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[1] We analyze available heat flow data from the flanks of the Southeast Indian Ridge
adjacent to or within the Australian-Antarctic Discordance (AAD), an area with patchy
sediment cover and highly fractured seafloor as dissected by ridge- and fracture-parallel
faults. The data set includes 23 new data points collected along a 14-Ma old isochron
and 19 existing measurements from the 20- to 24-Ma old crust. Most sites of
measurements exhibit low heat flux (from 2 to 50 mW m�2) with near-linear temperature-
depth profiles except at a few sites, where recent bottom water temperature change
may have caused nonlinearity toward the sediment surface. Because the igneous basement
is expected to outcrop a short distance away from any measurement site, we hypothesize
that horizontally channelized water circulation within the uppermost crust is the
primary process for the widespread low heat flow values. The process may be further
influenced by vertical fluid flow along numerous fault zones that crisscross the AAD
seafloor. Systematic measurements along and across the fault zones of interest as well as
seismic profiling for sediment distribution are required to confirm this possible, suspected
effect.

Citation: Géli, L., T. C. Lee, J. R. Cochran, J. Francheteau, D. Abbott, C. Labails, and D. Appriou (2008), Heat flow from the

Southeast Indian Ridge flanks between 80�E and 140�E: Data review and analysis, J. Geophys. Res., 113, B01101,

doi:10.1029/2007JB005001.

1. Introduction

[2] Since the first attempt to measure temperature gra-
dients in seafloor sediments [Petterson, 1949], heat flow
data have provided information about the cooling history of
lithospheric plates after their generation at spreading cen-
ters. Since it has been realized, during the early seventies
[e.g., Lister, 1972], that hydrothermal circulation is a
primary mechanism of heat transfer near mid-ocean ridge
crests and off-ridge areas, numerous efforts have been made
to assess advective heat loss through the oceanic crust, for
example, by direct borehole measurement associated with
ocean drilling and by inferences from rock and fluid
geochemistry. A comprehensive collection of reviews on
major advances in heat flow studies and the state-of-the-art
knowledge can be found in the work by Davis and Elder-
field [2004] such as the discoveries of hydrothermal circu-
lation [Sclater, 2004] and geothermal evidence for
continuing circulation in the crust older than 60 Ma [Von
Herzen, 2004].

[3] Now that the mechanisms of heat transfer and water
circulation are better understood, the question is whether or
not the present knowledge opens the way to new experi-
ments, specifically designed for testing geodynamic hypoth-
eses or mapping thermal anomalies within the upper mantle
in areas where significant variations in temperatures are
expected. This study concerns the flanks of the Southeast
Indian Ridge (SEIR), an oceanic domain where mantle
thermal anomalies of �50�C to 70�C are expected between
the Saint Paul/Amsterdam Islands and the Australian-
Antarctic Discordance (AAD) ‘‘cold spot’’ [Weissel and
Hayes, 1974] (Figures 1 and 2). Models describing the
conductive cooling of oceanic lithospheric plates [e.g.,
Davis and Lister, 1974] suggest that the theoretical surface
heat flow on young crust of age t is approximately

q ¼ k Tm � T0ð Þffiffiffiffiffiffiffi
pkt

p ð1Þ

where Tm and T0 are the mantle and surface temperatures,
respectively, k and k are the thermal conductivity and
diffusivity of the crust and/or lithosphere, respectively.
Using commonly accepted lithosphere values (k � 3 W K�1

m�1 and k � 10�6 m2 s�1), equation (1) suggests that an
axial mantle temperature change in Tm of 50� to 70�C will
result in a corresponding change in heat flow of 5 to 7 mW
m�2 along an isochron of age t = 10 Ma. Such magnitude of
estimated changes by conductive cooling is far below the
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anticipated variability due to environmental effects, such as
hydrothermal circulation [e.g., Louden and Wright, 1989].
Here, we present new heat flow data and assess all data
from the SEIR flanks in an attempt to decipher their
implications, in context of all of these causes of variability.

2. Sediment Distribution in the AAD

[4] The distribution of sediment thickness can be
glimpsed along a few regional seismic lines collected with
the Eltanin, Vema, and Conrad research vessels in the mid-
1960s and 1970s over the flanks of the SEIR (see examples
in Figure 3). (Most seismic images are now available on
http://www.marine-geo.org [Carbotte et al., 2004].) Addi-
tional seismic data for the eastern boundary of the AAD
were acquired during surveys over the northern flank prior
to Ocean Drilling Program (ODP) Leg 187, using relatively
light seismic equipment over the seafloor of age between

�14 and 28 Ma during the BMGR05 (1996) and
SOJN05MV (1997) cruises. ODP Leg 187 also provides
direct measurements of sediment thickness at drill sites
(Figure 4). A seismic survey was not conducted during
our Antaus cruise of R/V Marion Dufresne for heat flow
measurements; however, we used a 3.5 kHz profiler to
examine sediment covers when the ship was on heat flow
stations.
[5] The AAD is a major passageway for Antarctic Deep

Bottom Water (ADBW) to flow northward across the barrier
at the South Indian Ridge [e.g., Rodman and Gordon, 1982;
Mantyla and Reid, 1995; Belkin and Gordon, 1996]. This
water forms in the Ross Sea and flows westward along the
margin of Antarctica up to the Kerguelen Plateau, where it
deviates to the north. Then, the ADBW follows the bathy-
metric contours on the southern flank of the SEIR to the
AAD, and finally flow across the ridge to the north. Once
passing the ridge, the water flows westward, following the

Figure 1. Predicted bathymetry in the study area [Smith and Sandwell, 1994]. Thin black lines indicate
isochrons [after Royer and Sandwell, 1989]. The Southeast Indian Ridge, the Australian-Antarctic
Discordance, and the Amsterdam and Saint Paul Islands are labeled as SEIR, AAD, and ASP,
respectively. All stations with more than three temperature measurements within the sediment column are
marked: orange dots for ages <42 Ma, white dots for ages >42 Ma are from the Lamont-Doherty Earth
Observatory (LDEO) database, and green dots indicate Marion Dufresne heat flow sites locations. Yellow
squares are ODP, Leg 187, drilling sites. White lines are magnetic isochrones labeled by anomalies An5,
An6, An13, and An21). Black dots indicate earthquake locations after Engdahl et al. [1998]. The area
enclosed by the red square is expanded in Figure 2.
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Figure 2. Bathymetry in the AAD area, as enlarged from Figure 1. Yellow lines stand for seismic
tracks: ELT35, ELT47, and V33-02. Seismic sections ELT35-56 and V33-02 over the southern flank are
depicted in Figure 3, and the other sections (ELT47-77 and ELT35-55) are available online at http://
www.marine-geo.org/seislink/. Red and green dots indicate heat flow sites from the LDEO database and
from Marion Dufresne, respectively, as flagged with their identification numbers. Yellow squares are
ODP (Leg 187) drill sites [Christie et al., 2004]. ODP data provide a direct measure of sediment
thickness at drill sites and reveal that basalt has been weathered strongly by low-temperature
hydrothermal circulation. Black dots represent earthquake epicenters after Engdahl et al. [1998]. Focal
mechanism diagrams (from Harvard centroid moment tensor) are provided for intraplate earthquakes.
Near 42.69�S and 124.69�E, a strike-slip, Mw = 7.1 earthquake occurred on 12 December 2001. Located
on the 27-Ma old crust, this main shock was followed by numerous aftershocks. These earthquakes
suggest that the tectonic fracturing is an ongoing process, which probably results in raising gross
permeabilities of the oceanic crust.
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Figure 3. Selected seismic sections from the southern flank (see profile locations in Figure 2). (a) Line
V33-02, with location of heat flow sites V33-06, V33-07, and V33-08. Note that the seismic acquisition
was interrupted between sites V33-06 and V33-07, which are spaced �200 km apart. (b) Section
ELT035-55. The depth scale on the right is in fathoms (1 fathom = 1.83 m). Original seismic images are
available on line at http://www.marine-geo.org/seislink.
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bathymetric contours on the northern flank of the ridge.
Along the flow path, the water scours the seafloor sediments
and redeposit the sediment load as contourites [Dezileau et
al., 2000]. Such scourings explain the depletion of sediment
cover within the depressions of the ridge flanks with ages
up to 20 to 25 Ma.
[6] Seismic lines ELT35 and V3302, which cross the

north-south trending fracture zones on the 22-Ma old
seafloor (Figure 4), provide some indications on the sedi-
ment distribution in the southern flank of the AAD. Along
both lines, the sediments appear to drape over topographic
highs. The sediments are siliceous oozes that are deposited
in the valleys and swept away by the scouring bottom
currents, both at the local and regional scales. This inter-
pretation is supported by the fact that it is easier to core at
topographic highs in the AAD area than in the valleys, as
evidenced by frequent bending of corer upon penetration
into the consolidated valley sediments (J.-L. Turon, personal
communication, 2000).

3. Review of the Existing Data (30�–60�S;
70�–140�E)
[7] The database from the Lamont-Doherty Earth Obser-

vatory (LDEO) includes temperature measurements, esti-
mates of geothermal gradients, sediment conductivity, and
heat flux values, as well as information on data quality and
errors. Other workers kindly provided additional and orig-
inal data (which do not include error estimates or individual
probe temperatures): K. Louden from Dalhousie University
[Louden and Wright, 1989], C. Stein from Northwestern
University [e.g., Stein and Stein, 1992, 1994], and A.
Goncharov from Geoscience Australia. The latter provided
a compilation from Australia that was originally reported by
the Australian Geodynamics Center [Somerville et al.,
1994]. The full database used in this paper is provided in
the auxiliary material.1

[8] The SEIR flanks, together with the Pacific-Antarctic
Ridge flanks, appear to be one of the least covered regions
of the world ocean in heat flow measurements. In our study
area (30�–60�S; 70�–140�E), only a total of 111 data points

were collected from this area of 16 millions square kilo-
meters, mainly during the mid-1960s and early 1970s. Most
results have been published [Von Herzen and Langseth,
1966; Langseth and Taylor, 1967; Hyndmann et al., 1974;
Anderson et al., 1977, 1979]. See also the review of heat
flow measurements at drill sites by Pribnow et al. [2000].
[9] About 70% of those data were measured with the

Ewing-type probes and the rest were acquired either with
the Bullard-type probes or in boreholes. In a Ewing-type
probe, temperature sensors are attached with outriggers onto
a 6- to 15-m-long coring pipe. This allows retrieval of cores
for conductivity measurements and other analyses. In con-
trast, no core can be taken with the Bullard-type probe,
which consists of a 2-m-long tube, embedded with two or
three thermal sensors (recent probes contain more sensors).
Here, we exclude data sets that were based on only two
sensor probes because of the inherit inability to assess
vertical variability in geothermal gradient; we retain the
data at 40 stations with at least three temperature measure-
ments in the sediments. Among the 40 stations, 21 (iden-
tified as white dots in Figure 1) were located near the
borders of the oceanic basins (mostly near the Southern
Australia margin and near the Broken Ridge or near the
Kerguelen Plateau margin), on crust older than about 55 Ma.
The remaining 19 (green dots in Figure 1) were collected on
crust younger than 31 Ma, hence poorly sedimented [e.g.,
Goodell et al., 1973; Hayes, 1991]. The data distribution
with respect to the underlying crustal age is not uniform: 17
out of the 19 measurements were from the 15- to 31-Ma old
crust on the ridge flanks, and 2 were over the crust of less
than 2 Ma old (Figures 1 and 2). These measurements
resided in rough terrain [e.g., Anderson et al., 1977], which,
according to the classification by Sclater et al. [1976], falls
into category D (‘‘sediment ponded between or next to an
obvious outcropping basement high’’) or at best, category C
(‘‘rough topography with a thin or variable sediment cover’’).
All measured heat flows (qm) are lower than the theoretical
value, qc, prescribed by conductive lithospheric cooling
models (based on equation (1)). In addition, most tempera-
ture profiles from the ridge flanks are fairly linear, except
three at V33-003, V33-006, and C9-102 (Figure 5). If we
exclude the twomeasurements (C8-048 and C8-058) over the
very young crust (1.5 to 1.6 Ma old) and the three measure-
ments displaying nonlinear geotherms (V33-003, V33-006,
C9-102), the ratios of qm/qc range between about 35 and 55%
(Figure 6).

4. New Data From R/V Marion Dufresne

4.1. Site Overview

[10] R/V Marion Dufresne is a 130 m long, multipurpose
vessel, equipped with an array of bathymetry and imagery
systems and with facilities for taking up to 65-m-long cores
for investigation of sediments such as paleoclimatic records.
During the 2000 Antaus cruise, we took the opportunity to
collect high-quality thermal measurements at 22 stations
(out of 25 attempts) and 14 gravity cores from the flanks of
the Southeast Indian Ridge. Additionally, during the 2002
Carhot-Swift cruise, thermal measurements were made at
three stations along with two gravity cores from the south-
ern flank of the Southeast Indian Ridge. These 25 measure-
ments were made at 11 sites (Table 1): 1 near 130�E (east of

Figure 4. In situ sediment thickness directly measured at
ODP187 drill sites versus crustal age (site locations are
marked by yellow squares in Figures 1 and 2).

1Auxiliary materials are available at ftp://ftp.agu.org/apend/jb/
2007jb005001.
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Figure 5a. Sediment temperature (�C) profiles versus depth from the LDEO database for data points
from the crust older than 43 Ma. Depths are in meters below seafloor (assuming full probe penetration).
N and S indicate north and south flanks, respectively.
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the AAD), 4 between 126� and 119�E (within the AAD),
and 6 between 113�E and 86�E (west of the AAD). At each
site, we conducted a local topographic survey using Marion
Dufresne’s multibeam and 3.5 kHz echo sounder facilities
over an area of about 400 km2 centered on the coring station
(Appendix A). All sites were located along the 14-Ma
isochron, except MD02-2486 on the 20-Ma old crust in
the southern flank. The 14-Ma isochron was chosen in
consideration of three factors: (1) The theoretical variations
of Tm/

p
t, if any, are of higher amplitude and more resolv-

able through young crust rather than through old crust.
(2) The variability of heat flow caused by hydrothermal
circulation is likely more pronounced over the younger,
unsedimented crust. (3) The greatest variations in mantle
temperature (Tm) are expected along isochrones younger
than 25 Ma, after the onset of the numerous fracture zones
that characterize the present-day AAD [e.g., Marks et al.,
1999].

4.2. Temperature and Conductivity Measurements

[11] We made heat flow measurements (Figures 7a and 8)
using nine autonomous digital temperature probes fitted on

an 18-m-long, 13-cm-diameter, gravity corer. Full penetra-
tion of 18 m was common. At some lowerings, we made
multiple entries into the sediments for pogo-like thermal
measurements. Because of frictional heating produced by
the penetration of each probe, we recorded the temperature
for 7 min and extrapolated it to infinite time to yield the
ambient, equilibrium temperature in the unperturbed sedi-
ment [e.g., Langseth, 1965]. The equilibrium temperature
was also derived using Lee’s inversion method [Lee and
Von Herzen, 1994; Lee et al., 2003].
[12] The thermal conductivity of sediments was measured

onboard R/V Marion Dufresne using the needle probe
method [Von Herzen and Maxwell, 1959], with one mea-
surement every 37.5 cm along the sediment core. The
calculation of heat flow using such measurements, however,
is susceptible to uncertainties and potential errors [e.g.,
Jemsek and Von Herzen, 1989]. (1) The shipboard needle-
probe conductivity values require correction for in situ
temperature and pressure at the ocean bottom. (2) The
coring process probably disturbs the physical properties of
the sediment sample. (3) The gravity cores collected with
Marion Dufresne did not exceed 70% of the barrel pene-
tration depth, except at site MD00-2375 where a full core

Figure 5b. Same as Figure 5a except for data points from the northern ridge flank, with crustal ages
ranging between 15 and 31 Ma.
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was retrieved. Thus measurements on a partially recovered
core do not necessarily correspond with the sediment
intervals over which the geothermal gradients are deter-
mined. To avoid this shortcoming, we have also estimated
the in situ horizontal thermal conductivity by modeling a
cooling probe subsequent to its penetration into sediments,
using the method developed by T. C. Lee [e.g., Lee et al.,
2003]. Table 1 displays average conductivity values; the
Lee’s and needle-probe values deviate less than 5% from
each other. The relatively low conductivity values are
probably due to high porosity (�70 to 80%) and water
content in the core samples (made at Ifremer sediment core
lab measurements are provided as additional material).

4.3. Heat Flow Estimates

[13] Heat flow has been estimated using two different
methods. The first method consists in multiplying the
average gradient by the average conductivity. The second
one (described in the appendix) takes advantage of Lee’s
method, which provides thermal conductivity measurements
collocated with thermal measurements (the classical cumu-
lative resistance method has not been used because the

conductivity measurements obtained on core samples with
the needle probe method are not collocated with tempera-
ture measurements). Results are listed in Table 1. The
differences do not significantly alter the conclusions of
the present work.

4.4. Changes in Bottom Water Temperature

[14] Nine temperature-depth profiles exhibit departure from
linearity toward the sediment surface (Figures 7 and 8):
MD002363, MD00-2365-1, MD00-2365-2, MD00-2368-1,
MD00-2368-2, MD00-2369-1, MD00-2369-2, MD00-2371-
1, and MD00-2372-1. At these sites, the measured bottom
water temperature is different by about 0.02 to 0.07�C than
the ‘‘intercept temperature’’ from the straight line that best
fits the deep temperature-depth curve. To assure the nonlin-
earity in geotherms at those sites have not resulted from
artifact, we note that the temperature was essentially mea-
sured redundantly at ‘‘each depth’’ with a pair of sensors
spaced 64 mm apart. The consistency in reading for each pair
ruled out the possibility that sensor malfunction is a cause for
the mismatch between the bottom water temperature and
intercept temperature. After each station occupation, an

Figure 5c. Same as Figure 5a except for data points from the southern ridge flanks, with crustal ages
ranging between 1.5 and 23 Ma.
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onboard test of the temperature recorder indicated there was
no systematic error due to thermistor calibration or drift.
Local perturbations of the coring system cannot explain that
departure from linearity are observed at nine stations sys-
tematically on the upper two temperature sensors.
[15] After dismissing instrumental malfunction as a

cause, we consider three plausible causes or their combina-
tions to explain the nonlinearity.
[16] 1. The temperature-depth relation can depart from

the linearity in response to inhomogeneity in conductivity
for a given conductive heat flux. The observed or inferred
conductivity variations, however, is insufficient to account
for the extent of departure.
[17] 2. The seawater could have circulated to the upper

part of the sedimentary column to raise or depress the
‘‘conductive’’ thermal gradient. In this case, the circulation
depth would have to be limited to depths penetrated by the
top one or two sensors where significant nonlinearity
occurs. Furthermore, it would be fortuitously unlikely that
local, shallow circulation cells can cause the intercept
temperatures to be consistently higher than the bottom water
temperatures at those seven sites spaced tens of miles apart.
[18] 3. Finally, in the next paragraph, we explore whether

a recent drop in bottom water temperature [e.g., Davis et al.,
2003] can cause the bottom water temperature to be less
than the intercept temperature, as argued hereafter.
[19] First, we examine whether the artifact in data col-

lection can contribute to the mismatch. If the corer has fully
penetrated the sediments such that the water temperature
sensor sits exactly atop the sediments, the observed differ-
ence signals a recent drop in bottom water temperature of
similar magnitude. However, the corer penetration is most

likely partial and the bottom water temperature will be
greater than a misconstrued intercept temperature, which
is contrary to our observation even if the bottom water
temperature has not risen recently. Hence, in case of partial
penetration, the difference is the minimum that bottom
water temperature could have dropped recently. On the
other hand, if the corer over penetrates the sediments, the
intercept temperature will be greater than the bottom water
temperature recorded with a sensor remaining above the
sediments. In such case, the observed difference mentioned
above would be an artifact, rather than a consequence to any
suspected bottom water temperature drop. Our examination
of the corer revealed no over penetration, so we are led to
favor the hypothesis of a recent drop in bottom water
temperature.
[20] The temperature distribution T(z, t) at depth z and

time t subsequent to a sudden change DT in the bottom
water temperature can be described by

T z; tð Þ ¼ T0 þ GzþDTerfc
z

2
ffiffiffiffiffiffi
kst

p
� �

ð2Þ

where G is the undisturbed geothermal gradient, T0 is the
surface temperature for t < 0, ks is the thermal diffusivity of
sediments, and erfc(x) is the complementary error function
of argument x. If this hypothesis is correct, the thermal data
are compatible with changes in bottom water temperature of
0.02�C to 0.07�C that could have occurred between one half
month and 1 year before the measurement was made.
[21] The thermal probes used during the Antaus and

Carhot cruises were attached with pressure sensors to

Figure 6. Variations of heat flow with longitude for Marion Dufresne (MD) and LDEO data sets: (left)
Measured heat flow, qm; (right) ratio of measured to predicted heat flow, qm/qc. The predicted heat flow is
calculated using expression (1) with k � 3 W K�1m�1 and k � 10�6 m2 s�1 and a constant, arbitrary
mantle temperature of Tm � 1350�C (qc � 410/

p
age mW m�2). Strictly speaking, Tm decreases by

�50�C to 70�C between 80�E and 125�E.
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Table 1. Summary of Thermal Measurements From the Southeast Indian Ridge Flanks between 70�E and 140�Ea

Latitude Longitude Label

Water
Depth,
m

Age,
Ma

Needle
Probe Lee

Gradient,
K km�1

Condition,
W m�1 K�1

HF,
mW m�2

Gradient,
K km�1

Condition,
W m�1 K�1

HF,
mW m�2

LDEO
�56,1 131,917 V33-4 4402 22.2 38 0.63 24
�56,217 134,017 V33-3 4130 22.8 21 0.63 13
�54,483 119.933 V33-6 4029 20.2 14 0.64 9
�54.467 122.9 V33-7 4514 19.7 56 0.63 35
�54.533 125.333 V33-8 4679 19.8 44 0.68 30
�51.083 129.967 C8-58 3442 1.5 37 0.88 33
�45.417 121.117 C9-105 4400 14.9 61 0.78 47
�45.017 132.75 C9-102 4675 17.6 7 0.78 5
�44.767 92.417 C8-48 3219 1.6 65 0.99 64
�44.2 133.583 V33-2 4708 21.3 37 0.76 28
�43.5 118.517 V33-13 4423 23.3 49 0.73 36
�43.5 122.433 V33-12 4728 21.5 39 0.69 27
�43.5 123.917 V33-11 4543 20.9 44 0.70 31
�43.5 126.1 V33-10 4684 20.7 33 0.70 23
�43.5 127.8 V33-9 4816 20.8 51 0.67 34
�43.067 134.367 V33-1 4905 25.3 72 0.75 54
�41.367 114.133 C9-108 4396 28.7 38 0.74 28
�39.383 104.367 C8-51 4429 31.5 24 0.79 19
�37.983 86.65 C11-64 3766 17.6 42 1.11 46

Antaus
�45,452 123.455 MD002362 4740 13 11.8 0.68 8 16.9 0.72 13
�45,443 123.536 MD002363 4520 13 7.8 0.73 6 5.8 0.71 4
�45,520 123.549 MD002364-1 4380 13 31.9 0.72 23 39.6 0.71 27
�45,522 123.561 MD002364-2 4390 13 39.6 29 44.8 0.73 32
�44,916 125.572 MD002365-1 4700 14 64.9 0.70 45 69.8 0.66 46
�44,925 125.581 MD002365-2 4700 14 47 33 52.8 0.71 36
�44,944 125.426 MD002366-1 4450 14 11.6 0.79 9 5.3 0.76 4
�44,950 125.429 MD002366-2 4450 14 10.6 8 9.8 0.71 7
�45,894 129.963 MD002367-1 4380 14 66.8 0.8 53
�45,968 130.018 MD002368-1 4500 14 45.9 0.76 35 47.2 0.71 33
�45,973 130.020 MD002368-2 4490 14 37.4 28 37.2 0.63 24
�45,279 120.027 MD002369-1 4430 14 8 0.72 6 3.1 0.69 2
�45,284 120.038 MD002369-2 4430 14 7.9 6 6.7 0.74 5
�45,383 119.866 MD002370-1 4240 14 20.8 0.79 16 27.0 0.70 19
�45,384 119.865 MD002370-2 4230 14 22 17 28.3 0.74 21
�45,386 119.870 MD002370-3 4215 14 21.3 17 26.3 0.73 19
�45,398 113.492 MD002371-1 4120 14 22.9 0.78 18
�45,404 113.495 MD002371-2 4120 14 26.8 21
�44,137 105.825 MD002372-1 3840 14 51.3 0.88 45 55.4 0.59 33
�44,145 105.828 MD002372-2 3800 14 45.7 40 46.3 0.64 30
�43,481 99.988 MD002373-2 3753 14 48.3 0.96 46
�45,713 86.750 MD002375 3500 14 69.8 0.80 56

Carhot
�47,003 89.112 MD022486-1 3380 20 33.4 0.76 25
�47,003 89.110 MD022486-2 3406 20 33.8 26
�46,478 88.022 MD022487 3489 14 21.0 0.70 15

aCrustal age is <42 Ma. Conductivity and heat flow were computed using the Lee’s method for a number of sites collected during the Antaus cruise. The
listed results allow comparisons between two different methods. A comprehensive table including all temperature and conductivity data from the study area
(70�E–140�E/30�S–70�S) is available in the auxiliary material. HF, heat flow.
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Figure 7. Thermal measurements obtained with R/V Marion Dufresne on the northern flank of the
SEIR (see Table 1). The equilibrium temperature, the thermal conductivity, and the thermal diffusivity of
the sediments were obtained by inverse modeling the first minute of the cooling curve (temperature
versus time) after the penetration of the core.
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measure pressure and hence temperature-depth profiles
within the water column. These profiles show that the
bottom water is colder by 0.1 to 0.2�C within or near the
AAD (Figure 9). A current meter mooring at 4525 m depth
at 47�29.80S and 124�04.60E within the AAD recorded a
mean flow of 3.5 cm s�1 in the northwest direction,
consistent with the inferred transfer of cold water from the
south into the South Australian Basin [Rodman and Gordon,
1982; Jacobs et al., 1974]. The small-scale bottom roughness
within the AAD probably affects the turbulent eddy diffu-
sivity [Mauritzen et al., 2002] and the mixing process
through drag on bottom currents at length scales shorter
than �10 to 20 km [e.g., Kunze and Llewellyn Smith, 2004].
Local changes in bottom water temperatures can thus occur

at various time and spatial scales, causing the observed
change in temperature gradient near the sediment/water
interface.

5. Heat Flow Data Analysis

5.1. Lateral Heat Transfer by Channelized Water
Circulation Within the Upper Crust

[22] The seafloor in the AAD is very rugged and the
sediment cover is patchy. The discontinuous sediment cover
allows hydrothermal fluid to vent through the fractured
outcrops of igneous basement. The hydrothermal circulation
under the sediment cover can effectively remove heat
energy to lower the conductive heat flow (Table 1), which
can be measured only in the sediments. The fact that the

Figure 7. (continued)
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measured heat flux is much less than the value expected of a
conductive cooling model lends credence to a claim of
significant advective heat transfer in the upper crust
(Figure 6).
[23] To explain low heat flow anomalies from the Brazil

basin, Langseth and Herman [1981] proposed a simple heat
exchanger model, in which cold seawater penetrates into the
upper, permeable crustal layer through faults and flows
laterally until it discharges at the seafloor. This model has
been shown to be very efficient in removing heat from the
ocean crust in many case studies [e.g., Davis et al., 1999].
Fisher and Becker [2000] showed that it is possible to use a
‘‘channelized fluid flow model’’ to reconcile permeability
measurements in the uppermost oceanic crust and heat flow
data. In this model, the measured heat flow qm decreases
with increasing distance x from the water intake as

qm xð Þ ¼ qc 1� e
x b=2ð �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
4
þ ks

kbhbhs

q2
4

3
5 ð3Þ

where b = urwCp/kb, u is the horizontal flow velocity, kb is
the basement thermal conductivity, and rw and Cp are the
density and heat capacity of seawater, respectively, and qc is
the theoretical, conductive heat flow. Langseth and Herman
[1981] noted that the measured heat flow, qm(x) and qc, can
be substituted for T(x) and T1, where T1 is the temperature
that would be expected at the base of the aquifer in the
absence of water circulation. The horizontal fluid velocity
can be expressed as a function of the pressure gradient using
a form of Darcy’s law

u ¼ � x
m
DP

Dx
ð4Þ

where x is the medium permeability, m is the fluid viscosity,
and DP is the fluid pressure difference over Dx, which
represents the lateral distance between the intake and the
outlet of seawater circulation. Fisher and Becker [2000]
write DP as a function of the fluid density difference Dr
between downflow and upflow zones:

DP

Dx
¼ Dr

Dx
g hs þ hbð Þ ð5Þ

where hs and hb are the thickness of the sediment layer and
the permeable basement layer, respectively, and g is the
gravitational acceleration. The density difference is propor-
tional to a, the fluid thermal expansion coefficient

Dr ¼ �arwT1 ð6Þ

[24] We have used two different values for Dx (12.5 and
25 km) and two different values for hb (hb = 500 m and
1000 m; hs = 150 m), with a set of basement permeabilities
varying from 10�13 to 10�9 m2 (Figure 10). With m = 1.3 

10�3 kg m�1 s�1, the model indicates that heat removal by
lateral flow of water is 50% that of lithospheric cooling at
distances more than 10 km away from the downflow intake
zone if the bulk permeability is greater than �10�10 m2 and
hb = 1000 m, or if the permeability is greater than �10�9 m2

and hb = 500 m. These orders of magnitude are consistent
with the findings by Fisher and Becker [2000]. The model,
however, is best used where there is dominantly sediment-
covered basement, with a small number of outcrops (or a
small area of basement exposure), and a one-dimensional
flow path. In the present study area, there is mostly outcrop
across huge areas and a few sediment patches. It is hence

Figure 7. (continued)
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Figure 7. (continued)
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difficult to figure out what this model actually means in
such context.

5.2. Possible Cooling by Vertically Channelized
Seawater Circulation Along Faults

[25] Because the AAD seafloor is poorly sedimented and
highly fractured with ridge-parallel and ridge-perpendicular
faults, we propose that other effects, specific to the study
area, could also play a role to explain the low heat flux. For
instance, consider sites MD00-2362 and MD00-2363, lo-
cated in or near an elongated trough, deeper than 4800 m.
This trough is likely a surface expression of a ridge parallel
fault (Appendix A). At these two sites, conductive heat flow
values as low as 12 and 4 mW m�2 were measured,
respectively (Figure 8). Fed continuously by cold seawater
into the fault zones, the circulating water could cool a
substantial fraction of the crust (Figure 11).
[26] It is also interesting to note that the heat flux

variability within the AAD is – from a statistical point of
view, higher on 14 Ma crust than on 22 Ma old crust. On
�14 Ma old crust, there are 12 data points with heat flux
ratio (qm/qc) ranging between 4% and 45%. On 22 Ma crust,
the heat flux is small but the data dispersion is surprisingly
small (between 35% and 55%). Although there are a very
limited number of points in the database, we think that this
could have something to do with crustal cooling by verti-
cally channelized water circulation along faults.
[27] This hypothesis is not farfetched, considering that a

significant permeability contrast of 3 to 5 orders of magni-
tude exists at continental faults between the ‘‘damage
zones’’ and the surrounding crustal rock [e.g., Ben Zion et
al., 2003; Lockner et al., 2000]. Under the seafloor, water
could penetrate not only through the main active fault but
also through parallel subsidiary faults, each having a dam-

age zone of a few hundreds meters wide and a common root
base at depth. Here, we postulate that this root could be
located within the lower crust. The occurrence of intraplate
earthquakes within the AAD suggests that the oceanic crust
fractures frequently, which may maintain high permeabil-
ities near intraplate fault zones. The fracturing could have
been ongoing over the last 25 Ma.
[28] Because of self-sealing by chemical deposition along

the flow path, water circulation may not persist to a steady
state. Self-sealing, however, would be a problem only if the
fluid were heated significantly after entering the crust. For
deep circulation that chills the crust as proposed here, there
would be little or no sealing. For deep circulation at higher
temperatures, a plugged fault can be rejuvenated for renewal
of water flow by crustal fracturing. If a fault zone consists of
a number of parallel faults with a common root at depth,
there could be a ‘‘perpetual’’ pattern of alternate closing and
opening of water circulation through various subsidiary
faults. Within the AAD area, the faulting pattern of criss-
crossing ridge-parallel and -perpendicular faults could allow
the entire crust and perhaps the upper mantle to cool
effectively by seawater circulation.

6. Conclusion

[29] In the absence of the detailed documentation of base-
ment topography and sediment thickness distribution, it is
difficult to interpret the data quantitatively. Rugged basement
topography and strong bottom currents have resulted in a
patchy sediment cover, however, and lateral heat transfer by
horizontally channelized water flow within the upper crust is
likely to be the primary cause of low heat flow throughout the
AAD. Low regional heat flow is known to occur in other areas

Figure 7. (continued)
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Figure 8. Temperature profiles obtained with R/V Marion Dufresne on the southern flank of the SEIR
(see Table 1). The sediment equilibrium temperature was obtained using the classical method [Langseth,
1965].

Figure 9. Hydrographs in the water column [after Labails, 2001]. Each thermal probe is attached with a
pressure transducer for depth measure.
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with rugged seafloor and discontinuous sediment cover [e.g.,
Fisher and Becker, 1995; Davis et al., 1997].
[30] In addition to being discontinuously sedimented, the

AAD area is highly fractured, with ridge-parallel and -
perpendicular faults. Seawater could circulate along numer-
ous faults, possibly down to the base of the crust. So, in
addition to the heat removal by horizontally channelized fluid
flow, circulation of water along the numerous vertical fault
zones can further reduce heat flow. This process has yet to be
directly documented. Confirmation would require systematic,
closely spaced heat flow measurements along and across
fracture zones, with detailed seismic mapping of sediment
thickness. With these constraints, quantitative modeling of
the heat flow distribution could lead to a better understanding
of hydrothermal circulation in the ridge flanks and within
fracture zones.

Appendix A: Description of R/V Marion Dufresne
Heat Flow Sites

A1. Site 1, East of the AAD Near 45�570S, 130�E
[31] This site is located near ODP Drill Site F1159,

150 km to the east of the fracture zone that delineates the

eastern boundary of the AAD (Figure A1). The ODP site
was located in a valley containing 145 m of sediments. The
topography is marked by a succession of abyssal hills and
valleys, oriented N100� over an area about 8 km wide. The
hills reaching depths of about 4200 m are demarcated by
highly reflective, prominent escarpments that bound elon-
gated troughs about 1 km wide, 10 km long, and 4,800 m
deep. One core (MD00-2368) was taken about 4 km away
from the axis of a trough. The two thermal measurements at
this core site exhibit linear thermal profiles (with average
thermal gradient of about 46 and 37 K km�1, respectively),
except near the sediment surface.

A2. Site 2, Within the AAD, Near 44�550S, 125�300E
[32] Located within segment ‘‘B4’’ of the AAD, site 2 is

characterized by 5,000 m deep, N100� oriented narrow
troughs (<3 km wide and 10 to 15 km long), alternating
with 2- to 4-km-wide abyssal hills with their tops at 4300 m
depth (Figure A2). One core (MD00-2365) came from a
relatively flat area, 8 km away from the nearest trough. Two
thermal measurements yielded an average temperature gra-
dient of 65 and 47 K km�1 each. Another core (MD00-
2366) was retrieved less than 4 km away from a deep

Figure 10. Model results showing thermal effects of water flowing laterally within the upper permeable
crustal layer, based on work by Langseth and Herman [1981] and Fisher and Becker [2000]. Surface heat
flow as normalized by qc is plotted versus distance from water intake.Dx is the half distance between two
successive zones of water upflow (Dx = Lmax/2). Two cases are displayed, for Dx = 12.5 km and 25 km,
respectively. Different values of permeabilities (k) within the fault are considered, from 10�13 to 10�10

m2. Curve labels indicate �log(k). The permeable layer thickness (hb) is equal to (top) 500 m and
(bottom) 1000 m. Viscosity of water (m) is assumed to be equal to 1.3 
 10�3 kg m�1 s�1.
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Figure A1. A swath of bathymetry collected with R/V Marion Dufresne during the Antaus Cruise (see
sites description in Appendix A) showing bathymetry in the vicinity of sites 367-1, 368-1, and 368-2.

Figure 11. Cartoon for the hydrological model. Seawater circulation within the upper crustal layer is
horizontal and controlled by basement topography. Within the lower crustal layer, seawater may occur
along faults planes (ridge-parallel and ridge-perpendicular), down to the base of the crust.
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Figure A2. Same as Figure A1 except for bathymetry in the vicinity of sites 362-1, 363-1, 364-1, and
364-2. The measured values of heat flow (13 and 4 mW m�2) over the topographic lows (MD00-362 and
MD00-363) are smaller than those (32 and 44 mW m�2) found at site MD00-2364 over topographic
highs.

Figure A3. Same as Figure A1 except for bathymetry in the vicinity of sites 365-1, 365-2, 366-1, and
366-2. The measured values of heat flow (4 and 7 mW m�2) over the topographic high (MD00-366) are
smaller than those (46 and 36 mW m�2) found at site MD00-2365 over in the topographic lows, opposite
to the trend in Figures A2 and A4.
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trough, probably near an escarpment. The two thermal
gradients measured near the latter core site were much
lower (12 and 11 K km�1, respectively).

A3. Site 3, Within the AAD, Near 45�270S, 123�270E
[33] Site 3 was located on the 14-Ma crust, within

segment ‘‘B2’’ of the AAD, at about middistance (more
than 60 km away) from two major fracture zones
(Figure A3). The seafloor is very rough, characterized by
lens-shaped abyssal hills oriented N100�, 20 to 30 km long
and 7 to 8 km wide and separated by 5-km-wide valleys.
The hills are separated by prominent escarpments from
elongated troughs with depths deeper than 5000 m. Two
cores (MD00-2362 and MD00-2363) were taken near a
trough. The site yielded two consistent temperature gra-
dients of about 8 mK m�1 each. Whereas, two measure-
ments at the third core station (MD00-2364) atop a nearby
abyssal hill yielded much greater temperature gradients of
32 and 40 K km�1 each.

A4. Site 4, Western Edge of AAD, Near 45�200S, 120�E
[34] Located near the western limit of the AAD (about 25

km to the west of a fracture zone that crosses the ridge axis
near 120�300E), site 4 exhibits a rough seafloor dotted with
a few fossil structures that probably have resulted from axial
reorientations during the last 14 Ma (Figure A4). The area is
characterized by a series of alternating abyssal hills (4 km
wide, 15 km long, below 3,800 m depth) and narrow

valleys. One core station (MD00-2369), from a depression
on the flank of an abyssal hill, yielded low-temperature
gradients of about 8 K km�1. A second core site (MD00-
2370) atop a topographic high yielded three relatively
higher thermal gradients of about 21 K km�1.

A5. Site 5, Near 45�240S, 113�300E
[35] Bordered by sharp escarpments, the abyssal hills

around site 5 are 7 to 9 km wide. One core (MD00-2371)
was recovered from a relatively flat depression, about 4 to
5 km from the nearest escarpment. Two modest temperature
gradients were measured, 23 and 27 K km�1, respectively.

A6. Site 6, Near 44�080S, 105�490E
[36] Site 6 was located near two existing seismic lines

ELT49 and ELT50 (http://www.marine-geo.org/seislink/)
which revealed a sedimentary lens of 200 to 300 m thick.
One gravity core (MD00-2372) was taken from a 3800-m-
deep flat area, which turned out to be underlain by indurated
sediments in a channel incised by bottom currents. The
corer bent during the second pogo penetration. Two tem-
perature gradients were obtained, 51 and 46 K km�1.

A7. Site 7, Near 43�300S, 100�E
[37] This site was located on a 14-Ma old crust, in an area

where the Eltanin seismic sections (http://www.marine-geo.
org/seislink/) exhibit a nonuniform, 300- to 400-m-thick

Figure A4. Same as Figure A1 except for bathymetry in the vicinity of sites 369 (369-1 and 369-2) and
370 (370-1, 370-2, and 370-3). The measured values of heat flow (2 and 5 mW m�2) over the
topographic lows (MD00-369) are smaller than those (19, 21, and 19 mW m�2) found at site MD00-2370
in the topographic highs.
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sediment cover that drapes over the topographic highs. The
seafloor is characterized by abyssal hills, oriented N45�, at
depth less than 200 m. According to the classification of
Sclater et al. [1976], the site falls into category ‘‘B’’ of
seafloor relief. One gravity core (MD00-2373) was taken
from a 3,800 m deep, flat area underlain by indurated
sediments. The corer bent at the first penetration. One
temperature gradient was obtained, 48 K km�1.

A8. Sites 8, 9, and 10 on the Southern Flank of the
SEIR

[38] These sites were selected for their high sedimentation
rates and relevance for paleoceanographic studies. Core
MD00-2375 (17.5 m long) was taken from a relatively flat
area, almost uniformly covered by a sediment blanket over
200 m thick, based on information provided by a near-by
seismic line (http://www.marine-geo.org/link/data/image/
seismic_reflection/ELT47/panels2/011.jpg). The site
yielded a linear profile with a temperature gradient of
70 mK m�1. Temperature gradients as low as 33 and
21 K km�1 were measured at core sites MD02-2486 and
MD02-2487, respectively.

Appendix B: Thermal Conductivity and Heat
Flux Measurements Using Lee’s Method

B1. Thermal Conductivity

[39] The in situ horizontal thermal conductivity has also
been estimated by modeling a cooling probe subsequent to
its penetration into sediments [Lee et al., 2003]. The idea of
using the cooling history of a friction-heated probe for
estimating in situ conductivity has floated around ever since
the first set of marine heat flow measurements were made
[Bullard, 1954]. However, it was not feasible to test the idea
with analog data or coarsely sampled digital data. Lee and
Von Herzen [1994] first demonstrated the feasibility with a
trial-and-error nonlinear inversion. A decade later, Lee et al.
[2003] improved the methodology with finely sampled data
and by incorporating a genetic algorithm (GA) to initialize
input parameters for inverse modeling (IM) the first minute
record of a cooling probe (60 points at 1 s sampling
intervals), as simulated by finite element analysis (FE).
(Here, the first 3 min of records was used for 36 points at
5 s sampling intervals.) The model in situ conductivity
values in their test cases agree with the corresponding
needle-probe values to within the measurement errors for
needle probes.
[40] Slightly modified for modeling efficiency, the

method of Lee et al. [2003] was adopted here. Each run
of GA-IM process yields a least RMS for misfit (model
misfit) and a corresponding set of thermal conductivity and
diffusivity values for the probe and the sediment, as well as
the initial friction-induced temperature rise and the final
equilibrium temperature. The modeling process takes the
first minute of the cooling data, and then uses the resulted
parameter values in the FE simulation to predict the tem-
perature for the rest of recording. The differences between
the predicted and observed values beyond the 1-min record-
ing time yield an extrapolation misfit RMS for each sensor
probe.
[41] We use several quantitative criteria to screen the

models. First, the model misfit RMS must be less than

0.002 C and the extrapolation misfit RMS is less than
0.004 C. Second, the ratio of the GA-IM derived thermal
conductivity value to the value obtained for an instanta-
neous line source (of which the heat release was computed
from the model initial temperature rise and the probe’s
model heat capacity) should stay within 5% from unity.
Third, the GA-IM equilibrium temperature should be within
0.002 C of the value obtained independently from the
conventional extrapolation to time infinite through the
relation of temperature-versus-inverse time. The first model
RMS criterion is typical for inverse modeling. We add
randomness to the initial input parameter values through
GA and use extrapolation misfit to gauge how well a GA-
IM model can predict the cooling behavior that plays no
role in parameter determination per se. The third criterion
accepts the conventional premise that asymptotically, the
temperature declines in proportion to inverse time for an
instantaneously heated line source. The second criterion
provides a consistency test among the ‘‘independent’’ model
parameters: The total heat release needed to estimate ther-
mal conductivity via the asymptotic relation is computed
from the initial temperature rise and a sensor probe’s heat
capacity, both of which are output of the GA-IM modeling.
Thus our method incorporates both GA-IM and a well-
established practice for marine heat flow measurement.
[42] We run the stochastic GA-IM process at least 10 times,

each of which uses hundreds or thousands combinations of
parameter values within wide ranges of possible values, to
generate 10 models that meet the three selection criteria. The
mean value of the desired parameter values for those 10
acceptable models is deemed as the final representative
value. The standard deviation from the mean is regarded as
the uncertainty for that particular parameter (e.g., equilibrium
temperature, and thermal conductivity and diffusivity). The
average relative difference between the temperatures deter-
mined from conventional method and Lee’s method is 3.06%
with a standard deviation of 0.38%.

B2. Heat Flux

[43] A steady heat flux q through a medium of varying
thermal conductivity but free of internal heat generation and
any mass movement is, according to Fourier’s law in one
dimension,

q ¼ T � Tref
	 


=

Z z

zref

dz

k
ðB1Þ

where Tref is the temperature at the reference depth zref with
q being upward positive and z being downward positive.
Because k is given only at eight discrete points where the
probes are located, there are several ways to integrate
equation (B1) numerically. The simplest is to assume a
constant conductivity over one depth interval. For example,
a set of seven interval heat fluxes can be estimated from

qi ¼ ki
Tiþ1 � Ti

ziþ1 � zi
ðB2Þ

where i = 1 to M � 1 (M = 8 is the number of probes). The
interval conductivity ki is approximated by the harmonic
mean of ki and ki+1. The mean of the seven interval heat
fluxes is taken as the heat flux at the site or station.

B01101 GÉLI ET AL.: HEAT FLOW FROM SOUTHEAST INDIAN RIDGE

21 of 23

B01101



[44] An alternative way to determine heat flux is first to
find a quadratic interpolation relation:

k ¼ aþ bzþ gz2; zj�1 � z � zjþ1 ðB3Þ

for kj�1, kj, and kj+1 (j = 2, 3, .., 7), where a, b, and g are
regression constants. Then, substitute this relation into
equation (B1) to yield an interval heat flux over the depth
interval from zj�1 to zj+1. There are six so defined interval
heat fluxes. In this way, each depth interval (except the top
and bottom ones) is assigned with two depth-overlapping
values; the mean of the two values is taken as the interval
heat flux. After correcting for overlapping, there are seven
interval heat fluxes. The mean of those seven interval values
is taken as the heat flux at the site. The two methods yield a
difference of about 1 to 2%. This second approach is used
here to calculate the heat fluxes.
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