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Abstract. We have estimated the power of ventilated hy-
drothermal heat transport, and its spatial distribution, using
a set of recently developed plate models which highlight the
effects of axial hydrothermal circulation and thermal insu-
lation by oceanic crust. Testing lithospheric cooling mod-
els with these two effects, we estimate that global advec-
tive heat transport is about 6.6 TW, significantly lower than
most previous estimates, and that the fraction of that ex-
tracted by vigorous circulation on the ridge axes ( < 1My
old) is about 50 % of the total, significantly higher than pre-
vious estimates. These new estimates originate from the ther-
mally insulating properties of oceanic crust in relation to the
mantle. Since the crust is relatively insulating, the effective
properties of the lithosphere are “crust dominated” near ridge
axes (a thermal blanketing effect yielding lower heat flow)
and gradually approach mantle values over time. Thus, cool-
ing models with crustal insulation predict low heat flow over
young seafloor, implying that the difference of modeled and
measured heat flow is due to the heat transport properties of
the lithosphere, in addition to ventilated hydrothermal cir-
culation as generally accepted. These estimates may bear on
important problems in the physics and chemistry of the Earth
because the magnitude of ventilated hydrothermal power af-
fects chemical exchanges between the oceans and the litho-
sphere, thereby affecting both thermal and chemical budgets
in the oceanic crust and lithosphere, the subduction factory,
and the convective mantle.

1 Introduction

The cooling of oceanic lithosphere over time as well as dis-
tance from ridges is a key constraint on plate tectonics. A
predicted consequence of this cooling is that surface heat

flux over young seafloor is relatively high and gradually
diminishes with age. Although elevated heat flow on aver-
age has long been recognized over ridges (Bullard, 1952;
\Von Herzen, 1959; Von Herzen and Uyeda, 1963; Sclater,
2004), it was also found that measurements are highly scat-
tered. Much subsequent work attempted to explain geo-
physical observations with models of lithospheric cooling
and subsidence, and models were gradually refined by im-
proved constraints on the geophysical properties of the up-
per mantle (e.g., Langseth et al., 1966; McKenzie, 1967;
McKenzie and Parker, 1967; Le Pichon, 1968; Sleep, 1969;
Sclater and Francheteau, 1970; Sclater et al., 1971). Even-
tually, it was recognized that measured heat flow close to
ridge axes was far too low to be explained by a model that
also explained seafloor subsidence accurately (Sclater and
Francheteau, 1970). Following the work of Lister (1972,
1974) and Bodvarsson and Lowell (1972), it became un-
derstood that the deficit between measured and predicted
heat flow (as well as its scatter) originated in advective hy-
drothermal ventilation of heat between crustal basement and
the oceans. This difference between model and measure-
ment is therefore a proxy to estimating the lithospheric ther-
mal power removed by hydrothermal circulation in oceanic
lithosphere. Such constraints on the heat deficit are critically
important for the understanding of numerous chemical and
physical processes in the Earth. In addition to providing a di-
rect constraint on the thermal budget of cooling oceanic crust
and lithosphere (Mottl, 2003; Hasterok, 2013a), this is also
the power available to drive chemical exchange between the
crust and oceans (e.g., Seyfried et al., 1984; Spivack and Ed-
mont, 1987; Nicolas et al., 2003; Staudigel, 2014) and to pass
nutrients to sub-seafloor microbial communities (e.g., Jan-
nasch, 1983, 1995; Hessler et al., 1988; Tunnicliffe, 1991).
In addition, the chemical alteration of oceanic crust by hy-
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drothermal fluids is thought to regulate the chemical bud-
gets of subducting slabs (Schmidt and Poli, 2013; Ryan and
Chauvel, 2013). Moreover, volatile cycling between the man-
tle and hydrosphere may impart a major control on secular
changes in the efficiency of mantle convection over Earth his-
tory (Crowley et al., 2011).

Although the mentioned heat flow deficit exists in the
“unfiltered” global database, Hasterok et al. (2011) and
Hasterok (2013a, b) have demonstrated that the deficit is
markedly reduced when only marine environments known
to have thick sediment cover are considered. Such envi-
ronments are expected to restrict advective heat transport
because hydrothermal ventilation is generally confined to
sites of outcropping basement, and thick sediments reduce
the prevalence of outcrops. Moreover, these authors found
that a compilation of heat flow estimates from young (<
30 My old) seafloor with thick sediment cover and extensive
geophysical characterization agreed well with conventional
lithospheric cooling models (e.g., model GDH1 of Stein and
Stein, 1992).

Recently, models of the oceanic lithosphere have been de-
veloped that include constraints on the properties of the man-
tle and crust from mineral physics experiments (Hasterok,
2010; Grose and Afonso, 2013). These models predict that
lithospheric heat flow over young seafloor may be signif-
icantly lower than that estimated with conventional mod-
els. Hasterok (2010) investigated lithospheric cooling mod-
els which account for differing properties of crust and man-
tle. Since the crust is relatively insulating, the effective heat
transport properties of the lithosphere are “crust dominated”
near ridge axes (a thermal blanketing effect yielding lower
heat flow) and gradually approach mantle values over time.
Furthermore, based on work characterizing crustal accretion
and cooling, as well as hydrothermal heat transport (e.g.,
Chen and Phipps Morgan, 1996; Cherkaoui et al., 2003),
Cochran and Buck (2001) and Spinelli and Harris (2011)
showed that hydrothermal transport near ridge axes also re-
sults in low heat flow on ridge flanks away from the axis
because, after the cessation of hydrothermal advection, the
crustal geotherm rebounds from the effects of advective cool-
ing. Finally, Grose and Afonso (2013) showed that axial hy-
drothermal circulation and crustal insulation together result
in a compounded reduction of predicted heat flow in proxim-
ity to ridge axes. Since the most robust estimates of net ven-
tilated hydrothermal power come from the difference of pre-
dicted and measured seafloor heat flow (Mottl, 2003), lower
predicted conductive seafloor heat flow suggests that venti-
lated hydrothermal power in oceanic lithosphere must also
decrease. The purpose of this paper is to examine these mod-
ified predictions of total ventilated hydrothermal power, and
its spatial distribution, using recent models of lithospheric
cooling. We will show that total ventilated hydrothermal
power may be significantly less than conventional estimates,
and that the fraction of hydrothermal power extracted on axis
may be up to 50 % of the total. Thus, the extent of off-axis hy-
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drothermal circulation may be less than previously thought.
Finally, as the resulting predictions of ventilated hydrother-
mal power (and its implications) depend on the accuracy of
cooling models, we discuss constraints from global seafloor
topography and several regions of young and geophysically
well-characterized seafloor which are thought to constrain
the lithospheric heat budget.

2 Methods
2.1 The power deficit

Heat lost from the cooling of oceanic crust and lithosphere
must ultimately be transported through upper crustal layers
and through (or around) sediment cover. If hydrothermal cir-
culation occurs in the crust, and especially if hydrothermal
fluids are exchanged between crust and oceans, measured
heat flow can be substantially affected. Figure 1 shows an
illustration summarizing perturbations of seafloor heat flow
by hydrothermal circulation processes. We depict three pos-
sible thermal states in which oceanic crust may be regionally
characterized. Firstly, if circulation in the crust is sluggish
or is not unable to occur due to crustal impermeability, then
lithospheric heat loss is largely conductive and measured heat
flow at the surface should match the predictions of a conduc-
tive reference model. Secondly, if circulation does occur in
the crust but fluids are not vented to the oceans, all heat re-
moved from the surface occurs conductively, but closed cir-
cuit circulation will act as a high-conductivity layer, elevat-
ing surface heat flow above that expected by a model which
does not include such a high-conductivity layer. This effect
can be increased by increasing the thickness of the convec-
tive layer, or by hydrothermal exchange with deeper crust
by advection along faults. We may call such a state super-
conductive. Finally, and most importantly, if vigorous hy-
drothermal circulation occurs in the crust and fluids are ex-
changed between the crust and oceans, the conductive heat
flux above such an aquifer will be less than the average heat
flux below it. This occurs because as heat is discharged to
the oceans it is replaced by a recharge of cool water which is
advected through a permeable aquifer. This reduces the tem-
perature of aquifer as well as crust and sediment above it,
lowering surface heat flow. This is the sub-conductive state
in Fig. 1. Because measured heat flow over young seafloor
is known to be systematically lower than that predicted by
lithospheric models, it is believed that seafloor is dominantly
in such a “sub-conductive” state. Also, as this deficit between
measured and modeled heat flow is a consequence of fluid
discharge and recharge, we can use it as a proxy to estimat-
ing the power lost to the oceans by ventilated hydrothermal
circulation (e.g., Wolery and Sleep, 1976; Sleep and Wolery,
1978; Stein and Stein, 1994; Davis and Elderfield, 2004).
Following much prior work on this issue (see above ref-
erences), we estimate the total power deficit by finding this
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Figure 1. Figure showing the relationship between hydrothermal circulation patterns in the crust and resulting heat flow measured at the
surface. Ventilation results in a net reduction in seafloor heat flux (sub-conductive heat flow), and vigorous hydrothermal circulation without
ventilation results in a higher measured heat flux (super-conductive heat flow). The black squiggly lines indicate conductive heat transport,
and the blue convection lines indicate hydrothermal patterns. The sites of recharge and discharge are located at basement highs in these

examples.

deficit for each age and integrating over all ages as

m
dA
OH =/(‘Im —CIO)d—df, (1)
t
0

where Qy is the net power deficit, g is the modeled heat
flow, g, is the observed heat flow, A is the seafloor area, ¢
is age, and #y, is a maximum integration age. The three key
variables which must be known are thus the measured and
modeled heat flow, and the seafloor area—age distribution. We
take the area—age distribution from the empirical model of
Muller et al. (2008). The observed heat flow is based on the
raw global heat flow database updated by Hasterok (2010).

As shown in Fig. 1, in sub-conductive regions there are
locations of discharge and recharge. Ideally, we would wish
to integrate heat flow over all possible seafloor area, includ-
ing such anomalous sites. However, because characterizing
heat flow around sites of discharge has been a major in-
terest of marine heat flow surveys, such biases must be re-
moved in order for the data to represent an average conduc-
tive heat flux from oceanic lithosphere. We remove measure-
ments which are > 3000 W m~2 since such measurements
indicate very close proximity to focused hydrothermal vents.
We also remove high-resolution heat flow surveys with dense
sampling over young seafloor with extensive thick sediment
cover (e.g., Hobart et al., 1985; Davis et al., 1997, 1999) and
an anomalous sampling of a mud volcano in the Barents Sea
(Kaul et al., 2006). Also, all points for which seafloor age
cannot be determined are removed.

Hasterok (2013b) employed additional filters, including
a thermal correction for thickening sediment (i.e., recently
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deposited sediment is initially at ocean-bottom temperature
and must be gradually heated by conduction of lithospheric
heat) and the removal of seafloor area with large igneous
provinces. We do not include these for reasons of simplic-
ity, our uncertainty in the accuracy of the thermal correction
(which increases measured heat flow) and the possibility of
other unaccounted corrections which would decrease mea-
sured heat flow or systematically increase predicted heat flow
(e.g., thermal properties of sediment cover, internal heat-
ing sources, or non-plate-like reheating phenomena). More-
over, the thermal correction for sedimentation more strongly
impacts observations over old seafloor, where hydrothermal
ventilation is probably unimportant. Nevertheless, we will
compare our results with those of Hasterok (2013b) to high-
light the differences which ought to originate in our respec-
tive methodological choices.

In addition to constraints on the average seafloor heat
flow, the deficit is calculated in respect to a given refer-
ence model of lithospheric heat flow. However, as illustrated
in Fig. 1, if hydrothermal circulation occurs without ven-
tilation, heat flow will be higher than that predicted by a
“conductive” reference model. This super-conductive state
occurs because an aquifer behaves as a high-conductivity
layer. Thus, sub-conductive regions must also experience this
phenomenon. Therefore, the proper reference model against
which the power deficit should be taken must actually be
a super-conductive reference. In other words, the reference
model should ideally include a high-conductivity layer which
will increase surface heat flux. Nevertheless, we do not in-
clude the effects of passive circulation for simplicity. While
we will investigate a model with hydrothermal circulation
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Figure 2. (a) Cumulative distribution functions of heat flow for 1 My bins to 100 My compared to the three thermal plate models used in this
study. (b) Cumulative distribution functions of heat flow in 1 My bins between 1 and 100 My.

near ridge axes, passive circulation does not occur in any
of our reference models. Because hydrothermal circulation
is thought to be largely confined to an aquifer which is only
a few hundred meters thick (Spinelli and Harris, 2011), this
fraction is likely small. On the other hand, if deep circulation
is important, then our methods will underestimate ventilated
heat loss.

2.2 Statistical analysis

Similar to Hasterok (2013b), we perform a Monte Carlo sta-
tistical analysis to estimate uncertainties in heat flow and the
power deficit. The heat flow database (with our filters as de-
scribed above) is divided into 1 My bins, and we construct
cumulative distribution functions (CDFs) of heat flow for
each bin. The fraction of observations (heat flow measure-
ments) within the bin Az having heat flow less than Q is
given by the (discontinuous) CDF:

Omax

1
PRy = —D 0i(g < 0), ()

No o

where At is the bin interval (1 My), 0; (g < Q) is a measure-
ment with heat flux ¢ less than Q, and N, is the total number
of observations in the bin Az. Figures illustrating the cumula-
tive distribution functions of heat flow for each 1 My bin are
shown in Fig. 2. By randomly sampling the CDF (which is
characterized by values between 0 and 1), we obtain samples
of heat flow consistent with the frequency (or probability) of
its occurrence in the data. Therefore, to estimate the power
deficit via Egs. (1) and (2), (a) the CDF is randomly sam-
pled once for each and every bin, up to a maximum age #n,
of 100 My; (b) we take the difference of the resulting statisti-
cal sample of the heat flow observations and the mean model
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heat flow in the bin; and we (c) multiply the difference by the
total seafloor area which exists for the age bin. The resulting
equation for the cumulative power deficit is the sum of the
heat flow deficits for each bin multiplied by their respective
seafloor areas, or

At /tm
OQu= > (gm—do)Aar, ©)

t=At
where ¢ is the statistically sampled heat flow in the bin, and
A, is the total seafloor area in the bin. We note that in our
analysis we use the mean over the time interval to estimate
gm for the bin. Hasterok (2013b) argued that the median is
more appropriate, leading to different results (lower heat flow
deficits). Finally, the statistics of the power deficit can be
represented by probability density functions (PDFs) by re-
peating the integration of Eq. (3) 10® times. The results are
shown in Fig. 4. Also, to illustrate how the cumulative heat
flow deficit changes as the age of integration increases from 1
to 60 My, we record PDFs for each age bin. Again, note that
these PDFs represent probabilities for the cumulative (Eq. 3)
heat flow deficit, not the deficit in individual bins.

2.3 Reference models for seafloor heat flow

For plate and half-space models, the relationship between
thermal properties of the lithosphere and seafloor heat flux
may be given as

Dei(2)
gst(1) = [pCplei(t) ATei(1) g

where [pC,] is the volume heat capacity, AT is the differ-
ence of mantle and surface temperature, D is the thermal dif-
fusivity, and g, is the adiabatic part of the heat flux. The sub-
script “ei” denotes that the properties are “transient effective”

+4a, 4)
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Figure 3. Boundary and initial conditions for models GH and GHC.
The temperature in the region outlined in white dashes varies with
depth but remains constant over horizontal distance. The distance
between the surface and the top of the axial boundary condition is
1.4km. All material around this space migrates at a constant rate
away from the ridge axis. The top figure shows the boundary condi-
tions of the 2-D part of the model (0-2 My), and the bottom figure
shows the conditions of the 1-D part of the model (2-170 My). After
Fig. 2 in Grose and Afonso (2013).

properties: they are “effective” properties because they are
weighted in terms of the depth-integrated change in temper-
ature of the mantle, and they are “transient” because they are
in terms of the instantaneous change in the depth-integrated
temperature of the mantle (see Appendices). Moving the time
t to the left-hand side, we can define the coefficient

D.
(1) = [gst(t) — qal/t = [pCplei (1) ATei(t) e;r(t), ()

which may be referred to as a rate of heat flow diminu-
tion over time. This coefficient has been useful to character-
ize simple lithospheric cooling models (e.g., g(t < 20 My) =
510 mW m~2 My'/2 for model GDH1; Stein and Stein, 1992)
as it is basically a term isolating the thermal coefficients.
In addition, this coefficient is particularly useful for analy-
sis of lithospheric models with complicated heat transport
properties. In such cases, the effective thermal properties
have a characteristic time-dependence, thus yielding a time-
dependent g(¢) coefficient. Subtle variations in these proper-
ties are much easier to discern in g(¢) than in gss. Cooling
half-space models with no properties that depend on depth
will have a constant g value, whereas g(¢) for plate models
will increase when the plate boundary is sensed, and g(¢) will
be a continuous function of time for any thermal model with
depth-dependent properties.

We test three models of predicted heat flow, from which
we calculate the heat flow deficit. The first plate model we
use is from Hasterok (2013a), referred to here as H13. H13
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has constant thermal properties and is thus taken as an opti-
mal model prediction when the effects of thermal insulation
and hydrothermal circulation are not considered. Model H13
has been constrained based on heat flow data only and pre-
dicts heat flow nearly equal to GDH1 (Stein and Stein, 1992)
for ages < 50 My and slightly higher heat flow at older ages.
Since H13 has constant thermal properties, it has a diminu-
tion coefficient which is constant over young (< 50 My old)
seafloor. The second and third models we consider are from
our previous work (Grose and Afonso, 2013), here referred
to as GH and GHC. An illustration of initial and boundary
conditions for these models is shown in Fig. 3. Both models
GH and GHC have complicated thermal properties, includ-
ing temperature- and pressure-dependent heat transport prop-
erties and thermal expansivity, thermal radiation heat trans-
port, an initial geotherm calculated with an adiabat and la-
tent heat of melting, and 2-D conductive heat transport. The
physical details of the models are discussed in Appendix A.
The properties of particular importance to models GH and
GHC are the axial hydrothermal circulation and insulating
properties of oceanic crust. The model name GHC indicates
that this model includes both axial hydrothermal circulation
and crustal insulation, while model GH only has axial hy-
drothermal circulation (in addition to the other properties
noted above).

Axial hydrothermal circulation is modeled using a Nusselt
(Nu) number approximation (e.g., Cochran and Buck, 2001;
Spinelli and Harris, 2011), so that the effective thermal con-
ductivity is Nu times the lattice value (Appendix A). High
Nu occurs in lithosphere where the temperature is < 800 °C,
the crust age is < 0.2 My, and we assume Nu = 10 (Fig. 3).
These values are consistent with the “cracking front” limit
for fast-spreading ridges estimated by Manning et al. (2000),
and they produce a thermal structure near ridge axes which is
in good agreement with predictions from seismic models for
the East Pacific Rise (EPR; Dunn et al., 2000). Values which
produce greater cooling rates (e.g., Spinelli and Harris, 2011;
Maclennan et al., 2005; Cochran and Buck, 2001; Cherkaoui
et al., 2003) have been shown to predict an excessively cool
ridge axis (Grose and Afonso, 2013).

Crustal insulation is a consequence of the low thermal con-
ductivity of crustal rocks. Models GH and GHC uses recent
measurements of thermal properties, but we note that the re-
sulting thermal conductivity is nearly equal to that estimated
for basalts and gabbros by Zoth et al. (1988).

Models H13, GH, and GHC are investigated here for their
predictions of ventilated hydrothermal power by means of
the heat flow deficit. In addition, when discussing seafloor
subsidence we will also consider the predictions of a model
G and GC, which have all the properties of GHC except that
model GC does not have axial hydrothermal circulation and
model G has neither hydrothermal circulation nor crustal in-
sulation. Specifically, model G is model RN1, model GH is
model RN10, model GC is model RN1C, and model GHC is
model RN10C from Grose and Afonso (2013).

Solid Earth, 6, 1131-1155, 2015
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for continuous sedimentation.

The key features of models GH and GHC (as well as model
GC) are their strongly variable g(¢) coefficients, shown in
Fig. 5b. All models have been constrained with old-age
seafloor heat flow. However, due to the effects of axial hy-
drothermal circulation and crustal insulation, g(¢) (and thus
heat flow) deviates significantly over young ages. Thus, com-
paring predictions of models H13, GH, and GHC should il-
lustrate the consequences of axial hydrothermal circulation
and crustal insulation on total ventilated hydrothermal power,
and its spatial distribution.

2.4 Spatial power distribution

We refer to the deficit integrated to 1 My as the near-axial
deficit. This deficit may be further divided into active and
ridge flank fluxes. The active flux is the hydrothermal power
vented over the ridge axis which is driven primarily by the
emplacement and cooling of melts in the crust (Lister, 1982).
After 0.2 My, active hydrothermal circulation ceases and the
geotherm is in a state of conductive rebound (Cochran and
Buck, 2001; Spinelli and Harris, 2011). While model H13 is
a simple conductive plate model without hydrothermal circu-
lation, we use 0.2 My as a cutoff value to estimate the active
flux for this model also.

To obtain the active deficit we calculate the fraction of heat
loss in the 0-0.2 My bin as

0.2 1.0
Na = / dmdlt/ / dmdlr, 6)
0 0

where the integral bounds are ages in millions of years (My).
From here the active flux Qa is simply Qa = NaAQH(t =
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1My), and the ridge flank flux is QF = (1 — Na)Qn(t =
1 My). Na values for models H13, GH, and GHC are 0.435,
0.852, and 0.829, respectively. Na values are higher for mod-
els GH and GHC due to high gy, from hydrothermal circula-
tion. It may be suspected that a correction is needed for the
change in observed heat flow between 0 and 0.2 and between
0.2 and 1.0 My; however inspection of the data (not shown)
indicates that the heat flow distribution does not change sig-
nificantly, and it is a small fraction of that predicted in any
case. Thus our calculations assume that observed heat flow is
the same over the entire width of the 1 My bin (as it is for all
bins).

Finally, the “passive” power deficit is ventilated hydrother-
mal transport driven by heat conducted into an upper crustal
aquifer (Lister, 1982), resulting in long-term convective fluid
exchange between the crust and oceans. The passive power
deficit is the total power deficit after subtraction of the near-
axial deficit: Qp = Qn (60 My) — Qn (1 My).

3 Results and discussion

Figure 4 shows the main results of our analysis of the heat
flow deficit for different cooling models. PDFs of the time-
integrated power deficit are plotted (Fig. 4a—c) for maximum
integration times between 1 and 60 My. Since the heat flow
sampling is divided into 1 My bins, the PDF for the power
deficit at 1 My is essentially the derivative of a single CDF
and thus appears rough. Nevertheless, the modes (probabil-
ity maxima) are well defined for all ages. For comparison, the
means and medians of the PDFs are also calculated for each
age. The resulting PDFs have non-normal distributions, as
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the low-probability realizations are skewed to low power esti-
mates. For a different visualization, the mean, median, mode,
and half-maximum bounds (HMBs) of the power deficit are
also plotted as a function of age up to 100 My in Fig. 4d—
f. This shows that the net deficit plateaus around 50 My for
all models, where predicted and observed heat flow converge
(Figs. 2 and 5).

3.1 The net power deficit
3.1.1 Model H13

For model H13, our analysis predicts that the net power
deficit is 7.8 TW, with half-maximum realizations falling be-
tween 3.8 and 10.1 TW. Compared to most previous studies
(e.g., Sclater et al., 1980; Stein and Stein, 1994; Stein et al.,
1995; Mottl, 2003; Spinelli and Harris, 2011) this is a low
estimate. The estimates of 10.3 and 11.5TW by Sclater et
al. (1980) and Stein and Stein (1994), respectively, are even
outside of the HMB for this cooling model. As model H13 is
nearly equivalent to GDH1 (Stein and Stein, 1992), the dif-
ference is related to the heat flow database, seafloor area—age
distribution, and statistical treatment. In addition, our mean
(6 TW) and median (6.6 TW) net power deficit estimates are
even lower than the mode (Fig. 4a). Although they are within
the HMB, they are substantially lower than previous esti-
mates.

It is notable that our estimate of 7.8 TW for H13 is equal
to that estimated by Hasterok’s (2013b) analysis using his
filtered heat flow database. However, this is only coinciden-
tal as his filtered database removes seafloor with sediment
thickness > 400 m, whereas we do not include such a filter.
Moreover, even the more comparable unfiltered database of
Hasterok (2013b) incorporates additional corrections not em-
ployed here, including (1) a thermal correction for thicken-
ing sediment, (2) removal of seafloor area with large igneous
provinces, and (3) use of median reference model heat flow
gm (we use means). With these additional corrections, Has-
terok (2013a) predicted a net power deficit of 6.2 TW. As
such, our method predicts a roughly 25 % greater net power
deficit. Therefore, if Hasterok’s (2013b) database and analyt-
ical techniques are preferred, our net deficit estimates should
be reduced by 20 %, or slightly less than our median esti-
mates.

3.1.2 Models GH and GHC

The power deficits for thermal plate models GH and GHC are
shown in Fig. 4b and c. Model GH predicts a power deficit
of 10 TW, with half-maximum realizations falling between
6.1 and 12.3 TW. This value is in good agreement with many
previous estimates of the power deficit as discussed above.
Inspection of Fig. 5 shows that predicted heat flow for GH
and H13 is similar except near the ridge where GH heat flow
becomes lower than H13. Thus the high heat flow deficit
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for model GH originates in active hydrothermal transport on
ridge axes. For instance, model GH predicts 4-14 W m~2 for
< 0.2My.

Model GHC has similar properties to GH, except that
GHC has an insulating oceanic crust, and all heat transport
properties are allowed to vary from their experimental values
in order to fit basin-scale geophysical observations (Grose
and Afonso, 2013). The predicted net power deficit of model
GHC is substantially lower than GH. We estimate 6.6 TW,
with half-maximum bounds of 2.9 and 8.8 TW (Fig. 4c).
Thus, if normal lithospheric cooling is better modeled by
GHC, then the net power deficit is about 35% lower than
expected by model GH. Note, however, that this does not
mean that the effect of crustal insulation is a 35 % decrease.
This is because, again, the differences between models GH
and GHC are both crustal insulation and a re-adjustment of
all mineral physics properties to best fit geophysical obser-
vations. Since the effective thermal conductivity of model
GHC was adjusted to be ~ 10 % higher than GH (Grose and
Afonso, 2013), the real effect of crustal insulation on the heat
flow deficit is closer to a 45 % reduction.

3.2 Spatial distribution of the power deficit
3.2.1 Model H13

The spatial distribution of ventilated hydrothermal power
predicted by models H13, GH, and GHC are highlighted at
the top of their respective panels in Fig. 4a—c and are tab-
ulated in Table 1. For H13, the power deficit at 1 My has a
probability maximum at 2.5 TW with HMB between 1.9 and
2.8 TW (approximated after smoothing due to PDF rough-
ness). The cumulative near-axial deficit is 32 % of the total.
This may be divided into power on the ridge axis (0-0.2 My)
at 14% of the total, and 18 % of the total on ridge flanks
(0.2-1.0 My). The remaining deficit of 5.3 TW (68 % of the
total) is due to passive ventilated hydrothermal circulation
away from ridges. This prediction of 32% of total venti-
lated hydrothermal power occurring over < 1 My old crust
is only slightly higher than most previous estimates. Stein
and Stein (1994) predict a 28 % near-axial deficit, Pelayo et
al. (1994) predict about 23 %, and Mottl (2003) predicts 29 %
occurring near the axis (Table 1). In addition to the use of an
updated heat flow database, our slightly higher value may
be attributed to our preference to modes of the power deficit
rather than the means (Table 1). Using mean values, we cal-
culate a near-axial power deficit closer to 20 % of the total.
This is slightly lower than Spinelli and Harris’s (2011) pre-
diction that 25 % of the deficit occurs over near-axial seafloor
(using Eg. 1 on a conduction-only model).

3.2.2 Models GH and GHC

As shown in Fig. 4b—c and Table 1, both models GH and
GHC predict that about 50 % of total hydrothermal power
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Table 1. Comparison of heat flow deficit estimates for different seafloor domains for this study compared to previous studies.

Model  Active deficit  Flank deficit ~ Near-axial deficit  Passive deficit  Total deficit
This study: mode (TW (% of total))
H13 1.1 (14 %) 1.4 (18 %) 2.5 (32%) 53(68%) 7.8
GH 4.4 (44 %) 0.8 (8%) 5.2 (52 %) 48(48%) 10.0
GHC 2.8 (42 %) 0.5 (18 %) 3.3 (49%) 3.3(51%) 6.6
This study: median (TW (% of total))
H13 0.7 (11 %) 0.9 (14 %) 1.6 (24 %) 50(76%) 6.6
GH 3.7 (42%) 0.7 (8%) 4.4 (49 %) 45(51%) 89
GHC 2.2 (39%) 0.4 (7%) 2.6 (46 %) 31(54%) 5.7
This study: mean (TW (% of total))
H13 0.5 (8%) 0.6 (10 %) 1.1 (18 %) 49(82%) 6.0
GH 3.3 (40%) 0.6 (7 %) 3.9 (47 %) 4.4(53%) 83
GHC 1.7 (32%) 0.3 (6 %) 2.0 (38 %) 3.3(62%) 5.3
Previous studies (TW (% of total))2
SS94 - - 3.2 (28 %) 8.1(72%) 11.3
P94 - - 2.2 (23 %) 72(77%) 9.4
MO03 2.0 (20%) 0.8 (8%) 2.8 (28%) 71(71%) 9.9
SH11C - - 2.0 (25%) 6.0(75%) 8.0°
SH11H - - 3.6 (40 %) 5.4(60%) 9.0
H13U - - 2.3 (37 %)° 3.9(63%)° 6.2
H13SF - - 2.3 (29 %)° 55(71%)C 7.8

8 5594 — Stein and Stein (1994); P94 — Pelayo et al. (1994); M03 — Mottl (2003); SH11C - conduction-only model of
Spinelli and Harris (2011); SH11H — hydrothermally corrected conduction model of Spinelli and Harris (2011); H13U —
Hasterok (2013b) using his unfiltered heat flow database; H13SF — Hasterok (2013b) using his sediment-filtered heat flow
database. P Based on Spinelli and Harris’s (2011) assertion that hydrothermal circulation does not change total hydrothermal
power. ¢ Estimated based on inspection of figures in Hasterok (2013b).

is extracted near ridge axes (< 1My). To our knowledge,
this is a higher fraction than all previous estimates, includ-
ing Spinelli and Harris’s (2011) near-axial estimate of 40 %.
Moreover, about 85 % of the axial deficit (40-45 % of the to-
tal) is active circulation on < 0.2 My old seafloor. For model
GH, the near-axial deficit (5.2 TW) and the active deficit
(4.4 TW) are high, leaving about 4.8 TW of heat removed by
passive circulation. On the other hand, because the net power
estimate of model GHC is significantly lower than GH, the
near-axial power estimate (< 1 My) and the passive regime
estimate are both only 3.3 TW. For the near-axial environ-
ment, this estimate is in good agreement with some previ-
ous investigators (e.g., Stein and Stein, 1994; Mottl, 2003;
Spinelli and Harris, 2011; Table 1), but this passive estimate
is much lower than previous estimates (Table 1). Some pas-
sive power estimates are more than twice our value (e.g.,
Stein and Stein, 1994; Pelayo et al., 1994; Mottl, 2003).
The low passive power estimate for GHC originates pri-
marily in the compounding effects of thermal rebound from
active hydrothermal circulation and thermal insulation of
oceanic crust. The hydrothermal model from Spinelli and
Harris (2011) predicted a passive power budget of 5.4 TW,
about 60 % higher than our estimate for model GHC (Ta-
ble 1). Hasterok’s (2013b) passive estimate of 3.9 TW is clos-
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est to our result. However, this value is for his unfiltered
database which predicted a total deficit of 6.2 TW (Table 1).
If we used similar methods, we estimate that predictions
for model GHC would be about 20 % lower, with a passive
deficit of ~ 2.6 TW and total deficit of ~5.3TW (80 % of
6.6 TW). Thus, while the purpose of this work is to demon-
strate the relative importance of crustal properties on seafloor
heat flow, methodological assumptions in data analysis are
important for absolute estimates of ventilated hydrothermal
powver.

4 Heat flow constrained by topography

Our analysis has shown that insulating oceanic crust and hy-
drothermal circulation jointly impact estimates of hydrother-
mally mined energy in oceanic lithosphere, as well as its
spatial distribution. This occurs because both effects result
in the prediction of significantly lower heat flux over young
(< 30 My old) seafloor compared to conventional models
(Fig. 5), and active hydrothermal circulation elevates net heat
flow on ridge axes.

Clearly, an important question is whether or not geophysi-
cal observations actually support lower heat flow over young
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seafloor. Although measured seafloor heat flow is contam-
inated by ventilated hydrothermal circulation processes re-
sulting in a sub-conductive heat flow (Fig. 1), other geophysi-
cal observations such as seafloor subsidence are thought to be
robust alternative constraints on lithospheric heat loss (Par-
sons and McKenzie, 1978; Sandwell and Poehls, 1980; Wei
and Sandwell, 2006).

Hofmeister and Criss (2005), based on the assumption that
classical lithospheric cooling models do not fit the Earth, and
that hydrothermal circulation cannot lead to what we have
called a sub-conductive heat flow (Fig. 1), suggested that
true heat loss from oceanic lithosphere is that actually mea-
sured (~ 20 vs. ~ 30 TW; Von Herzen et al., 2005). Wei and
Sandwell (2006) attempted to show that, although measured
heat flow does not match lithospheric heat loss as predicted
by plate models, it is reflected in the rate of seafloor subsi-
dence. As seafloor subsidence is related to the change in the
integrated temperature of the upper mantle, subsidence may
be linked to heat loss. Wei and Sandwell (2006) calculated
seafloor heat flow based on a spatial integration of heat flows
estimated by local subsidence rates found with the global
seafloor depth grid of Smith and Sandwell (1997) and age
grid of Mdller et al. (1997). They calculated local seafloor
heat flow by employing the equation

pCp Vit(x,y)-Vw
ao Vi(x,y)-Vi(x,y)’

qsf —qa = (M
where p is the lithospheric density, C, is the lithospheric spe-
cific heat; « is the lithospheric thermal expansivity; 7 (x, y)
is the age as a function of spatial coordinates; g, is an ad-
ditional heat flux which is extracted from sub-lithospheric
mantle rather than the lithosphere (e.g., the adiabat); w is
seafloor depth; and

Ob
o= 8)
Pb — Pw

is the isostatic correction for seawater load, with mantle den-
sity op and seawater density oy.

Although they found that their heat flux calculations
were in good agreement with a simple half-space cooling
model (where g =480 mWm~2My/?) and conventional
net seafloor heat flux estimates, this agreement only oc-
curred upon addition of a hidden lithospheric heat flux, ga,
of 38 mW m~2, or about 11 TW. Consequently, by removing
this additional heat flux over global seafloor, we see that the
analysis of Wei and Sandwell (2006) suggested that an em-
pirical subsidence-based estimate of net seafloor heat flux is
actually on the order of 20 TW, in agreement with Hofmeister
and Criss (2005).

We suggest that the solution to this dilemma lay in the age
dependence of the effective thermal properties of the litho-
sphere, especially the consequence of thermally insulating
oceanic crust (Appendix B). For example, Goutorbe (2010)
and Grose (2012) found that simple thermal plate models
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with temperature-dependent thermal properties (i.e., no de-
pendence on age), optimally fitted to geophysical observa-
tions, required an effective thermal expansivity about 30—
40% lower than the experimental value for olivine. Since
Wei and Sandwell (2006) performed no ad hoc adjustments
to thermal properties, their use of the high experimental ther-
mal expansivity for forsterite resulted in a low seafloor heat
flux, and an 11 TW addition of heat was necessary for a rea-
sonable result. On the other hand, our model GHC has two
characteristics which result in different predictions. Firstly,
the mineral physics thermal expansivity only needed to be
reduced by 15% to fit geophysical observations for model
GHC. Secondly, the effective thermal expansivity is signifi-
cantly lower near ridge axes compared to old seafloor since
the properties of the lithosphere are crust dominated, rather
than mantle dominated, at old ages. This second item is rele-
vant because it means that seafloor heat flow at old age repre-
sents the cooling of lithosphere having a much higher effec-
tive thermal expansivity than over young lithosphere. Conse-
quently, a given rate of subsidence over old seafloor indicates
higher heat flux than the same subsidence rate over young
seafloor. Fitting a model which has different properties over
young versus old lithosphere results in a different view of
general lithospheric behavior.

Consider that, similar to Eq. (7), seafloor heat flow and
subsidence may be related by the equation (Appendix C)

b)) g
20(0aei(®)  [pCplei()’

where bej = dw/d+/7 is the transient subsidence rate, with
w the seafloor depth, and «ej the transient effective ther-
mal expansivity. The age dependence in the rate of heat flow
diminution g(¢) is shown for our models GHC and GH, and
Hasterok’s (2013a) model H13, in Fig. 5b. While the heat
flow predictions of model GHC are not as low as that mea-
sured, as expected by Hofmeister and Criss (2005), the differ-
ence between model and measurement is significantly lower
than that estimated with simple plate models. Since this de-
crease is only partially compensated by high heat flow on
ridge axes, the power transported by hydrothermal circula-
tion is also markedly reduced. Accordingly, the problem of
the heat flow deficit can be attributed to both complex ther-
mal properties and ventilated heat loss.

©)

4.1 The subsidence rate

Age dependence of the subsidence rate — as predicted by
models GDH1 (Stein and Stein, 1993), H13 (Hasterok,
2013a) and our models GH and GHC - are shown in Fig. 6a
compared to empirical estimates based on the global database
of Hillier (2010). The empirical estimates are obtained from
fitting a line (least-squares fit) through the data (0.1 My bins)
in a sliding window of width 871/2. Figure 7 shows the pre-
dictions of several lithospheric models compared to the data
of Hillier (2010) as well as ridge flank topography of the
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Figure 6. (a) Subsidence rates for models GH and GHC (Grose and Afonso, 2013), the classical model GDH1 (Stein and Stein, 1992),
and the new heat-flow-constrained plate model of Hasterok (2013b), compared with subsidence rates estimated from the global depth data
set of Hillier (2010). Red-yellow colors correspond to small sliding windows, and blue-violet colors correspond to large sliding windows
over which subsidence rates are determined using a least-squares fit. The small discontinuities around 20 My for GHD1 and H13 are due
to the imperfect fit of their author’s respective equations for seafloor depth. (b) Comparison of model predictions of model GHC, GC, and
G. Models GC and G have not been used to calculate hydrothermal power loss but are included here to clarify the role of hydrothermal

circulation and crustal insulation on seafloor subsidence.

East Pacific Rise from Cochran and Buck (2001). To explore
the sensitivity of estimates to the sampling window size, we
show estimates for 871/2 between 0.2 and 2.0 My/2. Due to
the roughness of the data in small bins, the variance is high
when the window is small and decreases as the window be-
comes larger.

Comparison of model predictions and empirical estimates
shows that models GH and GHC both fit the general trends
in almost all of the data well, while models H13 and GDH1
substantially overpredict subsidence rates for the youngest
lithosphere (< 5 My). Model H13 does not fit the data well
because it was fit to the depth curve predicted by the model
of McKenzie et al. (2005), but we include it for complete-
ness. The empirical subsidence rate clearly has a rising trend
between near-zero age and about 30 My, and then decreases
gradually in accordance with seafloor flattening. It is no-
table that empirical subsidence rates using large 8:1/2 tend
to rise near zero age and thus appear to be in better agree-
ment with model GH rather than GHC. However, this is
due to the loss of resolution due to binning. Model GHC
is a superior fit to ridge flank subsidence. The estimates
with §¢1/2 ~ 0.2 My~1/2 indicate that the subsidence rate is
~ 150 m My~1/2 near the ridge axis (~ 0.5 My), increases to
~ 350 m My~1/2 around 30 My, and finally decreases gradu-
ally from the effects of seafloor “flattening” to great age. To
explain the contributions of axial hydrothermal circulation
and crustal insulation, we compare subsidence rates from
three models in Fig. 6b. Along with model GHC, we include
previously unmentioned models G and GC. As indicated by
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their names, model G has neither crustal insulation nor hy-
drothermal circulation, and model GC has crustal insulation
but no axial hydrothermal circulation. Subsidence rates for
model G are similar to GDH1 (Stein and Stein, 1992) over
young seafloor, with a roughly constant subsidence rate of
~340mMy~1/2, Model GC decreases the subsidence rate
to about ~ 270 m My~1/2 near ridge axes, rising gradually
over about 20-30 Ma until flattening. Model GHC further
decreases the subsidence rate near the ridge axis to about
110m My~1/2, An important observation to consider is that,
while the effect of axial hydrothermal circulation on the ridge
flank subsidence rate is markedly greater than that for crustal
insulation, the hydrothermal circulation effect is confined to
the youngest ages while crustal insulation is more persistent.

An important question is whether or not the decreasing
subsidence rate in proximity to ridge axes, and the cor-
responding misfit of model GDH1, is a real reflection of
isostatic balance, or if other contributions, such as flexu-
ral effects, are important. If other processes are important,
this could indicate that observation and model prediction
of a low subsidence rate on ridge flanks is not actually
related to crustal insulation and hydrothermal circulation.
Cochran (1979) showed that gravity anomalies are present
over ridge axes. However, while the anomalies appear some-
what significant over Atlantic ridges, they are small and
confined to the immediate vicinity of ridge axes over the
EPR. Consequently, while elastic sources of deviation from
isostasy may be present on the ridge axis, to our knowledge
there is no compelling evidence to believe that non-isostatic
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Figure 7. Predictions and observations of seafloor topography and
subsidence on ridge flanks. (a) Seafloor topography of our mod-
els compared with model GDH1 (Stein and Stein, 1992), 0.1 My
binned global “normal” depth data with 1o standard deviation
from Hillier (2010), and EPR ridge depth data from Cochran and
Buck (2001). (b) Close-up on the model predictions and observed
topography on ridge flanks. In addition, the bottom left corner
shows an additional cause of ridge elevation due to the buoyancy
of melt beneath the ridge based on two models of seismic tomog-
raphy from Dunn et al. (2000). For ages < 0.2 MyL/2 there is no
subsidence in our models since energy transfer is supported by la-
tent heat release. Figure modified after Grose and Afonso (2013).

effects are responsible for the low subsidence rate on ridge
flanks (> 0.2 My).

Figure 7b shows a close-up of predicted topography
for several lithospheric models compared to the data of
Hillier (2010) and EPR data from Cochran and Buck (2001).
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Models with no crustal insulation or axial hydrothermal cir-
culation do not fit the low subsidence rates of ridge flanks,
nor the axial rise for ages < 0.5 My%/2. Models with only
hydrothermal circulation or only crustal insulation improve
the fit near ridge axes but still fail to provide a satisfactory fit
to the data. On the other hand, model GHC provides a satis-
factory fit to seafloor topography. A remaining misfit occurs
at zero age, where axis depth of model GHC is about 150 m
greater than that in the data of Cochran and Buck (2001).
This can be explained by the buoyancy of melt. The depth
change of the seafloor due to solidification of melt, with iso-
static correction and using an exponential solidification rate,
can be given as

L
Aw, = o(t)exp (—%) ('(;—m — 1) /qudz, (10)
S
0

where n =0.04My is a time coefficient for the solidifi-
cation rate, pm = 2750kgm~2 (Stolper and Walker, 1980;
Stolper et al., 1981; Hooft and Detrick, 1993) is the den-
sity of melt, ps = 2950kgm~2 is the density of solidified
melt (ocean crust), ¢ is the melt volume, and other terms
are defined previously. The volume of melt beneath ridges
(depth-integrated ¢n, in Eg. 10) can be estimated based on
the seismic tomography study of a segment of the EPR by
Dunn et al. (2000). Their seismic inversion models are con-
sistent with a depth-integrated melt column of either ~ 0.8
or 1.9 km, depending on whether the pore texture consists of
thin films or spheres, respectively. From Eq. (10) this predicts
Awm = —80 and —190m, respectively, at r =0, in good
agreement with the difference with model GHC (Fig. 2b).
Awp, predicted by Eq. (10) are shown in Fig. 7b. Although
Cochran and Buck (2001) argued that the axial rise and low
subsidence rate over ridge flanks can be explained by axial
hydrothermal circulation, our models indicate that axial cir-
culation alone may not be able to explain these features. On
the other hand, all major topographic features characteris-
tic of normal fast-spreading seafloor are explained by model
GHC.

It may be suggested that model GH can be made to
better fit ridge flank topography by increasing the rate of
hydrothermal heat removal (e.g., Nu> 10). This may im-
prove the topographic fit, although we have already noted
(Sect. 2.4) that a consequence of this (as Cochran and Buck,
2001, and Spinelli and Harris, 2010, used Nu = 20) is a sig-
nificantly colder near-axial environment which Grose and
Afonso (2013) showed is not consistent with evidence from
seismic models of the EPR by Dunn et al. (2000). Moreover,
in Sect. 5 we will show that model GH (let alone such a
model with additional axial hydrothermal cooling power) is
not consistent with estimates of heat available for release in
the process of crustal accretion.
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4.2 Note on old-age topography and seafloor flattening

Although the old-age behavior of the lithosphere does not
affect our calculations of ventilated hydrothermal power ex-
traction since the heat flow deficit only exists over young
seafloor, the fit of models to old-age seafloor is a major con-
straint on general lithospheric properties. Consequently, the
better fit of model GDHL1 to the old-age (>50My) subsi-
dence rate in Figs. 6 and 7a might seem to indicate the supe-
rior explanatory powers of GDHL1, or at least a problem with
the properties of model GHC. However, if the model of litho-
spheric cooling is meant to represent the normal cooling be-
havior of the lithosphere, this superior fit may be treated as a
flaw rather than a success. Following Crosby et al. (2006) and
Hillier and Watts (2005), we consider it likely that seafloor
around 100-130 Ma (10-11.5 Mal/2) is anomalous. Of par-
ticular note, the subsidence rate becomes negative around
these ages, which cannot be accomplished by passive cooling
processes and is not known to occur by means of small-scale
convection beneath old seafloor (Zlotnik et al., 2008; Afonso
et al., 2008). Thus, we consider models GH and GHC to bet-
ter reflect the normal behavior of oceanic lithosphere.

5 Constraints from the thermal budget of crustal
cooling

Based only on the fit to the global data, we cannot discount
the possibility that crustal insulation is an unimportant con-
tribution. On the other hand, we may cast doubt on the feasi-
bility of model GH for a thermodynamic reason, thus requir-
ing a contribution from crustal insulation.

It is notable that the estimate of near-axial circulation
for model GH is so high (5.2 TW, Table 1). Based on the
limited heat budget for ocean crust formation and cooling,
Mottl (2003) argued that axial cooling cannot be more than
about 3.1 TW. This indicates that model GH, due to high ef-
fective thermal conductivity and axial boundary conditions
around the shallow axial magma chamber, may be extracting
more heat than can realistically be released by advection and
crystallization of magmas. Model GHC, on the other hand,
only transports about 3.3 TW of heat, consistent with Mottl’s
arguments. In addition, we previously showed (Grose and
Afonso, 2013) that model GHC predicts ridge thermal struc-
ture that is in good agreement with a seismic model over the
East Pacific Rise by Dunn et al. (2000). As this fit to a seismic
model reflects the Nu number, the seismic model supports the
choice of Nu ~ 10 rather than significantly higher values sug-
gested elsewhere (e.g., Cochran and Buck, 2001; Spinelli and
Harris, 2011). On the other hand, Han et al. (2014), based on
the observation of off-axis magma lenses in regions Dunn et
al. (2000) expected to be cool, suggested that Dunn’s model
may be inaccurate. However, it is not clear what ambient
thermal structure is consistent with the presence of off-axis
magma lenses, as these may be anomalous, even if frequent,
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features. We stress that models GH and GHC use a sim-
ple Nu-number approximation of hydrothermal transport and
therefore can only represent the average behavior of ridges
both along and across axes. Moreover, if the thermal structure
of Dunn et al. (2000) is too cold, the necessary adjustments
to model GHC may be small, except in direct proximity to
the axial magma lens. Such corrections may also be applied
to model GH, but they will be larger and may be at the cost
of good fit to seafloor subsidence.

In summary, if there is no effect of crustal insulation, the
fit to seafloor subsidence is slightly compromised and unreal-
istic amounts of heat are extracted on axis. Thus, we suggest
that both insulating oceanic crust and a moderate amount of
axial hydrothermal circulation are important for estimates of
ventilated hydrothermal power.

6 Constraints from high-resolution heat flow surveys

A primary goal of this work is to show that crustal insu-
lation strongly affects lithospheric cooling as well as the
amount and distribution of hydrothermal power loss. Precise
constraints on any of these three items are impossible with-
out knowledge of the conductive lithospheric heat loss over
young seafloor.

Hasterok et al. (2011) and Hasterok (2013b) attempted
to use the global heat flow data set to constrain deep litho-
spheric heat flow over young seafloor by applying special
filters to the data. These authors showed that, by removing
seafloor regions with thin sediment, the residual heat flow
over young seafloor markedly increased. Because extensive
thick sediment cover acts as an impermeable boundary over
the crust, fluid exchange between the crust and oceans should
become less effective with sediment thickness and heat trans-
fer by conduction becomes dominant (Lister, 1972). Specif-
ically, by removing oceanic regions with sediment cover >
400 m, measured heat flow is in good agreement with model
H13 (and GDH1) for ages > 25 My. However, for younger
ages a significant deficit remained (Fig. 5). Interestingly,
while the deficit between filtered measurements and model
H13 is large, the deficit with model GHC is substantially less
pronounced (Fig. 5). As the main result of our paper shows,
this implies a lower net power deficit. Nevertheless, the re-
maining deficit indicates that a filtered global database still
fails to remove the effects of ventilated hydrothermal circu-
lation on the seafloor heat flow. Consequently, the conductive
heat flow still cannot be constrained over young seafloor with
global heat flow data.

An alternative approach is to examine specific regions
which have been studied extensively enough to demonstrate
that the effects of ventilated hydrothermal circulation are
small in certain areas. Among the global data, Hasterok et
al. (2011) recognized four sites on young seafloor which have
thick sediment cover and have been extensively surveyed.
These include the Juan de Fuca Ridge flank (Davis et al.,
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1997, 1999), the Costa Rica Rift (CRR) flank (Davis et al.,
2004; Hobart et al., 1985; Langseth et al., 1988), the Gulf of
Aden (Cochran, 1981; Lucazeau et al., 2008, 2010), and the
Cocos Plate (Hutnak et al., 2008). Our analysis of the heat
flow data for these sites is discussed in the following section,
and the resulting estimates are shown in Fig. 5. Subsequently,
we discuss interpretations of the data in relation to the differ-
ent estimates of young-age lithospheric heat flow by models
H13, GH, and GHC.

6.1 Heat flow at high-resolution sites
6.1.1 Gulf of Aden

The Gulf of Aden is a rifted margin between Africa and the
Arabian Plate which separated at 34 Ma with the onset of
seafloor spreading around 18 Ma (Leroy et al., 2012). Lu-
cazeau et al. (2010) reported high-quality heat flow measure-
ments along eight seismic profiles near the margin of the Ara-
bian Plate (near Dhofar), seven of which are aligned with the
direction of spreading. They correct their heat flow measure-
ments for sedimentation rate (we use the average of their two
cases), topography, and heat refraction. These profiles extend
from the continental domain, through the ocean—continent
transition, and onto oceanic lithosphere. The small variance
in heat flow along profiles led Lucazeau et al. (2008) to con-
clude that effects of hydrothermal circulation are not impor-
tant. Of their 162 measurements along 8 profiles, we use 40
points from 6 profiles located on seafloor with ages known
from magnetic anomalies (d’Acremont et al., 2010). Com-
parison of the model age grid of Miuller et al. (2008) and
magnetic anomaly isochrons suggests that ages are overes-
timated by 5-10 My near the continental margin. Therefore,
we neglect two profiles from seafloor on the east side of the
Socotra Hadbeen fracture zone, since we cannot confidently
determine precise ages. The 40 measurements are on seafloor
16-17.6 My old and are plotted in Fig. 5 along with their
mean and standard deviation (114 + 10 mW m~2).

It is likely that this survey examines anomalous seafloor.
The site characterizes the early stages of rifting margins, the
onset of seafloor spreading, and any thermal consequences
of abutting a continental margin. Moreover, based on an ex-
amination of heat flow and thermomechanical modeling, Lu-
cazeau et al. (2008) suggested that an intense (300 °C) ther-
mal anomaly below the ocean—continent transition may be
likely. If this is the case, then the reported heat flow values
may be elevated above that of normal seafloor.

6.1.2 Cocos Plate

Hutnak et al. (2008) performed a regional survey of heat flow
over Cocos Plate seafloor with ages 18-24 My. The region
is blanketed with thick (400-500m) sediments except for
unevenly spaced sites of outcropping basement. Distributed
throughout the region are colocated heat flow and seismic-
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reflection profiles, some of which extend from outcrop sites
and others are interspersed about. This heat flow survey re-
vealed a bimodal areal variation in surface heat flow for low
(~30mW m~2) and high (~ 110 mW m~2) heat flow areas,
a pattern which the authors explain by low-temperature hy-
drothermal discharge and recharge among outcrops in the
low-heat-flow areas, and “warm” hydrothermally inactive
crust for the high-heat-flow areas. Their estimate of 97—
120mWm~2 is plotted in Fig. 5 with the age range 18—
24 My.

6.1.3 Juan de Fuca Ridge

The Endeavour segment of the Juan de Fuca Plate is heav-
ily sedimented and has been extensively studied with colo-
cated heat flow (Davis et al., 1997, 1999), seismic reflection
profiles (Rosenberger et al., 2000), and geochemical study
from nine Ocean Drilling Project (ODP) boreholes (Elder-
field et al., 1999) over a 80 km transect in the direction of
spreading. Heat flow measurements are shown in Fig. 5. Note
that measurements cluster around 1 and 3.6 My. The scat-
tered black line is an empirical calculation based on the rela-
tionship between sediment thickness, basement temperature,
and surface heat flow (Davis et al., 1999). Davis et al. (1999)
estimated that a sediment correction of +15% was neces-
sary to estimate basement heat flow. However, we use the
+6 % correction from Pribnow et al. (2000) which accounts
for thermal anisotropy of sediment. As the data are scattered,
we calculate distance-weighted averages of heat flow from
the measurements for ages (A) 1.0-1.56 My and (B) 3.34—
3.6 My.

6.1.4 Costa Rica Rift

The geophysical environment of ~ 6.5My old seafloor
around ODP Hole 504B on the CRR has been characterized
with a high-resolution (~ 1km spacing) gridded survey of
heat flow (Davis et al., 2004; Hobart et al., 1985; Langseth et
al., 1988) and seismic reflection profiles (Swift et al., 1998).
Figure 8a shows a sediment thickness map produced from
the seismic reflection profiles (12545 points) and a bicubic
spline. Figure 8b shows a bicubic spline of heat flow. Inspec-
tion of Fig. 8a and b shows that there is some correlation
between sediment thickness and heat flow, although the re-
lationship is rough (Swift et al., 1998). Using only the mea-
surements, heat flow for the region has a mean of 229 446
(1o uncertainty) and median of 218 (194, 250) mW m~?2
(interquartile range uncertainty). However, since measure-
ment coverage has a greater density around sites of elevated
heat flow and thin sediment cover, the statistics are biased
to elevated values. The statistics for the bicubic spline are
shown as a probability density function in Fig. 8c; they are
also compared to a coarser PDF for the measurements alone.
The mean of the spline is 211 +35mWm~2, the median
is 203 (186, 229) MW m~2, and the mode is 190 mW m—2

www.solid-earth.net/6/1131/2015/



C. J. Grose and J. C. Afonso: Hydrothermal power of oceanic lithosphere 1145

Latitude

-83.84 -83.78 -83.72

Longitude

Latitude

118

y 116
-83.8 -83.78 -83.76 -83.74 -83.72 -83.7 -83.68

Longitude | ]
100 225 350
C Heat Flow, mW m?2

—Tve—] 3
MODE,

IMEDIAN OF MEASUREMENTS
MEAN OF MEASUREMENTS

MEDIAN

| 2
MEAN

Probability Density

120 180 240 300 360
Heat Flow, mW m2

Figure 8. Sediment thickness and heat flow for the Costa Rica Rift. (a) Sediment thickness map constructed from a bicubic spline of seismic
reflection profiles (dotted line, where dots are data points; Swift et al., 1998). Open circles are sites of heat flow measurement. (b) Heat flow
map constructed from a bicubic spline of measurements (black dots). (c) Non-normalized probability density functions (PDFs) of heat flow.
The red PDF is from the bicubic spline in panel (c), whereas the black line is the PDF using only measurements.

(173, 217) (half-maximum uncertainty). If we consider that
sampling coverage is extensive enough to cover spatial het-
erogeneity, the mean of the spline may be preferred. How-
ever, we note that there are many areas where closely spaced
points reveal exceptional lateral gradients, even away from
areas of thin sediment or evidence of anomalies in base-
ment topography (Fig. 8). Moreover, recall that measure-
ments on the Juan de Fuca flank have a much smaller spacing
(~ 250 m) and show substantial scatter. A similar scatter may
be normal for the CRR site, so that the mean of the spline
may not accurately characterize the true mean. We thus take
the mode of the spline as the lowest reasonable statistical ten-
dency.

6.2 Comparison of surveys and models
6.2.1 Gulf of Aden and Cocos Plate

The goal of the examination of high-resolution heat flow sur-
veys is to evaluate whether or not the deeper (sub-crustal)
lithospheric heat flux can be constrained by close regional
inspection. Heat flow surveys of the Cocos Plate and Gulf
of Aden regions are in best agreement with model GHC,
although the statistical bounds (standard deviations or half-
maximum bounds) are spread over all models. Thus, while
these surveys indicate that the conductive models are a better
indication of lithospheric heat flow compared to the global
heat flow data (with or without a filter for sediment thick-
ness), predicted heat flows for models over seafloor aged 16—
24 My are too similar to clearly differentiate models. On the
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Figure 9. Predicted seafloor heat flow for model GHC with varied
crust thickness and parameters affecting hydrothermal circulation
are varied, compared to measured heat flow (mean, median, mode,
and half-maximum bounds) for the Costa Rica Rift (Fig. 8). The
black line is model GHC with oceanic crust varied between 0 and
10 km. The black dashed line is the same model, except hydrother-
mal circulation is not allowed to occur below the insulating layer.
The red line is model GHC with the thickness of oceanic crust var-
ied and no hydrothermal circulation on the ridge axis. All predic-
tions are for 5.9 My old seafloor.

other hand, because the Gulf of Aden might be anomalously
warm (Lucazeau et al., 2008), normal lithospheric heat flow
for this age may be somewhat lower, which can improve the
agreement with model GHC but worsen the agreement with
H13 and GH.
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6.2.2 Juan de Fuca

Comparison of the Juan de Fuca (Endeavour segment) heat
flow to the models generally suggests best agreement with
model GH. Ignoring the tail to low heat flow for ages < 1 My
(Fig. 5), the young-age end of the data is in best agreement
with model GH, while the bin of data around 3.5 My is in
between model GHC and GH. The conventional hydrogeo-
logical interpretation of heat flow along the Endeavour flank
includes recharge over the young (< 0.66 My old) unsedi-
mented seafloor and discharge at a basement high around
1.3 My, about 20 km from the recharge site (Davis et al.,
1997, 1999; Newman et al., 2011). Borehole measurements
and correlations of surface heat flux and sediment column
thickness indicate that the temperature of crustal basement is
roughly constant over this region.

Elevated heat flow in this region may be explained by
(1) spatial sampling bias, (2) a source of additional heat
flow, or (3) different properties of the lithosphere than ex-
pected by model GHC. Possible sources of elevated heat
flow are (1) continued deep hydrothermal circulation, per-
haps associated with faulting as suggested by Nedimovic
et al. (2009); (2) heat release from hydration of the crust
(Lowell and Rona, 2002); (3) heat transported from younger
seafloor and discharged, consistent with models (Davis et al.,
1997, 1999; Newman et al., 2011); or (4) microbial thermo-
genesis, which is difficult to quantify but could be signifi-
cant if nutrient supplies are adequate (D. LaRowe, personal
communication, 2012). Davis et al. (1989, 1997, 1999) sug-
gested that advective heat loss around 3.5 My old seafloor is
large enough to depress regional heat flow below that of base-
ment heat flux. This would mean that heat flow predicted by
model GHC is too low for this region. However, if additional
heat has been introduced into the upper crustal aquifer by
exchange with the deeper crust, perhaps driven by faults in
this rough basement region (Davis et al., 1997), then mea-
sured heat flow may be greater than that conducted through
the deeper crust, not less. If model GHC is correct for this
region, measured heat flow suggests that measurements are
elevated due to advective heat exchange between the upper
and lower (or deeper) crust. In other words, this region may
be super-conductive (Fig. 1), albeit with moderate ventilated
discharge.

6.2.3 Costa Rica Rift

The mode of 190mWm~—2 (173, 217; half-maximum
bounds) calculated for the bicubic spline over the exten-
sive 2-D Costa Rica Rift survey is in good agreement with
models GH and H13 but is significantly higher than the
~ 170 mW m~2 estimate from model GHC at 6 My. At least
part of the reason for this is that the CRR does not consist
of “normal” seafloor. In this region, the thickness of oceanic
crust has been constrained to be ~ 5km thick, significantly
thinner than other examples of seismically normal oceanic
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crust (Becker et al., 1989). Thus, the crustal insulation ef-
fect in this region should be lower. We have tested this by
performing a sensitivity analysis with model GHC wherein
the thickness of the insulating layer is varied between 0 and
10 km (Fig. 9). Model GHC with a 5 km thick crust, or GHC-
CRR, predicts heat flow ~ 182 mW m~2. This is better agree-
ment, although it remains barely within the lower bound of
uncertainty using a somewhat generous statistical technique.
An additional contribution may be related to the reduced
vigor of axial hydrothermal circulation due to a thinner crust.
As an end-member case, we test predictions of model GHC
with no hydrothermal circulation and variable crust thickness
(red line). The resulting model is in good agreement with
the mode, although this is a maximum. Lastly, the dashed
line is a test of GHC-like models in which the crust thick-
ness is varied and the Moho is treated as a maximum depth
limit for axial hydrothermal penetration. Therefore, realis-
tic models for the CRR likely occur between the dashed
line and the red line for 5km thick crust, or about 182—
189 mW m~2. While this is a remarkable agreement with our
statistical analysis, the completeness of sediment cover and
apparent absence of basement outcrops and ventilated cir-
culation in the region (Davis et al., 2004) may suggest that
the median or mean, which is about 200-210 mW m~2, may
precisely capture lithospheric heat flux. Under this interpre-
tation, CRR heat flow remains significantly elevated above
the predictions of model GHC. We suggest that this is in
fact the case, such that lithospheric heat loss in this region
is noticeably higher than predicted by model GHC. Specifi-
cally, we suggest that this region is characteristically super-
conductive due to deep hydrothermal circulation as depicted
in Fig. 1. Davis et al. (2004) found that deep borehole ther-
mal gradients decrease from apparently near-conductive val-
ues in the upper crust (~ 200 mW m~—2) to much lower values
(< 100mWm~2) at depths greater than ~ 700m from the
basement surface. Davis et al. (2004) suggested that this is
due to hydrothermal convection in deeper layers of the crust.
If hydrothermal redistribution of heat occurs on such a scale
in the crust, this will essentially result in the appearance of
a higher effective thermal conductivity of the crust by rais-
ing its Nu number. Consequently, GHC may predict low heat
flow because it does not use a high Nu number in crust older
than 0.2 My.

6.3 Summary of high-resolution sites

Overall, the four specific sites discussed above show heat
flow elevated above the predictions of the sediment-filtered
global database of Hasterok (2013b) and are in rough agree-
ment with all models considered. As previously recognized
(Davis et al., 1997, 1999; Lucazeau et al., 2008; Hutnak et
al., 2008; Hasterok et al., 2011), this demonstrates that the
low scattered heat flow over young seafloor is due to venti-
lated hydrothermal circulation, and that careful geophysical
characterization can allow the lithospheric heat budget to be
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at least partially revealed on young seafloor. Heat flow esti-
mates from the Cocos Plate (Hutnak et al., 2008) and the Gulf
of Aden (Lucazeau etal., 2008, 2010) are in marginally better
agreement with model GHC. However, these sites are located
on seafloor where predicted heat flow from all models is not
significantly different (Fig. 5), and the Gulf of Aden might
not be considered normal seafloor. The Juan de Fuca Ridge
flank is geophysically well characterized, but there is strong
evidence of ventilated discharge over much of the sampled
area (Davis et al., 1997, 1999). The elevated heat flow in this
area may reflect this discharge, persistent deep hydrother-
mal circulation along faults (Nedimovic et al., 2009), heat
release from hydration (Lowell and Rona, 2002), or advec-
tion from younger seafloor. Heat flow on the Costa Rica Rift
is probably the most important data point as it (1) samples
seafloor young enough to potentially differentiate models,
(2) is heavily sedimented with no evidence of thermally sig-
nificant ventilated transport, and (3) is well characterized for
heat flow and basement depth. CRR heat flow is higher than
our preferred model GHC, which may be partly explained
by thin oceanic crust. Probably, however, the mean or me-
dian of heat flow in this region, which is significantly higher
than predicted by model GHC, is a good indicator of litho-
spheric conduction. The high heat flow in this region may
be attributed to deeper hydrothermal transport as suggested
by Davis et al. (2004). The Costa Rica Rift is in super-
conductive state as depicted in Fig. 1. An important unan-
swered question then regards the “normality” of such deeper
transport in the crust. Such transport may be regarded as
a process of passive hydrothermal circulation (albeit sealed
from exchange with oceans) which is not included in model
GHC. If this is normal for global oceanic crust, then model
GHC may ultimately overestimate the effect of crustal insu-
lation on lithospheric cooling.

Nevertheless, because only two sites considered here are
located on < 10 My old lithosphere, and only the Costa Rica
Rift appears to provide a precise constraint on lithospheric
heat flow, it is difficult to judge the validity of these mod-
els using any existing heat flow measurements. Ideally, de-
tailed surveys such as that performed near the Costa Rica
Rift should be performed over several other well-sedimented
near-ridge regions globally. Even still, it is not clear if heat
flow measurements will succeed in providing precise con-
straints on normal lithospheric heat loss near ridge axes. We
thus expect that continued development of our understanding
of the relationship between heat loss and seafloor topogra-
phy may be instrumental (e.g., Parsons and McKenzie, 1978;
Sandwell and Poehls, 1980; Wei and Sandwell, 2006). Since
heat flux may be calculated if the effective thermal expan-
sivity and volume heat capacity are known (Eq. 9), future
efforts should focus on linking detailed models of near-ridge
environments (e.g., Cherkaoui et al., 2003; Maclennan, 2008;
Craft and Lowell, 2009; Theissen-Krah et al., 2011) with
comprehensive mineral physics and hydrogeological models
of the crust and lithosphere (e.g., Davis et al., 2004; Afonso
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et al., 2007, 2008; Hasterok, 2010; Goutorbe and Hillier,
2013; Grose and Afonso, 2013).

7 Conclusions

We have estimated the power of ventilated hydrothermal heat
transport, and its spatial distribution, using a set of recent
plate models which highlight the effects of hydrothermal
circulation and crustal insulation. The most important con-
clusion of our study is that a model with both of these ef-
fects predicts that the difference between measured and mod-
eled heat flow is significantly lower than most previous esti-
mates. Consequently, the total heat vented to the oceans by
hydrothermal circulation is lower, and we also find that the
fraction of that vented is higher on ridge axes.

Our estimate of ventilated hydrothermal power for a model
with constant thermal properties is similar to the recent anal-
ysis of Hasterok (2013a), predicting a net power deficit
of 7.8 TW, 34% of which is extracted near the ridge axis
(< 1 My). The effect of axial hydrothermal circulation alone
is a higher net power deficit (10 TW), and about 50 % of the
hydrothermal heat flux occurs near ridge axes (< 1 My). Fi-
nally, the effect of crustal insulation with hydrothermal circu-
lation is a markedly lower net power deficit (6.6 TW), with
no relative change to the heat flow distribution (50 % near
the axis). If median or mean estimates are preferred against
probability maxima, total ventilated hydrothermal power es-
timates are about 10 or 20 % lower than these estimates, re-
spectively.

Many physical and chemical processes in the Earth may
be affected by the above predictions. As less heat is trans-
ported by hydrothermal circulation, this may also imply that
less fluid is circulated in the crust, or that such fluids have
a lower average temperature. The lower off-axis advective
heat flux also suggests that off-axis “diffusive” hydrothermal
circulation is not as vigorous as previously thought. These
reduced energy constraints must affect chemical exchanges
between the crust and oceans, including the passing of nutri-
ents to sub-seafloor microbial communities and the alteration
of oceanic crust. In turn, these effects should impact chemi-
cal budgets in the subduction factory and the secular chemi-
cal evolution of the mantle. Also, the crustal insulation effect
may have broader implications for the thermal evolution of
the Earth. Crustal insulation reduces the present-day global
heat flux by about 2-3 TW. This reduction will multiply into
the past as a warm mantle generates systematically thicker
crust and greater insulation.

Finally, the important question remains: does our cooling
model with axial hydrothermal circulation and crustal insu-
lation represent the average behavior of oceanic lithosphere?
With this question in mind, we have studied model fits to
empirical estimates of seafloor subsidence and geophysically
well characterized sites of heat flow measurements. While
a model with both hydrothermal circulation and crustal in-
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sulation (GHC) best fits global average seafloor subsidence,
site-specific heat flow can be explained with a model which
does not include crustal insulation (GH). Additional detailed
heat flow surveys of < 10 My old seafloor will be helpful in
the choice of best models on the basis of heat flow. The heat
budget of cooling oceanic crust, however, is in best agree-
ment with model GHC, as model GH predicts a probably un-
realistic extraction of energy on the ridge axis. Accordingly,
we find that the cooling regime of the near-axial environ-
ment and basin-scale oceanic lithosphere is best explained by
models with insulating oceanic crust and axial hydrothermal
circulation.
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Appendix A: Physics of models GH and GHC

Models GH and GHC are numerical solutions to the
conduction—advection equation

e (T AT\ 8 (0T, o (0T AD
T AT 3 (3T L 2 (2T
PEr\or T ox ) T oz Nz ) Tox o

for crust and mantle having a seafloor age < 2 My, and a so-
lution to the conduction equation

aT 8 (9T
c, 2 = 2 (22), A2
PEry az( az) (A2)

for mantle with seafloor ages > 2 My, where % is the thermal
conductivity; p is the density; C), is the isobaric specific heat;
T is temperature; ¢ is time; u is the horizontal velocity of the
plate (half-spreading velocity); and x and z are the horizontal
and vertical Cartesian coordinates, respectively. The surface
boundary is always 0 °C, and the lower boundary uses a con-
stant temperature taken from the geotherm beneath the ridge
(zero age). The region of “unchanging temperature” near the
ridge axis in Fig. 3 is kept constant, while the mantle out-
side of this region continuously migrates horizontally at the
velocity u. The initial geotherm in this region of unchanging
temperature is

¢mS

Ti(z)=Tp+zA— C,,

(A3)
where T}, is the mantle potential temperature (1325°C), A is
a constant adiabat (0.5 °C km~1), ¢, is a total melt fraction,
and S is the latent heat of melting (335kJkg~1). The melt
fraction is estimated based on isentropic batch melting from
Asimow et al. (2001). To predict the density of the mantle
and crust as a function of pressure, we use the third-order
Birch—-Murnaghan equation of state (EOS):

SR
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where P is pressure, Ko is the bulk modulus at P =0, K7. is
the pressure derivative of the isothermal bulk modulus, and

€ = —
=Yy

is the isothermal volume change. With a thermal correction
(Anderson et al., 1992; Anderson and Isaak, 1993; Kumar
and Bedi, 1998), the thermal EOS in terms of bulk density is

p(P,T) (A5)

T
= p(P) 1—eTexp[(6T+l)(i—1)i|/a(T)dT ,
€T
0

where 87 = 6 is the Grinneisen parameter, Ko = 130 GPa,
K, =48, and «(T)=ag+a1T is the temperature-
dependent thermal expansivity (o = 1.64 x 107° and a1 =
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1.32 x 10~8 for the crust, and ag =2.83 x 107> and a1 =
0.785 x 108 for the mantle).

The heat transport properties involve constraints on
the thermal diffusivity and specific heat, which are
strongly temperature-dependent. The specific heat is 1.611—
12.479 /T7°5-1728477/T% for the mantle and 1.578-
13.11 /795-763984/T3 kikg~1 K~1 for the crust (Robie
and Hemingway, 1995; Berman and Aranovich, 1996). Ther-
mal diffusivity is calculated as

D(T, P) (A6)
dIn(k)
dp

where a =0.565, b =0.67, ¢ =590, d = 1.4, and ¢ = 135
for the mantle; a = 0.432, b = 0.44, ¢ = 380, d = 0.305, and
e = 145 for the crust; and dIn(k)/dP ~5%GPa~! is the
increase in conductivity (thus also the diffusivity as D =
k/pCp) with pressure (Pertermann and Hofmeister, 2006;
Hofmeister and Pertermann 2008, Branlund and Hofmeister,
2012).

Thermal radiative heat transport is included by arithmetic
addition of a radiative thermal conductivity from Hofmeis-
ter (2005) given by

8 1—exp(—dA)
2.2
krag =mhdc’n / p—————— T+ dA (A7)

= [a+bexp(—cT) +dexp(—eT)]

where h is Planck’s constant, d is grain size (1cm), c is the
velocity of light, n (1.7) is the index of refraction, A(v) is
the spectral absorption coefficient, ky, is Boltzman’s constant,
and ¢ is a coefficient equal to 1 or 0, depending on the values
of A(v). We found the solution with the above parameters
and fitted the solution with two Gaussian terms to more easily
employ kraq(7') in our models (Grose and Afonso, 2013). The
solution to Eq. (A7) uses spectra of olivine at temperature as
explained by Hofmeister (2005).

Finally, axial hydrothermal circulation is included in mod-
els GH and GHC using a Nusselt (Nu) number approxi-
mation (e.g., Cochran and Buck, 2001; Spinelli and Har-
ris, 2011), so that the effective thermal conductivity in crust
where T < 800°C is 10 times the lattice value (plus the ra-
diative contribution). Specifically, this may be stated as

ke(zﬂx) = kLNU+krada

where k. (z, x) is the effective thermal conductivity in space
and
ko (T, P)=D(T,P)p(T, P)Cp(T)

is the lattice or “phonon” part of the thermal conductivity
computed using functions for thermal diffusivity, density,
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and specific heat discussed earlier. The maximum temper-
ature of 800°C for high Nu is used as it corresponds with
the limit of the cracking front of hydrothermal fracturing in
the lower crust of fast-spreading ridges estimated by Man-
ning et al. (2000). Note that radiative heat transport both in
the crust and in the zone of hydrothermal transport because
the mean temperature can still be high enough for thermal
emission, although we note that the abundance of plagio-
clase and clinopyroxene in the crust, as well as chemical
and microstructural alteration, may affect the role of radia-
tion. In our models hydrothermal circulation is extinguished
at 0.2 My. The values of Nu = 10 times the lattice value, and
a 0.2 My cutoff of axial circulation was used since these con-
ditions resulted in a model which predicted near-ridge ther-
mal structure consistent with seismic models for the East Pa-
cific Rise (Dunn et al., 2000). For example, Spinelli and Har-
ris (2001), using Nu= 20 and a cutoff of 0.1 My, predicted
a cooling rate which is too high to fit the seismic evidence
(Grose and Afonso, 2013).

Appendix B: Effective thermal properties

If we have a function of many variables C(z1(z), z2(¢),...),
we may find the constant value C, which, if substituted in
an equation in which C(z1(t), z2(¢), ...) appears, would give
the same result. For example, the multi-dependent thermal
expansivity «(T, X, P) and an amount of temperature change
3T in a lithospheric column are related to the displacement
of its surface dw as

L
Sw = Q/O[(T, P, X)8Tdz, (B1)
0

where L is the base of the column, X is the composition, P
is the pressure, and

__ P (B2)

Q_
Ph — Pwa

is the isostatic correction for seawater overburden, where op
is the mean density of the mantle column at the ridge axis
and pwsa is the mean density of the seawater column.

With the effective thermal expansivity «e We may rewrite
the above equation as

L

Sw:aeg/b‘sz. (B3)
0

If the properties T, P, and X change with time, then we
may find an effective value for each time such that

L L

1dw ar ar

2 i) [ Edz~ [ (T, P, X) B4
0 0
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can be satisfied, where ~ indicates an approximate equiva-
lence in the limit of incompressibility, dV /dt ~ 0, where V
is the volume in which we integrate over the dimension z.

The effective thermal expansivity of a cooling lithospheric
column is therefore

L L

dT dr
) = [P0y [ e (85)
0 0
and the effective volume heat capacity may be found simi-
larly as
L
dar
[oCplei(?) ZQSf(t)//adZ- (B6)
0

The effective thermal diffusivity and thermal conductivity
of the lithosphere may also be calculated, but, as it seems to
us to be of little substance to the current work and is more
involved, it is not discussed here.

Appendix C: Subsidence-heat-flux relation

The usual definition of the (net) seafloor subsidence rate be

is

h(t)—r _ w(t)
NN

where h(t) is the seafloor depth, r is the ridge height, w(z) is

the net subsidence, and 7 is the age. A corresponding solution
to Eq. (C1) for half-space cooling models can be given as

be(t) = (C1)

D
be(t) = 20(1)ere (1) AT jft), (C2)

where AT, is the effective difference of mantle and sur-
face temperature, ae the effective thermal expansivity, and
D, the effective thermal diffusivity. Because many of these
properties change as a function of depth, the effective val-
ues for the lithosphere, and thus the seafloor subsidence
rate, have a complicated dependence on time. On the other
hand, conventional models with constant properties (or at
least no depth-dependent properties) predict a constant sub-
sidence rate. Equations (C1)-(C2) characterize the net sub-
sidence rate, which is a function of the entire cooling his-
tory. It is essentially the slope of a line in +/2 between depth
r=w( =0) and w(r). We may also describe the transient,
or instantaneous, subsidence rate as
dw

bei(1) 4 (C3)
which is simply the local slope of w(¢) in /2. The corre-
sponding relationship to physical coefficients may be given
as

D .
bei(1) = 20(t)atei (1) ATei (1) :'T(l), (C4)
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which has the same form as Eq. (C2) except that physical co-
efficients are also transient effective properties. In compari-
son, the seafloor heat flux is

dT (1)

dz (C5)

gst(t) =k

’

z=0

which, for half-space cooling, may be related to properties of
the lithosphere as

D .
qmnzmqmmmnm>—%ﬁ+%, (C6)

where ¢, is the adiabatic part of the heat flux. Moving time
to the left-hand side, we can define the variable

D .
(1) = [gst(t) — qalv/t = [pCplei(1) ATei ?T(I), (C7)

which may be referred to as a diminution rate for surface heat
flow, analogous to the transient subsidence rate bej(t).

www.solid-earth.net/6/1131/2015/

From the above it can be seen that the seafloor heat flux is
not easily related to net seafloor subsidence or even the net
subsidence rate. However, the heat flow diminution rate may
be related directly to the transient subsidence rate as

b _ g
20(etei(t) ~ [PCplei(D)’

which has a similar form to previous derivations of the re-
lationship between the heat content of the lithosphere and
seafloor topography (e.g., Parsons and McKenzie, 1978;
Sandwell and Poehls, 1980; Wei and Sandwell, 2006).

(C8)
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