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[1] We use one- and two-limb single-pass models to de termine vent ﬁeld characteristics such as mass

ﬂow rate Q, bulk permeability in the discharge zone kd, thickness of the conductive boundary layer at the
base of the system d, magma replenishment rate, and residence time in the discharge zone. Data on vent
temperature, vent ﬁeld area, heat output, and the surface area and depth of the subaxial magma chamber
(AMC) constrain the models. The results give Q ~ 100 kg/s, kd ~ 1013 m2, and d ~ 10 m, essentially
independent of spreading rate, and detailed characteristics of the AMC. In addition, we ﬁnd no correlation
between heat output at individual vent ﬁelds and spreading rate or depth to the AMC. We conclude that
high-temperature hydrothermal systems are driven by local magma supply rates in excess of that needed
for steady state crustal production and that crustal permeability enables hydrothermal circulation to tap
magmatic heat regardless of AMC depth. Using data on partitioning of heat ﬂow between focused and
diffuse ﬂow, we ﬁnd that 80–90% of the hydrothermal heat output is derived from high-temperature ﬂuid,
even though much of the heat output discharges as low-temperature ﬂuid. In some cases, diffuse ﬂow ﬂuids
may exhibit considerable conductive cooling or heating. By assuming conservative mixing of diffuse ﬂow
ﬂuids at East Paciﬁc Rise 9 500 N, we ﬁnd that most transport of metals such as Fe and Mn occurs in diffuse
ﬂow and that CO2, H2, and CH4 are taken up by microbial activity.
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1. Introduction
[2] Seaﬂoor hydrothermal systems are an important
component of Earth’s dynamic heat engine [e.g.,
Sclater et al., 1980; Stein and Stein, 1994] and an
important driver of its geochemical cycles [e.g.,
Wolery and Sleep, 1976; Elderﬁeld and Schultz,
1996]. At oceanic spreading centers seawater percolates downward into the crust where it is primarily
heated by magma and rises to the seaﬂoor where it
escapes in the form of high-temperature black smoker
vents and associated diffuse discharge. Fluid circulation in these high-temperature systems involves
complex water-rock chemical reactions and phase
separation. Consequently, numerical modeling of
reactive transport in multicomponent, multiphase systems is required to obtain a full understanding of the
characteristics and evolution of seaﬂoor hydrothermal
systems [e.g., Lowell et al., 2008]. Lowell and
Germanovich [1994, 2004] have shown, however, that
relatively simple scaling laws can provide signiﬁcant
insight into the physics of seaﬂoor hydrothermal
systems. Their approach used generic values for
hydrothermal heat output, vent temperature, area of a
hydrothermal ﬁeld, and planform area of a subaxial
magma chamber (AMC) to characterize a number of
key hydrothermal parameters. Lowell [2010] and
Lowell et al. [2012] applied the method to a number
of hydrothermal systems at slow-spreading ridges and
at 9 500 N on the East Paciﬁc Rise (EPR), respectively.
[3] In this paper, we apply the classical single-pass
modeling approach to all seaﬂoor hydrothermal
systems for which the constraining data are
available and compile the estimates of mass ﬂow,
bulk permeability of the discharge zone, boundary
layer thickness, magma replenishment rate, and ﬂuid
residence time in the discharge zone. By using the
observational data directly to constrain subsurface
parameters that are difﬁcult to measure, we are actually performing an inverse problem. This approach
is in direct contrast to numerical cellular convection
models that assume values of permeability, prescribe
boundary conditions, and solve for ﬂow patterns
and temperature distributions. Table 1 lists the
hydrothermal sites used and provides the basic input
data needed to construct the models along with the
spreading rate and depth to the AMC (Additional
details about these hydrothermal sites can be
obtained from http://www.interridge.org/irvents/
ventﬁelds_list_all). In addition, we use a two-limb

single-pass model to determine the mean fraction
of high-temperature ﬂuid incorporated into diffuse
ﬂow and to calculate chemical transports in focused
and diffuse ﬂow at the vent ﬁeld scale. The data on
heat output, mean vent temperature, and Mg
concentration for both high-temperature and diffuse
ﬂow ﬂuid required for this exercise are only available for Axial Seamount Hydrothermal Emissions
Study (ASHES) and Main Endeavour (MEF) ﬁelds
on the Juan de Fuca Ridge (JDFR), Lucky Strike
on the Mid-Atlantic Ridge (MAR), and 9 500 N on
the EPR (Table 1). Finally, we plot hydrothermal
heat output as a function of spreading rate and depth
to the AMC for sites with available data. We ﬁnd
that there is essentially no correlation among these
parameters, suggesting that localized magma supply
and crustal permeability exert primary control of
hydrothermal heat output at a given site.
[4] After more than two decades of intense focused
study on seaﬂoor hydrothermal systems, our knowledge of these systems is still very limited. Much of
the key data needed to constrain quantitative models
are either missing or subject to considerable uncertainty, as discussed in section 4.1. Despite these
drawbacks, we believe that the estimates provided in
this paper enhance fundamental understanding of
the physics of magma-driven hydrothermal circulation in the oceanic crust. The modeling approach used
here points to the need for additional data on the
spatial and temporal evolution of the AMC and
hydrothermal heat output as well as better constraints
on the subsurface plumbing system.

2. Single-Pass Modeling of Seaﬂoor
Hydrothermal Systems
2.1. The Classical Single-Pass Model
[5] In the classical single-pass model of a hydrothermal circulation system conservation of mass, momentum and energy are expressed in terms of total mass
ﬂow Q, mean ﬂuid discharge temperature Td, and
advective heat output H at the vent ﬁeld scale as ﬂuid
circulation occurs through discrete circulation
pathways [e.g., Elder, 1981]. For a magma-driven
seaﬂoor hydrothermal system these pathways generally
consist of a deep recharge zone, a cross-ﬂow zone that
transfers heat by conduction across a thermal boundary
layer from a subjacent convecting, crystallizing AMC,
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Table 1. Principal Observables Used to Constrain Single-Pass Hydrothermal Model Parameters Q, k, d, V_ m , and t
that are Calculated in Table 2a
Site
Rainbowf
Broken Spurg
TAGh
JDFR Southern clefti
Northern cleftj
Salty Dawgk
High Risel
MEFm
Mothran
Point
EPR
9 500 No
21 Np
measurements
CIR
Kaireiq
JDFR
ASHESr
MAR Lucky Strikes

Integrated
MAR
measurements

Adb (m2)

Td(ht)c
( C)

3.0E+04
5.0E+03
3.0E+04
1.0E+05
1.0E+05
1.0E+03
1.6E+05
6.0E+04
5.0E+04
1.0E+04
5.5E+03
3.0E+03
1.0E+04
6.4E+05

364
365
364
350
324
310
330
365
275
371
350
360
280
325

Hd
Depth to Magma Full Spreading
T4
(MW) H4/H3 ( C) Ame (m2) Chamber h (km) Rate (mm/a)
500
28
1700
193
551
50
500
450
100
160
200
100
50
600

0

1

29

7

29

2.0E+06
2.0E+06
1.0E+06
1.0E+06
1.0E+06
1.0E+06
1.0E+06

9
11

21
25

2.1E+07

>7
2
2.3
2.2–2.4
2.1–2.3
2.1–2.5
2.5–3.1
1.5

3

21
24
24
56
56
55
55
55
55
110
60
50
55
22

a

Integrated measurements refer to heat output measurements from water-column studies. Point measurements refer to heat output measurements at
discrete vents and extrapolated to the vent ﬁeld. Fields are left blank where data are not available.
b
Vent ﬁeld area is likely to be a maximum value incorporated the entire area over which venting occurs. Actual discharge is often focused within a
signiﬁcantly smaller area than listed here.
c
These are average temperatures of black smoker venting.
d
Heat output values are uncertain by  a factor of 2.
e
Magma chamber area is determined by the cross-axis width from reﬂection seismology and the length is estimated from the size and spacing of
vent ﬁelds. The uncertainty in magma chamber cross section is ~ 10–20%.
f
German and Lin [2004], German et al. [2010]. gMurton et al. [1995, 1999]. hBaker [2007], Rona et al. [1993], Canales et al. [2007]. iBaker and
Massoth [1987], Ginster et al. [1994], Canales et al. [2005]. jBaker [2007], Embley and Chadwick [1994], Canales et al. [2005]. kDelaney et al.
[1997], Kelley et al. [2002], Thompson et al. [2005], Van Ark et al. [2007]. lRobigou et al. [1993], Thompson et al. [2005], Van Ark et al.
[2007]. mDelaney et al. [1992, 1997], Kelley et al. [2002], Veirs et al. [2006], Van Ark et al. [2007], Baker [2007]. nKelley et al. [2001], Thompson
et al. [2005], Van Ark et al. [2007]. oVon Damm and Lilley [2004], Ramondenc et al. [2006], Tolstoy et al. [2008], Detrick et al. [1987]. pMacdonald
et al. [1980], Spiess et al. [1980], Converse et al. [1984]. qHashimoto et al. [2001], Rudnicki and German [2002]. rRona and Trivett [1992],
Lang et al. [2006]. sBarreyre et al. [2012], Singh et al. [2006], Cooper et al. [2000], Charlou et al. [2000].

and a deep discharge zone through which the hydrothermal ﬂuid vents to the seaﬂoor [e.g., Lowell and
Germanovich, 1994, 2004; Lowell et al., 2008,
2012]. In this case observed values of Td and H are
used to determine Q, and observations of the vent
ﬁeld area Ad and planform area of the AMC Am are
used to determine the conductive boundary layer
thickness d and the bulk permeability of the discharge
zone kd. A cartoon showing the assumed ﬂow path
in the single-pass model, details of the mathematical
formulation, and the deﬁnition of all symbols are
given in Appendix A.

2.2. The Two-Limb Single-Pass Model
[6] At oceanic spreading centers, much of the thermal
energy discharges as low-temperature diffuse ﬂow
[Schultz et al., 1992; Rona and Trivett, 1992; Baker
et al., 1993; Ramondenc et al., 2006]. To characterize
partitioning of heat output in seaﬂoor hydrothermal
systems, a second limb is added to describe a shallow
circulation cell within which seawater may be heated
and mix with high-temperature ﬂuid to produce lowtemperature diffuse ﬂow [e.g., Pascoe and Cann,
1995; Lowell et al., 2003; Ramondenc et al., 2008;

Lowell et al., 2012; Bemis et al., 2012]. The depth
of this mixing zone is not well deﬁned, but is
likely to be conﬁned mainly to the seismic layer 2A
[e.g., Germanovich et al., 2011].
[7] In the two-limb single-pass model, we assume that
as the ascending, sulfate-depleted, hot hydrothermal
ﬂuid mixes with the sulfate-rich, shallow recharge of
cold seawater in the extrusive layer, anhydrite and
other minerals precipitate, resulting in permeable
channels of focused ﬂow separated from regions of
low-temperature diffuse ﬂow [Lowell et al., 2003,
2012; Germanovich et al., 2011]. We also assume that
there is no conductive cooling of the high-temperature
ﬂuid or mixing with seawater during its ascent. We
denote the high-temperature and diffuse mass ﬂow
components exiting the seaﬂoor by Q3 and Q4,
respectively, whereas Q1 refers to the mass ﬂow in
the deep recharge zone and Q2 refers to the mass
ﬂow of the shallow recharge. We denote the mean
temperature of high-temperature and diffuse vent
ﬂuids by T3 and T4, and the heat outputs by H3 and
H4, respectively. To obtain the fraction of hightemperature ﬂuid that is incorporated into the
diffuse ﬂow component, we use Mg concentration
as a tracer. We assume that black smoker ﬂuid is a 0
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Mg end-member ﬂuid that has not mixed with cold
seawater and that the difference between the Mg
concentration in the diffuse ﬂow ﬂuid and seawater
reﬂects the incorporation of the 0 Mg end-member
ﬂuid. Appendix A provides details on the geometry
of hydrothermal circulation and the mathematical
formulation of the two-limb single-pass model.
[8] As we show in section 3.2.1, once we have
determined the fraction of high-temperature ﬂuid
incorporated into the diffuse discharge, we can then
use a simple energy balance to determine whether
temperature can serve as a conservative tracer. We
show that temperature is nearly conservative for the
EPR 9 500 N and ASHES vent ﬁelds but not for
MEF and Lucky Strike. We suggest that diffuse ﬂow
ﬂuids appear to have cooled conductively at MEF
and have been heated conductively at Lucky Strike.
Finally, we use the two-limb single-pass model to
estimate the chemical transport of various species
in both diffuse and high-temperature discharge.
This is particularly useful for chemical constituents
such as H2, CH4, and CO2 that may be affected by
biogeochemical processes in the shallow crust.
Chemical transport is discussed in section 3.2.2.

3. Results
3.1. Fundamental Vent-Field-Scale
Characteristics
[9] Although approximately 1000 hydrothermal

ﬁelds are predicted to exist along the global ridge
system and approximately one third of these have
been identiﬁed [Baker and German, 2004], the data

to constrain the fundamental parameters Q, kd, and d
are limited to approximately 15 sites worldwide
(Table 1). We use the observational constraints Td,
H, Am, and Ad (Table 1) in the classical single-pass
model formulation to obtain the results given in
Table 2. Despite signiﬁcant differences in spreading
rate and depth to the AMC, Q, kd, and d generally lie
in fairly narrow ranges (Table 2) and do not differ
greatly from the predictions of a generic model
[Lowell and Germanovich, 2004]. The results in
Table 2 are subject to considerable uncertainty, as
we discuss in section 4.1.
3.1.1. Magma Replenishment
[10] A key feature of the magma-hydrothermal model

presented here is that for high-temperature venting
and heat output to be maintained on decadal timescales, the rate of heat extraction from the underlying
magma must remain nearly constant so that d remains
thin [Lowell and Germanovich, 1994, 2004], but as
heat is transferred from the convecting magma, the
AMC is gradually crystallizing and cooling. Lowell
et al. [2008] and Liu and Lowell [2009] showed that
crystallization and cooling will result in relatively
rapid decay in hydrothermal heat output and hydrothermal temperature unless the magma chamber is
actively undergoing replenishment from below.
[11] To determine the rate of magma replenishment,

we equate the rate of hydrothermal heat output with
the removal of latent heat from magma, along with
some modest degree of cooling. If magma at its
liquidus temperature TL enters the magma chamber
and cools to some temperature Tm greater than the

Table 2. Values of Q, k, d, V_ m , and t are Shown for Various Hydrothermal Vent Sites
Site
Integrated measurements

MAR
JDFR

Point measurements

EPR
CIR
JDFR
MAR

Rainbow
Broken Spur
TAG
Southern Cleft
Northern Cleft
Salty Dawg
High Rise
MEF
Mothra
9 500 N
21 N
Kairei
ASHES
Lucky Strike

Qa (kg/s)

kdb (m2)

275
15
934
110
340
32
303
247
73
86
114
56
36
369

4E13
1E13
1E12
4E14
2E13
2E12
8E14
2E13
8E14
3E13
8E13
7E13
2E13
3E14

da (m)

21
8
5
13

73

V_ m a (m3/s)
0.50
0.03
1.70
0.19
0.55
0.05
0.50
0.45
0.10
0.16
0.20
0.10
0.05
0.60

tb (a)

4.99
40.25
15.01
1.58
25.78
12.42
42.73
3.86

110

Mass ﬂow values, boundary layer thickness, and magma replenishment rates are uncertain by about a factor of 2 because of the uncertainty in
heat output. The values listed are rounded to whole numbers.
b
Permeability values may be underestimated and residence times may be overestimated by about a factor of 10, respectively, because of the uncertainty in heat output and because the vent ﬁeld area is an upper estimate.
a
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solidus, the amount of heat Hm released upon
cooling per unit volume of magma is
Hm ¼ rm cm ðTL  Tm Þ þ rm gL

seaﬂoor [e.g., Wilcock, 2004; Germanovich et al.,
2011]. That is,
t¼

(1)

where rm is the density, cm is the speciﬁc heat, and
L is the latent heat of the magma, respectively, and
g is the crystal content that develops as magma
cools from TL to Tm. Details of latent heat release
and cooling of gabbroic magmas is somewhat
complex [e.g., Maclennan, 2008], but it appears that
most of the latent heat is released at Tm > 1050 ,
even though the solidus temperature may be as
low as 860 C [Coogan et al., 2001]. For simplicity,
we assume that cooling over 100 C results in release
of 50% of the latent heat.
[12] The parameters in Table A1 give Hm = 109 J/m3.

If magma is entering the base of the magma chamber
through an area Am at a constant velocity um,
balancing the rate of heat input with hightemperature hydrothermal heat output is
um Am Hm ¼ V_ m Hm ¼ H

(2)

where V_ m is the rate of magma replenishment (m /s).
Equation (2) assumes that magma replenishment
provides the total heat output of the hydrothermal
system, whereas Lowell [2010] assumed that it
provided only 50% of the total. The values of V_ m
shown in Table 2 are similar to those determined
by Liu and Lowell [2009] and to that measured at
Axial Volcano following the 1998 eruption [Nooner
and Chadwick, 2009].
3

3.1.2. Thermal Anomaly Transport
[13] The mass ﬂux Q from Table 2 and the vent ﬁeld

area Ad from Table 1 for representative sites provide
an estimate for the Darcian velocity in the discharge
zone. This value coupled with the depth to the AMC
h (Table 1) provides an estimate of the time t to
transport a thermal anomaly from the AMC to the

rf hAd
Q

(3)

[14] The values in Table 2 indicate that ﬂuid resi-

dence times range between a few years and several
decades. The values determined from equation (3)
are most strongly affected by the estimate of vent
ﬁeld area Ad. As discussed in section 4.1, these are
likely to be overestimates because we assume that
Ad corresponds to the mapped area of the vent ﬁeld.
Even if the residence times from equation (3) were
reduced by a factor of 10, however, thermal perturbations near the top of the AMC would take months to
reach the seaﬂoor [e.g., Germanovich et al., 2011].
Conductive cooling would tend to diminish the
amplitude of such perturbations [Wilcock, 2004;
Ramondenc et al., 2008]. Temperature perturbations
at the seaﬂoor following seismic swarms at EPR
9 500 N have been observed in a matter of days, however [Sohn et al., 1998; Tolstoy et al., 2008]. Because
of this discrepancy, Germanovich et al. [2011] argued that processes such as ﬂuid mixing and thermal
conduction in the shallow crust may control the thermal response time for such events.

3.2. Results From the Two-Limb Model
3.2.1. Comparison With the Classical Model
[15] Using the input data on mean discharge

temperature along with heat output (Table 1) and
the mixing fraction determined from Mg partitioning
(Table A2), the governing equations of the two-limb
model and chemical balances (see Appendix A) yield
values of the mass ﬂuxes Q1 through Q4 (Table 3). A
comparison between Q1 and Q, which comes from
the classical single-pass model, shows that for
ASHES and EPR 9 500 N, Q1 is slightly smaller
than Q, whereas for MEF and Lucky Strike, the
differences are signiﬁcant. For MEF, Q1 is greater

Table 3. Mass Fluxes for the Two-Limb Model Compared with Q From the Classical Modela
Results

Results

Mg Tracer

T Tracer
b

Site

Q1 (kg/s)

Q2 (kg/s)

Q3 (kg/s)

Q4 (kg/s)

Q (kg/s)

Q1 (kg/s)

Q2 (kg/s)

Q3 (kg/s)

Q4 (kg/s)

EPR
MEF
ASHES
Lucky Strike

80
292
31
119

1146
1772
498
5412

11
123
4
31

1207
1940
536
5500

86
247
36
369

81
241
32
291

1165
1237
541
15978

11
123
4
31

1236
1355
570
16238

a

Results use Mg and temperature as tracers.
The value Q represents the mass ﬂux from the vent ﬁeld if all the heat output were at high temperature. Note that the results here are slightly
different from those shown in Lowell et al. [2012] and Bemis et al. [2012] because of slightly different averaging.
b
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than Q. This is a surprising result since heat ﬂow
partitioning between focused and diffuse sources
should result in Q1 < Q. For Lucky Strike, Q1 is
signiﬁcantly smaller than Q.
[16] The close correspondence between Q1 and Q

for the EPR, ASHES, and MEF vent ﬁelds suggests
that although most of the heat output leaves the
crust as diffuse ﬂow, 85%–90% of the heat output
is ultimately a result of high-temperature magmadriven ﬂow rather than a result of seawater circulating
in the shallow crust. We discuss below the unexpected result that Q1 appears to be greater than Q at
MEF. For Lucky Strike, however, the value of Q1
gives a high-temperature heat output of 229 MW
compared to a total observed heat output of
~ 600 MW [Barreyre et al., 2012].
[17] To better understand the results for MEF and

Lucky Strike, we explore the use of temperature
as a tracer. A simple thermal energy balance based
on linear mixing between seawater and hightemperature ﬂuid to result in diffuse ﬂow discharge
can be written as follows:
cht ðQ1  Q3 ÞT3 þ clt Q2 T2 ¼ clt Q4 T4

(4)

[18] Assuming a shallow recharge temperature

T2 = 2 C, using the Q values from Table 3 where
we used Mg as a tracer, and observed values of
T3, we calculate the expected value of diffuse ﬂow
temperature T4. The results in Figure 1 show that
for EPR and ASHES, the diffuse ﬂow temperatures
calculated from equation (4) are nearly equal to the
observed temperatures. This is consistent with the
results in section 3.2 indicating that most of hydrothermal heat output results from high-temperature
ﬂow, even though a signiﬁcant fraction of the heat

10.1002/ggge.20109

output discharges as low-temperature diffuse ﬂow.
We then recalculate Q1, Q2, and Q4 using the new
estimate of T4 (Table 3). Q3 remains the same.
For MEF, the value of Q1 for the two-limb system
is now less than Q (Table 3) as expected. Equation
(4) is in much closer balance with the new estimates
of the various Q values and the calculated value for
T4. The average diffuse ﬂow temperature should be
 41 C rather than 29 C as observed, which suggests
that the diffuse ﬂow ﬂuids at MEF have undergone
substantial conductive cooling. With the new value
of Q1 = 241 kg/s (see Table 3), we estimate that
~ 98% of the heat output at MEF results from hightemperature ﬂuid ﬂow.
[19] In contrast, at Lucky Strike the observed diffuse

ﬂow temperature is 25 C, whereas the calculated
value from equation (4) is approximately 8.5 C.
This result indicates that the diffuse ﬂow ﬂuid has
undergone considerable conductive heating, as
argued by Cooper et al. [2000]. Using 8.5 C for
the diffuse ﬂow temperature in Table 1, we ﬁnd
Q1 = 291 kg/s (Table 3), which is nearly 3 times
the value determined by using the observed vent
temperature. Then we estimate that nearly 80%
of the advective heat output resulted from hightemperature ﬂuid. This is still a smaller percentage
than for the other systems, which indicates that a
signiﬁcant portion of the diffuse discharge at Lucky
Strike stems from seawater that is heated during
circulation in the shallow crust.
[20] The result that a large fraction of the hydrothermal

heat output is diluted high-temperature ﬂuid indicates
that the Q, kd, d, V_ m , and t values determined for the
classical single-pass model in Table 2 are reasonable
estimates, given the uncertainties in parameters H

Figure 1. Comparison between observed mean diffuse ﬂow temperature T4 with that expected from mixing between seawater and high-temperature ﬂuid.
1761
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and Ad. Thus, the classical single-pass model is a
useful means of estimating key magma-hydrothermal
parameters at the vent ﬁeld scale and provides a useful
starting point for constructing numerical models. Data
on partitioning of heat output between focused and
diffuse ﬂow would not change the estimates of the
parameters in Table 2 appreciably, but these data
are important for understanding the nature of diffuse
ﬂow. As shown below, such data are also needed to
understand geochemical transport, which in turn
sheds light on biogeochemical processes.

10.1002/ggge.20109

3.2.2. Geochemical Transport at the Vent Field
Scale

dissolved organic carbon in focused and diffuse vent
sites on the MEF from Lang et al. [2006] and using
700 kg/m3 as the density of high-temperature ﬂuid,
we obtain C3  21 mmol/kg and C4  47 mmol/kg,
respectively. Using the values Q3 and Q4 for MEF
from Table 3, where we use ﬂow values assuming
that temperature is the tracer, we obtain a DOC ﬂux
FDOC = 2.6 mmol/s from high-temperature vents and
FDOC = 63 mmol/s from diffuse vents. These results
suggest that the dissolved organic carbon transport
via diffuse ﬂow is 24 times greater than that from
high-temperature vents. Note that these estimates
correct an error in Bemis et al. [2012], where we inadvertently used an incorrect mass ﬂow to calculate the
transport of DOC by diffuse ﬂow.

[21] Geochemical ﬂuxes from seaﬂoor hydrothermal

[23] Similarly, we consider chemical transport along

systems are needed for understanding geochemical
cycling between the ocean and lithosphere and for
understanding the utilization of chemical constituents
by microbial and macrofaunal communities [e.g.,
Crowell et al., 2008; Lang et al., 2006; Wankel
et al., 2011]. By using the two-limb single-pass
model, the partitioning of geochemical transports
between focused and diffuse ﬂow can be determined.
To determine geochemical transports F at the vent
ﬁeld scale for diffuse and focused ﬂow, respectively,
we multiply the observed concentration of a chemical
constituent C for a given ﬂow component by the
respective mass ﬂow Q. Thus, for high-temperature
focused ﬂow, F3 = C3Q3, whereas for low-temperature
diffuse ﬂow, F4 = C4Q4.
[22] This approach differs from that of Lang et al.

[2006], who estimated ﬂux of dissolved organic carbon (DOC) on the global scale, and Wankel et al.
[2011], who determined geochemical ﬂuxes of CH4,
CO2, and H2 at speciﬁc discharge sites on the Juan
de Fuca Ridge. Taking the average concentration of

the Northern Transect at EPR 9 500 N, where the concentrations of a number of chemical species have
been determined for both black smoker and diffuse
discharge [Von Damm and Lilley, 2004]. Figure 2a
shows that the chemical transport by diffuse ﬂow
ranges from approximately 3 to 6 times that from
black smokers for all the elements except H2.
Figure 2a shows that a signiﬁcant fraction of H2S,
Fe, and Mn transport at EPR occurs by diffuse ﬂow.
[24] To determine whether CO2, H2, and CH4 are
used by subsurface microbes, we use a mixing
relationship analogous to equation (4):
C4 Q4 ¼ C3 ðQ1  Q3 Þ þ C2 Q2

(5)

[25] The mean concentration data are calculated from

Table 2 of Von Damm and Lilley [2004]. Figure 2b
shows the results. By comparing the expected concentration for CO2, H2, and CH4 based on simple
mixing, we ﬁnd that the observed concentrations
are less than that derived from equation (5). This implies that each of these components is being utilized

Figure 2. (a) Mean transport rate for several chemical species in focused (C3Q3) and diffuse ﬂow (C4Q4) from EPR
9 500 N. Average values of C3 and C4 are calculated from Table 2 of Von Damm and Lilley [2004]; values of Q3 and
Q4 are taken from Table 3, using temperature as a tracer. (b) Comparison between measured values of CO2, H2, and
CH4 in diffuse ﬂow ﬂuids from EPR 9 500 N with values calculated assuming simple mixing.
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by subsurface microbes. H2 is depleted by approximately 97%, whereas CH4 and CO2 are depleted
by approximately 35% and 23%, respectively.

4. Discussion
4.1. Model Robustness and Uncertainties
[26] Amongst observational data, temperature has

the least amount of uncertainty, whereas heat output
and area of discharge are the largest sources of
uncertainty in modeling.
[27] In general, vent ﬂuid temperature and chemis-

try, particularly of high-temperature vents, are routinely measured, and the vent ﬁeld area is mapped.
Heat output data and seismic mapping of the AMC
are relatively scarce, however, and as a result, all of
these key data characteristics are known for fewer
than ten hydrothermal sites (Table 1). At present,
heat output data have a high level of uncertainty,
which limits the ability to interpret mass ﬂows
and geochemical transports from the vent ﬁeld.
Despite this uncertainty heat output is critically important for characterizing the hydrothermal system.
Thus, we argue that determination of heat output
and its partitioning between focused and diffuse
ﬂow should become a routine exercise in hydrothermal investigations.
[28] Vent ﬁeld area is needed to estimate crustal

permeability and ﬂuid residence time. We use the
area of the vent ﬁeld found from detailed mapping,
but this area is likely to be an overestimate of the
area of the hydrothermal discharge zone and hence
is not entirely representative of the subsurface

10.1002/ggge.20109

plumbing system and hydrologic ﬂow paths. Typically hydrothermal discharge of both hightemperature vent chimneys and diffuse ﬂow areas
are localized within the broad area that deﬁnes the
vent ﬁeld. At EPR 9 500 N, detailed seaﬂoor mapping
by Ferrini et al. [2007] suggests that focused venting
and adjacent diffuse ﬂow patches may occupy ~
103 m2, which is an order of magnitude smaller than
the mapped vent ﬁeld area. The active hightemperature vent structures in the MEF are localized
along faults and appear to occupy ~ 10%–20% of the
vent ﬁeld area. At Lucky Strike, venting is localized
along faults surrounding the lava lake [Barreyre et
al., 2012]. These observations suggest that hydrothermal discharge is focused through high-permeability
features within the vent ﬁeld area. Diffuse ﬂow is more
broadly distributed than the discrete high-temperature
discharge [e.g., Barreyre et al., 2012], and since diffuse
ﬂow is a mixture of seawater and high-temperature
ﬂuid, upwelling high-temperature discharge is not
restricted to discrete chimneys and high-temperature
vent structures. More realistic estimates of crustal
permeability and ﬂuid residence times require a
better understanding of the subsurface plumbing
system. Permeability and effective vent ﬁeld area
are likely to be highly heterogeneous. The estimates
of bulk permeability given in Table 2 may underestimate the effective permeability by an order of magnitude, and residence times may be overestimated
by a similar amount.

4.2. Hydrothermal Heat Flux, Spreading
Rate, and Depth to the AMC
[29] Baker and German [2004] have shown a strong

correlation globally between hydrothermal venting

Figure 3. Data showing relationship between depth to AMC, spreading rate, and heat output for hydrothermal sites
at oceanic spreading centers. The available data are taken from Table 1.
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frequency and magma supply, or spreading rate.
Baker [2009] further suggested that at intermediatethrough fast-spreading rates at the multisegment scale
ridge length, plume incidence increases as the depth
to the AMC decreases. This correlation weakens at
the second-order segment scale though, and the data
are scarce for slow-spreading ridges. Baker [2009]
argued that high-temperature hydrothermal venting
is closely linked to the presence of subsurface magma
in all spreading environments. Here we explore two
other correlations using the limited heat ﬂux data
from the vent sites in Table 1.
[30] Figure 3 shows spreading rate and magma cham-

ber depth versus mean estimates of vent ﬁeld heat
ﬂux. The plot of heat output versus spreading rate
shows essentially no correlation between spreading
rate and heat output. In fact, the highest heat outputs
often appear to be found at slow-spreading ridges
(i.e., Rainbow, Lucky Strike, and TAG). Since heat
output may be viewed as a proxy for magma supply
[Baker and German, 2004], we interpret this lack of
correlation to be an indication that hydrothermal heat
output at active hydrothermal systems is not a function of magma supply in a “time-integrated” sense
corresponding to spreading rate. Rather, it is a function of magma supply on a local spatial and temporal
scale. This is a slightly different way of stressing the
importance of magma supply as a driver of hightemperature hydrothermal venting at all spreading
rates. This may also explain why black smokers do
not exist everywhere above mapped AMCs.

[31] Figure 3 also shows no obvious correlation

between heat output and depth of the magma
chamber. This lack of correlation suggests that if
magma is present, regardless of depth, crustal
permeability tends to evolve in such a manner as to
tap the available heat. It also suggests, qualitatively
at least, that hydrothermal circulation simply takes
the heat supplied by the convecting magma body. It
does not extract heat from the crustal rocks or
suppress magmatic heat output by cooling the
overlying crust. This argument is somewhat counter
to that of Morgan and Chen [1993], who argued that
hydrothermal cooling near the ridge axis, which is
proportional to the spreading rate, controls the depth
of the AMC. The difference between these two
approaches is that Morgan and Chen [1993] considered a time-integrated scale related to crustal
spreading, whereas we consider a timescale related
to a local rate of magma supply and the lifetime
of a hydrothermal ﬁeld, which may be only tens to
hundreds of years. Mittelstaedt et al., 2012 provided
additional discussion of the connections between

10.1002/ggge.20109

hydrothermal heat output, depth to the AMC, and
spreading rate.

5. Conclusions
[32] We use one- and two-limb single-pass hydro-

thermal models to provide estimates of key hydrothermal characteristics such as bulk permeability,
mass ﬂow rate, conductive boundary layer thickness, magma replenishment rate, and ﬂuid residence
time. The models are constrained by observational
data on vent temperature, heat output, vent ﬁeld
area, and surface area and depth of the subaxial
magma chamber. The principal limitations of this
approach stem from lack of heat output and magma
chamber data, which are available for only a small
fraction of the more than 300 known systems. The
uncertainty in these estimates primarily reﬂects
uncertainty in hydrothermal heat output and area
of the vent ﬁeld. Vent ﬁeld areas used in these
simple models are likely overestimates, which
translates into underestimates of crustal permeability
and overestimates of ﬂuid residence time in the
discharge zone, respectively. Despite these uncertainties, it is noteworthy that Q, kd, and d tend
to cluster over similar ranges of ~ 100 kg/s,
~ 1013 m2, and ~ 10 m, respectively, suggesting that
the single-pass model provides reasonable ﬁrst-order
estimates of key hydrothermal characteristics independent of spreading rate and detailed information
about the AMC.
[33] Using data on heat output, vent temperature,

and Mg concentration for focused and diffuse ﬂow
in a two-limb model, we can obtain useful constraints on the fraction of high-temperature ﬂuid
incorporated into diffuse ﬂow. If geochemical
data are available, the model also yields estimates
of geochemical transports in focused and diffuse
ﬂows, respectively, and whether microbial processes act as sources or sinks for certain chemical
constituents such as CO2, H2, and CH4. Our calculations for EPR 9 500 N suggest that all of these
constituents are removed by microbial processes
in regions of diffuse ﬂow. The results of the twolimb model indicates that typically 80%–90% of
the hydrothermal heat output occurs as hightemperature ﬂow derived from magmatic heat
even though most of the heat output discharges
as low-temperature diffuse discharge. By comparing calculated ﬂow rates using Mg and vent ﬂuid
temperature as conservative tracers, we argue that
EPR 9 500 N and ASHES diffuse ﬂow ﬂuids are
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conservative mixtures, whereas MEF ﬂuids have undergone conductive cooling and Lucky Strike ﬂuids
have undergone considerable conductive heating.
[34] There is no apparent correlation between heat

output or depth to the magma chamber and spreading rate. These results suggest that heat output from
individual seaﬂoor hydrothermal systems is controlled by local, short-lived magma supply rates rather
than by the long-term magma supply needed for
crustal production and that crustal permeability
evolves in such a manner to enable hydrothermal ﬂow
to tap the available heat supply regardless of its depth.
[35] Lack of data on hydrothermal heat output,

subsurface plumbing and ﬂuid ﬂow patterns, and
AMC characteristics limits our ability to model and
understand magma-driven seaﬂoor hydrothermal
systems in more detail.

Appendix A:
A1. The Classical Single-Pass Model
[36] In the single-pass model (Figure A1), conserva-

tion of mass is expressed simply as Q, the mass ﬂow

rate (kg/s) through the single-pass circulation pathway. Conservation of momentum is expressed by
an integrated form of Darcy’s law, which is equivalent to Ohm’s law for an electric circuit. For
buoyancy-driven ﬂow this is given by [e.g., Lowell
and Germanovich, 2004]

_

Q¼

Zh
rf 0 g aðzÞ½Td ðzÞ  Tr ðzÞdz

H
¼
R

0

ZL

(A1)

n
ds
kA

0

_

where H is the buoyancy driving the ﬂow, and R is
the integrated ﬂow resistance along the circulation
path. In equation (A1), rf0 is the ﬂuid density at
0 C, g is the acceleration due to gravity, a is the
thermal expansion coefﬁcient, T is the temperature,
n is the kinematic viscosity of the ﬂuid, k is the
permeability, A is the cross-sectional area through
which the ﬂuid passes, h is the height of the
circulation layer, and L* is the total length of the ﬂow
path. The subscripts d and r refer to the discharge and
recharge zones, respectively. All symbols are listed
in Table A1. If we assume that Tr = 0 and Td(z) = Td
(a constant representing the vent ﬂuid temperature)
and that the ﬂow resistance occurs primarily in the
discharge zone, equation (A1) can be simpliﬁed to
Q¼

rf0 ad gkd Td Ad
nd

(A2)

[37] Conservation of energy is expressed as a simple

heat balance between the heat conducted across the
thermal boundary layer d and the advective heat ﬂux
out of the system. That is,
lðTm  Td =2ÞAm
¼ cht QTd ¼ H
d

Figure A1. A schematic of the classical single-pass
model. Cold seawater percolates downward to near
the top of the subaxial magma chamber, which is
maintained at a constant temperature Tm ~ 1200 C. Heat
from the magma over an area Am is transported to the
hydrothermal system across a conductive boundary
layer of thickness d in the horizontal limb, where
high-temperature water-rock reactions and phase separation occur. The hot buoyant hydrothermal ﬂuid then
ascends to the seaﬂoor where it exits at a temperature
Td and mass ﬂow rate Q through a vent ﬁeld of area
Ad. The heat output of the hydrothermal system is
H. Modiﬁed from Lowell et al. [2008] and Liu and
Lowell [2009].

(A3)

where l is the thermal conductivity of the rock, Tm
is the temperature of the magma, Am is the area of
the AMC from which heat is transferred to the
hydrothermal system, cht is the speciﬁc heat of
the high-temperature venting ﬂuid, and H is the
total observed heat output of the hydrothermal
system.
A2. Two-Limb Single-Pass Model
[38] In the two-limb model, the mass ﬂux Q1 at

temperature T1 in the deep recharge zone enters
the cross-ﬂow channel where heat transferred from
the AMC raises the temperature from T1 to T3
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Figure A2. Schematic of a “double-loop” single-pass model above a convecting, crystallizing, replenished AMC
(not to scale). Heat transfer from the vigorously convecting, cooling, and replenished AMC across the conductive
boundary layer d drives the overlying hydrothermal system. The deep circulation represented by mass ﬂux Q1 and
black smoker temperature T3 induces shallow circulation noted by Q2. Some black smoker ﬂuid mixes with seawater
resulting in diffuse discharge Q4, T4, while the direct black smoker mass ﬂux with temperature T3 is reduced from Q1
to Q3. Heat output, vent temperature, and geochemical data allow estimates of the various mass ﬂuxes. Modiﬁed from
Germanovich et al. [2011] and Farough [2012].

(Figure A2) in the discharge zone. The ascending
mass ﬂux Q1 is then divided into two parts. One
part, corresponding to Q3, vents at the surface at
temperature T3, giving rise to the black smoker heat
ﬂux H3. The remainder, Q1–Q3, mixes with cold
seawater in the shallow limb that has mass ﬂux Q2
and arrives at the seaﬂoor as diffuse ﬂow Q4 with
a diffuse ﬂow temperature T4 and a resultant diffuse
ﬂow heat ﬂux H4. The mass ﬂuxes Q3 and Q4 can
be determined directly from the heat ﬂux and
temperature data and speciﬁc heat using the following
formulas [e.g., Lowell et al., 2012]:
H3
Q3 ¼
;
cht T3

H4
Q4 ¼
clt T4

(A4)

where cht and clt are the speciﬁc heat of the ﬂuid at
high and low temperatures, respectively.
[39] We then use Mg concentration as a conservative

tracer to obtain the fraction x of the black smoker
ﬂuid entrained in the diffuse ﬂow. We assume that
the black smoker ﬂuid is an end-member hydrothermal ﬂuid with Mg = 0. Writing the Mg concentration
w, we have
x¼

Xlt  Xsw Q1  Q3
¼
Xht  Xsw
Q4

(A5)

where the subscripts lt, ht, and sw refer to diffuse,
high-temperature, and seawater concentrations,
respectively. Since Q3 and Q4 can be determined

from the heat output data and x can be determined
from geochemical data on Mg in seawater and
diffuse ﬂow, the mass ﬂux Q1 can be determined
from equation (A2). Finally, the shallow recharge
Q2 can be found from conservation of mass. That is,
Q2 ¼ Q4  ðQ1  Q3 Þ

(A6)
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