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A Vent-Field-Scale Model

of the East Pacific Rise 9°50'N

Magma-Hydrothermal System

BY ROBERT P. LOWELL, AIDA FAROUGH, LEONID N. GERMANOVICH,

LAURA B. HEBERT, AND REBECCA HORNE

ABSTRACT. This paper describes a two-limb single-pass modeling approach

constrained by vent temperature, heat flow, vent geochemistry, active-source

seismology, and seismically inferred circulation geometry to provide first-order

constraints on crustal permeability, conductive boundary layer thickness, fluid

residence times, and magma replenishment rates for the magma-hydrothermal system

at the East Pacific Rise (EPR) near 9°50'N. Geochemical data from black smokers

and nearby diffuse-flow patches, as well as an estimate of heat flow partitioning,

suggest that nearly 90% of the heat output stems from heat supplied by the subaxial

magma chamber, even though almost 90% of that output appears as diffuse flow at the

seafloor. Estimates of magma replenishment rates are consistent with the evolution
of lava chemistry over the eruption cycle between 1991-1992 and 2005-2006. If the

recharge surface area is 10> m? a one-dimensional model of hydrothermal recharge

using EPR 9°50'N parameters gives rise to rapid sealing as a result of anhydrite

precipitation; however, if the area of recharge widens at depth to ~ 10° m? sealing by

anhydrite precipitation may not significantly affect hydrothermal circulation.

INTRODUCTION

The East Pacific Rise (EPR) between 8°
and 11°N, with particular emphasis on
a “bull’s-eye” region near 9°50'N, has
been the subject of extensive research
for more than two decades (Fornari
etal,, 2012, in this issue). As a desig-
nated Ridge 2000 Integrated Study Site,
a particular goal has been to use the
available multidisciplinary data sets to

construct an integrated, quantitative
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model of magma-hydrothermal
processes at EPR 9°50'N. However, this
overarching goal is beyond present-day
scientific capabilities. We have a limited
amount of heat output data; we lack a
sound understanding of the mechanics
of magma transport within the crust
and upper mantle, crustal assimilation,
and mixing within the axial magma
chamber (AMC); and we have insuf-
ficient knowledge of detailed subsurface

hydrology and biogeochemical processes
to develop fully integrated models.

By using a vent-field-scale analysis
approach, however, we employ a number
of data sets to constrain a simple, yet
robust, parametric mathematical model.
This modeling approach is designed to
provide a basic framework for the next
generation of numerical models and to
guide future research at this important
natural laboratory.

In this article, we summarize the
multiple data sets that are available to
constrain mathematical and numerical
models. These data include observations
of temperature and hydrothermal heat
output from both black smoker and
diffuse-flow sites, vent fluid geochem-
istry, geophysics, detailed seafloor
mapping, and analyses of erupted lavas
from the 1991-1992 and the 2005-2006
eruptions. Then, we develop the hydro-
thermal circulation model in terms of
three main elements: (1) a discharge
zone, where heated fluids ascend from
near the top of a subsurface AMC and

vent at the seafloor with temperatures
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Figure 1. Map view of the EPR 9°50'N hydrothermal field showing high-
and low-temperature vents. This region is referred to as the “bull’s-eye”

of the EPR Integrated Study Site. The black dots are the epicenters of
7,000 microearthquakes recorded in a seven-month study; the dashed
box is the postulated recharge zone. From Tolstoy et al. (2008), reprinted

by permission from Macmillan Publishers Ltd.

of ~ 350°-400°C; (2) a heat transfer
region near the top of the AMC where
heat is transferred from an actively
replenished convecting, crystallizing
AMC across a thermal conduction
boundary layer to the circulating fluid;
and (3) a recharge zone, where seawater
enters the crust and percolates to near
the top of the magma chamber. In addi-
tion to these three main hydrothermal
flow elements, we consider thermally
induced circulation within seismic
Layer 2A (uppermost part of the oceanic
crust consisting of extrusive lavas).

This circulation results in the discharge
of low-temperature fluids, generally
termed “diffuse flow;” that represents

a mixture of seawater and high-
temperature hydrothermal fluid (see
Bemis et al., 2012, in this issue). We use
the term “single-pass” model to describe
the circulation system because the fluid

passes through it only once.

EPR 9°50'N: CRITICAL
OBSERVATIONS AND
CONSTRAINING DATA

At the EPR bull’s-eye centered at 9°50'N,

a number of vents, from Biovent in the
north to Tube Worm Pillar (TWP) in
the south (Figure 1), delineate a ~ 2 km
long hydrothermal discharge zone that,
based on seismicity and seismic reflec-
tion data, can be represented with two
along-axis convection cells (e.g., Tolstoy
et al., 2008). One cell extends from the
Bio 9-P vent area to TWP in the south;

the other extends to Biovent in the

tions. The blue dots are inferred to be shallow tectonic events
that delineate the recharge zone. From Tolstoy et al. (2008),
reprinted by permission from Macmillan Publishers Ltd.

north (Figure 2). The vents are gener-
ally located along the axial summit
trough (AST), which varies in width
from 40 to 100 m (Ferrini et al., 2007).
Figures 1 and 2 show a seismically
inferred recharge zone that feeds the
circulation cell between TWP and the
Bio 9 vent area and occupies a seafloor
area of ~ 10° m?

Ramondenc et al. (2006) indicate that
heat output from the region between
TWP and Bio 9 (Figures 1 and 2) is
~ 160 MW, with ~ 20 MW from black
smoker vents and ~ 140 MW from
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Table 1. List of observables and parameter values used

Symbol Definition Value Units
Ay Area of discharge zone 10%-10* m?
A Sﬁgzi-bs:rctional surface area of axial magma 106 m?
A, Area of recharge zone 10°-10° ?
h Depth of axial magma chamber 1.5x10°
‘Q H Total heat output 160 + 50% MW
g H, High-temperature heat output at seafloor 20 MW
§ H, Diffuse heat output at seafloor 140 + 50% MW
© Mg, | Magnesium concentration in sw 52.2 mmol kg™’
Mg, | Magnesium concentration in black smoker fluid 0 mmol kg™’
Mg,z | Average magnesium concentration in diffuse flow 49.2 mmol kg™
T, Average black smoker temperature 370 °C
T, Average diffuse flow temperature 30 °C
a* Effective thermal diffusivity 107 m?s™
Cpe Specific heat of fluid at high temperature 5x10° Jkgs™
Cie Specific heat of fluid at low temperature 4x10° Jkgs™
dc,,/dT (I?reiziev\e;/tiitvhe t(i:fn:glejilai?urltm concentration of anhy- 18 x 104 o
g Acceleration due to gravity 9.8 ms™
k, Permeability of discharge zone m?
Q Mass flow rate kgs™
t, Sealing time resulting from anhydrite precipitation s
T,(z) | Temperature distribution in recharge zone °C
T, Temperature at base of recharge zone 300 °C
g T, Temperature in recharge zone 0 °C
"z‘ u Vertical Darcian velocity ms™'
g v, Magma replenishment rate m3yr’’
oy Thermal expansion coefficient of fluid 107 1/°C
) Thickness of conductive boundary layer m
[} Porosity 0.01-0.1
A Thermal conductivity of boundary layer 2.0 Wm™°C
vy Kinematic viscosity of fluid 107 m*s™
P, Anhydrite mineral density 2,500 kg m™
o Fluid density 700-1,000 | kgm™
T Fluid residence time s
¢ Mixing fraction of high-temperature fluid in
diffuse flow
X Concentration of conservative tracer
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diffuse flow. These heat output data

are uncertain by about a factor two,
(Ramondenc et al., 2006), most of
which is associated with uncertainty

in the diffuse-flow component. The
magnitude of uncertainty in hydro-
thermal heat output is similar to that

at other sites regardless of measure-
ment technique (Baker, 2007). Despite
the large uncertainty in the data, the
measured heat output is typical of many
mid-ocean ridge hydrothermal systems
(e.g., Ramondenc et al., 2006; Baker,
2007). Table 1 lists the key observational
data used to constrain the model and
other parameters.

Lengthy time series of temperature
measurements are available for many
of the vents and diffuse-flow areas
near EPR 9°50'N (e.g., Von Damm and
Lilley, 2004). Between 1991 and 2000,
the average temperature of the Bio 9
complex, which includes Bio 9, Bio 9/,
and P vents, is approximately 370°C,
whereas the average temperature of
diffuse flow near these vents (Figure 1)
is approximately 30°C (Von Damm
and Lilley, 2004).

Many of the vents near EPR 9°50'N
have been sampled repeatedly for water
chemistry. Although these data have not
been incorporated into reactive transport
models of hydrothermal circulation at
this site, the data have been used to eluci-
date various subseafloor processes. The
Cl data provide evidence of phase separa-
tion in the hydrothermal system. Repeat
measurements at closely spaced vents
such as Bio 9, Bio 9', and P show that they
exhibit remarkable differences in Cl and
simultaneous venting of vapor- and
brine-derived fluids as a function of time
(Von Damm, 2004; Figure 3). In addition,

geochemical data from high-temperature



vents and nearby diffuse-flow sites have
been used to estimate rates of subsea-
floor biological activity (Crowell et al.,
2008) and to determine the partitioning
of heat flow between high-temperature
vents and diffuse flow (Craft and Lowell,
2009; Germanovich et al., 2011; see
The Discharge Zone section below).
Seismic reflection data (Detrick
et al., 1987) place the AMC at a depth
of ~ 1.5 km below the seafloor with a
variable across-axis extent of ~ 1 km.
Results from a recent three-dimensional
multichannel seismic survey (Carbotte
etal., 2011) suggest that there are strong
correlations among AMC depth, ridge
segmentation, and volume of the axial
high, and that undulation of ~ 100 m in
AMC depth may occur on scales of a few
kilometers along the axis. These features
are consistent with multiple episodes
of focused magma replenishment. The
AMC is estimated to be several tens of
meters thick (Kent et al., 1990).
Magmatic activity and seismicity, and
their links to vent temperatures, provide
key insights into magma-hydrothermal
coupling at EPR 9°50'N. Eruptions in

600
500
400

300

Cl (mmoles kg™)

200

100

1991-1992 and again in 2005-2006 have
provided a suite of lavas whose chemistry
can be used to investigate AMC cooling,
fractionation, and replenishment over
an eruption cycle (Goss et al., 2010, and
see the Magmatic Heat Transfer and
Magma Replenishment section below).
Seismic swarms followed by rapid
changes in vent temperature (e.g., Sohn
et al., 1998) may provide constraints on
hydrothermal plumbing and may be
related to non-eruptive diking events

(e.g., Germanovich et al., 2011).

MODEL DEVELOPMENT

AND RESULTS

Figure 4 depicts the main elements of

a single-pass circulation model above a
convecting AMC. The deep recharge zone
on the left is a one-dimensional repre-
sentation of the along-axis recharge zone
postulated by Tolstoy et al. (2008). The
area on the right depicts two regimes:

(1) a deep discharge zone connected to a
deep recharge zone by a cross-flow zone,
and (2) a shallow circulation cell within
which seawater and high-temperature

fluid mix, resulting in low-temperature

--B9' -»-B9
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Figure 3. Plot of salinity of Bio 9, Bio 9’ and P vents from the EPR 9°50'N between 1991 and 2002.

Adapted from Von Damm (2004)

diffuse flow. The depth of this mixing
zone is not well defined, but is likely to
be confined mainly to seismic Layer 2A

(e.g., Germanovich et al., 2011).

The Discharge Zone
We begin by using the heat flow, temper-
ature, and geochemical data from the
vent area near Bio 9, Bio 9', and P vents
to estimate the mass flow rate, bulk
permeability, and thermal boundary
layer thickness. Conservation of fluid
mass requires that the mass flux Q, in
the deep recharge zone enters the deep
discharge zone. Heat transfer from the
AMC raises the temperature from T in
the recharge zone to T, in the discharge
zone (Figure 4). The high-temperature
mass flux Q, is then divided into two
parts. One part, corresponding to Q;,
vents at the surface at temperature T,
giving rise to the black smoker heat
flux H,. The remainder, Q, - Q;, mixes
with cold seawater in the shallow limb
that has mass flux Q, and arrives at the
seafloor as diffuse flow Q, with a diffuse-
flow temperature T, and a resultant
diffuse-flow heat flux H,. The mass fluxes
Q, and Q, can be determined directly
from the heat flux and temperature data
and specific heat using the formulas

H3 H4
Q= oI Q= T, (1)

where ¢;, and ¢;, are the specific heat

of the fluid at high and low tempera-
tures, respectively. Using the values in
Table 1, we obtain Q, = 11 kg s! and
Q, = 1,170 kg s!, with an uncertainty
of a factor of two. Table 2 lists all of the
results derived from the model.

We then use Mg concentration as a
conservative tracer to obtain the frac-
tion & of black smoker fluid entrained
in the diffuse flow. We assume that the
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black smoker fluid is an end-member
hydrothermal fluid with Mg = 0. From
Von Damm and Lilley (2004), averages
of Mg concentration in diffuse-flow fluid
and of seawater near the Bio 9, Bio 9,
and P vents are 49.2 mmol kg™ and

52.2 mmol kg™, respectively (Craft and
Lowell, 2009). Writing the Mg concen-

tration y, we have
_ Xdlﬁ' - Xsw

f Xh’l' - Xsw ’
where the subscripts diff, ht, and sw

(2)

refer to diffuse, high-temperature,
and seawater concentrations,

respectively. In terms of mass

flux, &£ = (Q, - Q,)/Q,, so from

Deep recharge Shallow recharge

wy v

Equations 1 and 2 we can determine
the value of Q,. We find £ = 0.057
and Q, = 78 kg s7". Similar results are
obtained if we use quartz as the conser-
vative tracer (Craft and Lowell, 2009).
Note that if we had simply assumed
that the total heat output H = 160 MW
resulted from high-temperature heat
flux, the value of Q, could have been
calculated directly using Q, = H/c,, T.
In this case, the result is Q, = 86 kg s™".
This value, which we will now call Q;,
is only 11% greater than the value of
Q, determined from heat-flow parti-
tioning. Using the value of Q, = 78 kg s™*

determined from heat-flow partitioning

High-temperature
Diffuse discharge discharge (Q, T,)

Q,T) AN A

<— Boundary layer

A Q, Z-z_ ,rq‘ at seafloor
7y —
Q,T,
h ¢ T
QT
\, . -
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boundary layer () ~
L L
Magma chamber - &
(T ~1,200°C) ’ - ! - Case 1:
Vo "cers| “teeeh ol
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e ® o - h
L ]
‘1l q’ . " $ ‘ll* Tn I Case2:

Dy(t)

‘é ﬂm;‘;f‘iﬁ ‘?L%Eﬁ;ﬁjg :ﬁ, - Crystals

J settling
Magma replenishment

[

] Mush zone |

Figure 4. Schematic of a “double-loop” single-pass model above a convecting, crystal-
lizing, replenished axial magma chamber (AMC). Heat transfer F,(t) from the vigor-
ously convecting, cooling, and replenished AMC across the conductive boundary layer
6 drives the overlying hydrothermal system. The deep circulation represented by mass
flux Q, and black smoker temperature T; induces shallow circulation noted by Q,. Some
black smoker fluid mixes with seawater, resulting in diffuse discharge Q,, T,, while the
direct black smoker mass flux with temperature T, is reduced from Q, to Q,. Heat flux,
vent temperature, and geochemical data allow estimates of the various mass fluxes.
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yields a high-temperature heat output
H, = ¢,,Q,T; = 144 MW. This figure is
90% of the total heat output of 160 MW,
and means that even though approxi-
mately 88% of the surface heat output
appears as diffuse flow, 90% of the total
heat output ultimately results from high-
temperature fluid rising from near the
top of the AMC.

The observed black smoker vent
temperature and hydrothermal heat
output, together with the calculated
value of the mass flux Q; and estimates
of the planform area of the AMC A, and
hydrothermal vent field A ;, allow esti-
mation of the bulk permeability within
the discharge zone, the thickness of the
conductive boundary layer at the top
of the AMC, and fluid residence time.
Table 2 provides these results.

To estimate the bulk permeability k,
of the discharge zone, we assume that
the mass flux Q, is driven by its thermal
buoyancy. Then, using an integrated
form of Darcy’s Law and assuming the
main flow resistance is associated with
the discharge limb of the deep convec-
tion cell (Lowell and Germanovich,
2004; Germanovich et al., 2011), we
obtain that Q, scales as

~ P, g(T; - Tk, A,

1= v, >
where p; is the fluid density, a, is the

3)

thermal expansion coefficient, g is the
acceleration due to gravity, and v, is

the kinematic viscosity. The area of

the discharge zone is between 10° and
10* m? (Germanovich et al., 2011).
Assuming A, =5x 10° m?, T, = 0, and
the parameter values in Table 1, we find
k,=6 x 107"* m?. This result is similar to
that estimated from studies on the tidal
triggering of earthquakes at EPR 9°50'N
(Crone et al., 2011).



The value of k, estimated in the
previous paragraph does not take
into account the uncertainties in heat
output and in the area of the vent field,
both of which are significant. Figure 5
plots k, versus A, for values of H from
80 to 320 MW, which corresponds to
the uncertainty in the total heat output
(Ramondenc et al., 2006). The uncer-
tainty in the estimate of k, highlights the
need to obtain better estimates of heat
output and area of diffuse flow.

We calculate the average thickness &
of the conductive boundary (Figure 4)
by balancing the heat output H, from the
underlying AMC with the hydrothermal
heat output:

AT, - (T, - T)/2]A,
0

where A is the thermal conductivity of

=H,= Cth1T3’ (4)

the boundary layer and T, is the magma
temperature. Assuming T,, = 1,200°C,
T,=0,and A, = 10°m? we obtain

0 = 14 m, with a factor of two uncer-
tainty stemming from the uncertainty
in heat output.

The fluid residence time 7 in the

discharge zone, which character-
izes the rate at which a thermal
disturbance is propagated from the
AMC to the seafloor, is found simply

from the expression

=1 5)
where / is the length of the travel path
and u = Q,/p; A, is the vertical Darcian
velocity. With i = 1.5 km, we obtain
7x10°s < 7< 3 x 10*s. The range in
residence time reflects the uncertainty
in Darcian velocity that stems from the
uncertainties in A; and Q, (which is

directly proportional to the heat output).

Magmatic Heat Transfer and
Magma Replenishment

In the previous section, we equated the
observed hydrothermal heat output with
the heat transferred across a conductive
boundary layer § between the AMC and
the base of the hydrothermal system.
Liu and Lowell (2009), however, directly
estimate the time-dependent heat flux
F,(t) (Figure 4) from a vigorously

convecting, crystallizing AMC and show

Table 2. Model-derived parameters for the EPR 9°50'N magma-hydrothermal system

Symbol Parameter Value

Q, Mass flow in recharge 78 kgs™

Q, Mass flow in shallow recharge 1,103 kgs™'

Q, Mass flow in high-temperature vents 11 kgs™

Q, Mass flow from diffuse discharge 1,170 kg s’

Q. Mass flow assuming H is all black smoker flow 86 kgs™

H, Heat output from axial magma chamber 144 + 50% MW
k, Permeability of discharge zone 6x107"m?
é Thickness of conductive boundary layer 14 £ 50% m
£ Mixing fraction of high-temperature fluid in diffuse flow 0.057

v, Magma replenishment rate 2 x10°+ 50% m?> yr~'
T Fluid residence in discharge zone (using Darcian velocity) 15x10” to 1.5x 108 s

that magma replenishment at a rate

V,, ~ 2x 10° + 50% m’ yr! is required to
maintain stable hydrothermal tempera-
tures and heat outputs on decadal time
scales. This replenishment rate is about
three times faster than the mean rate

of crustal production (~ 6 x 10° m? yr™!
per kilometer of ridge axis for 6 km
thick crust at the EPR 9°50'N spreading
rate of 10™' m yr™'), thus indicating that
magma-hydrothermal activity in the
EPR 9°50' N area is episodic. Recent
seismic data from the EPR between

8° and 11°N shows fluctuations in the
depth to the AMC and variations in
ridge axis morphology that are consis-
tent with episodic magma replenishment
(Carbotte et al., 2011). The estimated
replenishment rate is similar to that
determined for Axial Volcano on the
Juan de Fuca Ridge between its erup-
tion in 1998 (Nooner and Chadwick,
2009) and the eruption in April 2011
(Chadwick et al., 2011). Episodic
magma-hydrothermal activity is consis-
tent with diking episodes that occur
during and between the major eruptions
(Germanovich et al., 2011).

By comparing the chemical composi-
tion of lavas erupted in 1991-1992 with
those erupted in 2005-2006, Goss et al.
(2010) suggest that the AMC cooled
approximately 20°C between these
eruptions, and that the changes in lava
composition cannot be explained by
simple fractionation during crystalliza-
tion. They suggest that replenishment by
more evolved magma can account for
the change in lava compositions over the
eruption cycle. Horne et al. (2010) also
derive liquid lines of descent for major
elements using thermodynamic modeling
software and confirm that simple frac-

tionation cannot explain the evolution of
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the erupted lavas. They suggest, however,
that the evolution of erupted lavas over
this time period involves a mixture of:
(1) an aggregate primary mantle melt
composition with some water emplaced
at approximately 1,000 bars, cooling and
fractionating over approximately a 60°C
temperature interval, then migrating
upward into the shallower AMC, and

(2) an anhydrous or slightly hydrated
residual liquid present in the AMC,

with the additional possibility of the
injection and eruption of the hydrous
primary composition directly from
1,000 bars. The calculations of Horne

et al. (2010) also suggest that between

50 and 90% of additional melt entered
the AMC between the major eruptive
events. Coupling these estimates with the
modeling approach of Liu and Lowell
(2009) suggests that the AMC grew
from an initial thickness between 30 and
50 m in 1991 to approximately double
its size by 2005. The model predicts a
temperature decrease in the AMC of

~ 10°C. Although more work is needed
to understand the chemical, thermal, and
mechanical evolution of the AMC over
an eruption cycle, the petrological data
are generally consistent with models of
magma convection and replenishment
investigated by Liu and Lowell (2009).

A (m?
1.E4+03 o)

Hydrothermal Recharge
The spatial and temporal location,
extent, and evolution of hydrothermal
recharge at ocean ridges have been
elusive. In general, it is unclear whether
recharge primarily occurs along or across
axis, or whether it is fundamentally three
dimensional. It is likely that recharge
sites evolve with time as some regions get
clogged with mineral precipitates such
as anhydrite, and other regions open as a
result of seismic and tectonic activity. As
a result of its retrograde solubility, anhy-
drite may also dissolve in regions where
the crust cools after sealing. Lowell and
Yao (2002) argue that anhydrite precipi-
tation would rapidly clog hydrothermal
recharge zones unless the effective,
time-integrated area of recharge was
much larger than that of discharge. At
EPR 9°50'N, Tolstoy et al. (2008) argue
that recharge occurs through a relatively
small area A, at the seafloor of ~ 10° m?
south of TWP as delineated by seismicity
(Figures 1 and 2). To test this idea,
we use the one-dimensional model of
Lowell and Yao (2002), employing the
mass flow constraints for the EPR 9°50'N
circulation cell obtained in the The
Discharge Zone section above.

In the one-dimensional model, the

thermal structure of the recharge zone

1.E+04

1.E-11

N“E\J.E-n &

Figure 5. Plot of permeability
k, versus discharge area A,
for different values of total
heat output H. The region
between the solid lines
shows the estimated value of

2 \
H =320 MW

1.E-13

permeability in the discharge
zone taking into account the
order of magnitude uncer-
tainty in A, and the factor of
two uncertainty in the total

H=160 MW

H=80MW  heatoutput.
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is found from the solution to the steady-
state advection-diffusion heat transfer
equation with uniform flow velocity
and fixed temperatures at the top and
bottom of the column (Bredehoeft and
Papadopoulos, 1965). Assuming the
temperature is T = 0 at the seafloor and
T = T, at the base of the circulation cell,

the temperature distribution is then

e(uz/a*) _ 1

Ti(2) = (6)

b eluhia®) _ 1 >

where u = Q,/p;A, is the Darcian
velocity; h = 1.5 km, corresponding
to the depth to the AMC, is the height
of the circulation cell; and a* = A/p;¢;,
is the effective thermal diffusivity
(Table 1). Figure 6 plots temperature
versus depth for two values of A, (or u),
assuming T, = 300°C. Anhydrite precipi-
tates within the temperature region
150° < T, < 300°C. The results show that
if A, =10° m? which corresponds to the
surface expression of recharge indicated
by the shallow seismic data (Figure 1),
the region of anhydrite precipitation
is confined to the lowest 0.5 m of the
recharge zone. If A, is assumed to
increase to 10° m? at depth, the zone
of potential anhydrite precipitation
thickens to = 5 m. An effective increase
in A, at depth is consistent with the
postulated flow lines shown in Figure 2.

Assuming thermodynamic equilib-
rium during anhydrite precipitation, the
rate of change of porosity ¢ is given by
dp  pu dC, dT
dt p, dT dz !==h

pu’T, dC,

pa* dT’

where p, is the density of anhydrite
and dC,,/dT is the rate of change in
the solubility of anhydrite as a func-

(7)

tion of temperature. The temperature

gradient was calculated from Equation 6.



Integrating Equation 7 and assuming
an initial porosity ¢, in the region of
anhydrite precipitation results in an
approximate sealing time f_. The results
in Figure 7 show that if the recharge zone
is treated as a simple, one-dimensional
homogeneous region with A_~ 10> m?,
it would seal rapidly, but if A, ~ 10° m?,
it would take significantly longer to seal,
assuming the flow rate remains constant
as the porosity is reduced. Initial porosity
is likely to be in the range between
0.01 and 0.1. The TWP vent cooled and
became inactive between 1994 and 2003,
a decline that has been attributed to its
proximity to the proposed recharge zone
(Tolstoy et al., 2008). Other vents have
remained rather steady, however, indi-
cating that anhydrite precipitation has
not generally clogged the system. This
observation is consistent with an effec-
tive widening of the recharge zone with
increasing depth.

To treat the hydrothermal recharge as
a one-dimensional steady-state problem

is a significant oversimplification. Micro-

Temperature (°C)

earthquakes (Figure 2) may open new
cracks, increasing permeability, but

this effect is difficult to quantify. If the
recharge zone is as small as postulated by
Tolstoy et al. (2008), sealing would occur
in a ~ 0.5 m thick region according to
the one-dimensional model (Figure 6).

It is not obvious that microseismicity in
this narrow zone of precipitation would
be sufficient to maintain permeability. It
is also possible that recharge is focused
along highly permeable flow paths that
would seal rapidly as a result of anhy-
drite precipitation, thus forcing recharge
flow to pass through regions of lower
initial permeability. The overall evolution
of crustal permeability in such a case has

not yet been simulated.

NEXT STEPS

The temporal evolution of vent tempera-
ture and salinity in the hydrothermal
system at EPR 9°50'N provides impor-
tant insight into its dynamics, which

are not addressed with the single-pass

modeling approach presented here. For

example, perturbations of vent fluid
temperature associated with seismic
swarms may reflect perturbations in
subsurface hydrology associated with
minor diking events (Germanovich
et al, 2011). Vent salinity data (Figure 3)
indicate that phase separation is occur-
ring within the crust, that vent salinities
evolve with time, and that closely spaced
vents such as Bio 9 and P may discharge
vapor and brine salinities simultane-
ously. To address these issues, numerical
modeling of two-phase flow is necessary.
These models are in an early stage of
development using NaCl-H,O hydro-
thermal codes (e.g., Han, 2011), but
at present it is not known whether the
observed changes in vent salinity reflect
changes in the subsurface heat source
and/or crustal permeability, or whether
they reflect natural fluctuations in a
dynamic system.

In addition, models of magmatic
heat flux from a crystallizing, replen-
ished AMC described previously do
not take into account details of magma

Temperature (°C)
150 300

0 150 300
1496 0
a 1460
1497
1470
E 1498 \
N £ 1480
N
1499
1490
1500
1500

Figure 6. Plot of temperature versus depth in a one-dimensional recharge zone based on EPR 9°N parameters. Plot (a) assumes the

recharge area A, = 10° m? corresponding to the surface area of recharge postulated by Tolstoy et al. (2008) (Figure 1). The zone
of anhydrite precipitation denoted by the region starting with the double arrow to the base of the system is 0.5 m thick. Plot (b)
assumes A, = 10° m?, which is in keeping with the postulated flow paths shown in Figure 2. In this case, anhydrite precipitates

over a wider zone, as shown. The blue lines highlight the change of scale between panels a and b.
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fractionation, physical mechanisms of
magma replenishment, and the possi-
bility of partial melting and assimilation
of overlying altered crust. The connec-

tions among AMC replenishment, infla-

precipitation during hydrothermal
recharge is considerably more extensive
than suggested by the one-dimensional
model (Farough, 2011). Simulations

that incorporate the evolution of

GEOCHEMICAL DATA FROM BLACK SMOKERS
AND NEARBY DIFFUSE-FLOW PATCHES, AS WELL AS AN
ESTIMATE OF HEAT FLOW PARTITIONING, SUGGEST THAT
NEARLY 90% OF THE HEAT OUTPUT STEMS FROM HEAT
SUPPLIED BY THE SUBAXIAL MAGMA CHAMBER...

tion, stress generation, and seismicity are
yet to be quantified.

Finally, much more work is needed
on reactive transport modeling and
links between seismicity and hydrology.
Initial results of numerical modeling of
two-dimensional circulation in a homo-
geneous permeable medium suggest

that the potential zone of anhydrite

1.E+10

1.E+09

1.E+08

Sealing time (s)

1.E+07

permeability in the presence of micro-
seismicity and anhydrite precipitation
are needed to better understand the
dynamics of recharge at EPR 9°50'N.
Reactive transport models that link
hydrothermal heat, mass, and chemical
fluxes with biogeochemical processes

also await development.

Figure 7. Plot of
sealing time in
seconds versus initial
porosity for two
different values of
recharge area A,.

4
1.E+06

0.01 ®,
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CONCLUSIONS

With the various data sets available
from EPR 9°50'N, single-pass modeling
approaches can provide considerable
insight into physics of the magma-
hydrothermal system. These approaches
suggest that the bulk permeability of
the discharge zone is ~ 6 x 107> m?,
with an uncertainty of approximately
one order of magnitude. The thickness
of the conductive boundary layer is

~ 14 m + 50%, and magma replen-
ishment V, ~ 2 x 10° + 50% m® yr™!
will stabilize heat hydrothermal vent
temperatures and heat output on
decadal time scales. This value of Vm

is in general accord with the evolu-
tion of lava chemistry over the erup-
tion cycle between 1991-1992 and
2005-2006. One-dimensional models
of hydrothermal recharge suggest that a
recharge area of 10° m” as indicated by
shallow seismicity would rapidly seal
with anhydrite, but if the recharge zone
broadens at depth to ~10° m?, anhydrite
precipitation may not affect circulation.
More-realistic models of hydrothermal
recharge that incorporate the effects

of anhydrite precipitation in a two- or
three-dimensional circulation system
that has heterogeneous permeability,
and models that link seismicity with
permeability, are needed.

Although a broad spectrum of data
is used to constrain these results, lack
of data, particularly on heat output and
area of diffuse flow sites, and possibly on
the temporal variability of heat output,
results in considerable uncertainty in
key parameters. Much remains to be
done, both in terms of modeling and in
data acquisition. Hopefully, the models
presented here will guide future develop-

ments at this key hydrothermal site.
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