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ABSTRACT

We have developed a marine heat flow probe that combines precision with efficiency of
measurement. It consists of 2 to 4 outrigger-bows, each 1.5 m in length and 6.4 mm in diameter,
spirally mounted on a 3.5- to 6-m-long strength member. Each outrigger-bow contains four
equally spaced thermistors and a heater wire that uses the pulse heating method to measure in-situ
thermal conductivity. As presently configured, the thermistors are spaced either 25 or 30 cm
apart. The use of multiple sensor strings allows for more thermistors than previous probe designs
without requiring a thick sensor tube. The thin sensor string enables a faster thermal response at
penetration and reduces the necessary heat pulse power for the thermal conductivity determination.
The accuracy of the heat flow data is statistically improved with the increased number of individual
temperature measurements and the short, thin outrigger-bow has less thermal contact resistance to
the sediments during penetration than the longer (4 to 7 m) violin-bow sensor string. The short
sensor strings also allow for easy assembly of the equipment. The electronics package for our
instrument (ARGUS 1I) records 16 thermistors, 2 reference resistors, a water temperature
thermistor, the pressure (depth), and the tilt for each data cycle. All the data are stored on RAMs,
which are battery backed-up. The resolution of the temperature measurement is approximately 0.5
m°C. The temperature data from 4 selected thermistors and the tilt are transmitted in real time to

the ship by an acoustic link.



INTRODUCTION

Marine heat flow instrumentation has improved dramatically during the last decade since in-
situ thermal conductivity measurements were combined with multi-penetration thermal gradient
measurements (e.g., Hyndman et al., 1979). Even so, there is still a need for more accurate heat
flow data (accuracy of less than a few percent), as modern marine heat flow studies have become
more and more quantitative (e.g., Davis et al., 1984; Von Herzen et al., 1989; Lister et al., 1989).

Currently, two kinds of multi-penetration marine heat flow instruments are in use. The
first is the Ewing type probe, which has several individual outrigger thermistor sensors mounted
on a strength member (e.g., Jemsek et al., 1985). The other is the "violin-bow" design developed
by C. Lister, which has a single long sensor string that contains several thermistors and is fixed on
a strength member at both ends (Hyndman et al., 1979; Davis et al., 1984; Lister et al., 1989).
The Bullard probe, which consists of only a single long sensor string, is generally not used for
multi-penetration measurements because of the mechanical weakness although it was the first probe
developed for marine heat flow measurement (Bullard, 1954).

Since the 1960's, the Ewing type probe has been widely used for thermal gradient
measurements (Gerald et al., 1962; Lister 1963). Louden and Wright (1989) showed that more
than half of all existing marine heat flow data were measured by this type of probe. The
advantages of the Ewing type probe are: (1) the relatively thin outrigger sensor (3 mm O.D,) yields
a fast thermal response after the penetration and enables quick measurements, (2) mobilization and
assembly of the equipment are relatively easy, (3) the outrigger sensors can also be installed on a
piston core barrel so that the thermal conductivity of the recovered sediments can be measured at
the same station (this technique, unfortunately, does not allow multiple penetrations). Jemsek et
al. (1985) added capability of in-situ conductivity measurement to the Ewing type probe. They
used the needle probe technique (Von Herzen and Maxwell, 1959) to measure the in-situ thermal
conductivity. The outrigger sensor contains a thermistor and a heater wire and heats up the

surrounding sediments for a few minutes. The thermal conductivity is calculated from the way
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sediment temperature rises. Von Herzen et al. (1989), developed an Ewing probe with longer (1
m) outrigger sensors. Each sensor contains nine thermistors, but only records the average
temperature of the nine thermistors.

Although the Ewing design has been widely used, there are some disadvantages. The
number of individual outrigger sensors is generally limited to 6 or 8 because the assembly of the
connectors and cables become unwieldy if more sensors are attached. The cables are also
vulnerable to damage during frequent penetration. In addition, the in-situ thermal conductivity
measurement requires a separate heater circuitry for each outrigger, and that quickly consumes
battery power.

The violin-bow probe, which has been used since the late 1970's, offers a more densely
spaced thermistor array than the Ewing type probe by utilizing a long sensor string. The probe
makes use of the pulse heating method for in-situ thermal conductivity measurements (Lister,
1979). An intense heat pulse of 10 to 20 seconds is applied by the sensor string to the sediment.
The conductivity is calculated by the temperature decay in the sediments after the heating. This
method requires less battery power and has the further advantage that one can check the self-
consistency of the conductivity measurement by comparing the equilibrium temperatures, which
are extrapolated from the frictional decay after the penetration and from the decay after the heat
pulse (Louden and Wright, 1989).

The violin-bow sensor string is much thicker (8 to 11 mm 0.D.) than the outrigger sensor
of the Ewing probe because all the thermistors and heater wires go through the single tube, and
because the long sensor string requires more mechanical strength than the Ewing probe. The
relatively thick sensor string produces a slower thermal response. In addition, the actual
penetration of the violin-bow sensor string seems to induce a thermal barrier of water between the
sensor string and the surrounding sediment as the long sensor string is pulled through the same
column of sediment (Villinger and Davis, 1987a; Hutchison and Owen, 1989). This barrier seems
to affect the thermal conductivity determination since there is a significant time delay between the

heat pulse and the associated temperature rise of the thermistors. Hyndman et al. (1979) and
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Fig. 1 Schematic diagram of the multi-outrigger-bow heat flow probe.



4
Villinger and Davis (1987a) have developed a data reduction scheme to cancel this delay by shifting
the origin time of the observed heat pulse. Their results show that as great as 30 seconds of shift
is necessary for the uppermost thermistor whose adjacent sediments are most likely to have been
disturbed by the penetration.

In this study, we present a new marine heat flow instrument that we have named the "multi-
outriger-bow probe". We describe both the mechanical and electrical design and the heat flow
measurement technique. We will also discuss the accuracy of the new instrument based on actual
measurements that we collected during the PD IV-89 cruise to the King George Basin, off the

Antarctic Peninsula.



MULTI-OUTRIGGER-BOW HEAT FLOW PROBE

1.0verview

The new heat flow probe (Fig. 1) consists of from two to four sensor strings of
intermediate length (1.5 m) (= outrigger-bow) that are spirally mounted on a strength member
similar to the Ewing probe. Each sensor string contains four equally spaced thermistors and a
long heater wire. The in-situ thermal conductivity of sea floor sediments is measured by the pulse
heating method.

With the use of multiple sensor strings of intermediate length instead of a single long
sensor string, the probe allows for more thermistors than the violin-bow probe without requiring a
thick sensor tube. The thin sensor string (6.35 mm O.D.) enables a faster thermal response at
penetration while the increased number of individual temperature measurements statistically
improve the accuracy of the heat flow data. The thin sensor string is also advantageous in that it
reduces the necessary heat pulse power for the thermal conductivity determination althou gh each
sensor string requires an independent heat pulse circuitry. The intermediate len gth sensor string
minimizes the pull through length in the same column of the sediments at penetration and hence,

reduces the thermal contact resistance to the surroundin g sediments.

2. Mechanical Design _

All of the mechanical design and manufacture of the probe were done at the Institute for
Geophysics and at the Department of Geological Sciences of the University of Texas at Austin. A
detailed description of the mechanical design is given in the Part B of this study (Nagihara et al.,
1989). All the electronics are housed in two cylindrical aluminum pressure cases that fit vertically
in the weight stand. The weight stand consists of 4 steel pipes (7" O.D., 6" 1D.) welded together
(Fig. 2). Two of them accommodate the pressure cases and the other two are partially filled with

lead for extra weight. A collar on the bottom of the weight stand holds the strength member. The

strength member is made of standard 8.9 cm (3.5") O.D. oilfield drill pipe. The appropriate
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length of pipe is chosen depending on the number of the outrigger-bows (sensor strings) to be
used: 3.4 m for 2 bows, 4.4 m for 3 bows, and 5.4 m for 4 bows. Underwater electrical cables
are fed through the strength member and connect the sensor strings to the bottom of the pressure
cases. The cables are protected by a steel cover on the bottom of the weight stand.

The sensor string is made of 6.35 mm (0.25") O.D., 4.6 mm (0.18") I.D., type-316
stainless steel tubing. Each sensor string is attached to the strength member by a fin (10 cm
height) at each end (Fig. 3). The fins are mounted 115 cm apart and the ends of the sensor string
are bent along the fins. Thickness of the fins is the same as the diameter of the sensor string so
that the probe minimizes the disturbance of sediments at penetration. The bottom end of the
sensor string is terminated by a Swagelok™ pressure fitting plug. The upper end is connected to
the underwater electrical cable through a small pressure housing.

Each sensor string has four equally spaced (25 cm) thermistors and one heater wire. The
heater wire is a polymide varnish coated 90 alloy of 28 AWG (0.321 mm diameter). It has a very
low temperature coefficient of resistance (450 ppm/°C). The thermistors we used are YSI 44032,
30 kQ at 25 °C (Yellow Springs Inc.). Each electrical wire is teflon coated for insulation. In
addition, the whole thermistor and heater wire assembly is placed in a protective fiberglass sleeving
to ensure electrical insulation from the wall of the stainless steel tube. The tube is then filled with

silicone oil to obtain good thermal contact between the thermistors and the tube wall.

3. Electrical Design

The electronics for our heat flow probe (ARGUS II) were developed at Applied
Microsystems Ltd., Sidney, B.C., Canada (Hudson et al., 1989). The data logging circuitry is
housed in one pressure case while the thermal conductivity heat pulse and acoustic link circuitry is
in the other. Each circuitry system has its own batteries contained in the same pressure case. The
batteries are rechargeable with the pressure cases closed.

A block diagram for the system is shown in Fig. 4. The complete system is controlled by

an HD64180 micro-processor (Hitachi). Sixteen thermistors, two reference TeSiStors, a water
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7
temperature thermistor, pressure (depth), and tilt are measured and recorded on each sampling
cycle. The data sampling rate is software selectable from 10 seconds to 1 hour. The data are
stored on RAMs which are battery backed-up and can be retrieved when the instrument is brought
back on board. The RAM capacity is 352 K bytes, which is large enough for 20 hours of
continuous measurement with a sampling interval of 10 seconds. An RS-232 port is used for
communication between the system and the on-board computer. A 12 KHz acoustic link transmits
4 of the 16 thermistor data and the tilt in real time. A temperature measurement resolution of
approximately 0.5 mOC is obtained by assigning 16 bits to the temperature range from -2 °C to 30
oC.

The heat pulse circuitry uses a constant current regulator for the power supply. Either 4 or
10 A is selected by a hardware switch. The typical heat energy output for our sensor string is
expected to be 400 - 600 J/m since the thicker violin-bow sensor string requires 500 to 700 J/m
(Hyndman et al., 1979). At a current of 4 A, our sensor string requires 6 to 10 sec. of the heat
pulse duration to produce such heat. The duration of the heat pulse should be minimized
according to measurement theory. The power source for the heater wire must be capable of high
voltage and/or high current because if the power is limited, a long pulse duration is necessary.
Our short sensor string is more advantageous than the long violin-bow sensor string from this
point of view. The long sensor string requires a higher voltage power or a longer heat pulse
duration for the same current since the voltage is proportional to the resistance of the heater wire.
For example, a typical violin-bow sensor string of 4 to 7 m length and 10 mm diameter requires a
14 to 24 sec.-long heat pulse (Hyndman et al., 1979; Mojesky, 1981) even with a 10 current.

Thus, our thin and short sensor string can produce a more intense heat pulse with less battery

power.
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HEAT FLOW MEASUREMENT TECHNIQUE

1. Background

The actual measurement technique for the multi-outrigger-bow instrument is the same as
that for the violin-bow probe. A record of temperature versus time for a typical heat flow
measurement is shown in Fig. 5-a.  The probe is lowered from the ship. Prior to penetration, it
stops at about 50 meters above the seafloor (Fig. 5-b) to record the bottom water temperature. It
is assumed that the bottom water is isothermal for several meters range. Then, the probe is pulled
up to 70 meters above the seafloor and is dropped at high speed into the bottom sediments. The
frictional heat of penetration causes the sediment temperature to rise almost instantaneously and it
then gradually cools down. The temperature record during the frictional decay is used to
extrapolate the equilibrium temperature of the sediment. In Fig. 5-a, the frictional temperature
decay is not readily apparent because the heat flow at this station is so high (184 mW/m?2). Seven
minutes after penetration, the heat pulse is fired for the thermal conductivity determination. The
thermal conductivity is calculated from the thermal decay data after the heating. The probe is

pulled out of the bottom after several more minutes.

2. Theory

The theory behind the violin-bow probe heat flow measurement has been described in detail
by Lister (1979) and Hyndman et al. (1979). Villinger and Davis (1987a) developed a data
reduction algorithm that can be done automatically on a micro-computer. Lister et al. (1989)
further refined the data reduction scheme to ultimately obtain an absolute accuracy of less than a
few percent for their heat flow measurements in the western Pacific.

There are basically three steps required in order to obtain the heat flow value from the
temperature values recorded during the probe penetration (Fig. 5-a):

1. Calculate the equilibrium temperature for each thermistor.

2. Calculate the thermal conductivity at each thermistor.
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3. Calculate the heat flow from the temperature and the thermal conductivity data.

The first two steps are actually inter-related.

Equilibrium temperature of the sediment

The temperature of a cylindrical probe at a time t after penetration should be governed by

the following equation (Bullard, 1954):

T(t)=Te+ToF(x,T) Y]
where
T2 d
(o) =4_0c exp (-tu~) dv
2 v Au
0
and

Au=[uJo(u)-oJ 1(u)]2+uYo(u)-ocY 1(u))?

Jn and Yy, are Bessel functions of the order n of the first and second kinds. T is the temperature as
a function of time. T is the equilibrium temperature, which is T of infinite time. T is the
temperature rise produced by the frictional heat at the penetration. o is twice the ratio of the heat
capacity of the measured sediment to that of the probe (a:=2ma2pc/S). a is the probe radius, p and
¢ are density and specific heat of the sediment, respectively, and S is the heat capacity of probe. T
defines the thermal time constant of the probe in the sediment with thermal diffusivity x (T=xt/a2).
It is assumed that the probe is a perfect thermal conductor and that the temperature rise by the
frictional heat is instantaneous.

Since o is defined by the thermal properties of the sediment and the probe, it is constant for
each thermistor, but may vary from one to another. Hence, F(a,,7) for each thermistor is merely a
function of T and is approximately inversely proportional to T (Blackwell, 1954). T is proportional

to t since K/a? is constant for each thermistor. Therefore, when t is infinity, F(a,) = 0. One can
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obtain Te by plotting the frictional temperature decay data (T) as a function of F(x,t) and
calculating the intercept temperature.

Calculation of F(a,T) requires knowledge of pc and x. Since x=K/pc, where K is the

thermal conductivity, K cannot be obtained without K. Thus, it turns out that one has to know the

thermal conductivity to calculate the equilibrium temperature .

Thermal conductivity of the sediment
Equation (1) is also applicable to the heat pulse thermal decay assuming that the heating is
instantaneous. For simplicity, we set T = 0 so that,
T(t)=ToF(a,T) @
In this instance, t is now the time after the heat pulse and Ty is the temperature rise caused by the
heat pulse. We assume that the heat pulse is a delta function in time because the temperature rise is
assumed instantaneous. The only difference from the case of frictional decay is that we know the
amount of the energy input by the heat pulse. The temperature of the probe rises Instantaneously
at t=0 to Tp, which should be equal to Q/S where Q is the total heat input.
For large T (> 10), F(ct,t) can be approximated by
F(o,1)=1/Qart) 3)
and when o = 2, the best approximation is found (Hyndman et al., 1979). Considering Tg = Q/S
and by substituting (3) into (2), (2) can be written as
T(t) = Q/(4nKt) (t>10) )
Thus, K is obtained as
K=Q/(4mtT) (5)
though eq. (5) is valid only if T is very large.
In order to use the data for T < 10, typical of marine heat flow measurements, a correction
factor: C(o,7) = l/[2a1tF(a,T)] is applied to T,
Te(® = T()C(a,7) (6)
Then,
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Te = Q/(4nKt) 7
This equation is valid for any t > 0.

Calculation of C(a,t), again, requires knowledge of pc and k. For ocean sediments,
empirical relationships exist among pc, ¥, and K (e.g., Von Herzen and Maxwell, 1959; Ratcliffe,
1960; Hyndman et al., 1979; Lister et al., 1989). Thus, if one of them is known, the other two
can be estimated. Then, Te and K are calculated iteratively: [1] pc and k are obtained by empirical
relationships assuming a realistic K, [2] F(a,1) is calculated, [3] Te is obtained from T vs. F(Q.,T)
plot, [4] C(a,7) 1s calculated, [5] T; vs. 1/t plot is obtained, [6] a new K is calculated from the plot
by eq. (7), and [7] if the new K is different from the previous K, the same process is repeated by
replacing the old K with the new K. The value for K generally converges within 3 or 4 iterations
(Hyndman et al., 1979). The final K is the true thermal conductivity and Te calculated from the

final K is the true equilibrium temperature.

There is a simplified computation method assuming that o is constant. For ocean
sediments, o actually ranges from 1.7 to 2.3 for typical violin-bow probe construction.
Theoretically, o should be reevaluated for the assumed K for each iteration. However, for simple
calculation, o can always be fixed at 2.0 (Hyndman et al., 1979; Villinger and Davis, 1987a) since
K is not very sensitive to variation of ot. The introduced error in the K determination is 3 - 4 % in
this v range (Lister et al., 1989). When the accuracy of the data is more critical, the error should
not be neglected.

In this study, we used a fixed o for simplicity. For our sensor string, pc is estimated to
be 3.1 x 106 J/m3K: 50% stainless steel(pc = 4.0 x 106 J/m3K) and 50% probe contents (pc =2.1
x 106 J/m3K) (see Lister, 1979 for the pc values). For marine sediments, pc is 3.3x 100 t0 3.6

x 106, Therefore, we chose o = 2.2 for our probe.

In reality, the probe is not a perfect conductor. It is never heated up instantaneously in the
form described by eq. (2). There is a certain amount of time delay associated with heat conduction
form the internal probe to the outside sediment and vice versa. Another problem with the

measurement theory is that the heat pulse is not a perfect delta function in time. It takes 14 - 24
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sec. for the regular violin-bow probes and 6 - 10 sec for our outrigger-bow probe to input the heat
pulse. These drawbacks can be canceled by finding the effective origin time for the heat pulse,
which is often later than the actual firing time. Villinger and Davis (1987a) introduced a data
reduction algorithm that shifts the observed origin time so that eqgs. (2) and (7) are valid for the

data. They suggested that the measurement error can be reduced to less than 1 % by this method.

Determination of the heat flow value

If the thermal conductivity of the sediments is uniform, the thermal gradient is linear and
the heat flow is a simple product of the thermal conductivity and the thermal gradient. However,
in most cases, the conductivity varies with depth. The heat flow value is determined from a so-
called "Bullard plot" when the in-situ thermal conductivity is available for each thermistor. The
Bullard plot is a plot of temperature versus depth divided by thermal conductivity (Bullard depth).
This method was originally used for heat flow measurements on deep bore holes on land where
large variation of thermal conductivity is observed (Bullard, 1939).

Mathematically, the definition of heat flow q is g=KdT/dz where z is the depth. Itcan also

be written as

o
0 0 (8)

Thus, the heat flow is obtained as the slope of Bullard plot.

3. Operation at sea

Our heat flow instrument was extensively tested on the PD IV-89 cruise of R/V Polar Duke
to the King George Basin, off Antarctic Peninsula. We made 54 penetrations including 22 where
the heat pulse fired (Nagihara and Lawver, 1989). The sea floor of the survey area is flat and
covered by thick sediments. The sediments were mostly soft mud and were an excellent
environment for penetration of the heat flow probe. Three outrigger-bows (= 12 thermistors)

were attached to the strength member. We tested two different sensor spacings; the bottom bow
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(#1) had a 30 cm interval between the thermistors and a distance of 15 cm between the fins and the
uppermost and lowermost thermistors; the middle (#2) and upper bow (#3) had a 25 cm thermistor
interval and a 20 cm offset from the fins. In addition to the heat flow measurements, we took four

piston cores in the basin for on board thermal conductivity measurements.

4. Data reduction

For our data reduction, we adopted HFRED (Villinger and Davis, 1987b), which is a
computer program based on the algorithm developed by Villinger and Davis (1987a). The
program is widely used for the violin-bow instruments because of its simple data formatting and
quick computation on a personal computer. It uses the fixed o method (see the previous section).
The data reduction scheme developed by Lister et al. (1989) is more precise in that it uses the
variable o method. However, architecture of the program is somewhat dependent on the electrical
design of the instrument they used and requires a longer computation time. Thus, we used
HFRED for simplicity. We modified the program so that the thermistor intervals and the power of
the heat pulse can be different among the different sensor strings.

The results for a typical heat flow penetration are shown in Fig. 6 and Table 1. Frictional
temperature decay vs. F(o,t) (Fig. 6-A), heat pulse decay vs. F(a,t) (Fig. 6-B), temperature and
thermal conductivity vs. depth (Fig. 6-C), and Bullard depth (depth/thermal conductivity) vs.
temperature (Fig. 6-D) are plotted for the same station we showed in Fig. 5. The print-gut from
the program is also shown in Table 1. The temperature data for T between 2 and 10 were taken for
the frictional and heat pulse decay plots. The actual temperature, depth and tilt records are shown
in Table 2. The decay plots for each thermistor show ideal straight lines (Fig. 6), indicating that
the thermal characteristics of the probe are appropriate. Thermistors 1 and 4 are closer to the fins
(15 cm apart) than are Thermistors 5, 8, 9 and 12 (20 cm apart). However, the distance seems
large enough to avoid thermal effects from the fins.

In this study, the heater power (Q) may not be as accurate as it should be. The battery

power for the heat pulse was not strong enough to maintain the necessary current when the heater
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was on. During experiments in a cold laboratory, we discovered that the actual heater current
varied between 3.3 A and 3.7 A while the power circuitry is designed to have a constant current of
4 A. The cold bottom-water temperature (-1.4 °C) that we had, weakened the battery output.

We estimated the actual Q by comparing the thermal conductivity data calculated from the
heat pulse decay to those measured on the piston core samples. The thermal conductivities of the
core samples were measured by the needle probe technique (Von Herzen and Maxwell, 1959) and
corrected for in-situ pressure and temperature based on Raicliffe (1960). The four piston core
stations were widely distributed in the King George Basin. Although the measurements showed a
fair amount of scatter (Fig. 7), there seems to be no regional variation. This is also reasonable
since we observed uniform surface sediment structure throughout the basin from a detailed 3.5
KHz survey. Thus, we applied the linear least-squares fit to the data, from which apparent
outliers and very high thermal conductivity values caused by thin ash layers were excluded. We
obtained the thermal conductivity vs. sub-bottom depth relation down to 6 m : K=0.764+4.64x10"
3Z, where K is in W/mK and Z is the sub-bottom depth in meters. To compare this relationship to
the in-situ thermal conductivity measurements, we first calculated the sub-bottom depths of all the
thermistors for 12 arbitrarily selected penetrations. The calculation was based on the super
penetration estimation based on thermal gradients of the upper 4 thermistors. Then, we obtained
the heater power iteratively for each outrigger-bow by comparing the in-situ thermal conductivity
determination to the data from the needle probe measurement. The obtained Q values were fairly
consistent among the penetrations (standard deviation of 8 %) while we tested three different pulse
lengths (6 sec, 8 sec, and 10 sec).

Table 3 shows heat pulse origin time shifts necessary to validate eq. (7). Here, the shift is
from the center of the pulse. Three different pulse lengths were tested. Although the 10 sec.
pulse (Q=260.1, 299.6 J/m) was tested for only one penetration, the shifts are significantly smaller
than those for the other two cases. The shifts for the 8 sec. pulse (Q=208.0, 239.7, 251.6) are
slightly smaller than those for the 6 sec. pulse (Q=156.1, 179.7, 188.7). 'The shifts for the 6 and

8 sec. pulses are not much smaller than those reported for the violin-bow probes (15 to 35 sec,

o
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sl
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ope

.063
.095
.062
.027
.023
.010
.099
.122
.101
.214
.100
.094

ope

.52
.56
.53
.50
.74
.78
.76
.72
.80
.82

water
temp.

(o]
»

WWwWwwwwwwwwww

.501
.384
.395
.442
.457
.426
.453
.511
.380
.445
.421
.434

ti

15
11
14
16
16
14
14
16
14
14
13
14

(mW/m*m)

178.
186.
195.

143

200.
189.

197

181.

177

182.
194.
0.

93
80
02
.69
71
58
.90
16
.61
42
45
00

sensor no of points sed.temp. 95% level gradient delay
total / used (deq) error (deg) (mdeg/m) (s)
i 44 / 32 1.452 .0049 225.2 8.5
2 44 / 32 1.385 .0040 234.5 8.5
3 44 / 32 1.314 .0034 257.7 1.0
4 44 / 32 1.237 .0038 191.6 1.0
5 44 / 32 1.191 .0037 257.4 1.0
6 44 / 32 1.127 .0040 241.7 1.0
7 44 / 32 1.067 .0048 263.3 1.0
8 44 / 32 1.001 .0036 243.3 1.0
9 44 / 32 0.946 .0027 238.8 8.5
10 44 / 32 0.886 .0034 244.8 8.5
11 44 / 32 0.825 .0036 261.3 8.5
12 44 / 32 0.759 .0032 0.0 1.0
Heat Pulse Decay
sensor no of points temp. at in- conducti- sd delay
total / used finity (deg) vity(W/mK) (W/mK) (s)
1 73 / 32 0.0000 0.772 .002 -25.7
2 73 / 32 0.0002 0.819 .002 -21.1
3 73 / 32 -.0001 0.776 .002 -23.1
4 73 / 32 -.0001 0.738 .002 -24.1
5 73 / 32 -.0001 0.761 .002 -25.8
6 73 / 32 0.0002 0.800 .002 -27.4
7 73 / 32 -.0001 0.769 .002 -22.1
8 73 / 32 -.0001 0.735 .002 ~-24.6
9 73 / 32 0.0001 0.755 .002 -19.6
10 73 / 32 0.0001 0.733 .002 -19.8
11 73 / 32 0.0000 0.758 .001 -17.0
12 73 / 32 -.0001 0.731 .001 -18.4
Remark : If ci and ti = 0 k = k(initial)
If ci and ti = 99 time < 0
HEAT FLOW RESULTS FOR STA 4 PEN 4
sensor depth sed.temp. gradient conductivity Bullard-depth heat flow
(m) (deq) (mdeg/m) (W/mk) (m*mK/W)
1 2.87 1.452 225.2 0.77 3.754
2 2.57 1.385 234.5 0.82 3.379
3 2.27 1.314 257.17 0.78 3.000
4 1.97 1.237 191.6 0.74 2.606
5 1.73 1.191 257.4 0.76 2.284
6 1.48 1.127 241.7 0.80 1.965
7 1.23 1.067 263.3 0.77 1.648
8 0.98 1.001 243.3 0.73 1.316
9 0.75 0.946 238.8 0.75 1.007
10 0.50 0.886 244 .8 0.73 0.671
11 0.25 0.825 261.3 0.76 0.336
12 0.00 0.759 0.0 0.73 0.000
Notes

(1) weighting factor for Bullard-depth :
(0 = no plot)
(3) assumed conductivities for sensors

(2) plot id

Table 1
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Fig. 7 Thermal conductivity data measured on the piston core samples on PD-IV-89 cruise.
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Villinger and Davis, 1987a) whereas our probe is thinner (6.35 mm diam.) than the other's (10
mm diam.). The similarity of the shifts are probably due to our heater power being only 1/3 to 1/4
of that of the violin-bow. For the 10 sec. pulse case, the shift values are much shorter while the
heater power is still 1/2. Thus, with heater power more than 300 J/m, we could make the in-situ
conductivity measurements with much less origin time shift. The required power is still half that
of the violin-bow probe. We do not see any depth dependence of the origin time shift as reported
by Villinger and Davis (1987a). The short sensor string probably solved the contact resistance

problem caused by the long pull-through length of the violin-bow probe.

S. Discussion of results

Table 4 shows the heat flow values, errors, depths of super-penetration, and unused
sensors for the heat flow calculation. For the stations without in-situ thermal conductivity, a
constant conductivity at depth (0.765 W/mK) was assumed. Means of the standard errors from
the best fit to the Bullard plot/thermal gradient plot are 1.2 % for the in-situ conductivity stations
and 2.0 % for the non-in-situ conductivity stations, both at the 90 % confidence level. The values
are comparable or even better than the accuracy that Lister et al. (1989) achieved (0.5 to 3.0 %)
using a violin-bow probe.  Apparently, the increased number of individual temperature
measurements is beneficial; we had twelve thermistors while Lister et al. (1989) had seven.

Sixteen of the 54 penetrations show a low-temperature deviation for uppermost sensor #12
from the best fit line on the Bullard plot or the thermal gradient plot (Fig. 8). Most of such
penetrations also show that the similar deviation for lowermost sensor #1. If there is a sharp
or/and frequent thermal conductivity variation at depth, the Bullard plot may not cancel the effect of
and show non-linearity. The piston core samples recovered in the King George Basin show that
there is a high-conductivity ash layer (0.2 to 0.3 m thick) at 0.5 to 1.5 m depth. If this is the
cause (at least for #12), the deviation should be observed around the same sub-bottom depth.

However, the estimated super penetration depths (Table 4) indicate that the #12 sensor was, in
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station super-penet. heat flow . No. sen. used unused sen. heat pulse error (%)

1.1 114 6 1,8 Y 1.3
1.2 193 8 1.8
1.3 124 6 1,8 4.2
1.4 421 6 4,5 3.3
2.1 2.76 219 10 1,12 Y 1.4
2.2 2.93 105 10 1,12 Y 0.6
2.3 3.57 31 11 1 2.7
2.4 2.83 128 10 1,12 Y 1.2
2.5 3.40 118 11 1 Y 0.9
2.6 2.52 81 12 1.6
2.7 68 8 5,6,7,8 2.8
3.1 2.48 168 12 1.8
3.2 2.84 139 10 1,12 Y 1.2
3.3 3.21 174 12 1.0
3.4 2.45 112 11 7 2.9
3.5 2.49 55 12 1.7
3.6 72 8 3.6
3.7 2.35 68 8 1,2,3,4 1.6
3.8 2.70 129 10 1,12 3.5
4.1 3.05 145 9 2,3,12 Y 1.5
4.2 3.34 225 11 11 1.9
4.3 2.77 176 10 1,12 Y 1.0
4.4 3.06 184 12 Y 0.9
4.5 2.57 111 7 5,6,7,8,9 Y 0.7
5.1 3.13 94 9 1,8,12 2.5
5.2 3.38 143 12 1.4
5.3 3.07 114 11 12 Y 0.9
5.4 3.07 104 11 12 Y 1.2
5.5 3.35 174 12 2.6
5.6 2.46 142 7 1,2,3,4,10 1.4
5.7 3.22 © 101 10 4,12 2.3
6.1 2.78 127 11 11 1.6
6.2 3.39 186 11 12 Y 1.2
6.3 3.25 140 10 1,12 Y 0.7
6.4 3.03 93 11 9 Y 0.8
6.5 2.56 148 8 5,6,7,8 Y 1.7
7.1 3.12 118 12 1.6
7.2 3.09 87 12 1.0
7.3 3.34 98 12 1.2
7.4 2.70 91 11 8 1.3
7.5 99 8 ~. 3.9
7.6 2.56 95 8 5,6,7,8 1.2
7.7 2.40 .99 8 5,6,7,8 1.1
7.8 2.20 115 8 5,6,7,8 0.8
7.9 251 10 2.2
8.1 2.92 107 9 1,8,12 Y 0.9
8.2 2.19 69 12 2.1
8.3 2.53 46 9 1,8,12 Y 1.6
8.4 3.37 48 12 1.0
8.5 3.34 42 8 5,6,7,8 3.0
8.6 3.06 82 8 5,6,7,8 1.2
8.7 2.96 154 7 4,5,6,7,8 1.2
8.8 1.88 87 9 8,12 Y 2.2
8.9 55 7 18.5
Table 4 Heat flow data (mW/m2) obtained during PD-IV-89 cruise. The super-penetration (m) is

the sub-bottom depth of the uppermost sensor. (Efror in 90 % confidence level.)
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most cases, below 2.5 m sub-bottom depth and there is no correlation to the depth of super
penetration with the low-temperature deviation.

Other possible causes are environmental thermal disturbance or mechanical disturbance to
the sediments. For example, if the bottom water temperature dropped recently, it could explain the
low-temperature deviation of the uppermost sensor. However, if so, all the stations should show
the similar temperature deviation. Occurrence of hydrothermal activity is possible in the King
George Basin (Nagihara and Lawver, 1989). Fluid migration within sediments often shows up as
a convex or concave thermal profile (e.g. Anderson et al., 1979). However, the thermal gradients
we obtained are generally linear except at the sensors #1 and #12. Thus, this is probably not the
cause of temperature deviation. Lister et al. (1989) reported similar low-temperature deviations of
uppermost sensor for their violin-bow probe from measurements in the west Pacific. They
pointed out a possibility that there was a wedge of cold sediment ahead of the weight stand when it
super penetrated and that the cold sediment affected the uppermost thermistor. This explanation
might apply to our #12 sensor. However, the deviation for the #1 sensor remains unsolved. Itis
possible that there was some kind of mechanical disturbance around the #1 sensor since it mostly
coincides when the #12 is disturbed. We plan to try different bottom probe designs and to vary
the distance between the nose cone and the bottom sensor which may suggest the solution to the
problem.

Seven penetrations show that all 4 of the thermistors in the middle bow have a sli ght high-
temperature offset. This occurred successively along a series of penetrations (Station7p6 through
7p8 and Station 8p5 through 8p7). It is highly possible that the screw Aa;A)plying tension to the bow
was loosened and that the bow slid along the strength member during the series of penetrations.

The way to apply the tension may need to be reviewed.
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CONCLUSIONS

The multi-outrigger-bow marine heat flow instrumentation combines precision with
efficiency of the measurement. The use of multiple sensor strings of intermediate length allows
for more thermistors than previous probe designs without requiring a thick sensor tube. The
assembly is advantageous in the following aspects:

(1) The increased number of individual temperature measurements statistically improve the

accuracy of the data.

(2) The thin sensor string reduces the necessary heat pulse power and thus enables more

measurements with the same battery capacity.

(3) The short sensor string reduces the pull-through length in the sediments and causes

less contact resistance to the sediments.

(4) The short sensor strings make mobilization and assembly of the equipment easy.
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