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ABSTRACT

The ocean sub-bottom seismometer obtained continuous temperature and tilt data in Hole 581C during a 64-day pe-
riod after drilling and another temperature measurement 8 1/2 months later. These data are used to obtain a heat-flow
estimate through the 110-m.y.-old crust and to determine the mechanical stability of the instrument. Temperature re-
sults show rapid temperature increase during the first week after drilling, and then a secondary trend of increasing tem-
perature extending over several months. It does not appear possible to model these data with simple theory, and extrap-
olation of the temperature increase obtained during the first 6 days yields an equilibrium temperature 0.6° higher than
that obtained from the total data set. We interpret these data to mean that the drilling water invaded and cooled the re-
gion around the hole.

The tilt sensors in the instrument are not sensitive enough to record tectonic tilt variations. However, even with their
low sensitivity, they show that the platform had not reached equilibrium by the end of the 64-day recording period.

INTRODUCTION

The ocean sub-bottom seismometer (OSS) contains
calibrated tilt and temperature sensors with outputs that
are digitally recorded once every 32 min. in the recorder
package. OSS IV was emplaced within 4 m of the bot-
tom of Hole 581C (5467 m water depth, 357 m sedi-
ment, 21 m basalt, 378 m total penetration). From 11
September to 16 November 1982, a continuous record of
the tilt and temperature changes was obtained by the
OSS system. In addition, the tilt and temperature were
again measured on 26 May 1984, during the reload of
the recorder package. Although tilt and temperature mea-
surements were not first priority data in this experiment,
measurements were taken for minimal added cost yield-
ing unique data sets for further analysis.

BACKGROUND
OSS IV (on Leg 88) was the fourth attempt at em-

placement of a permanent borehole seismometer. Pre-
vious successful experiments were run on Legs 65 and
67. OSS I data in Hole 482C (Leg 65) indicated temper-
atures near 150°C after 42 days in the hole (Duennebier
et al., 1983). This temperature was about 50°C hotter
than extrapolated from heat-flow measurements taken
in the sediments during drilling, leading us to conclude
that the hole formed a "hot well" allowing overpres-
sured water from below to flow up the hole.

Temperature and tilt data from OSS II (Leg 67) in the
Guatemala Trench are discussed in Carter et al. (1981).
Resolution of the tilt and temperature data for this ex-
periment was poor, and, although there was little tem-
perature variation, tilt changes too large to be tectonic
in origin were recorded. As this tool was locked in sedi-
ments, large tilt changes could be expected. The OSS III
experiment failed because of hardware problems.
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The OSS IV tilt and temperature sensors are recorded
with much better resolution than was available in the
earlier instruments, largely because of subtraction of the
de level prior to digitization (the de level is recorded sep-
arately), and presetting of the temperature sensor zero
output value near the expected bottom hole tempera-
ture, 15°C. The tilt sensors (Fredricks Model 7660 bub-
ble tiltmeters) were calibrated to ± 1 mrad absolute on
the HIG shaker table facility (Duennebier et al., 1984).
The temperature sensor was calibrated in the tool to
±0.01°C using a constant temperature bath and cali-
brated thermometers. The temperature sensor is an inte-
grated circuit device (Analog Devices AD590) mounted
against the pressure case in the tool. The resolution of
the tiltmeters is 8 digital units per microradian, and the
resolution of the temperature sensor is 11 digital units
per millidegree (at highest gain). Although earth tides
are still unresolved in the tilt data by about an order of
magnitude, a more sensitive tilt sensor would require ac-
tive leveling of the sensors in the tool.

RESULTS

Tilt Data
During installation of OSS IV in Hole 581C on 11

September 1982, it was necessary to lock and unlock the
tool several times before it settled into an attitude where
both horizontal geophones were sensitive. The reason
for including tilt sensors in the package was to supply
engineering data on tool attitude. After locking the tool
in position, it tilted about 1 mrad (0.1°) to the northeast
during the first few days, usually in steps, and then drifted
toward the southwest at a steadily decreasing rate over
the next 60 days (Figs. 1, 2). The recorded tilt variations
are several orders of magnitude larger than any reason-
able tectonic tilts and are probably caused by gradual
settling of the tool in the hole. The tool is locked in ba-
salt, however, and the long time needed to approach
equilibrium was not expected. Some of the step changes
in tilt shortly after emplacement correlate with high noise
pulses on the geophones, probably indicating settling of
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the instrument and cable in the hole. One of the largest
tilt changes occurred the day after emplacement (at about
0800 on Julian day 257); the tilt change correlates with a
sharp decrease in the temperature (Fig. 2) as well as a
noise pulse on the geophones. In this case, we hypothe-
size that a large amount of cooler sediment fell down
from above, moving the tool (changing the tilt), and sig-
nificantly cooling the water at the base of the hole. The
resulting cooling pulse decays rapidly compared to the
long-term thermal effects of drilling.

The recording system was refurbished on 25 May 1983,
8 1/2 months after emplacement. Tilt and temperature mea-
surements were monitored for about 1 day during servic-
ing with minimal disturbance of the instrument in the
hole. At this time, the tilts were at 2.9 mrad (east-west)
and 26.5 mrad (north-south). These values are much
closer to vertical than expected from a simple extrapola-
tion of the recorded data, and the cause of this change is
not known. Perhaps it was because of further material
collapses in the hole. Variations of 0.1 to 0.5 mrad oc-
curred while servicing the recorder package, probably
caused by disturbing the hole when tugging on the wire

connecting the instrument in the hole to the ship. The
magnitude 7.8 Japan earthquake of 26 May 1983 was re-
corded by the tilt sensors as well as the geophones (Duen-
nebier, this volume).

Temperature Data

The temperature measurements obtained from emplace-
ment on 11 September 1982 until 16 November 1982 are
a unique data set: they are the longest continuous re-
cording of ocean borehole temperature in existence. The
temporal change in temperature should contain infor-
mation on heat flow and permeability at the drill site.
Although only the heat flow is estimated in this report,
models to estimate other variables can certainly be con-
strained by these data. In addition to the continuous 64-
day data set, a temperature value (21.42°C) was obtained
259 days after emplacement, when the system was refur-
bished on 26 May 1983. Another 60-day data set start-
ing on that date is still waiting to be recovered.

Inspection of the temperature change with time (Figs.
1, 2) shows that the hole was cooled by the drilling pro-
cess, warmed rapidly during the first two weeks after
drilling, and continued to warm slowly over the 64-day
recording period. The hole then warmed almost 1° dur-
ing the 250 days between the end of recording and refur-
bishing the system. To model this change in tempera-
ture, an attempt was made to use the simple formula-
tion of Lachenbruch and Brewer (1959):

T = A ln [t/(t - S)] + To

where T = temperature at time t after the start time of
the disturbance (°C), A = constant, t = D - Do, where
D is the day of year and Do is the start day of the distur-
bance, S = duration of disturbance in days, and To =
equilibrium temperature (°C).

If this formulation is valid, then a plot of ln[//(t - S)]
versus T should be linear with a slope of A and intercept
T0. As shown in Figure 3, this is not the case. Using rea-
sonable estimates for the start time and duration of the
disturbance, the resulting plots are concave upward, im-
plying that the hole took much longer to warm back up
after the cooling caused by drilling than would be ex-
pected from this simple theory.

The Lachenbruch and Brewer (1959) formulation as-
sumes a line source with no volume or heat capacity. A
more complete theory (Bullard, 1947) includes the vol-
ume of the hole and the final temperature of the water
in the hole at the end of the drilling disturbance. This
theory assumes that the duration of the drilling is in-
stantaneous.

The Bullard (1947) theory is given by the equation:

T(t) - To = ATF (α, T), where

oo ,

, 4α f
α, T) = — I — —

7T J U\[U4J0(u) - [uY<fµ) - αy,(M)

where u = the integration variable, T(t) = the hole tem-
perature at time t (days) after drilling, To = the forma-
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Figure 1. Variation in tilt and temperature at the bottom of Hole 581C
during the 64 days of continuous measurement by the ocean sub-
bottom seismometer.



TEMPERATURE AND TILT VARIATION IN HOLE 581C

Figure 2. Tilt and temperature data for the first 4 days of measurement. The cooling event at 0800 on Ju-
lian day 257 correlates with a change in tilt and a noise pulse on the geophones, implying that it was
caused by material falling down the hole.

Figure 3. A comparison of observed temperature changes using three
different reasonable estimates for S, the duration of drilling in days,
t is the time since the beginning of the drilling disturbance in days.
Note that the curve is concave rather than linear, implying that the
region around the hole was cooled by the drilling much more than
predicted by simple line source theory.

tion equilibrium temperature, AT = the instantaneous
temperature change from equilibrium caused by drill-
ing, α = twice the ratio of the heat capacity of the bore-
hole seawater to the surrounding crust, T = kt/a2, where
k = the thermal diffusivity of the crust and a = the ra-

dius of the borehole, and Y0, Y1, Jo, and J1 = Bessel
functions.

In our case, we must estimate the parameters To, α,
and T to obtain a reasonable fit to the observed data set.
This formulation was used for analysis of the Leg 78B
temperature data (Becker et al., 1984), and their nota-
tion is used here. If we assume that a = 1.25 (Hyndman
et al. 1984), and K = 0.65 mmVs, we can vary To, AT,
and a to look for a reasonable fit to the data. Increasing
the value of T0 raises all temperatures by equal amounts.
In our case, ΔT is negative, and making it more negative
(lowering the initial temperature of the hole) decreases
T(t) for small values of t, but has little effect when t is
large. Increasing the radius of the hole (a) increases the
time constant of return to equilibrium. The initial tem-
perature of the hole must not be less than 0°C, as this is
the minimum temperature of seawater pumped into the
hole, thus To - AT 0°C. If we set the hole radius at
12.7 cm (5 in.), the fit to the data is poor, and we find
that we must use a larger hole radius (60 cm) to obtain
reasonable agreement with the data recorded during the
first 6 days after drilling. Since the caliper in OSS IV
measured the hole diameter as 25.4 cm, this disagree-
ment is real, possibly indicating that the assumption of
instantaneous drilling time is not valid for times shortly
after drilling is completed. An equilibrium temperature
of 22.6°C and hole radius of 60 cm were used to obtain
the fit to the early data, shown as the dashed curve in
Figure 4. Whereas the fit is always within 0.2°C during
the first 6 days, the fit to the remaining data (Fig. 5) us-
ing these values is poor, since the predicted temperature
is higher than the observed values.

To obtain a fit to the complete temperature data set,
we combine the effects of the warming of two separate
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Figure 4. Bullard formula fit to the temperature data taken shortly
after drilling. The data are shown by the heavy solid curve. The
dashed curve was obtained using the Bullard formula with an equi-
librium temperature of 22.6°C and a hole radius of 60 cm. This
curve fits the first 6 days of data well, but predicts higher tempera-
tures at later times. The thin solid curve was obtained using a two-
region model explained in the text.

Figure 5. Bullard formula and modified Bullard formula fit to the
complete temperature data set. The heavy solid line shows the con-
tinuous 64-day data set; the asterisk shows an additional data point
obtained 256 days after drilling. The dashed curve was obtained
using the same parameters as the dashed curve in Figure 4. The
thin solid line was obtained by modeling two regions cooled by
drilling rather than just the hole. The dashed predicts an equilib-
rium temperature about 0.6° warmer than the other model.

regions—one being the hole and its immediate vicinity
and the second being a much larger region surrounding
the hole. We hypothesize that the larger region was sub-
stantially cooled during drilling by drilling water forced
into the formation. We model this effect using Bullard's
formulation by combining the warming trends of the two
regions as if they were independent, with the equilib-
rium temperature of the smaller region being the instan-
taneous temperature of the larger region. We make no
claims on the validity of this procedure, but we expect
that it supplies a first-order approximation to reality.
Parameters that can be varied are the hole radius, radius
of the invaded zone, equilibrium temperature of the re-
gion, initial temperature of the hole, and initial temper-
ature of the invaded zone. The curve (thin solid line) in
Figures 4 and 5 was obtained by setting the hole radius
= 39.5 cm, radius of the invaded zone = 2.4 m, equi-
librium temperature = 22.0°C, initial temperature of
the invaded zone = 18.0°C, and initial temperature of
the hole = 0°C. These parameters (found by trial and er-
ror) provide a reasonable fit to the data, within 0.2°C at
nearly all points of the curve. The equilibrium tempera-
ture (22.0°C) is probably accurate to within a few tenths
of a degree.

The theory of Jaeger (1956, 1961) was also suggested
by a reviewer as a possible model for comparison with
these data. This model uses the duration of drilling as a
boundary condition, similar to the Lachenbruch and
Brewer (1959) formulation discussed earlier. For our case,
the tool is emplaced in the very bottom of the hole, and
the duration of drilling is very short (hours), so that the
Jaeger theory predicts that the hole should return to
equilibrium much faster than the data show. Thus, model-
ing using this formulation was not attempted.

Heat Flow at Site 581
Magnetic data from the site (Hilde et al., 1976; Bleil,

1985; Grim and Gettrust, this volume) suggest that the
ocean crust at Site 581 has an age of about 110 m.y.
From Parsons and Sclater (1977), the predicted heat flow
for 110-m.y.-old crust is about 1.2 cal/cm2 s. This is
in exact agreement with a heat-flow value taken at
43°53.5' N, 159°45'E, very close to the OSS site during
the ZETES expedition (Vacquier et al., 1966). We can
obtain an estimate of the heat flow at Site 581 by assum-
ing that the temperature at the ocean floor is 0°C and
estimating the conductivities of the sediments and base-
ment. Using kb = 4.0 mcal/(s cm °C) for the thermal
conductivity of the basalt (Hyndman et al., 1977), and
KS = 1.8 mcal/(s cm °C) for the sediments (Vacquier et
al., 1966) and Hole 581C parameters (sediment thick-
ness of 357 m and basalt thickness of 21 m to the bot-
tom of the hole), we can obtain the heat flow from the
formula for heat transmission through two layers:

HF =
Te -

A A

where Te = equilibrium temperature at the tool depth,
7^ = bottom water temperature, Ds and Db = thick-
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nesses of sediment and basement to the tool depth, kS
and kb = conductivities of sediment and basement, and
HF = heat flow.

The heat flow is 1.08 cal/cm2 s, in good agreement,
but with somewhat lower than the predicted values, as-
suming the temperature at the ocean floor is 0°C, and
an equilibrium temperature at the tool of 22.0°C. If on-
ly the temperature data from the first week had been
available, the extrapolated equilibrium temperature of
22.6°C would have given a heat flow value of 1.11.

CONCLUSIONS
Tilt and temperature data for a 259-day period in-

cluding 64 days of continuous measurement, supply a
unique data set for hole settling and thermal history.
These data suggest that basement holes can take a very
long time, possibly years, to reach equilibrium after drill-
ing, making temperature and tilt extrapolations shortly
after drilling suspect. By themselves, data of this type
from permanently occupied holes are of limited value,
but if arrays of such instruments could be emplaced,
both vertically and in other holes, then considerable in-
formation could be obtained about the thermal condi-
tions and state of stress in the region.
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The Bottom Processing Package of DARPA's Marine Seismic System in position to be lowered into the water using the main crane of the Glomar
Challenger. The Melville stands by.




