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[1] We quantify the influence of environmental processes on measurements of seafloor

heat flux with a new one-dimensional thermal model that includes time-varying
sedimentation and boundary conditions, represents several scales of hydrothermal and
transient conductive processes within basement, and allows fluid seepage through
accumulating sediments. Variations in basement thermal conductivity, the extent of
hydrothermal mixing in upper basement, and fluid seepage through sediments each
influence seafloor heat flux by 2–8%. Conductive thermal rebound following the
cessation of advective heat loss from the crust may lower seafloor heat flux values by
5–10%, even after several to several tens of million years. The new models indicate that
thermal rebound takes much longer than suggested by earlier (analytical) calculations,
mainly because earlier models did not account for the heat capacitance of the conductive
lithosphere. Application of the new model to 3.5–3.6 Ma seafloor on the eastern flank of
the Juan de Fuca Ridge suggests that anomalously low heat flux in this area is best
explained by incomplete conductive thermal rebound in the last 100–200 ka, following
the burial of numerous basement outcrops. Application of the new model to the eastern
flank of the East Pacific Rise and extrapolation out to the age of some of the oldest
remaining seafloor indicate that sedimentation corrections may be important even where
accumulation rates are typical of global values. Model results also suggest that conductive
thermal rebound through thick sediments may bias measurements made on moderate
to old seafloor, even where there is little evidence at present for ridge-flank hydrothermal
circulation.
Citation: Hutnak, M., and A. T. Fisher (2007), Influence of sedimentation, local and regional hydrothermal circulation, and thermal
rebound on measurements of seafloor heat flux, J. Geophys. Res., 112, B12101, doi:10.1029/2007JB005022.

1. Introduction
[2] Measurements of seafloor heat flux elucidate the
thermal evolution of oceanic lithosphere, rates and patterns
of hydrothermal circulation, the occurrence and condition of
gas hydrates, and the magnitude and timing of volcanic and
seismic activity [e.g., Davis et al., 1996; Davis and Lister,
1977; Fisher et al., 2003a; Kastner et al., 1991; Lister,
1977; Newman et al., 2002; Parsons and Sclater, 1977;
Ruppel and Kinoshita, 2000; Sakai et al., 1990; Stein and
Stein, 1992]. Interpretation of heat flux data is facilitated by
collocation of measurements on bathymetric swath maps
and along seismic reflection profiles, which help to delineate relations between heat transport, subseafloor relief and
structure, and sediment thickness [Davis et al., 1989, 1992a,
1997b; Johnson et al., 1993; Kimura et al., 1997; Langseth
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et al., 1992]. This last approach has been particularly
effective at sedimented spreading centers and on the flanks
of mid-ocean ridges, where the thickness and distribution of
sediments allows spatially detailed heat flux surveys [e.g.,
Anderson and Hobart, 1976; Davis and Villinger, 1992;
Langseth et al., 1988; Lawver and Williams, 1979].
[3] Much as satellite gravity data are compared to the
geoid and deep seismic velocity structures are compared to
the Preliminary Reference Earth Model, seafloor heat flux
data are most commonly compared to one of several
(similar) predictions for heat flux versus age based on
one-dimensional lithospheric cooling, as constrained by
regional and global compilations of bathymetric and heat
flux data [e.g., Lister, 1977; Parsons and Sclater, 1977;
Stein and Stein, 1992]. These compilations and analyses
have shown that seafloor heat flux data (1) are highly
scattered and (2) have mean values that generally fall below
conductive lithospheric cooling predictions for crustal ages
less than 65 Ma. Both of these observations are generally
interpreted to result from hydrothermal circulation: the former represents the local redistribution of heat by vigorous
circulation, and the latter results from regional advective
heat extraction from the plate. The relative consistency of
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Figure 1. Conceptual model showing the effects of sedimentation, fluid seepage, regional advective
heat extraction, and local heat redistribution by vigorous convection in permeable basement. The plot
above each cartoon shows relative heat flux (ratio of observed to basal) versus time that would be
measured at locations shown. (a) Basement outcrops are abundant, and sedimentation, advective heat
extraction, and local convection in permeable basement suppress surface heat flux on a regional basis.
Heat flux would be higher adjacent to discharging outcrops and lower adjacent to recharging outcrops
[e.g., Fisher et al., 2003a]. (b) Following accumulation of sufficient sediment, many outcrops become
buried and the regional advective extraction of lithospheric heat ends. Upper basement and the overlying
sediment section rebound thermally as sediments accumulate.
lithospheric cooling predictions and seafloor observations
for crust older than 65 Ma is sometimes misinterpreted to
indicate that the upper oceanic crust becomes ‘‘sealed’’ to
hydrothermal circulation beyond this age; in fact, the
variability in observed surface heat flux at many older sites
demonstrates continuing, thermally significant hydrothermal circulation within basement [e.g., Von Herzen, 2004].
[4] As more high-resolution data are collected, subtle
variations in seafloor heat flux can help to resolve a range
of dynamic processes. Variations that once would have been
dismissed as experimental noise now justify more rigorous
interpretation, but only after application of accurate corrections for the influence of sedimentation, fluid seepage, and
other environmental processes. Earlier studies have quantified sedimentation corrections to seafloor heat flux on the
basis of idealizations that are generally most appropriate for
moderate to old seafloor or sedimented spreading centers,
including lower boundary conditions (Dirichlet or Neumann)
held constant with time, and purely conductive, steady state
conditions within basement below accumulating sediments
[e.g., Benfield, 1949; Hutchison, 1985; Wang and Davis,
1992]. We have developed a thermal model that can be used
to calculate sedimentation corrections while allowing temporal variability of boundary conditions. The new model
represents several scales of hydrothermal and transient
conductive processes within basement below sediments,
and permits assessment of the influence of fluid seepage

through accumulating sediments; all of these environmental
conditions are common to ridge flanks and can influence
measurements of seafloor heat flux (Figure 1).
[5] Quantitative evaluation of environmental corrections
to seafloor heat flux data from young ridge flanks is
important for several reasons. First, heat flux data from
young seafloor are often influenced by the cooling effects of
rapid sedimentation, particularly where high sedimentation
rates produce sufficiently thick and broadly distributed
sediment so as to allow detailed surveys. Although conventional lithospheric cooling models can be used to predict
seafloor heat flux in these settings, observational thermal
data from young sites are typically omitted from the
analyses used to constrain key cooling parameters because
these data are often influenced by hydrothermal processes.
Thus the extent of heat flux anomalies on young sites is
often ambiguous.
[6] We present heat transport calculations using the new
model to explore conditions common to ridge flanks across
a range of ages and sedimentation rates. After describing
design and operation of the model, we present a series of
sensitivity analyses to evaluate the relative influence of
distinct environmental processes and conditions: sedimentation, differences in basement thermal conductivity, local
and regional hydrothermal circulation (including the cessation of circulation), and fluid seepage through accumulating
sediments (Figure 1). We apply the model to two field
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Figure 2. Illustration of the influence of fluid seepage and
sedimentation on the crustal geothermal gradient, incorporating one sediment layer and three basalt layers, each
having different physical properties. Basal heat flux is
assumed constant. Solid line shows conductive, steady state
profile; dotted curve shows heat flux elevation due to
seepage through the sediment section; and dash-dotted
curve shows heat flux suppression due to sedimentation.
Each of the latter two curves would evolve through time as
sediments accumulate.
examples representing a broad range of sediment accumulation rates (10 – 500 m/Ma): (1) young (up to 3.6 Ma)
seafloor of the Juan de Fuca plate, east of the Juan de Fuca
Ridge, northeastern Pacific Ocean, and (2) older (up to
24 Ma) seafloor of the Cocos Plate east of the East Pacific
Rise, central Pacific Ocean. In the latter analyses, we
extrapolate the influence of continuing sedimentation and
the cessation of regional hydrothermal heat extraction out to
the age of some of the oldest remaining seafloor, to evaluate
how these processes may influence measurements of seafloor heat flux more generally. The numerical model crafted
for this study is coded in MATLAB and is available, along
with a user guide and example files, at http://es.ucsc.edu/
afisher/Research/Appen/SlugSed.

2. Model of Sedimentation and Heat Transport
2.1. Physical Basis
[7] In the absence of fluid seepage, steady state conductive heat transport through a sedimented ridge flank gener-
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ally results in a thermal gradient that decreases with depth,
because deeper sediments usually have lower porosity and
higher thermal conductivity than shallower sediments
(Figure 2). The thermal conductivity of upper oceanic
basement also tends to increase with depth, but the variations are often associated with abrupt lithologic transitions,
for example, from extrusive basalt pillows to more massive
flows or sills [e.g., Bartetzko et al., 2001; Busch et al., 1992;
Karato, 1983]. Rapid sedimentation results in the heat flux
through sediments and upper basement being suppressed,
with the magnitude and depth extent of suppression depending on the sedimentation history (magnitude and duration)
and on the thermal and physical properties of sediment and
basement. Upward fluid seepage through sediments causes
the thermal gradient to be elevated in the shallow subsurface
(Figure 2), but seepage through sediments at thermally
significant rates is generally limited to areas with relatively
thin sediment cover (tens to a few hundreds of meters,
depending on sediment type), on the basis of the consideration of typical driving forces and sediment properties
[Mottl and Wheat, 1994; Spinelli et al., 2004b; Wheat and
Mottl, 2004].
[8] Analytical studies of sedimentation and heat transport
are often based on a semi-infinite half-space with constant
heat flux at depth and a moving upper boundary that
represents accumulating sediment [e.g., Benfield, 1949;
Von Herzen and Uyeda, 1963]. Hutchison [1985] and Wang
and Davis [1992] developed one-dimensional numerical
models using a thick (but finite) plate, most of which
comprised crustal basement, that ‘‘fell away’’ from the
upper boundary, allowing for the deposition of sediments.
The sediments consolidated after deposition and burial
according to a series of property-depth relations. This
one-dimensional approach is particularly well justified for
seafloor that is distant from fluid recharge and discharge
sites, where lateral temperature variations are generally
modest. Developing a detailed sedimentation history in
two or three dimensions would require an unusually high
density of cored boreholes from which accumulation rates
and material physical properties have been determined. In
most field studies, one is fortunate to have a single nearby
borehole from which detailed paleontological and other
physical data necessary to develop a sedimentation history
is available.
[9] The models developed in the present study comprise a
logical extension of earlier work, allowing several important
environmental processes to be simulated simultaneously.
The accumulating sediment layer follows a porosity-depth
relation, f(z), with bulk sediment thermal conductivity (l)
and permeability (k) depending on porosity (Figure 3). This
approach is based on the assumption that sediment porosity
decreases with depth only (independent of sedimentation
rate or elapsed time), and that the compressibility of pore
water and sediment grains is smaller by several orders of
magnitude than bulk sediment compressibility [Wang and
Davis, 1992].
[10] The sediment section may be underlain by a crustal
aquifer through which heat transfer is dominated by advection, and one or two basement layers through which heat is
transferred conductively (Figure 4a). The use of two conductive basement layers allows representation of distinct
lithologic regions (having different thermal properties),
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aquifer is increased. Within a two- or three-dimensional
crustal system, high-Nu convection can elevate the seafloor
heat flux above buried basement highs, and lower the heat
flux above buried basement lows. Within a one-dimensional
model, we simulate only the increase in vertical heat
transport associated with vigorous, local convection.
Regional heat extraction and local heat redistribution can
occur simultaneously on ridge flanks within a ‘‘wellmixed’’ aquifer [e.g., Davis et al., 1999; Langseth and
Herman, 1981; Rosenberg et al., 2000; Stein and Fisher,
2001], and both processes can be represented independently
with the new model.
[12] Hydrothermal circulation can also influence seafloor
heat flux immediately adjacent to basement outcrops that
are fluid recharge and discharge sites [e.g., Fisher et al.,
2003a; Hutnak et al., 2006; Lonsdale and Becker, 1985;
Villinger et al., 2002], but this effect is not included in the
present study. Instead, we focus on heat transport processes
common to ridge-flank areas relatively distant from
recharge and discharge sites, where the one-dimensional
approximation is most applicable (Figure 1).

Figure 3. Example of a typical relation between sediment
porosity (f), thermal conductivity (l), and permeability (k),
as applied with the new model. Porosity decreases with
depth, thermal conductivity is calculated using a geometric
mean mixing model, and permeability varies with porosity
(Table 1). Curves shown are appropriate for turbidites and
hemipelagic mud found on the eastern flank of the Juan de
Fuca Ridge [e.g., Davis et al., 1997b; Giambalvo et al.,
2000; Spinelli et al., 2004b].
whereas having a separate basement aquifer allows representation of several aspects of advective heat transport in
upper basement. Hydrothermal circulation can extract significant quantities of lithospheric heat on a regional basis
through (dominantly) rapid lateral fluid transport in the
upper crust [e.g., Davis et al., 1992a; Fisher and Becker,
2000; Langseth et al., 1984]. For the purposes of the present
study, we simulate this process by distributing heat sinks
within the basement aquifer, where the collective magnitude
of the heat sinks removes a desired fraction of lithospheric
heat before it can reach the accumulating (overlying)
sediment layer.
[11] In addition, vigorous convection can homogenize
basement temperatures on a local basis. This processes is
represented using a high Nusselt number (Nu) approximation [e.g., Davis et al., 1997a; Spinelli and Fisher, 2004],
whereby the effective thermal conductivity of the basement

2.2. Implementation
[13] The numerical model employs a deforming finite
difference grid to model heat transport within a lithospheric
plate upon which sediment is added, using mixed Eulerian
and Lagrangian reference frames for the sediment and
basement sections, respectively (Figure 4b). As with other
one-dimensional sedimentation models using a deforming
mesh to simulate heat transport [e.g., Hutchison, 1985;
Lucazeau and Le Douaran, 1985; Wang and Davis,
1992], we first determine the kinematics of the mass
movement and then solve the heat transfer problem.
[14] The model domain evolves with time through the
creation of space at the sediment-basement interface, with
depths referenced to the seafloor (z = 0). Time-dependent
sedimentation causes the sediment-basement interface (z =
B) to move downward, and the grid near this interface is
deformed and extended through the addition of nodes
according to a series of user-specified rules.
[15] Conservation of mass allows sediment and fluid
velocities to be uniquely determined from the porositydepth profile. For a pair of adjacent nodes at depths z1
and z2 [Wang and Davis, 1992]:
vs ðz1 ; t Þ½1  fðz1 Þ ¼ vs ðz2 ; t Þ½1  fðz2 Þ
;
vw ðz1 ; t Þfðz1 Þ ¼ vw ðz2 ; tÞfðz2 Þ

ð1Þ

where f is porosity, v is velocity, and the subscripts w and s
denote the water and sediment phases, respectively.
Sediment and fluid velocities associated with deposition
and compaction vary spatially and temporally on the basis
of user-specified rates of sediment accumulation and/or
deposition (Figure 5). In the case of sediment accumulation
the velocity of basement is known: [vb = vs(B, t) = vw(B, t)],
leading to direct calculation of basement depth with time
[db/dt = vb]. Because of compaction, the velocity of
sediment grains entering the model domain [vo = vs(0, t)]
must increase with time in order to keep the model domain
filled. In the case of sediment deposition, the velocity of
sediment entering the model domain is known and B is
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Figure 4. Cartoons illustrating key aspects of the physical and numerical models used to calculate heat
transport. (a) Layering of the model domain shows that sediment accumulates on top of a permeable
basement aquifer within which heat is transported by conduction and/or advection and may be extracted
by regional hydrothermal circulation. Heat is transported by conduction within the underlying basement
layers. (b) The numerical representation of the physical model uses Eulerian and Lagrangian reference
frames for the sediment and basement sections, respectively. Node depths are represented by horizontal
dashed lines, whereas time steps are represented by vertical solid lines. The solid circles on each vertical
line denote finite difference node points used for that time step. (c) Node and block properties used in
numerical calculations include the following: z is depth, T is temperature, l is thermal conductivity, Q is
heat production or removal, vw and versus are the water and sediment velocities, respectively, f is
porosity, and k is permeability. The thermal conductivity of adjacent blocks lh is calculated as the
thickness-scaled, harmonic mean of that in surrounding nodes.
determined by boot strapping along the porosity-depth
profile. In this situation, vb decreases as sediment thickness
increases.
[16] Sediment porosity decreases with depth using a
flexible analytical representation, including (if desired)
constant, linear, polynomial, exponential, and logarithmic
terms. Because we are particularly interested in conditions
on young ridge flanks, some of which are modified soon
after the start of sedimentation, we begin the models with a
minimum sediment thickness of 6 m and a minimum node
spacing of 2 m. Bulk thermal conductivity (lb ) is
determined using a geometric mean mixing model, lb =
, where the subscripts w and s denote water and
lfw l1f
s
sediment phases, respectively. Sediment permeability (k) is
calculated using an empirical analytical relation for the
particular lithology of interest, once again including (if
desired) constant, linear, polynomial, exponential, and
logarithmic terms [e.g., Spinelli et al., 2004b].
[17] Heat transfer is modeled using a standard conduction-advection equation:
rc

@T
@
@T
@T
¼ lb
 rcv
þ Q;
@t
@z @z
@z

ð2Þ

parameters denotes average properties for the fluid-grain
mixture. We extend this standard equation by embedding a
separate fluid seepage term (qseep) independent of compaction in the conduction-advection equation:
rc ¼ rcw f þ rcs ð1  fÞ;
rcv ¼ rcw vw f þ rcw qseep þ rcs vs ð1  fÞ:

ð3Þ

It is implicit in this formulation that fluid seepage does not
alter the porosity-depth profile, consistent with observations
from seepage sites on ridge flanks suggesting that the
driving pressures are modest (on the order of a few tens of
kPa) and there is little associated modification of sediment
compaction trends [e.g., Giambalvo et al., 2000; Spinelli et
al., 2004b; Spinelli and Saffer, 2004]. This representation of
fluid seepage includes no local fluid storage within the
sediment column and permits time-varying fluid seepage at
arbitrary (user specified) rates or based on a specified
sequence of excess fluid pressures in basement.
[18] When vertical fluid seepage is driven by an overpressure (DP, pressure in excess of hydrostatic), the model
first determines the hydraulic impedance, I, of the sediment
column [Karato and Becker, 1983]:

where rc is the specific heat capacity (density times specific
heat), v is velocity, T is temperature, t is time, z is depth, and
Q is heat production or loss rate. The bar above selected
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minimizing the rate of pressure-driven seepage (as will
occur in the natural system).
[19] Basement porosity and thermal properties assigned
to various layers in the models that follow are based on
observations from drilling and associated experiments [e.g.,
Bartetzko et al., 2001; Becker et al., 1983; Busch et al.,
1992; Jarrard and Broglia, 1991; Karato et al., 1983;
Pezard and Anderson, 1989; Shipboard Scientific Party,
2005]. The upper 100– 1000 m of basement is thought to
comprise the hydrothermal aquifer most responsible for
advective heat loss on ridge flanks, and is assigned the
highest porosity and lowest thermal conductivity (Table 1).
Deeper sections of basement are assigned lower porosity
and higher thermal conductivity. We explore the sensitivity
of calculations to the choice of these and other parameters in
section 3.

3. Sensitivity Analyses
Figure 5. Relations between sediment accumulation rates
(vb) and deposition rates (v0). vb is the velocity of the node
at the sediment-basement interface, whereas v0 is the
velocity of material entering the domain at the seafloor.
Curves illustrate the relative magnitude of v0/vb (in the case
of accumulation) and vb/v0 (in the case of deposition) for
rates of 100 and 500 m/Ma, rates used for most of the
sensitivity analyses shown in this study. For a constant
accumulation rate (vb), sediment consolidation requires that
the flux across the seafloor increase with time. For a
constant deposition rate (v0), sediment consolidation
requires that the rate of basement subsidence decrease with
time.
The seepage flux, qseep, is calculated according to Darcy’s
law:
qseep ¼ 

keff DP
;
m B

ð5Þ

where keff = B/I and m is dynamic fluid viscosity. Although
m and r vary slightly with the range of temperatures
typically encountered on ridge flanks, changes in r are
negligible and we use the minimum temperature within the
sediment column to calculate the maximum value m,

3.1. Model Configuration
[20] After verifying that the numerical model replicated
published analytical and numerical solutions for steady state
and transient heat transport [Benfield, 1949; Bredehoeft and
Papadopulos, 1965; Carslaw and Jaeger, 1959; Wang and
Davis, 1992], we completed a series of sensitivity analyses
to determine processes and parameters that may be most
important in influencing seafloor heat flux. We use a
constant heat flux lower boundary condition for most
sensitivity analyses, but also explore the influence of a
time-varying lower boundary condition, which is most
important for very young (<1 Ma) sites.
[21] We compare results initially for sediment accumulation rates of 100 and 500 m/Ma. This range of accumulation
rates is higher than values in much of the deep ocean, but is
consistent with rates found in sedimented spreading centers,
rift valleys, and near many continental margins [e.g.,
Berger, 1978; Bryant and Bennett, 1988; Emiliani and
Milliman, 1966; Hay et al., 1988; Spinelli et al., 2004b].
Sediment properties used for all sensitivity analyses are
those documented on the eastern flank of the Juan de Fuca
Ridge, sandy to fine-grained turbidites and hemipelagic
mud [Davis et al., 1992b; Underwood et al., 2005]. Section
4 of this study includes analyses based on more globally
representative accumulation rates of 10– 50 m/Ma.

Table 1. Physical Property Relations and Values Used in Thermal Models of Sedimentation and Conductive
Rebound

Model Propertya
Porosity (f)

Thermal conductivity
(l), W/m-K
Permeability (k), m2

Basement
Aquifer

Conductive
Basement
Layer 1

Conductive
Basement
Layer 2

sensitivity and Juan de Fuca flank:b
f = AeBz, A = 0.7, B = 1/1200
East Pacific Rise, Cocos Plate:b
f = CzD, C = 0.909, D = 0.073
l = lwflg(1f)
lw = 0.6, lg = 2.74

0.10

0

0

1.7

2.0

2.9

k = Ee F(f (1f))
E = 3.7 1018, F = 1.7

NAc

NAc

NAc

Sediments

a

Sediment and basement properties are based on site-specific and global compilations, with references cited in the text.
Fractional porosity is given, with depth in meters.
c
Fluid flow in basement is not explicitly modeled.
b
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Figure 6. Sensitivity of models to the thermal conductivity of basement. Heat flux fraction (seafloor heat flux
relative to lithospheric input) is shown for basement thermal
conductivities of 2.0 and 2.9 W/m-K, with sediment
accumulation rates of 100 and 500 m/Ma. The selection
of thermal conductivity for basement influences the
magnitude of the sedimentation correction to seafloor heat
flux at the 2 – 4% level for the accumulation rates shown.
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of the uppermost (extrusive) basaltic crust, and this layer
varies greatly in thickness, generally 100– 1000 m [e.g.,
Becker et al., 1983; Davis et al., 1996; Fisher, 2004, 1998;
Morin et al., 1992; Rohr, 1994; Rohr et al., 1994; Wilson et
al., 2005].
[25] Vigorous convection in shallow basement can locally
homogenize temperatures within the upper crust on ridge
flanks, despite large differences in basement elevation
[Davis et al., 1989, 1999, 1997b; Fisher et al., 1990,
2003b; Zuehlsdorff et al., 2005]. Nearly complete homogenization of upper basement temperatures in these settings
indicates that convection is extremely efficient in redistributing heat on a local basis, implying Nu values of 500 or
more [e.g., Davis et al., 1997c; Hutnak et al., 2006; Spinelli
and Fisher, 2004]. We tested a range of Nu = 2 to 104, and
show results for the case when Nu is 1000; values of Nu >
1000 yield identical results.
[26] Variations in the thickness of the crustal aquifer and
in the efficiency of local convection can result in seafloor
heat fluxes that differ by up to 6% when sedimentation rates

[22] In the discussion that follows, we consider variations
of a parameter to be significant when they result in differences in calculated seafloor heat flux 2%. Differences in
measured heat flux values smaller than this, with respect to
each other or to a lithospheric reference, are often difficult
to resolve on the basis of field measurements. Differences
larger than 2% could be important particularly if multiple
effects are superimposed.
3.2. Basement Thermal Conductivity
[23] In an initial set of simulations, there is no basement
aquifer and the thermal conductivity of the remaining
basement layers is either 2.0 or 2.9 W/m-K. Thermal
conductivity values 2.0 W/m-K in the uppermost crust
are indicated by rock recovered from seafloor boreholes and
inferences from geophysical logging [e.g., Becker et al.,
1985; Busch et al., 1992; Shipboard Scientific Party, 2005],
whereas higher values for the entire basement layer have
been used in earlier thermal models of sedimentation [e.g.,
Davis et al., 1999; Hutchison, 1985; Wang and Davis,
1992]. Varying the thermal conductivity of basement from
2.0 to 2.9 W/m-K results in differences in seafloor heat flux
during sedimentation at the 2 –4% level for sediment thicknesses up to 2000 m (equivalent to crustal ages of 4 – 20 Ma
for the accumulation rates used) (Figure 6). Higher values of
basement thermal conductivity result in greater heat flux
suppression during rapid sedimentation, because the thermal
influence of sedimentation extends to greater depth. The
influence of the thermal conductivity of basement is more
important to seafloor heat flux values at higher accumulation rates.
3.3. Aquifer Thickness and Vigor of Local Convection
[24] Two of the least-constrained physical properties and
processes within oceanic crust on ridge flanks are the depth
extent of hydrothermal circulation, and the ease with which
convecting fluids redistribute heat locally. The thickness of
the hydrothermal aquifer is often associated with part or all

Figure 7. Sensitivity of sedimentation models to the
thickness of the upper basement aquifer (100– 1000 m),
assuming extremely efficient local redistribution of heat by
vigorous convection, as represented with a high-Nu proxy
(Nu = 1000). Values of Nu > 1000 yield identical results.
The thick solid curve on each plot is a reference for which there
is no well-mixed basement aquifer (i.e., Nu = 1). (a) Heat
flux suppression is shown for a sediment accumulation rate
of 100 m/Ma. (b) Heat flux suppression is shown for a sediment
accumulation rate of 500 m/Ma. Local convection in basement
has the greatest influence when the aquifer is thicker and
the sedimentation rate is greater. In general, the presence of a
well-mixed aquifer increases the suppression of seafloor heat
flux by sedimentation at the 1– 6% level.
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Figure 8. Conductive thermal rebound (fractional recovery of seafloor heat flux) following cessation of regional
advective heat extraction. (a) Thermal rebound is shown of
a 1 km section of hydrothermally cooled basement with no
sedimentary cover. Dash-dotted line shows rebound (calculated analytically) when constant heat flux is applied
directly to the base of the hydrothermally cooled layer
[e.g., Hobart et al., 1985]. Solid line shows numerical
calculation of the same process when there is a thick section
of conductive basement below the hydrothermally cooled
layer. Thermal rebound is greatly delayed because of the
heat capacity of the lower conductive layer. Recovery of
seafloor heat flux to 90% of the basal value requires only
40 ka if there is no lower basement, but requires >1 Ma if
there is lower basement. (b) Thermal rebound is shown
following accumulation of sediments above the (formally)
hydrothermally active layer, with a thick, conductive layer
below. There is no sedimentation in these calculations, just
an initial condition in which basement and overlying
sediments are initially chilled, after which basement and
sediments are heated from below and allowed to thermally
rebound. Recovery of seafloor heat flux to 90% of the basal
value requires 1 –20 Ma.

are 100– 500 m/Ma (Figure 7). Higher values of Nu and a
thicker basaltic aquifer lead to larger differences in seafloor
heat flux, and the differences are greatest for higher sedimentation rates, particularly while the first few hundred
meters of sediment are deposited. When accumulation rates
are 100 m/Ma, model results are virtually insensitive to
aquifer thickness and vigor of local heat redistribution.

B12101

3.4. Hydrothermal Rebound Following Advective
Extraction of Lithospheric Heat
[27] Previous studies have quantified the heating of a onedimensional slab, initially cooled, with a constant heat flux
lower boundary [e.g., Carslaw and Jaeger, 1959; Fisher,
2003; Hobart et al., 1985]. This configuration includes
some aspects of oceanic crust that is initially cooled hydrothermally, after the end of advective heat loss (Figure 8a).
However, the configuration of this conductive-rebound
problem lacks two key features common to the ridge-flank
environment following cessation of hydrothermal cooling.
First, oceanic lithospheric includes a thick conductive
boundary layer under the hydrothermally cooled layer.
The conductive layer is important because it is also cooled
by hydrothermal circulation in the crustal aquifer and acts as
a thermal capacitor; the depth and extent of cooling depends
on the efficiency of advective heat loss from the aquifer and
the thermal properties of the conductive layer below. In
general, the rebound of seafloor heat flux at the top of a
hydrothermally cooled layer takes longer if that layer is
underlain by a thick conductive layer. For example, in the
absence of an underlying conductive layer, rebound of
seafloor heat flux to 90% of the basal value takes 40 ka,
whereas the presence of a thick, conductive layer below the
rebounding layer delays heat flux rebound by >1 Ma
(Figure 8a).
[28] Second, the presence of a conductive sediment layer
above the rebounding basement layer leads to an additional
delay in the recovery of seafloor heat flux: a 500 m
sediment layer delays recovery to 90% of the basal value
for nearly 4 Ma, and a 1000 m sediment layer delays
rebound to this extent for almost 10 Ma. These calculations
have important implications for interpretation of seafloor
heat flux measurements on a global basis, even in cases
where there is little or no evidence for hydrothermal
advection of lithospheric heat at present. The efficiency of
advective cooling of the upper oceanic crust across much of
the seafloor depends primarily on two factors: (1) the
permeability distribution of the crust, particularly with
respect to rapid lateral fluid flow, and (2) the availability
of seamounts, fracture zones, and other basement outcrops
through which hydrothermal fluids can enter and exit the
crust [e.g., Davis et al., 1992a; Fisher and Becker, 2000;
Villinger et al., 2002]. Although there is evidence for a
systematic reduction in upper crustal permeability with age,
at least during the first few million years of lithospheric
evolution, the extent of the global heat flow anomaly,
limitations on fluid driving forces, and the presence of
hydrothermal circulation even within some of the oldest
remaining seafloor indicate that permeability remains high
throughout much of the basaltic ocean crust [e.g., Becker
and Fisher, 2000; Davis and Becker, 2004; Fisher and
Becker, 2000; Parsons and Sclater, 1977; Von Herzen,
2004].
[29] At the same time, the progressive burial of basement
outcrops is likely to be highly heterogeneous, both spatially
and temporally. The elevation of basement outcrops relative
to the surrounding seafloor varies enormously, as do outcrop spacing and sedimentation rates [e.g., Harris et al.,
2004; Spinelli et al., 2004b; Wessel, 2001]. Sediments are
often limited initially from accumulating on elevated basement outcrops by bottom currents, diagenesis, preferential
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Figure 9. Calculated seafloor heat flux during and
following a period of regional advective heat extraction
(with 80% efficiency) by hydrothermal circulation.
(a) Seafloor heat flux fraction is shown following cessation
of regional advective heat extraction after deposition of 200,
500, and 1000 m of sediment at an accumulation rate of
100 m/Ma. Sedimentation continues at this rate throughout
the simulation. Thick lines are for instantaneous cessation,
whereas thin lines are for gradual cessation over 2.5 and
5.0 Ma, as shown. Thick solid curve is a reference for which
there is no regional advective heat extraction (i.e., heat flux
suppression is due solely to sedimentation). (b) Fractional
extraction is shown of advective heat by hydrothermal
circulation within the crustal aquifer, where line patterns
correspond to calculations plotted above. (c) Seafloor heat
flux fraction is shown following cessation of regional
advective heat extraction after deposition of 500 and 2000 m
of sediment at an accumulation rate of 500 m/Ma.
Sedimentation continues at this rate throughout the simulation. Thick lines are for instantaneous cessation, whereas the
thin line is for gradual cessation over 3.0 Ma, as shown.
(d) Fractional extraction is shown of advective heat by
hydrothermal circulation within the crustal aquifer, where
line patterns correspond to calculations plotted above.
deposition of turbidites in low lying areas, and other
processes [e.g., Giambalvo et al., 2000; Harrington, 1985;
Mayer, 1981; Moore et al., 2007]. However, if sedimentation continues (and particularly if sedimentation is rapid),
even large basement edifices may eventually become buried.
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[30] It is not necessary for all basement outcrops in a
region to be buried in order for the efficiency of regional
heat extraction by hydrothermal fluids to be reduced. Once
the number of outcrops is sufficiently small and the spacing
between remaining exposed outcrops becomes too great,
conduction becomes the primary mechanism by which
crustal sections lose heat to the overlying ocean. Of particular interest in the present study is the nature (extent,
timing) of the thermal transition between crustal systems
from which a significant amount of heat is initially extracted
advectively, and one in which the dominant transfer mode is
conductive.
[31] Sedimentation has an important influence on the rate
of thermal rebound once significant advective heat loss
ends, as illustrated with two sets of models (Figure 9).
For the purposes of illustration, the efficiency of advective
heat extraction prior to the cessation of regional hydrothermal circulation is assumed to be 80%, similar to that seen in
many ridge-flank areas [e.g., Davis et al., 1992a; Fisher et
al., 2003b; Villinger et al., 2002]. Lithospheric heat loss by
advection is assumed to cease abruptly or gradually (linearly
with time) when sediment thickness is 200, 500, 1000, or
2000 m (at different crustal ages, depending on the sediment
accumulation rate), and sediment accumulation continues
during thermal rebound. Other patterns of hydrothermal
cessation would result in different rebound histories, but
these simple end-members illustrate important characteristics. Heat flux at the seafloor is compared to that which
would be observed in the case of sedimentation alone
(Figure 9).
[32] When sediment accumulation occurs at 100–500 m/Ma,
abrupt cessation of advective heat loss leads to conductive
thermal rebound that requires several million years to
achieve 90% of the (sedimentation-only) reference curve,
even when the sediment thickness at the time advective heat
extraction ceases is only 200 m. If advective heat extraction
ends when the sediment thickness is 1000 m (not an
unreasonable limit in many areas given typical seamount
geometries), recovery to sedimentation-only thermal conditions may require >10 Ma. A gradual reduction in the
extent of advective heat extraction results in a commensurately delayed rebound of seafloor heat flux (Figure 9).
[33] In all cases, thermal rebound of a previously active
hydrothermal layer in basement slows the establishment of
conductive lithospheric heat flux at the seafloor (Figure 10).
More rapid sedimentation rates lead to more rapid rebound
for a given sediment thickness, and the longest recovery in
seafloor heat flux occurs in the case where sedimentation
ends when rebound begins. Rebound is faster when sedimentation is rapid because the reduction in seafloor heat
flux resulting from sedimentation reduces the extent of
rebound needed to meet the sedimentation-only reference
curve. As will be shown later using examples from two field
areas, the duration of conductive thermal rebound that
follows the end of advective heat extraction from the upper
oceanic crust creates challenges for the correction and
interpretation of seafloor heat flux values.
3.5. Vertical Fluid Seepage Through the Sediment
Column
[34 ] The thermal effects of vertical fluid seepage
through sediments during rapid sediment accumulation
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[36] Fluid seepage through sediments counteracts the
thermal influence of rapid sedimentation, with seepage at
2 mm/a reducing the influence of sedimentation on seafloor
heat flux by up to 50%, turning a 16% sedimentation
correction into an 8% correction (Figure 11a). Higher
seepage rates could completely remove the thermal influence of sedimentation, elevating seafloor heat fluxes above
the lithospheric reference if they can be sustained [e.g.,
Wheat et al., 2004].
[37] In a second set of simulations, fixed excess fluid
pressures in basement drive seepage upward through sediments at rates that decrease with time owing to the increasing hydraulic resistance of the accumulating material
(Figure 11b). Excess fluid pressures available to drive
seepage through sediments on ridge flanks are modest,

Figure 10. Time required for thermal rebound of seafloor
heat flux to be completed to the 5% and 10% levels (squares
and bold lines, and crosses and thin lines, respectively).
Numbers shown are sediment accumulation rates in m/Ma
following cessation of hydrothermal heat extraction. The
delay in thermal rebound is longest when the sedimentation
rate is low and sediments are thick.
were explored across a range of seepage rates and driving
pressures (Figure 11). One set of simulations maintains
constant seepage rates, whereas another set holds the
basement overpressure constant as sediments accumulate.
Seepage fluxes tested are 2 mm/a (2 mm/a = 2000 m/Ma),
consistent with rates observed in several ridge-flank settings
[e.g., Giambalvo et al., 2000; Mottl, 1989; Wheat, 1990;
Wheat et al., 2004; Wheat and Mottl, 1994]. Although
higher fluid seepage rates have been inferred in some
settings [Abbott et al., 1981; Anderson et al., 1979; Wheat
and McDuff, 1995], it is very difficult to maintain higher
rates once sediment thickness exceeds a few tens to
hundreds of meters [Mottl and Wheat, 1994; Spinelli et
al., 2004b].
[35] Modeling the influence of simultaneous seepage and
sedimentation on seafloor heat flux requires manipulation of
thermal conditions at the base of the sediment layer. Even in
cases of relatively rapid seepage on ridge flanks [e.g.,
Spinelli et al., 2004b; Wheat et al., 2004], the amount of
heat removed from the underlying plate by seeping fluids is
generally small relative to the lithospheric reference value.
Our modeling approach was to run an initial series of
simulations that included only the thermal influence of
sedimentation in order to define a temperature-time series
for upper basement, and then to force temperatures at the
base of the sediment layer to follow this series in additional
simulations that include fluid seepage. In this way, heat is
advected from basement to the seafloor during fluid seepage
(using equation (3)), but seepage has no influence on the
thermal state of underlying basement [e.g., Davis et al.,
1992a; Langseth et al., 1984; Mottl, 1989; Spinelli et al.,
2004b].

Figure 11. Influence of fluid seepage on the sedimentation
correction to seafloor heat flux at accumulation rates of
100 m/Ma (thick lines) and 500 m/Ma (thin lines). Solid
lines are reference curves without fluid seepage, and
sediment properties are those for turbidites and hemipelagic mud (Figure 5). (a) Constant vertical fluid seepage
at 0– 2 mm/a (0– 2000 m/Ma) is shown. (b) Seepage
through accumulating sediments is shown, driven by
constant excess fluid pressures in upper basement as
labeled. (c) Vertical fluid seepage rates are shown for
overpressures of 100 and 500 kPa, as labeled. Seepage rates
drop dramatically with time owing to the increasing
hydrological resistance of accumulating sediments.
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generally no more than tens to a few hundred kPa [e.g.,
Davis and Becker, 2002; Fisher et al., 2003a; Giambalvo et
al., 2000; Giambalvo, 2001; Hutnak et al., 2006; Spinelli et
al., 2004a]; extreme values of 100– 500 kPa are used in the
following examples.
[38] A fluid overpressure of 500 kPa initially drives
seepage at rates >300 mm/a, overcoming the chilling effects
of rapid sedimentation and raising seafloor heat flux by 7%
above the lithospheric reference (Figure 11c). Seepage velocities drop rapidly as sediments accumulate, to 100 mm/a
after 15 m of sediment is deposited (in 150 ka and 30 ka at
accumulation rates of 100 and 500 m/Ma, respectively). The
seepage rate drops to <10 mm/a once 100 m of sediment has
accumulated (requiring 1 and 0.2 Ma for accumulation rates
of 100 and 500 m/Ma, respectively). Surface heat flux is
elevated relative to the sedimentation-only reference by
<1% after 440 m of sediment has accumulated. A fluid
overpressure of 100 kPa, still somewhat greater than is
common on ridge flanks, elevates the surface heat flux by
>1% only until 100 m of sediment has accumulated. These
simulations were all completed using sediment properties
appropriate for turbidites and hemipelagic mud, as found on
the eastern flank of the Juan de Fuca Ridge. Other sediment
types, particularly siliceous ooze, tend to have greater
permeability for a given depth of accumulation [Spinelli et
al., 2004b], and would allow for somewhat greater seepage
rates, resulting in a longer-lived thermal influence.
3.6. Thermal Transient Associated With Cooling of
Young Lithosphere
[39] Although some lithospheric cooling models are
based on a plate having constant thickness, it is widely
recognized that heat flux decreases and the lithosphere cools
and thickens with age, particularly when young [e.g., Davis
and Lister, 1974; Parker and Oldenberg, 1973; Parsons
and Sclater, 1977; Stein and Stein, 1992]. Most thermal
sedimentation models used to correct seafloor heat flux data
neglect the influence of decreasing heat flux and lithospheric thickening with age, processes thought to be negligible
relative to the influence of rapid sedimentation [e.g., Davis
et al., 1999; Hutchison, 1985; Wang and Davis, 1992]. We
tested the influence of lithospheric thickening of young
seafloor with the new model by defining the thermal
lithospheric thickness to be the depth of the 1200°C isotherm
[e.g., Conrad and Lithgow-Bertelloni, 2006; Parsons and
Sclater, 1977; Turcotte and Schubert, 1982; Watts and
Zhong, 2000].
[40] Our model does not formally allow the lower,
conductive basement layer to thicken with time. Instead
we test the influence of lithospheric cooling on sedimentation corrections by using a thin lithosphere (10 km conductive layer, appropriate for seafloor <1 Ma in age) with a
time-varying lower boundary condition. The temperaturetime history at the base of the domain was that required to
produce heat flux at p
the top of a conductive plate that
followed a standard 1/ age cooling history, in the absence
of sedimentation. This approach takes into account the finite
thermal diffusivity of the plate. Results from simulations
with a thin plate, transient lower boundary condition, and
rapid sedimentation are compared to results based on a thick
plate with constant basal heat flux. This test provides a
conservative estimate of the impact of lithospheric cooling,

B12101

because there is less opportunity for the thermal influence of
sedimentation to reach the lower plate boundary if the plate
thickens as sediments are deposited.
[41] We ran these tests using reference heat fluxes appropriate for 0.5– 5 Ma seafloor and sediment accumulation
rates of 100 and 500 m/Ma. The difference in seafloor heat
flux between the two sets of simulations, one with a thin
plate in which heat flux at the base decreased with time, and
one with a thick plate and constant heat flux, was <1%.

4. Application to the Eastern Flank of the
Juan de Fuca Ridge Near 48°N
4.1. Regional Setting and Problem
[42] The eastern flank of the Juan de Fuca Ridge near
48°N has been the focus of numerous surface-ship, drilling,
and submersible programs exploring the nature, driving
forces, and influences of hydrothermal circulation within
young (3.6 Ma) seafloor (Figure 12a) [Davis et al., 1989,
1996, 1992a, 1997a, 1999, 1997b, 1992b; Fisher et al.,
2005; Mottl et al., 1998; Thompson et al., 1995; Wheat and
Mottl, 1994; Wheat et al., 1997; Zuehlsdorff et al., 2005].
This region has also yielded many observations that provide
a basis for analytical and numerical models of coupled fluid,
heat, and/or solute transport [Davis et al., 1999, 1997c;
Elderfield et al., 1999; Fisher et al., 2003a; Giambalvo et
al., 2000; Hutnak et al., 2006; Rudnicki et al., 2001; Spinelli
and Fisher, 2004; Stein and Fisher, 2003]. Because of its
proximity to the North American continental margin, young
basement rocks have been rapidly buried by Pleistocene
turbidites and hemipelagic mud, causing a transition in the
thermal state of the upper crust. To the west, near the
actively spreading Juan de Fuca Ridge, sediment cover is
thin and patchy and basement is exposed over broad areas.
On this part of the ridge flank, cool seawater recharges and
circulates rapidly through the crust, resulting in measured
seafloor heat flux values <20% of predictions from lithospheric models.
[43] Sediments generally thicken and become more continuous to the east, and basement temperatures and seafloor
heat flux increase as upper basement becomes hydrologically isolated from the overlying ocean [e.g., Davis et al.,
1992a, 1999]. There are several basement outcrops located
on 3.5– 3.6 Ma seafloor in the vicinity of Ocean Drilling
Program (ODP) sites 1026 and 1027 (Figure 12a). Located
100 km east of the active spreading center, these basement
outcrops provide entry and exit points for hydrothermal
fluids [Davis et al., 1992a; Fisher et al., 2003a; Hutnak et
al., 2006; Mottl et al., 1998]. Although these outcrops are
hydrothermally important locally, they do not appear to
remove significant quantities of lithospheric heat on a
regional basis. However, recent studies of seafloor heat flux
on 3.5 – 3.6 Ma seafloor in this area suggest that some
process may suppress the measured heat flux by as much
as 15– 20% on average across a wide swath of seafloor
extending 50 km north and south of sites 1026 and 1027
[Hutnak et al., 2006; Zuehlsdorff et al., 2005], independent
of the cooling effects of sedimentation [Davis et al., 1999].
In this section, we reevaluate environmental corrections that
may be needed for heat flux measurements from this area,
including the influence of conductive thermal rebound
following the cessation of efficient advective heat extraction
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from basement, in an attempt to reconcile observations and
lithospheric cooling models.
4.2. Regional Sedimentation
[44] The sedimentation history of this area is well known
on the basis of sediments recovered from ODP sites 1026
and 1027 (Figure 12b), the former being located above a
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buried basement high (sediment thickness is 265 m) and the
latter being located above a buried basement low (sediment
thickness is 598 m) [Davis et al., 1999, 1997b]. The current
depths of various biostratigraphic markers provide an indication of sediment accumulation rates, and the sediment
sections were unloaded by backstripping [e.g., Watts and
Ryan, 1976] to derive deposition rate histories for both sites.
Sedimentation corrections to seafloor heat flux are calculated using both deposition and accumulation rates (including variations in both of ±5%), in order to evaluate
uncertainties in sedimentation corrections (Figure 12b).
[45] Sedimentation at both sites was relatively slow until
several tens to hundreds of meters of material had been
deposited: 17– 24 m/Ma at Site 1026, and 68– 125 m/Ma
at Site 1027 (lower and higher values in both ranges indicating
accumulation and deposition rates, respectively). Sedimentation rates increased abruptly during the last 0.8– 1.3 Ma; the
increase occurred 0.5 Ma later at Site 1026 than at Site 1027,
presumably following subsidence of the basement ridge below
the base level of turbidite deposition [e.g., Davis et al., 1992b;
Underwood et al., 2005].
[46] Sedimentation alone would have lowered seafloor
heat flux by 2% at Site 1026, and by 5– 8% at Site 1027,
during the first (slower) phase of sedimentation as the two
sites accumulated 50 – 250 m of sediment (Figure 13).
Continued, rapid sedimentation would have suppressed
seafloor heat flux by 10– 12% at Site 1026, and by 15–
18% at Site 1027, by the time these sites received their
complete sediment sections. The sedimentation correction
curves for the two sites overlap (±1– 2%) when the sediment thickness reaches 265 m, and differ by <4% for
thinner sediments (Figure 13b).
4.3. Thermal Rebound Following Cessation of
Regional Advective Heat Extraction
[47] Parametric tests completed earlier demonstrate that a
high Nu value in basement, resulting from vigorous local
convection, will influence the sedimentation correction at
the 2 – 4% level for sediment thicknesses of the order of
250– 600 m. Additional simulations were run to evaluate
the influence of conductive thermal rebound in basement,
following cessation of advective heat extraction. It is likely
that there were many more basement outcrops exposed in
this region prior to the deposition of the last 150– 200 m of
sediment at Site 1026, and the last 400 m of sediment at Site
1027, on the basis of the number of buried basement highs

Figure 12. (a) Location map shows the Juan de Fuca Plate
in the northeast Pacific subducting below the North
American Plate, with a star marking the location of Ocean
Drilling Project (ODP) sites 1026 and 1027 (2.2 km apart).
(b) Biostratigraphic ages are determined from sediments and
magnetic basement ages at ODP sites 1026 (squares) and
1027 (circles) on the eastern flank of the Juan de Fuca
Ridge [Davis et al., 1999; Shipboard Scientific Party, 1997;
Underwood et al., 2005]. Closed symbols and thick solid
lines correspond to accumulation rates, whereas open
symbols and thin dashed lines correspond to deposition
rates. Lines bracket the four nominal accumulation and
deposition histories by ±5%, in an effort to assess
uncertainties in sedimentation corrections.
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Figure 13. (a) Calculated seafloor heat flux fraction
versus time is shown for the range of deposition and
accumulation rates appropriate for ODP sites 1026 and 1027
(Figure 12), based on physical properties from these sites
[Davis et al., 1999; Shipboard Scientific Party, 1997], and
boundary conditions and other properties described in the
text. Thick dashed curves indicate values used in subsequent analyses, intended to be typical of the values
generated, given uncertainties in the sedimentation histories
of these sites. (b) Calculated seafloor heat flux fraction
versus sediment thickness is shown for the range of
deposition and accumulation rates appropriate for ODP
sites 1026 and 1027. The two dashed curves used in
subsequent analyses are in good agreement for sediment
thicknesses >250 m and differ by <4% for thinner
sediments.
close to the seafloor that have been mapped thus far with
limited regional seismic data [Davis et al., 1992a; Hutnak et
al., 2006; Zuehlsdorff et al., 2005]. Prior to 0.1– 0.5 Ma
ago, basement in this area would have lost heat mainly by
advection, with hydrothermal fluids circulating rapidly
between recharging and discharging outcrops.
[48] For modeling purposes, we assume that prior to the
burial of critical basement outcrops, regional hydrothermal
circulation removed lithospheric heat from the Site 1026/
1027 area with 80% efficiency, consistent with the percentage of heat removed advectively closer to the ridge in this
region and with that removed from other sites where
basement outcrops penetrating ridge-flank sediments are
common [e.g., Davis et al., 1992a; Fisher et al., 2003b;
Green et al., 1981; Villinger et al., 2002]. We represent
vigorous local hydrothermal heat redistribution by assigning
Nu = 1000 for the basement aquifer, consistent with current
observations and models suggesting that regional uppermost
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basement is largely isothermal despite large variations in
basement topography [Davis et al., 1999, 1997c; Hutnak et
al., 2006; Spinelli and Fisher, 2004]. We evaluate the extent
of hydrothermal rebound that is expected to have been
completed by assuming that regional advective extraction
of lithospheric heat ended 0.1– 0.5 Ma, prior to the last 25–
165 m of sediment accumulation (Figure 14). If the cessation of regional advective extraction is more recent, which
certainly is possible, thermal rebound will be less complete.
[49] Cessation of advective heat extraction at 0.5 Ma
would have allowed thermal rebound at Site 1026 to be
complete at present, making seafloor heat flux 14% lower
than the lithospheric value as a result of sedimentation alone
(Figure 14). In contrast, rebound of the thicker sediment
section at Site 1027 would have resulted in the seafloor heat
flux being 4 – 6% lower than can be explained by sedimentation alone. Cessation of advective heat extraction
within the last 0.1– 0.2 Ma at both sites would result in
suppression of seafloor heat flux by up to 25% more than
can be explained by sedimentation alone (Figure 14). This
magnitude of heat flux suppression is consistent with
observations from this area, suggesting that heat flux is
15– 20% lower than can be accounted for by sedimentation
[Zuehlsdorff et al., 2005; Hutnak et al., 2006].
[50] The range of parameters analyzed in these models is
not exhaustive, and there is no direct evidence concerning
the time at which significant, regional advective heat
extraction in this area ended. However, changing the initial

Figure 14. Calculated seafloor heat flux fraction versus
time for ODP sites 1026 (thick curves) and 1027 (thin
curves), assuming an initial 80% efficiency in regional
advective extraction of lithospheric heat by hydrothermal
circulation, followed by cessation at 0.5, 0.2, and 0.1 Ma.
Stippled band indicates the magnitude of likely sedimentation corrections appropriate for these sites based on earlier
calculations (Figure 13), whereas hatched band indicates
the mean of >300 filtered heat flux observations from 3.5–
3.6 Ma seafloor on the eastern flank of the Juan de Fuca
Ridge [Hutnak et al., 2006; Zuehlsdorff et al., 2005], which
are lower than lithospheric (following sedimentation correction) by 15– 20%. Observational data are most consistent
with a cessation of regional heat extraction during the last
0.1– 0.2 Ma, at a time when sedimentation in this area was
extremely rapid and many basement outcrops were buried.

13 of 19

B12101

HUTNAK AND FISHER: SEAFLOOR HEAT FLUX

efficiency of advective heat extraction will impact the
residual suppression by a few percent at most, because the
initial phase of rebound is most abrupt and the later phase is
much more gradual (Figures 8, 9, and 14). In addition, if the
advective extraction of lithospheric heat did not end abruptly
but instead was reduced gradually, then there would be an
even greater fraction of rebound remaining (Figure 9).
[51] There is a global implication to these calculations:
conductive rebound following the end of regional, advective
heat extraction is more rapid above buried basement highs
where sediments are thinner. Unlike local redistribution of
heat by vigorous convection in basement, which moves heat
laterally but results in no regional bias (i.e., the excess heat
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flux above a buried basement high balances the deficit in the
adjacent troughs), different rates of hydrothermal rebound
above buried basement highs and lows will produce a
systematic regional bias. Seafloor heat flux will tend to be
lower than lithospheric, on average, for millions of years
following cessation of hydrothermal heat extraction, even
though conditions are fully conductive. One cannot necessarily average the high and low values found above buried
basement highs and lows to determine the local lithospheric
heat flux, nor is it sufficient to determine it from measurements at sites that are currently far from the nearest outcrop:
these areas may have been much closer to outcrops in the
past, and in any case, efficient advective heat extraction is
possible where sediments average 400– 500 m in thickness
and basement outcrops are separated by 20– 50 km [Fisher
et al., 2003b; Hutnak et al., 2007]. Because thermal
rebound is slower through thick sediments, using data from
heavily sedimented sites above flat basement to assess
lithospheric heat flux may be misleading. Unless the history
of hydrothermal activity in an area over the last several tens
of million years is known, seafloor thermal data may
indicate a regional or background heat flux below the true
lithospheric value as a result of incomplete conductive
rebound.

5. Application to the Eastern Flank of the East
Pacific Rise Near 8–10°N
5.1. Regional Setting
[52] The Cocos Plate seaward of the Nicoya Peninsula, on
the Pacific Ocean side of Costa Rica, is moderate-aged (18 –
24 Ma) seafloor within which there are two distinct heat
transport regimes (Figure 15a) [Fisher et al., 2003b; Hutnak
et al., 2007]. Seafloor in the northwestern part of this area
was constructed along the fast spreading East Pacific Rise
(EPR) to the west, whereas seafloor in the southeastern part
of this area was constructed at the medium-spreading

Figure 15. Regional map and calculated seafloor heat flux
fraction versus time and sediment thickness for an area of
the seafloor experiencing sediment accumulation at 10 or
50 m/Ma, consistent with typical global rates. The heat flux
plots continue to 100– 180 Ma, based on the observation
that even the large seamounts and other basement outcrops
present in this field area would eventually become buried,
even given the low sedimentation rates, were the plate not
subducted. (a) Location map shows East Pacific Rise
(EPR) – and Cocos-Nazca Ridge (CNR) – generated seafloor
subducting along the Middle America Trench (MAT)
seaward of Costa Rica, with a star making the location of
ODP Site 1039. Circles and ovals show outcrop locations
and approximate diameters. Thick dashed lines correspond
to a thermal boundary between areas with anomalously low
heat flux and those with elevated heat flux [Fisher et al.,
2003b; Hutnak et al., 2007]. (b) Sediment accumulation of
10 m/Ma and cessation of advective heat extraction are
shown (initially with 80% efficiency) at 20, 50, and 100 Ma
(200, 500, and 1000 m of sediment). (c) Sediment
accumulation of 50 m/Ma and cessation of advective heat
extraction are shown (initially with 80% efficiency) at 5, 10,
20, and 40 Ma (200, 500, 1000, and 2000 m of sediment).
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Cocos-Nazca Ridge (CNR) to the south [Barckhausen et al.,
2001; Hey, 1977]. A triple junction trace and fracture zone
collectively define a plate ‘‘suture’’ between crust generated
at the EPR and that formed at the CNR.
[53] The Cocos Plate is currently being subducted along
the Middle America Trench, leading to volcanic and seismic
activity on, near, and below the Nicoya Peninsula [e.g.,
Newman et al., 2002]. The thermal state of the plate has
important influences on many subduction-related processes
[e.g., Harris and Wang, 2002; Hyndman and Wang, 1993;
Moore and Saffer, 2001; Peacock and Wang, 1999; Scholz,
1990]. Values of seafloor heat flux from CNR-generated
seafloor are highly scatted but are on average consistent
with lithospheric cooling models (95 – 120 mW/m2). In
contrast, values of seafloor heat flux from EPR-generated
seafloor are typically much lower, generally 10– 30% of
lithospheric [Fisher et al., 2003b; Hutnak et al., 2007;
Langseth and Silver, 1996; Vacquier et al., 1967; Von
Herzen and Uyeda, 1963].
[54] Seamounts and other basement outcrops are common
on EPR-generated seafloor where the heat flux is suppressed across a large area, and provide permeable pathways for hydrothermal fluids to bypass the regionally thick
(400 – 500 m), low-permeability sediments and efficiently
extract lithospheric heat. It is useful to consider both the
history of sedimentation in this area, and to project current
conditions into the future to assess what would happen at a
site such as this one if it were not subducted, but was
instead allowed to evolve along a more typical trajectory.
Many of the seamounts in this area are 3 – 5 km in diameter
and rise 1000 – 2000 m above the surrounding top of
basement [Fisher et al., 2003b; Hutnak et al., 2007; Wessel,
2001], but eventually even outcrops as large as these would
be blanketed with sediments that would restrict entry and
exit of hydrothermal fluids, initiating conductive thermal
rebound in basement. We can use models of future (hypothetical) thermal conditions at this site, if the plate were not
subducted, to gain insight into processes that may occur
within much of the seafloor when widely distributed basement outcrops become buried.
5.2. Regional Sedimentation
[55] ODP Site 1039 is located within the trench on the
incoming plate and provides a detailed history of sedimentation on this ridge flank. The upper 70 m of the cored
interval was deposited rapidly because the area was close to
the continental margin [Shipboard Scientific Party, 1997].
However, margin sediments do not extend beyond the
trench and have no influence on the majority of seafloor
heat flux measurements on the incoming plate in this region
[Fisher et al., 2003b; Hutnak et al., 2007]. Lower in the
section, pelagic and hemipelagic deposits indicate accumulation rates more typical of global averages for these
sediment types [e.g., Spinelli et al., 2004b]. For modeling
purposes we explore the implications of sedimentation on
the EPR-generated side of the Cocos Plate at accumulation
rates of 10 and 50 m/Ma, using physical properties versus
depth relations derived from the pelagic and hemipelagic
intervals recovered from ODP Site 1039.
[56] Sediment accumulation at 10 m/Ma reduces the
seafloor heat flux by 3 –4% relative to lithospheric after
20 Ma, and by 7 –8% at a plate age of 180 Ma, the age of
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some of the oldest remaining seafloor (Figure 15b). A
sediment accumulation rate of 50 m/Ma would reduce the
seafloor heat flux by 10– 11% after 20 Ma, and 20– 21%
after 100 Ma (Figure 15c). These calculations illustrate that
sedimentation corrections can be important for assessing the
lithospheric heat flux across much of the seafloor, even for
relatively low sediment accumulation rates, particularly if
sedimentation continues for tens of millions of years.
5.3. Thermal Rebound Following Cessation of
Regional Advective Heat Extraction
[57] We evaluated the thermal influence of the cessation
of regional advective heat extraction once the sediment
thickness reaches 200, 500, 1000, and 2000 m. This range
of sediment thicknesses includes the median height of the
15,000 seamounts apparent globally from satellite gravimetry [Wessel, 2001], and likely includes most seamounts
and similar outcrops since the vast majority are too small to
be mapped by satellite. The initial efficiency of regional
advective heat extraction is 80%, as seen today on EPRgenerated seafloor of the Cocos Plate, and modeled cessation occurs at plate ages of 5 – 100 Ma, depending on
sediment thickness and accumulation rate. This range
includes the mean global age of 65 Ma at which observed
seafloor heat flux values tend to fall, on average, on
standard lithospheric cooling curves [Lister, 1977; Parsons
and Sclater, 1977; Stein and Stein, 1992].
[58] Thick sediment layers that accumulate on moderate
to old seafloor, even when deposited slowly, can mask the
conductive thermal rebound of the sediments and underlying basement following the cessation of regional advective
heat extraction. For example, when advective extraction
ceases following the accumulation of 500 m of sediment at
10 m/Ma, conductive thermal rebound remains incomplete
at the 10% level after 1.3 Ma, and incomplete at the 5%
level after 4.2 Ma (Figure 15b). Sedimentation accounts for
an additional 4 – 6% of heat flux suppression in these cases.
The influence of conductive thermal rebound is greater
when sediments are thicker, requiring 3.6 Ma to recover
to within 10% of the sediment-suppressed value when there
is 1000 m of sediment, and 10.6 Ma to recover to within
5%. In the extreme case of cessation of advective heat
extraction when sediment thickness reaches 2000 m at an
accumulation rate of 50 m/Ma (as might have been the case
for the EPR-generated Cocos Plate were it not subducted,
given the size of seamounts in that area), recovery of the
seafloor heat flux to the 10% level requires 6.3 Ma, and
recovery to the 5% level requires 15.1 Ma.
[59] Two important conclusions should be drawn from
these analyses. First, even relatively low sediment accumulation rates will suppress seafloor heat flux by 5 – 10% or
more if sedimentation continues as the plate ages, leading to
significant regional biases in estimates of lithospheric heat
flux if data are not corrected. In addition, regionally thick
sediments and moderate to old plate ages do not mean that
researchers can ignore the potential influence of past
hydrothermal activity on seafloor heat flux. The influence
of regional advective heat extraction on seafloor heat flux
measurements can continue for 10 Ma or more, depending
on the thickness of sediments and the timing of thermal
rebound. All simulations using sedimentation rates that are
most typical of the global seafloor include instantaneous
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Table 2. Relative Importance of Sediment and Crustal Parameters
to the Magnitude of Environmental Corrections to Seafloor Heat
Flux Valuesa
Parameter
Sedimentation,b m/Ma
Basement thermal
conductivity,c W/m-K
Aquifer thickness and
thermal homogeneity,d m
Vertical fluid seepage,e
Lithospheric thickening,f
Conductive thermal rebound,g

Range Tested

Influence, %

10 – 500
2.0 – 2.9

2 – 32
2–4

100 – 1000
Nu = 2 – 104
2 mm/a
5 – 17 km
0.2 – 100 Ma

1–6
8
<1
10

a
Primary parametric tests were run with sediment accumulation rates of
100 – 500 m/Ma. Site-specific analyses used other parameters. All influence
values are relative to a lithospheric reference.
b
Sedimentation corrections depend on rate history of deposition,
compaction trends, sediment and basement properties, and other parameters
explored in this study.
c
Value applies to conductive layer below hydrothermal aquifer.
d
Vertical thermal homogeneity is used, determined through application of
a high-Nu approximation, as described in the text.
e
Upward seepage tends to increase seafloor heat flux, in contrast to all
other processes modeled in this study. Additional simulations were run with
constant overpressure and a seepage rate that varies with time as sediments
accumulate.
f
Lithospheric thickening was represented by deepening of the 1200°C
isotherm.
g
Time interval reported is that required to achieve recovery to within
10% of lithospheric value (Figure 10). For short time periods, rebound
could be more or less than 10%, depending on site-specific parameters.

cessation of regional advective heat extraction. If cessation
instead occurs slowly, the time required for conductive
rebound will be commensurately longer (Figure 9).

6. Summary and Conclusions
[60] We have developed a one-dimensional thermal model of heat flux through an accumulating sediment layer that
allows temporal variability of boundary conditions, represents several scales of hydrothermal and transient conductive processes within basement below sediments, and
includes the thermal influence of upward fluid seepage.
We compare results of this model to analytical and other
numerical solutions, conduct sensitivity analyses to quantify
the importance of various physical parameters and processes
(Table 2), and apply the model to assess thermal conditions
and seafloor heat flux in several settings.
[61] Sensitivity analyses using the new model indicate
that selection of basement thermal conductivities within a
reasonable range may influence seafloor heat flux corrections at the 2 – 4% level. The thickness of the hydrothermal
aquifer in upper basement and the vigor of local mixing in
this aquifer influence the suppression of seafloor heat flux
due to sedimentation at the 1 – 6% level. Vertical fluid
seepage through accumulating sediments tends to reduce
the suppression of seafloor heat flux associated with sedimentation, raising measured values by up to 8% for seepage
rates 2 mm/a. Higher seepage rates would have a greater
influence on seafloor heat flux, but are difficult to maintain
given typical sediment properties and seepage driving
forces on ridge flanks.
[62] Additional calculations explore the rates and influence of conductive thermal rebound following the cessation
of hydrothermal circulation on seafloor heat flux measure-
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ments. New models suggest that conductive rebound may
last up to several tens of millions of years, considerably
longer than inferred from previous analytical calculations,
mainly because earlier analyses were based on having a
constant heat flux lower boundary immediately below the
sediments. New models place the lower heat flux boundary
at the bottom of a lithospheric plate. This configuration
allows the upper part of the plate to act as a thermal
capacitor, delaying conductive rebound and lowering seafloor heat flux. Calculations illustrate that conductive
rebound occurs more slowly below thicker sediment layers,
and could impart a regional bias leading to an underestimate
of lithospheric heat flux.
[63] Models were run to assess heat flux measurements
on the eastern flank of the Juan de Fuca Ridge. Earlier
studies have suggested that the surface heat flux across a
wide area of 3.5– 3.6 Ma seafloor in this area may be lower
than lithospheric predictions by 15– 20%, even after correcting for (rapid) sedimentation. New models are consistent with earlier calculations suggesting sedimentation
corrections of 10 – 18%. The remaining 15 – 20% deficit
between sediment-corrected observations and lithospheric
predictions can be explained by ongoing, conductive thermal rebound following the cessation of hydrothermal heat
extraction, provided that this thermal transition began in the
last 0.1 – 0.2 Ma. Many more basement outcrops were
exposed in this area during the late Pleistocene; much of
the lithospheric heat would have been extracted advectively
until the spacing between outcrops became too great to
sustain dominantly advective cooling of the crust.
[64] Models were also run to assess environmental corrections to heat flux values from seafloor of the Cocos Plate
generated on the East Pacific Rise, seaward of the Middle
America Trench in the eastern Pacific Ocean. In this area,
large, widely distributed basement outcrops allow hydrothermal fluids to enter and exit the seafloor easily, and fluid
flow between these outcrops extracts 70 – 90% of the
lithospheric heat. Sedimentation rates in this area were
much lower than those on the eastern flank of the Juan de
Fuca Ridge, but they are still sufficient to suppress heat flux
by 3 – 11% at a current plate age of 20 Ma, and would lead
to suppression of 7 –20% when the crust is 180 Ma old (if
the crust were not subducted first). In addition, conductive
thermal rebound (to sedimentation-only thermal conditions)
following the cessation of regional advective heat extraction
would require 1 – 6 Ma at the 10% significance level, and
5 – 15 Ma at the 5% level, depending on the sediment
thickness and accumulation rate during and following
cessation.
[65] These calculations show that it may be difficult to
assess lithospheric heat flux from many seafloor sites,
including sites located far from outcrops where basement
is deeply buried by sediments and conditions are dominantly conductive at present. Unless the sedimentation and
hydrothermal histories of a site are known for the last
several to several tens of Ma, significant biases in regional
heat flux values can lead to misinterpretation of heat
transport processes. This will continue to make efforts to
distinguish between competing thermal models of the oceanic lithosphere difficult, and makes it challenging for
researchers to assess the extent and magnitude of local
and regional seafloor heat flux anomalies.
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