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Influence of sedimentation, local and regional hydrothermal
circulation, and thermal rebound on measurements
of seafloor heat flux
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[11 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 delin-
cate 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 for-
mer 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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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 hydrother-
mal 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 correc-
tions for the influence of sedimentation, fluid seepage, and
other environmental processes. Earlier studies have quanti-
fied 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 tem-
poral 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 conven-
tional 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: sedimen-
tation, differences in basement thermal conductivity, local
and regional hydrothermal circulation (including the cessa-
tion 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, incorpor-
ating 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 accumu-
lation 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 sea-
floor 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 conduc-
tive 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 varia-
tions 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 depend-
ing 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 consider-
ation 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.

[v9] 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, ¢(z), with bulk sediment thermal conductivity (\)
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 advec-
tion, and one or two basement layers through which heat is
transferred conductively (Figure 4a). The use of two con-
ductive basement layers allows representation of distinct
lithologic regions (having different thermal properties),
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Figure 3. Example of a typical relation between sediment
porosity (¢), thermal conductivity (), 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 repre-
sentation of several aspects of advective heat transport in
upper basement. Hydrothermal circulation can extract sig-
nificant 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) approxima-
tion [e.g., Davis et al., 1997a; Spinelli and Fisher, 2004],
whereby the effective thermal conductivity of the basement
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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 “well-
mixed” 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).

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 porosity-
depth profile. For a pair of adjacent nodes at depths z,
and z, [Wang and Davis, 1992]:

vs(z1, 1) [1 = ¢(21)] = vs(z2,0)[1 — H(22)] (1)
vi(21, ) B(21) = v (22, ) 9(22) ’

where ¢ 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: [v, = v(B, 1) = v,(B, )],
leading to direct calculation of basement depth with time
[db/dt = v,). Because of compaction, the velocity of
sediment grains entering the model domain [v, = v(0, 7)]
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, 7 is temperature, A is thermal conductivity, Q is
heat production or removal, v,, and versus are the water and sediment velocities, respectively, ¢ is
porosity, and k is permeability. The thermal conductivity of adjacent blocks ), 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, v, 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 () is
determined using a geometric mean mixing model, \, =
A2 A 7%, where the subscripts w and s denote water and
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 conduc-
tion-advection equation:

oT

_or _9-90r __ 0T
Oz

ch:§ "0z

— e+ 0, )

where pc is the specific heat capacity (density times specific
heat), v is velocity, 7 is temperature, ¢ is time, z is depth, and
O is heat production or loss rate. The bar above selected

parameters denotes average properties for the fluid-grain
mixture. We extend this standard equation by embedding a
separate fluid seepage term (g,,.,) independent of compac-
tion in the conduction-advection equation:

pe = pewd + pes(1 — @),

PV = pCyyVid + PCuseep + pesvs(1 — ¢). (3)
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 over-
pressure (AP, pressure in excess of hydrostatic), the model
first determines the hydraulic impedance, 7, of the sediment
column [Karato and Becker, 1983]:

=B 4z
= i @
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Figure 5. Relations between sediment accumulation rates
(vp) and deposition rates (vy). v;, is the velocity of the node
at the sediment-basement interface, whereas v, is the
velocity of material entering the domain at the seafloor.
Curves illustrate the relative magnitude of vy/v;, (in the case
of accumulation) and v,/vy (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 (v;), sediment consolidation requires that
the flux across the seafloor increase with time. For a
constant deposition rate (vy), sediment consolidation
requires that the rate of basement subsidence decrease with
time.

The seepage flux, gseep, i calculated according to Darcy’s
law:

ke AP
Gseep = — = (5)

w B’
where k.= B/I and p is dynamic fluid viscosity. Although
i and p vary slightly with the range of temperatures
typically encountered on ridge flanks, changes in p are
negligible and we use the minimum temperature within the
sediment column to calculate the maximum value pu,
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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
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 accumula-
tion 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
Conductive Conductive
Basement Basement Basement
Model Property® Sediments Aquifer Layer 1 Layer 2
Porosity (¢) sensitivity and Juan de Fuca flank:® 0.10 0 0
¢ =A% 4=07, B=—1/1200
East Pacific Rise, Cocos Plate:”
¢ =CzP, C=0.909, D= —0.073
Thermal conductivity A= A0 1.7 2.0 2.9
(A), W/m-K Aw =06, A\, =2.74
Permeability (k), m* k = Eef'®@ (1=9) NA® NA® NA®

E=37x 10" F=17

“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.
°Fluid flow in basement is not explicitly modeled.
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