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Definitions
Conductive
heat ﬂux

Advective
heat ﬂux

Thermal
conductivity

Hydrothermal
circulation

The rate of heat transfer through a substance
per unit area. The conductive heat ﬂux,
commonly deﬁned in one dimension, is the
product of the thermal gradient and thermal
conductivity, with SI units of W m2. Heat
ﬂux is referred to in historical and some
current oceanographic literature as “heat
ﬂow,” but in precise physical terms, heat
ﬂux equals heat ﬂow density.
The rate of heat transfer per unit area as a
consequence of material motion. The
advective heat ﬂux is commonly deﬁned as
the product of the temperature, heat
capacity, and material velocity, with SI
units of W m2.
The constant of proportionality that relates
the thermal gradient to the conductive heat
ﬂux, indicating the ability of a medium to
transfer heat by conduction. SI units are in
W m1 K1.
Large-scale pore-ﬂuid convection driven by
geothermal buoyancy, with ﬂow being
strongly inﬂuenced by permeability
structure of the host formation.

History of Observations
Pioneering measurements of temperature below the seaﬂoor
(e.g., Petterson 1949; Revelle and Maxwell 1952; Bullard
1954) were made to compare the thermal state of the ocean
crust with that of continents and thus to improve the knowledge of the present-day heat loss from the Earth. The early
data demonstrated that gravity-driven probes and corers that
penetrated just a few meters into seaﬂoor sediments could
provide meaningful measurements of geothermal gradients,
and they thus established the foundation for the marine heat
ﬂow discipline. Methods for measuring the subseaﬂoor thermal gradient and thermal conductivity improved in subsequent years, the number and geographic distribution of
determinations increased, and patterns of seaﬂoor heat ﬂux
were gradually revealed. Initially, the average seaﬂoor heat
ﬂux appeared to be similar to that through continents, despite
the contribution of radiogenic heat produced by the continental crust that was not present in the ocean crust. Heat-ﬂux
values over mid-ocean ridges were found to be signiﬁcantly
higher than in the ﬂanking basins, and locally values were
often inexplicably scattered (Von Herzen and Uyeda 1963;
Lee and Uyeda 1965). Higher heat ﬂux at mid-ocean ridges
was consistent with emerging ideas about seaﬂoor spreading,
although the values measured were lower than expected from
early theoretical models for the formation of ocean lithosphere. For nearly two decades, regionally low and scattered
seaﬂoor heat-ﬂux values remained unexplained, although
there was early speculation about the possibility that ﬂuids
ﬂowing through the seaﬂoor might inﬂuence heat loss from
the ocean crust (Elder 1965; Langseth et al. 1966).
By the 1970s, heat ﬂow surveys with more closely spaced
measurements, made in the context of local sediment thickness and igneous crustal structure, helped to conﬁrm the
hypothesis that hydrothermal circulation in the igneous crust
caused both the scatter and the lower-than-expected values in
young areas (Lister 1972). Further improvements to instrumentation and observational strategies, in particular the

© Springer Nature Switzerland AG 2020
H. K. Gupta (ed.), Encyclopedia of Solid Earth Geophysics, Encyclopedia of Earth Sciences Series,
https://doi.org/10.1007/978-3-030-10475-7_65-1

2

development of probes that could be used with great efﬁciency for multiple measurements during a single instrument
lowering, and the practice of making measurements in the
context of geologic structure, led to the use of heat ﬂow as a
tool to study the process of hydrothermal circulation itself
(Williams et al. 1974). With this new knowledge, it became
possible to decipher the local and regional variability of
measurements in a way that could lead to a better quantiﬁcation of deep-seated heat ﬂux, the goal of the original marine
heat ﬂow studies, and to understand the hydrologic processes
behind the perturbations. This led to studies across a range of
spatial and temporal scales using marine heat ﬂow and complementary measurements to solve numerous problems.
A summary of the suite of tools currently in use for these
studies is provided in the next section, along with a brief
description of how heat-ﬂux determinations are made. This
is followed by a few examples of data from speciﬁc studies
that illustrate how data are used, and a summary of some of
the major conclusions that have been made through such
studies.

Methods
Shallow Measurements in Marine Sediments
Heat ﬂux through the seaﬂoor is often determined using the
combination of temperatures measured with a series of sensors mounted on the outside of gravity-driven corers (Fig. 1a)
and thermal conductivities measured on the recovered sediment cores. Depths of penetration in excess of 10 m can be
achieved in soft sediment, providing a valuable check on
potential perturbations from bottom-water temperature variations (discussed below), although accuracy is often limited by
physical disturbances caused by the coring process, by
changes in the physical properties of the recovered material,
and by the imperfect depth registration between the cores and
the intervals between the temperature sensors (Fisher et al.
2002). Probes devoted exclusively to heat-ﬂux measurements
are typically limited to lengths of a few meters, but they have
several distinct advantages. They allow thermal conductivity
to be measured under in situ conditions and at depths that are
co-registered with the sensors used to determine the gradient,
and they allow transects of many measurements to be made
efﬁciently during a single instrument lowering. A typical
heat-ﬂow probe (Fig. 1b) employs a heavy strength member
that resists bending during repeated sediment penetration and
withdrawal; this strength member supports a small-diameter,
rapidly responding tube containing thermistor sensors and a
linear heater element. Tools used with submersibles are
shorter and use a thin sensor tube, but not a strength member
(Fig. 1c). In situ temperatures are estimated by extrapolating
transient decays following probe penetration, and conductivities are determined from the rate of change of temperature
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following steady or impulsive activation of a heater. A typical
data record is shown in Fig. 2, as are the resulting determinations of temperature and thermal conductivity. Heat ﬂux is
determined as the slope of a linear regression ﬁt of temperature vs. cumulative thermal resistance, R:
R ¼ S ½Dz=lðzÞ,
where l is thermal conductivity measured at a series of
depths, z, and Dz is the depth interval assumed to be
represented by each measurement. This is equivalent to multiplying the thermal gradient by the thermal conductivity if the
latter does not vary with depth. Errors associated with possible bottom-water temperature variations (discussed later) are
evaluated by examining systematic deviations from linearity
as a function of the number of thermistors included in the ﬁt,
working progressively up towards the shallowest measurement point. If there is systematic curvature in a plot of
T versus R, it may indicate rapid, vertical ﬂuid ﬂow through
sediments with associated advective heat transport. This has
been noted in some hydrothermally active areas (e.g., Stein
and Fisher 2001; Wheat et al. 2004), but is otherwise rare.
Complete descriptions of instruments and discussions of data
reduction methods can be found in Lister (1979), Hyndman
et al. (1979), Davis (1988), Wright and Louden (1989),
Villinger and Davis (1987), and Stein and Fisher (2001).
Deep Borehole Measurements
Where observations are needed in hard formations or at
depths greater than can be penetrated with a gravity-driven
device, drilling is required. For research objectives, this has
been done primarily through the Deep Sea Drilling Project
and the successive Ocean Drilling, Integrated Ocean Drilling,
and International Ocean Discovery Programs. In relatively
unconsolidated sediments (typically the uppermost
50–100 m below the seaﬂoor), hydraulically driven piston
corers are deployed from the bottom of the drill string, and
temperatures are measured at the tip of the core barrel (Horai
and Von Herzen 1985; see Heesemann et al. 2006). At greater
depths below the seaﬂoor, high-strength probes can be pushed
in with the weight of the drill string sufﬁciently far below the
bottom of the hole (c. 1 m) to gain a measurement unperturbed
by drilling (Uyeda and Horai 1980; Davis et al. 1997a)
(Fig. 1d). Deeper than a few hundred meters in sediment, or
at any level in crystalline rock, direct formation measurements are not feasible; instead, temperature logs in the open
hole or long-term borehole measurements are required to
discriminate the natural formation thermal state from the
commonly large and long-lived perturbations from drilling
and subsequent ﬂuid ﬂow into or out of the hole. The most
reliable method for determining the natural thermal state of
crustal rocks has been to seal holes and install thermistor
strings for long-term monitoring (Davis et al. 1992) (Fig. 3).
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Heat Flow, Seafloor: Methods and Observations, Fig. 1 Sensors
and probes for measuring temperatures and thermal conductivity in
marine sediments, including (a) outrigger temperature sensors mounted
to the outside of a sediment corer (core barrel is 12 cm diameter), (b) a
multipenetration heat-ﬂow probe for measuring sediment temperatures

and thermal conductivities (total length is 6 m; photo courtesy of
H. Villinger), (c) a 60-cm-long probe for measuring sediment heat ﬂux
with manned submersibles and remotely operated vehicles, and (d) a
high-strength probe that extends below a drill bit for bottom-hole temperature measurements (length is 1.2 m, tip diameter 1 cm)

In a few cases, borehole and seaﬂoor probe measurements
have been made in close proximity (Fig. 4; Davis et al. 1999,
2003). Comparisons like these provide veriﬁcation that perturbations from processes like bottom-water temperature variations (discussed below), sedimentation, mass wasting, or
pore-ﬂuid advection are not present, and that shallow probe
measurements give accurate values of the local geothermal
heat ﬂux.

Estimating Heat Flux From the Depth Limit of Gas
Hydrate Stability
Sediments in some areas of the oceans contain sufﬁcient
quantities of gas to host subseaﬂoor, solid gas hydrates.
Beyond being interesting in their own right, gas hydrates
offer a means for estimating heat ﬂux. The stability of gas
hydrate is dependent on temperature and pressure, and the
stability limit is commonly seen as a seismic reﬂector that
marks the boundary between sediment above containing gas
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Heat Flow, Seafloor: Methods
and Observations,
Fig. 2 Typical data (upper panel)
collected with a marine heat probe
like that shown in Fig. 1b. Natural
sediment temperatures are
determined by extrapolating the
transients following probe
insertion, and thermal
conductivities are determined
from the rates of decay following
the metered pulse of heat. In this
example, high conductivities
associated with two turbididic
sand layers are present

hydrate, and sediment below containing free gas. Where heat
ﬂux is relatively constant, this reﬂector follows small local
variations in seaﬂoor depth and is referred to as a bottom
simulating reﬂector (BSR; Fig. 5). The strongest factor
governing the subseaﬂoor depth to the limit of hydrate stability is temperature, and thus the BSR depth can be used to
estimate the local heat ﬂux. The methodology, introduced by
Yamano et al. (1982) and reviewed in detail by Villinger et al.
(2010), is especially valuable where bottom-water temperature variability is too large to permit accurate heat-ﬂux determinations with shallow probes, where sediments are too hard

to allow probe penetration, to interpolate between or extrapolate from sparse direct measurements, or to gain information
where standard measurements are simply not available.
Several factors must be considered for accurate application
of this method, including the temperatures at the seaﬂoor and
at the BSR hydrate stability boundary. The latter can be
deﬁned via an estimation of pressure at the boundary and
the equation of state for the gas/gas-hydrate/water system or
from an empirical relationship (e.g., Dickens and Qinby-Hunt
1997). It is normal to assume a seawater/methane system,
although the presence of higher hydrocarbons and of

Heat Flow, Seafloor: Methods and Observations

5

Heat Flow, Seafloor: Methods
and Observations, Fig. 3 Two
records from a 10-thermistor cable
suspended in a borehole that
penetrates a c. 600-m-thick
sediment layer and into the
underlying uppermost igneous
oceanic crust. The longer recovery
time at the deeper level reﬂects the
cooling effects of the large volume
of water that invaded the uncased
and permeable igneous section
during the 5 days between the time
of drilling and when the hole was
sealed and instrumented

Heat Flow, Seafloor: Methods
and Observations,
Fig. 4 Comparison of co-located
seaﬂoor probe and borehole heatﬂux observations. Variations in
probe measurements along the
transect adjacent to the borehole
site illustrate how carefully such
comparisons must be done. (Data
from Davis et al. 2003)

porewater having higher or lower salinity than seawater both
have effects (e.g., Andreassen et al. 2000; Ruppel et al. 2005).
Next, the depth to the BSR must be estimated. This requires a
conversion between two-way travel time (from seismic reﬂection data) and sediment thickness from the seaﬂoor to the
BSR, using velocities that can be estimated from seismic

refraction, wide-angle reﬂection, or drilling data. If both the
depth and temperature can be deﬁned from drilling (e.g.,
Fig. 5), then much uncertainty can be eliminated and the
resulting estimates of thermal gradient derived from BSRs
can be extended regionally with greater conﬁdence. To determine the heat ﬂux, the cumulative thermal resistance from the
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Heat Flow, Seafloor: Methods and Observations, Fig. 5 A
methane-hydrate bottom simulating reﬂector in the Cascadia subduction
zone accretionary prism offshore western Canada. In this example,
coring, logging, and long-term temperature monitoring along a thermistor array in a co-located Integrated Ocean Drilling Program borehole

have allowed precise measurements of the depth and temperature at the
BSR and of the thermal conductivity of the overlying sediments, and
thus an accurate determination of the heat ﬂux at the location of the
borehole (53 mW m2) and elsewhere along this and nearby seismic
proﬁles

seaﬂoor to the depth of the BSR is required. This is commonly
calculated using the average of thermal conductivity values
measured in core samples, or estimated using porosity or
seismic velocity data.

of lithospheric cooling. Examples elsewhere suggest that the
effects of advective heat loss from the upper igneous crust
may be felt laterally as far as 50–100 km (e.g., Fisher et al.
2003; Fisher and Wheat 2010) and that advective heat transport is most effective in directions parallel to structural strike.
The second example (Fig. 6b) is in an area where sediment
cover is continuous over a broad region spanning several tens
of km. Locally, heat ﬂux varies inversely with sediment
thickness, much as in the case of local variations seen in
Fig. 6a. Such variations are common in areas of young seaﬂoor, but can occur across relatively old seaﬂoor as well
(Embley et al. 1983; Von Herzen 2004; Fisher and Von
Herzen 2005). They are the consequence of thermally efﬁcient, local convection in permeable igneous rocks beneath
low-permeability sediment cover. If the permeability of the
igneous “basement” formation is high, vigorous convective
ﬂow maintains nearly constant temperatures at the sediment/
basement interface despite variations in the thermal resistance
of the overlying sediment layer. In this instance, the average
seaﬂoor heat ﬂux is close to that expected from the underlying
lithosphere, suggesting that the circulation in the upper igneous crust may redistribute heat locally, but is not extracting
heat advectively.
Ever since the early work of Lister (1972), the mere presence of local variability has been used as a diagnostic indicator of hydrothermal circulation in both young and old areas
(e.g., Fig. 6c), but with widely spaced observations, neither of
the signals exempliﬁed in Fig. 6a,b could be resolved coherently; values were simply scattered and averages were often
low. When systematic, detailed transects of observations
began to be completed in context of co-located seismic data,
the vigor of the convection could be inferred quantitatively
from the nonconductive thermal regime (Fisher and Becker
1995; Davis et al. 1997b), and the amount of heat lost from the

Example Studies
Heat Flow Signals from Hydrothermal Circulation
Hydrothermal circulation can both extract and redistribute
lithospheric heat, making it difﬁcult to determine the heat
ﬂux from deep in the lithosphere, although the pattern of
redistribution can provide a valuable tracer of ﬂuid ﬂow.
This has been the focus of a large number of studies (see
review in Fisher and Harris 2010). Two instructive examples
of the inﬂuence of hydrothermal circulation are shown in
Fig. 6, where closely spaced measurements were made
along transects striking perpendicular to basement structure.
The ﬁrst (Fig. 6a) crosses a sediment-covered area adjacent to
a region of outcropping igneous crust, close to a spreading
ridge axis (where measurements with conventional probes are
impossible). Local variations correlated with sediment thickness variations are present, as is a systematic variation over a
larger scale, with heat ﬂux increasing with distance from the
area of basement outcrop, opposite to the expected trend of
decreasing heat ﬂux with increasing seaﬂoor age. Temperatures estimated at the top of the igneous section also increase
systematically with distance from the ridge. Both trends suggest that crustal heat is laterally advected from the crust and
lost to ventilated hydothermal circulation at neighboring locations where sediment cover is absent or discontinuous. Away
from areas of igneous outcrop, the hydrothermal system
becomes increasingly sealed by sediments, and the measured
seaﬂoor heat ﬂux values approach that expected from models
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Heat Flow, Seafloor: Methods and Observations, Fig. 6 Transects
of heat ﬂux colocated along seismic reﬂection proﬁles on the ﬂanks of
the Juan de Fuca Ridge (a) striking away from a region of extensive
basement near the left end of this proﬁle, and the Costa Rica Rift (b)
where an extensive sediment cover is present. Both show the effects of
hydrothermal circulation on conductive seaﬂoor heat ﬂux and the crustal
thermal regime. Heat ﬂux estimated on the basis of the local lithosphere
age (see text) is shown as the dashed line. Temperatures below the

seaﬂoor extrapolated from seaﬂoor probe measurements and observed
in boreholes (Ocean Drilling Program site numbers given) are shown
near the top of the igneous crust at intervals of 10  C. The schematic
diagram in (c) shows the inﬂuence of sediment burial on hydrothermal
circulation and advective heat loss within and from the igneous crust,
with panels 1–4 reﬂecting a general age progression from young,
unsedimented seaﬂoor to old, sediment-buried crust with permeability
ultimately diminished by hydrothermal alteration

crust by ﬂuid advection could be estimated with growing
conﬁdence (e.g., Anderson and Skilbeck 1980; Stein and
Stein 1994; Harris and Chapman 2004).
Two major lessons are learned from detailed observations
like these for drawing conclusions about deep-seated heat
ﬂux. First, to ensure that observations do not suffer from the
bias caused by advective heat extraction, it must be demonstrated that there are no exposures of permeable rock at faults
or volcanic ediﬁces within distances of at least several tens to
100 km or more. Second, large numbers of closely spaced
observations must be made, ideally co-located with seismic
reﬂection data, so that the local variability can be understood
and meaningfully averaged, and the locally relevant lateral
transport scale can be assessed (e.g., Sclater et al. 1976; Davis
et al. 1999; Villinger et al. 2002). To develop a regional
understanding, these transects should be created as part of a
spatial grid, extending both across and along the structural
strike of the underlying crust, to help resolve the possibility of
advective heat loss from the crust in any direction.
Interest in hydrothermal processes and their inﬂuences on
water-rock-energy-chemical-biological interactions continues to grow. Estimates for the temperatures of circulation,
the chemistry of the ﬂuids, the volumetric rates of exchange
between the crust and the ocean, and the consequent effects
on crustal alteration and ocean chemistry have become reasonably well understood (e.g., Mottl and Wheat 1994;
Elderﬁeld and Schultz 1996; Fisher and Wheat 2010). Ongoing topics of research include the distribution of crustal permeability (e.g., Becker et al. 2013; Fisher et al. 2014), the
percentage of rock affected by hydrothermal alteration (e.g.,
Coggon et al. 2014), and the inﬂuence of thermal and chemical conditions on chemosynthetic microbial populations
(e.g., Orcutt et al. 2015).

Dependence of Heat Flux on Age and the Global Average
With the potentially large inﬂuence of hydrothermal circulation in mind, it is clear that a simple compilation of heat-ﬂux
data will provide a biased view of global heat loss. Except in
old ocean basins (and in locations that are tens to hundreds of
km from the nearest areas of exposed basement), values are
likely to be highly variable and low relative to the heat loss
expected from the underlying lithosphere. But by taking only
those measurements that are sufﬁciently far from known
permeable igneous outcrops, and sufﬁciently numerous to
provide a reliable local average, a subset of data can be
gathered that provides a reliable determination of deep-seated
heat ﬂux. When considered in context of lithospheric age, the
results have been found to be consistent with both the characteristics of age-dependent seaﬂoor subsidence and with
simple lithospheric cooling theory (see entry on “Oceanic
Lithosphere: Thermal Structure”). In young areas, heat ﬂux
is found to decline linearly with the inverse square root of age,
following the simple relationship Q = C t1/2 (where Q is heat
ﬂux in mW m2, t is age in Ma, and C is a constant estimated
between 475 and 510; see Harris and Chapman 2004). Highquality observations in older regions (>100 Ma) show heat
ﬂux to be generally uniform, in the range of 45–50 mW m2
(Lister et al. 1990; Hasterok et al. 2011), suggesting that the
thermal structure of the lithosphere may become stabilized in
a state regulated either by the convectively supplied heat ﬂux
from the underlying asthenosphere or by the combination of a
compositionally established lithospheric thickness and the
relatively uniform temperature of the vigorously convecting
asthenosphere.
With the relationship between heat ﬂux and age thus
deﬁned, the problems of the unknown bias and large local
variability in young areas and of the sparse distribution of
measurements in large portions of the oceans can be
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overcome. This, together with seaﬂoor ages deﬁned by magnetic anomalies, allows a robust determination of the heat ﬂux
throughout the oceans (Fig. 7). Furthermore, with a seaﬂoor
area/age relationship (e.g., Parsons 1982; Wei and Sandwell
2006), the total heat ﬂow through the oceans can be estimated.
Several such estimates have been made (e.g., Williams and
Von Herzen 1974; Sclater et al. 1980; Jaupart et al. 2007;
Davies and Davies 2010), and all fall in a relatively narrow
range centered around 32 TW (with contributions from marginal seas and hot-spot swells included). This yields an average total seaﬂoor ﬂux of roughly 107 mW m2, a number that
has little physical signiﬁcance but is considerably greater than
that estimated in the early days of marine heat ﬂow, and
greater than the average though continents (c. 67 mW m2),
particularly when the latter is adjusted for the contribution of
continental crustal radiogenic heat (c. 33 mW m2).
Conversely, with the total heat ﬂow thus constrained, the
heat lost advectively by hydrothermal circulation ﬂowing
through the seaﬂoor (Fig. 6c panels 1 and 2) can be estimated
from the difference between the total as determined above and
the age-binned average of unﬁltered observations. Such estimates of this “heat deﬁcit” fall in the neighborhood of 10 TW
(Stein and Stein 1994; Harris and Chapman 2004), meaning
that over 20% of Earth’s total heat loss (32 and 14 TW from
the oceans and continents, respectively) occurs by this

mechanism. Most of the oceanic hydrothermal heat loss
occurs from seaﬂoor less than 8–10 Ma in age, and the deﬁcit
disappears (on average) by ~65 Ma. The actual age at which
advective loss becomes insigniﬁcant is locally variable,
depending primarily on the continuity of accumulating sediments that bury the igneous crust (Anderson and Skilbeck
1980; Harris and Chapman 2004).

Heat Flow, Seafloor: Methods and Observations, Fig. 7 Total heat
ﬂux through the oceans and continents, with factors such as advective
hydrothermal heat loss through the seaﬂoor accounted for. Color scaling
is given in mW m2. The distribution of constraining observations is
highly variable and sparse in many regions; values shown are based

primarily on age in the oceans (in the manner described in the text), and
on age and geologic province in continental regions (from Davies and
Davies 2010). The pattern of the regional variations demonstrates the
important role of lithospheric creation at seaﬂoor spreading centers in
liberating Earth’s internal heat

The Signature of Subduction
Marine heat ﬂow is used extensively to constrain deep thermal structure in studies of continental margins, marginal
basins, and subduction zones. Particular attention has been
given to the last in an effort to help deﬁne associated seismic
hazards. A transect crossing the forearc prism of the Cascadia
subduction zone illustrates one such application (Fig. 8). This
transect begins with standard gravity-driven probe measurements over the incoming plate and outermost accretionary
prism, where bottom-water temperature variability is small.
At the inner prism and on the continental shelf, where seaﬂoor
is shallower than 1500–2000 m, other measurement techniques are used, including borehole measurements and estimates made using the depth to a BSR which marks the limit of
methane-hydrate stability. Observations like these allow the
underlying thermal structure to be inferred, providing critical
constraints on dehydration reactions, the rheology and
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Heat Flow, Seafloor: Methods and Observations, Fig. 8 Structural
and heat-ﬂux transect across the Cascadia subduction forearc, with
temperatures estimated from a numerical model for underthrusting and

sediment thickening, constrained by the heat-ﬂux data (following compilation of Hyndman and Wang 1993)

frictional properties of the sediments and rocks, and the
potential for seismogenic slip along the subduction thrust
interface. In this example, the seaﬂoor heat ﬂux is variable
locally, but regional values and trends are consistent with the
expected thermal state created by the subduction of the oceanic plate and accretion of the thick sedimentary section.
More recently documented cases summarized by Harris
et al. (2017) include the Middle America Trench, where the
thermal state of the incoming Cocos plate is inﬂuenced by
regionally varying hydrothermal heat loss. These variations
correlate with differences in seismic processes occurring in
the subduction zone itself (Newman et al. 2002; Fisher et al.
2003; Harris et al. 2010). One part of the plate is extensively
cooled by hydrothermal circulation before the Cocos Plate is
subducted, and earthquakes observed within the subduction
wedge in this area are relatively deep (>20 km). Earthquakes
tend to be shallower (<20 km) along an adjacent segment of
the subduction zone, where there is no evidence for regional
advective heat extraction from the oceanic plate. One explanation for the different earthquake depths is that cooling of
part of the Cocos Plate slows dewatering and deepens the
transition of smectite to illite in subducting sediments
(Spinelli and Saffer 2004; Lauer et al. 2017). The delay in
heating associated with hydrothermal circulation in the crust

prior to subduction causes a landward shift of the locked
region where earthquakes are most likely to occur.
Bottom-Water Temperature Perturbations
Seaﬂoor heat-ﬂux measurements rely on the assumption that
both long- and short-term bottom-water temperature (BWT)
variations are small. This is often considered a good assumption because the volume of ocean bottom water is large and
the temperature of the source in polar regions is regulated by
the formation of sea ice. However, many early heat-ﬂux
measurements were made with 2–3 subsurface temperatures
extending to depths of only a few meters, and it was difﬁcult
to identify nonlinearities that might indicate a recent change
in bottom water temperature. Good checks on the stability of
BWTs were not possible until temperature observations began
to be made in deep-sea boreholes and long records of bottomwater temperature were acquired (Hyndman 1984; Davis
et al. 2003). An ideal suite of observations that would allow
errors associated with bottom-water temperature variations to
be quantiﬁed throughout the world’s oceans – one that is
broadly distributed both geographically and with ocean
depth – does not yet exist, but the available data show that
gradients measured a few meters below the seaﬂoor do permit
accurate determinations of heat ﬂux in large areas of the
oceans, generally where depths are greater than ~2000 m.
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One such check is illustrated in Fig. 4, where closely
co-located seaﬂoor probe and borehole observations are compared. Signiﬁcant bottom-water temperature variations are
ruled out by the linearity of the plots of temperature versus
cumulative thermal resistance and by the agreement between
the shallow probe and deep borehole determinations. This
illustration also shows the importance of precise co-location
when doing such a comparison, given the scale and magnitude of the local spatial variability of heat ﬂux as deﬁned by
neighboring probe measurements.
A more direct approach uses observations of bottom water
ﬂuctuations themselves. Perturbations attenuate with depth
over a scale that is determined by the period and thermal
diffusivity of the sediment, following the relationship T
(z) = T(0) exp.(z/2kG)1/2, where T(0) is the ﬂuctuation
amplitude, k is the thermal diffusivity, typically = 4  107 m2 s1, and G is the period of ﬂuctuation.
The effect on the thermal gradient is illustrated in Fig. 9 for two
speciﬁc examples. The ﬁrst, from a 5000-m-deep site in the
western Atlantic, shows that oceanographic perturbations fall
below the threshold of signiﬁcance for heat-ﬂux determinations
by a depth of 2–3 m below the seaﬂoor (Fig. 9a, b). The second,

from a 2600-m-deep site in the eastern Paciﬁc, shows smaller
variability; there, signiﬁcant perturbations would propagate
less than 1 m below the seaﬂoor (Fig. 9c, d). Generally speaking, the greatest stability is found in regions of great water
depth and great distances from bottom-water sources in polar
regions. A better deﬁnition of this as a potential source of error
in heat-ﬂux measurements is expected to emerge as the number
of long-duration oceanographic monitoring experiments
increases. In areas where bottom water temperature variations
are likely to be problematic, local monitoring can allow local
heat-ﬂux measurements to be corrected (e.g., Neumann et al.
2017).

Heat Flow, Seafloor: Methods and Observations, Fig. 9 Bottomwater temperature variations observed at 5000 m depth in the western
Atlantic Ocean (a) and 2600 m depth in the Paciﬁc Ocean (c), and
perturbations of the geothermal gradient as a function of depth (b and

d) stemming from the variations, calculated at an evenly distributed suite
of times during the temperature time series (data from Davis et al. 2003).
These calculations show how data collected with short probes may be
subject to signiﬁcant errors due to changes in bottom water temperature

Summary
Heat ﬂux, the product of the thermal gradient and thermal
conductivity, can be measured with high accuracy in most
deep-ocean settings with gravity-driven probes that penetrate
a few meters into seaﬂoor sediment. Meaningful values for
deep-seated heat ﬂux require a full understanding of the
potentially large inﬂuence of hydrothermal circulation in the
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underlying permeable igneous rocks of the upper oceanic
crust, however. This is best gained through closely spaced
transects of heat-ﬂux measurements co-located with seismic
reﬂection proﬁles that show the structure of the underlying
volcanic rocks. Such studies provide valuable constraints on
the ﬂow of water within the oceanic crust, the exchange of
water, heat, and solutes between the crust and the oceans, the
formation of hydrothermal mineral deposits, the accumulation of gas hydrates, and the development and maintenance of
a subseaﬂoor microbial biosphere. Where the effects of
hydrothermal circulation can be accounted for or are known
to be insigniﬁcant, deep-seated ﬂux can be reliably determined and used to estimate the thermal history of sedimentary
basins and the thermal regime of seismogenic fault zones; to
understand seaﬂoor spreading, the aging of oceanic lithosphere, and the origin of mid-plate swells; and to deﬁne the
global heat budget which is dominated by heat loss through
the seaﬂoor.

Cross-References
▶ Heat Flow, Continental
▶ Heat Flow, Continental: Measurement techniques
▶ Oceanic lithosphere: Thermal Structure
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