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23. HEAT FLOW THROUGH THE TOE OF THE BARBADOS ACCRETIONARY COMPLEX1 

A. T. Fisher2'3 and M. W. Hounslow4 

ABSTRACT 

Thirty-four sediment and mudline temperatures were collected from six drill holes on ODP Leg 110 near the toe of 
the Barbados accretionary complex. When combined with thermal conductivity measurements these data delineate the 
complicated thermal structure on the edge of this convergent margin. Surface heat-flow values from Leg 110 (calculated 
from geothermal gradients forced through the bottom-water temperature at mudline) of 92 to 192 mW/m2 are 80% to 
300% higher than values predicted by standard heat flow vs. age models for oceanic crust, but are compatible with ear
lier surface measurements made at the same latitude. Measured heat flow tends to decrease downhole at four sites, sug
gesting the presence of heat sources within the sediments. These results are consistent with the flow of warm fluid 
through the complex along sub-horizontal, high-permeability conduits, including thrust faults, the major decollement 
zone, and sandy intervals. Simple calculations suggest that this flow is transient, occurring on time scales of tens to tens 
of thousands of years. High heat flow in the vicinity of 15°30'N and not elsewhere along the deformation front sug
gests that the Leg 110 drill sites may be situated over a fluid discharge zone, with dewatering more active here than else
where along the accretionary complex. 

INTRODUCTION 

Surface heat-flow values from accretionary complexes tend 
to be lower than those measured over normally sedimented oce
anic crust of the same age (Watanabe et al., 1977; Sclater et al., 
1980; Burch and Langseth, 1981). On a regional scale, low heat 
flow in these settings is thought to result from: (1) convection 
cells in the underlying mantle with downwelling limbs beneath 
trenches; (2) subduction and underthrusting of relatively cold 
oceanic lithosphere; (3) thermal decoupling between the under-
thrust and overriding plates (Burch and Langseth, 1981); and 
(4) high effective sedimentation rates (Langseth et al., 1980). 
More localized processes such as mass wasting (Abbott et al., 
1986), advective heat transfer (Reck, 1987), and fluid venting 
(Kulm et al., 1986) may also contribute to the thermal anoma
lies (both high and low values) documented on a smaller scale. 

Measurements of borehole tempertures in the vicinity of the 
Japan trench on DSDP Leg 57 (Langseth and Burch, 1980; 
Burch and Langseth, 1981) revealed low values, which were at
tributed to the thermal effects of underthrusting cold litho
sphere beneath forearc and trench sediments. Geothermal gradi
ents in the upper kilometer of sediment that extrapolate to un
usually high temperatures at the basement surface may indicate 
fluid flow up through the sedimentary column (Burch and 
Langseth, 1981). 

High heat flow measured near the Nankai Trough (Yamano 
et al., 1984) and between the Chile ridge and trench (Cande et 
al., 1987) is due to the subduction of unusually young oceanic 
crust, possible hydrothermal circulation through basement, up
ward heat advection (Yamano et al., 1984), and a recent ridge-
trench collision (Cande et al., 1987). 

Large-scale models of convergent margins (e.g., Hsui and 
Toksoz, 1979; Yamano et al, 1984) have failed to accurately pre
dict the complicated thermal structure of accretionary forearcs, 
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mainly due to the widely varying processes inferred to be active 
in these regions. For example, many models of accretionary 
complexes include the presence of elevated pore pressures as a 
controlling factor in sediment structure and evolution (e.g., 
Bray and Karig, 1985; Shi and Wang, 1985) yet these excess pres
sures remain poorly constrained. Direct measurement of near-
lithostatic fluid pressures in sediments is difficult (Biju-Duval, 
Moore, et al., 1984; Mascle, Moore, et al., 1988); models that 
include high fluid pressure have thus far been supported only by 
additional theoretical studies and indirect evidence, including 
observations of mud volcanos or other unusual physical struc
tures, and geochemical and geothermal anomalies. 

An extensive series of downhole measurements, including 
heat-flow experiments, was undertaken on Ocean Drilling Pro
gram Leg 110 to determine the extent and influence of fluid 
flow close to the deformation front of the Barbados accretion
ary complex (Fig. 1). Thirty-four sediment and bottom-water 
temperatures from six drill holes (Table 1) and several hundred 
thermal conductivity determinations were used to calculate heat 
flow through the toe of the prism. 

EXPERIMENTAL METHODS 
Temperatures were measured with two different tools on ODP Leg 

110, the Von Herzen Advance Piston Corer instrument (APC tool) and 
the Barnes-Uyeda temperature/pore-water/pressure sampler (T-probe). 
Both tools monitored the resistance of a single thermistor, with a nomi
nal resolution of 10 ohms or about 0.006°C. 

The APC tool consists of a thermistor/recorder package and a sepa
rate battery power supply mounted inside an annular cavity in the wall 
of the piston corer cutting shoe (Horai and Von Herzen, 1985). Temper
ature measurements were taken for 5 to 10 min during core collection 
while the cutting shoe and core barrel were rested at maximum penetra
tion (9.5 m ahead of the bit). Estimated equilibrium temperatures were 
determined by fitting synthetic cooling curves to the results from each 
deployment and extrapolating to infinite time (Koehler and Von Herzen, 
1986). 

Use of the T-probe required suspension of coring operations and a 
separate tool lowering (Yokata et al., 1980). The T-probe was rested in 
bottom only 45 to 105 cm ahead of the bit at maximum extension. Mea
sured temperatures were extrapolated to estimated equilibrium accord
ing to a theory modified from Bullard (1954). Both the APC tool and T-
probe allowed variable data recording intervals; tool properties are sum
marized in Table 2. 

Thermal conductivities were measured on the JOIDES Resolution by 
the needle-probe method (Von Herzen and Maxwell, 1959) and cor-
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Figure 1. Map of study area, indicating locations of drill sites from ODP Leg 110 and DSDP Leg 78A. CRV-128 is a multichannel seismic line, dis
cussed in detail by Mascle et al. (this volume). Bathymetry in meters. 

Table 1. Drill holes where heat-flow data were gathered, includ
ing locations, water depth, and number of measurements in 
each. 

Hole 

671B 
672A 
673A 
673B 
674A 
676A 

Lat 
(N) 

15°31.55' 
15°32.40' 
15°31.90' 
15°31.92' 
15°32.29' 
15°31.85' 

Long 
(W) 

58°43.95' 
58°38.46' 
58°48.60' 
58°48.49' 
58°51.09' 
58°42.20' 

Water 
depth (m) 

4914.5 
4875.0 
4660.8 
4679.8 
4549.8 
4993.8 

Number of temperature 
measurements 

5 
6 
2 
3 
9 
9 

Includes bottom water. 

Table 2. Summary of principal properties of the APC tool 
and the T-probe. 

Instrument 

APC tool 

T-probe 

Instrument 
housing 

APC cutting shoe: 
steel annular 
cylinder 
ID: 6.17 cm 
OD: 7.86 cm 

Steel cylindrical 
probe 
OD: 1.25 cm 

Penetration 
ahead of bit 

(m) 

9.5 

0.45-1.05 

Recording 
interval 

Variable, 
generally 
10-20 s 

Variable, 
5.12 s o r 
60s 

rected for in-situ pressures and temperatures. The errors associated with 
estimating final equilibrium temperatures from best-fitting synthetic 
curves varied from 0.05 to 0.2°C. 

MEASUREMENT CORRECTIONS 

Temperature Corrections 
Detailed descriptions of tool deployment, plots of tempera

tures vs. time, discussion of data quality, and assumptions in
volved in reduction and intertool calibration are provided in 
Mascle, Moore, et al. (1988) (Introduction and Explanatory 
Notes, and individual site reports). Several errors were discov
ered in the software aboard the Resolution used to reduce the 
APC tool data as reported in Mascle, Moore et al. (1988) (K. 
Becker, pers, commun., 1987). These errors resulted in the ge
ometry of the cutting shoe and thermal properties of the sedi
ments being modeled improperly. The raw data have been repro
cessed using a corrected program. The temperature values listed 
in this report differ significantly from those reported earlier 
(Mascle, Moore et al., 1988), but differences between adjacent 
measurements in any one hole are little changed. Thus conclu
sions drawn from the preliminary results still apply. 

Sediments drilled on Leg 110 below the upper tens of meters 
were firm, so that the use of a "short T-probe" was required to 
prevent bending and wedging the tool in the bottom-hole assem
bly. The thermistor housing protruded 26 to 45 cm ahead of the 
bit in this configuration. 

There was often a lag of 2 to 4 hr between the cessation of 
drilling and penetration of the T-probe into the sediments at the 
bottom of the hole, during which water was circulated in the 
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hole to keep it clear of fill. In addition, the T-probe was pumped 
down the drill pipe to speed its descent, and temperature mea
surements taken during tool descent indicated that the circula
tion fluids were near bottom-water temperature. We were con
cerned that the combined drilling and circulation disturbances 
might lower sediment temperatures measured with the short T-
probe. 

To determine if corrections were needed for short T-probe 
measurements, we modeled the bottom of the borehole as the 
top of a semi-infinite half-space, and used the solutions for 
T(t,z) in Carslaw and Jaeger (1959, pp. 599-60) for one-dimen
sional, conductive heat flow. We assumed that the temperature 
below hole bottom was initially at T(z) = Tw + gz, where Tw is 
bottom-water temperature, g is the initial geothermal gradient, 
and z is depth. Tw was assumed to be 0.0°C for simplicity. 

When the bit reaches some depth of interest (z0) at time t = 
0, the bottom of the drill hole is subjected to a sudden decrease 
in temperature to Tw. A temperature perturbation then propa
gates downward; sediment temperature, T(z,t), can be calcu
lated for any depth and time according to: 

T(ztt) = T0erf { ^ = } + 9{z - z0) (l) 

where T0 is the original sediment temperature at a depth z0, a is 
the sediment thermal diffusivity, / is the time since drilling 
reached z0, (z - zQ) is the depth of penetration of the T-probe 
into the sediment, and erf is the error function. 

Solutions to (1) are presented in Figure 2, with T(z, t)/T0 + 
g(z - Zo) ratio curves for depths of probe penetration varying 
from 5 to 30 cm over a time span of 6 hr. Because we neglected 
the effects of lateral heat transport and assumed low Tw and 
high T0 and a values, this model should overestimate the ther
mal effects of fluid circulation in the hole. This analysis re
vealed that the thermal effect of water circulation in the hole 

T-probe Correction 

TIME (hours) 
0.0 _ _ _ _ _ 

"T— 1 1 — I 1 1 I 

0 1 2 3 4 5 6 
Figure 2. Curves showing the thermal effects of disturbances, due to 
drilling circulation, on temperatures measured with the T-probe. Ther
mal conductivity is assumed to be a uniform 1.4 W/m • °C, initial sedi
ment temperature is assumed to be 15°C. Curves are plotted for probe 
penetrations varying from 5 to 30 cm. So long as the probe penetrates at 
least 25 cm within a few hours after drilling, the disturbance is less than 
2%. 

can be neglected provided the T-probe penetrates at least 25 cm 
into the sediment within 2 to 4 hr of drilling. This model as
sumed that the bottom sediment was not fractured by the pene
tration of the probe, which could allow cold water to directly 
cool the thermistor housing. When the sediments were frac
tured, it was immediately obvious from the temperature record 
that the measured values were erroneous. 

Thermal Conductivity Corrections 

Pressure Corrections 
The pressure correction of Ratcliffe (1960) would be about 

2.7% for measurements on Leg 110. Morin and Silva (1984) 
conducted laboratory experiments on biogenic oozes and clays 
to document variations in physical properties under hydrostatic 
loads and demonstrated that porosity is strongly influenced by 
hydrostatic pressure. As sediment thermal conductivity is 
largely a function of porosity (Von Herzen and Maxwell, 1959), 
Morin and Silva (1984) have related thermal conductivity cor
rections directly to porosity. Their Figure 4 shows thermal con
ductivity corrections as a function of porosity. Corrections are 
noted for pressure increments of 10 MPa (equivalent to about 
1000 m of water depth under hydrostatic conditions). We best-
fit their results to a power function of the conductivity correc
tion per 1000 m water depth (Arc) vs. measured sediment porosity 

ln(fcc) = Mn(a0) (2) 

where a and b are empirically derived constants equal to 1.96 
and 8.97, respectively. 

This correction method should be more accurate than that of 
Ratcliffe (1960) because it accounts for abrupt changes in po
rosity. Equation (2) provides corrections of + 1.0% to +3.9% 
for thermal conductivities varying from 0.8 to 1.4 W/m ■ °C 
when porosities vary from 50% to 80%. 

Leg 110 sediment porosities were taken from Mascle, Moore 
et al. (1988). Most porosities were evaluated within a few centi
meters of a thermal conductivity measurement. Where no po
rosity data were available within 5 cm of a thermal conductivity 
measurement, values from above and below were interpolated. 
In-situ pressure was assumed to be hydrostatic with no provision 
made for "excess" fluid pressures. 

Temperature Corrections 
Temperature corrections (of -0.193%/°C) were applied to 

all thermal conductivity measurements according to Morin and 
Von Herzen (1986), assuming a laboratory temperature of 24°C. 
Corrections and final values are listed in Appendix A and plot
ted with temperature data from each drill hole (Figures 3 to 7). 
Thermal conductivity at each site was assumed to be 0.85 
W/m • °C from the surface down to the depth of the first mea
surement. 

TEMPERATURE GRADIENT A N D HEAT-FLOW 
RESULTS 

Temperatures and heat-flow results from six drill holes are 
summarized in Appendix B. Downhole temperatures and sedi
ment thermal conductivities are plotted side by side for each site 
in Figures 3 through 7. Corresponding thermal resistance (heat 
flow) plots for each site are presented in Figures 8 through 12. 
Bottom-water measurements were made by pausing at mudline 
during each tool lowering and averaging the temperatures mea
sured at each site. 

Thermal gradients and heat-flow values were calculated be
tween adjacent temperature measurements and over specific in
tervals of interest that included three or more temperatures. We 
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Figure 3. Downhole temperature and thermal conductivity values from Hole 67IB. For figures 3 to 7, thermal conduc
tivity values have been corrected to in-situ conditions (Appendix A). Squares are APC tool temperatures and triangles 
are T-probe temperatures. Best-fitting thermal gradient through bottom water and upper two APC tool measurements is 
shown. 

use the term "surface" heat flow to refer to values calculated 
from a thermal gradient that has been forced to pass through 
the temperature of bottom water at mudline. 

Heat-flow values were calculated from the temperature and 
corrected thermal conductivity data by procedures described in 
Chapman et al. (1984) and Morin and Von Herzen (1986). Heat 
flow (q) is determined from the temperature and the thermal re
sistance of the sediments where (Bullard, 1939): 

T-Tp q m 
The thermal resistance, R(z), is: 

R(z) = f 

(3) 

Zl dz' 
(4) 

where z0 and zx are the depths at the bottom and top of the in
terval. 

In this study, thermal resistance is estimated from discrete 
measurements in a depth interval by: 

n A 

(5) 

The maximum estimated errors in these heat-flow calcula
tions, including those associated with temperature and thermal 
conductivity measurements and corrections, are between 10% 
and 15%. 

Site 671 
Site 671 is located approximately 4.5 km west of the defor

mation front of the Barbados accretionary complex. Three suc
cessful sediment temperature measurements were completed in 
Hole 671B, two with the APC tool and one with the T-probe. 
An attempt to measure the borehole fluid temperature before 
logging between 280 and 300 mbsf, resulted in an extremely 
poor-quality record that failed to yield a reliable temperature 
profile. 

The thermal gradient in the upper 17 m of sediment is 
114°C/km, decreasing to 92°C/km from 17 to 36 mbsf, and to 
36°C/km between 36 and 168 mbsf (Fig. 3). Heat flow over the 
same interval drops from 111 mW/m2 near the surface to 42 
mW/m2 at depth (Fig. 8). 

Site 672 
Oceanic reference Site 672 is located 6 km east of the defor

mation front, over an 800-m-thick sediment section. Five suc
cessful sediment temperature measurements were made in Hole 
672A, three with the APC tool and two with the T-probe (Fig. 
4). 
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Figure 4. Downhole temperature and thermal conductiviity data for Hole 672A. Best-fitting thermal gradient through all mea
surements is shown. 
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Figure 5. Downhole temperature and thermal conductivity data for Holes 673A and 
673B. Closed symbols are from 673A; open symbols are from 673B. Best-fitting thermal 
gradient through bottom water and upper two APC tool measurements is shown. 



A. T. FISHER, M. W. HOUNSLOW 

A (W/m-°C) Temperature (°C) 

(m
bs

f) 
pt

h 
40™ 

80™ 

120™ 

160™ 

200™ 

240™ 

280™ 

320"" 

360™ 

400™ 

440™ 

• 

• 

• • • 
• • 

• • 

• 
• • • 

• 
• 

• 

• 

• 

• 
• 

1 
• 

• 

• 

• 

• • 

± 12 16, 20, 

135 °C/km 

28 C/km 

674A 

Figure 6. Downhole temperature and thermal conductivity data for Hole 674A. 

The measured temperatures indicate an overall gradient of 
79°C/km to a depth of 134 mbsf and heat flow of 92 mW/m2, 
although the thermal gradient between successive measurements 
varied from 38°C/km to 167°C/km. A high thermal conductiv
ity layer between 30 and 40 mbsf accompanies a concomitant 
decrease in thermal gradient. Correcting for this change in ther
mal conductivity did not remove the nonlinearity from the heat-
flow plot (Fig. 9). 

Site 673 
Three sediment temperature measurements were made at Site 

673, 12 km upslope from the deformation front; two with the 
APC tool and one with the T-probe in Hole 673B (Figs. 5 and 
10). The T-probe measurement at 75 mbsf in Hole 673B was 
probably infill or penetrated < 25 cm into the sediment (Mas
cle, Moore et al., 1988) and is thus a lower bound. 

The APC tool measurements in Holes 673A and 673B yielded 
a calculated thermal gradient of 88° C/km and heat flow of 97 
mW/m2 from the surface to 36 mbsf. 

Site 674 

Site 674 is 17 km landward of the deformation front, the far
thest west of the Leg 110 drill sites. One APC tool and eight T-
probe measurements were made in Hole 674A (Fig. 6). The 
deepest measurement, at 434 mbsf, was probably infill or barely 
penetrated the sediment at the bottom of the hole and the final 
temperature from this run is thus a lower bound (Appendix B, 
and Fig. 6). 

The surface gradient and heat flow calculated from the APC 
tool measurement and bottom water are 135°C/km and 151 
mW/m2, respectively. The T-probe data from 92 to 434 mbsf 
best fit a linear gradient of 28°C/km, providing a calculated 
heat flow of 37 mW/m2 (Fig. 11). 

Site 676 
Eight sediment temperature measurements were made in Hole 

676A, 600 m landward of the deformation front, three with the 
APC tool and five with the T-probe (Fig. 7). 
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Figure 7. Downhole temperature and thermal conductivity data for Hole 676A. 
Note complicated thermal structure, including negative gradient between the lower 
two APC tool measurements. 

Temperatures from Hole 676A indicate that the most com
plex thermal structure observed on Leg 110 (Fig. 12). The gradi
ent from mudline to a depth of 26 mbsf is 182°C/km with a cal
culated heat flow of 192 mW/m2 . The gradient and heat-flow 
decrease over the 26- to 45-mbsf interval to 63°C/km and 72 
mW/m2, respectively. 

Between 45 and 64 mbsf there is a decrease in sediment tem
peratures, with a measured gradient of - l l °C/km and heat-
flow of - 12 mW/m2. This reduction in sediment temperatures 
over a 19-m interval was recorded with a single APC tool, which 
was carefully calibrated before and after each deployment. The 
deepest APC tool measurement at 64 mbsf and the first two T-
probe measurements at 74 and 102 mbsf yield a gradient of 
95°C/km and heat flow of 121 mW/m2. The deepest four T-
probe measurements best fit a gradient of 60°C/km, resulting in 
heat flow of 74 mW/m2. 

DISCUSSION 
A simple comparison of the water content of sediments sea

ward of the deformation front of the Barbados acretionary 
complex (DSDP Site 543; ODP Site 672) and sediments exposed 
on the island of Barbados suggests that a considerable quantity 
of pore water is expelled during deformation and uplift (e.g., 
Bray and Karig, 1985). Because water moving through sedi

ments is a much more efficient carrier of heat than conduction 
alone, it is to be expected that some of the heat flowing through 
the Barbados accretionary complex will be advected as a result 
of this dewatering. 

Analyses of results from ODP Leg 110 and earlier surveys in
dicate that: 

1. Heat flow in the vicinity of the deformation front at 
15°30'N requires a substantial input of heat in addition to that 
released by cooling oceanic crust of Late Cretaceous age. 

2. Large changes in thermal gradients with depth, high spa
tial variability of heat-flow values and persistence of geochemi
cal anomalies in pore fluids (Gieskes et al., this volume) are cre
ated by the flow of warm fluids, primarily along subhorizontal 
conduits. 

3. Fluid flow is transient. 

Davis and Hussong (1984) suggested that high heat-flow val
ues calculated from data at DSDP Site 541 may have resulted 
from fluid flow along the decollement zone west of the defor
mation front. These authors found no thermal anomaly at oce
anic Site 543, about 20 km north of Site 672, only a geothermal 
gradient of about 30°C/km. Westbrook et al. (1986) conducted 
E-W geothermal traverses across the Barbados accretionary 
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complex at 14°20' and 14°35'N (about 130 km south of the 
Leg 110 drill sites). These authors reported basin heat-flow val
ues of about 55 mW/m2 that decreased landward across the 
complex. Exceptions to this trend were found on the eastern 
edge of the 14°20'N transect that crossed a mud volcano sea
ward of the deformation front (Langseth et al., 1988). Heat-
flow values near the deformation front at 15°30'N were also 
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found to be anomalously high relative to the undisturbed basin 
to the east, leading Westbrook et al. (1986) to infer active fluid 
movement and expulsion of pore water. 

The heat flow expected through upper Cretaceous (90 Ma) 
oceanic crust should be 45 to 53 mW/m2 (Parsons and Sclater, 
1977). The surface heat-flow values measured on Leg 110 range 
from a low of 92 mW/m2 at Site 672 to a high of 192 mW/m2 at 
Site 676 (Fig. 13). These values are two to four times higher than 
predicted based on crustal age, but are in agreement with the 
earlier seafloor measurements of Westbrook et al. (1986). The 
Leg 110 heat flow values calculated from "non-surface" mea
surements (with thermal gradients not forced through the tem
perature of bottom water at mudline) tend to be significantly 
lower, with values at Sites 671 and 674 falling below those pre
dicted (Fig. 13). This variability of heat flow along strike and 
with depth suggests that localized processes may dominate heat 
flow. Explanations for the local variability of oceanic heat flow 
include conductive refraction due to sub-seafloor thermal con
ductivity variations and rough bathymetry, hydrothermal circu
lation through basement and sediments, and mass wasting. 
Each of these mechanisims will be examined briefly in an at
tempt to explain the observations. 

Sloping thermal conductivity contrast boundaries may cause 
perturbations in surface heat flow (Sclater et al., 1970). To sim
ulate the effects of such variations, we used a two-dimensional, 
finite-difference model, assuming constant heat input at the 

base, adiabatic side boundaries, and a top surface fixed at bot
tom-water temperature. 

Sediment thermal conductivity was modeled with the poros
ity-depth relationships of Bullard and Day (1961) and Hamilton 
(1976) for terrigenous material; these values are in reasonable 
agreement with Leg 110 results. Crustal thermal conductivity 
was similarly related to porosity (Hyndman and Drury, 1976; 
Donnelly et al., 1980). 

The effects of basement topographic variations were tested 
first. The depth to the top of basement through the toe of the 
prism was calculated from seismic line CRV 128 using a surface 
seismic velocity of 1.6 km/s and a velocity increase with depth 
of 0.7 km/s-km (Mauffret et al., 1984). We assumed the follow
ing sediment porosity scheme (Whitmarch, 1979; Donnelly et 
al., 1980; Mascle, Moore et al., 1988): Depth = 0 to 100 m, <j> 
= 25 to 10%; depth = 100 to 1500 m, 4> = 10 to 0%; depth 
>1500 m, <f>- 0%. This analysis does not duplicate physical 
properties near the toe of the accretionary complex, but pro
vides an estimate of the scale of variation in heat flow that 
would be likely to result from appropriate contrasts in thermal 
conductivity. 

The simplest-case model created heat-flow variations about the 
mean of up to 2%, insignificant when compared to the varia
tions seen on Leg 110. Thrust faults were then modeled as dis
continuities across which there was a drop in thermal conductiv
ity (Fig. 14). The change of thermal conductivity across these 
faults was assumed to be 0% where the fault surface intersects 
the seafloor, to 15% where the thrust intersects the decollement. 
In this test, thermal conductivity was assumed to be 1.2 
W/m • °C from 0 to 40 m beneath the decollement and 1.4 
W/m • °C at greater depths (Appendix A, Site 672). We have 
incorporated this model of sediments near the toe of the accre
tionary complex into a more complete model that includes both 
basement topography and sediment thrust faults (Fig. 15). 
Heat-flow variations in these tests reached a maximum of only 
4% about the mean, with the highest deviation near the defor
mation front. Variations in thermal conductivity are thus un
likely to contribute more than about 10% of the observed heat-
flow anomalies. 

Bathymetry affects temperature gradients as a function of 
disturbance frequency and amplitude (Lachenbruch, 1968; Noel, 
1984). Bathymetric variations of 10 m (as commonly seen near 
the Leg 110 drill sites) will significantly influence thermal gradi
ents in nearby sediments but only to about 20 mbsf (Lachen
bruch, 1968), affecting data collected with short outrigger probes 
but not the borehole measurements from Leg 110. 

There is evidence of recent slumping due to slope failure on 
the Barbados accretionary complex, although debris flows seen 
on side-scan sonar are not present near the Leg 110 sites (Be-
Iderson, et al., 1984). Slope failure at Sites 673 and 674 (Mascle, 
Moore et al., 1988) would result in the exposure of anomalously 
warm sediments in the zone of removal and rapid deposition of 
cooled debris over the zone of accumulation. 

The process of sediment removal can be modeled as a sudden 
step-function drop in surface temperature. Sediment tempera
ture as a function of depth and time is then: 

T(M) = ATerfc{^=}+s (6) 

with T(z,t) measured relative to bottom-water temperature, A71 

equal to the temperature difference between bottom water and 
sediment, erfc being the complimentary error function (1-erf), 
and the other variables defined as before. 
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Figure 13. Leg 110 heat-flow values (squares) plotted with seafloor heat-flow data from Westbrook et al. (1986) collected at 15°30'N (circles). Pre
dicted values are based on the relations of Parsons and Sclater (1977) for heat-flow as a function of age. Data from Leg 110 have an estimated error of 
10 to 15%. Filled squares are "surface" heat-flow values calculated from thermal gradients forced by the temperature of bottom water at mudline. 
Open squares are heat flow values calculated from gradients that include at least three downhole sediment temperatures. Positions of the ODP drill 
sites are shown on a line drawing of multichannel seismic line CRV-128 from Moore et al. (1987). 

We have assumed a background gradient of 28°C/km (as 
measured between 92 and 434 mbsf at Site 674, Fig. 16A), and 
extrapolated this deep thermal gradient to the seafloor. This 
analysis estimates that the thickness of removed material (z) 
equals 196 m. At Site 671 extrapolation of the same background 
thermal gradient from the deepest temperature point to the sea
floor suggests that 134 m of sediment has been removed. Com
parisons of downhole temperature data from Sites 671 and 674 
with equation (6) indicate that slump events at both sites would 
have had to occurred within the last 80 to 100 yr (Figs. 16A and 
16B). Slumps of this size are inconsistent with structural, litho
logic, and biostratigraphic records from the drill holes (Mascle, 
Moore et al., 1988), which indicate no significant missing sec
tions. In addition, the generally diffusive gradients in Mg+ + 

and Ca+ + at these sites (Gieskes et al., this volume) are incon
sistent with the recent removal of up to 200 m of sediment. 

The apparent reduction in heat flow with depth at Sites 671 
and 674 could be supported by fluid moving upward through 
the sediments (e.g., Anderson et al., 1979; Reck, 1987), but the 
strong Mg+ + and Ca+ + gradients and anomalous chloride and 
methane values (Gieskes et al., this volume) could not withstand 
a vertical fluid velocity of several mm/yr, as would be required 
by the geothermal data (Bredehoeft and Papadopoulos, 1965). 
The lack of significant vertical fluid flow through the sediments 
is consistent with numerical studies of the Barbados accretion
ary complex that suggest average permeability values of about 
I0 - 1 8 m2 (Wuthrich et al., 1987 and this volume; Taylor and 
Leonard, this volume). 

Fluid Flow Along Conduits 

Site 672 
Geochemical, structural, and thermal observations suggest 

that water is flowing laterally through the prism in conduits lo
cated at structural and lithologic discontinuities (Moore et al., 
1987). Reference Site 672 was intended to provide a baseline to 
which the other Leg 110 sites could be compared. Although the 
surface heat flow at Site 672 is the lowest measured on Leg 110 

(92 mW/m2), it is still 80% higher than expected for 90 Ma 
crust. Either the entire sedimentary section is anomalously warm, 
requiring a heat source in the underlying plate, or there is a heat 
source within the sediments at a depth greater than 134 mbsf 
(that of the deepest temperature measurement). 

One likely source of extra heat is warm fluid moving along a 
more porous "proto-decollement" zone centered at 190 mbsf 
(Moore et al., 1987; Moran and Christian, this volume) or one 
of the sand layers encountered at 370 and 450 mbsf. All these 
horizons correlate with chloride minima and methane maxima 
(Moore et al., 1987; Gieskes et al., this volume). 

If fluid flowing through the high-porosity zone at 190 mbsf 
is to account for the large thermal gradient observed in the up
per 134 m, then that fluid temperature must be at about 17°C. 
To maintain a gradient of 79°C/km without fluid flow higher in 
the section, the uppermost sand layer at 370 mbsf would have a 
temperature of about 31°C and the basement surface would be 
at about 65°C. The four-fold variation in thermal gradients 
within measurement intervals at Site 672 suggests that there may 
be minor lateral flow at other levels or a small component of 
upward flow as well. 

Site 671 
High gradients just below the seafloor at Sites 671, 673, and 

674 also require shallow heat sources. At Site 671, horizontal 
flow of warm fluid between 36 and 168 mbsf could cause the 
observed break in the thermal gradient, although there may be 
additional heat sources at greater depth. Likely conduits include 
the major thrusts identified at 115, 380, and 460 mbsf, the de
collement zone between 500 and 530 mbsf, and the sand layers 
below 680 mbsf. 

There is a small chloride anomaly at Site 671, at 113 mbsf 
(Gieskes et al., this volume) suggesting flow of fresh fluids 
along the shallowest thrust at 115 mbsf. However, extrapolation 
of the surface thermal gradient (105°C/km) to 113 mbsf yields 
a sediment temperature > 14.2°C, greater than that measured 
at 168 mbsf (10.7°C). If warm fluid flow is responsible for the 
large surface thermal gradient at Site 671, this flow might have 
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Figure 14. Configuration and results of a finite-difference model to test the effects of sloping thermal conductivity sur
faces on heat flow. (A) Modeling grid showing locations of ODP and DSDP drill sites, the decollement horizon and five 
thrusts through the accretionary complex. (B) Surface heat-flow variation about normalized values as a result of ther
mal conductivity contrasts. (C) Thermal conductivity structure of the prism. Thermal conductivity is related directly to 
porosity with a three-layer porosity model. Thermal conductivity was also assumed to decrease below thrusts as sedi
ments of different ages are juxtoposed and as a result of sediment compaction and dewatering. 

been stopped long enough to allow partial thermal reequilibra
tion. 

If we assume a background gradient of 36°C/km at Site 671 
(as measured between 36 and 168 mbsf) then by extrapolating 
downward from the deepest temperature measurement (10.7°C 
at 168 mbsf), a temperature of about 22.5°C is predicted at the 
decollement. A similar calculation at Site 676 yields a tempera
ture at the decollement of about 22.2°C (280 mbsf)- Higher pro
jected temperatures at the decollement beneath Sites 673 (66°C, 
1100 mbsf) and 674 (49°C, 1500 mbsf) may be unrealistic. 
These last two values, in combination with a higher projected 
temperature at Site 673 when compared to Site 674, suggest that 
there may be additional changes in the thermal gradient below 
the deepest measurements at one or both of these sites. 

Site 674 

Likely fluid conduits at Site 674 include a high-porosity zone 
at 60 to 70 mbsf and thrusts at 100 and 250 mbsf. A break in 
thermal gradient between 26 and 92 mbsf correlates with a chlo
ride anomaly suggesting migration of low-salinity water along a 
high-porosity zone (Gieskes et al., this volume). A consistent 
thermal gradient below 92 mbsf (Fig. 6) indicates that if flow is 
occurring between 92 and 440 mbsf (as is suggested by the pres
ence of chloride anomalies at 100 and 250 mbsf; Gieskes et al., 
this volume) then these fluids are at nearly the same tempera
ture as the surrounding sediments. More likely, flow along these 
thrusts has ceased for long enough to allow full thermal re
equilibration of the sediments (several hundred years). However, 
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Figure 15. Modified version of the model in Figure 14, including basement topography. Surface heat flow varies by a 
maximum of 4% about normalized values in both Figures 14 and 15. 

flow must have been active within the last thousands to tens of 
thousands of years to account for the observed geochemical 
anomalies. It is impossible to better constrain the timing of flow 
because we do not know the duration or intensity of the original 
geochemical and geothermal signals. 

Fluid flowing along the high-porosity zone between 60 and 
70 mbsf requires a temperature of about 10.3°C (equal to that 
measured at 92 mbsf) to maintain a surface gradient of 135°C/ 
km. Temperatures at 60 to 70 mbsf are thus probably lower; a 
small slump or some component of upward flow may contribute 
to the high thermal gradient at the surface. Alternatively, hori
zontal flow at 60 to 70 mbsf may have stopped in the last 10 to 
50 yr, allowing some equilibration of the sediments. 

Site 676 
The thermal data from Site 676 require a more complex ex

planation. The propagating thrust penetrated at approximately 
30 mbsf was accompanied by a methane anomaly (Gieskes et 
al., this volume), and correlated with a change from a positive 

to a negative geothermal gradient. Another methane anomaly at 
approximately 70 mbsf correlates with another break in geother
mal gradient. The only way to maintain a steady-state 182°C/ 
km gradient at the surface and a geothermal inversion below is 
to have at least three distinct temperature (fluid flow) surfaces at 
30, 65, and 100 mbsf. 

A more likely explanation is that the thermal inversion at 
Site 676 is transient. The thermal gradient between 64 and 102 
mbsf is nearly colinear with bottom water (Fig. 7), suggesting 
that there may have been a time when there was flow of 11.5°C 
fluid along a conduit near 102 mbsf maintaining a surface gra
dient of 92°C/km, but no lateral flow at shallower depths. A 
steady-state gradient of approximately 60°C/km below 102 
mbsf requires an additional temperature surface at greater depth 
(for example, about 20°C at 250 mbsf). Assuming this state as 
an initial condition, we have calculated the thermal effects of in
troducing flow along a second conduit at approximately 33 
mbsf (the depth of intersection of the surface gradient, 182°C/ 
km, and the reversed gradient, — l l°C/km). This model re-
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Figure 16. Results of models of the thermal effects of large sediment 
slumps over Sites 671 and 674. The initial background thermal gradient 
was assumed to be 28°C/km, as measured at Site 674 from 92 to 434 
mbsf. The slumps were modeled as sudden drops in bottom-water tem
perature. (A) At Site 674, the projected initial temperature was 7.71 °C, 
requiring the removal of 196 m of sediment. The curves show tempera
ture profiles after 0, 100, and 200 years. (B) At Site 671, the projected 
initial sediment temperature before the slump was 6.01 °C, requiring the 
removal of 134 m of sediment. In both cases, the slump events would 
had to have occured within the last 80 to 100 yr to explain the observed 
sediment temperatures. 

quires fluid flow along just two surfaces (instead of three, as re
quired in the steady-state case), and provides the most reason
able explanation for the sediment temperatures observed at Site 
676. 

The thermal gradient through a slab of material bounded by 
fixed temperature surfaces was calculated by solving the one-di
mensional heat-flow equation: 

dT d2T 
dt a dz* (7) 

with the following boundary and initial conditions: 

r ( 0 , * ) = To , T(L,t) = TL, T{z,ti) = T(z) (8) 

where L is the thickness of the layer of interest. The combina
tion of equations (7) and (8) have the following solution (Carslaw 
and Jaeger, 1959; p. 100): 

T(z,t) = To + (r0 + TI/) + 
^ ^ r T0 cos mc - TL 

■K — n 

an2x2t 

(9) 
n-l 

where 
_. . WKZ 

C = sin —— exp 
xy L2 

If the original thermal gradient is linear, F(z) = Tx + gz, 0 
< z < L, the integral in the last term above can be solved ana
lytically: 

I TITTZ 

(Ti + gz) sin—--dz = 

^(2Ti-\-gL) for n odd 

for n even. 

(10) 

T17T 

Our model assumed an initially linear thermal gradient of 
92°C/km from the surface to 102 mbsf. An additional tempera
ture surface (representing later fluid flow) was then introduced 
within this interval. A range of temperatures from 8.2 to 8.7°C 
and a range of flow depths from 30 to 35 mbsf yielded similar 
results. Sediment temperatures were calculated over the interval 
using equations (9) and (10). 

One set of calculations is presented in Figure 17 along with 
downhole temperature data from Hole 676A. These results indi
cate that flow along this latest conduit began within the last 10 
to 20 yr. 

Site 673 
There is also evidence for transient flow at Site 673, where al

though heat-flow results are inadequate to differentiate between 
a linear and a non-linear thermal gradient, chloride anomalies 
(Gieskes et al., this volume) probably resulted from fluid flow at 
a time sufficiently long ago for an associated temperature dis
turbance to decay (greater than about 100 yr). 

At Site 673, the most likely horizons for fluid flow are major 
thrusts at 90, 200, and 290 mbsf. The decollement is approxi
mately 1100 mbsf and would need to contain fluid with a tem
perature > 66°C to maintain a geothermal gradient of 60°CV 
km, as measured between 27 and 75 mbsf in Hole 673B. Chlo
ride anomalies with peaks at 200 and 290 mbsf suggest flow 
along these correlated thrusts. If the 60°C/km gradient is ex
trapolated to these depths, temperatures of 14.8 and 20.2°C are 
predicted. 

Simple calculations based on thermal gradients and heat 
flow data from Leg 110 are thus consistent with transient fluid 
flow along high-permeability conduits within the sediments, 
starting and stopping over intervals of tens to tens of thousands 
of years. This process makes intuitive sense because a constant-
pressure head could probably not be maintained were there to 
be constant flow at shallow depths through the accretionary 
complex. The venting of water from a number of exit points 
near the deformation front on time scales of tens to hundreds of 
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years (as proposed here for the toe of the prism) is also compati
ble with previous studies of surface heat flow (Westbrook et al., 
1986; Langseth et al., 1988). 

SUMMARY A N D CONCLUSIONS 
The seafloor heat flow values measured at 15°30'N on ODP 

Leg 110 and by Westbrook et al. (1986) are generally higher 
than: (1) values predicted based on the age of the underlying 
oceanic crust; (2) values expected based on theoretical models 
of convergent margins; and (3) values measured previously 
along the deformation front of the Barbados accretionary com
plex at other latitudes. The thermal anomalies detected on Leg 
110 include not only the toe of the accretionary complex, but 
also reference Site 672, 6 km east of the deformation front. 
Geothermal data from all five sites are consistent with the flow 
of warm fluids along sub-horizontal conduits both landward 
and seaward of the deformation front. The temperature of flu
ids within or below the decollement (marked by chloride and 
methane anomalies) is at least 20°C, based on data from Sites 
671, 672, and 676. Fluids that raise surface thermal gradients at 
Sites 673 and 674 are more troublesome to characterize because 
there is greater uncertainty as to their depth of flow. 

It is difficult to determine the depth of origin for these fluids 
because we have no good estimate of either the true background 

thermal gradient or background heat flow through the toe of 
the accretionary complex. The oceanic reference site, which was 
intended to provide this baseline information, proved to be 
nearly as anomalous as the sites west of the deformation front. 
The deep geothermal gradient of 28°C/km at Site 674 cannot 
be considered as a typical accretionary complex value, as it is in
fluenced by rapid heat advection along one or more conduits. 

Any explanation for the high, and highly variable, heat flow 
measured downhole and near the surface at 15°30'N should 
also account for the lack of apparent anomalies elsewhere along 
the toe of the accretionary complex. If the high values are due 
to expulsion of pore water from the prism, then the drill sites 
may be located over a discharge zone, with dewatering more ac
tive here than elsewhere along the complex. Fluid discharge may 
be favored on the flank of the Tiburon Rise due to (1) relatively 
thin sediment cover between 15° and 16°10'N; (2) the extreme 
westerly extent of the deformation front (Mauffret et al., 1984); 
and (3) the high elevation of the Tiburon rise where it crosses 
the deformation front (Mauffret et al., 1984). 

The mechanisms and expressions of sediment compaction, 
alteration, and dewatering may vary continuously along strike 
of the deformation front. These variations probably allow for 
ubiquitous fluid flow in some zones, formation of "rough 
grounds" and mud volcanoes in others (e.g., Langseth et al., 
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1988), and isolated discharge in still others. Only further drill
ing, coring, and testing will establish whether the DSDP and 
O D P drill sites transect sampled sections that are truly anoma
lous or representative of the Barbados accretionary complex. 
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Depth 
(mbsf) 

Hole 67IB 

2.20 
3.70 
9.60 

12.60 
19.10 
22.60 
24.60 
28.60 
31.60 
34.60 
38.10 
41.10 
47.80 
50.80 
53.80 
57.10 
60.10 
63.10 
66.60 
69.60 
72.60 
79.10 
82.10 
86.05 
87.55 
89.05 
93.80 
96.80 
99.80 

102.75 
104.25 
105.75 
112.25 
113.75 
115.25 
118.25 
121.75 
123.25 
124.75 
127.75 
131.80 
151.80 
153.80 
156.80 
160.30 
163.70 
179.30 
182.30 
185.30 
188.85 
198.85 
201.85 
209.00 
210.20 
216.30 
217.60 
218.50 
226.60 
230.10 
232.50 
244.40 
245.80 
247.30 
255.30 
258.30 
266.30 
274.15 
277.30 
280.30 
293.30 
296.30 
299.30 

Ku 
(W/m • °C) 

1.07 
1.05 
1.08 
1.02 
1.14 
1.18 
1.16 
1.06 
1.20 
1.21 
1.20 
1.18 
1.02 
1.20 
1.15 
1.26 
1.21 
1.34 
1.25 
1.28 
1.07 
1.35 
1.33 
1.03 
1.15 
1.23 
1.50 
1.37 
1.37 
1.20 
1.06 
1.13 
0.95 
0.95 
1.04 
0.95 
1.18 
1.16 
1.15 
1.15 
1.69 
1.04 
0.90 
1.13 
1.41 
1.39 
1.30 
1.06 
1.39 
1.59 
1.39 
1.50 
1.07 
1.06 
1.40 
1.61 
1.72 
1.65 
1.58 
1.63 
1.23 
1.33 
1.29 
1.45 
1.58 
1.44 
1.51 
1.62 
1.57 
1.39 
1.24 
1.50 

* 

77.40 
75.00 
73.30 
76.30 
70.30 
66.80 
68.70 
73.60 
68.40 
64.80 
70.30 
68.00 
59.40 
63.00 
67.70 
68.80 
61.90 
59.00 
61.20 
63.40 
61.90 
58.70 
58.50 
61.70 
59.00 
58.70 
63.50 
65.20 
57.20 
58.10 
56.40 
59.80 
71.20 
58.30 
62.90 
58.90 
61.10 
56.10 
55.80 
56.50 
58.40 
66.10 
67.10 
61.00 
60.00 
57.80 
59.80 
57.00 
55.90 
55.90 
57.90 
59.20 
55.90 
61.30 
52.70 
50.00 
53.00 
54.70 
57.30 
53.20 
54.20 
54.30 
52.50 
52.60 
49.80 
49.30 
49.00 
52.70 
49.50 
55.20 
60.10 
50.20 

Corrections 

pressure 
(%) 

2.50 
2.38 
2.23 
2.56 
1.94 
1.69 
1.83 
2.30 
1.76 
1.57 
1.85 
1.77 
1.57 
1.50 
1.80 
1.70 
1.44 
1.18 
1.35 
1.43 
1.64 
1.17 
1.18 
1.70 
1.39 
1.28 
1.23 
1.42 
1.10 
1.30 
1.39 
1.45 
2.43 
1.65 
1.74 
1.68 
1.45 
1.25 
1.25 
1.36 
0.94 
1.94 
2.31 
1.53 
1.18 
1.12 
1.28 
1.43 
1.04 
0.92 
1.13 
1.10 
1.37 
1.67 
0.93 
0.73 
0.77 
0.86 
0.98 
0.82 
1.14 
1.05 
1.02 
0.91 
0.75 
0.81 
0.76 
0.82 
0.75 
1.05 
1.39 
0.81 

temperature 
(%) 

-4 .15 
-4 .11 
-3 .98 
-3 .92 
-3 .78 
-3 .72 
-3 .68 
-3 .61 
-3 .56 
-3 .51 
-3 .46 
-3 .44 
-3 .40 
-3 .37 
-3 .35 
-3 .33 
-3 .31 
-3 .29 
-3 .27 
-3 .24 
-3 .22 
-3 .18 
-3 .16 
-3 .13 
-3 .12 
-3 .11 
-3 .08 
-3 .06 
-3 .04 
-3 .02 
-3 .00 
-2 .99 
-2 .95 
-2 .94 
-2 .93 
-2 .91 
-2 .88 
-2 .87 
-2 .86 
-2 .84 
-2 .81 
-2 .68 
-2 .66 
-2 .64 
-2 .62 
-2 .59 
-2 .49 
-2 .47 
-2 .44 
-2 .42 
-2 .35 
-2 .33 
-2 .28 
-2 .27 
-2 .23 
-2 .22 
-2 .21 
-2 .16 
-2 .13 
-2 .12 
- 2.04 
-2 .03 
-2 .02 
-1 .96 
-1 .94 
-1 .88 
-1 .83 
-1 .81 
-1 .79 
-1 .70 
-1 .68 
-1 .66 

Kc 
(W/m ■ °C) 

1.05 
1.04 
1.06 
1.00 
1.12 
1.16 
1.14 
1.04 
1.17 
1.19 
1.18 
1.16 
1.01 
1.18 
1.13 
1.24 
1.19 
1.31 
1.23 
1.25 
1.05 
1.32 
1.30 
1.01 
1.13 
1.21 
1.48 
1.35 
1.34 
1.17 
1.04 
1.11 
0.95 
0.94 
1.03 
0.94 
1.17 
1.15 
1.13 
1.07 
1.65 
1.03 
0.90 
1.12 
1.39 
1.37 
1.29 
1.05 
1.37 
1.57 
1.38 
1.48 
1.06 
1.05 
1.39 
1.59 
1.69 
1.63 
1.56 
1.61 
1.22 
1.32 
1.28 
1.43 
1.56 
1.43 
1.49 
1.61 
1.56 
1.38 
1.24 
1.49 

Depth 
(mbsf) 

Hole 672A 

15.05 
18.05 
21.05 
24.55 
27.55 
30.55 
34.05 
37.05 
40.05 
43.55 
46.55 
49.55 
52.50 
55.40 
58.50 
62.30 
65.30 
68.30 
72.00 
75.00 
78.00 
81.50 
84.50 
87.50 
91.00 
94.00 
97.00 

100.55 
103.55 
106.55 
113.05 
144.55 
147.55 
163.80 
166.80 
192.10 
195.10 
197.60 

Hole 673B 

2.25 
5.25 

18.71 
21.31 
23.68 
28.64 
30.14 
2.20 
9.80 

12.80 
15.80 
19.30 
22.30 
25.30 
28.80 
31.80 
34.80 
38.30 
41.30 
43.77 
47.85 
50.85 
53.85 
76.35 
79.35 
85.75 
95.46 

Hole 674A 

5.25 
8.30 

10.20 
13.20 
17.85 

Ku 
(W/m • °C) 

0.95 
0.88 
1.08 
1.11 
1.23 
1.40 
1.47 
1.37 
1.48 
1.12 
1.09 
1.14 
1.29 
1.34 
1.36 
1.25 
1.18 
1.21 
1.11 
1.16 
1.22 
1.25 
1.22 
1.32 
1.41 
1.24 
1.31 
1.17 
1.31 
1.30 
1.31 
1.17 
1.15 
1.15 
1.00 
1.01 
1.06 
1.19 

1.05 
0.98 
1.19 
1.03 
1.10 
1.12 
1.19 
1.07 
1.10 
1.15 
1.19 
1.18 
1.10 
1.25 
1.25 
1.21 
1.32 
1.32 
1.17 
1.21 
1.22 
1.22 
1.19 
1.17 
1.11 
1.06 
1.22 

1.22 
1.18 
1.33 
1.06 
1.18 

4> 

73.20 
78.10 
69.50 
79.10 
71.10 
67.20 
68.60 
74.00 
71.80 
67.80 
67.30 
70.10 
65.00 
63.70 
63.70 
67.10 
64.70 
66.10 
68.00 
63.70 
64.90 
69.20 
67.00 
62.00 
64.80 
68.30 
64.50 
67.30 
58.90 
60.10 
58.00 
69.60 
65.10 
74.20 
72.10 
74.10 
69.90 
65.80 

74.80 
75.70 
66.40 
68.30 
70.00 
73.30 
72.20 
75.40 
73.40 
67.80 
70.40 
68.30 
69.50 
62.40 
66.80 
67.50 
60.00 
63.20 
66.90 
59.50 
64.50 
65.30 
66.80 
65.40 
62.50 
68.70 
68.60 

62.80 
63.60 
57.70 
63.40 
68.00 

Corrections 

pressure 
(<%) 

2.50 
3.07 
1.99 
2.50 
1.83 
1.44 
1.43 
1.78 
1.56 
1.84 
1.86 
1.93 
1.47 
1.36 
1.34 
1.62 
1.60 
1.63 
1.88 
1.58 
1.56 
1.73 
1.66 
1.32 
1.35 
1.70 
1.44 
1.76 
1.21 
1.27 
1.17 
1.89 
1.69 
2.17 
2.38 
2.50 
2.13 
1.68 

2.25 
2.47 
1.58 
1.93 
1.90 
2.04 
1.87 
2.25 
2.08 
1.71 
1.79 
1.69 
1.87 
1.34 
1.53 
1.62 
1.17 
1.30 
1.65 
1.27 
1.48 
1.51 
1.62 
1.59 
1.53 
1.94 
1.68 

1.35 
1.43 
1.05 
1.58 
1.62 

temperature 
(%) 

-3 .93 
-3 .91 
-3 .89 
-3 .86 
-3 .84 
-3 .82 
-3.77 
-3 .72 
-3 .66 
-3 .58 
-3 .48 
-3 .39 
-3 .31 
-3 .27 
-3 .23 
-3 .18 
-3 .13 
-3 .09 
-3 .04 
-3 .00 
-2 .96 
-2 .91 
-2 .87 
-2 .83 
-2 .78 
-2 .73 
-2 .69 
-2 .64 
-2 .60 
-2 .56 
-2 .47 
-2 .03 
-1 .99 
-1 .76 
-1 .72 
-1 .37 
-1 .33 
-1 .29 

-4 .17 
-4 .11 
-3 .87 
-3 .82 
-3 .77 
-3 .68 
-3.65 
-4 .18 
-4 .07 
-4 .03 
-3 .99 
-3 .94 
-3 .89 
-3 .85 
-3 .80 
-3 .77 
-3 .73 
-3 .69 
-3 .65 
-3 .62 
-3 .57 
-3 .53 
-3 .49 
-3 .21 
-3 .18 
-3 .10 
-2 .98 

-4 .07 
-3 .99 
-3 .94 
-3 .86 
-3 .74 

Kc 
(W/m • °C) 

0.94 
0.87 
1.06 
1.09 
1.21 
1.37 
1.44 
1.34 
1.45 
1.10 
1.07 
1.12 
1.27 
1.31 
1.33 
1.23 
1.16 
1.19 
1.10 
1.14 
1.20 
1.24 
1.21 
1.30 
1.39 
1.23 
1.29 
1.16 
1.29 
1.28 
1.29 
1.17 
1.15 
1.16 
1.01 
1.02 
1.07 
1.19 

1.03 
0.96 
1.16 
1.01 
1.08 
1.10 
1.17 
1.05 
1.08 
1.08 
1.16 
1.15 
1.08 
1.22 
1.23 
1.18 
1.29 
1.29 
1.14 
1.18 
1.19 
1.19 
1.17 
1.15 
1.09 
1.04 
1.20 

1.19 
1.15 
1.29 
1.04 
1.16 

APPENDIX A 
Summary of thermal conductivity data and corrections for each hole. 
Ku and Kc are uncorrected and corrected thermal conductivity values, 
respectively; 0 is porosity. 
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Appendix A (continued). 

Depth Ku 
(mbsf) (W/m • °C) <t> 

Hole 674A (Cont.) 

21.16 
27.35 
30.35 
73.10 
84.30 
87.30 
95.84 

106.35 
115.85 
150.70 
166.30 
199.80 
201.30 
220.40 
223.34 
239.30 
253.67 
274.50 
375.75 
378.70 
388.30 
409.90 
429.70 
432.70 
435.85 
440.35 
443.78 
451.16 

Hole 676A 

2.25 
5.25 

11.45 
20.95 
30.45 
36.95 
46.45 
55.90 
65.40 
74.95 
80.90 
83.70 
86.70 
93.90 
96.90 

103.20 
106.20 
112.95 
115.95 
131.78 
144.45 
151.00 
154.00 
160.40 
163.50 
170.00 
173.00 
179.40 
182.50 
188.88 
191.48 
198.47 
201.47 
207.95 
210.95 
217.45 
236.03 
236.40 
245.80 
248.76 

1.39 
1.13 
1.19 
1.22 
1.08 
1.27 
1.31 
1.38 
1.60 
1.30 
1.19 
1.39 
1.46 
1.21 
1.15 
1.24 
1.51 
1.30 
1.32 
1.35 
1.22 
1.19 
1.30 
1.29 
1.46 
1.62 
1.33 
1.74 

1.03 
1.01 
1.04 
1.22 
1.23 
1.11 
1.12 
1.13 
1.23 
1.15 
1.38 
1.38 
1.37 
1.32 
1.38 
1.34 
1.38 
1.29 
1.41 
1.31 
1.32 
1.25 
1.21 
1.16 
1.29 
1.20 
1.18 
1.14 
1.24 
1.19 
1.21 
1.11 
1.13 
1.18 
1.27 
1.26 
1.11 
1.11 
1.19 
1.12 

56.30 
63.70 
64.30 
64.20 
61.00 
71.40 
54.20 
53.60 
54.70 
59.50 
59.60 
54.60 
58.00 
55.00 
54.70 
60.10 
48.70 
43.90 
54.20 
44.10 
53.00 
57.10 
55.60 
60.10 
52.80 
46.30 
47.30 
47.90 

77.50 
77.30 
72.90 
65.80 
64.20 
73.90 
63.30 
70.30 
64.80 
66.20 
57.10 
61.40 
56.10 
59.10 
57.50 
60.10 
58.30 
62.60 
59.10 
63.40 
54.70 
62.90 
64.40 
64.80 
62.40 
71.80 
67.00 
70.00 
65.10 
66.10 
65.50 
65.60 
67.00 
71.50 
70.60 
59.10 
67.40 
67.20 
65.10 
70.20 

Corrections 

pressure temperature Kc 
(%) (%) (W/m • °C) 

0.95 -3 .65 1.36 
1.50 -3 .52 1.11 
1.46 -3 .48 1.16 
1.42 -2 .90 1.20 
1.46 -2 .75 1.07 
1.69 -2 .71 1.26 
0.96 -2 .62 1.29 
0.89 -2 .57 1.35 
0.80 -2 .52 1.57 
1.17 -2 .35 1.28 
1.29 -2 .27 1.18 
0.94 -2 .03 1.37 
1.00 -2 .02 1.45 
1.10 -1 .92 1.20 
1.14 -1 .91 1.14 
1.28 -1 .84 1.23 
0.70 -1 .75 1.40 
0.66 -1 .62 1.29 
1.01 -1 .12 1.32 
0.66 -1 .11 1.34 
1.05 -1 .05 1.22 
1.24 -0 .92 1.20 
1.09 -0 .80 1.30 
1.28 -0 .78 1.30 
0.88 -0 .76 1.46 
0.61 -0 .73 1.62 
0.78 -0 .71 1.33 
0.61 -0 .67 1.74 

2.64 -4 .14 1.01 
2.68 -4 .03 1.00 
2.32 -3 .82 1.02 
1.62 -3 .48 1.20 
1.54 -3 .26 1.21 
2.25 -3 .18 1.10 
1.65 -3 .09 1.10 
2.01 -3 .11 1.12 
1.58 -3 .08 1.21 
1.76 -2 .86 1.14 
1.10 -2 .76 1.36 
1.27 -2 .71 1.36 
1.07 -2 .66 1.35 
1.23 -2 .54 1.30 
1.12 -2 .49 1.36 
1.26 -2 .40 1.32 
1.15 -2 .37 1.36 
1.42 -2 .30 1.28 
1.16 -2 .27 1.39 
1.44 -2 .11 1.30 
1.07 -1 .99 1.31 
1.49 -1 .92 1.24 
1.61 -1 .88 1.21 
1.70 -1 .80 1.16 
1.42 -1 .76 1.29 
2.02 -1 .68 1.20 
1.79 -1 .64 1.18 
2.02 -1 .56 1.15 
1.62 -1 .52 1.24 
1.73 -1 .44 1.20 
1.68 -1 .41 1.21 
1.84 -1 .32 1.12 
1.88 -1 .28 1.14 
2.05 -1 .21 1.19 
1.86 -1 .17 1.28 
1.32 -1 .09 1.26 
1.95 -0 .87 1.12 
1.94 -0 .86 1.12 
1.70 -0 .75 1.20 
2.09 -0 .72 1.14 
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ACCRETIONARY 

APPENDIX B 

Summary of temperature and heat-flow data from each hole on ODP Leg 110. Here, z 
is the depth interval between successive measurements, R(z) is the thermal resistance 
over that depth interval, and LR(z) is the cumulative thermal resistance. Thermal grai-
dents, dT/dz, and heat flow, Q, are listed for each depth interval and for intervals of in
terest including more than two temperatures. The thermal conductivity of the surface 
sediments was assumed to be 0.85 W/m • °C. 

Depth 
Hole (mbsf) 

z LR(z) R(z) 
(m) (°C • m2/W) (°C • m2/W) 
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(°C/km) (mW/mz) 

67IB 

672A 

673B 

0.0 

17.4 

36.4 

167.6 

0.0 

13.3 

32.3 

42.3 

51.3 

133.8 

0.0 

36.2 

0.0 

26.6 

17.4 

19.0 

131.2 

13.3 

19.0 

10.0 

9.0 

82.5 

36.2 

26.6 

48.1 

0.0 

16.92 

33.83 
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0.0 

14.91 

32.79 

40.16 

48.15 
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0.0 

34.51 

0.0 

24.29 
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16.91 

12.71 

14.91 
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7.37 

7.99 

67.43 

34.51 

24.29 
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4.25 

6.00 
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5.25 
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J 
0.0 

25.1 

92.0 

168.0 

206.0 

244.0 

301.0 

377.0 

434.0 

676A 

0.0 

25.6 

44.6 

63.6 

73.4 

101.6 

149.1 

196.6 

244.1 

25.1 

66.9 

76.0 

38.0 

38.0 

57.0 

76.0 

57.0 

25.6 

19.0 

19.0 

9.8 

28.2 

47.5 

47.5 

47.5 

0.0 

22.34 

79.64 

136.12 

165.93 

196.43 

239.14 

297.71 

343.50 

0.0 

24.21 

40.87 

57.67 

66.06 

87.75 

123.82 

163.58 

203.79 

Gradient forced through bottom-water 
Temperature is a lower bound. 
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