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Abstract

Cement phases such as calcite or quartz often incorporate trace elements from the parent ¯uids as they crystallize.
Experimental sedimentary diagenesis indicates that trace element partition coe�cients re¯ect rates of cementation. The

applicability of these ®ndings to fault zone cementation is examined as we make a preliminary attempt to estimate calcite
cementation rate in a brittle fault zone directly from the fault-rock composition data. Samples for this study were collected from
the Knoxville outcrop of the Saltville fault in Tennessee. The cementation rates for the fault rock samples range from 1� 10ÿ12

to 3� 10ÿ13 m3=h per m, in agreement with some experimental rates and the rates reported for samples from the DSDP sites.

When applied to a non-responsive pore-system model, these rates result in rapid precipitation sealing indicating the in¯uence
exerted by the surface-area/volume ratio of the pore network. We ®nd it feasible to obtain a reasonable range of values for the
cementation rate using the trace element partition method. However, the study also indicates the need for relatively accurate

values for the trace/carrier element ratio in the fault zone syntectonic pore ¯uid, and exhumed cement. # 2000 Elsevier Science
Ltd. All rights reserved.

1. Introduction

Models of syntectonic ¯uid ¯ow indicate extensive
involvement of ¯uids in faulting with a diverse range
of salinities (Fyfe et al., 1978; Kerrich, 1986; Oliver,
1986; McCaig, 1988; Wannamaker, 1994). Further-
more, studies of exhumed fault zones support models
in which ¯uid ¯ow in brittle faults occurs cyclically in
tune with seismic activity of the faults (Fisher and
Brantley, 1992; Sibson, 1992; Logan and Decker,
1994). According to the fault valve model (Sibson,
1992) coseismic deformation in a brittle fault zone gen-
erates a net volume of new connective porosity and a
¯uid-pressure gradient that results in rapid mixing of
fault zone ¯uids, with ¯uids ¯owing in from the sur-
rounding rocks. Enhanced pore connectivity has been

reported for cases of failure by faulting as well as de-
formation by cataclastic ¯ow in a variety of lithologies
(Zoback and Byerlee, 1975; Zhang et al., 1994; Peach
and Spiers, 1996). Following a seismic event, precipi-
tation sealing could occur under hydrothermal con-
ditions primarily by mineral solubility changes in
response to changes in pressure and species concen-
tration, and fresh reaction surface area o�ered by
highly comminuted materials. Modeling and exper-
imental studies suggest that the precipitation followed
by compaction creep has the potential to hydraulically
seal o� large sections of the interior of a fault (Blan-
pied et al., 1992; Byerlee, 1993; Sleep and Blanpied,
1994; Scholz et al., 1995). The resulting ¯uid-pressure
build-up provides a basis for models of the seismic
cycle in general and an explanation for the phenom-
enon of weak faults in particular. A key question,
therefore, is the rate at which common siliceous and
carbonate cements precipitate under brittle fault zone
conditions.
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Syntectonic brittle fault zones and diagenetic en-
vironments evolve under similar P±T-hydrologic
regimes in the shallow crust. Numerous studies have
been dedicated to processes of precipitation sealing,
compaction, low-temperature recrystallization, and
pressure solution, which are common in both environ-
ments (Maxwell, 1960; Baker et al., 1980; Groshong,
1988; Hajash and Bloom, 1991; Hickman and Evans,
1991; Robin, 1992; Newman and Mitra, 1994; Canals
and Meunier, 1995; Scholz et al., 1995; Lemee and
Gueguen, 1996; Hacker, 1997; Karner et al., 1997;
Olsen et al., 1998). Experimental diagenesis has
resulted in a wealth of knowledge, particularly on the
kinetics of carbonate cementation. It is well known
from studies in sedimentary diagenesis that the compo-
sition of cement minerals and their primary trace el-
ements hold useful information on ¯uid composition
and rates of precipitation (see reviews by McIntire,
1963; Mucci and Morse, 1990). This paper is a prelimi-
nary attempt to apply some of the ®ndings of exper-
imental diagenesis to the question of syntectonic
precipitation sealing rates in brittle faults.

1.1. Some precepts from sedimentary diagenesis

In a sedimentary system, cement phases such as cal-
cite or quartz often incorporate trace elements from
the parent ¯uids, mostly through surface reactions, as
they crystallize (McIntire, 1963; Mucci and Morse,
1990). At equilibrium, the ratio of trace element ions
in the ¯uid to those being embedded in the solid phase
should remain constant. The ratio, known as the trace
element partition coe�cient, re¯ects pressure and tem-
perature, degree of saturation of the precipitating
species, and reaction rates (Morse and Bender, 1990).
The partition coe�cient in a solution reservoir large
enough to bu�er the concentration changes during pre-
cipitation is usually quanti®ed by the non-thermodyn-
amic Henderson±Kracek distribution law,

�Ct=CC�solid � Dt�Ct=CC�solution �1�
where D is the homogeneous partition coe�cient, Ct

and CC are the molar concentrations of the trace and
carrier ions, respectively. The Doerner±Hoskins logar-
ithmic partition law,

ln�CIt=CLt� � l�CIc=CLc� �2�
where l is the partition coe�cient, CI and CL denote
the initial and ®nal solution concentrations of the
trace and carrier species, is applicable where the parent
solution is not bu�ered and the products tend to be
compositionally zoned. In the case of calcite, the value
of the trace element partition coe�cient increases with
increasing rate of precipitation in a systematic manner
(Kinsman and Holland, 1969; Lorens, 1981; Mucci,

1986; Pingitore and Eastman, 1986; Morse and
Bender, 1990; Beck et al., 1992).

Commonly, the relationship between precipitation
rate (R ), saturation state (O), and rate constant (k) is
expressed by the empirical kinetic equation:

R � k�Oÿ 1�n �3�
or its logarithmic form:

log R � log k� n log�Oÿ 1� �4�
where n constitutes the reaction order (Morse, 1983;
Mucci and Morse, 1986; Lee and Morse, 1999). Mucci
(1986) precipitated magnesian calcites at room tem-
perature from a solution with the composition and
ionic strength of seawater and at Ocalcite values ranging
from 2.0 to 14.4. The results, combined with those of
Mucci and Morse (1983) (approximately 45 precipi-
tation experiments) were used to obtain the empirical
relationship:

DSr � 0:0622 log R� 0:539 �5�
where R is the precipitation rate in mol/h per m2, DSr

is the Sr/Ca partition coe�cient as de®ned in Eq. (1).
We note that the exact nature of this rate-dependence
is not clear, Eq. (5) is the result of a least square ®t
with a correlation coe�cient of 0.62. In addition, the
extent of the e�ect of Mg as an inhibitor ion, and par-
tial pressure of CO2 �PCO2

), on the precipitation rate of
calcite has not been ascertained. Beck et al. (1992), in
agreement with the results of Mucci and Morse (1983,
1990) and Jacobson and Usdowski (1976), reported no
signi®cant e�ect on DSr value due to increase in press-
ure. These workers observed only a slight increase in
DSr value with increasing temperature in experiments
carried out to 4008C and 500 bars of pressure. A simi-
lar expression was obtained for lSr by Lorens (1981)
who used Doerner±Hoskins heterogeneous distribution
law to evaluate the Sr/Ca partition coe�cient.

2. Fault rock composition data

Samples for this study were collected from the
Sharp Gap outcrop of the Saltville thrust in the city of
Knoxville, Tennessee, in the southern Appalachians in
the United States. The fault outcrop, described in
detail by Hadizadeh (1994), consists of a 1.5- to 2-m-
wide damage zone enclosing a 15±20-cm-wide core of
highly comminuted, but fully cohesive rocks. The main
shear zone and its immediate wallrocks sampled for
this study occur within the Lower Ordovician Mascot
dolostone (Harris, 1971; Churnet et al., 1982). The
core region of the fault consists mostly of very ®ne-
grained cataclasites and ultracataclasites. Rocks out-
side of the fault core are crush breccias, microbreccias,
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protocataclasites and coarse-grained cataclasites. There
is microstructural evidence for pervasive pressure sol-
ution deformation in the cataclastic rocks at the Sharp
Gap outcrop. A persistent cm-scale banding fabric as-
sociated with the cataclastic rocks appears to be due
to bundles of millimeters to micron-scale, dark-colored
seams intermittent with very ®ne-grained cataclasites
and ultracataclasites. Microprobe and XRD analyses
of the bands indicated the presence of clay minerals
and probably microcrystalline to amorphous quartz
(Hadizadeh, 1994). The fault-rock classi®cation pro-
posed by Sibson (1977) was used to di�erentiate the
cm- and mm-scale internal structures of the fault zone
in hand specimens and petrographic slides. Samples
for compositional analyses were obtained from these
structural units by scraping or microdrilling. Analytical
work was carried out by X-ray ¯uorescence spec-
trometry (XRF) using an automated Rigaku 3370
spectrometer. Major, minor, and trace element compo-
sitions were analyzed on 2:1 Li2B4O7 ¯ux/rock-powder
fused beads. The results were normalized on a volatile-
free basis. The e�ects of loss on ignition (LOI) and
Fe2O3 content on accuracy was checked by comparing
our results with British Chemical Standard 368 dolo-

mite and the National Bureau of Standards 1-C argil-
laceous limestone for which LOI and oxidation-state
data were available.

The analyses showed that CaO, MgO, SiO2, K2O,
Na2O made up to 99% or more of the host and the
fault rock sample compositions. Petrographic analyses
show that calcite forms the cataclastic cement in these
rocks (Hadizadeh, 1994). Given the petrographic com-
position data, a simpli®ed tri-modal (dolomite, calcite
and quartz/clay) composition model was adopted. The
oxide-to-modal calculations were carried out following

Fig. 1. The Saltville fault composition pro®les (see Table 1 for data).

(a) Simpli®ed modal composition pro®le. (b) Trace element pro®les.

The host is dolostones and dolomitic shales of the Mid-Ordovician

Knox Group. Note the strong correlation between Sr and the calcite

cement in the samples.

Table 1

Modal and trace element composition pro®le of the fault rocks de-

rived from the XRF dataa

Sample Rock Dol.% Qtz./clay CaCO3% Sr ppm

U4 Host 64.53 35.47 0.00 111

U5i Host 66.55 33.45 0.00 107

U6 Host 59.48 40.52 0.00 97

H13iv cb 50.46 30.28 19.25 189

H13ii fcb 63.57 21.74 14.68 201

H13i fcb 45.78 11.51 42.71 313

H1i pc 16.90 62.84 20.26 173

H14i uc 0.00 20.04 79.96 508

C3 pc 13.70 41.20 45.10 226

C4a uc 11.00 20.10 68.90 345

Cg c 16.56 43.84 39.61 205

C7 c 13.17 42.11 44.73 223

C8 uc 9.07 59.21 31.72 143

F4ii pc 2.65 56.93 20.42 132

F11vii pc 39.72 48.00 12.28 172

F11iii fcb 17.87 58.17 23.97 184

F3i pc 16.56 43.84 39.61 127

F2ii pc 13.17 42.11 44.73 158

U7 Host 88.03 11.74 0.23 132

U9 Host 84.90 11.04 4.06 156

a U � undeformed; C � core; H � hanging wall damage zone;

F � footwall damage zone; fcb � fine crush breccis; cb � crush brec-

cia; pc � protocataclasite; c � cataclasite; uc � ultracataclasite: Analyti-

cal accuracy �21s): SiO2 �20:30%, Al2O3 �20:08%,

FeO �20:27%, CaO �20:05%, MgO �20:01%, K2O �20:01%,

Sr �21:49 ppm: Combined instrumental and bead preparation pre-

cision �21s): SiO2 �20:06%, Al2O3 �20:04%, FeO �20:09%,

CaO �20:03%, MgO �20:02%, K2O �20:01%,

Sr �21:43 ppm.

J. Hadizadeh, F.F. Foit / Journal of Structural Geology 22 (2000) 401±409 403



a procedure described by Hadizadeh (1994). The
modal and trace element composition for samples are
presented in Table 1, where the actual spatial order of
sampling is maintained. The pro®le plot of the modal
composition and the signi®cant trace elements (Fig. 1)
indicate that Sr is the chief trace element associated
with the calcite cement in the fault rocks. The asym-
metric form of the Sr pro®le with respect to the fault
core probably re¯ects the asymmetry of ¯uid activity
in the fault zone.

3. Timing of the cement in cataclastic rocks

The compositional analyses of the pervasive syntec-
tonic cement mineral in a suite of cataclastic rocks
should provide concentration values to be used in the
(Ct/CC)solid term in Eq. (1). To what extent is the bulk
of the cementing mineral syntectonic? An essential step
is to examine the cement for evidence of deformation
and reworking. In the Saltville fault zone, an abun-
dance of microstructural deformation in the calcite
cement and evidence of extensive pressure solution de-
formation led to the conclusion that the intergranular
cement was mainly derived from the host-rock dolo-
mites through interaction of pressure solution and
cataclasis (Hadizadeh, 1994). Three types of
microstructural evidence are used to support the
notion that the cataclastic cement in the Saltville fault
rocks is syntectonic. First, the cement-bearing bands of
cataclasites are often separated by anastomosing press-
ure solution seams (Fig. 2a). The cataclasites are lens-
shaped at the outcrop scale and have sharp bound-
aries. We do not ®nd a cross-cutting vein network in
the core region which might have fed the cataclasite
lenses after their formation. Secondly, the calcite
cement in the cataclasite and ultracataclasite lenses
shows de®nite signs of grain-scale deformation in the
form of twinning (Fig. 2b). Thirdly, the presence of
breccia-sized clasts, with an internal cataclastic band-
ing and its own `intergranular' calcite cement from ear-
lier episodes of cataclasis (Fig. 2c) suggest that the
cement was involved in deformation throughout the
development of the fault rocks.

At a preliminary level, therefore, we assume that cal-
cite cement in the fault rocks is entirely syntectonic
and we proceed to calculate Sr/Ca ratios for our
samples. For this purpose the cement's actual trace el-

Table 2

The Sr/Ca ratio for the Saltville fault calcite cementa

Sample Rock Ca% Sr ppm mSr/mCa� 10ÿ4

H13iv cb 7.7 106 6.29

H13ii fcb 5.9 96 7.50

H13i fcb 17.1 238 6.36

H1i pc 8.1 145 8.19

H14i uc 32.0 508 7.26

C3 pc 18.1 203 5.15

C4a uc 27.6 327 5.42

Cg c 15.8 178 5.13

C7 c 17.9 201 5.14

C8 uc 12.7 128 4.61

F4ii pc 8.2 95 5.30

F11vii pc 4.9 107 9.92

F11iii fcb 9.6 155 7.37

F3i pc 15.8 100 2.88

F2ii pc 17.9 136 3.48

a See Table 1 for rock and sample abbreviations.

Fig. 2. Typical Saltville fault cataclastic microstructures, which indi-

cate that the calcite cement is syntectonic (crossed polars). (a) A lens

of well-cemented crush breccias in sample F11iii. Note micro-faulted

calcite veins below the lens. (b) Microfractures and twinning in cal-

cite clasts from the cement in sample C7. (c) A micro-breccia clast

with internal cataclastic banding similar to the ®ne bands in (a)

above. Sample C8.
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ement concentrations should be used. The XRF ana-
lyses of our samples, however, provide Sr concen-
tration values which include Sr from both the cement
and clasts. To determine an Sr concentration value for
each sample's cement we can write Srcement � Srsample ÿ
Srclast: The strontium content of the clasts could be
estimated as follows. Since Srclast originates in the host
dolomites (Srhost), the amount of Sr in clasts varies in
proportion to a ratio of dolomite in the sample (Sdol),
to the dolomite in the host rock, (Hdol), or:

Srclast � �Sdol=Hdol�Srhost: �6�
Mean values of 0.727 ppm for Hdol and 120.6 ppm for
Srhost from Table 1 were used to arrive at the values
given for the cement in Table 2. It should be noted
that although this feasibility study uses the mass±bal-
ance relationship [Eq. (6)] to acquire the cement's Sr
values, it is important to ®nd more accurate values for
(Ct/CC)solid by analyzing the cataclastic cement separ-
ately for its Sr content. A number of analytical
methods might be recommended for this purpose. The
cement Sr values could be obtained by electron
microprobe, or estimated from EDS (Energy Disper-
sive Spectrometer) elemental maps of representative
samples. Alternatively, it is possible to obtain Sr con-
centration values directly by applying ICP (Inductively
Coupled Plasma), or XRF (X-ray ¯uorescence) analy-
sis to micro drilled samples of the cataclastic cement.

4. Fault zone syntectonic pore ¯uid

Estimating DSr for the fault zone precipitation reac-
tions via Eq. (1) requires that a value for the ratio
of trace-element to carrier-element in the syntectonic
fault zone pore ¯uid be determined [i.e. the term (Ct/
CC)solution]. The diagenetic calcite precipitation models

including those behind the empirically derived Eqs.
(1)±(5) often use seawater or seawater analogs. Since
this study did not include a ¯uid inclusion analysis,
and none were available for the Saltville fault rocks,
the question of applicability of these equations in a
case involving continental fault pore-¯uids prompted
us to compare the chemistry of the ¯uids from these
environments in order to evaluate the possible errors
involved. The data summarized in Table 3 and shown
in Fig. 3 suggest that in general, continental pore
waters may be comparable to seawater in terms of
ionic strength and composition at depths greater than
0.5 km. A greater degree of leaching by slow-moving
pore-water at elevated temperatures and mixing with
formation ¯uids account for the di�erences between
the chemistry and salinity of shallow aquifer waters
and the deeper-level pore waters. Fluid inclusion stu-
dies of exhumed fault rocks (Parry, 1994) reveal that
some fault zone ¯uids contain as much as 20 equival-
ent weight percent of NaCl concentration. It is notable

Table 3

Ionic strengtha vs depth, and Sr/Ca ion ratios in some continental waters

Depth I mSr2+/mCa2+ Comments and reference

0±50 m 0.01 NA carbonate aquifer, central Pennsylvania, USA (Langmuir, 1971)

40±70 0.045 9:86� 10ÿ3 mine waters and boreholes, SE France (Aquilina et al., 1997)

240 0.02 7:03� 10ÿ3 saline and thermal groundwater, Cornwall, England (Edmunds et al., 1985)

300 0.13 6:90� 10ÿ3 saline and thermal groundwater, Cornwall, England (Edmunds et al., 1985)

327 0.21 NA interstitial waters, SE France (Aquilina et al., 1997)

634 0.265 9:75� 10ÿ3 scienti®c borehole, SE France (Aquilina et al., 1997)

690 0.40 7:40� 10ÿ3 saline and thermal groundwater, Cornwall, England (Edmunds et al., 1985)

300±600 0.505 1:38� 10ÿ2 saline groundwater, central Missouri, USA (Banner et al., 1989)

908±969 0.017 4:34� 10ÿ3 water from Stripa Granite, Stripa, Sweden (Nordstrom et al., 1989)

1829±2115 0.023 8:67� 10ÿ3 water from Cajon pass drillhole, California, USA (Kharaka et al., 1988)

1±4 km? 0.513 1:60� 10ÿ2 fault-related spring waters, Rumsey Hills, California, USA (Davison, 1995)

Seawater 0.66 1:00� 10ÿ2 average value (Fyfe et al., 1978)

a Ionic strength I � 1=2
P

miZ
2
i , where mi and Zi are the ith ions concentration and charge, respectively, was calculated for sample Ca2+,

Mg2+, Na+, K+, Clÿ, HCOÿ3 and SO2�
4 molar concentrations.

Fig. 3. Ionic strength of some continental pore waters. Arrows indi-

cate the upper and lower values selected to represent the fault zone

syntectonic pore ¯uid. See Table 3 for data sources.
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that NaCl provides most of the ionic strength for
diagenetic reactions in the case of marine deposits.
Davisson et al. (1994) argued that fault-related spring
waters expelled from depths of up to 4 km in Rumsey
Hills, California, may actually represent modi®ed sea-
water. Nevertheless, the data in Table 3 also indicate
that the seawater diagenesis models may not be
directly applicable to fault zones. On the basis of data
in Table 3 alone, the continental waters di�er from
each other and from seawater in Sr2+/Ca2+ values by
a factor of about three, noting that this may not be
viewed as a maximum possible error. It is, therefore,
instructive to either carry out ¯uid inclusions analysis
to establish the salinity of the fault's syntectonic pore
¯uid, or direct studies at fault outcrops where the fault
pore ¯uid composition has already been characterized.

5. Precipitation rate estimates for the Saltville fault

The mSr2+/mCa2+ values of 1:38� 10ÿ2 and 9:86�
10ÿ3 from Table 3 were selected to represent the high
and low values, respectively, for (CSr/CCa) in the syn-
tectonic pore ¯uid of the fault zone. Table 4 lists the
molar (Sr/Ca) mean values for the damage zone
cement, the calculated DSr using Eq. (1), and the cal-
cite precipitation rates (R ) using Eq. (5). A number of
workers have studied the e�ect of temperature on pre-
cipitation rate of calcite in sedimentary environments.
Beck et al. (1992) found an approximately linear
increase in R from 2:65� 10ÿ10 to 2:11� 10ÿ8 m3=h
per m2 with increasing temperature from 250 to 4008C.
In contrast, Lorens (1981), Busenberg and Plummer
(1986), Shiraki and Brantley (1995) and Deleuze and
Brantley (1997) reported values of 1:05� 10ÿ10 m3=h
per m2 at 258C to 8:77� 10ÿ6 m3=h per m2 at 1008C.
Analysis of the Sr/Ca ratio in sediments from DSDP
sites by Baker et al. (1982) suggested calcite precipi-
tation rates in the order of 1:2� 10ÿ16 (500 m depth,
228C) to 4:4� 10ÿ18 m3=h per m2 (sea¯oor) which
seem to be in good agreement with the results of Beck
et al. (1992). While these results may not be used to
draw a quantitative rate±temperature relationship,
they suggest that calcite precipitation rate is tempera-
ture-dependent. Assuming that brittle deformation in
our samples occurred between 100 and 2508C, the esti-

mated damage zone precipitation rates of 1:15� 10ÿ12

to 3:77� 10ÿ13 m3=h per m2 (see Table 4) appear to be
in agreement with the experimental results of Beck
et al. (1992) and the rates based on samples from the
DSDP sites by Baker et al. (1982). However, compared
to some other experimental results (Deleuze and Brant-
ley, 1997), precipitation rates for the damage-zone
appear to be at least an order of magnitude slower.

5.1. Implications for precipitation sealing

Formation sealing and pressure seals due to cemen-
tation are more extensively researched and better
understood in sedimentary environments than in fault
zones. Model studies indicate that post-seismic precipi-
tation in the fault zones need not clog all the newly
generated porosity in order to seal the fault core
(Sleep and Blanpied, 1994). This is reasonable because
the creation of coseismic porosity is constrained by
energy requirements of work against elevated con®ning
pressures (Marone et al., 1990; Sleep and Blanpied,
1992) which favors connective microcracks and micro-
fractures with large surface-area to volume ratios.

Episodic precipitation in the Saltville fault damage
zone would have occurred due to a reduction in the
solubility of CaCO3 in the supersaturated CaCO3±
MgCO3 system with lowered Mg ion concentration
(Hadizadeh, 1994). The precipitation rate estimates for
the fault (Table 4) can be translated into sealing times
using a rock material, with appropriate pore-distri-

Table 4

Range of calcite precipitation rates for the fault damage zone

(mSr/mCa)solid DSr Rhigh, m
3/h per m2a DSr Rlow, m

3/h per m2a

Hdzb mean 7:12� 10ÿ4 0.072 1:15� 10ÿ12 0.051 5:28� 10ÿ13

Fdzb mean 5:79� 10ÿ4 0.058 7:08� 10ÿ13 0.042 3:77� 10ÿ13

a Using 10ÿ3�mol calcite=h per m2 � gfw�=rcalcite to convert calcite precipitation rates from mol/h per m2 to m3/h per m2.
b Hdz and Fdz are the hanging wall and footwall damage zones, respectively.

Table 5

Precipitation sealing times for a non-responsive model of the damage

zone

Pai, m
2/g Pd, mm Pvi, m

3/g %Pvf,
a % tlow, year thigh, year

1:0� 10ÿ6 123.29 7:00� 10ÿ12 0.23 6358 2084

1:0� 10ÿ5 48.78 1:34� 10ÿ12 0.47 1217 399

8:9� 10ÿ5 18.04 5:00� 10ÿ10 1.75 510 167

0.0002 10.11 7:00� 10ÿ10 2.46 318 104

0.0003 3.32 3:00� 10ÿ10 1.05 91 30

0.0001 1.73 5:00� 10ÿ10 1.75 45 15

0.0425 0.36 1:10� 10ÿ8 38.60 23.5 7.7

0.101 0.18 6:70� 10ÿ9 23.51 6.03 1.98

0.318 0.04 7:40� 10ÿ9 25.96 2.12 0.69

0.277 0.02 1:20� 10ÿ9 4.21 0.39 0.13

a Pvf is the pore volume fraction.
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bution properties, as a non-responsive model, or a
template. In trials with a variety of sandstone and
limestone, the per unit mass pore-distribution proper-
ties of the Indiana limestone (350 mm grain size, 6.5%
porosity) appeared to be a suitable template for the
seismic porosity of the damage zone rocks for the
reasons described in the following. Mercury poris-
ometer data presented in Table 5 for the limestone
were collected using a Micromeritic Pore-Sizer 9300
mercury porisometer (LeRavalec et al., 1996) in the
0.1±200 MPa pressure range. A high proportion of
microcracks porosity in the seismic porosity of the
damage zone is represented by the template's size±
volume distribution, where more than 90% of the total
pore volume is due to pores in the 0.02±2.0 mm size-
range. The same population of pores is also respon-
sible for over 99% of the pore surface area with poten-
tial for immediate post-seismic ¯uid±rock interactions.
It should be noted that only the pore-distribution
properties and not the lithology of the template is of
signi®cance here.

For the purpose of this discussion, the portion of
total seismic porosity that a�ects short-term per-
meability of the fault zone will be called transient por-
osity (D). We then de®ne sealing time (t ) as the time
required to eliminate the transient porosity by precipi-
tation of a solid phase, or basically t � D=R: We also

assume that D is about 30% of the co-seismically gen-
erated porosity (total porosity in the template). This
cuto� value is largely speculative for the lack of data,
but is mainly based on data from Scholz et al. (1995)
which noted a pore pressure increase from 50 MPa to
65 MPa for about a 30% decrease in porosity due to
precipitation in their hydrothermal sealing exper-
iments. The sealing times for the two average values of
R (Table 4) were calculated using the relationship:

t � 0:3Pvi=�R� Pai� �7�
where Pvi and Pai are the incremental pore volume and
surface area, respectively. Plots of the model damage
zone sealing time vs. pore volume fraction and pore di-
ameter are shown in Fig. 4. A precipitation sealing
would occur in less than 10 years for PdR2 mm (094%
of the transient pore volume), and in less than 1 year
in pores which have crack-like dimensions
�PdR0:2 mm). It is evident that the relatively slow
cementation rates for the fault zone have produced
rather short sealing times because of high surface-area
to volume ratio of the model pore-system. The slower
sealing-time range of 100±1000 years for the volumetri-
cally insigni®cant population of pores in the transient
fraction supports the notion of a less interrupted back-
ground ¯uid ¯ow (leakage) between fault zone and the
host at time scales that exceed the return time of
major seismic events in tectonically active regions. It
should be noted that the pore-system model we used
does not represent fracture openings, which may be
common in the rock mass at larger scales and particu-
larly at shallower depths. Consequently, this may be
taken to imply that rapid sealing is generally con®ned
to below certain depths where limitations on the
volume of seismic porosity preclude ¯uid ¯ow via lar-
ger conduits. However, it has been argued that the
short-term permeability of fault rocks at any con®ning
pressure is primarily controlled by connectivity
through microcracks (Bruhn, 1994; Parry et al., 1991).

6. Conclusions

1. It has been possible to obtain a reasonable range of
estimates for the rate of calcite precipitation in the
Saltville fault damage zone by applying Sr/Ca par-
tition coe�cients, derived from precipitation exper-
iments in sedimentary diagenesis, to composition
data from the fault zone.

2. The fault damage-zone calcite precipitation rates are
in agreement with some experimental sedimentary
rates obtained in the 22 to 4008C temperature
range, but appear to be slow compared to results
obtained by others in experiments conducted
between 25 and 1008C. Applied to a model pore sys-

Fig. 4. Precipitation sealing time for a non-responsive model of the

fault damage zone. (a) Sealing time vs. pore volume fraction. (b)

Log±linear relationship between sealing time and pore diameter.
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tem representing coseismic porosity with large
surface area to volume ratio, the resulting fault zone
precipitation sealing rates yield short sealing times.

3. Several important assumptions had to be made
regarding the timing of the cement in the samples
and composition of the syntectonic fault zone ¯uids,
most of which could be eliminated, or made more
accurate by additional analytical work. Ultimately,
however, experimental modeling of cementation
under fault zone conditions and analyses of actual
fault zone ¯uids would have to provide constraints
on precipitation rates in that environment.
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