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ABSTRACT

A new WHOI heat flow instrument was successfully used in conjunction with the hydraulic piston corer to obtain
temperature-time records for three depths at DSDP Site 587. In order to arrive at an estimate for in situ, steady-state
temperature, these data are applied to a two-dimensional theoretical formulation that describes the cooling behavior of
an annular cylinder surrounded by sediment. An average heat flow of 56.9 mW/m2 is computed from the resulting tem-
perature profile. This value is in close agreement with the theoretical heat flux of 53.0 mW/m2 determined from the
general heat flow-age relationship. The temperature profile at Site 587 is nonlinear. Examination of the effects of sud-
den changes in bottom water temperature and upward movement of pore fluid fails to provide convincing solutions to
the cause of this nonlinearity. Knowing sediment permeability and extending the theoretical data analysis to three di-
mensions would improve our ability to understand the geothermal environment at this location.

INTRODUCTION

The Leg 90 scientific program focused primarily on
paleoenvironmental studies, requiring extensive use of
the hydraulic piston corer (HPC) at several sites travers-
ing tropical to subantarctic regions of the southwest Pa-
cific. A new heat flow instrument, developed at the Woods
Hole Oceanographic Institution (WHOI), had original-
ly been designed to be deployed with the HPC and pro-
vide information regarding the in situ temperature of
the sediment column. This tool was initially tested on
Leg 86, and its use was incorporated into the Leg 90
schedule because of the possibility of obtaining detailed
temperature profiles in conjunction with the planned HPC
operations.

The previous method of determining the geothermal
gradient involved the separate lowering of temperature-
measuring instrumentation (Yokota et al., 1980), with
the entire process taking between 1 and 2 hours, depend-
ing upon the water depth and operating conditions. The
new instrumentation employs a thermistor/microprocessor
package that is inserted directly into the wall of the HPC
cutting shoe, as shown in Figure 1, recording tempera-
ture values at preselected time intervals during the cor-
ing operation. With this innovative device, the measure-
ment technique is incorporated directly into the coring
procedure and determines the in situ temperature, re-
quiring minimum additional operating time (< 10 min.).

Thus, a comprehensive heat flow program was planned
for this cruise in conjunction with the ambitious HPC
work scheduled along the Lord Howe Rise. Regrettably,
one such instrument package had been lost during Leg
89, which left only one remaining aboard ship. This tool
was subsequently lost during a coring malfunction at
Site 590. Hence, the entire heat flow program was lim-
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ited to the geothermal measurements determined at Site
587. These data are presented and analyzed in this
chapter.

THEORETICAL FORMULATION

The heat flow device measures the temperature inside
the coring shoe wall as a function of time. Figure 2A-C
depicts the temperature-time records obtained at DSDP
Site 587, where temperature values have been recorded
every 10 s. These include the temperature of the seawa-
ter inside the drill string as the HPC was lowered into
the hole. A temperature spike in these plots is caused by
frictional heating during HPC sediment penetration. The
initial rapid increase to a maximum temperature is fol-
lowed by a relatively undisturbed decay and, finally, by
a sudden deviation from this cooling curve as the pis-
ton corer is extracted and returned to the ship. The heat
flow instrument package was typically placed in the cut-
ting shoe at every fourth HPC deployment, roughly ev-
ery 36 m. It was allowed to remain imbedded in the sedi-
ment for approximately 10 min. before retrieval to ob-
tain a record of the conductive dissipation of heat to the
surrounding sediments.

Horai (personal communication) has investigated, both
analytically and numerically, the problem of radial con-
duction through an annular coring shoe surrounded by
sediment. This two-dimensional formulation provides a
method of processing the transient record of heat dissi-
pation by fitting to a theoretical temperature decay. The
theoretical cooling curve is uniquely determined by the
thermal properties and dimensions of the coring shoe
material and the adjacent marine sediment. Since the
piston corer is retrieved from the ocean bottom before
an equilibrium temperature can be reached, this proce-
dure allows extrapolation of the decaying temperature
record to yield an estimate for the steady-state in situ
sediment temperature.

Thermal conductivity values obtained from various
depths at Sites 587 and 588 are reported by Morin (this
volume). These data are graphically presented here as
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Figure 1. Cross-sectional view of HPC cutting shoe with cavity for heat flow instrument.

well (Fig. 3) and are listed in Table 1. Chaney et al.
(1983) describe the experimental technique. Relevant ship-
board conductivity measurements were corrected for in
situ pressure as suggested by Morin and Silva (1984).
The magnitude of the correction is a function of porosi-
ty and can differ appreciably from that suggested by Rat-
cliffe (1960) when low-porosity sediments are exposed to
substantial hydrostatic pressures. Because of the relative-
ly shallow water depth of 1100 m at Site 587, however,
the pressure correction determined by either method
proved to be quite small (see Appendix). A temperature
coefficient, appropriate within a range of 0 to 30°C,
was also applied to the conductivity values determined
aboard ship (Macdonald and Simmons, 1972). This ad-
justment (reduction) to the shipboard thermal conduc-
tivity necessitated by the colder in situ temperature was
slightly offset by the small adjustment (increase) to the
shipboard measurement caused by the larger in situ pres-
sure (see Appendix). The resulting total correction, a net
reduction in thermal conductivity of 2.63%, was em-
ployed in computing the proper thermal property values
necessary to the theoretical heat transfer formulation.

The corresponding values of sediment thermal diffu-
sivity were estimated by the following linear relationship
(Von Herzen and Maxwell, 1959):

k = (3.66/: - 0.70) (10-7)

where K is the thermal conductivity and k is the thermal
diffusivity in units of W/m°C and m2/s, respectively.
Horai's (personal communication) analysis incorporates
the following parameters.

^HPC iron alloy = 25.3 W / m ° C

^HPC iron alloy = 10-9 × 10~6 mVs

ATsediment = 1-06 - 1 . 3 9 W / m ° C

ŝediment = 3.18 - 4.39 × 10~7 m 2 / s

HPC inside diameter = 6.198 cm

HPC outside diameter = 9.068 cm

In this analytical study of the heat transfer across a
composite circular cylinder, the initial temperature of the
coring shoe is assumed to be both constant and uniform.
In actuality, however, the HPC commonly has an une-
ven temperature distribution at the instant of sediment
penetration. Because of this nonuniform condition, the
first few data points, or time steps, recorded by the tem-
perature sensor after penetration are expected to deviate
from the predicted values (1 time step = 10 s). In his
analysis, Horai has adjusted for the effect of an ambig-
uous time origin by including a zero-time offset. The
theoretical temperatures with shifted time origin are fit-
ted to the recorded data by minimizing the misfit (er-
ror), calculated as the rms value:

error =

where T{ is the observed temperature, and Tti is the theo-
retical temperature.

TEMPERATURE RESULTS

Figure 4A-C displays the results of the three down-
hole temperature measurements obtained at Site 587.
These plots focus upon the decay-curve portions of the
data presented in Figure 2. The points represent the tem-
peratures measured by the WHOI instrumentation at 10-s
intervals during the coring operation, and the solid lines
represent best-fit cooling curves derived from Horai's
theoretical analysis in conjunction with the relevant sed-
iment thermal conductivity measurements. The fitting is
excellent at a depth of 31.9 m (Fig. 4A), as evidenced by
the relatively small residual error, computed from the
least-squares analysis to be 0.008. Horai's solution dem-
onstrates that, after 600 s of undisturbed cooling, ap-
proximately 78% of the total expected thermal decay has
occurred, and an in situ temperature of 6.42°C is calcu-
lated.

The second temperature-time record (Figs. 2B and
4B) at a sub-bottom depth of 70.3 m shows a distur-
bance in the thermal decay curve occurring approximate-
ly 100 s after HPC penetration. This slight temperature
increase is probably caused by movement that has gen-
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Figure 2. Temperature-time record from WHOI instrument at A. 31.9 m depth, B. 70.3 m
depth, C. 108.7 m depth.

1319



R. H. MORIN, R. P. VON HERZEN

0

100 -

200 -

300
1.0 1.2 1.4

Thermal conductivity (W/m°C)
1.6 1.8

Figure 3. Plot of sediment thermal conductivity (Sites 587 and 588)
versus depth.

Table 1. List of sediment thermal conductivity
values versus depth for Sites 587 and 588.

Depth
(m)

16.4
19.4
20.9
23.0
24.5
26.0
27.5
34.1
35.6
38.6
40.1
42.2
45.2
80.6
83.6
88.1

Site 587

Thermal
conductivity

(W/m°C)

1.00
1.27
1.26
1.15
1.34
1.21
1.36
.24
.34
.36
.34
.37
.42
.40
.42
.39

Depth
(m)

53.9
78.8
87.8
98.0

107.5
126.8
136.3
146.0
155.5
165.2
174.8
184.3
254.9
260.4
271.6

Site 588

Thermal
conductivity

(W/m°C)

1.24
1.31
.30
.35
.34
.39
.35
.36
.38
.40
.32
.29
.44
.34
.44

erated additional frictional heating. Movement could have
been produced by ship motion transmitted through the
drill string or simply from settling of the coring gear in
the sediment. Horai's analysis is applied to the actual
data at the onset of this disturbance in order to achieve
a representative fit to the decay curve and, again, a small
residual error of 0.008 is calculated. The steady-state tem-
perature at this depth is estimated to be 8.00°C.

1000

300 1000 1100

Figure 4. Temperature decay data (points) and corresponding best-fit
theoretical solution (solid line) for Site 587. A. 31.9 m depth, B.
70.3 m depth, C. 108.7 m depth.

The WHOI instrument package was deployed for a
third time at a depth of 108.7 m. The actual data and
the theoretical fit are illustrated in Figure 4C. The asso-
ciated residual error in this case is 0.068 and an in situ
temperature of 8.65°C is predicted.

The uncertainties in estimating the in situ tempera-
tures can best be considered by applying reasonable con-
straints to the theoretically derived results. In the three
cases discussed previously, the actual temperatures are
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slightly less than the theoretical ones near the end of the
recorded decay curve. Horai employs a two-dimensional
model in his analysis, thus assuming that all conductive
heat transfer takes place in the radial direction. In reality,
however, some degree of axial cooling probably occurs
at the base of the cutting shoe, thereby causing temper-
atures to fall more rapidly than theory has predicted.
Hence, the theoretically derived in situ temperatures are
likely to be slightly less than the actual ones. These for-
mer values are considered to be the lower bounds of the
in situ temperature estimates. An upper bound can be
conservatively estimated as being the last value observed
during the recorded temperature decay. Thus, appropri-
ate ranges of uncertainty can be attached to the esti-
mated in situ temperatures.

Table 2 summarizes the successful geothermal mea-
surements, with the sub-bottom depths obtained from
the drillers' logs. The heat flow instrument was immedi-
ately lowered into the existing hole during the coring op-
eration and was never permitted to reach thermal equi-
librium at the sediment-seawater interface. Therefore,
the bottom water temperature was not directly measured
at this site. Nevertheless, nearby historical hydrographic
data obtained from National Oceanographic Data Cen-
ter listings give a value of about 4.1 ± 0.1 °C at a depth
of 1115 m. These data show no observable (<0.1°C)
long-term variability over the period ranging from ap-
proximately 1960 to 1980.

A weighted harmonic mean sediment thermal conduc-
tivity was calculated for each depth interval over which
the geothermal gradient was determined. A particular
sediment porosity has a thermal conductivity value as-
sociated with it, and the harmonic means were weighted
corresponding to the porosity profile of Hole 587 pre-
sented by Morin (this volume). The degrees of uncer-
tainty in estimating these quantities are stated in the foot-
notes to Table 2.

For purposes of computing thermal gradients through
the sediment column across the pertinent depth inter-
vals, assumptions are made regarding the designated tem-
perature constraints. Since the theoretical fits shown in
Figure 4 are in close agreement with the actual data, it
is anticipated that the true in situ temperature will be

much closer to Tm i n. than to Tm a x -. The following equa-
tion is arbitrarily chosen as a subjective approximation
to the actual temperature.

1 estimated = T + C(T - T
max. x mm.

where C = constant = 0.20. The exact value of C does
not significantly affect the final temperature results ex-
cept at the deepest depth, where the difference between
Tmax. a n d Tmin. is greatest. Values of estimated tempera-
tures are included in Table 2 and a plot of the tempera-
ture profile for Site 587 is presented in Figure 5.

DISCUSSION

Site 587 is located at 21°11.9'S, 161°20.0'E on the
Lansdowne Bank. This geologic feature represents the
northernmost part of the Lord Howe Rise and is bor-
dered by the Lord Howe Basin to the west and the New
Caledonia Basin to the east. This particular section of
the southwest Pacific has a complex tectonic setting, with
numerous crustal extensions and discontinuities. Lapouille
(1976) has categorized the Lord Howe Rise based upon
magnetic variations and crustal thickness (Officer, 1955).
Seismic surveys of the New Caledonian margins reveal
transitional seismic structures that lie between the proper
oceanic domain of the central Pacific and the continen-
tal domain forming Australia (Dubois et al., 1974); it is
believed that the region that encompasses the Lord Howe
Rise and Site 587 probably has a thinned continental
structure. Geophysical studies indicate that this zone was
detached from Australia by the opening of the Tasman
Sea during the Late Cretaceous between 60 and 80 m.y.
ago (Hayes and Ringis, 1973). Maestrichtian sediments
and rocks recovered from DSDP Sites 207 and 208, also
located on the Lord Howe Rise, seem to confirm this
age (Burns et al., 1973; Webb, 1973).

It is thus assumed that the crustal age at Site 587 is
no younger than Late Cretaceous (65 m.y.) and proba-
bly around 80 m.y. Parsons and Sclater (1977) demon-
strate that heat flow of normal seafloor can be estimated
from crustal age by utilizing the following equation.

q(t) = 473//1/2

Table 2. Summary of geothermal data for Site 587.

Core
Depth

(m)
T m i n

(°C)•
T e s t

a

C

Thermal
gradient

Thermal HeatαHeatc

cond. flow flow-avg.
(W/m°C) (mW/nO (mW/m2)

Seafloor

4

8

12

0

31.9

70.3

108.7

—

6.57

8.64

10.74

—

6.42

8.00

8.65

4.1

6.45

8.13

9.08

±

±

±

±

0.1

0.01

0.02

0.04

0.074 ± 0.003 1.06 ± 0.08 78.4 ± 7.1

0.044 ± 0.001 1.39 ± 0.11 61.2 ± 5.1 56.9 ± 5.2

0.025 ± 0.001 1.39 ± 0.11 34.8 ± 3.1

Note: Dashes indicate that no measurement was made.
* Uncertainties are subjective estimates based upon accuracy of theoretical fit.

Uncertainty includes standard experimental error of ± 4 and ± 4% possible systematic error (weighted harmonic
mean).

c Uncertainty computed as RMS sum of errors in thermal gradient and conductivity.
d Uncertainty computed as weighted RMS sum of interval heat flow errors.
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Figure 5. Plot of temperature versus sub-bottom depth for Site 587.

where q(t) = heat flow as a function of time (mW/m2)
and t = age (m.y.)

The associated heat flow predicted for 80-m.y. basement
is 53.0 mW/m2. This theoretical value is in very good
agreement with the average heat flow presented in Table 2,
computed over the entire 108.7-m depth interval as be-
ing 56.9 mW/m2. There are relatively few heat flow da-
ta reported in the literature for this area from which to
compare results. Sclater et al. (1972) have reported a heat
flux of 42.8 mW/m2 at a site 230 km to the east, nearer
New Caledonia; Von Herzen (1973) has measured a val-
ue of 82.2 mW/m2 at DSDP Site 209, approximately
900 km to the northwest near the Coral Sea Basin.

The temperature profile depicted in Figure 5 is non-
linear. This curvature, although compensated somewhat
by changes in thermal conductivity, translates into a non-
uniform heat flow distribution with depth. The phenom-
enon of nonlinear temperature profiles has been vigor-
ously investigated over the past few years (Langseth and
Herman, 1981; Anderson et al., 1979; Abbott et al.,
1981), although no adequate explanation has been pre-
sented yet for this behavior. Factors such as upward per-
colation of pore fluid through the sedimentary column,
changes in bottom water temperature, and variations in
thermal conductivity have been suggested as possible
causes for the curved temperature profiles. In many cases
concerned with marine studies, however, consideration
of these factors has yielded inadequate or contradictory
explanations.

If it is assumed that the temperatures determined at
the two deepest points approach a linear, steady-state dis-
tribution, an associated geothermal gradient of 0.020°C/
m can be approximated, with a corresponding steady-
state bottom water temperature of 6.91 °C. In order to
justify the temperature profile depicted in Figure 5 to be
caused by variations in bottom water temperature, a sud-
den temperature decrease of about 2.9°C would have to
have occurred and have been maintained over the past
100 years. These calculations are computed from the con-
duction equations for a semi-infinite solid presented by
Carslaw and Jaeger (1978, p. 63) and are based on a step

change of water temperature superimposed on a medium
with uniform thermal diffusivity. Whereas small fluctu-
ations in bottom water temperature may be expected at
this site because of the relatively shallow water depth,
the magnitude of the deviation required to properly ex-
plain the temperature distribution seems unlikely.

Vertical water advection through the sediment col-
umn also may produce nonlinear temperature profiles.
When the one-dimensional energy balance described by
Bredehoeft and Papadopulos (1965) for a medium with
uniform thermal properties is applied to the three sedi-
ment temperatures listed in Table 2, the upward fluid ve-
locity necessary to generate the resulting profile is com-
puted to the 5.93 × 10-7 cm/s. Unfortunately, permea-
bility has not been determined for the sediments at this
site. The material was relatively coarse grained, making
retrieval with the HPC difficult. The sediments consist-
ed mostly of skeletal silty sands, composed of corals,
calcareous algae, and foraminifers. Because of the coarse
grain size and absence of clays, it is anticipated that per-
meabilities are high. Average porosity through the sedi-
ment column is estimated at 60% from the porosity pro-
file of Site 587 presented by Morin (this volume).

Bryant et al. (1975) have classified marine sediment
permeabilities in terms of clay content and grain size.
For silts and clays that have a significant sand-size frac-
tion, permeability is roughly estimated to be on the or-
der of 10-7 cm/s at a porosity of 60%. Robertson (1967)
has measured the permeability of an aragonitic sediment
during compaction. His results show a permeability on
the order of 10~5 cm/s at a porosity of 60%. It is diffi-
cult to assign a reliable permeability to these Site 587
sediments in light of the wide range of values presented
in the literature. For our purposes in this general analy-
sis, however, it is assumed that sediment permeability is
on the order of 10~6 cm/s. The corresponding hydrau-
lic gradient necessary to generate an upward velocity of
5.93 × 10~7 cm/s is, thus, on the order of 0.1.

v = Bi

where v = fluid velocity (cm/s), B = sediment permea-
bility (cm/s), and i = hydraulic gradient (dimensionless).

The simple diagram of Figure 6 shows water perco-
lating up through a sediment sample as it travels from
points A to C. One-dimensional flow conditions and a
uniform permeability are assumed throughout the speci-
men. We wish to determine the hydraulic gradient neces-
sary to achieve a "quick condition" (no effective stress)
at the bottom of the specimen (point B). Conceptually,
the height h2 is gradually increased until the force push-
ing water up through the sample becomes so great that
there is no longer an effective stress in the sediment at
point B (i.e., no grain-to grain contacts, with particles
suspended in fluid). The threshold value of this height
h2 is determined as follows:

σ = σ' + u (1)

at point B, σ' = 0, σ = u—from (1)
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Figure 6. Schematic diagram illustrating water moving up through a
sediment sample under a hydraulic pressure gradient. Sketch is used
to determine the hydraulic gradient necessary to produce a "quick
condition" (see text).

U =

+ lb)h\

(2)

(3)

where σ = total stress, σ' = effective stress, u = pore
water pressure, yw = unit weight of water, and yb =
unit weight of sediment in water.

Equating (2) and (3),

= Jb h\

= threshold hydraulic gradient /

But

yb = yw(G - i)(l - Φ)
(from Lambe and Whitman, 1969)

where G — specific gravity of solids, Φ = porosity.

.'. 'quick = (G - 1)(1 - Φ) = 0.66

assuming G = 2.65 and Φ = 0.60.

Thus, a hydraulic gradient larger than 0.66 will cause
a "quick condition" on the seafloor. This value is on the
same order as that determined necessary to produce the
calculated nonlinear temperature profile. Without know-
ing the permeability more accurately, firm conclusions
cannot be reached. If the required gradient is larger than
0.66, this solution is not valid physically. If the gradient
needed to generate the appropriate fluid flow is smaller
than the threshold gradient, upward percolation through
the sediment column may provide a viable explanation
for the temperature distribution. This latter condition
seems unlikely, however, since an upward flow of 5.93 ×
10 ~7 cm/s implies a local surface heat transfer of about
155 mW/m2 (Anderson et al., 1979). This value is much
higher than all surface heat flow measurements reported
for this region and is also much larger than the value
calculated from the heat flow versus age relationship pre-
sented earlier.

An examination of the effects of variable bottom wa-
ter temperature and pore fluid movement fails to pro-
vide a convincing solution as to the cause of the nonlin-
ear temperature profile at Site 587. Von Herzen (1973)
presented a similar profile at Site 206 in the New Cale-
donia Basin. The large error bar in the predicted tem-
perature at the 108.7-m depth, however, makes it diffi-
cult to be certain about the significance of curvature in
the profile. Better resolution of this deepest temperature
is required before a distinct nonlinear temperature dis-
tribution can be confidently assumed. It is to be hoped
that a revised, three-dimensional version of Horai's the-
oretical formulation will permit a re-evaluation of the
WHOI instrument data at a future time.
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APPENDIX
Sediment Thermal Conductivity Corrections for In Situ Pressure

and Temperature

Pressure:
assume shipboard thermal conductivity = 1.00 W/m°C
water depth = 1100 m

(from Morin and Silva, 1984)
assume sediment porosity = 0.70

pressure corrected = therm, cond. + /0.0042W \ /water depthλ
therm, cond. at 1 atm \ m°C / \ 1000 m /

/00042 W\ /l 100 m\
pressure correction = { ) ( )\ /l 100 m\ 0.0046 W

% correction = ÷ 0 - 0 0 4 6 = +0.46%
1.00

(from Ratcliffe, 1960)
1% increase in thermal conductivity per 1000 fathoms (1830 m)
water depth

+ 0.60%% correction = (0.01) / 1 1 0 ° m \ =
\1830 m/

Temperature:
assume shipboard temperature = 22 °C
assume in situ temperature = 6°C

(from Macdonald and Simmons, 1972)

, /0.193%\ ti-Q

therm, cond. correction = I ——— J (6°

% correction = -3.09%

- 22°C)

Total correction = +0.46% (pressure) - 3.09% (temperature)
= -2.63%
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