration A plotted against tempera-
ure for various pore pressures. Figure 7b shows the permeability k
or only the higher pore-fluid pressures. On heating to 300°C, the
ermeability of the rock specimen remains almost unchanged �near

igure 5. �a� Variation of the shear modulus with confining pressure
Pc, in Delegate aplite �specimens #5 and #6� at room temperature un-
er dry and argon-saturated conditions at different pore pressures,

Pf. Specimen #5 was tested under the wider range of pressures
Pc,Pf�. The ultrasonic data �open circles� were derived from the
hear wave velocities of dry Delegate aplite measured by van der

olen �1979�. �b� Variation of shear modulus with confining pres-
ure in Delegate aplite at 300°C and 600°C and at various pore pres-
ures. Open symbols: 300°C; solid symbols: 600°C.
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0−19 m2 or 10−7 darcy �D��, but it increases markedly when the tem-
erature is increased further. Figure 8 shows the influence of confin-
ng pressure upon A and k. At relatively high temperature �e.g.,
00°C�, the measured permeability decreases with increasing con-
ning pressure �that is, between 100 and 150 MPa� about twenty-
old for pore pressures of 28 and 50 MPa.

rack porosity measurements

We measured the connected porosity of a thermally cycled speci-
en �#7� of Delegate aplite by the method described above �Experi-
ental Procedure�. We estimated the time required for pore pressure

quilibration for any specific combination of temperature, confining
nd pore pressure from the permeability measurements described in
he previous section. We found that the equilibration time varied
rom several minutes at temperatures above 400°C to several hours

igure 6. �a� Variation of internal friction with oscillation period for
rgon-saturated Delegate aplite at a confining pressure of 100 MPa
nd pore pressures of 0.5 MPa �squares�, 30 MPa �diamonds�, and
0 MPa �circles�. �b� Variation of period-averaged internal friction
or argon-saturated Delegate aplite with temperature and pore pres-
ure at 100 MPa confining pressure. �c� Variation of the period-aver-
ged internal friction with temperature for dry and argon-saturated
elegate aplite at 50 MPa confining pressure.
igure 7. �a� Rate constant A for pore-pressure equilibration in Dele-
ate aplite as a function of temperature, at confining pressure of
00 MPa and pore pressures of 0.5, 28, and 50 MPa. �b� The temper-
ture dependence of permeability calculated for pore pressures
28 MPa from the values of A in �a�.
igure 8. �a� The influence of confining pressure on the rate constant
for pore-pressure equilibration in Delegate aplite at 600°C and the

ndicated pore pressures. �b� Variation of permeability with confin-
ng pressure in Delegate aplite at 600°C for the indicated pore pres-
ures as in �a�.
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t room temperature. Table 1 and Figure 9 show the results of these
easurements under various conditions of temperature, confining

ressure and pore pressure.

DISCUSSION

nfluence of fluid saturation on elastic moduli
nd attenuation — Background

In a porous/cracked medium saturated with a relatively incom-
ressible fluid, the application of an alternating stress causes essen-
ially synchronous fluctuations in pore fluid pressure about the ambi-
nt value. Furthermore, this creates spatial gradients in pore pres-
ure, both between the more- and less-compliant parts of the pore
pace �which have different orientations and/or aspect ratios� and
etween the interior of the laboratory specimen and the external
ore-fluid reservoir. At sufficiently high frequencies � as a result of
ts viscosity �, the fluid is able to support shear stress, with an effec-
ive modulus of G = i��. It follows that, for all but the lowest fre-
uencies, the effective moduli of a fluid-saturated medium should be

able 1. Results of connected porosity measurements on deleg
emperatures.

Pc

�MPa�
Pf

�MPa�
T

�°C�
�dx/dPu�R

�mm/MPa�

�dx/dPu�R

a

�mm/MPa�
�dx/dPu

�mm/MP

101 25 303 1.861 0.020 1.814

102 25.8 401 1.815 0.020 1.737

102 25.2 500 1.830 0.020 1.794

101 25 600 1.955 0.017 1.814

103 50.04 25 0.794 0.007 0.747

103 50.17 25 0.811 0.005 0.743

101 49.67 400 0.768 0.006 0.696

101 49.9 500 0.773 0.007 0.692

101 50.4 600 0.773 0.007 0.682

153 25.06 600 1.971 0.015 1.808

154 50.64 25 0.799 0.004 0.733

150 49.8 400 0.773 0.006 0.694

151 51.33 500 0.726 0.001 0.664

151 50.19 600 0.752 0.005 0.686

153 50.16 600 0.783 0.005 0.687

153 74.19 600 0.432 0.003 0.388

152 99.25 25 0.273 0.009 0.254

152 99.25 25 0.264 0.005 0.254

153 99.86 400 0.270 0.005 0.245

153 99.86 400 0.278 0.001 0.245

154 100.3 400 0.267 0.005 0.243

154 99.55 500 0.275 0.001 0.246

153 101.35 600 0.279 0.002 0.239

152 101.08 700 0.296 0.002 0.240

152 101.08 700 0.286 0.002 0.240

aThe uncertainty 
�dx/dPu�R, inferred from scatter among redund
	�dx/dPu�.

b	�dx/dPu� = �dx/dPu�R − �dx/dPu�0.cFluid compressibility, � = 1/K .
f f
igher than those for the corresponding dry medium for purely hy-
raulic reasons because the spatial scale for stress-induced fluid flow
hich is achievable during the period of the alternating stress is lim-

ted �e.g., O’Connell and Budiansky, 1977; their Figure 10�.
Conceptually distinct relaxation phenomena are associated with

ransitions between different fluid-flow regimes: glued, saturated
solated, saturated isobaric, and drained �O’Connell and Budiansky,
977; Endres and Knight, 1997; Pointer et al., 2000; Chapman et al.,
002�. Figure 10 shows conditions for cracked media of low porosi-
y and permeability. Accordingly, the well-known Biot relaxation in
hich modest levels of dispersion and attenuation are associated
ith the transition from a high-frequency regime ���c = ��/�fk;
ourbié et al., 1987�, in which inertial and viscous dissipative effects
re significant to saturated isobaric conditions below �c, is not
hown.

The effective elastic moduli of a cracked medium depend in prin-
iple upon both crack porosity � and aspect ratio � �minimum/maxi-
um dimension�. However, for relatively low porosities and low as-

ect ratios �cracks�, the behavior is controlled primarily by a single

lite (specimen # 7) at given differential pressures and

�dx/dPu�b

mm/MPa�
� f

c

�MPa−1�
�RT

�g/cm3�
�T

�g/cm3� �c 
��c�

0.047 3.160E − 2 0.4131 0.1953 0.007 0.003

0.078 3.190E − 2 0.4131 0.1663 0.014 0.003

0.036 3.218E − 2 0.4131 0.1452 0.007 0.004

0.141 3.245E − 2 0.4131 0.1290 0.031 0.004

0.047 1.160E − 2 0.6928 0.6928 0.009 0.001

0.068 1.160E − 2 0.6928 0.6928 0.013 0.001

0.072 1.680E − 2 0.6928 0.3067 0.022 0.002

0.082 1.710E − 2 0.6928 0.2697 0.028 0.002

0.091 1.740E − 2 0.6928 0.2411 0.034 0.003

0.163 3.245E − 2 0.4131 0.1290 0.036 0.003

0.067 1.160E − 2 0.6928 0.6928 0.013 0.001

0.079 1.680E − 2 0.6928 0.3067 0.024 0.002

0.061 1.710E − 2 0.6928 0.2697 0.021 0.000

0.066 1.740E − 2 0.6928 0.2411 0.024 0.002

0.097 1.740E − 2 0.6928 0.2411 0.036 0.002

0.044 1.246E − 2 0.8556 0.3380 0.020 0.001

0.019 3.370E − 3 0.9644 0.9644 0.013 0.006

0.009 3.370E − 3 0.9644 0.9644 0.006 0.003

0.025 6.930E − 3 0.9644 0.5254 0.015 0.003

0.033 6.930E − 3 0.9644 0.5254 0.019 0.001

0.024 6.930E − 3 0.9644 0.5254 0.014 0.003

0.029 7.220E − 3 0.9644 0.4680 0.019 0.001

0.040 7.510E − 3 0.9644 0.4228 0.027 0.001

0.056 7.810E − 3 0.9644 0.3700 0.042 0.001

0.046 7.810E − 3 0.9644 0.3700 0.034 0.001

asurements, is used as a proxy for the uncertainty in the difference
ate ap
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ariable known as crack density, � �O’Connell and Budiansky,
974�. For a population of spheroidal inclusions of common aspect
atio, � is given by

� = 3�/4�� . �7�

his definition can be generalized to accommodate a distribution of
rack aspect ratios. Figure 11 summarizes the sparse experimental
bservations concerning the effect of fluid saturation on the elastic
oduli of cracked crystalline rocks with relatively low porosity. To-

ether, ultrasonic, resonance, and forced-oscillation methods sam-
le the mechanical relaxation spectrum of granite �Gordon, 1974�
cross eight decades of frequency. Figure 11 shows the fractional
hange in elastic wave speed that results from water saturation �with

igure 9. Temperature dependence of the connected porosity for dif-
erent confining pressures and pore pressures.

igure 10. Fluid-flow regimes and effective elastic moduli for
racked and fluid-saturated rocks �O’Connell and Budiansky, 1977;
edrawn after Jackson, 1991�. The upper row of panels shows the re-
ponse of the fluid-saturated medium to hydrostatic compression,
hereas the lower row shows the response to shear. The vertical
lack bars highlight the transitions between fluid-flow regimes that
re expected to cause marked modulus relaxation. P1 and P2 are the
ore pressures in representative cracks of different orientation rela-
ive to the applied stress.
Pf = 0� plotted for the compressional �P�, shear �S�, and extensional
ar �Y� modes.

Figure 11 shows that, at ultrasonic frequencies �0.1–1 MHz�, wa-
er saturation results in increased wave speeds with �VP/VP � 0.2 to
.6 and �VS/VS � 0 to 0.1. Both VP and VS are typically higher than
hose calculated for saturated isobaric conditions. This suggests that
he measurements sample the saturated isolated regime �as shown in
igure 10�, in which grain-scale gradients in pore pressure are unre-

axed by local flow �O’Connell and Budiansky, 1977; Mavko and
izba, 1991�. For the kilohertz frequencies of resonant bar experi-
ents, Gordon �1974� and Murphy �1984� reported higher wave

peeds for water-saturated granites than for the corresponding dry
ocks; the proportional effect of fluid saturation is apparently greater
or the compressional and extensional modes than in shear. For par-
ial saturation of Sierra white granite, Murphy �1984� measured
lightly lower wave speeds than for the dry rock. Spencer �1981�
ound that �VY /VY values obtained from extensional forced-oscilla-
ion experiments on Oklahoma granite changed sign from positive to
egative with decreasing frequency between 400 and 4 Hz. Further-
ore, Gordon �1974� found that, at frequencies of 100–10 mHz, the

alues of �V/V are significantly negative for water saturation of
hode Island granite.
Near-zero values of �G/G, and hence �VS/VS, are characteristic of

he saturated isobaric regime, whereas near-zero values of �K/K are
ndicative of the drained regime �Figure 10�. Negative values of
V/V in experimental data obtained at frequencies below 100 Hz
annot be explained by bulk fluid flow unless the crack density in-
reases upon saturation �O’Connell and Budiansky, 1977�. Alterna-
ively, a reduction of wave speed upon saturation may reflect a re-
uction in the stiffness of grain contacts caused by adsorbed water
e.g., King, 1966; Tittmann et al., 1980; Spencer, 1981�.

This interpretation of the broad trend evident in Figure 11 is rein-
orced by calculations of the relevant characteristic frequencies. For
ocal fluid flow, fF = Kf�3/� � 103 Hz for water saturation of cracks
f aspect ratio � � 10−3. For the �radial� draining of a water-saturat-
d cylindrical specimen of 1 cm diameter and permeability
0−18 m2, fD = kKf/��R2 � 1 Hz.

igure 11. The effect of water saturation of granite at Pc = Pf = 0 on
he speed of compressional �unlabelled solid bars�, bar-mode longi-
udinal �solid bars labelled Y�, and shear waves �unfilled bars�. Data
rom Nur and Simmons �1969� for Casco, Chelmsford, Troy and

esterly granites; Gordon �1974� for Rhode Island granite; Spencer
1981� for Oklahoma granite; Murphy �1984� for Sierra white gran-
te; and Coyner �1984� �cited in Mavko and Jizba, 1991� for Westerly
ranite.
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For argon pore fluid at pressures from 10 to 100 MPa, Kf is sub-
tantially lower than for water at ambient conditions but, as shown in
igure 1, � is similarly lower. Thus, the quantity Kf/� and hence fF,
iffers by less than an order of magnitude. In our experimental con-
guration, the cylindrical specimen was drained by longitudinal flu-

d flow to and from the external pore-pressure reservoirs, for which
he rate is approximately the same as for pore-pressure equilibration
equation 6�. The rate varies between 2�10−5 s−1 and 2�10−2 s−1

epending on the experimental conditions �Figures 7a and 8a�.
herefore, we conclude that the low-frequency ��1 Hz� torsional-
scillation experiments of the present study probe the saturated iso-
aric and generally undrained regime — but shear mode properties
re in any case unaffected by draining �Figure 10�.

rack porosity and crack connectivity

In the previous sections, we presented new experimental results
oncerning the shear mode seismic properties of Delegate aplite un-
er conditions of varying confining pressure Pc argon pore pressure

f and temperature. The difference between the measured modulus
nd that for the dry rock at room temperature and the same confining
ressure, interpreted through the theory of O’Connell and Budian-
ky �1974�, yields an estimate of the additional crack density � re-
ulting from thermal microcracking under the prevailing conditions
f T, Pc, and Pf �Lu and Jackson, 1998�. Because the measurements
btained in the present study sample the isobaric regime where the
hear modulus is unaffected by the presence of the fluid �for given
ore microstructure: Figure 10�, the crack density can be estimated
ithout encountering the ambiguities associated with fluid flow.
owever, somewhat higher values of crack density for a given mod-
lus deficit �G would be expected from alternative models for
G���, which differ significantly for ��0.1 �Sayers and Kachanov,
991�.

Lu and Jackson �1998� demonstrated that the rate constant A for
he equilibration of pore pressure by fluid flow increases sharply at
50±50°C, 450±50°C and 550±50°C for confining pressures of
0, 100, and 150 MPa, respectively �Lu and Jackson, 1998, Figure
�. The shear-modulus deficits for each of these sets of conditions,
nterpreted in terms of crack density, yielded a critical value �cr

0.16–0.18 for the percolation threshold �Lu and Jackson, 1998,
igure 13�.
At the higher pore pressures of the present study, the permeability

f the rock specimen has been rigorously calculated from the rate of
rowth or decay of Pu�t� �equation 6�. Figure 12a illustrates the co-
ariation between permeability and inferred crack density for Dele-
ate aplite for widely varying conditions of confining pressure
50–150 MPa�, pore pressure �28–100 MPa�, and temperature
25°–650°C�.

The crack connectivity required for significant permeability is re-
ated to the probability p of crack intersection by percolation theory.
or the four-coordinated Bethe network, the probability at the perco-

ation threshold is pc = 1/3, and the permeability beyond the perco-
ation threshold is given by the relationship

k � �p − pc��, �8�

ith � = 2 �Guéguen and Palciauskas, 1994�. The probability p is re-
ated to crack density � by
p = 1 − exp�− �2�/4� , �9�

rom which it follows that the percolation threshold p = pc corre-
ponds to � = �c � 0.16 �Le Ravalec and Guéguen, 1996�. The crack
ensity and permeability data of Figure 12a are entirely consistent
ith such predictions from percolation theory: with �c fixed at 0.16

nd 0.17, respectively, comparably good least-squares fits to equa-
ions 8 and 9 yield � = 2.3�4� and 2.0�4�.

Figure 12b shows the measured connected porosity �c plotted
gainst the crack density � �as inferred from the modulus measure-
ents� for the same confining pressures and pore pressures shown in
igure 12a. Although the data are scattered, it is evident that below

he threshold crack density �c, �c increases only slightly as � increas-
s. Beyond �c, it increases more markedly with increasing �, thus ex-
laining the dramatic increase in permeability �Figure 12a�.

Finally, with regard to the effect of confining or differential pres-
ure on crack porosity, we note that the shear modulus approaches
he value for zero pore pressure at sufficiently high Pdiff, where the
odulus presumably reflects the stiffness of the grain contacts �Fig-

res 5b and 13b�. Above a critical value of the differential pressure,
Pdiff

* �120 MPa at 300°C and 160 MPa at 600°C, as shown in Figure
3b�, the slope, �G/�Pdiff, has a low value ��8�. In contrast, it has a

igure 12. �a� The variation of permeability k in Delegate aplite with
rack density � as calculated from the shear modulus data with the
odel of O’Connell and Budiansky �1974�. Data shown for the tem-

erature range from 25°C to 650°C. Circles indicate Pc = 100
Pa and Pf = 50 MPa; diamonds indicate Pc = 100 MPa and Pf

28 MPa; and triangles indicate Pc = 150 MPa and Pf

25, 50,75,100 MPa. �b� The covariation of measured connected
orosity against crack density, calculated from the shear modulus
ata for the following confining and pore pressures �Pc�MPa�/

Pf�MPa��: Diamonds — 100/28; solid circles — 100/50; open dia-
ond — 150/28; open circle — 150/50; square — 150/75; and open

riangle — 150/100.
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uch higher value ��90� below Pdiff
* . The higher �G/�Pdiff below

diff
* reflects the relative ease with which thermally induced cracks
re closed by differential pressure. That such cracks are closed by
ifferential pressures Pdiff

* on the order of 100 MPa indicates that the
spect ratios � � Pdiff

* /E �Walsh, 1965� are less than �0.001 �where
is Young’s modulus, �100 GPa�. Above Pdiff

* , all of the thermal
racks close, and the lower �G/�Pdiff for this regime �still much larg-
r than for the constituent minerals; e.g., �G/�Pc = 0.46 for quartz�
eflects the closure of preexisting cracks with a wide range of higher
spect ratios.

he effective pressure

For porous/cracked rocks, many physical properties such as seis-
ic velocity, porosity, or permeability are functions of both Pc and
f. However, it is often possible and useful to define a quantity called

he effective pressure, Peff = Peff�Pc,Pf�, such that Peff applied alone
s confining pressure would have the same effect on the property Y
s the combination of Pc and Pf. That is,

Y�Peff,0� = Y�Pc,Pf� �10�

Bernabe, 1987; Guéguen and Palciauskas, 1994�. The functional
orm of the effective pressure law depends on the physical property
nder consideration, as emphasized by Robin �1973�. He also sug-
ested that the concept of effective pressure may be most useful
hen it takes the special, simple form of the differential pressure

i.e., Peff = Pdiff = Pc − Pf�, which can adequately describe many

igure 13. Variation of shear modulus with differential pressure,
diff = Pc − Pf, for the Delegate aplite. �a� At room temperature.
pen square — sample #6 �dry�; solid square — sample #5 �dry�. �b�
t 300°C and at 600°C.
roperties that are dependent upon the opening and closing of
racks. Robin �1973� assumed that all of the pores are fully intercon-
ected and that the fluid pressure within them is at equilibrium, con-
itions which are not necessarily achieved during experimentation
n tight crystalline rocks.

The following relation is a more general form for the effective
ressure that is widely used:

Peff = Pc − nPf , �11�

ith n typically near one, and given by

n = − ��Y /�Pf�Pc/��Y /�Pc�Pf �12�

e.g., Bernabe, 1987�. Values of n greater than one indicate that Y has
greater absolute sensitivity to variation of the pore pressure than to
ariation of confining pressure. Values of n that are less than one in-
icate a lesser absolute sensitivity.

The low-frequency, forced-oscillation study presented here re-
eals systematic variations of the shear modulus with increasing Pc

t constant Pf, and vice versa �Figure 5�, which are redrawn with
ome additional data and with shear modulus plotted against differ-
ntial pressure Pdiff in Figure 13.

oom-temperature measurements

For the specimen #5 that was tested extensively at room tempera-
ure, the shear modulus is evidently much more sensitive to varia-
ions of Pf than to changes in Pc �Figure 5a�. Saturation of this speci-

en with argon at low pore pressure �1–7 MPa� reduces the shear
odulus by as much as 6%. At higher pore pressures, the measured
odulus is also consistently very low, often lower than for dry con-

itions at 50 MPa confining pressure. This indicates the values of ef-
ective pressure were below 50 MPa �Figures 5a and 13a�. In
arked contrast, subsequent room-temperature measurements on

ample #6 showed much smaller reductions in G for pore pressures
f 28 and 50 MPa �Figure 13a�. The different procedures used to
enerate the differential pressures in the two samples are thought to
e responsible for these differences.

For sample #5, the desired pore pressure was established at a low
ffective pressure to take advantage of maximal permeability of the
pecimen. Progressively higher differential pressures �Pdiff� were
hen achieved by increasing Pc at the prescribed value of Pf. Howev-
r, as Pc increases, parts of the pore space with low aspect ratio will
e closed, causing part of the previously interconnected pore space
o become sealed off and thereby isolated. Pressures in these isolated
racks consequently increase when Pc is increased. Because the per-
eability of the rock at room temperature is very low, the overpres-

ured pore fluid in the isolated cracks may persist within the speci-
en on the experimental time scale �a few hours�. The isolated

racks presumably remain at higher values of pore pressure than the
ominal value prescribed in the course of the experiments. There-
ore, the actual pore pressure in part of the rock specimen may be
ubstantially higher than the nominal value.As seen in Figure 7a, the
ange of the rate constants, from 2�10−5 to 3�10−4 s−1 for T

300°C, gives direct evidence for the sluggishness of pore-pres-
ure equilibration throughout the specimen �see Todd and Simmons,
972�.

At higher nominal pore pressure, more significant overpressure in
he isolated cracks may result from the same Pc increase because the
ulk modulus of pore fluid is higher. That may explain why G for a
xed P decreases with increasing pore pressure �Figure 13a�. Use
diff
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f the values of �G/�Pf and �G/�Pc inferred for specimen #5 at pore
ressures of 50–150 MPa in equation 12 yields an apparent value of
� 1.7 for an effective pressure law, suggesting that the pore space

s on average 70% overpressurized relative to the external reservoir.
Subsequently, for sample #6, we approached pore-pressure ho-
ogeneity more closely by monitoring the response of Pu to pres-

ure changes imposed on the downstream reservoir under constant
onfining pressure �see Todd and Simmons, 1972�. The much lower
odulus measured on specimen #5 at nominal Pf = 50 MPa and Pc

100 MPa �Pdiff = 50 MPa� in comparision with sample #6, where
he same pore pressure was generated at constant confining pressure
f 100 MPa can be attributed to higher pore pressure in sample #5.

igh-temperature measurements

Figure 13b shows the measurements of shear modulus for speci-
en #6 at high temperature plotted against differential pressure. The
easurements were made after pore-pressure equilibration was

chieved via the preferred procedure described under “Experimental
rocedure.” The values for the shear modulus at 1 MPa pore pres-
ure are identical to those of the dry rock. This is consistent with the
ypothesis that these measurements sample the saturated isobaric
egime �Figure 10�. At higher pore pressures, the confining and pore
ressures have competing influences on the shear modulus of the ar-
on-saturated granite, which are not adequately represented by the
ifferential pressure Pdiff. This requires that we instead use an effec-
ive pressure of the more general form, Peff = Pc − nPf, with the val-
e of n calculated from equation 12. The values of n calculated for
ifferent pore pressures at 300° and 600°C are listed in Table 2.
hese values are consistently less than one, indicating greater sensi-

ivity to confining pressure than pore pressure, but seem to approach
nity more closely with increasing temperature.

The increase in G with increasing Pf for a given Pdiff is less pro-
ounced at the higher temperature. This phenomenon may reflect in-
omplete argon saturation of the crack porosity within the rock spec-
men. Because the permeability of the rock is still relatively low at
00°C �Figure 7b�, not all cracks are accessible, and only a fraction
f them are filled with argon pore fluid.As temperature increases, the
ermeability and crack density both increase and so does the propor-
ion of accessible cracks, as suggested by the permeability and con-

able 2. Estimation of the empirical factor n in the effective
ressure laws describing the variations of shear modulus and
ermeability for Delegate aplite.

T
�°C�

Pf

�MPa� ��X/�Pf�Pc
a ��X/�Pc�Pf n

X = G — — — —

300 28 — — 0.61b

300 50 — — 0.68b

600 28 −72.5±1.8 89.4 0.81

600 50 −63.2±1.1 76.4 0.83

600 100 — — 0.83b

X = log k — — — —

600 28-100 — — 0.71b

aAverage value for Pc values of 100 MPa and 150 MPa.
bCalculated from ��X/�Pdiff�Pf = ��X/�Pc�Pf, and ��X/�P f�Pdif f

=��X/�P � + ��X/�P � , estimated from Figure 13 or 14.
c Pf f Pc
ected porosity measurements. Consequently, a smaller increase in
he rigidity of the rock specimen is expected for a given increase in
onfining pressure at fixed pore pressure because the rock is more re-
istant to confining pressure as more cracks are filled with pore
uid. The value of n therefore increases toward one with the

ncreasing inter-connectivity of the cracks resulting from increasing
emperature.

Compressional and shear velocities measured at ultrasonic fre-
uencies for fluid-saturated rocks are usually described adequately
y an effective pressure law. The velocities are commonly somewhat
ess sensitive to variations of pore pressure than confining pressure
i.e., n�1�. Equivalently, velocities tend to increase slightly with in-
reasing pore pressure Pf at fixed differential pressure, as seen in
igure 13b. Bourbié et al. �1987� attributed this effect to the increas-

ng rigidity of the rock matrix with increasing confining pressure.
odd and Simmons �1972� established an effective pressure law
ith n�1 for VP in water-saturated Chelmsford granite. They found

hat n increases with increasing Pf, from 0.5 at 10 MPa through 0.75
t 30 MPa, to 0.85–0.90 for 50–105 MPa. Just as in our study, where
tends to increase with increasing temperature, the observations of
odd and Simmons might also be explained by changing crack con-
ectivity. The more numerous measurements on porous sedimentary
ocks �especially sandstones� also provide evidence of systematic
epartures from n = 1, which were interpreted by Christensen and
ang �1985� to reflect the differing responses of intergranular clay

o changes in confining pressure and porewater pressure.
For the Delegate aplite used in this study, the permeability, like the

hear modulus, is more sensitive to Pc than to Pf �Figure 14�, which
s consistent with an effective pressure law in which n = 0.71
Table 2�.

ttenuation mechanisms

In the discussion of fluid-flow regimes, we established that local
uid flow between adjacent thermally generated cracks of aspect ra-

io 0.001 should occur with a characteristic frequency fF � 103 Hz
nd therefore that the experiments described here probe the saturated
sobaric and undrained regimes �Figure 10�. Accordingly, dissipa-
ion of the shear strain energy, which is associated with local fluid
ow, would be expected to occur at much higher frequencies than

hose of the present study. Thus, other explanations must be sought
or the observed dissipation.

Most of the data were obtained during heating to progressively
igher temperatures. The lower levels of dissipation observed fol-

igure 14. Variation of permeability with differential pressure for
he indicated pore pressures for Delegate aplite at 600°C.
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owing high-temperature annealing �Figure 6c� are probably attrib-
table to changed conditions at grain contacts, including the elimi-
ation of adsorbed moisture in the form of viscoelastic films. Simi-
arly, and probably for the same reason, saturation with argon at low

f results in systematically lower Q−1 especially under conditions of
ow confining pressure �Figure 6c�. The dissipation decreases with
ncreasing Pc �see Figure 6b and c�. This is a well-known effect �e.g.,
ittmann et al., 1980; Jackson et al., 1984� attributed to increased
ormal stress that inhibits the influence of adsorbed moisture at grain
ontacts. Finally, the trend of increasing dissipation with increasing
ore pressure at constant Pc �Figure 6b� is presumably mostly attrib-
table to decreasing differential pressure.

Significant strain-energy dissipation is observed only for temper-
tures above 300°C �Figure 6b�, where mildly frequency-dependent
bsorption-band behavior is observed �Figure 6a�. The Q−1 data are
ompatible, within the scatter of the data, with a power law depen-
ence upon oscillation period with an exponent near 0.1 �see Jack-
on et al., 1992�. Such high-temperature background is often attrib-
ted to the stress-induced migration of defects such as vacancies and
ther point defects and mobile dislocation segments, especially in
egions of stress concentration near-grain contacts. Just as observed
ith the dry rock, Q−1 of the argon-saturated rock is frequency de-
endent at higher temperatures, although the data are somewhat
cattered �Figure 6a�.

CONCLUSIONS

The shear modulus and attenuation have been measured on a fine-
rained granite �Delegate aplite� as functions of confining pressure
Pc �200 MPa�, argon pore-fluid pressure �Pf �150 MPa�, and
emperature �25�T�650°C� at the low frequencies �10−2 − 1 Hz�
f torsional forced-oscillation methods. These measurements are
hought to probe the saturated isobaric regime, and to interpret them,
e also conducted in-situ volumetric measurements of connected

rack porosity and transient flow measurements of permeability.
The relationship between permeability and crack density that we

nferred from the measured shear moduli using the model of
’Connell and Budiansky �1974� is consistent with the theoretical
escription of percolation behavior with a well-defined threshold at
c � 0.17�2� and a power law exponent � � 2.
The low permeability �10−19 m2 for T�300°C means that pore-

ressure equilibration occurs only over very long time scales. This
omplicates the room-temperature measurement of the effective
ressure dependence of elastic properties. The shear modulus data
btained at 300 and 600°C can be reconciled with an effective pres-
ure law in which n�1 but increases toward unity with increasing
rack connectivity. These findings are broadly consistent with those
rom ultrasonic measurements of compressional-wave speed in
helmsford granite �Todd and Simmons, 1972�.
The strain-energy dissipation becomes significant at temperatures

bove 300°C. It is dominantly high-temperature background dissi-
ation and presumably results from the stress-induced migration of
efects such as dislocations and grain boundaries. Q−1 is systemati-
ally reduced by annealing at high temperature, by the introduction
f chemically inert argon pore fluid at low Pf, and by increasing Pc,
hich suggests that it results from viscoelastic effects at grain

ontacts.
Further clarification of the influence of fluid saturation on seismic

ave speeds and attenuation in cracked media of low porosity will
equire the use of complementary ultrasonic, resonance, and forced-
scillation methods to probe the entire mechanical relaxation spec-
rum �Figure 11�. Ideally, such experiments should be performed on
synthetic medium, analogous to sintered glass beads, but with low
orosity and a narrow distribution of crack aspect ratios.
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