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Abstract-The combined effects of fault rupture and diffusive transport on the salinity of fault-related fluids are 
addressed in the case of both an external solute source and that of rock buffered fluid compositions. The effects of 
injection of a dilute and a saline fluid into a fault zone, followed by diffusion, are examined in the case of both 
periodic and random fault rupture events. The models reproduce the large salinity variations characteristic of 
fault-related secondary fluid inclusions, and suggest that correlation of salinity variations may allow reconstruc- 
tion of rupture events. 

In the case of rock buffered fluid compositions, the hydration of periclase to form brucite is used as a simple 
petrological model for increasing salinity in fault zones. An episodic hydration reaction, both with and without 
dilution effects, is capable of increasing the salinity of small volumes of fluid along microfractures and also of 
producing large salinity variations. 

These considerations suggest that large salinity variations and high fluid concentrations common in secondary 
fluid inclusions associated with retrograde shear zones may be due to the combined effects of diffusion and rock 
buffering reactions in the fault zone. The concentration spikes produced during rupture are damped by diffusion 
with increasing distance from the site of rupture. Concentration peaks and troughs coincide in time at different 
distances from the source suggesting the possibility of correlating salinity variations in the vicinity of a fault zone. 

INTRODUCTION 

The importance of fluid-rock interaction coupled with 
tectonic activity is widely recognized, particularly in the 
fields of ore genesis (e.g. Sibson 1987), earthquake 
studies (e.g. Scholz et al. 1973), and the behavior of 
faults and shear zones in general (e.g. Sibson et al. 1975, 
Kerrich 1989, Byerlee 1993). Active faults are the locus 
of fluid compositional and thermal anomalies (Vrolijk et 
al. 1991) and sharp fluctuations in ground water compo- 
sition are often associated with seismic events (Thomas 
1988). The compositional evolution of tectonically- 
derived fluids is likely to be complex, involving the 
coupling of mechanical, chemical, thermal and hydrolo- 
gical processes (Tsang 1991). 

Fluid inclusion studies of fault-related rocks offer a 
unique opportunity to gain information on the compos- 
itional evolution of such fluids. Microstructures indicate 
that inclusions are commonly trapped at the time of 
tectonic activity, for example, crack-seal texture (Ram- 
say 1980). Despite deformation-related effects such as 
inclusion stretching and volume changes, inclusions 
commonly maintain their original salinity (e.g. Sterner 
& Bodnar 1989). Also, most secondary fluid inclusions 
in deformed rocks are trapped along healed microfrac- 
tures in quartz, and experimental studies indicate that 
such microcracks heal rapidly (e.g. years; Smith & 
Evans 1984). The time required for crack healing 
depends on fluid salinity, temperature and crack length. 
For example, at temperatures of 3OO”C, cracks 100 ,u in 
length will heal in aqueous fluid in less than a year 
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(Brantley et al. 1990). A given population of micro- 
cracks, however, is likely to have a wide range of healing 
times. 

Planes of secondary fluid inclusions are often related 
to distinct tectonic events. Transgranular fluid inclusion 
trails commonly have a strong preferred orientation and 
are thought to form in the plane of the intermediate and 
maximum principal stress (Engelder 1987). In experi- 
mental rock deformation studies, microcrack arrays 
form as tensile fractures during pre-rupture events (Cos- 
tin 1987) and correspondence between acoustic 
emissions and microcrack arrays suggests that the arrays 
formed in response to specific deformation events 
(Scholz 1990). In studies of natural rocks it is also 
commonly inferred that trails of secondary inclusions 
are related to specific tectonic events (Kowalis et al. 
1987, Lespinasse & Cathelineau 1990, O’Hara 1991). In 
the presence of a fluid, the displacement of the crack 
walls can be expected to draw fluid into the crack, 
leading to crack healing (Shelton & Orville 1980, Smith 
& Evans 1984) and resulting in the formation of fluid 
inclusions (Roedder 1984). These considerations 
suggest that secondary fluid inclusions trapped along 
healed microfractures can be expected to preserve a 
record of fluid composition during tectonic events on 
geologically short time scales. 

Secondary fluid inclusion salinities 

A characteristic feature of fluid inclusion compo- 
sitions in faults and shear zones is their highly variable 
salinity (e.g. Crawford 1981, Guha et al. 1983, Bennett 
& Barker 1992, O’Hara & Haak 1992). In a study of fluid 
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inclusions on the Rector Branch thrust, North Carolina, 
the latter workers showed that salinities ranged from 3 to 
25 wt% NaCl equivalent, with variations of greater than 
15 wt% within individual quartz vein samples on the thin 
section scale. First melting temperatures (-25.5 to 
-32.5”C) indicate solutes such as CaCl, were present in 
addition to NaCl, and minimum salinities tend to de- 
crease toward the fault zone. Secondary fluid inclusions 
from the nearby Meadow Fork fault zone also show a 
wide range but the majority have a salinity of 18-25 wt% 
NaCl equivalent (O’Hara 1990). Secondary fluid in- 
clusions associated with two different alteration assem- 
blages on the Wasatch normal fault, Utah, (Parry et al. 
1988) show salinities of 5-17 wt% and of 2-16 wt % NaCl 
equivalent, respectively. Thrust zones associated with 
Caledonian retrograde metamorphism in northern Nor- 
way contain fluid inclusions with salinities in the range of 
27-50 wt% (Bennett & Barker 1992). Where effects 
such as boiling and immiscibility can be ruled out, these 
salinities require major changes in fluid composition 
with time. Processes such as membrane filtration (Hanor 
1979) and radiolytic enrichment (Vovk 1987) can also be 
ruled out as these processes tend to increase salinity 
uniformly in space and also over protracted periods of 
time. 

Variable salinities are to be expected in tectonically 
active areas where repeated pulsing of fluid is likely to 
result in rapid compositional changes. The most com- 
mon explanation for these salinity variations is mixing of 
fluid reservoirs of different provenance. This could be 
an important process where fluid reservoirs are tectoni- 
cally juxtaposed. In cases where the source of formation 
waters or other saline fluids is not apparent (for 
example, in crystalline terranes), the alternative possi- 
bility is that chemical reaction in the rock buffered the 
fluid composition. In the Canadian shield, for example, 
ground water at a depth greater than about 1 km com- 
monly contains 30 wt% total dissolved solids. The com- 
position of these fluids is consistent with low 
temperature (25-100°C) fluid-rock interaction in which 
the fluid composition is buffered by chemical reaction 
(e.g. Frape & Fritz 1986, Gascoyne et al. 1986). Fluid 
inclusion studies also indicate that fluid composition can 
reflect the host rock composition (Crawford et al. 1979, 
Bennett & Barker 1990). The latter workers have shown 
that the composition of fluid inclusions was internally 
buffered by the equilibrium between mica and feldspar 
in the host rocks. In southeast Pennsylvania, 
CaCl,-NaCl brines occur in calcium-rich retrograde 
lithologies, whereas NaCl brines are associated with 
calcium-poor lithologies, also suggesting buffering of 
fluid composition by the host lithology (Crawford et al. 

1979). 
The role of chemical reactions in buffering fluid com- 

position is well known to metamorphic petrologists 
(Greenwood 1975) and hydrolysis and hydration reac- 
tions have been implicated in altering salinity of fluid 
inclusions (e.g. Crawford et al. 1979). Hydration reac- 
tions can increase the concentration of dilute fluid by 
removing H,O and incorporating it into the hydrous 

phase. This mechanism has the advantage that an addi- 
tional source of anions (e.g. Cl-) is not required to 
increase salinity. Evaporite sequences or seawater are 
commonly cited as a source for these ions in saline fluids 
(Cole 1983, Roedder 1984). 

The first part of this paper addresses the role of an 
external source of salinity in fault zones and the role of 
diffusive transport in a porous fault zone matrix in 
determining fluid inclusion salinity. The second part 
examines the role of hydration reactions in buffering the 
composition of small volumes of fluid trapped along 
microfractures in an active fault zone. The objective is to 
gain insight into the possible tectonic significance of the 
salinity variations observed in fault-related fluid in- 
clusions. 

EXTERNAL SOLUTE SOURCE AND DIFFUSIVE 
TRANSPORT 

The model 

The transport properties of the fault zone being con- 
sidered are based on the analysis of Norton & Knapp 
(1977) in which porosity comprises a flow porosity, 
representing conduits for fluid flow, and a diffusive 
porosity, in which transport is by solute diffusion in the 
fluid. Diffusion pores are either discontinuous or have 
too small an aperture to allow fluid flow. It is along the 
latter that secondary fluid inclusions are usually trapped 
(e.g. Roedder 1984), particularly in faults and shear 
zones (Parry et al. 1988, Lespinasse & Cathelineau 1990, 
O’Hara 1991). It is assumed that these pores initially 
become filled with fluid during dilatancy events associ- 
ated with fault rupture. Studies of fluid inclusions pro- 
duced experimentally along healed microfractures in 
quartz indicate that transport is by diffusion in the fluid 
rather than advection of the fluid (Smith & Evans 1984). 
The flow porosity is inferred to consist of fractures and 
the spacing between these fractures will determine the 
distance over which diffusive transport takes place (Nor- 
ton & Knapp 1977). 

In the models considered, diffusion of solute into a 
fault zone matrix occurs until fault rupture results in one 
of two types of behavior: either the fault matrix is 
flushed with dilute externally derived fluid, thereby 
resetting the salinity to zero, or injection of a ‘spike’ of 
solute occurs resulting in increased salinity. The fre- 
quency of faulting is therefore an important variable in 
both types of model. 

Fault recurrence intervals 

Fault recurrence intervals for large earthquakes are 
variable and may depend on tectonic setting. A recur- 
rence interval of 3000 years is estimated for the normal 
faulting in the Aegean region (Armijo et al. 1991). 
Recurrence intervals of surface ruptures on the Wasatch 
normal fault, during the past 8000 y, are estimated to be 
40&666 y (Schwartz & Coppersmith 1984) with esti- 
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mates for individual segments of up to 3000 y. For large 
events on the northern San Andreas fault, typical inter- 
vals are 200-300 y (Niemi & Hall 1992). Because the 
frequency-magnitude relationship for earthquakes 
obeys a power-law relationship, smaller events can be 
expected to be much more frequent (e.g. Scholz 1990, p. 
187). For example, moderate sized events on the San 
Andreas at Parkfield have a recurrence interval of 21 y 
(Scholz 1990). Time scales on the order of 102-lo3 years 
appear to be appropriate when considering the fre- 
quency of large to moderate-sized rupture events. 
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Periodic rupture Years 

In this model, a large volume of externally derived 
dilute fluid periodically flushes the fault zone and re- 
duces the salinity to zero. The solute concentration then 
increases again by diffusion of solute into the fault zone 
during periods of fault stability. The combined effects of 
diffusion and periodic rupture are examined. 

Fig. 1. Plot of fractional approach to equilibrium by diffusive transport 
at various distances (in meters) into a semi-infinite medium from a 
plane source for a fault recurrence interval, r, of ld y. 0, = lo-‘* n? 
s-t (dashed curves) and lo-” m* s-’ (solidcurves). The concentration 
curves were obtained by iteration of equation (2). The fluid concen- 

tration is reset to zero after each rupture event. 

A solution to the diffusion equation: 

aclat = D a2Clax2 (1) 

for a plane source deposited at the surface of a semi- 
infinite medium is (equation 3.13 in Crank 1976): 

C = C, + (C, - C,) erf (xld[4Dt]) (2) 

where D is the diffusion coefficient (m2 s-l), x is distance 
(m), t is time (s) and C, is the equilibrium concentration. 
Cc is the initial concentration throughout the fault zone, 
so that the initial condition is: 

C(x, t) = c,, x > 0, t = 0. 

metric factor on the order of lop2 is appropriate for 
diffusion in granitic rock (Neretnieks 1980). At deeper 
levels both temperature and pressure will tend to reduce 
porosity due to crack healing and pore closure (e.g. 
Brenan 1991). Extrapolation of data for various granitic 
rocks from a porosity of 0.005 (at 50 Mpa) to a porosity 
of 0.001 gives a geometric factor of 1O-4 (Neretnieks 
1980). Thus geometric factors of 10-2-10-4 should be 
representative of deeper level brittle faults and brittle- 
plastic shear zones. This would correspond to effective 
diffusion coefficients, D,, of 10-10-10-‘2 m2 s-l. These 
values will provide minimum diffusion distances if ap- 
plied to shallower level structures where diffusivity is 
expected to be faster. 

Because the source represents a large reservoir the The concentration as a function of distance and time 
equilibrium concentration C, at the surface of the por- can be evaluated using equation (2) above. The maxi- 
ous medium (i.e. the fault zone) between rupture events mum concentration after the first rupture event occurs 
is constant so that: when t = r, where r is the fault recurrence interval: 

C(x, t) = c,, x = 0, t 2 0 C mm = C, + (Co - C,) erf (xl[d4Dr]). (3) 

represents a boundary condition. Parenthetically, it is 
pointed out that with the initial condition Cc = 0, x > 0, 
t = 0, the better known solution to equation (1) is 
C = Cc erfc (x/[d4Dt]). I n some of the models pre- 
sented below, however, the salinity increases are addi- 
tive during repeated tectonic events, so that C, # 0 at the 
beginning of each tectonic cycle, except in the case of the 
first event. 

The minimum concentration, Cmin = Co when t = 0. 

The diffusion coefficient for NaCl in water at 25°C is 
1.5 x lop9 m2 s-l and is only weakly dependent on 
temperature and pressure. Between 200 and 500°C at 2 
kbar, for example, the tracer diffusion coefficient for 
NaCl ranges from 10e8 to 4 X lo-* m* s-i (Oelkers & 
Helgeson 1988). A value of lo-’ m2 s-’ is used in this 
study. This value must be multiplied by a geometric 
factor to take into account the retardation effects of the 
rock matrix, to give an effective diffusion coefficient D, 
(Neretnieks 1980). The geometric factor is strongly 
dependent on confining pressure and porosity. Over a 
wide range of porosities, the geometric factor equals the 
porosity. For example, with a porosity of 1%) a geo- 

Figure 1 shows the fractional approach to equilibrium, 
f( = C/C,), for various distances, using a fault recurrence 
interval r of lo3 y and D, values of lo-” m2 s-’ (solid 
lines) and lo-l2 m2 s-’ (dashed lines). For short dis- 
tances (0.1-l m) the approach to equilibrium is rapid 
(<lo0 y) resulting in a step like concentration profile 
with time, whereas for greater distances (5-10 m) a more 
gradual increase in concentration occurs. It can be seen 
from Fig. 1 that for more active faults, (i.e. shorter 
recurrence intervals) a lower fluid concentration would 
be obtained at a given distance from the source, and 
conversely, a higher concentration would be obtained 
for less active faults. 

Random rupture events 

A shortcoming of the model above is that the value of 
C, is kept constant for each tectonic event, and also that 
the tectonic events are strictly periodic. It might be 
suggested, on the basis of the seismic pumping hypoth- 
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Fig. 2. Concentration profiles due to diffusion for random recurrence 
intervals between ld and ld y. C, is proportional to the recurrence 
interval. The initial concentration, Ca, equals C,,, from the previous 
event. Note that although variations in concentration are damped at 
greater distances from the source, the troughs and peaks in both curves 
coincide. D, = lo-” m2 s-‘. x = 1 m (dashed curve) and x = 10 m 

(solid curve). 

esis (Scholz et al. 1973, Sibson 1987), that larger tectonic 
events would introduce larger volumes of fluid, thereby 
producing greater salinity changes whereas smaller 
events would cause less change. In addition, fault recur- 
rence intervals are averages, sometimes averaged over 
several faults or fault segments (Schwartz & Coppers- 
mith 1984). Actual fault activity is likely to be much 
more variable. These factors can be taken into account 
by assigning ‘random’ recurrence intervals in which the 
increase in the value of C, is proportional to the recur- 
rence interval. For example, if C, is assigned a value of 
0.1 for a random recurrence interval of 100 y, C, would 
equal 0.2 for an interval of 200 y. In contrast to the 
model above, values of C, may be less than C,, in which 
case the direction of diffusion is reversed (i.e. diffusion 
out of the fault zone). As before, C, is constant between 
faulting intervals. 

Figure 2 shows the evolution of the system at a 
distance of 1 m (dashed line) and 10 m (solid line) from 
the source, for random recurrence intervals of 102-lo3 y. 
The curves were produced by iterating equation (2) 
using a BASIC routine (Appendix). Both curves in Fig. 
2 are responding to the same sequence of random 
events. It can be seen that highly variable concentrations 
occur 1 m from the fault, whereas at 10 m these vari- 
ations are considerably damped by diffusion. This model 
underscores the conclusion that secondary fluid in- 
clusions trapped close to the site of rupture are likely to 
show large salinity variations, whereas inclusions 
trapped farther away show much less variation. An 
additional notable feature is that increases and de- 
creases in concentration coincide in both curves (Fig. 2) 
suggesting the possibility, in principle at least, of corre- 
lating tectonic events in a fault zone on the basis of fluid 
inclusion salinity variations. 

Hydration reactions involve the formation of hydrous 
minerals by consumption of pure H20, resulting in an 
increase in the salinity of the residual fluid. Common 
reactions in faults and shear zones include the retrogres- 
sion of amphibole to biotite or chlorite, of plagioclase 
feldspar to clinozoisite, and of olivine to serpentine (e.g. 
Beach 1980). For example: 

Na+ + 2CaAl,Si,Os + 2 SiO, + H,O 
Plagioclase 

= NaA1Si30s + CaA13Si301z(OH) 
Albite Clinozosite 

or 

2KAlSi,Os + 5Mg+2 + 8H2O 
K-feldspar 

+ H+ 

= Mg,A12Si30i0(OH)s + 2Kf + 8H+ + 3Si02. 
Chlorite 

In each of these reactions the extent of reaction will 
control the increase in salinity of the co-existing fluid. 
For the purpose of examining possible salinity vari- 
ations, the hydration of periclase to form brucite in the 
presence of a brine is used as a model for these more 
complex reactions: 

MgO + H20-NaCl = Mg(OH)2 + H20-NaCI (4) 

periclase + brine = brucite + more saline brine. 

Although the minerals involved in reaction (4) are 
unlikely to be important in real fault zones, this reaction 
is used as a simple petrological model for more complex 
reactions because the composition of brine in equilib- 
rium with the solid phases for this reaction is well 
characterized (Franz 1982) and also because NaCl is 
commonly the major component in fault-related fluid 
inclusions. 

With three components (MgO, Hz0 and NaCl) and 
three phases, the phase rule indicates this reaction has 
two degrees-of-freedom. At fixed P and Ttherefore, the 
salinity of the fluid co-existing with the two solid phases 
is fixed. A schematic phase diagram for this system 
(Franz 1982) is shown in Fig. 3, where at constant 
pressure, the reaction is univariant. If we choose a 
particular temperature, then the salinity of the fluid is 
specified. If cooling occurs at constant pressure, brucite 
is stabilized over periclase and for equilibrium to be 
restored, the salinity of the fluid must increase (at 
constant temperature) because Hz0 is removed from 
the fluid to form brucite. Assuming local equilibrium is 
rapidly obtained, this increase in salinity will be essen- 
tially instantaneous. Because of the small volume of 
fluid along microfractures, hydration reactions in the 
rock will have the ability to buffer the fluid composition. 
If these microfractures heal rapidly the resulting second- 
ary fluid inclusions will record this salinity increase. On 
the other hand, longer or wider microfractures can be 
expected to remain unhealed for longer periods (Brenan 
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Fig. 3. Schematic phase diagram for the hydration reaction MgO + 
H,O-NaCI = Mg(OH)2 + H&l--NaCI (after Franz 1982). The fluid 
compositional evolution for episodic dilution and cooling is shown by 
the curve a-b-c-c’-e. The effect of diffusion on concentration for this 
situation is modeled in Fig. 4(a). The increase in salinity of the fluid 
due to episodic,cooling without dilution is shown by the dashed curve 
a-b-c-d-e. The effect of diffusion on concentration for this situation is 

modeled in Fig. 4(b). 

1991) and will be open to subsequent changes in fluid 
composition by diffusion. Experimental studies and 
studies of natural rocks indicate that transport along 
microfractures is by diffusion, rather than advection 
(Smith & Evans 1984, Fisher & Brantley 1992). Because 
the healing time of all such microfractures is short 
compared to the fault recurrence intervals (see Intro- 
duction) the resulting fluid inclusion population should 
provide a record of the changing fluid salinity with time. 

As an example, consider a mole of fluid with compo- 
sition XNaCl = 0.05 co-existing with periclase at tem- 
perature Ti (point a, Fig. 3). This fluid would contain 2.9 
g NaCl (and 17.1 g H*O). This fluid may represent a 
connate pore fluid. Injection of a lower temperature 
dilute fluid during fault rupture is inferred to cause 
cooling of the system to T2 where brucite is stable (point 
b, Fig. 3). Equilibrium will be re-established, at constant 
temperature (c, Fig. 3) by hydration of periclase to form 
brucite and the salinity of small volumes of fluid along 
microfractures will increase. If a second rupture event 
introduces a fluid of the same initial composition at a 
lower temperature ( T3) the fluid will be diluted along the 
solid line c-c’(Fig. 3). Additional chemical reaction will 
tend to restore equilibrium at constant temperature 
(along c’-d-e, Fig. 3) and the cycle is repeated. If 
periodic fault rupture causes cooling without dilution 
then the path of the fluid composition will follow the 
dashed curve a-b-c-d-e-f (Fig. 3). Under these circum- 
stances the salinity increases are cumulative. At the 
invariant point (f, Fig. 3) the fluid becomes saturated 
with halite, and no further cooling can occur until either 
all the periclase or solution is used up. At this point the 
fluid composition is XNaCl = 0.35. Because NaCl has not 
been added or removed from the system the fluid still 
contains 2.9 g NaCl. However, because XHZo = 0.65, 
only 1.7 g of Hz0 are present. This requires removal of 
16 1,:2-H 

15.4 g or 0.85 moles of water during hydration to 
produce this fluid composition. Since brucite is formed 
from equal molar quantities of HZ0 and periclase, it 
follows that 0.85 moles or 34.6 g of periclase are required 
to buffer one mole (20 g) of starting fluid to the point of 
saturation. These considerations indicate that chemical 
hydration has the ability to buffer the concentration of a 
substantial volume of low salinity fluid. 

Cooling and diffusion 

The two paths described above (Fig. 3) represent two 
end-member models in which (1) episodic cooling but no 
dilution of the fault zone fluid occurs and (2) the case in 
which both cooling and dilution of the fluid occur during 
rupture. Diffusion is likely to modify the salinity of fluid 
as a function of distance from the site of chemical 
reaction and this effect, together with periodic fault 
rupture events, is examined below. 

In these models the value of C, increases incremen- 
tally after each rupture event but remains constant 
between events. The incremental increase in C, will 
depend on the slope of the equilibrium curve in T-X 
space for the specific reaction of interest and also on the 
amount of cooling. In the case of reaction (4) the 
increase in fluid concentration to saturation occurs over 
an 80°C interval (Franz 1982). In the real crust the 
retrogression of amphibolite to greenschist, for 
example, involves the addition of only about 5 wt% 
H20, which would result in lower salinities. A somewhat 
arbitrarily value of C, = 0.1 m for each cooling event is 
used in the models below. 

Episodic cooling with dilution 

Because total dilution of the fault zone fluid occurs by 
the incoming fluid the initial condition after each tec- 
tonic event is Ca(x,i) = 0, t = 0. The effect of diffusive 
transport as a function of distance for a fault recurrence 
interval of lo3 y for different diffusion coefficients was 
evaluated by iterating equation (2) above (Fig. 4a). 
Equilibrium is rapidly attained close to the source (x = 
0.1-l m) when D, = lO_“’ m2 s-’ giving rise to a 
staircase profile, whereas for a lower value of D, (lo-” 
m* s-l) at the same distance, the approach to equilib- 
rium is more gradual. At a distance of 10 m and the same 
D, value, only a fractional approach to equilibrium is 
attained. Although the concentration maxima become 
smaller with distance from the source, the breaks in 
slopes of the curves at various distances are synchron- 
ous, suggesting that salinity peaks in samples at different 
distances from the source may reflect the same rupture 
event. 

Episodic cooling without dilution 

As before, C, increases incrementally at each rupture 
event and is held constant between rupture events. But, 
because no dilution occurs during fault rupture the 
salinities are additive. In this case, the initial salinity, C,, 
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Fig. 4. (a) Plot of concentration versus time due to diffusion for a 
recurrence interval of ld y for different values of x and 0,. The 
equilibrium concentration (C), is episodically increased by 0.1 m and 
the salinitv is reset to zero after each rupture event. See path a-b-c-c’- 
d-e in Fig. 3. (b) Plot of fluid concen&ation versus time for periodic 
cooling in a fault, without dilution, (see path a-b-c-d-e, Fig. 3). Fluid 
concentration is additive and C, increases incrementally by 0.1 m after 
each rupture event. The concentration near the source displays a 
stepped shape and the steps are attenuated at greater distances from 
the source and also for lower values of De. Shorter recurrence intervals 
(e.g. r = 500 y) result in higher salinities. D, values are indicated. 

at the beginning of each tectonic cycle will be equal to 
the maximum salinity, C,.,,,,, at the end of the previous 
cycle, so that: 

where G is the initial concentration for the nth rupture 
event. The maximum salinity obtained at the end of the 
second cycle, C”,,,, for example, is given by substituting 
C,,,,, in equation (3) for Cc in equation (2) and letting 
t = r: 

C2 max = CL -t {[C, + (Ca-C,) erf (y)] - cl,} erf (y) 

(5) 

In the case of rock-buffered fluid compositions, it is 
suggested that, using the hydration of periclase to form 
brucite as a model, that hydration reactions can increase 
fluid salinity by consuming Hz0 during episodic cooling 
events. The hydration of periclase to form brucite is not 
intended to represent a typical example of hydration 
reaction in a fault zone, but rather it is used solely to 
model the likely effects of hydration on fluid compo- 
sition. The cooling events in the model correspond to 
injection of cold fluid during fault rupture. In this case, 
more active faults produce higher salinities. If an exter- 
nally derived low salinity fluid (e.g. seawater) is present 
as a pore fluid, then hydration reactions can increase 
concentration, depending on the extent of reaction. In 
this regard, hydration reactions are important because 
they can increase salinity by concentrating already exist- 
ing solute during cooling so that an external source of 
solute is not required. It appears possible that similar 
reactions produced the high salinity fluids observed in 
sheared rocks of the Henderson mine (Guha et al. 1983) 
and also along thrusts in the Caledonides of Norway 
(Bennett&Barker 1992) and the Blue Ridge province of 
the southern Appalachians (e.g. O’Hara & Haak 1992). 
The models also successfully reproduce the large salinity 
fluctuations commonlv observed along such fault zones. 

where CL is the new equilibrium concentration and y = 
xld4Dr). For large values of r (i.e. long fault recurrence 
intervals), y tends to zero and equation (5) reduces to 
C2 max = CL [note: erf(0) = 01. Thus, the maximum 
possible concentration is simply the new equilibrium 
concentration. Figure 4(b) shows the evolution of the 
system at different times and distances for a recurrence 

interval of lo3 y for D, = 10W1’ m2 s-l (dashed curves) 
and lo-” m2 s-l (solid curves). Close to the source 
(O-l m) the salinity evolution has a staircase profile 
reflecting the rapid increase in salinity near the source. 
Farther from the source, diffusion attenuates these steps 
resulting in a more gradual increase in salinity. Because 
salinity spikes are additive, however, higher concen- 
trations are possible (compare Fig. 4a). Shorter recur- 
rence intervals result in more rapid salinity increases, 
and longer intervals result in slower increases. On the 
basis of this model, arbitrarily high salinities can be 
obtained (up to fluid saturation), given a sufficiently 
large number of rupture events and sufficiently large 
incremental increases in C,. Diffusion is seen to be 
effective in damping salinity fluctuations at distances 
greater than a few meters from the source. This result 
suggests that the magnitude of the compositional fluctu- 
ations reflect proximity to a tectonically active source. 

DISCUSSION 

Although the models outlined above cannot dis- 
tinguish between a rock buffered fluid and an external 
fluid source, they do demonstrate that, depending on 
the fault recurrence interval, fault rupture is capable of 
inducing abrupt salinity variations in a fault zone fluid. It 
is argued that samples of these variable salinity fluids 
will be trapped as secondary fluid inclusions. In the case 
of a fault zone into which solute is continuously diffusing 
from an external source and also periodically flushed by 
a dilute fluid, it was shown that active faults with short 
recurrence intervals result in lower fluid salinities, and 
less active faults with longer recurrence intervals pro- 
duce higher salinities. 
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Because the peaks and troughs on salinity curves Fracture Mechanics ofRock (edited by Atkinson, B. K.). Academic 

coincide in time ce*g* Figs* 2 and 4a) the suggestion was 
Press, London, 167-215. 

Crank, J. 1976. Mathematics of Diffusion. Oxford University Press, 
made that tectonic events might be correlated in the York. 

vicinity of a fault zone on the basis of salinity variations Crawford, M. L. 1981. Fluid inclusions in metamorphic rocks-low 

in samples at different distances from the site of rupture. 
and medium grade. In: Fluid Inclusions: Applications to Petrology 

The correlation of fluid inclusion populations on the 
(edited by Hollister, L. S. & Crawford, M. L.). Min. Sot. Can. 6, 
157-176. 

basis of morphological, textural, compositional and Crawford, M. L., Filer, J. & Wood, C. 1979. Saline fluid inclusions 

other characteristics has been described by many 
associated with retrograde metamorphism. Bull. Mineral. 102,562- 
568. 

workers (e.g. Roedder 1984, p. 429435). It is com- 
monly possible to establish a chronological sequence of 
fluid inclusion populations on the basis of growth zones 
in crystals, for example, allowing fluid composition to be 
plotted against time. Although establishing a chron- 
ology of fluid inclusion generations in fault zones is 
usually difficult, sharp variations in fluid inclusion salini- 
ties might be correlated in different samples, thereby 
allowing the reconstruction of rupture events. The 
models indicate compositional fluctuations are damped 
by diffusive processes at distances greater than a few 
meters (e.g. Fig. 2), suggesting that the magnitude of 
salinity variations reflect the distance from the rupture 
site. Because of the approximate relationship x = 
1/(Dt), the distance over which such effects will be 
visible will depend on the square root of the diffusion 
coefficient. 

1 

also be produced by diffusive transport of solute in a 
fault zone fluid. 

Continuous variations in salinity (and also homogen- 
ization temperatures) are commonly observed in fluid 
inclusion studies. These variations are normally attribu- 
ted to mixing of fluids of different salinity and tempera- 
ture. As shown here such comoositional trends could 
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APPENDIX 

The program used to calculate the diffusion profile with random 
recurrence intervals, is based on the flow diagram shown. 

Definition of variables inflow chart 

NORUPT number of fault rupture events 
co initial concentration for first rupture 
TAU time increment for each calculation 
INTERVAL fault recurrence interval 

D 
L 
RND 
N 
TIME 
CEND 
TOT 
CE 

: 
C&J) 
T&J) 

diffusion coefficient 
diffusion distance 
random number (100-1000) 
number of calculations for per event 
counter for incrementing time 
concentration at end of recurrence interval 
total elapsed time 
equilibrium concentration 
counter for number of fault rupture events 
counter for number of concentration calculation 
concentration number J during rupture interval I 
time for concentration number J during rupture 

interval I. 

v-9 

Fig. Al. Flow chart. 


