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[1] Using temperature gradients measured in 10 holes at 6 sites, we generate the first high fidelity heat flow
measurements from Integrated Ocean Drilling Program drill holes across the northern and central Lesser
Antilles arc and back arc Grenada basin. The implied heat flow, after correcting for bathymetry and sedimen-
tation effects, ranges from about 0.1 W/m? on the crest of the arc, midway between the volcanic islands of
Montserrat and Guadeloupe to <0.07 W/m? at distances >15 km from the crest in the back arc direction.
Combined with previous measurements, we find that the magnitude and spatial pattern of heat flow are 31m-
ilar to those at continental arcs. The heat flow in the Grenada basin to the west of the active arc is 0.06 W/m?,
a factor of 2 lower than that found in the previous and most recent study. There is no thermal evidence for
significant shallow fluid advection at any of these sites. Present-day volcanism is confined to the region with

the highest heat flow.
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1. Introduction

[2] Heat flow in volcanic arcs provides insight into
the thermal structure and rheology of the mantle
wedge [Kelemen et al., 2003], the three-dimensional
mantle flow at subduction zones [e.g., Schellart,
2004; Stegman et al., 2006], the time-averaged
magma flux into the crust [e.g., Rothstein and
Manning, 2003], and the eruption style and magma
composition at arc volcanoes [Zellmer, 2009]. Heat
flow, when combined with the flux of magma
recorded by surface eruptions, provides one of the
few constraints on the ratio of intruded to extruded
magma volumes [Ingebritsen et al., 1989; White
et al., 2006] and hence on the magmatic processes
that build crust in volcanic arcs.

[3] In continental arcs, heat flow is reasonably well
characterized by direct measurements of temperature
gradients in deep holes. Examples include the North

American Cascades [e.g., Blackwell et al., 1990],
Southern Mexico [Ziagos et al., 1985], the South
American Andes [e.g., Springer and Forster, 1998],
and Japan [e.g., Furukawa, 1993]. Where individual
measurements are not affected by shallow volcanic
and hydrothermal processes or by groundwater flow,
heat flow shows a consistent pattern Heat flow
generally increases from <0.05 W/m? in the fore arc
t0 0.09-0.15 W/m? over the actlve arc, and decreases
in the back arc to <0.09 W/m”. The width of the
region with high heat flow typically extends a few
tens of km from the crest of the arc, and may reflect
the width of the region over which upwelling occurs
in the mantle [e.g., England and Katz, 2010] or
magma is intruded and stored within the crust [e.g.,
Blackwell et al., 1982].

[4] In island arcs, heat flow may differ from conti-
nental arcs because the crust is often not as thick.
For the Lesser Antilles arc we study here, the Moho
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Lesser Antilles arc and location of heat flow measurements. Large blue disks show our new measurements.

Data from previous studies: red triangles [Clark et al., 1978]; yellow triangles [Vacquier and von Herzen, 1964]; green
triangles [Nason and Lee, 1964]; yellow squares [Langseth et al., 1966]; red squares [Epp et al., 1970]; blue squares
[Fisher and Hounslow, 1990]. The cross-section along line A-A’ is shown in Figure 4.

depth is between 24 and 34 km [Sevilla et al., 2010;
Kopp et al., 2011]; for comparison, Moho depths
are 40-50 km in the Cascades [e.g., Porritt et al.,
2011] and can exceed 70 km in the Andes [e.g.,
Yuan et al., 2002]. As a consequence, melts gen-
erated in the mantle wedge, and then transported
through and distilled in the crust, may have a dif-
ferent petrological evolution and eruptibility [Plank
and Langmuir, 1988]. In comparison with conti-
nental arcs, measurements for island arcs are less
numerous, as can be seen from data compilations
[Pollack et al., 1993; Davies and Davies, 2010]
(see also International Heat Flow Commission data-
base, available at http://www.heatflow.und.edu). In
addition, most measurements of temperature are
made in the upper few meters of the seafloor, which
adds considerable uncertainty to the calculated heat
flow from the underlying crust. Only a few island
arcs have high quality heat flow measurements
obtained from ocean drilling, and of these measure-
ments, many are widely spaced, affected by fluid
flow, and uncorrected for high sedimentation rates
[Sclater, 1972; Parson et al., 1992; Lavoie et al.,
1994].

[s] Here we report temperature measurements and
calculated heat flow from 10 holes drilled at 6 sites
during IODP (Integrated Ocean Drilling Program)
Expedition 340 to the Lesser Antilles arc. We sam-
pled the crest of the arc and sites extending up to
110 km away in the back-arc direction. These are
the first heat flow measurements in this region in
more than 30 years and the only measurements at
depths greater than 15 mbsf (meters below sea-
floor). We find that heat flow is similar to that in
continental arcs. The region with high heat flow
may be confined to distances <15 km from the crest
of the arc, consistent with the location of present-
day volcanism. Heat flow at the crest of the arc and
in the adjacent back arc basin are a factor of two
lower than previous estimates [Clark et al., 1978].

2. Study Site

[6] The Lesser Antilles arc (Figure 1) is an 800 km
long chain of volcanic islands produced by the sub-
duction of the South American plate beneath the
Caribbean plate. Subduction rates for the past several
Ma are 2-4 cm/year [Macdonald and Holcombe,
1978; Minster and Jordan, 1978]. The southern
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Table 1. Properties of the 6 Sites and 10 Holes
Drilled Depth

Site Latitude Longitude Water Depth Separation of Holes Below Seafloor® Sedimentation Rate
U1395 16°29.60N 61°57.08W 1201 m one measured 281 m 90 m/Ma°
U1396 16°30.48N 61°27.10W 799 m 20 m 139 m 17-53 m/MaP®
U1397 14°54.41N 61°25.35W 2494 m 20 m 266 m 200 m/Ma®
U1398 14°16.70N 61°53.34W 2947 m 20 m 269 m 40-200 m/Ma®
U1399 14°23.24N 61°42.69W 2901 m 410 m 275 m 40-200 m/Ma®
U1400 14°32.20N 61°27.41N 2755 m one measured 436 m 40-200 m/Ma®

*Depth of deepest hole at site.

®Expedition 340 Scientists [2012].

°Le Friant et al. [2008].

4Boudon et al. [2007].

“Sigurdsson et al. [1980] and Reid et al. [1996].

half of the arc, south of Martinique, consists of a
single chain of islands that date to the early Eocene.
To the north of Martinique, the arc is divided into two
chains of islands. The islands in the eastern magma-
tically inactive chain are older, with thick carbonate
platforms covering a volcanic basement. Tectonic
adjustments during the mid-Miocene modified the
orientation of the northern subducting slab, causing
migration of the volcanic front to the west and the
initiation of a new active arc [Bouysse et al., 1990].
This western chain consists of mainly andesitic vol-
canic rocks younger than 20 Ma and includes all the
active volcanoes [Bouysse et al., 1990]. The oldest
rocks dated on Montserrat, the island closest to the
first drill site, are 2.6 Ma [Harford et al., 2002],
although volcanism of the island must have been
initiated prior to its subaerial exposure. Volcanism on
Martinique dates to at least 25 Ma [Germa et al.,
2011].

[7] To the west of the arc is the Grenada basin, now
lying 3 km below sea level. It is characterized by
crust thicker than 14 km and total sediment thick-
ness may exceed 9 km [Boynton et al., 1979].
150 km west of the arc, and bounding the Grenada
basin on the west, is the Aves ridge, the remnants of
an older 90-60 Ma island arc [Neill et al., 2011].
The inferred opening age of the Grenada basin of
60 Ma and thick crust suggest that the basin may
represent stretched island arc crust [Bouysse, 1988]
or an extended and widened forearc basin [Aitken
et al, 2011]. Extension of the Grenada basin
ended in the Eocene [Speed and Walker, 1991;
Aitken et al., 2011].

[8] The origin and age of the crust on which the
Lesser Antilles arc is forming are uncertain and
possibly spatially variable. The northern part of the
arc may be built on the older Aves arc whereas the
southern part may be built on crust produced when
the Grenada basin opened [Speed and Walker,
1991]. The implications of these differences for

heat flow are not clear. The Grenada basin may have
significantly lower heat flow than the Aves ridge at
present [Clark et al., 1978], though the heat flow
measurements are few and are based on measure-
ments made in the upper few meters of sediment.

[s] For the present study, temperature was mea-
sured at 6 sites, numbered U1395 through U1400.
At each site, two or three holes were drilled and
temperature was measured in one (Sites U1395,
U1400) or two holes (all other sites). Their loca-
tions are shown in Figure 1 and attributes of each
site are summarized in Table 1. These holes were
drilled during IODP Expedition 340, which had
the primary aims of unraveling the eruption history
of the volcanoes in the Lesser Antilles arc, under-
standing the large debris avalanches shed from
these islands, and understanding volcaniclastic
sedimentation in a regional and temporal context.
The holes penetrated alternating layers of hemi-
pelagic sediment, turbidites commonly comprising
volcaniclastic material, and layers of tephra formed
by fallout from eruptions.

3. Methods and Measurements

[10] Downhole temperature was measured using the
Advanced Piston Corer Temperature tool, 3rd gen-
eration (APCT-3). This tool allows temperature to be
measured while drilling. The tool is lowered to the
bottom of the coring wireline and then shot down-
ward ~9.5 m and left in place, without fluid circu-
lation, to record temperature. Thermal effects of
drilling are minimized compared to rotary drilling.
However, frictional heating still raises the probe’s
temperature many degrees above ambient tempera-
ture, and hence models for unsteady heat conduction
must be used to interpret the raw temperature mea-
surements. Details of the APCT-3 design, calibra-
tion, and testing are described by Heesemann et al.
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[2006]. Deployment on Expedition 340 was the same
as that described by Heesemann et al. [2006] for
Expedition 311.

[11] Measurements were made at depths where the
hole conditions were stable. The APCT-3 records
temperature with a glass-encapsulated thermistor
(Model YSI 55032) at the outside edge of the
cutting shoe. Temperature resolution is better than
1.0 mK over the range of temperatures we measure
and absolute accuracy is better than +0.1 K
[Heesemann et al., 2006]. Temperature was recor-
ded at the base of the hole for between 3 and
45 min (usually 10 min) and sampled every 2 s.
While the response time of the thermistor is a
couple seconds, the time for the probe’s tempera-
ture and frictionally heated sediment to thermally
equilibrate with their surroundings is much longer
than the measurement period. Consequently, the
recorded decay of temperature is fit to a theoretical
solution to the temperature evolution using TP-Fit
[Fisher et al., 2007]. The calculated temperature
depends on the thermal conductivity, density, and
specific heat capacity of the surroundings. Uncer-
tainty in these thermal properties dominates the
uncertainty in the in situ pre-drilling temperature.
We assume 0.9 WmK < k£ < 1.2 W/mK and
3.2 x 10° J/m’K < pC < 4.0 x 10° J/m’K to cal-
culate uncertainty, where pC is the volumetrically
averaged product of density and specific heat and &
is thermal conductivity. The uncertainty on in situ
temperature measurements with this approach is
usually <0.06°C, and thus similar to the measure-
ment accuracy.

[12] Thermal conductivity k& was measured with a
TeKa TKO04 needle probe [Blum, 1997]. All mea-
surements were made on whole round cores after the
core equilibrated with the ambient temperature in
the ship’s laboratory. Only fine-grained turbidite
deposits and hemipelagic sediment were measured;
measurements in more coarse deposits would be
affected by convection induced by the temperature
gradients produced by the probe. Measurements are
not corrected to in situ conditions. The effect of
increasing pressure is to increase k. The pressure
correction is about +1% for each 1800 m assuming a
hydrostatic pressure gradient [Ratcliffe, 1960]. The
effect of temperature is more complicated. The
thermal conductivity of the solids in the matrix is
inversely proportional to temperature [Jaupart and
Mareschal, 2011]. In contrast, the thermal conduc-
tivity of water increases with temperature [Keenan
et al., 1978]. Corrections for pressure and tempera-
ture are smaller than the TK04 measurement

uncertainty of 5%. Verification of accuracy was
carried out daily with a MACOR ceramic standard.

[13] In order to interpret the temperature measure-
ments we need to account for the effects of heat
production within the marine sediments. The abun-
dance of K, Th and U were measured in situ using
the Hostile Environment Natural Gamma Ray
Sonde (HNGS). The HNGS measures total and
spectral gamma rays in the borehole at 20-30 cm
resolution, using two bismuth germanate scintilla-
tion detectors and five-window spectroscopy to
identify the concentrations of K, Th, and U. The
measured values were corrected to account for the
barite-weighted mud used while logging. Data
are available from Sites U1395 and U1399. Sites
U1396, U1398 and U1400 were not logged for
operational reasons, while U1397 HNGS data were
compromised by an over-sized hole diameter.

[14] Where we subsequently fit models and equa-
tions to the data, we determined model parameters
and their uncertainties using the least squares
Marquardt-Levenberg algorithm [Press et al., 1992,
chapter 15.5]. Reported uncertainties on model fits
are standard errors from the regression.

4. Results

[15s] Figure 2 shows temperature as a function of
depth at all 6 sites. In all cases, temperature increases
approximately linearly with depth. The uncertainty in
the temperature gradient, assuming a linear increase
in temperature, is less than 9% in all cases. The
temperature gradient reported in Figure 2 is a best fit
to the measurements assuming a linear variation with
depth. For all the sites, we also fit the data with a
quadratic function to see if there is any statistically
significant curvature of temperature as a function of
depth. At all sites, except Site U1398, the uncertainty
in the quadratic term is greater than its value. Figure 2
shows the quadratic fit to data at Site U1398 along
with the linear fit. At Site U1398, adding a quadratic
term reduced the root-mean square of the residuals by
38%. The sign of the quadratic term implies upward
fluid flow. There are, however, two reasons why the
inference of fluid flow is uncertain at Site U1398.
First, if we omit the two measurements from hole B
(keeping the more numerous data from hole A and
the ocean water temperature) the uncertainty in the
quadratic term exceeds its value. Second, fitting the
data using transdimensional Bayesian modeling
[Gallagher et al., 2011] shows that a linear fit is
statistically favored over fits that involve additional
parameters such as a quadratic fit.
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Figure 2. Temperature as a function of depth. Blue symbols indicate measurements in Hole A and red in Hole B
(except U1396 where red indicates Hole C and U1400 where red indicates Hole C). At Site U1398, the best quadratic
fit is shown with a dashed curve (the uncertainty on the quadratic term for all other holes is greater than its value).

[16] Figure 3 shows thermal conductivity k& mea-
sured within the upper 220 m in cores recovered
from all 6 sites. The mean value is 1.04 W/mK. The
thermal conductivity we measure is similar to that
found in other marine sediments with similar
porosities and at similar depths [e.g., Harris et al.,
2011]. No significant changes in thermal conduc-
tivity were found over the depth range that temper-
ature was measured: a regression between k£ and
depth for all data shown in Figure 3 gives dk/dz =
—0.00020 + 0.00006 W/m’K, where z is depth.
However, all sites with the exception of U1399
and U1400 have thermal conductivity statistically
indistinguishable from a constant. The very weak
dependence on depth is not unexpected because at
all sites the porosity in the hemipelagic sediment
(typically about 60%) does not change significantly
over the depths that were cored, and £ is inversely
proportional to porosity. While porosity is expected
to decrease with depth owing to compaction [Athy,
1930], the absence of a clear trend in the upper
50 m is common and characteristic of heterogeneous
sediments made of sandy and clayey sediments
[Bartetzko and Kopf, 2007]. Mean values and
uncertainties for each site are compiled in Table 2.

[17] The density and average concentration of K, Th
and U between depths of 86 m and 178 m at U1395

and between 80 m and 181 m at U1399 are tabulated
in Table 3. These concentrations can be converted
(equation (AS5) in Appendix A) to a volumetric heat
production rate of 0.257 W/m?> and 0.506 ;LW/m®,
respectively. These values are about one third and
two thirds of the values for marine sediments in the
Gulf of Mexico further to the west [Nagihara et al.,
1996]. Low heat production is likely caused by
dilution with less radiogenic andesitic and mafic
igneous materials in ash layers and volcaniclastic
turbidites [e.g., Plank and Langmuir, 1998].

5. Calculation of Heat Flow

[18] To relate the near-surface temperature gradient
to the heat flow from the deeper crust, the con-
founding (and sometimes compounding) effects of
erosion, sedimentation, fluid flow, and time-varying
ocean temperatures need to be assessed.

5.1. Effects of Rapid Deposition

and Erosion Events

[19] The linearity of the temperature profiles in
Figure 2 suggests that rapid deposition and erosion
events do not dominate the present-day temperature
gradient. Based on the model of thermal perturbations
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Figure 3. Thermal conductivity data. A best fit (plotted) to all the data gives £ = 1.024(£0.007) + 0.00020(4-0.00006)
z W/mK, where z is in m. Colors: red (U1395); white (U1396); magenta (U1397); green (U1398); black (U1399);

yellow (U1400).

by unroofing events (analogous to rapid deposition
events) in Harris et al. [2011], deposits thinner than
tens of m and older than 10 years will have a small
effect. The large debris avalanche deposit (deposit 2)
mapped beneath the recovered core at Site U1395
is old enough (112-130 ka) [Le Friant et al.,
2004; Lebas et al., 2011; Watt et al., 2012] that
its thermal effects will be small. A series of mass
flow deposits have been emplaced in the last 14 ka
in the vicinity of Site U1395 offshore Montserrat,
and some of these mass flow deposits may have
been hot when emplaced [Trofimovs et al., 2006,

Table 2. Thermal Conductivity Measurements

2010]. The thickest deposit (up to ~3 m) near Site
U1395 was a mixed bioclastic-volcaniclastic mass
flow deposit emplaced at 14 ka. This deposit may
thicken markedly closer to the volcano. Mass flow
deposits that are 50-100 cm thick were then
emplaced at ~2 ka and 6 ka [Trofimovs et al., 2006].
The ongoing eruption since 1995 has emplaced a
near-surface set of stacked turbidites that are up to
~40 cm thick near Sites U1395, which are equiva-
lent to mass flow deposits that are tens of meters
thick nearer to the volcano [7rofimovs et al., 2006,
2010; Le Friant et al., 2008, 2010]. Individual

Site Number of Measurements Mean Standard Deviation Standard Error of Mean
U1395 36 1.029 W/mK 0.100 W/mK 0.017 W/mK
U1396 50 1.041 W/mK 0.079 W/mK 0.010 W/mK
U1397 33 1.028 W/mK 0.127 W/mK 0.022 W/mK
U1398 51 1.034 W/mK 0.086 W/mK 0.012 W/mK
U1399 103 1.045 W/mK 0.080 W/mK 0.008 W/mK
U1400 161 1.050 W/mK 0.075 W/mK 0.006 W/mK
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Table 3. Concentration of Heat Producing Elements Measured by Downhole Logging

Site Depth Interval K (%) Th (ppm) U (ppm) Mean Density Heat Production
U1395 86-178 m 0.414 £ 0.111 1.59 £+ 0.66 0.936 £+ 0.208 1.78 g/em® 0.257 pW/m®
U1399 80-181 m 1.015 £ 0.152 519 £ 1.75 1.22 £ 0.42 not measured 0.506 LW/m®

turbidites and other mass-wasting deposits identified
in holes at the other sites are usually thinner than tens
of meters, and the few thicker ones are older than
10* years old.

[20] In sum, all mass flow deposits are either thin
enough, or old enough, that a thermal signature is
not expected [Harris et al., 2011], and none is seen
in our data.

5.2. Time Varying Ocean Temperatures

[21] Intermediate and ocean bottom water tempera-
tures vary over glacial and annual time scales by up
to a degree or two [Melling, 1998; Dmitrenko et al.,
2006; Lynch-Stieglitz et al., 2011]. Surface temper-
ature perturbations with these time scales will affect
subsurface temperatures to depths greater than
100 m. No evidence of this effect is seen in the
curvature of the temperature profiles, but its mag-
nitude may be too small to be identified with our
low-resolution sampling.

5.3. Influence of Advection

[22] The lack of curvature (both apparent, Figure 2,
and statistically except at Site U1398) in the tem-
perature measurements in the upper 100 m argues
against vertical fluid flow great enough to bias heat
flow measurements. Comparison with analytical
models for advective heat transport [Bredehoeft and
Papadopulos, 1965] implies upward fluid velocities
less than 10~'° m/s [Ingebritsen et al., 2006]. At
none of the sites were depth variations in pore water
chemistry attributed to fluid flow [Expedition 340
Scientists, 2012]. Because chemical diffusivities
are much smaller than thermal diffusivities, the
vertical fluid velocities may thus be much smaller
than the upper bound we infer from the temperature
measurements.

[23] A linear increase in temperature with depth
does not mean that the observed temperature is
unaffected by fluid flow. Advection in permeable
layers, deeper than depths at which temperature is
measured, can increase [Ziagos and Blackwell,
1986] or decrease [Brumm et al., 2009] the appar-
ent heat flow while still maintaining a constant

temperature gradient near the surface where tem-
perature is measured. At Site U1397, there are very
coarse, thick (up to ten meters) turbidite units below
the depths at which temperature could be measured.
Coarse turbidites less than 1 m thick are observed at
all sites. Their high permeability should permit fluid
advection if large enough hydraulic head gradients
are generated.

[24] The role of horizontal advection is more diffi-
cult to assess without a greater density of holes at
each site. Measurements at site U1399, however,
suggest that horizontal fluid flow does not affect
temperature. At this site the two holes were 420 m
apart. Correlation of physical properties and lithol-
ogy shows that there are vertical offsets up to 15 m,
including the coarse turbidite units that would be the
conduits for horizontal fluid flow. The temperature
measurements in both holes fall on the same line,
with no offset in temperature corresponding to off-
set in the depth of potential aquifers. The implica-
tion is that any fluid advection in permeable units
does not affect the temperature distribution.

[2s] On the basis of a limited data set of water
column *He and Zn measurements, Polyak et al.
[1992] suggested that there is submarine geother-
mal activity in the vicinity of the Kahouanne basin
between Montserrat and Guadeloupe. This study
has, in turn, been used to suggest that the putative
hydrothermal activity is the source of the abundant
ferromanganese deposits in the area [Frank et al.,
2006]. Our measurements, though limited to a small
number of sites, find no evidence of the thermal
anomalies required to sustain hydrothermal activity.
Instead, our data are consistent with recent studies
that suggest that the source of Fe and Mn in the fer-
romanganese deposits is from the low-temperature,
suboxic diagenesis of freshly deposited volcanic
material in the upper few cm of the sediment column
[Homoky et al., 2011; Hembury et al., 2012].

5.4. Effects of Sediment Accumulation

[26] The accumulation of sediment on the seafloor
moves isotherms downward and will suppress con-
ductive surface heat flow relative to that at depths
greater than those sampled in our holes. Estimated
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sedimentation rates at each site are listed in Table 1.
The average long-term sedimentation rate at Site
U1395 is 90 m/Ma based on identification of the
0.99 Ma Jaramillo Matuyama reversal [Cande and
Kent, 1995] at 90 mbsf and the first appearance of
Gephyrocapsa oceanica (1.65 Ma) [Kameo and
Bralower, 2000]. Trofimovs et al. [2006] use
detailed radiocarbon dates to show sediment accu-
mulation rates of ~140 m/Ma during the last 14 ka
near Site U1395. Drilling at Site U1396 reached
depths of 135 m and an age of ~4.5 Ma based on
identification of the end of chron C3n.2n and Bio-
zones CN11 (nannofossils) and PL1 (planktic fora-
minifera). Sedimentation rates at Site U1396 increase
from about 17 m/Ma in the upper few tens of meters
to roughly 53 m/Ma at 135 m [Expedition 340
Scientists, 2012]. At the remaining sites sedimen-
tation rates may be as high as 500 m/Ma in the
upper few hundred meters based on the presence of
Globgerinella calida (0.22 Ma) [Wade et al., 2011]
and FEmiliania huxleyi (0.25 Ma) [Kameo and
Bralower, 2000]. Shipboard biostratigraphy and
paleomagnetic interpretations are uncertain at these
sites owing to prolific reworking and mixing within
the debris deposits that comprise the cored sediment.
We thus adopt previously published estimates of
sedimentation rates in the Grenada basin that range
from 40 to 200 m/Ma [Sigurdsson et al., 1980; Reid
et al., 1996], noting that local rates may be higher or
lower.

[27] To account for the effects of sedimentation, we
follow Hutchison [1985] and compare the surface
heat flow that would be measured for various sed-
imentation rates with that for a reference state.
Briefly, we assume an initial period during which
sediment accumulates at a rate of 30 m/Ma over a
period of 120 Ma, a representative age for the
subducting lithosphere. This reference state allows
us to estimate an upper bound on the effects of
sedimentation. We use a heat production rate in the
surface sediment equal to the measured values of
0.257 puW/m® and 0.503 pW/m® (section 4). We
assume porosity decreases exponentially with depth
with an e-folding distance of 2 km. Surface porosity
is 0.6 and once it decreases to 0.1 we assume no
further compaction. Density, thermal conductivity,
heat production, fluid and solid velocity, all vary
with depth owing to compaction (see Appendix A
for details). The error in the sedimentation rate
correction owing to uncertainty in the various model
parameters (except sedimentation rate and heat
production) is less than the magnitude of the cor-
rection [Hutchison, 1985; Wang and Davis, 1992;
Hutnak and Fisher, 2007]. To account for the

effects of enhanced sedimentation that accompanies
the formation of the arc, we begin with this initial
condition and then continue to add sediment with a
specified accumulation rate at the surface. We then
compute the evolution of surface heat flow relative
to that at depth. The difference between these two
values approximates the underestimate based on
near-surface measurements. Given the history of
volcanism in the Lesser Antilles arc (section 2) we
consider the influence of sedimentation over a
20 Ma period. Heat flow corrections typically level
off at about 10 Ma and then gradually decrease as
increased heat production, caused by sediment
accumulation, counteracts advection. For sedimen-
tation rates up to 500 m/Ma, heat flow can be
underestimated by up to 10%. For our estimates of
sedimentation rates (Table 1), the corrections are
up to 4%, but in some cases may be less than 1%.
Equations, model parameters and detailed results
are included in Appendix A. Note that the sedi-
mentation corrections in Table 1 are upper bounds
given the low sedimentation rate assumed for the
initial conditions and choosing the largest correc-
tion possible (Appendix A). We also neglect the
effects of emplacement of hot mass flows.

5.5. Effects of Bathymetry

[28] If the seafloor is flat, we can calculate heat
flow from our temperature measurements and the
one-dimensional (1D) heat conduction equation.
At several sites where we measured temperature,
however, there is significant seafloor bathymetry
with local variations in relief that can exceed
100 m. Variations in bathymetry can alter the sur-
face heat flow relative to that at depth by up to
several percent [e.g., Blackwell et al., 1980]. Cold
ocean water surrounds bathymetric highs. Measur-
ing temperature at bathymetric highs, as we did at
Sites U1396 and U1397, and inferring heat flow
using a 1D model will therefore provide an estimate
that is too low. Similarly, bathymetric lows are
surrounded by sediment that is warmer than ocean
water. At these sites, we will over predict heat flow
if we use a 1D model. To correct for the effects of
bathymetry on heat flow, we use a 3D implicit
finite difference model to calculate conductive heat
flow, accounting for both bathymetry and ocean
temperature variations with depth. We compare the
difference in temperature gradient between the 3D
model and the 1D model to determine the error
associated with bathymetry, and the correction that
must be applied at each site. Further details are
provided in Appendix B.
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Table 4. Heat Flow

Site d7/dz (K/km) Uncorrected Heat Flow Sedimentation Rate Correction Bathymetry Correction
U1395 98.2 £ 8.8 0.101 £ 0.09 W/m? <+1% 0
U1396 693 £ 1.5 0.072 + 0.02 W/m? <+1% +2%
U1397 70.0 £+ 8.8 0.072 £ 0.09 W/m? <+4% +4%
U1398 574 £5.1 0.059 =+ 0.05 W/m? <+4% 0
U1399 65.4 £ 0.9 0.068 & 0.01 W/m? <+4% 0
U1400 529 £ 1.6 0.056 + 0.04 W/m? <+4% +2%

5.6. Computed Heat Flow

[29] Table 4 summarizes the measured temperature
gradients, computed heat flows, and the corrections
to these heat flows for the different sites. To cal-
culate the uncorrected heat flow we multiply the
average measured thermal conductivity by the
measured temperature gradient. We do not evaluate
the heat flow from a regression of temperature
versus cumulative thermal resistance [e.g., Bullard,
1954] because there is no clear and significant
change in k over the depth intervals that we mea-
sured temperature. The primary limitation of our
heat flow values is that they are based on mea-
surements in the upper 50—110 m and, therefore, we
cannot assess the possible influence of deeper,
regional fluid flow. However, we view our data as a
major improvement over the majority of previous
measurements in this region that were mostly based
on temperature measurements in the upper few m
of the seafloor [Langseth and Grim, 1964; Nason
and Lee, 1964; Vacquier and von Herzen, 1964;
Langseth et al., 1966; Epp et al., 1970; Clark et al.,
1978]. Further, we emphasize that we see no evi-
dence in the temperature measurements for advec-
tive disturbance.

6. Comparison With Previous
Measurements and Other Arcs

[30] There are few measurements that characterize
the distribution of heat flow across ocean island
arcs. Here we first compare our measurements with
those elsewhere in and near the Lesser Antilles arc
and then compare the Lesser Antilles arc with other
arcs.

[31] Figure 4a shows our heat flow measurements
on a cross section of the Lesser Antilles arc. We
extend the cross section from the trench and across
the Aves ridge. We also plot all other published
heat flow measurements from this region. These
other sources include measurements from ODP Leg
110 made east of the arc, near the toe of the

Barbados accretionary complex [Fisher and
Hounslow, 1990]. From this cruise, we include
only estimates that include temperature measure-
ments deeper than 50 mbsf and are not thought to
be influenced by advection [Fisher and Hounslow,
1990]. We also include measurements reported in
Langseth and Grim [1964], Nason and Lee [1964],
Vacquier and von Herzen [1964], Langseth et al.
[1966], Epp et al. [1970], and Clark et al. [1978];
all these studies are based on measurements made
within the upper 1 to 14 m of the seafloor and
reported heat flows were not corrected for the
effects of sedimentation and bathymetry. We did not
make such corrections to measurements from pre-
vious studies.

[32] The highest heat flow is confined to a distance
less than 15 km from the axis of the arc. This is
consistent with the width of intruded Lesser Antil-
les arc being ~25 km [Aitken et al., 2011] and
Pleistocene and younger magmatic activity being
focused in a band less than 10 km wide in the study
area [Macdonald et al., 2000].

[33] Overall, our measurements are consistent with
the pattern and magnitude of heat flow measured in
previous studies. The lone exception is the study of
Clark et al. [1978]. Their measurements were based
on probes that penetrated between 1.2 and 3.6 m and
recorded only 2 or 3 temperature measurements. In
addition, Clark et al. [1978] did not measure ocean
temperature. To the east of the Lesser Antilles arc,
Fisher and Hounslow [1990] measured high near-
surface temperature gradients that were much
reduced at greater depth and attributed the steepen-
ing of shallow temperature gradients to advection.
Epp et al. [1970] list several other reasons why
shallow temperature gradients are elevated over
values from deeper holes. One process they cite is
compaction of very porous sediment in the upper
several meters to expel enough pore water to
advectively disturb shallow temperature gradients;
Bethke [1985], however, has shown that the thermal
effects of compaction are very small. We speculate
that advective disturbance may be transient and
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Figure 4. Cross section along line AA’ in Figure 1 showing heat flow data as a function of distance to the arc. Black
curves show bathymetry along this line, with scale on the right. Measurements at U1395 and U1396 are from north of

this cross section (Figure 1). (a) All data. Our measurements
in blue. Data from previous studies: red triangles [Clark et

are shown in white, with corrected values (upper bound)
al., 1978]; yellow triangles [Vacquier and von Herzen,

1964]; green triangles [Nason and Lee, 1964]; yellow squares [Langseth et al., 1966]; green squares [Langseth and

Grim, 1964]; red squares [Epp et al., 1970]; blue squares

[Fisher and Hounslow, 1990]. (b) Measurements from

Clark et al. [1978] removed. Only upper value for our corrected heat flow is shown in Figure 4b. Notice change in
scale for heat flow between Figures 4a and 4b (left axis). Also shown are typical heat flows in the fore arc, arc, and

back arc.

induced by large regional earthquakes. Wang et al.
[2012] have shown that earthquakes can change
the temperature of groundwater by a degree, enough
to affect inferred heat flow over periods of decades
to centuries; however, changes within the upper
few meters would not persist for more than dec-
ades. Deep ocean temperature in the Caribbean has
also been increasing since the 1970s, by about
0.01°C/decade [Johnson and Purkey, 2009]. This is
a small change in temperature, and would act to
decrease near surface heat flow. A more plausible
large source of error may be caused by small fluc-
tuations in ocean bottom temperature, a possibility
raised by Clark et al. [1978]. Seasonal temperature
fluctuations in bottom water temperatures of >0.3°C
at depths of 5 km off Barbados (to the east of the
study area) lead to time varying perturbations in

temperature gradients at 1 m that can exceed 50 °C/
km [Davis et al., 2003], comparable to the back-
ground heat flow. Large seasonal variations in heat
transport through passages between the Lesser
Antilles islands [e.g., Rhein et al., 2005] may induce
larger amplitude variations in temperature; Clark
et al. [1978] measured heat flow in winter, and
shallow temperature gradients will be enhanced by
such seasonal changes in ocean-bottom temperature.
Overall, we downplay the significance of the Clark
et al. [1978] measurements because they are based
on very shallow measurements of 2 or 3 tempera-
tures, and deeper holes in this region find greatly
enhanced temperature gradients at such shallow
depths. In summary, we propose that our data (and
other data based on more or deeper measurements)
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are the most reliable and provide a consistent image
of the regional heat flow.

[34] In Figure 4b we replot all the data except for
those of Clark et al. [1978]. Once we exclude these
data, there is no longer a clear distinction between
the Aves ridge and the Grenada basin. Hence we
cannot use a difference in heat flow to address the
different origin of the crust under the northern and
southern Antilles arc. Where active spreading
occurs in oceanic island back arc basins, such as the
Mariana marginal basin, there is a large and distinct
heat flow signature [Anderson, 1975]. The heat
flow in the Grenada basin, in contrast, is similar to
typical values for oceanic crust older than about
40-50 Ma [e.g., Parsons and Sclater, 1977; Stein
and Stein, 1992; McKenzie et al., 2005]. The
absence of a heat flow anomaly is consistent with
extension in the Grenada basin having ended before
40 Ma [Bouysse et al., 1990]. There is no heat flow
record of episodic spreading with order 10 Ma time
scales that is seen in back arcs of other oceanic
island arcs [e.g., Fackler-Adams and Busby, 1998].

[35] Figure 4b shows the range of typical heat
flows at other arcs, including the Cascades [e.g.,
Ingebritsen et al., 1989; Blackwell et al., 1990],
Andes [e.g., Henry and Pollack, 1988; Springer and
Forster, 1998], central America [Ziagos et al.,
1985], and Japan [e.g., Furukawa et al., 1998].
The back arc and fore arc ranges are based on global
compilations of Currie and Hyndman [2006] and
Stein [2003], respectively. We do not cite all papers,
selecting more recent studies and compilations that
include older ones, as there are far too many to list.
We do not plot the actual measurements as they are
too numerous and show quite a bit of scatter. Scatter
arises from two main sources: first, local variability
associated with hydrothermal and shallow mag-
matic systems which enhance surface heat flow;
second, topographically driven flow at a regional
scale which acts to suppress surface heat flow
[Ingebritsen et al., 1989]. In fact, for both reasons it
can be difficult to reliably identify temperature
gradients that reflect magma and heat delivery from
the mantle and mid to lower crust, leading to sig-
nificant uncertainty even when deep holes are used
[Ingebritsen et al., 1996; Blackwell and Priest,
1996; Manga, 1998]. Instead the boxes we plot in
Figure 4b capture the representative ranges for the
forearc, arc, and backarc. Figure 4b shows that
the Lesser Antilles does not stand out — it is a
typical arc.

[36] Magma productivity over the last several Ma
in the Lesser Antilles arc has been estimated to be

3-5 km>/Ma per km of arc [Sigurdsson et al., 1980;
Wadge, 1984; Macdonald et al., 2000]. These
values, however, may be underestimated by a factor
of about two because they neglect the mass lost in
debris avalanches and other collapses [Boudon
et al., 2007]. For comparison, the continental Cas-
cade Range with a similar subduction angle, sub-
duction rate of about 3 cm/year, and comparable age,
has a magma flux in the range of 10-30 km’/Ma
per km of arc [Ingebritsen et al., 1989; James et al.,
1999]. Nevertheless, we find that the heat flow is
similar, both the absolute value and its spatial varia-
tions. This is consistent with the broad, large-scale
pattern of heat flow reflecting the thermal structure in
the mantle wedge, which is in turn dominated by the
temperature-dependence of mantle rheology [e.g.,
Kelemen et al., 2003]. Similar heat flows at the center
of most arcs (excluding locations where shallow
volcanic and hydrothermal processes dominate) is
consistent with its value being controlled by the
depth at which magma is stored, rather than by
conduction of heat from the base of the lithosphere
[Rothstein and Manning, 2003]. The depth of
protracted magma storage is controlled by the rhe-
ology and density of the crust and magma, typically
10-30 km (2—6 kbar) in continental arcs [e.g., Zandt
et al., 2003; Annen et al., 2006]. In island arcs,
magma is stored at similar pressures: in the Aleu-
tians and Marianas, 2—5 kbar [Baker, 1987], and
2 kbar in the Lesser Antilles [Martel et al., 1998].
In all arcs, including for example Montserrat in the
Lesser Antilles [e.g., Paulatto et al., 2012], there are
also smaller transient storage reservoirs at shallower
depths (<10 km). As there are no dramatic differ-
ences in magma storage depth and temperature,
we should not expect the average heat flow to
vary much from arc to arc, even when the magma
flux varies by an order of magnitude. This expecta-
tion is supported by our heat flow measurements.

7. Conclusions

[37] Our measurements imply a heat flow along the
crest of the active Lesser Antilles arc of about
0.10 W/m?, similar to that at continental arcs with
similar subduction rates, though with much higher
magma fluxes (e.g., Cascades, USA). The region
with the highest heat flow may be confined to a band
that extends less than a couple tens of km from the
axis of the arc, again similar to continental arcs
and consistent with volcanism being confined to a
narrow region. The heat flow in the center of the
Grenada Basin of ~0.06 W/m? is consistent with
both the thick crust and extension during the
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Paleocene [Bouysse et al., 1990]; we do not confirm
the high heat flow inferred from the most recent heat
flow study in the basin [Clark et al., 1978].

[38] Measurements at a limited number of sites
hamper our ability to draw robust, quantitative
conclusions about the thermal structure and evolu-
tion of the Lesser Antilles arc from heat flow mea-
surements. In particular we are unable to compare
the young northern arc with the southern arc that has
been active for over 20 Ma longer. Nonetheless,
measurements from these IODP drill sites provide
a high quality assessment of background heatflow
across the Lesser Antilles and suggest minimal
vertical fluid advection for depths shallower than
~100 mbsf along the Lesser Antilles arc and within
the Grenada Basin.

Appendix A: Correction for

Sedimentation

[39] Sedimentation moves cold mass downward,
and hence decreases heat flow measured in shallow
holes at the seafloor. As a consequence, the heat
flow implied by the measured temperature gra-
dients needs to be corrected for the history of sed-
imentation. Models have been used to make such
corrections, and include the effects of compaction
and expulsion of pore water [Hutchison, 1985] and
additional seepage [e.g., Hutnak and Fisher, 2007].
Here we neglect any fluid flow except for that
caused by compaction, and assume all motion and
heat transfer occurs in the vertical (z) direction.

[40] Heat transfer is governed by the advection-
diffusion equation

—oT o0 |-oT| —oT -

where the overbar indicates bulk quantities, & is
thermal conductivity, p is density, C is heat capac-
ity, u is velocity (defined later in terms of sediment
and fluid velocity), and A4 is the volumetric heat
production rate.

[41] The bulk quantities in equation (A1) depend on
porosity ¢ and are given by

oC = p,, Cop + p,Cs(1 — @) (A2)

m = pw de)uw + pscs(l - QZS)M\ (A3)

and

F = kK~ (A4)
where subscripts w and s denote water and sediment
values, respectively. The model for thermal con-
ductivity (A4) is adopted from previous studies of
marine sediments [e.g., Hutnak and Fisher, 2007,
Harris et al., 2011] and we use k,, = 0.6 W/mK and
ky=2.7 W/mK. We adopt ps = 2800 kg/m’ (similar
to the grain density of the volcaniclastic materials
we sampled), C; = 1 kJ/kgK, and standard values
for water.

[42] We calculate the heat production in units of
W/m® from the measured concentration of K, U and
Th [Rybach, 1988] using

A=10""p, ¢+ p,(1 — $)](9.52cy + 2.56¢7;, + 3.48¢ck)
(AS)

where c¢;; and ¢y, are the concentrations of U and Th
in ppm, respectively, and cx is the concentration of
K in weight percent.

[43] We assume that porosity decreases exponen-
tially with depth

$lz2) = ppe (A6)

between the surface where ¢ = 0.6 and a basement
at depth z = B where ¢ = ¢ = 0.1. We choose the
scaling depth 1/A = 2 km.

[44] Conservation of mass for water and sediment
allow us to relate u; and u,, to ¢,

L o1 -0 =0 (A7)

and

d
e [psuwe] = 0. (A8)

[4s] Equations (A7) and (A8) can be solved with the
boundary condition that the sedimentation rate at the
seafloor is u, and that at z = B, u,,(z = B) = u,(z= B),
to give

1—
le(Z) = Us0 1— Qf()g) (Ag)
and
Uy(2) = g0 1 — iz B, (A10)

[46] We define B to be the depth at which ¢ = 0.1.
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Near-surface heat flow (Q) relative to the heat flow at a depth of 50 km (Qy), as a function of time. At

time zero a sedimentation rate of between 50 m/Ma and 500 m/Ma is prescribed. Initial conditions and other para-
meters are described in the text. Background heat flow is either 0.06 W/m? (solid curves) or 0.1 W/m? (dashed curves);
heat production in sediments is either 0.257 uW/m3 (black curves) or either 0.506 uW/m3 (red curves).

[471 We solve equation (A1) implicitly with a finite
difference method. Spacing of points is 1 m. The
boundary conditions on equation (Al) are 7= 0 at
z =0 and at a depth of 50 km, we fix the heat flow

to QO.

[48] We compute an initial condition by calculating
a temperature distribution in the crust for a specified
Q. We begin the evolution of this crust with depth-
distribution of properties implied by equation (A6)
and no heat production within the crust. We then
allow sediment to accumulate at a rate of 30 m/Ma,
with heat production given by (AS5). The tempera-
ture distribution after 120 Ma for this case is then
used as the initial condition to examine the effect of
sedimentation rate. We chose this age as it repre-
sents the South American plate and is old enough
that a nearly steady heat flow has been reached. We
define this state as = 0.

[49] Figure A1 shows the evolution of heat flow for
sedimentation rates between 50 and 500 m/Ma for
background heat flows of 0.06 and 0.1 W/m?. The
increase in sedimentation rate suppresses surface
heat flow from a couple percent to about 10 percent
over the 5 to 20 Ma period of interest. Close to
steady state conditions are reached by about 10 Ma.

Appendix B: Correction for Bathymetry

[s0] To calculate the effects of bathymetry on heat
flow, we solve the steady heat conduction equation
with a 3D implicit second-order finite difference
scheme that incorporates bathymetric data at each
of the drill sites. We fix thermal conductivity

everywhere to 1 W/mK. The surface upper bound-
ary condition is held constant in time but tempera-
ture varies with bathymetry. We constrain the
relationship between temperature and bathymetry
by averaging measurements from four Conductivity-
Temperature-Depth (CTD) casts collected by Katz
during research cruise RC2906 in 1988, and by
Ewing on research cruise RC1510 in 1972. These
data are unpublished but available from GeoMapApp
(http://www.geomapapp.org), a data distribution site
maintained by Lamont-Doherty Earth Observatory.
At a depth of 1 km below the seafloor, we apply a
constant heat flow of 0.05 W/m?. We use a seafloor
bathymetry with a resolution of 110 x 110 x 12.5m
in the x,y,z directions respectively [Ryan et al,
2009]. Drill sites are located in the middle of each
of these models to minimize the effects of all side
boundary conditions. The initial conditions assume a
1D temperature profile at each of the cells. Heat flow
at Sites U1396 and U1397 are most affected by
bathymetry, with both sites located on bathymetric
highs. The analysis indicates that measured heat
flow at Site U1396 is too low by no more than 2%.
Similarly, measured heat flow at Site U1397 is too
low by no more than 4%. The depth at which peak
differences in temperature occur between 1D and 3D
models is between 50 and 80 m. At all other sites
the seafloor is nearly flat, and bathymetric effects
are negligible.
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