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Abstract

Intergranular pressure solution (IPS) is an important compaction and deformation mechanism in quartzose rocks,
but the kinetics and rate-controlling process remain unclear. The aim of the present study is to test microphysical
models for compaction creep by IPS against isostatic hot pressing experiments performed on quartz sand under
conditions expected to favor pressure solution (confining pressure 300 MPa, pore water pressure 150^250 MPa,
temperature 400^600³C). Microstructural observations revealed widespread intergranular indentation features and
confirmed that intergranular pressure solution was indeed the dominant deformation mechanism under the chosen
conditions. For porosities down to 15%, the mechanical data agree satisfactorily with a microphysical model
incorporating a previously determined kinetic law for dissolution of loose granular quartz, suggesting that the rate-
limiting mechanism of IPS was dissolution. The model also predicts IPS rates within one order of magnitude of those
measured in previous experiments at 150^350³C, and thus seem robust enough to model sandstone compaction in
nature. Such applications may not be straightforward, however, as the present evidence for dissolution control implies
that the compositional variability of natural pore fluids may strongly influence IPS rates in sandstones. ß 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

Despite its importance as a compaction, defor-
mation and fault healing mechanism in the upper

crust [1^4], the rate-controlling mechanism and
kinetics of intergranular pressure solution (IPS)
in quartz are poorly constrained, mainly because
of the extreme slowness of the process under lab-
oratory conditions [2,5]. Nonetheless, microstruc-
tural evidence for the operation of IPS has been
obtained in a number of experimental studies, as
have crude rate data. The earliest such studies
involved uniaxial (one-dimensional) compaction
experiments on wet quartz sand at temperatures
of 270^550³C, conducted by Renton et al. [6] and
de Boer et al. [7]. These authors demonstrated
slow compaction creep that accelerated towards
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higher temperature, higher e¡ective pressure and
¢ner grain size, though they did not systematically
investigate these e¡ects. From intergranular in-
dentations they inferred that IPS was the domi-
nant compaction mechanism, accompanied by
grain scale cataclasis at the lower temperatures.

In densi¢cation experiments performed at
360³C, using an e¡ective pressure of V50 MPa
and a variety of pore £uid compositions (pure
water vs. 0.1^1.0 molar NaOH solution), Gratier
and Guiguet [8] obtained convincing microstruc-
tural evidence for deformation by IPS. By insert-
ing dissolution kinetics estimates for quartz into a
theoretical model for IPS, they inferred that dif-
fusion must have been rate controlling in their
experiments. Schutjens [9] performed more sys-
tematic 1-D compaction creep experiments on
wet quartz sand (40^100 Wm) at temperatures of
250^350³C, using con¢ning pressures of 20^30
MPa and an alkaline pore £uid (Na2SiO3W5H2O
added to achieve silica saturation) at a pressure of
V15 MPa. He too found grain indentations and
contact truncations evidencing IPS, with grain
cracking at lower temperatures. However, on the
basis of the apparent activation energy for creep
(vHW60^75 kJ/mol), Schutjens suggested that the
rate-limiting IPS process was dissolution at grain
contacts. In a single isostatic compaction experi-
ment on ¢ne-grained (4 Wm) granular quartz, per-
formed at a con¢ning pressure of 300 MPa and a
pore pressure of 200 MPa, but at much higher
temperatures (927³C), Cox and Paterson [10] ob-
tained compaction creep strain rates as high as
1035^1036 s31. From grain contact microstruc-
tures, they concluded that this occurred by IPS,
but did not investigate the e¡ects of varying
stress, temperature and grain size and did not
consider the rate-controlling process. More re-
cently, Dewers and Hajash [11] reported long-
term isostatic compaction experiments performed
on aeolian quartz sand (grain size 90^350 Wm) at
150^200³C at a con¢ning pressure of V70 MPa
and a pore £uid (pure water) pressure of V35
MPa (e¡ective pressure of V35 MPa). Though
the strains achieved were small (6 10%), on the
basis of mechanical, microstructural and chemical
data, they inferred that pressure solution was
again the dominant compaction mechanism, ac-

companied by time-dependent cataclasis particu-
larly at lower temperatures. From the apparent
activation energy for creep (vHW73 kJ/mol),
and their ¢nding that the pore £uid silica concen-
tration increased with applied stress, Dewers and
Hajash suggested that interface kinetics may have
controlled IPS.

From these studies, it is clear that while IPS
occurs at detectable rates in experiments on
quartz at temperatures above V150³C, systematic
data on the e¡ects of temperature, e¡ective pres-
sure and grain size on the rate of the process are
sparse and the kinetics and rate-controlling mech-
anisms remain poorly understood. In this paper,
we report isostatic compaction experiments per-
formed on quartz sand at 400^600³C, a con¢ning
pressure of 300 MPa, pore £uid pressures of 150^
250 MPa and using grain sizes of 30^100 Wm, in
an attempt to assess better the e¡ect of these var-
iables on volumetric strain rates by IPS. Our
choice of stress and temperature conditions was
expected to yield IPS strain rates which would be
measurable on a time scale of 1^5 days and was
based on extrapolations of previous data. Our
study extends the previous 1-D compaction ex-
periments of Schutjens [9] to higher temperatures
and e¡ective pressures, and to higher volumetric
strains or lower porosities (down to V10%). We
chose the isostatic con¢guration rather than 1-D,
because this rules out any e¡ects of vessel wall
friction or shear stress. The results obtained are
compared with non-linear theoretical models for
both reaction- and di¡usion-controlled IPS in an
attempt to identify the rate-controlling process
and constrain better what this may be in nature.

2. Theoretical background

In a chemically closed system (no addition or
removal of solid mass via long range transport in
the pore £uid phase), compaction of a £uid-satu-
rated granular aggregate by intergranular pressure
solution (IPS) involves dissolution of solid mate-
rial at stressed grain-to-grain contacts, di¡usion
of this material through the intergranular £uid
into the open pores, followed by precipitation
on free pore walls. The process is driven by di¡er-
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ences in e¡ective normal stress, hence normal
component of solid chemical potential, between
grain contacts and free pore walls [2,12,13]. If
the pore £uid pressure acting on the free pore
walls is Pf , the thermodynamic driving force
(chemical potential di¡erence) for transport be-
tween source (grain boundary) and sink (pore
wall) sites is given:

vW n � W gb3W pore � �c n3Pf�W6 �1�

where Wgb is the average chemical potential of the
solid within a representative element of the grain
contact, Wpore is the chemical potential of the solid
at pore wall sites, cn is the normal stress acting
across the grain boundary element, Pf is the pore
£uid pressure and 6 is the molar volume of the
solid [2,3,5]. Under steady state conditions, this
thermodynamic driving force drives the three se-
rial processes of dissolution, di¡usion and precip-
itation, such that the slowest kinetic step controls
the overall deformation rate of the aggregate.

Making use of the relation between the
chemical potential (W) of a dissolved solid and
its concentration (C) in an ideal solution
(W � W 0 � RT ln C=C0), it is easily shown that
the potential drop (vWn) between source and
sink sites corresponds to a di¡erence in solubility
of the solid (vC) such that:

vW n � RT ln
Cp � vC

Cp

� �
WRT

vC
C0

�2�

Here R is the gas constant, T is absolute temper-
ature, vC is the enhancement of the solubility of
the solid within a stressed grain contact element
relative to free pore wall sites, and Cp is the sol-
ubility of the solid at free pore wall sites. Neglect-
ing minor deformation at the free grain surfaces,
Cp will be approximately equal to the solubility
(C0) of the solid grains under purely hydrostatic
reference conditions (pressure in solid and £uid =
Pf ).

Grain boundary di¡usional IPS requires a grain
boundary structure that allows £uid access despite
high intergranular normal stresses. Two grain
boundary models are well known in the literature,
namely the adsorbed £uid ¢lm model [5,15] and

the island-channel model [16,17]. For the develop-
ment of a rate theory of IPS it is not important
which grain boundary structure exists during the
process, provided that the amplitude of any
roughness and associated £uctuations in the
Helmholtz free energy of the solid are small com-
pared with grain contact length. Numerous au-
thors [5,12,13,16^18] have published theoretically
derived rate equations for IPS. Assuming that all
of the driving force, vWn, is taken up in driving
the rate-controlling processes of either dissolution
at grain boundaries, di¡usion within the grain
boundary or precipitation on the pore walls, all
of these models lead to essentially identical re-
sults. For compaction creep of a regular pack of
spherical grains, this can be written [19] :

_O x � AxWZx�T�W�B�P ; P 0�WPeW6 =�RWT��nf x�P ; P 0�=dp

�3�

Here _O is the volumetric strain rate (s31), x de-
notes dissolution, di¡usion or precipitation con-
trol (x = s,d,p), the Ax are geometric constants,
Zx(T) is a temperature-dependent kinetic coe¤-
cient for the relevant rate-controlling process, Pe

is the applied e¡ective pressure, B(P,P0) is a mea-
sure of the stress concentration at grain contacts
due to aggregate structure, d is grain diameter and
the fx(P,P0) represent mechanism-speci¢c func-
tions of the ratio of instantaneous aggregate po-
rosity (P, %) to starting porosity (P0, %). The
powers p and n take values of 3 and 1 respec-
tively, when grain boundary di¡usion is the rate-
controlling process of IPS. When dissolution or
precipitation is rate controlling, p is 1 and n re-
£ects the order of the interface velocity vs. driving
force relation (typically n = 1 for a rough inter-
face, or 2 for spiral growth/dissolution; [20]).
Note that the functions B(P,P0) and fx(P,P0) re-
spectively describe the progressive changes in
grain contact area, and in transport path length
and pore surface area, during ongoing compac-
tion. For an assumed starting con¢guration of
equi-dimensional spherical grains in a simple cu-
bic (SC), a face centered cubic (FCC) or a body
centered cubic (BCC) packing, B, fx and hence the
strain rate can be expressed as exact functions of
P and P0 as indicated in Eq. 3. However, compu-
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tations of compaction by IPS, assuming an SC,
FCC, BCC or random packing, predict B, fx and
strain rate vs. P/P0 curves that approach single
master curves at Ps 5%. For the purpose of com-
paring experimental trends with IPS theory, the
quantity P/P0 thus o¡ers a useful way of measur-
ing porosity reduction, since it, in theory, reduces
the e¡ect of varying initial porosity and packing
on strain rate under otherwise ¢xed conditions.

In deriving Eq. 2 and hence Eq. 3, the approx-
imation is made that ln(1+vC/Cp)WvC/Cp, fol-
lowing the now almost standard assumption
made by Rutter [5] that vC/CpI1, i.e. assuming
that the solubility enhancement at stressed grain
boundaries is small. It is this approximation
which leads to the linear relation between stress
and strain rate widely considered characteristic of
IPS. However, several workers have recently ar-
gued that the approximation is not valid for high
grain contact stresses (small contact area, high
B-values) and materials with large molar volume
([11], Rutter, personal communication). Indeed,
order of magnitude estimates of the term (Bce6/
RT), for an SC pack, taking Bv 5, show that the
approximation is signi¢cantly in error for the con-
ditions encountered in compaction tests on gran-
ular quartz. Following the analysis employed by
previous workers [5,12,13,16^18] to obtain Eq. 3,
but omitting the approximation vC/CpI1, pro-
duces the result :

_O x � AxWZx�T� exp
B�P ; P 0�WPeW6

RWT

� �
31

� �
Wf x�P ; P 0�=dp �4�

for the case that n is 1, i.e. for the case of di¡u-
sion-controlled IPS or of linear reaction-con-
trolled IPS. A similar exponential form for the
strain rate vs. stress relation for compaction is
also given by Dewers and Hajash [11].

3. Experimental method

Our experiments consisted of isostatic compac-
tion or hot pressing (HIPing) experiments carried
out on wet quartz sand. The aim was to test the

applicability of the above exponential models for
IPS [4] by systematically varying e¡ective pres-
sure, temperature and grain size. The temperature
range used was 400^600³C, the e¡ective pressure
50^150 MPa, the con¢ning pressure 300 MPa and
the pore £uid pressure 150^250 MPa. The experi-
ments were carried out using the same starting
material as that used by Schutjens [9], namely
milled and HF-rinsed quartz sand from the Mio-
cene `Bolderiaan' formation, Belgium [9]. We
sieved this material into grain size fractions with
initial grain sizes (di) of 28^37 Wm, 45^75 Wm and
100^125 Wm.

3.1. Apparatus and procedure

Fig. 1 shows a schematic diagram of the appa-
ratus used. It consists of a cold seal `Tuttle bomb'
pressurized with argon, plus an internal sample/
capsule assembly linked to a pore £uid system,
consisting of a vacuum pump, a reservoir and a
volumetric pump. The pore £uid pressure was
measured with a Bourdon-type pressure gauge
(resolution V1 MPa) in our earlier tests and later

Fig. 1. Schematic diagram of the experimental apparatus
with an enlargement showing the capsule/sample set-up.
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using a pressure transducer (resolution V0.2
MPa). The argon con¢ning pressure was mea-
sured using a Bourdon gauge. The temperature
of the sample was measured indirectly using a
K-type thermocouple embedded in the bomb
wall, with an error of V2³C estimated from cal-
ibration runs.

In initiating each experiment, V2 g of sand was
loaded into the annealed copper capsule assembly
via the initially open `top cup' end (enlargement
Fig. 1). The capsule was then sealed by pressing
and welding in the copper `top cup' (Fig. 1), pro-
ducing a sample porosity of V45^50%. The sam-
ple assembly was subsequently loaded into the
Tuttle bomb and evacuated and £ooded with
water from the pore £uid reservoir. Each sample
was then cold isostatically pressed (CIPed) at a
con¢ning pressure of 300 MPa under drained con-
ditions for 30 min. This was done with the aim of
producing a reproducible starting porosity and
microstructure for the hot pressing stage (cf.
[14,19]), and to minimize strain by grain rear-
rangement and contact cataclasis during HIPing
(conducted at only 50^150 MPa). The con¢ning
pressure was subsequently reduced to V140 MPa
(depending on the desired test temperature) and
the pore £uid pressure raised to V135 MPa using
the manually operated volumometer pump. The

sample was then heated at V15³C per min. Dur-
ing heating, the e¡ective pressure was maintained
as low as possible and was always 6 10 MPa.
Note that any surface damage introduced into
the grains by CIPing would be more or less en-
tirely removed during heating, since signi¢cant
surface dissolution is required to saturate the
pore £uid with silica under the chosen test con-
ditions. After attaining thermal equilibrium at the
desired test temperature and con¢ning pressure
(300 MPa), the required e¡ective pressure was ap-
plied and maintained by extracting £uid from the
sample using the volumometer. The con¢ning and
pore £uid pressures were subsequently kept with-
in þ 5 MPa of the desired values. The minimum
measurable £uid volume increment was V2 Wl.
This corresponds to an absolute resolution in
volumetric strain at room temperature of
V0.02%.

Experiments were terminated when the pore
volume loss was no longer detectable via changes
in pore £uid pressure. At this stage, the bomb was
quenched using compressed air, at an average
cooling rate of V30³C per min. The indurated
sample was then removed from the apparatus
and capsule, and dried in an oven at 60³C for
24 h. The ¢nal porosity (Pf ) of the sample was
measured by wrapping it in ultra-thin plastic

Table 1
List of experiments performed showing initial (pre-HIPing) porosities (P0), ¢nal porosities (Pf ), sieved grain sizes (di), ¢nal grain
sizes (df ) as determined by image analysis (linear intercept method) after the experiments, and isostatic pressing conditions

Sample number T di df Pc Pf Pe P0 Pf Total strain
(³C) (Wm) (Wm) (MPa) (MPa) (MPa) (%) (%) (%)

D9 20 45^75 27.9 þ 19.3 300 V0.1 V300 30.31a 30.31 ^
D15 500 45^75 10.2 þ 9.5 300 `dry' 300 29.96a 15.24 16.64
D17 500 45^75 14.9 þ 12.8 60 `dry' 60 27.17a 19.65 9.06
CPf3 500 45^75 47.1 þ 23.3 300 200 100 27.31b 12.71 16.70
CPf4 500 45^75 42.9 þ 24.9 300 150 150 29.39b 10.51 20.78
CPf5 500 45^75 40.5 þ 23.3 300 250 50 26.12b 16.60 11.35
CPf6 400 45^75 40.9 þ 25.0 300 200 100 25.14b 15.36 10.99
CPf7 600 45^75 43.2 þ 22.4 300 200 100 31.38b 9.70 23.86
CPf8c 500 28^35 11.7 þ 7.2 300 200 100 31.08b 14.65 19.21
CPf9 500 100^125 85.9 þ 43.9 300 200 100 24.51b 10.32 15.72

T denotes test temperature, Pc con¢ning pressure, Pf pore £uid pressure and Pe the applied e¡ective pressure. `Dry' means no
water added.
a Starting or pre-HIPing porosity measured under atmospheric conditions, i.e. after CIPing.
b Starting or pre-HIPing porosity calculated for loaded conditions from the ¢nal porosity and porosity change determined during
HIPing.
c Fluid pressure measured with high pressure transducer.
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¢lm and determining its volume (Vf) using the
Archimedes method. The samples were ¢nally im-
pregnated with epoxy resin and sections were cut
for optical and SEM study.

3.2. Data acquisition and processing

As indicated above, pore volume loss during
the experiments was determined incrementally by
measuring the volume of £uid extracted from the
sample to maintain constant pore pressure. The
measurements were accurately corrected for den-
sity changes associated with the cooling of the
pore £uid during extraction, using appropriate
P-V-T equations for water [21]. The `starting po-
rosity' (P0) of the sample, i.e. before HIPing at the
test temperature, was calculated by adding the
total amount of £uid expelled from the sample
during HIPing to the ¢nal pore volume (Pf , Vf )

of the sample. The error introduced here, through
the di¡erence in the pore and sample volumes
measured at room temperature and pressure com-
pared to the post-HIPing volumes at test condi-
tion, can be estimated using bulk modulus values
for sandstone (V2.5^7.5U1011 Pa [22]) and the
volumetric thermal expansion coe¤cient of quartz
(V4^5U1035 K31 [23]), and was found to be
negligible. However, measurement of ¢nal poros-
ity was problematic, since it was di¤cult to wrap
the plastic ¢lm precisely around the sometimes
irregular samples. Final porosity measurements
were therefore repeated 10 times to obtain an
average value. The resulting absolute standard er-
ror was around 0.5%. Taking all error sources
into account, we estimate that the overall relative
standard error in volume measurements was ap-
proximately 5%, implying an absolute standard
error in the porosity measurements of less than

Fig. 2. Compaction creep curves in the form of P/P0 vs. time plots. (a) Dry compacted samples. (b), (c) and (d) Wet compacted
samples showing the in£uence of e¡ective pressure, temperature and grain size, respectively.
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0.2%. Volumetric strain rates were calculated
from our volume/porosity vs. time data using
the two-point central di¡erence method. Because
considerable grain breakage was demonstrated
during the CIPing stage of each test, the arith-
metic mean grain size (df ) of all samples was de-
termined after testing by applying the linear inter-
cept method to both re£ected light and SEM
backscatter images [24]. We have used this ¢nal
mean grain size df in the analysis of our results.

3.3. Dry control runs

Control HIPing experiments on `dry' sand frac-
tions were performed in the same apparatus as the
wet tests, but using fully sealed capsules with no
added water (pore £uid system not connected).
The `dry' samples were ¢rst CIPed at 300 MPa
for 30 min and their porosity determined at at-
mospheric pressure using the Archimedes method.
The samples were then HIPed at 500³C and pore
volume loss was measured periodically by remov-
ing the capsule from the bomb and re-determining
its total (current) volume.

4. Results

4.1. Mechanical data

The complete set of experiments along with our
data on the pre-HIPing or `starting porosities'
(P0), ¢nal porosities (Pf ) ¢nal grain sizes and total

strains achieved are listed in Table 1. CIPing of
the wet samples led to compaction from the initial
porosity of 45^50% to V30% (see CIPed only
sample D9, Table 1). The HIPing curves obtained
for all dry and wet samples are presented in Fig.
2a^d, in the form of P/P0 vs. time plots. Normal-
ized porosity P/P0 is used following the reasoning,
given in our explanation of Eqs. 3 and 4, that it

Fig. 4. Plots showing e¡ects of (a) e¡ective pressure, (b) tem-
perature and (c) ¢nal grain size on experimentally determined
compaction strain rates. Data sets (in red) represent experi-
mental values obtained for ¢xed P/P0. Red dotted lines are
best ¢ts obtained by linear regression analysis for individual
P/P0-values. Gray lines are the model predictions for the dis-
solution-controlled case.

Fig. 3. Log (strain rate) vs. P/P0 plots with linear best ¢ts for
`dry' sample D17 and wet samples CPf3, CPf4, and CPf5
(varying e¡ective pressures).
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forms a useful single measure of porosity when P0

is not constant. Fig. 2a demonstrates time-depen-
dent compaction in the `dry' HIPed samples plus
increased compaction with increasing con¢ning
pressure. However the rates of dry compaction
are very slow.

The starting porosity P0 of the wet samples (i.e.
porosity before HIPing) varied from 24 to 31%
(Table 1). These variations are probably the result
of di¡erent heating times, e¡ective pressure di¡er-
ences during heating and di¡erent sieved grain
sizes (CPf8 and CPf9). HIPing of the wet samples
led to much more rapid compaction than seen in
the `dry' samples, producing volumetric strains up
to 24% and porosities as low as V10% after only
1^2 days (Table 1, Fig. 2b^d). Fig. 2b shows the
compaction curves for wet samples HIPed at dif-
ferent e¡ective pressures. Porosity reduction
clearly increases with increasing e¡ective pressure.
Fig. 2c and d demonstrate that porosity reduction
also accelerates with increasing temperature and
with decreasing ¢nal grain size (at least for the
early stages of compaction).

Fig. 3 shows typical strain rate vs. P/P0 data for
wet HIPed samples CPf3, 4 and 5. Note the near
linear trends in the region P/P0 s 0.5^0.6
(Ps 15%). Data for the dry HIPed sample D17
are added for comparison and demonstrate much
slower creep rates (V10 times). Such plots were
used (by interpolation/extrapolation of the best
¢ts) to construct graphs showing the dependence
of strain rate ( _O ) in the wet HIPed samples on
e¡ective pressure (Pe), temperature (T) and grain

size (df ) at constant normalized porosity (P/P0) ^
see Fig. 4a^c. The slopes of the best ¢t trends
(dashed lines) seen in the log^log plot of Fig. 4a
(3.35^3.58) imply that the strain rate during HIP-
ing is roughly proportional to the e¡ective pres-
sure raised to the power 3.5. Similarly, the Arrhe-
nius ¢ts of Fig. 4b yield slopes in the range 365
to 385, implying an apparent activation energy
for creep of 75 þ 10 kJ/mol. The best ¢ts seen in
Fig. 4c show that the strain rate is relatively in-
sensitive to grain size, decreasing with df raised to
powers in the range 30.9 þ 0.5. The complete data
set for the region P/P0 sV0.55 has been analyzed
using multiple linear regression, assuming a power
law dependence of strain rate on Pe and df and an
exponential dependence on 1/RT and P/P0. The
results are shown in Table 2, along with the
mean ¢t parameters obtained for the individual
¢ts shown in Fig. 4a^c. Note that the two sets
of ¢t parameters are mostly very similar.

4.2. Microstructural observations

Starting fractions of the Bolderiaan sand
(s 99% quartz) were described by Schutjens [9].
Our optical and SEM observations con¢rmed the
quartz grains to be subangular to angular with
surfaces characterized by triangular, pyramidal
and sickel-shaped etch pits (0.1^0.5 Wm). In about
5% of the grains, subparallel planar arrays of £uid
inclusions were present, resembling healed intra-
granular microcracks.

Optical microscopy and SEM performed on

Table 2
Coe¤cient and intercept parameter values determined by multiple linear regression ¢tting to the data shown in Fig. 4 and by
averaging the individual linear regression ¢ts shown in Fig. 4

Term Multiple regression ¢t Individual regression ¢ts

Coe¤cient Std error Coe¤cient Std error Corr. Coe¡.

ln(O) ^ þ 0.4432 ^ þ 0.5399 ^
Intercept 370.3994 þ 3.4753 379 ^ ^
ln(c) 3.0910 þ 0.1792 3.5 þ 0.25 0.97
ln(df ) 30.5849 þ 0.0814 30.9 þ 0.5 0.80
1000/RT 377.5655 þ 4.3330 375 þ 10 0.97
ln(10P =P 0 ) 5.0650 þ 0.1717 5.2596 ^ ^

In both cases, a power law dependence of strain rate on Pe and df and an exponential dependence on 1/RT and P/P0 was as-
sumed. Fitting was carried out taking the natural logarithm of the strain rate as the independent variable. In the multiple regres-
sion analysis, the complete data set for the region P/P0 sV0.55 has been analyzed. The correlation coe¤cient in this case was
0.90.
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CIPed only material (sample D9, which under-
went identical treatment to all wet HIPed samples
prior to their wet HIPing stage) and on `dry'
HIPed samples (D15, D17) revealed qualitatively
indistinguishable microstructures characterized by
widespread transgranular and intragranular
cracks, strongly reduced ¢nal grain size and sharp
grain contact points (Fig. 5a). Quantitatively,
however, the `dry' HIPed samples were signi¢-
cantly ¢ner grained as well as denser than the
CIPed only sample (see Table 1). We found no
microstructural evidence that dissolution/precipi-
tation processes were active in these samples.

The ¢nal mean grain size of the wet HIPed
samples was reduced compared to the starting
sand fractions, but much less than in the case of
cold compacted or `dry' HIPed samples (Table 1).
In the wet HIPed samples (Fig. 5b,c), fewer ¢nes
and fewer cracks were observed than in CIPed
only material, suggesting that many of the ¢nest
cataclastic fragments seen in the cold-pressed ma-
terial dissolved during pre-HIP heating and/or
HIPing itself, and that some cracks may have
healed. All wet HIPed samples show a relatively
dense microstructure (Fig. 5c). Minor undulatory
extinction is visible optically, but the total frac-
tion of grains showing this is less than 5%. All wet
samples show tightly ¢tting, often micro-sutured
grain boundaries and concavo-convex grain to
grain contacts (indentations and truncations,
Fig. 5b,c). We observed only a few intragranular
fractures associated with well-¢tting or indented
grain contact, suggesting that interaction between
fracturing and pressure solution [25] did not play
an important role in our experiments.

C
Fig. 5. (a) SEM backscatter image of cold isostatically
pressed sample D9 (wet CIPed at Pc = 300 MPa for 0.5 h,
Pf = 0.1 MPa, df = 27.9 Wm and P= 30.53%). (b) Transmission
optical micrograph of sample CPf4 with crossed polarizers
(Pe = 150 MPa, T = 773 K (500³C), dfW45 Wm and
Pf = 10.51%). (c) SEM backscatter image of sample CPf5
(Pe = 50 MPa, T = 773 K (500³C), dfW45 Wm and
Pf = 16.60%). Note the widespread indentation features in (b)
and (c) (indicated by the arrows).
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5. Discussion

5.1. Deformation mechanisms in the
`dry' compacted samples

Our microstructural observations on the `dry'
HIPed samples (D15, D17, Table 1) suggest that
the recorded compaction (Fig. 2a) involved
mainly grain fracturing. Intergranular rearrange-
ments must also have taken place. The slow but
signi¢cant time-dependent component of compac-
tion in the `dry' HIPed samples (Figs. 2a and 3)
suggests that dislocation creep, di¡usion creep or
subcritical cracking mechanisms contributed.
However, no evidence was found from micro-
structural observations for signi¢cant dislocation
or di¡usion creep. We conclude that some form of
subcritical cracking mechanism was responsible
for most of the strain and porosity reduction mea-
sured.

5.2. Deformation mechanisms in the
wet compacted samples

Like the dry HIPed samples, the microstructure
of wet material CIPed at room temperatures
shows microcracking and strong grain size reduc-
tion (dfW28 Wm) compared with the starting frac-
tions (60 þ 15 Wm). By contrast, the wet HIPed
samples show only modest grain size reduction
(dfW45 Wm, Table 1). In addition these samples
exhibit numerous truncated and concavo-convex
grain to grain contacts (indentations) as well as
sutured and tightly ¢tting grain boundaries, pro-
viding evidence for the operation of intergranular
pressure solution [3,17]. However, the mechanical
data for the wet HIPed samples indicate a power
law stress dependence of creep rate, with a power
(n) much larger than the value of 1 predicted by
conventional models for pressure solution (Eq. 3).
The observed n-values (V3.5) are closer to the
stress exponents inferred for dislocation creep in
quartzite (29n94, [26^28]). On the other hand,
we found an apparent activation energy of
V75 þ 10 kJ/mol in our experiments, whereas dis-
location creep in wet quartz is characterized by
values of 120^167 kJ/mol [26,27,29]. Moreover,
we found an inverse grain size dependence of

strain rate, whereas dislocation creep is grain
size insensitive [26]. These considerations rule
out dislocation creep as the dominant deforma-
tion mechanism in our wet HIPing experiments.

Another time-dependent mechanism that could
have operated in our wet HIPed samples is stress
corrosion cracking accompanied by intergranular
sliding/rearrangement. As already discussed, how-
ever, grain size reduction was less pronounced
than in the CIPed only and `dry' HIPed samples.
Moreover, stress corrosion crack growth velocity
depends on stress in a highly non-linear way, with
power law stress exponent values s 8 [30]. Stress
corrosion cracking plus intergranular sliding is
therefore unlikely to have been an important
mechanism in our wet HIPing experiments. We
found no evidence for micro-scale cracking/crush-
ing and subsequent dissolution within grain con-
tacts, though such a process cannot be ruled out
particularly in the early part of the experiments.

From the above, we conclude that compaction
in our wet HIPed samples was most likely domi-
nated by IPS, presumably with intergranular slid-
ing accomodation. The fact that the dependence
of compaction rate on ¢nal grain size (df ) can be
described by a power law with an exponent of
30.9 þ 0.5 (Fig. 4c, Table 2), rather than the value
of 33 expected for di¡usion-controlled IPS, ren-
ders it unlikely that di¡usion was rate limiting.
Moreover, the apparent activation energy found
in this study is much higher than typical values
for di¡usion (15^25 kJ/mol, [31]), whereas it falls
exactly in the range characterizing quartz dissolu-
tion/precipitation kinetics [32], suggesting that
pressure solution was interface reaction controlled
in the present experiments. The fact that the stress
sensitivity of strain rate (n-value) observed in our
wet HIPing tests is signi¢cantly larger than 1 can
potentially be explained by the exponential (rather
than linear) stress dependence predicted by Eq. 4
for IPS under conditions of high grain contact
stress. Several previous experimental studies of
IPS in quartz [9,11] also show stress exponents
larger than 1. We address this further below.

5.3. Comparison with theoretical model

To gain further insight into the rate-controlling
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mechanism of IPS in our wet HIPing experiments,
we now compare our results with the non-linear
microphysical models for compaction by IPS rep-
resented in Eq. 4. To this end, we inserted the
kinetic `law' for quartz dissolution given by Rim-
stidt and Barnes [32] into the creep model for the
dissolution-controlled case (x = s in Eq. 4). We
focus on the dissolution-controlled case because,
for the small grain contact vs. pore wall areas
relevant for the present experiments, insertion of
precipitation kinetics laws [32] or reasonable val-
ues of the grain boundary di¡usive transport co-
e¤cient Zd (e.g. from [8,16,33]) into Eq. 4 predicts
much faster creep, so that dissolution control is
predicted. Note that Zd = DCN, where D is the
di¡usivity of dissolved solid in the grain boundary
£uid phase, C is its solubility and N is the average
thickness of the grain boundary £uid [2,4,18]. In
incorporating the dissolution law of Rimstidt and
Barnes into Eq. 4, we used their value for the
dissolution rate constant k� (given by them in
mol/m2s) times the molar volume as the velocity
of dissolution of grain surface in (m/s) for a driv-
ing force of 1 RT (Zs = k�6 in Eq. 4). For an SC
grain packing this yields :

_O � 6W6U10�1:17430:002028WT34158=T�W
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PeW6
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where d is the grain diameter (m), Pe is the ap-
plied e¡ective pressure (Pa), porosities are in %
and Ri is the instantaneous grain (pore wall) ra-
dius. This is given by the root of the equation:
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which is easily solved numerically. Note that in
inserting the rate law of Rimstidt and Barnes
[32] into Eq. 4, we assume that their dissolution
law for free quartz surfaces also applies to a wet-
ted grain boundary zone. Provided that dissolu-
tion is the dominant dissipative process operating
within grain contacts (as opposed to plastic, fric-
tional or acoustic dissipation), the non-equilibri-
um thermodynamic theory of Lehner [12] implies
that this assumption is reasonable.

Fig. 6a,b compare the compaction creep rate vs.
normalized porosity curves predicted by Eqs.
5a,b,c and 6), for the conditions of typical experi-
ments (CPf3 and CPf7), with the corresponding
experimental data. The model yields reasonable
agreement with the experimental data at normal-
ized porosities P/P0 s 0.5 (PW15%), though it
tends to overestimate the strain rate notably at
lower porosity. If IPS is indeed the dominant de-
formation mechanism at high porosities, there
could be several explanations for the sharp de-

Fig. 6. Log strain rate vs. (P/P0) curves comparing the experi-
mental data of (a) sample CPf3, and (b) sample CPf7, with
our microphysical model. The width of the band re£ects a
relative range in log strain rate of þ 5%.
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crease in measured strain rates at P/P0W0.5. First,
there could be a change in rate-controlling mech-
anism from say dissolution to grain boundary dif-
fusion-controlled IPS, as the grain contact struc-
ture evolves to a tighter `¢t' and larger area with
increasing strain, or perhaps to precipitation con-
trol as pore wall area decreases. A second possi-
bility is that there is a completely di¡erent evolu-
tion of mean grain contact geometry than
embodied by the model. However, this should
lead to a more gradual change in strain rate
than observed. The abrupt change might other-
wise be due to internal healing of the grain
boundary structure, reducing the mean grain
boundary £uid thickness or connectivity, or to
contact overgrowth by neck growth [13]. Yet an-
other explanation might lie in dissolution of cop-
per from the capsule. The fact that the abrupt
change in strain rate occurred in all experiments
after V12 h might correlate with a critical con-
centration of copper being reached after this peri-
od. The presence of dissolved copper strongly hin-
ders dissolution rates of quartz [34^36] and thus
may cause a strong decrease in IPS rate.

Focusing now on the main body of our exper-
imental data, i.e. that obtained in the higher po-
rosity regime (PsV15% or P/P0 sV0.5), we
have superposed our model predictions for disso-
lution-controlled IPS (Eqs. 5a,b,c and 6) onto
these results (see Fig. 4a^c). Comparing behavior
for individual values of P/P0, the predictions of
the model show similar trends and mostly fall
within a half to one order of magnitude of the
experimental data in absolute terms. Best agree-
ment is seen regarding the stress sensitivity of the
compaction rate (see trends at ¢xed P/P0 in Fig. 4a
plus best ¢t slopes in Table 2). With reference to
Table 2, the grain size sensitivity of strain rate
averaged over the individual ¢ts of Fig. 4c also
agrees favorably with the model, though the mul-
tiple regression ¢t agrees less well and we cannot
eliminate the possibility that dissolution of ¢nes
produced in the CIPing stage may have in£uenced
the observed grain size dependence. The model
does tend to overestimate strain rate towards low-
er temperatures, lower e¡ective pressures and
higher porosities. Moreover, the temperature sen-
sitivity of strain rate predicted by the model is

lower than observed in the experiments. Note,
however, that the dissolution kinetics data of
Rimstidt and Barnes [32] were determined for
the range 20^300³C, so that extrapolation to our
conditions might lead to signi¢cant error in abso-
lute rate and temperature sensitivity. Viewed over-
all, we feel that the model yields reasonable agree-
ment with our measured creep rates and general
trends, suggesting that compaction in our experi-
ments was due to dissolution-controlled IPS, at
least for porosities down to V15%.

5.4. Comparison with previous work

We now compare our experimental results and
model predictions with previous data on IPS in
pure quartz sands. We justify consideration of
data obtained in both 1-D and isostatic compac-
tion experiments on the grounds that our IPS
model takes identical forms for both con¢gura-
tions, di¡ering only by a numerical factor of
2^3. Strong e¡ects of compaction mode seen in
soil mechanics [37] are therefore not expected
when IPS dominates. We begin by recalling that
Schutjens [9] inferred dissolution to be the rate-
controlling mechanism of IPS in his 1-D tests
done at 250^350³C and 15 MPa e¡ective pressure
using alkaline pore £uids. Both the temperature
and stress sensitivity of compaction rate found
(vH = 67 kJ and 29 n9 4) were similar to those
seen in our experiments, though Schutjens found
no systematic grain size e¡ect. The activation en-
ergy for creep (73 kJ/mol) found by Dewers and
Hajash [11] in their isostatic tests likewise resem-
bles our value and suggests that interface kinetics
controlled compaction by IPS. The non-linear de-
pendence of strain rate on stress which they ob-
served also resembles our result, but the sensitiv-
ity to grain size that they report was higher
( _OOd3p with p = 2.3). This may re£ect di¡erences
in starting porosity P0 between the di¡erent grain
size fractions used by Dewers and Hajash (hence
the e¡ect of their ¢tting parameter, O0), since in
contrast to our approach they did not pre-press
their samples to obtain a reproducible starting
state.

Fig. 7 shows a quantitative comparison of our
dissolution-controlled model (Eqs. 5a,b,c and 6)
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with empirical ¢ts taken from Schutjens [9] and
from Dewers and Hajash [11] for the range 150^
350³C. Dewers and Hajash quote only an initial
porosity of 35% in their micrograph captions, so
we have assumed that this was the starting poros-
ity in their experiments. Our model predicts creep
rates which are about V10 times faster than ob-
tained in the previous 1-D and isostatic experi-
ments, compared with 3^10 times faster than ob-
tained in our isostatic tests. Similar agreement is
obtained with two isostatic experiments on pure
quartz sand at 400³C and 70 MPa e¡ective pres-
sure (P4, P7) recently reported by Rutter and
Wanten [37]. We therefore infer that compaction
of quartz by IPS is probably dissolution con-
trolled across the entire range of 150^600³C.

5.5. Implications

Our ¢ndings suggest that IPS rates in granular
quartz are controlled by the dissolution reaction
down to a porosity of V15% at 400^600³C and
e¡ective pressures of 50^150 MPa. Since the acti-

vation energy for quartz dissolution (V70 kJ/mol,
[32]) is expected to be higher than that for di¡u-
sion in wetted grain boundaries (15^25 kJ/mol,
[31]), then, unless di¡usion at lower temperatures
is much slower than currently thought [8,16,33],
pressure solution rates in quartz rocks at temper-
atures below 600³C and porosities above V15%
should be controlled by the rate of dissolution.
This implies that our model should be crudely
applicable to predict IPS rates in natural sand-
stone formations with porosities s 15%. Note,
however, that since pore £uid chemistry strongly
in£uences dissolution/precipitation rates in quartz
[9,32,34^36], the composition of the pore £uid in
sandstones may turn out to play the key role in
determining IPS compaction rates, either slowing
them down (e.g. Al3�, Fe3�, Zn2�, Cu2�, [34]) or
speeding them up (e.g. Na�, K�, Li�, Mg2�, [34]).
Further work on such e¡ects is clearly needed,
preferably using ¢ner grain sizes and lower e¡ec-
tive pressures than in the present study to further
reduce any e¡ects of cataclasis. For typical upper
crustal conditions (depth 2 km, lithostatic pres-
sure 50 MPa, £uid pressure 20 MPa, temperature
60^70³C, starting porosity 30^35%), the present
dissolution-controlled IPS model predicts that
sandstones with a grain size of 300 Wm and a
porosity of 20% will compact at strain rates of
10313 to 10312 s31. Our multiple regression ¢t
predicts rates about one order lower.

6. Conclusions

1. From our mechanical data and microstructural
observations we infer that the dominant com-
paction mechanism in our wet, hot-pressed
samples at temperatures of 400^600³C and ef-
fective pressures of 50^150 MPa was intergra-
nular pressure solution, though we cannot
eliminate a minor contribution of cataclastic
processes in the early stages of our tests.

2. A microphysical model incorporating an inde-
pendently determined dissolution rate law with
a non-linear (non-simpli¢ed) strain rate vs.
driving force (stress) relation was compared
with our data, as well as with previous exper-
imental data for the temperature range 150^

Fig. 7. Log strain rate vs. (P/P0) curve comparing the experi-
mental data of Schutjens [9] and Dewers and Hajash [11]
with our microphysical model. S1: Schutjens [9], T = 623 K
(350³C), Pe = 15 MPa, d = 90 Wm, data reproduced from
strain^time plot. MS1: Microphysical model corresponding
to conditions of S1. S2: Schutjens [9], T = 523 K (250³C),
Pe = 15 MPa, d = 25 Wm, data reproduced from strain^time
plot. MS2: Microphysical model corresponding to conditions
of S2. D1: Dewers and Hajash [11], T = 423 K (150³C),
Pe = 35 MPa, d = 105 Wm, data reproduced from empirical
strain^time equation. MD1: Microphysical model corre-
sponding to conditions of D1. D2: Dewers and Hajash [11],
T = 423 K (150³C), Pe = 35 MPa, d = 215 Wm, data repro-
duced from empirical strain^time equation. MD2: Micro-
physical model corresponding to conditions of D2.
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600³C and the e¡ective pressure range 15^150
MPa. The ¢t of our model to our own exper-
imental data was surprisingly good for poros-
ities higher than 15%, indicating that the rate-
controlling mechanism of IPS was quartz dis-
solution at grain contacts. The ¢t was poor for
lower porosities where measured rates slowed
dramatically, possibly because of a change in
rate-controlling mechanism, grain boundary
healing or copper ions entering the pore £uid
from the sample capsules. Predicted rates were
3^10 times faster than the compaction rates we
measured and V10 times faster than previous
data.

3. The stress sensitivity of strain rate (n-values) of
3^4, which we found in our experiments,
matched our non-linear IPS model prediction
well and supports the notion that pressure so-
lution in quartz needs not be linear viscous,
when grain contact stresses are high.

4. Our dissolution-controlled model thus seems to
give a robust order of magnitude description of
quartz sand compaction by IPS, down to po-
rosities of V15%, and o¡ers a basis to model
compaction rates of quartz sandstones down to
such porosity values. It is important to note,
however, that pore £uid contamination might
drastically slow down or accelerate the IPS
process in nature depending on the ions
present. More experimental work is needed
on such e¡ects, preferably using su¤ciently
¢ne grain sizes and low e¡ective pressures to
eliminate completely any e¡ects of cataclasis.
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