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[1] Water circulating through oceanic lithosphere extracts large quantities of heat, affecting
magmatic, tectonic, geochemical, and microbial processes. Numerous estimates for the
amount of hydrothermal heat extraction have beenmade on the basis of the difference between
the predicted and observed heat flux across the seafloor. These methods have assumed a
dynamic steady state thermal system. We show that this assumption is not warranted and
leads to an incorrect partitioning of hydrothermal circulation between ridge axes and
flanks. To more accurately estimate hydrothermal heat loss on ridge axes and flanks, we
consider the spatial and temporal extent and vigor of axial hydrothermal circulation in
calculating hydrothermal heat extraction. Axial fluid circulation perturbs the thermal state of
oceanic lithosphere for ∼5 Ma after that circulation ceases, reducing the hydrothermal heat
extraction on ridge flanks. We find ∼30% of hydrothermal heat extracted on axis, ∼10%
extracted near axis (from end of axial hydrothermal circulation to 1Ma), and ∼60% extracted
from lithosphere >1 Ma.
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1. Introduction

[2] Hydrothermal circulation advects heat from the oceanic
lithosphere to the overlying ocean. Evidence for fluid circu-
lating through and extracting heat from oceanic lithosphere
includes the presence of metalliferous sediment at mid‐ocean
ridges [Bostrom and Peterson, 1966; Haymon et al., 2005],
reduced magnetization with distance from mid‐ocean ridge
axes [Irving et al., 1970; Tivey and Johnson, 2002], scattered
and anomalously low seafloor heat flux at mid‐ocean ridge
axes and flanks [Lister, 1972; Williams et al., 1974; Davis
et al., 1999], and direct observations of venting [Corliss
et al., 1979; Baker and Massoth, 1986; Ramondenc et al.,
2006]. In order to understand the Earth’s thermal budget,
lithospheric cooling, and processes affecting the evolution of
oceanic lithosphere, numerous studies have sought to quan-
tify the amount of heat extracted from the lithosphere by
hydrothermal circulation [e.g., Wolery and Sleep, 1976;
Sclater et al., 1980; Stein and Stein, 1994; Elderfield and
Schultz, 1996; Mottl, 2003]. Many of these studies distin-
guish between high‐temperature axial hydrothermal circula-
tion and low‐temperature ridge flank circulation [e.g., Mottl
and Wheat, 1994; Elderfield and Schultz, 1996; Mottl,
2003]. Often, these high‐ and low‐temperature regimes are
differentiated to facilitate estimates of geochemical fluxes
[e.g., Mottl and Wheat, 1994] and to understand processes

controlling the alteration history of oceanic crust [Cann and
Gillis, 2004].
[3] Estimates of hydrothermal heat extraction from oceanic

lithosphere commonly are derived from the difference
between models and observations of conductive heat loss
through the seafloor [Wolery and Sleep, 1976; Sclater et al.,
1980; Stein and Stein, 1994]. The discrepancy between these
predicted values and the observations are inferred to result
from fluid advecting heat from the lithosphere (Figure 1). In
the absence of hydrothermal circulation, the predicted and
observed heat fluxes should be equal barring other thermal
perturbations. Hydrothermal circulation intercepts a portion
of the predicted heat and advects it laterally away from
regions of sediment cover where measurements are made.
Because fluids advecting heat preferentially discharge through
exposed basement where measurements are rare, heat flux
measurements miss the advective component of the total heat
flow. Global estimates of hydrothermal heat flux are based
on the difference between global models of predicted heat
flux and that actually observed [Wolery and Sleep, 1976;
Sclater et al., 1980; Stein and Stein, 1994]:

qhydrothermal ¼ qpredicted � qobserved ð1Þ

[4] This method for quantifying hydrothermal heat extrac-
tion has been applied to estimate both a total hydrothermal
heat loss from oceanic lithosphere (∼10–11 TW) and the
distribution of that heat loss between mid‐ocean ridge (i.e.,
axial), near‐axis, and off‐axis settings [e.g., Sclater et al.,
1980; Stein and Stein, 1994; Stein et al., 1995; Mottl, 2003].
Accurate characterization of the partitioning of hydrothermal
heat extraction between mid‐ocean ridges and flanks has
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implications for understanding controls on ocean chemistry,
microbial processes, and the nature of heat transfer associ-
ated with spreading centers because these depend on accurate
knowledge of hydrothermal fluxes [Mottl and Wheat, 1994;
Elderfield and Schultz, 1996; Mottl, 2003]. In this study, we
show that although using the difference between the predicted
and observed surface heat flux is effective at determining
the total hydrothermal heat loss, this method has significant,
though previously underappreciated, limitations in quantify-
ing the distribution of that heat loss. These limitations arise
owing to changes in the depth of hydrothermal cooling
between mid‐ocean ridge axis and flank. We explore an
alternate formulation for estimating the partitioning of hydro-
thermal circulation between near‐axis and off‐axis flow that
incorporates estimates of the depth extent of circulation. This
formulation is valid for mid‐ocean ridges, ridge flanks, and
older oceanic crust; it yields a new estimate for the distribu-
tion of hydrothermal heat flux.

2. Hydrothermal Circulation Depth

[5] Estimates for the depth of hydrothermal circulation at
ridge axes are based on observations of the depth of micro-
seismicity [Toomey et al., 1988; Kong et al., 1992; Pelayo
et al., 1994; Golden et al., 2003; Wilcock et al., 2002],
alteration in ophiolites [Gregory and Taylor, 1981;Cann and
Gillis, 2004], near‐axis subsidence patterns [Cochran and
Buck, 2001], thermal models [Chen and Phipps Morgan,
1996; Cherkaoui et al., 2003; Maclennan et al., 2005], and
interpretation of seismic tomography [Dunn et al., 2000].
Conservative estimates from microseismicity and seismic
velocities suggest hydrothermal cooling at least through the
pillow lavas and sheeted dikes to ∼2 km depth [Dunn and
Toomey, 2001; Wilcock et al., 2002]. Similarly, alteration
of crustal rocks in the Trodos ophiolite suggests axial
hydrothermal cooling to the base of the sheeted dikes (∼2 km
depth) for crust formed at a fast spreading rate [Cann and
Gillis, 2004]. For the Oman ophiolite, also fast spreading
crust, oxygen and strontium isotope data indicate pervasive

fluid flow through the sheeted dikes and diminishing, chan-
nelized hydrothermal circulation through the underlying
gabbro [Cann andGillis, 2004;Coogan et al., 2006]. Cooling
rates for a crustal section of the Oman ophiolite calcu-
lated from closure temperatures for diffusive exchange of
calcium from olivine indicate that the lower crust cools ∼2–
3 orders of magnitude slower than upper crust [Coogan et al.,
2007]. This and other evidence lead some to conclude that
for fast spreading ridges the upper ∼2 km of crust cools
hydrothermally, but the lower crust cools conductively [Cann
and Gillis, 2004; Coogan et al., 2007]. However, calcium
in olivine determined cooling rates from a different crustal
section of Oman ophiolite (∼100 km distant) indicate
rapid cooling throughout the entire 6 km thickness of crust
within 1–2 km of the ridge axis; this rapid cooling is inter-
preted to indicate hydrothermal circulation to ∼6 km depth
[VanTongeren et al., 2008]. VanTongeren et al. [2008] sug-
gest that anomalously slow cooling rates determined in the
lower crust for the other Oman site [i.e., Coogan et al., 2007]
result from reheating of the base of that section by a dike
swarm intruded into the mantle. Other estimates indicate
near‐ridge fluid circulation through the entire crustal thick-
ness of ∼6 km, with flow facilitated by thermal cracking
through sheeted dikes into the underlying gabbro [Wilcock
and Delaney, 1996]. Seismic velocities across the fast
spreading East Pacific Rise are interpreted to indicate that the
full crustal thickness is developed within a few kilometers
of the ridge axis; this requires hydrothermal heat extraction
to ∼6 km depth [Dunn et al., 2000].
[6] Hydrothermal circulation depth is likely greater for

slow spreading crust than fast spreading crust. Earthquake
locations are restricted to rocks cool enough for brittle failure;
therefore, the locations of seismic events constrain the depth
to the temperature‐controlled brittle‐ductile transition. Axial
earthquakes are deeper at slow spreading ridges than at fast
spreading ridges [Huang and Solomon, 1988]. At the slow
spreading Mid‐Atlantic Ridge, axial earthquakes occur at or
below the base of the crust [Toomey et al., 1988; Kong et al.,
1992]. At the intermediate spreading Juan de Fuca Ridge,
axial microseismicity occurs at 2–4 km depth [Golden et al.,
2003;Wilcock et al., 2002]. At the fast spreading East Pacific
Rise, axial seismicity is restricted to the upper 1 km of crust
[Sohn et al., 1998, 1999]. In addition, the depth to zones
of partial melt beneath mid‐ocean ridges decreases with
increasing spreading rate [Purdy et al., 1992]. Finally, cal-
cium in olivine determined cooling rates show rapid cooling
of the entire ∼6 km crustal section for slow spreading crust,
but slower cooling rates below 2 km depth for fast spreading
crust (at least in one crustal section) indicative of conduc-
tive cooling [Coogan et al., 2007]. These trends lead Fisher
[2003] to postulate that the depth of axial hydrothermal
cooling decreases systematically with increasing spreading
rate.
[7] In contrast to axial hydrothermal circulation, fluid flow

through the flanks of mid‐ocean ridges likely is restricted to
a high‐permeability aquifer composed of pillow lavas that
comprise the upper ∼600 m of the basement rock [Becker and
Davis, 2004; Fisher, 1998]. The transition from deep axial to
shallow off‐axis hydrothermal circulation likely results from
the cessation of active faulting and the sealing of fractures
[Cann andGillis, 2004]. The change in fluid circulation depth
from ridge axis to flank has important consequences for

Figure 1. Heat flux versus age for oceanic lithosphere.
Black line is predicted heat flux across seafloor for conduc-
tive cooling. Circles are average observed conductive heat
flux grouped by lithospheric age for 2 Ma bins [Stein and
Stein, 1993]; vertical lines extend ±1 standard deviation.
Shaded area is heat flux deficit attributed to hydrothermal
heat extraction.
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determining the magnitude and age distribution of hydro-
thermal heat extraction.

3. Quantifying Hydrothermal Heat Extraction

[8] We quantify hydrothermal heat extraction by explicitly
considering the depth evolution of geotherms as a function of
time. We start by considering the change in plate heat content
as a function of time and then link the formulation to the
temporal evolution of geotherms. The conservation of energy
dictates that the conductive and hydrothermal heat loss must
be balanced by changes in the heat content of the plate. The
temporal change in plate heat content due to hydrothermal
circulation can be expressed as

DHhydrothermal

Dt
¼ DHtotal

Dt
�DHconductive

Dt
; ð2Þ

where DHtotal is the combination of hydrothermal and con-
ductive heat loss andDHconductive is the conductive heat loss.
The rate of change in heat content is controlled by the dif-
ference between the heat flux into the base of the plate and the
heat flux out the top of the plate. For a conductively cooling
plate, the change in heat content with time is

DHconductive

Dt
¼ qbase conductive � qpredicted

� �
A; ð3Þ

where qbase conductive is the heat flux into the base of the plate,
qpredicted is the conductive flux out of the top of the plate
(Figure 2), and A is the area of lithosphere for plate ages over
the range Dt. With hydrothermal heat extraction in addi-
tion to heat conduction, the heat flux out the top of the plate
is the observed surface heat flux plus the hydrothermal heat
flux. Thus, the change in heat content with time is

DHtotal

Dt
¼ qbase total � qobserved þ qhydrothermal

� �� �
A; ð4Þ

where qbase total is the heat flux into the base of a lithospheric
plate with a shallow aquifer, qhydrothermal is the heat loss due

to hydrothermal circulation, and qobserved is the conductive
heat loss measured at the seafloor (Figure 2). Equations (3)
and (4) are substituted into equation (2) and rearranged to
solve for hydrothermal heat extraction:

qhydrothermal ¼ qpredicted � qobserved
� �þ qbase total � qbase conductiveð Þ
�DHtotal �DHconductive

ADt
: ð5Þ

Differences in the basal heat fluxes are extremely small
(<1.5 mW m−2) and may be ignored with little effect
[Sclater et al., 1980], yielding

qhydrothermal ¼ qpredicted � qobserved
� ��DHtotal �DHconductive

ADt
:

ð6Þ

[9] Typical formulations calculating hydrothermal heat
extraction from the surface heat flux anomaly [e.g., Wolery
and Sleep, 1976; Sclater et al., 1980; Stein and Stein, 1994]
only include the first term on the right‐hand side of
equation (6). Implicit in these formulations is an assumption
that the heat flux into the base of the shallow aquifer is equal
to the expected surface heat flux (qpredicted) at all times.
However, this is only true when the system is in a dynamic
steady state (i.e., last term in equation (6) is zero). The last
term in equation (6) accounts for conductive changes in
geotherms that lag behind changes in circulation depth and
efficiency. This term may be large on ridge axes and the
flanks of mid‐ocean ridges where the thermal state of the
lithosphere adjusts to changes in the depth extent of hydro-
thermal circulation.
[10] To quantify hydrothermal heat flux, we link

equation (6) to geotherms and depths of circulation by cal-
culating the temporal change in heat content (DHtotal and
DHconductive) in the plate as

DH

Dt
¼ �c

Z

A

DT

Dt
dz; ð7Þ

where r is lithospheric density (3330 kg m−3), c is specific
heat (1171 J kg−1 °C−1) [Parsons and Sclater, 1977; Stein and
Stein, 1994], and DT is the difference between geotherms
at the beginning and end of an age interval (Figure 3). This
formulation explicitly incorporates the depth extent of hydro-
thermal circulation. Figure 3 illustrates the thermal inertia
following a reduction in the depth of hydrothermal circulation
from the ridge axis to ridge flank environment. We show
modeled geotherms for 0, 0.11, and 1 Ma. In the conductive
case (Figure 3a), the lithosphere is only cooled by conduction
to a constant temperature (0°C) seafloor. In the second case
(Figure 3b), axial hydrothermal cooling penetrates to 6 km
depth beginning at the ridge (0+ Ma) and lasts until 0.11 Ma
(i.e., 6 km from ridge for 5.5 cm yr−1 half‐spreading rate).
After 0.11Ma, hydrothermal circulation is turned off and heat
is only transported by conduction. From 0 to 0.11Ma, the rate
of heat loss from the conductively cooled plate is slower than
for the hydrothermally cooled plate. In the transition from
deep axial to conductive cooling (0.11–1Ma), the rate of heat
loss from the conductively cooled plate is faster than for
hydrothermally cooled plate, as the hydrothermally perturbed

Figure 2. Heat fluxes into and out of oceanic lithosphere.
Hypothetical lithosphere only cooled by conduction is shown
left of dashed line. Typical oceanic lithosphere with some
heat conducted through sediment to the seafloor and some
heat extracted by hydrothermal circulation in a basaltic aqui-
fer is shown right of dashed line.
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geotherm conductively recovers. Following the cessation of
axial hydrothermal circulation, some heat warms the upper
lithosphere, decreasing the rate of heat loss from the plate.
This example illustrates how the formulation in equation (1)
would mischaracterize the partitioning between ridge axis
and ridge flank hydrothermal circulation; hydrothermal cir-
culation on the ridge axis would be underestimated and that
on the ridge flank would be overestimated.

4. Numerical Models

[11] Our goal is to explore and estimate the partitioning
between on‐ and off‐axis hydrothermal heat loss as a function
of the depth of axial hydrothermal circulation. We calcu-
late the evolution of temperatures in oceanic lithosphere with
a 2‐D finite element model that accounts for heat conduc-
tion, movement of the plate away from a mid‐ocean ridge,
hydrothermal heat extraction from a prescribed aquifer, and
sediment accumulation (Figure 4). Our plate is 95 km thick
[Stein and Stein, 1994] with constant temperatures at the
surface (0°C) and base of the plate (1330°C). Geotherms are
initialized with temperatures at the ridge axis (0Ma) increasing
from 1200°C at the surface by 3°C km−1 to 33 km depth;
below 33 km temperatures increase 0.3°C km−1 [Morton and
Sleep, 1985; Elderfield and Schultz, 1996; Mottl, 2003].
Using these geologically reasonable ridge axis temperatures
as a boundary condition yields predicted surface heat fluxes
for the conductively cooled case that are between those from
the established models of Parsons and Sclater [1977] and
Stein and Stein [1994]. Material (and its associated heat) is
advected away from the ridge axis at a half‐spreading rate.
We generate models with half‐spreading rates between 0.5
and 7.5 cm yr−1. For each spreading rate, we run simulations
with and without hydrothermal cooling.

[12] We assume that the width of the axial hydrothermal
circulation zone on each side of the ridge axis is equal to its
depth, so that hydrothermal circulation on either side of the
ridge axis has an aspect ratio of one. This aspect ratio is
consistent with estimates for the extent of axial cooling for
East Pacific Rise [Dunn et al., 2000; Cherkaoui et al., 2003;
Maclennan et al., 2005]. Beyond the distance for axial
hydrothermal cooling, the geotherm is allowed to conduc-
tively relax, except for a 600 m thick isothermal aquifer
maintained in the upper crust (Figure 4). For these simple
models we assume the cessation of axial hydrothermal cir-
culation occurs as a step. Temperature in the off‐axis aquifer
is set by the observed surface heat flux and the sediment
thickness. On the ridge axis, there is no sediment and base-
ment is in contact with the overlying ocean. Beyond the axial
cooling zone, sediment accumulates at 5 m Ma−1 [Spinelli
et al., 2004]. Outside the axial hydrothermal circulation
zone, the thermal conductivity of the lithospheric plate
(excluding sediment) is set to 3.1Wm−1 °C−1 [Stein and Stein,
1994; Parsons and Sclater, 1977]; sediment thermal conduc-

Figure 4. (a, b) Schematic cross sections of the numerical
model used to evaluate oceanic lithosphere temperatures.
The portion of the model near the mid‐ocean ridge (Figure 4a)
shows separate axial and ridge flank hydrothermal systems.
Axial hydrothermal heat extraction is simulated by increas-
ing the vertical thermal conductivity in some or all of the
crust. The entire model extends from 0 to 70 Ma lithosphere
(Figure 4b) and from the seafloor to 95 km depth (full depth
range not shown for clarity; total horizontal distance depends
on spreading rate). On the ridge flank, thermal gradients
through seafloor sediment are specified on the basis of
observed surface heat fluxes. The basaltic ridge flank aquifer
is maintained at the basal sediment temperatures; below the
ridge flank aquifer, heat conduction is the dominant process.
Throughout the model, heat is advected laterally toward older
lithosphere at the half‐spreading rate; this advects heat away
from the mid‐ocean ridge and across the ridge‐to‐ridge flank
transition.

Figure 3. Example geotherms in oceanic lithosphere cooled
by (a) conduction and (b) conduction plus axial hydrothermal
circulation. In the hydrothermally cooled example, axial fluid
circulation extends to 6 km depth and 6 km distance from the
ridge (0–0.11 Ma for a half‐spreading rate of 5.5 cm yr−1).
There is no hydrothermal heat extraction after 0.11 Ma. The
difference between successive geotherms is used to calculate
the temporal change in heat content in the plate.
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tivity is 1.0 W m−1 °C−1 [Davis et al., 1997b, 1999]. Model
parameters are summarized in Table 1.
[13] We simulate the thermal effect of axial hydrothermal

heat extraction by increasing the vertical thermal conductivity
over the depth of circulation by a factor of 20. This high
thermal conductivity proxy for hydrothermal circulation has
been successfully used in a number of studies [Chen and
Phipps Morgan, 1996; Davis et al., 1997a; Cochran and
Buck, 2001]. To examine the efficacy of using this proxy
for high Nusselt number circulation on the ridge axis, we
compare geotherms at the axis‐to‐flank transition from our
simulation and more detailed thermal models (Figure 5).
Cherkaoui et al. [2003] and Maclennan et al. [2005] devel-
oped models for cooling of the lithosphere formed at the
East Pacific Rise at ∼9°N; their simulations include hydro-
thermal cooling through the entire 6 km thick crustal section.
Our simulation, with the appropriate half‐spreading rate of
5.5 cm yr−1 and an enhanced thermal conductivity to 6 km

depth yields temperatures at 6 km off axis that are slightly
warmer than the more detailed models (Figure 5) [Cherkaoui
et al., 2003; Maclennan et al., 2005]. Thus, the high‐
conductivity proxy provides a conservative estimate of the
effects of axial hydrothermal cooling in this case. An advan-
tage of this technique is that it can be applied over the range
of spreading rates and cooling depths that we examine, but
for which detailed numerical models have not been devel-
oped. For the off‐axis aquifer, the thermal effect of hydro-
thermal cooling is defined by using the observed surface heat
flux to delineate a geotherm through the seafloor sediment;
we define the ocean crust aquifer as a 600 m thick isothermal
unit with temperature equal to the base of the sediment section.
Therefore, the high‐conductivity proxy is not applied, nor
necessary, for the off‐axis aquifer.

5. Results

[14] Figure 6 shows heat flux versus age resulting from
different spreading rates and axial circulation depths of 2 and
6 km. Each curve starts where axial hydrothermal circulation
conditions end. The conductive reference model and globally

Table 1. Model Parameters

Parameter Value

Axial hydrothermal cooling
depth (km)

1–6

Ridge flank hydrothermal cooling
depth (km)

0.6

Plate thickness (km) 95
Seafloor temperature (°C) 0
Basal temperature (°C) 1330
Thermal conductivity of lithosphere,

excluding sediment (W m−1 °C−1)
3.1

Thermal conductivity of sediment
(W m−1 °C−1)

1.0

Density of lithosphere (kg m−3) 3330
Specific heat of lithosphere

(J kg−1 °C−1)
1171

Figure 5. Modeled geotherms for fast spreading (5.5 cm
yr−1 half‐spreading rate) oceanic lithosphere 0.11 Ma after
formation, in the transition from axial to off‐axis hydrother-
mal circulation. Using a high‐conductivity proxy for high
Nusselt number (Nu) circulation in the crust (solid line) yields
a slightly warmer geotherm than do other models of axial
cooling (dashed lines); this warmer geotherm provides a con-
servative estimate of the effects of axial hydrothermal circu-
lation on ridge flank surface heat flux.

Figure 6. Heat flux versus age for oceanic lithosphere,
where lines are modeled heat flux with half‐spreading rates
of (a) 0.5 cm yr−1 and (b) 7.5 cm yr−1. Circles are average
observations for global data in 2 Ma bins; error bars are ±1
standard deviation. Dashed line is predicted seafloor heat flux
for conductive cooling. Lower lines show modeled surface
heat flux for conductive ridge flank cooling following axial
hydrothermal cooling (no ridge flank hydrothermal heat
extraction).
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averaged heat flow observations are also plotted for refer-
ence. Because the lateral extent of axial cooling is prescribed
in terms of distance, the discrepancy is largest for slow
spreading lithosphere. The thermal legacy of axial hydro-
thermal cooling to 2 km depth is smaller; surface heat flux
approaches that predicted for a conductively cooled plate
by ∼3 Ma. The legacy of axial hydrothermal cooling affects
surface heat flux from lithosphere younger than 3Ma in cases
with deep or shallow axial hydrothermal cooling and all
spreading rates. These results confirm the functional rela-
tionships evident in equation (6); the long‐lasting effect of
axial hydrothermal cooling is proportional to its depth and
inversely related to the spreading rate. The globally averaged
heat flow data fall below our calculations of axial hydro-
thermal heat extraction even for the deepest circulation and
slowest crust indicating the importance of hydrothermal heat
flow on ridge flanks.
[15] We estimate the age distribution of global hydrother-

mal heat extraction accounting for variations in hydrothermal
cooling depth by using equations (6) and (7). In the first two
scenarios, axial hydrothermal cooling extends to either 2 km
or 6 km. In a third set of simulations, the axial hydrothermal
cooling depth decreases with increasing spreading rate. In
these simulations, the depth of enhanced axial cooling is
6.0, 3.8, 2.8, 2.1, 1.6, 1.3, 1.1, and 1.0 km for crust formed
at spreading rates of 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, and
7.5 cm yr−1, respectively (Figure 7). To allow comparison
with previous estimates, we determine amounts of hydro-
thermal heat extraction from the ridge axis and in 2 million
year wide bins off axis. Specifically, we calculate hydro-
thermal heat flux (1) from the ridge axis (0 Ma) to the end of
axial hydrothermal circulation, (2) from that axis‐to‐flank
transition to 1 Ma, (3) from 1 Ma to 2 Ma, and (4) from 2 Ma

wide bins from 2Ma to 70Ma. The area for each age bin (used
in equation (6)) is determined from the spreading rate and the
length of the global mid‐ocean ridge system spreading at that
rate [Baker and German, 2004]. For age bins near the ridge,
with set distances rather than ages, we calculate the predicted
surface heat flux for each bin for all spreading rates, then
determine average values weighted by the fractions of the
total axial and near‐axis areas for each spreading rate. We use
the calculated hydrothermal heat flux and areas for each age
bin and spreading rate combination to calculate the hydro-
thermal heat extracted. For each age bin, we sum both the
hydrothermal heat and the area for all spreading rates. Finally,
we calculate a global average hydrothermal heat flux for each
age bin from the summed hydrothermal heat fluxes and areas.
This provides our preferred estimates for the global hydro-
thermal heat flux distribution, accounting for differences
in spreading rate. A limitation of this study is that we do
not account for temporal changes in spreading rate, a com-
plexity observed in oceanic lithosphere [Muller et al., 2008].
Therefore, we scale the lithospheric area estimated from
spreading rates and lengths of ridge to the area for 0–70 Ma
lithosphere determined by Muller et al. [2008] in estimating
the cumulative hydrothermal heat extraction from oceanic
lithosphere.
[16] On axis we calculate hydrothermal heat fluxes 2.3–

2.8 times larger than estimated from the difference between
the predicted and observed surface heat fluxes alone
(Figure 8). From the end of axial hydrothermal cooling to
6 Ma, we find substantially lower heat extraction by fluid
circulation than estimated from the difference between pre-
dicted and observed surface heat fluxes. We illustrate this
point by plotting hydrothermal heat extraction relative to that
predicted from equation (1) (Figure 9). With axial circulation

Figure 7. Axial hydrothermal cooling depth as a function
of half‐spreading rate for one set of simulations. In two other
sets of simulations, axial hydrothermal cooling depth is 2 km
or 6 km for all half‐spreading rates.

Figure 8. Hydrothermal heat flux versus age on and near
axis calculated from the difference between predicted and
observed surface heat flux (dashed line) and this study exam-
ining changes in lithospheric heat content (solid lines). The
preferred model has decreasing axial hydrothermal circula-
tion depth with increasing spreading rate (bold black line).
The difference between predicted and observed surface heat
flux underestimates axial hydrothermal heat extraction and
overestimates near‐axis hydrothermal heat extraction.
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extending to 6 km depth for all spreading rates, ridge flank
hydrothermal heat extraction until 6 Ma is 71% of that
determined from equation (1). If axial hydrothermal cooling
is limited to 2 km depth and 2 km from the ridge, ridge flank
hydrothermal cooling to 6Ma is 92% of that determined from
equation (1). This shallow and narrowly distributed axial
hydrothermal cooling is an extreme minimum. With axial
circulation extending to 6 km depth, but limited to the area
within 2 km of the ridge, ridge flank hydrothermal cooling to
6 Ma is 84% of that determined from equation (1). In our
preferred model, on‐axis circulation depth decreases from
6 km for the slowest spreading to 1 km for the fastest
spreading case. In this scenario, axial hydrothermal cooling is
2.7 times larger than estimated from equation (1); ridge flank
hydrothermal cooling to 6 Ma averages 84% of that deter-
mined from equation (1). After 6 Ma our calculated hydro-
thermal heat fluxes rapidly approach those determined from
the difference between the predicted and observed surface
heat fluxes.

6. Discussion

[17] As hydrothermal circulation transitions from deeply
circulating fluids characteristic of ridge axes to shallow
circulation patterns off axes, the rebound of temperatures
in the shallow lithosphere lags behind the change in circu-
lation style at a rate governed by conductive time constants
(Figure 6). Calculating hydrothermal heat flux from the dif-
ference between the predicted and observed surface heat flux
assumes that the surface heat flux is depressed only owing to
current hydrothermal conditions. This is true only if con-
ductive heat transfer can keep up with changes in hydro-
thermal circulation depth and vigor. With the simplistic
approach inherent in equation (1), some of the surface heat
flux anomaly on ridge flanks could be mistaken for local

advective heat loss [Fisher, 2003], although the heat was
already extracted near the ridge. Accounting for changes
in hydrothermal circulation depth shows that more heat is
extracted from the ridge axis and less heat is extracted from
the young ridge flank than previously recognized. In our
preferred scenario where the axial circulation depth is a
function of spreading rate, one quarter of all hydrothermal
heat from ocean lithosphere is extracted on axis (Table 2).
Although this is a large redistribution in the location of
hydrothermal heat extraction, the majority still occurs on
flanks and older lithosphere.
[18] We have guided our analysis using globally averaged

heat flux data and models, in part because we are focusing on
global relationships and in part because closely spaced heat
flux observations along profiles covering the ridge axis and
young ridge flank are rare. One location where these data
exist is the East Pacific Rise near 9° N. Observed heat flux
and seismic structure document the extent of axial hydro-
thermal cooling and indicate an axial depth of circulation of
about 6 km [Dunn et al., 2000]. Heat flux data provide some
insight into the combined effects of both axial and ridge flank
hydrothermal cooling (Figure 10). Individual heat flux mea-
surements are consistently lower than conductive cooling
models predict, indicating persistent and ongoing hydro-
thermal circulation [Von Herzen and Uyeda, 1963; Langseth
et al., 1965]. These heat flux values also show considerable
scatter due to variability in the local environmental param-
eters such as sediment thickness, extent of basement expo-
sure, and three‐dimensional permeability variations. To
diminish this local variability, we average the data in 2 Ma
age bins. We illustrate the predicted thermal legacy of axial
circulation in this setting by showing results from a simu-
lation with axial hydrothermal cooling (0–6 km from ridge;
0–0.11 Ma), but no ridge flank hydrothermal cooling
(Figure 10a). The difference between the surface heat flux in
the predicted (i.e., conductive) case and the case without ridge
flank circulation is due entirely to axial hydrothermal circu-
lation. The greatest discrepancy from the conductive predic-
tion is at the end of axial hydrothermal cooling period. After
axial hydrothermal circulation ceases, the curve rebounds
somewhat but remains depressed relative to the conductive
reference for considerable time. Our model results indicate
that for the East Pacific Rise axial cooling, shallow geotherms
are perturbed for at least 5 Ma after axial hydrothermal
cooling ceases. Much of the low surface heat flux from
lithosphere younger than 3 Ma attributed to ridge flank
hydrothermal heat extraction based on the difference between
qpredicted and qobserved reflects axial hydrothermal cooling
(Figure 10b). This local analysis is consistent with and sup-
ports our global modeling results.

Figure 9. Hydrothermal heat flux normalized to the differ-
ence between predicted and observed surface heat flux. In
the preferred model (bold line), hydrothermal heat flux on
the ridge flank from 0.36 to 6 Ma averages 84% of that esti-
mated from the difference between predicted and observed
surface heat flux. For lithosphere >10 Ma, hydrothermal heat
extraction in all scenarios is within 10% of the estimate from
predicted and observed heat fluxes.

Table 2. Percentages of Total Hydrothermal Heat Flux

Age
(Ma) qpredicted − qobserved

This
Study

This Study Including
Hydrothermal Removal of 1 TW

Latent Heat on Axis

0–0.356 9 22 29
0.356–1 16 12 11
1–2 5 4 4
2–4 11 9 8
>4 60 53 48
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[19] Figure 11 shows the percentage of axial hydrother-
mal heat extraction as a function of circulation depth and
spreading rate. Similar to Figure 6, Figure 11 shows that axial
hydrothermal heat extraction is proportional to the depth of
axial circulation and the time for which axial circulation
persists. However, Figure 11 also shows second‐order effects
not immediately obvious from Figure 6. For shallow axial
circulation depths, the percentage of axial heat is relatively

independent of the spreading rate (Figure 11). In this region,
hydrothermal extraction is minimal and conductive heat
transfer into the axial hydrothermal circulation zone almost
keeps pace with advective heat removal. For axial circulation
deeper than ∼4 km, hydrothermal heat extraction is less
sensitive to the depth of circulation (Figure 11). This implies
that fluids are removing heat much faster than it can be
supplied by conductive heat transfer.
[20] Others have examined the thermal legacy of axial fluid

circulation; this study builds on their basic observations.
Lister [1972] estimated a potential legacy of axial hydro-
thermal cooling for the Juan de Fuca Ridge lasting ∼2.5 Ma.
His focus was to show that observed low heat flux values on
the ridge flank (beyond 2.5Ma) could not be explained on the
basis of cooling at the ridge [Lister, 1972]. This study was
instrumental in establishing the importance of ridge flank
hydrothermal cooling, but little attention was paid to the first
fewmillion years of lithospheric heat transport. Fisher [2003]
showed that a fraction of the heat flux deficit on very young
lithosphere could result from the legacy of axial hydrothermal
cooling. He estimated ∼90% recovery from axial hydrother-
mal cooling by about 1 million years for most cases [Fisher,
2003]. Fisher [2003] used a 1‐D model with no cooling
below the hydrothermally cooled layer on axis; our simula-
tions do not include either of these limitations.
[21] Our calculations of hydrothermal heat extraction from

equations (6) and (7) only include heat associated with low-
ering the temperature of the lithosphere; they do not include
extraction of any latent heat on axis. On the basis of crustal
thickness and the latent heat of crystallization, Elderfield and
Schultz [1996] and Mottl [2003] estimate ∼1 TW of latent
heat extracted on axis. Including the removal of this latent
heat on axis further shifts the distribution of hydrothermal

Figure 10. (a) Surface heat flux versus age on the flanks of
the East Pacific Rise (EPR). Pluses are observations; circles
are averages in 2Ma bins; and error bars are ±1 standard devi-
ation. Lines are modeled heat flux with a half‐spreading rate
of 5.5 cm yr−1. Dashed line is predicted seafloor heat flux
for conductive cooling. Solid line is modeled surface heat
flux for conductive ridge flank cooling following axial
hydrothermal cooling. Inset map shows surface heat flux
observation (circles) on the flanks of the EPR; lines are
ridge axis. (b) Hydrothermal heat flux and legacy of axial
cooling on the flanks of the EPR. Shaded region (including
under the stippled zone) is difference between predicted and
observed surface heat flux. Stippled region is difference
between predicted surface heat flux with only conductive
cooling and with enhanced axial cooling to 6 km depth
and 6 km distance from ridge (0.11 Ma for 5.5 cm yr−1

half‐spreading rate). Ridge flank hydrothermal heat extrac-
tion is the shaded area above the stippled region. Steps in
top of shaded region are due to single (average) values used
for observed heat flux for discrete age bins.

Figure 11. Percentage of hydrothermal heat extraction
(total = 9.0 TW) occurring on axis as a function of half‐
spreading rate and axial circulation depth. Shaded area is out-
side the limits examined.
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heat extraction, with nearly one third of hydrothermal heat
extracted on axis (Table 2).
[22] It is important to note that our results indicate a

redistribution of hydrothermal heat extraction not a net
increase or decrease from the entire oceanic lithosphere.
In our preferred scenario, including 1 TW of latent heat
extracted hydrothermally on axis, we estimate 9.0 TW of
hydrothermal heat extraction from 0 to 65 Ma lithosphere
(Figure 12). The most important distinction of our estimate
for cumulative hydrothermal heat extraction relative to pre-
vious estimates is the difference in shape. The lower total
value determined here results from three main factors. First,
previous estimates of area [e.g., Sclater et al., 1980; Stein and
Stein, 1994] for 0–65 Ma lithosphere are nearly 10% larger
than values determined from Muller et al. [2008]; using the
larger area estimates would increase our total estimate by
0.7 TW, eliminating much of the discrepancy for the cumu-
lative total values in Figure 12. Second, we use the observed
surface heat flux from Stein and Stein [1993] that is divided
into 2 Ma bins; their value for the 0–2 Ma bin is lower than
that reported by Stein and Stein [1994], who used a smaller
number of bins with an irregular age interval. Third, the
temperatures we use at the axial and basal boundaries are
slightly lower than those of Stein and Stein [1994].
[23] Fluid flux estimates through ocean lithosphere depend

directly on estimates of hydrothermal heat extraction [e.g.,
Mottl and Wheat, 1994; Elderfield and Schultz, 1996; Mottl,
2003]. Our results suggest that fluid flux estimates based on
earlier calculations of hydrothermal heat [e.g., Sclater et al.,
1980; Stein and Stein, 1994; Elderfield and Schultz, 1996;
Mottl, 2003] underestimate high‐temperature axial fluxes
and overestimate low‐temperature ridge flank flux (to
∼5 Ma). Because hydrothermal heat flux estimates on mid‐
ocean ridges and flanks depend strongly on axial circulation
depth, site‐specific estimates for the actual depth of near‐

ridge hydrothermal circulation are critical for characterizing
particular locations and processes.

7. Conclusions

[24] Standard calculations of hydrothermal heat extraction
from oceanic lithosphere based on the difference between the
predicted and observed seafloor heat flux assume a dynamic
steady state thermal system. This assumption is inappropriate
in and around regions where hydrothermal circulation depth
and/or vigor change, for example on mid‐ocean ridge axes
and flanks. When changes in hydrothermal circulation depth
between ridge axes and flanks are considered, we find ∼30%
of hydrothermal heat extracted on axis, ∼10% near axis (from
end of axial hydrothermal circulation to 1 Ma), and ∼60%
from lithosphere >1 Ma. This is a much greater proportion of
hydrothermal heat extracted on axis than would be deter-
mined from only the difference between the predicted and
observed heat flux (∼10% on axis). Estimates of fluid and
chemical fluxes from ridge axes and flanks should be based
on estimates of hydrothermal heat fluxes that account for
temporal changes in hydrothermal circulation depth and
vigor. Finally, we estimate 9.0 TW of cumulative hydro-
thermal heat extraction from 0 to 65 Ma lithosphere. This
estimate is slightly lower than previous estimates, largely
owing to improved estimates for ocean lithosphere area in
this age range.
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