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[1] We develop mathematical models to investigate anhydrite precipitation in
hydrothermal recharge zones at ocean ridge axes. We first consider constant flow during
hydrothermal recharge to estimate the depth, the depth interval over which anhydrite
precipitation would occur, and the initial rate of porosity reduction. We find that the
smaller the downward mass flux, the shallower and more broadly distributed the region of
precipitation. For values of downward mass flux similar to that for high-temperature black
smoker systems, the porosity would be clogged significantly in a matter of months to
years depending upon the initial porosity. We then consider anhydrite precipitation in a
buoyancy-driven single-pass model in which the reduction in permeability resulting from
anhydrite precipitation exerts a feedback on the flow rate. This model gives results similar
to the constant flow model for the initial depth, depth interval, and rate of porosity
reduction. The effect of the permeability clogging on the flow rate, however, is twofold.
First, the zone of anhydrite precipitation shallows and broadens as the flow rate decreases,
thus allowing deeply deposited anhydrite to be preserved temporarily. Second, if the
recharge area of the same size as the discharge area, anhydrite precipitation rapidly
reduces the flow rate and the heat output of the hydrothermal system. If the initial porosity
of the recharge zone is 1%, the area of the recharge zone must be ~10—100 times that of
the discharge zone to maintain near steady state conditions for time periods of decades
to hundreds of years. This result implies that recharge zones may be quite large and extend
off axis as well as along axis. INDEX TERMS: 3015 Marine Geology and Geophysics: Heat flow

(benthic) and hydrothermal processes; 8135 Tectonophysics: Hydrothermal systems (8424); 3035 Marine
Geology and Geophysics: Midocean ridge processes; 4832 Oceanography: Biological and Chemical:
Hydrothermal systems; KEYWORDS: hydrothermal systems, anhydrite, mid-ocean ridges, permeability
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1. Introduction

[2] The discovery of seafloor hydrothermal systems
more than two decades ago has revolutionized the under-
standing of thermal, geochemical, and biological processes
on Earth. Seafloor hydrothermal systems transport nearly
33% of the global oceanic heat flux [Williams and Von
Herzen, 1974; Sclater et al, 1980; Stein and Stein, 1994].
Chemical reactions between hydrothermal seawater and
basaltic crustal rocks result in chemical exchanges that
impact the global geochemical cycles of the lithosphere
and the oceans [Wolery and Sleep, 1976; Edmond et al.,
1979; Thompson, 1983]. Hydrothermal fluids serve as an
energy resource for complex chemosynthetic biological
ecosystems [Jannasch and Wirsen, 1979; Jannasch,
1983, 1995; Shank et al., 1998]. Much of the hydro-
thermal heat transfer and geochemical cycling occurs at
relatively low-temperature away form the ridge axis [e.g.,
Elderfield and Schultz, 1996]. At ridge axes, however, heat
transfer from subsurface magma and heated crustal rocks
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results in water-rock reactions at temperatures of ~400°C;
the altered, mineral-laden fluids then emerge at the sea-
floor as black smoker vents.

[3] Although considerable data exist on the heat flux,
temperature, and chemistry of the vent fluids [e.g., Von
Damm, 1995], relatively little is known of the recharge
zones. Though some conceptual models of ridge-crest
hydrothermal activity propose that deep recharge occurs
primarily along axis [Haymon et al., 1991], it is generally
thought that the recharge zones are more extensive than
discharge zones and that deep recharge may be fully three-
dimensional. Recharge zones are difficult to detect, partic-
ularly in bare rock environments at ridge crests. Johnson
and Hutnak [1997] have developed a method for measuring
heat flow on sediment-free oceanic crust and have detected
an area of low heat flow that may represent hydrothermal
recharge into pillow basalts. Becker et al. [1996] have
detected local areas of low heat flow on the TAG hydro-
thermal mound that also suggests seawater recharge. Such
data are sparse at present, however.

[4] Another issue concerning recharge at high temper-
ature systems concerns the fate of seawater sulfate. Sea-
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water contains ~10 mmol kg~ ' concentration of Ca>" and
28 mmol kg~ of SOF ", and laboratory experiments have
shown that upon heating to ~150°C, anhydrite (CaSO,) will
precipitate from seawater [Blount and Dickson, 1969; Bis-
choff and Seyfried, 1978]. Up to ~250°C, Ca*" and SO3~
are lost in equal amounts, and therefore a significant amount
of SOf ~ remains after the Ca®" is removed from seawater
[Bischoff and Seyfried, 1978]. When seawater reacts with
basalt, however, laboratory experiments show that anhydrite
precipitates initially from seawater, but as the temperature
becomes >150°C additional Ca®" is exchanged for Mg*"
in seawater, thus permitting the formation of more anhydrite
than would precipitate from just heating seawater [Bischoff
and Dickson, 1975; Seyfried and Bischoff, 1981; Mottl,
1983]. It is thought some seawater sulfate enters the high-
temperature reaction zone where it is reduced to sulfide
[e.g., Shanks et al., 1981; Alt et al., 1989]. Sulfate is
essentially absent in high-temperature vent fluids and the
sulfur in vent fluids occurring as H,S carries a magmatic
isotopic signature, supporting the idea that a considerable
fraction of seawater sulfate is removed from the circulation
system [Von Damm et al., 1985; Bowers et al., 1988; Alt
et al., 1989]. The isotopic signature of anhydrite found
in fractures in sheeted dikes sampled by drilling at Deep
Sea Drilling Project/Ocean Drilling Program (DSDP/ODP)
site 504B is consistent with its formation upon heating
of seawater during recharge [McDuff and Edmond, 1982;
Alt et al., 1989]. There is much less anhydrite present in
the oceanic crust than would be expected from anhydrite
precipitation [Alt et al., 1989; Teagle et al., 1998]. This
occurs in part because of the retrograde solubility of anhy-
drite below 150°C [Mottl et al., 1979]. Thus, as the crust
moves off axis, the anhydrite dissolves and reenters the
water column or other mineral phases [A4lt et al., 1986,
1989].

[5] The issues of recharge area and anhydrite precipita-
tion upon heating of seawater during recharge become
particularly important in models of high-temperature ridge
crest hydrothermal circulation. Then precipitation of anhy-
drite during recharge could reduce porosity and permeabil-
ity and thus affect the fluid flow rate and thermal
characteristics of a high-temperature system. Mott/ [1983]
estimated that a hundred meter thick crustal layer in a
25 km? recharge zone with initially 20% porosity would
be sealed by anhydrite precipitation in 10* years. Sleep
[1991] developed a steady state mathematical model of
anhydrite precipitation at a ridge axis to determine scenarios
in which precipitated anhydrite would be preserved at depth
in the crust. He further suggested that anhydrite precipita-
tion could clog throughgoing fractures in the recharge
zone but that areas of widespread porous discharge would
not be clogged. Recently, Fontaine et al. [2001] considered
anhydrite precipitation during porous medium convection
in a slot. Their results focused on anhydrite precipitation
during mixing of hot upwelling fluids with cold seawater
and did not address the problem of anhydrite precipitation
upon direct heating of downward flowing seawater. Both
Mottl [1983] and Sleep [1991] addressed large-scale circu-
lation rather than the smaller ~1 km scale appropriate for an
individual system high-temperature system.

[6] In this paper we address the reduction of porosity and
permeability in a ridge-crest recharge zone resulting from
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anhydrite precipitation using a single-pass model to inves-
tigate a ridge-axis black smoker system. We place the broad
conclusions of Mottl [1983] and Sleep [1991] on a more
quantitative foundation. We do not address details concern-
ing the exact sites, environments, or mechanisms of for-
mation of hydrothermal recharge. Rather we use the
constraints provided by observed hydrothermal heat output,
the principle of conservation of fluid mass, and calculated
rates of porosity and permeability reduction as a result of
anhydrite precipitation to provide insight into the size of
hydrothermal recharge zones. The fact that hydrothermal
heat losses occur globally to a lithospheric age of ~65 Ma
[Stein and Stein, 1994] and the occurrence of vigorous
hydrothermal discharge in young sediment-free lithosphere
near ocean ridge crests indicates that seawater has relatively
easy access to and egress from the lithosphere. In the
following sections we develop the mathematical model
and display the results. The results show that high-temper-
ature recharge zones would be rapidly sealed as a result of
anhydrite precipitation unless recharge occurs over a wide
area. This suggests that hydrothermal recharge at ridge axes
occurs from off axis as well as from along axis.

2. Mathematical Model

[7] To simulate anhydrite precipitation and its effect on
the permeability of the hydrothermal recharge zone, we will
apply the single-pass model [e.g., Lowell and Burnell, 1991;
Lowell and Germanovich, 1994, 1997]. As shown schemati-
cally in Figure 1, cold seawater enters the recharge zone,
penetrates to near the top of the magma lens at a depth H ~
1 km, is heated, enters the discharge zone, and flows out at
the surface. For simplicity, in this paper, we will not
consider the detailed nature of heat transfer from the magma
lens nor possible complications resulting from two-phase
flow or brine formation. Rather an isothermal condition of
T = 350°C will be used at the lower boundary.

[8] We will simulate anhydrite precipitation in the
recharge zone using two different scenarios. First, we will
consider steady state heat transfer with a constant downward
fluid flow rate. In this case, anhydrite precipitation occurs
upon heating because the solubility of anhydrite decreases
with increasing temperature. The rate at which the porosity
decreases then depends upon the flow rate, the thermal
gradient with depth, and the slope of the anhydrite solubility
curve. In this scenario, we will neglect the feedback between
the reduction of porosity (and permeability) and the flow
rate. This simple approach will be used to characterize the
initial rate of porosity decrease and to show how the various
model parameters affect the location of anhydrite precipita-
tion and the rate of porosity reduction. Second, we will
consider the full single-pass model driven by fluid buoyancy.
Then the decrease in porosity will be calculated as in the first
scenario but now porosity will be related to permeability
through a power law relationship. Because the permeability
is now a function of time, the fluid flow rate and the
temperature are also functions of time. The distribution of
anhydrite will then respond to the changes in thermal
structure of the recharge zone. In this scenario we will not
only investigate the changes in porosity but also the perme-
ability, heat output, and location of anhydrite precipitation
within the recharge zone. The goals of these calculations are
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Lowell and Germanovich, 1997].

to determine the rate at which anhydrite precipitation can
seal permeability in a high-temperature hydrothermal
recharge zone and discover whether this process can provide
any constraints on the nature of the recharge zone itself.

[9] In each of these scenarios we assume the change in
porosity ¢ as a function of time is expressed through a
simple mass balance expression relating the change in pore
volume to the rate at which concentration of anhydrite C in
the fluid changes along the flow direction z [e.g., Wood and
Hewett, 1982; Phillips, 1991; Lowell et al., 1993; Martin
and Lowell, 2000]. That is,

an gt oy dz

where p,, and p, are the densities of the precipitating
mineral and fluid, respectively, u is the Darcian velocity,
and P is the pressure. The initial porosity, ¢, is inserted for
later convenience. Parameters and their values are listed in
Table 1. Equation (1) assumes that dispersion can be
neglected relative to advection and that anhydrite precipita-
tion can be written as a “gradient reaction,” in which the
rate of precipitation is governed by the mineral solubility as
the fluid moves along temperature and pressure gradients
[Phillips, 1991]. This assumption implies that C(P, T) =
Coy(P, T) (the equilibrium concentration), which is reason-
able for the flow rates considered here. This assumption will
be addressed further in section 4. Laboratory experiments
also show that the pressure dependence of anhydrite
solubility is considerable less than its temperature depen-
dence for the range of pressure and temperature considered
here [Blount and Dickson, 1969]. Upon neglecting the
pressure term and employing the chain rule of differentia-
tion, equation (1) becomes

d(6/60) _ prtt dCey(T) dT
an dt - (bO dT dz’

)

For the calculations below, the solubility of anhydrite in
seawater is taken from the experimental results of Bischoff

""“J \’_/Focusing

Recharge

Diffuse flow

A

W.....
S—a e

lavas

Sheeted
dikes

"Single pass"

: : : = Liuid
~100m magma
L i

Musiy
zone

Cartoon of a single-pass model for hydrothermal circulation at a mid-ocean ridge crest [from

and Seyfried [1978] for Pointe Huene seawater at P = 500
bars. Their data given at increments of 50°C between 150°C
and 350°C are fit by a smooth curve as shown in Figure 2a.
The smoothed derivative dC,,/dT, as determined from their
data averaged over 50°C intervals between 150°C and
350°C, is plotted in Figure 2b. Figure 2b shows that the

Table 1. Parameters and Values

Parameter Definition Value

A,, A; area of recharge and discharge
zones, respectively

fracture spacing

specific heat of rock

specific heat of fluid

concentration of anhydrite in fluid

equilibrium concentration
of anhydrite in fluid

fracture width

gravitational acceleration

depth of hydrothermal system

buoyancy pressure head driving flow

permeability

length of flow path

Peclet number

pressure

power output of hydrothermal system

mass flow rate per unit area

total mass flow rate

flow resistance

time

temperature

temperature at base of
hydrothermal system

U Darcian velocity (specific discharge)

V4 vertical Cartesian coordinate

oy thermal expansion coefficient of fluid

Po initial porosity

[} porosity

N thermal conductivity

v kinematic viscosity of fluid

p density of rock

[ density of fluid

Pan density of anhydrite

T sealing time

103 T kg™ ! °C™!
4x10°Jkg 'eCc!

aNAe o >

*
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98 ms 2
10° m
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350°C

10—4 OC—I
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25Wm ' °C!
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Figure 2. (a) Solubility of anhydrite as a function of
temperature determined from Bischoff and Seyfried [1978].
(b) The derivative of the solubility as a function of
temperature derived from the fit to the data of Bischoff
and Seyfried [1978].

highest rate of decrease in solubility occurs between 150°C
and 200°C. The rate of decrease in this interval is more than
40 times greater than that in the interval between 300°C and
350°C. To calculate the decrease in porosity as a function of
time, equation (2) must be integrated, subject to knowing
the Darcian velocity and the temperature gradient.

3. Results
3.1. Constant Flow Rate

[10] The easiest way to consider anhydrite precipitation
during recharge is to assume a uniform Darcian flow rate u
and to determine the resulting steady state temperature
distribution. In this model (Figure 3), fluid enters the
recharge zone at z = 0 at temperature 7 = 0 and exits at z
= H at T = T,. The medium is assumed to have a constant
initial porosity ¢o.

[11] The steady state temperature distribution is deter-
mined from

dT A>T
Preru—- =N, 3)

where c,is the specific heat of fluid, and X is the effective
thermal conductivity of the rock-fluid mixture, respectively.
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Then, the solution to equation (3) is

[1 _ eXp(pgz/H)]

T =T
’ 1 - CXp(pe)

: 4)
where p, = pyc,uH/ N is the Peclet number.

[12] Figure 4 shows temperature as a function of depth
for Ty = 350°C, H = 1 km, and for a number of values of u.
Values of u can be derived using observed heat flux at
hydrothermal vents and estimates of the area of recharge
zones. More details are provided by Yao [2001]. The range
of values of u shown in Figure 4 encompasses most of the
range of expected values, which according to Yao [2001] is
107°ms ' <u<5x10*ms™". The principal features
to be taken from Figure 4 are that the higher the flow rate,
the deeper the 150°C isotherm and the thinner the zone of
anhydrite precipitation between 150°C and 350°C. That is,
the greater the flow rate, the thinner and deeper the zone in
which precipitation occurs. Figure 4 shows that when the u
=10"7m s ', anhydrite precipitation occurs below 620 m,
whereas when velocity is 107> m s~ ', precipitation is
concentrated below the 995 m depth.

[13] The initial rate of porosity decrease can be calculated
from equation (2) using the temperature gradient found by
taking the derivative of equation (4). This derivative is

dT _ Top. exp(pez/H) 5

dz H exp(pe)— 1 )
Upon substituting equation (5) into equation (2) and
integrating one obtains

o= OCey [exp(pez/H)| [ Tocr
d)O B {TTq |:exp(p€) - 1:| |:>\ptmd)0:| qz}t7 (6)

where g = pyu is the mass flux per unit area. The inverse of
the term in braces can be viewed as an approximate sealing

" T=0

z=0
Downflow

L% 3

T=350"°C

Figure 3. One-dimensional model for the recharge zone.
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Figure 4. Steady state one-dimensional temperature distribution in the recharge zone for different

Darcian flow rates.

time T, provided the mass flux remains constant. The time T
is proportional to ¢, and inversely proportional to ¢>. For
large values of p,., which is the case for the flow rates
considered here, the first term in brackets obtains a
maximum value of unity at z = H. The derivative of
solubility is a maximum at 150°C, however. As a result, the
initial rate of porosity decrease occurs near the 150°C
isotherm for slower flow rates considered. At larger flow
rates the region of porosity decrease is highly compressed,
and the high rate of porosity decrease is dominated by the
flow rate term in equation (6). The porosity distribution as a
function depth at selected times for values of ¢ are plotted in
Figure 5, for an initial porosity ¢y = 1%. If the initial
porosity were higher (e.g., &9 = 10%), the shape of the
curves would not change, but the times would be 10 times
greater as indicated in equation (6).

[14] Figure 5 shows that the rate of porosity decrease is
very rapid at higher flow rates (g = 1072 kg m~2 s~ ),
suggesting that anhydrite precipitation would rapidly seal
the hydrothermal recharge zone. At low flow rates (g =10"*
kg m 2 s 1), appreciable sealing does not occur for hun-
dreds of years. Because the total mass flow rate in black
smoker systems is ~100 kg s~', the mass flow rate per unit
area used in Figure 5 corresponds to recharge areas of 10*
m?> < A4, < 10° m>. This relatively simple calculation
suggests then that recharge areas must be considerably
larger than discharge areas in order to prevent sealing rapid
of recharge zones as a result of anhydrite precipitation.

[15] Treating anhydrite precipitation in the above manner
involves a number of simplifying assumptions. Most impor-
tantly, we have assumed that the flow rate does not change
even though the porosity of the medium varies with time.
This leads to a lower bound estimate of the sealing time
because as the flow rate decreases with decreasing porosity
(and permeability), the rate of anhydrite precipitation would
decrease. On the other hand, however, we have assumed there
is no reaction between basalt and seawater. The result of such
reactions would be to release Ca>* from the rock in exchange
for Mg?" [Bischoff and Dickson, 1975; Seyfried and Bischoff,
1981; Mottl, 1983]; the additional Ca®" could combine with
the remaining SO,~~ in seawater and lead to the precipitation
of additional anhydrite. This process would lead to a greater
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Figure 6. A schematic of the full single-pass model shown
in Figure 1 used for calculations of anhydrite precipitation.

rate of anhydrite precipitation than considered above. We
have also neglected the effect of other precipitates that may
arise upon heating of seawater, such as magnesium oxy-
sulfate [Bischoff and Seyfried, 1978] or that may result from
low-temperature water-rock reactions. In section 3.2 we
consider anhydrite precipitation in the context of the full
buoyancy-driven single-pass model of Figure 1. This enables
a treatment of the feedback of anhydrite precipitation on the
flow rate. Thus both d7/dz and g become functions of time.
We also allow the viscosity to be a function of time, but we
still neglect the addition of Ca®" as a result of basalt-seawater
reaction at high temperature.

3.2. Variable Flow Rate: The Full Single-Pass Model

[16] Although the result for constant flow rate is instruc-
tive, it is important to investigate the feedback resulting
from porosity and permeability changes to the system by
using a full single-pass model. When considering the full
single-pass model, the fluid flow is driven by buoyancy
differences between the recharge and discharge zones [e.g.,
Lowell, 1975, 1991; Elder, 1981; Pascoe and Cann, 1995;
Germanovich et al., 2001]. Then, as porosity and perme-
ability are reduced as a result of anhydrite precipitation, the
flow rate will decrease. This in turn will affect the temper-
ature distribution, and hence the buoyancy, in the system.
Anhydrite precipitation thus will exert a negative feedback
on the system that will modify both the rate of reduction in
the porosity and permeability and their distribution within
the recharge zone. The pertinent equations and boundary
conditions, which are presented below, are solved numeri-
cally using finite differences. For simplicity, the shallow
circulation shown in Figure 1 is neglected and the geometry
of the model is shown in Figure 6. As in the constant flow
case, the temperature at the top and bottom of the model are
fixed at 0°C and 350°C, respectively.

[17] In the variable flow and heat transfer model, equa-
tion (1) remains unchanged. The heat transfer equation (3)
now includes a time-dependent term and must be solved
separately in the recharge and discharge zones. Thus,

or or T
ch+ch5:>\¥7 (7)
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where p and ¢ represent the effective density and effective
specific heat of the saturated porous medium, respectively.
The mass flow rate ¢ is given by Darcy’s law:

k (oP
q:—;(g—pfg) (8)

where k is the permeability of the porous medium, v is the
kinematic viscosity, and g is the gravitational acceleration.
Equations (7) and (8) are coupled further through the
equation of state, which relates the density of the fluid to
its temperature:

or = pro(1 — oy T), (9)

where pyo = 10 kg m >, corresponding to the density at
the reference temperature 7= 0°C, and o is the coefficient
of thermal expansion of water.

[18] We assume that the fluid is incompressible and
employ the Boussinesq approximation, which states that
variations in density only affect fluid buoyancy. We then
rewrite Darcy’s law by multiplying both sides of equation
(8) by the cross-sectional area 4 through which the fluid
flows, dividing both sides by the factor v/k4, and integrat-
ing the resulting equation along the entire flow path L. That
is,

L L L
v oP
0 0

0

where the total mass flux Q = ¢4 is constant. The integral on
the left of equation (10) is the total flow resistance R. The
first term on the right-hand side of equation (10) vanishes
upon integration around the whole flow path. The second
term on the right of (10) is the total buoyancy head H.
Because T'is a function of z, only this term can be written

= pyooe [112(2) - 7,2, ()
0

where the subscripts d and r refer to the discharge and
recharge zones, respectively. Equation (10) can then be
written

H

i s [ Ta(2) = T,(2))dz
0= R 0 I (12)
I

0

In this form, Darcy’s law is equivalent to Ohm’s law for
electric currents [e.g., Elder, 1981; Lowell, 1991].
Hydrothermal models involving analogous forms of
equation (12) have been used previously [e.g., Lowell,
1975, 1991; Pascoe and Cann, 1995; Germanovich et al.,
2000, 2001].

[19] It is customary, however, to neglect the resistance in
the horizontal section [e.g., Elder, 1981; Pascoe and Cann,
1995] and to consider only the resistance in the recharge and
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discharge zones. This simplification is not critical to the
results. We further assume areas of discharge and recharge
zone do not change with time and depth. The total resistance
in the recharge and discharge paths as a function of time ¢
then becomes

H

"
1 fu(z,0)dz ] va(z,t)dz
b ver )*Ado/ e

0

(13)

To complete the equation set, an expression for v(z, ) and a
formula relating porosity and permeability are required. For
viscosity we used an inverse temperature dependence as by
Germanovich et al. [2000, 2001]:

32-1073

U(Z,t) :m (14)

Eq]uatlon (14) for VISCOSIty ylelds values of 2 x 10°°m
at T=0°Cto9 x 10 ®m? s ' at T=350°C.

[20] To obtain the porosity-permeability relationship, we
assumed a set of planar parallel cracks of width d and
separation b. Then assuming d < b, ¢ ~ d/b, and the
relationship between permeability and porosity is [Bear,
1972]

b2 ¢3

k=" (15)

A cubic relationship between porosity and permeability is a
rather general expression for porous and fractured media, so
the results derived from using equation (15) are more
general than might be thought [Germanovich et al., 2001].

[21] We then solved the set of equations (2), (7), and (12)
through (15) defining the full model using central finite
differences in the spatial terms and explicit forward differ-
encing in time. For given values of 4, and 4, we started the
model by assuming initial values of u (or equivalently Q),
o, and ky. We then calculate the temperature distribution in
both recharge and discharge zones by solving equation (7).
With this temperature distribution, we calculate a new
porosity and permeability in the recharge zone with equa-
tions (2) and (15), respectively. We then use equations (13),
(14) and (15) in equation (12) to calculate a new flow rate
0. With these new values of O, ¢, and k we start the next
iteration in time. At each time step we also calculate the heat
output of the discharge zone. This is an observable param-
eter, and therefore it is a better descriptor of system behavior
than mass flow rate. The total heat output P(¢) is given by

P(r) = crO(OT(t) + Xag—it)/ld.

(16)
Because we neglect lateral heat losses from the discharge
zone, P(f) is constant everywhere within the discharge zone.

[22] To represent an initial high-temperature hydrother—
mal system, we used &g = 0.01 and ko ~ 10" m?. A value
of u=10""m s~ " was used to start the system. The purpose
of these calculations was to explore how the feedbacks
between anhydrite precipitation, permeability sealing, and
hydrothermal heat output were affected by the size of the
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Figure 7. (a) Heat output (MW) of a single-pass
hydrothermal system as a function of time for different
ratios of recharge area to discharge area. Solid lines
represent 4, = A,; pluses represent 4, = 104,; dashed lines
represent A, = 1004, (b) Permeability contours as a
function of depth as selected times. Solid lines represent
contour intervals of 0.5 year; stars represent contour
intervals of 20 years; and dashed lines represent contour
intervals of 100 years, respectively. Symbols are same as for
Figure 7a. For this case, &g = 0.01.

recharge area A,. As a result, we considered cases in which
A, = A, and cases in which 4, > 4,.

[23] Figure 7a shows that when A4, = 4,4, the heat output
of the system decreases drastically within one year. Even if
A, = 104,, the heat output begins to decline within 10 years
after reaching its peak. If 4, = 1004, however, a nearly
constant flow rate, and hence heat output is maintained for
more than 100 years. The reason for this is clear upon
examination of the permeability as a function of time for the
three cases. Figure 7b shows that when 4, = 4,, there is a
rapid decrease in permeability of nearly 4 orders of magni-
tude concentrated near the base of the system. This large
change in flow resistance inhibits flow and results in a
rapidly declining heat output. As the area of the recharge
zone increases, the rate of permeability decrease slows
dramatically, and the decrease in permeability is spread
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out over a greater depth interval. This effect also results in a
decrease in the rate at which permeability is reduced. As a
result, when 4, = 1004,, the heat output remains nearly
constant for hundreds of years.

4. Discussion
4.1. Robustness of the Model

[24] In the calculations performed above, anhydrite pre-
cipitation occurred between 150°C and 300°C as a conse-
quence of the temperature dependence of anhydrite
solubility in seawater. Because the concentration of SO,>~
in seawater is ~3 times that of Ca>", the removal of Ca®" in
equal proportions with SO, to form anhydrite leaves a
considerable amount of SO, in solution. Water-rock
reaction experiments, however, show that Ca®" begins to
be released from basalt (in exchange for Mg®" from sea-
water) when temperature exceeds 150°C [Bischoff and
Dickson, 1975; Seyfried and Bischoff, 1981; Mottl, 1983].
The additional Ca®" released from basalt may then combine
with the remaining SO, in solution to precipitate more
anhydrite. The amount of anhydrite precipitation calculated
in this model is thus a lower estimate because we did not
consider the additional anhydrite precipitation resulting
from rock-water reaction. Moreover, we have also neglected
the effect of other precipitates that may arise upon heating
of seawater, such as magnesium oxysulfate [Bischoff and
Seyfried, 1978] or that may result from low-temperature
water-rock reactions. In spite of this underestimate, how-
ever, the calculations indicate that anhydrite will signifi-
cantly reduce the permeability of the recharge zone and the
heat output of the hydrothermal system in a short time
unless the area of the recharge zone is much greater than
that of the discharge zone. The fact that anhydrite precip-
itation in recharge zones does not appear to impact high-
temperature hydrothermal circulation suggests therefore that
the recharge areas are ~10—100 times larger than discharge
areas. For this to be the case, recharge must occur from off
axis and is likely to occur along axis as well.

[25] It is not essential, however, that recharge occur
everywhere at once. It may be that recharge gets sealed in
one area as a result of anhydrite precipitation and that
another area of recharge becomes open, perhaps as a result
of tectonic activity and fault activation, to replace it. As the
initially sealed area cools and anhydrite dissolves, that area
might again become accessible to recharge. As noted below,
however, deeply deposited anhydrite is less likely to dis-
solve than that deposited higher in the crust. Because deeply
deposited anhydrite is likely to occur over a relatively thin
depth interval, it would be an effective barrier to flow for a
considerable time.

[26] Tt is possible, however, either that anhydrite precip-
itation is not as significant as the model assumes or that the
anhydrite does not simply clog the pore space at the site of
precipitation. If anhydrite precipitation is not as significant
as assumed, it could be because either Ca*" or SO,*~ is
removed from seawater by other low-temperature processes.
For example, Ca>" could be removed in other low-temper-
ature reactions (e.g., as CaCO3) or SO, could be removed
by sulfate-reducing bacteria in the subsurface. If anhydrite
is not deposited in place as it is precipitated but is carried
along by the fluid and is gradually deposited over some
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distance, the overall flow resistance is lower than if the
permeability is effectively sealed over a small depth inter-
val. Finally, it may be that the assumption of thermody-
namic equilibrium is faulty. If the kinetics of anhydrite
precipitation is important, then the deposition of anhydrite
could be spread out over a greater depth interval. In any of
these circumstances, the effect of anhydrite precipitation on
clogging permeable pathways would be reduced and hydro-
thermal output could be more easily maintained.

4.2. Model Implications

[27] The results in section 3 show that fluid flow rate (or
permeability evolution) is an important factor in determining
the distribution of anhydrite in the recharge zone of a seafloor
hydrothermal system. There are some similarities between
the constant flow and the full model. In both models, the
greatest rate of porosity reduction occurs at a temperature of
150°C. In the constant flow rate model this isotherm occurs at
greater depths as the flow rate increases. In the full single-
pass model including the feedback of anhydrite precipitation
on permeability, the depth of the 150°C isotherm is partly a
function of recharge area. If the recharge area is small (4, ~
Ay), the 150°C isotherm is initially near the base of the
recharge zone and anhydrite is rapidly deposited in a thin
layer. As the permeability becomes sealed and the flow rate
slows, this isotherm becomes shallower. Thus there is a
tendency for the region of anhydrite precipitation to spread
with increasing time. The anhydrite initially precipitated at
depth will remain in place provided the temperature at depth
remains greater than 150°C. If 4, > A, as indicated by the
model results, there is less tendency to deposit a thin layer of
anhydrite deep in the system where it would be difficult to
remove. In either case, as the crust moves off-axis and ages,
the subsurface temperature will decline. Eventually, much of
the anhydrite deposited during recharge will dissolve. Anhy-
drite deposited in thin layers near the base of the recharge
zone would tend to be preferentially preserved and may be
recycled to the mantle.

5. Conclusions

[28] The rate of anhydrite precipitation in hydrothermal
recharge zones of ridge axis high-temperature seafloor
hydrothermal systems is a strong function of recharge veloc-
ity, which in turn is a function of permeability and recharge
area. The calculations in this paper show that anhydrite
precipitation would rapidly seal hydrothermal recharge zones
unless the recharge areas are 10—100 times larger than
discharge areas. Recharge over large areas indicates that
recharge occurs from off-axis as well as on-axis sites and is
likely to be three-dimensional. Large recharge areas also
suggest that the principal flow resistance in ridge crest
hydrothermal systems stems from the discharge zones.
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