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A type of thermoprobe was designed and constructed to measure

and record in situ oceanic temperatures to a precision of ± 0.002 C°

over a 2 C° temperature span. The thermoprobe was used to measure

temperatures 2. 5 m into the sediment and 3.3 m above the ocean

bottom interface for 19 stations west of Depoe Bay, Oregon. The

station locations are distributed from the continental shelf, westward

down the slope and out to 380 km from the coast on the abyssal plain.

A time-series analysis of 115 hours of temperature measure-

ments on the continental shelf shows that the water temperature

variations up to 3. 3 m above the sediment have a large semidiurnal

frequency component.

Down the continental slope, the sediment temperature gradients

from eight stations are a linear function of the station depth and

increase in magnitude with depth. Heat flow values for the slope
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follow a trend similar to the sediment temperature gradient.

For nine stations at the abyssal depth of 2800 m, the mean heat

flow value is 3.2 x 1o6 cal cm2 sec with a variance of 0.6 x 1o6

cal cm2 sec'. All these stations have superadiabatic gradients in

the water up to3m above the interface. These gradients range from
-6 -1-3 to -80 x 10 C° cm , while the computed adiabatic gradient is

-1.03 x l0_6 C° cm for the salinity, temperature, and depth of

these stations. A negative correlation was found between the water

temperature gradients of the water layer I to 3 m above the bottom

and the sediment temperature gradients. When the slopes of the

water temperature gradients for the 1 to 3 m water layer were pro-

jected linearly to the interface and the same done for the sediment

temperature gradients, it was found that for the large magnitude

water temperature gradients the intercepts of the water temperature

gradients were always at a higher temperature than the intercepts for

the sediment temperature gradients. The converse was true for the

small magnitude water temperature gradients.

When the magnitudes of the water temperature gradients were

high, the slopes of the water temperature gradients were linear down

to the interface. With low magnitude water temperature gradients in

the ito 3mwater layer, however, there is a significant increase in the

magnitude of the temperature gradient somewhere in the water layer

1 m above the bottom. Estimations of the molecular heat flow within



the 1 m layer for such stations show that molecular conductivity only

accounts for 1/4 to 1/2 of the heat loss of the sediment.

At one of the 2800 m stations (6702-8), a deep hydrocast was

made for water samples from the bottom up to a height of 400 m.

The slope of the curve with depth for this case indicated that

the water was stable, even though the temperature gradients were

superadiabatic.
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OCEANIC VERTICAL TEMPERATURE MEASUREMENTS
ACROSS THE WATER-SEDIMENT INTERFACE AT

SELECTED STATIONS WEST OF OREGON

INTRODUCTION

General Remarks

The measurement of temperature is fundamental to the study of

the thermal state of the earth. In 1949, the first successful instru-

ment, generally called the thermoprobe, for measuring temperature

gradients in the sediment of the ocean bottom was developed by

Bullard in collaboration with Revelle and Maxwell (1952) at Scripps

Institution of Oceanography. The objective of these researchers,

and many others since, has been to obtain the heat flux at the sedi-

ment interface by multiplying the temperature gradient by the sedi-

ment conductivity.

The measurements of oceanic heat flows are made by assuming

that thermal equilibrium has been reached on the deep-ocean floor.

Hydrographic data that exist for much of the world's oceans are

generally used to support this contention.

Roughly 2000 observations of oceanic heat flow now exist and

have been reviewed by Lee and Uyeda (1965). However, little inves-

tigation has been done on the detailed thermal regime that exists in

the water within the first few meters from the bottom.
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Only a few researchers, Gerard, Langseth and Ewing (1962),

Lubimova, Von Herzen and Udintsev (1965), and Lachenbruch and

Marshall (1966), have attempted to measure and relate the water

temperatures to the oceanic heat flow measurements. In each case,

the water temperature measurements were made with some type of

thermoprobe while it was being brought back to the sea surface. The

temperatures were usually recorded from the bottom up to about

2000 m of the surface.

In most cases, the researchers did not report anomalous

temperatures in the water layers up to 5 m off the bottom. Part of

the reason for this is that the thermoprobe height above bottom was

monitored by a depth sounder at the sea surface. With the poor

resolution of the depth measurements and ship motion, it would have

been difficult to gage the location of the thermoprobe in the near-.

bottom water layers.

Only Lubimova et al. observed water temperature gradients

that were greater than adiabatic within 50 m of the bottom.

Scope of the Research

This research is concerned with the interrelationship across

the water-sediment interface of the vertical temperature gradients

found on the continental shelf, down the slope, and on the abyssal

plain.
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A thermoprobe was designed and constructed to penetrate into

the sediment 2. 5 m and to extend into the water 3. 3 m above the sedi-.

ment with enough precision for recording temperatures to ± 0.002 C°

over a 2 C° temperature span. Usually a total of eight temperatures

were measured along this distance. Three temperature sensors

were equally spaced in the sediment, but the five in the water had

their spacings weighted toward the sediment interface. Some of the

figures in the text appear with less than eight temperature points

either because one of the sensors failed to function or because only

seven sensors were put on the the rmoprobe for that particular sta-

tion.

Data from 19 stations (Figure 1), located from 30 km to

350 km west of Depoe Bay, Oregon and along the 45th parallel,

have been divided into three separate study areas: the continental

shelf, the slope and the abyssal plain. The stations are identified

throughout the text by a five-character number (6606-1). The first

two numbers represent the year, the next two the month, and the

station number follows the hyphen.

The three stations from cruise 6611 were occupied at the same

location on the shelf so that a time series of temperature data could

be collected. These thermoprobe moorings were independent of the

ship and totaled 115 hours. At all other stations, the thermoprobe

was in the sediment less than one hour.
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Eight stations were occupied on the continental slope during

cruise 6702. These stations were selected so that they had a good

geographic and bathymetric distribution. The purpose of making

temperature measurements at these stations was to see if a con-

tinuous relationship existed between the slope temperature gradients

and those found on the shelf and the abyssal plain.

Temperatures were also measured across the water-sediment

interface at nine stations on the abyssal plain. These stations which

were all close to 2800 m in depth started at 120 km and extended to

380 km west of Depoe Bay. One of these stations was occupied four

times during the year to obtain some idea of the temperature varia-

tions to be expected.



THERMOPROBE DESIGN

Historical Review

In 1949, Bullard, Revelle and Maxwell, at Scripps Institution

of Oceanography, developed and operated the first successful instru-

ment for measuring thermal gradients used in the computation for

heat flow (see Revelle and Maxwell, 1952). Since that time, similar

devices have been described by Uyedaetal. (1961) and by Von Herzen

etal. (1962). All of these investigators used a very simply con-

structed the rmoprobe. The upper portion was a pressure case which

housed the recording instruments. Attached to one end-cap of the

case was a cylindrical sediment probe about 2.7 cm in diameter.

Temperature sensors were housed in the hollow 'probe and electrically

insulated from the sides by a plastic tube. The remaining voids were

flooded with oil and exposed to hydrostatic pressure. This small

diameter probe bent frequently and had to be straightened on deck.

Gerard, Langseth and Ewing (1962), at the Lamont Observa-

tory, constructed a different type of thermoprobe by attaching

pressure-protected instrumentation onto a corer. Its temperature

sensors were attached as outriggers about 10 cm from the core

barrel. A 10-minute thermal equilibrium time was required for this

apparatus, compared to 40 minutes for the Bullard unit. The corer
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also brought back a sample of the sediment exactly where the tern-

peratures were being measured. Although the Ewing the rmoprobe

has these advantages, it is considerably more cumbersome and

dangerous to handle aboard ship because of the extra mass and

because of the bottom tripping technique required for the corer.

Von Herzen and Langseth (1966) noted that about two-thirds of

the heat flow measurements up to 1966 were made with the Bullard

type thermoprobe and one-third with the Ewing type the rmoprobe.

Some questions have been raised as to the equivalence of the measure-

ments made by the two types of thermoprobes. Lister and Reitzel

(1964) used both types of thermoprobes to obtain temperature

measurements for heat flow evaluation at two different stations in

the North Atlantic. The Bullard type thermoprobe was used at one

station and a week later and at a station 4 km away the Ewing

the rmoprobe was used. Their results indicated that the Bullard unit

measured temperature gradients 34% higher than the Ewing thermo-

probe. They concluded that the discrepancy could be reduced to 25%

by allowing for the maximum possible errors but that the difference

was still significant.

Most heat flow investigators have selected either the Bullard

or Ewing thermoprobe frames but have used various instrumentation

techniques. A general review of some of the instrumentation varia-

tions has been written by Langseth (1965). All of the instrumentation



systems utilize a thermistor temperature sensor in some form of

bridge circuit, the most common being the Wheatstone circuit. A

sensitive galvanometer projecting a light beam onto a 70-mm film

recorder or a self-balancing, null-type potentiometric strip-chart

recorder, with dry paper, have been the most common methods of

recording the bridge output signals. Although the film recorder is

electronically simpler than the strip-chart recorder, it has dis-

advantages because of the film processing time required before the

record can be evaluated and because of the danger of premature

exposure of the film.

The following sections describe the thermoprobe frames and

instrumentation used in this investigation. Conceptually, the thermo-

probe frame is similar to the Bullard system. The instrumentation,

however, has some features that are not found in other systems.

Mechanical Assembly of the 'Pipe" Frame
and 'Birdcage" Thermoprobes

Two thermoprobe frames were used during this investigation,

the "pipe" frame and the "birdcage." (See Figures 2 and 3.) In

both designs, the locations of the temperature sensors and the length

and position of the core sampler are identical.



-

-

I

Figure 2. View of the Figure 3. "Birdcage"
"pipe" frame thermo- thermoprobe frame with
probe without the ther- a 3. 3m thermistor staff.
mistor staff.
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"Pipe Frame Thermoprobe

The "pipe" frame thermoprobe in Figure 2 was originally

assembled by Jeremy R. Hutt' and later modified to make better

provisions for sensor leads. The steel body on this unit is 152.5 cm

long and 21.6 cm in diameter. Four fins, 15.2 cm wide, and 68.5

cm long, were attached to the after portion of the unit for stability

while it was being dropped. One of the fins was also used as a

mounting place for the 3. 3 m thermistor staff. The thermistor

staff supports the thermistors used to measure the water tempera-

tures. About 90 kg of lead were added inside the nose to improve

the thermoprobe's penetration capabilities, making the total weight

of the the rmoprobe about 250 kg. As shown in the cut-away view

of Figure 4, the hollow, threaded shaft which extends up through

the lead ballast has a platform cap. The instrument pressure case

sits on the cap and extends to within 2 cm of the top. Leads of the

thermistors housed in the probe are fed up through and out a slot in

the side of a shaft located in the center of the ballast. From there,

the leads pass through a conduit on the side of the main body to the

connectors on the recording instrument case. The probe is 244 cm

long, has a 3.8 cm outside diameter, a 0.8 cm wall, and is made

'Then a graduate student, Oceanography Department, Oregon
State University.
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Figure 4. Cut-a-way sketch of the "pipe" frame thermoprobe.
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of a mild steel.

The thermistors in the probe are precisely spaced and mounted

to a 0. 32 cm diameter steel rod before each cruise. With this

arrangement, it is very convenient to replace bent probes without

disturbing the thermistor arrangement. The probe can be released

from the main frame by loosening six set screws and then slipping

it off the thermistor-support rod. Bent probes can be replaced in

five to ten minutes.

A 56 cm long sediment corer is mounted on the side of the

frame with 35 cm of it extending below the base. On most oceanic

stations, the cores taken were from 25 to 35 cm long and 3.2 cm in

diameter. A brass steam valve is used on the after section of the

corer to afford suction when the core is taken and to prevent the

sediment from being washed out. On the front of the corer, just

behind the cutting head, is a spring sediment retainer.

Generally, this thermoprobe frame worked well, except that

it was difficult to feed through and replace the thermistor leads if

they were damaged. This disadvantage, along with the heaviness of

this unit, prompted the design of the "birdcage" thermoprobe frame

shown in Figure 3.

TiBirdcagel Thermoprobe

For the "birdcage' thermoprobe, the basic components are
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two 1. 27-cm steel plates 20.4 cm in diameter drilled with six

equally spaced holes, and six steel rods 183 cm long. The rods are

threaded at one end and welded into a plate at the other end. There

are four steel bands welded along the rods for bracing. These

features are shown in the multiview photographs of Figure 5. Some

webbing is added to support the probe socket and the corer at the

bottom of the frame. Again, thermistor leads from the probe are

channeled up through a shaft located in the center of the ballast. The

leads are then fed out of a slit in the instrument platform which sits

on top of the shaft. The platform slips off so that up to 180 kg of

lead ballast can be added. Wing nuts hold on the top plate and make

the instrument case removal on deck fast and efficient.

A protective guard has been mounted near the base of the probe

to prevent the winch wire from catching under the angle iron

thermistor staff when the unit is on the bottom. This measure was

taken because the wire has become entangled under the thermistor

staff and severely damaged some thermistor leads. The possibility

of wire damage to the thermistors is also the reason for using a

piece of angle iron for the thermistor staff. The thermistors are

completely open to the water and yet protected by the sides of the

angle iron support.



Figure 5. Photographs illustrating the construction of
the 'birdcaget' thermoprobe frame.
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In situ Thermal Response Time of the Thermoprobe

Sediment probes of both thermoprobe designs are identical

and, therefore, have the same thermal characteristics.

A rough estimate of the thermal response times for the individ-

ual sediment thermistors in the probe can be read directly from the

computer output curves like those simulated in Figure 6. For a more

exact evaluation of the response times, data for several stations were

used with a computer routine for the solution of the expression,

T = atm. In this expression, T is the temperature, t is time and

a and m are empirically derived constants. This expression is only

good for the portion of the response curves which occur between 2 and

20 minutes after the probe has penetrated the sediments.

If this expression is used, the time, t', at which T = T +2 mm
0.632 (T - T . ) is obtained. The response time is taken to befinal 2 mm

tt - 2 mm. For each probe thermistor, the response time was 8. 5 ±

0. 2 mm. These results indicate that the mass of the thermoprobe

body at the interface does not influence the response times of the

sediment thermistors.

At least a 30-minute in situ record is necessary for the

thermistors in the sediment to respond to 95% of the temperature

difference between the sediment temperature and their initial tern-

perature. This 30-minute period is about 10 minutes less than that
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necessary with the Bullard (1954) the rmoprobe. Figure 6 illustrates

that our thermoprobe is thermally damped. Bullard's unit, however,

is highly underdamped and, therefore, the response time is one of

cooling down instead of warming up to the sediment temperature.

The Ewing thermoprobe (Lister, 1963), on the other hand, causes a

thermal wave upon impact which interferes with the temperature

measurements after 10 minutes.

Contrary to the methods of Bullard and Lister, the triggered

free-fall technique has not been used for implanting the thermoprobe.

As described in a later section (thermoprobe launching), the thermo-

probe is allowed to descend directly into the sediment at 3 m sec.

This procedure greatly reduces the heat generation during thermo-.

probe impact. Bullard (1954) states that his thermoprobe generates

1700 calories upon impact which raises the temperature 0.8 C°

along the probe. Most of this temperature rise is due to the addi-

tional kinetic energy originating with the triggered free fall of the

thermoprobe.

The birdcage thermoprobe weighs 110 kg in the water.

While the probe is penetrating 2.5 m into the bottom at 3 m sec1,
510 joules of kinetic energy are converted to 120 calories of heat.

If all this heat appears in the probe, whose heat capacity is 1368 cal

C°1, its temperature would be raised by 0.09 C°. This temperature

rise in the probe is 0. 1 times that of the Bullard unit.
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The TipipeTi frame thermoprobe is twice as heavy as the ubird_

cage" unit. Therefore, the temperature rise in the "pipe" frame

probe would be 0. 18 C° which is 0. Z times that of Bullard's system.

Thus our thermoprobes are thermally overdamped and the Bullard

unit is underdamped.
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THERMOPROBE INSTRUMENTATION

Introduction

A simplified block diagram of the system is shown in Figure 7.

Eight thermistors plus two calibration resistors are sequentially

switched into a Wheatstone bridge circuit where they each remain

connected for 12 seconds. The bridge output voltage is then

amplified and recorded on a strip-chart recorder which produces a

dashed line representing either a thermistor resistance or a calibra-

tion resistance. By making computations using the deflection dis-

tances of the calibration resistors in proportion to the thermistor

deflections, one can evaluate the unknown resistance values of the

thermistor.

To add to the flexibility of this measuring apparatus, pro-

gramming circuits have been added so that measurements can be

made continuously, or for ten minutes at selectable hourly incre-

ments.
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Figure 7. Simplified block diagram of the thermoprobe
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Description of Instrument Modules2

Scanner

Figure 8 shows multiple views of the recording unit and its

pressure case. The nine flexible leads at the top of the unit represent

the eight thermistors and their common lead. These are coupled to

a ten-position scanner or rotary switch which is positioned beside

the amplifier in the left view. The scanner has coin silver con-

ducting segments which break contact for about one degree of rotation

before making a new contact. Only l6mA of current are required by

the _rpm motor propelling the scanner and establishing the 12-

second sampling period for each of the ten unknowns.

For adaptability, the scanner positions can be paralleled to

connect the different inputs for varied amounts of time. If three

scan positions were connected in parallel, that unknown would be

sampled for a total of 36 sec, but only six unknowns could be

sampled.

Bridge Circuit

The scanner positions sequentially couple the thermistors and

the calibration resistors into the bridge circuit located on the circuit

2See Appendix A for a list of manufacturers.



Left view Front view

Figure 8. Multiple views of the recording instrument
and its pressure case.

Right view

t\)

N)



23
cards on the top of the instrument. The bridge is composed of many

0. 1% metal film resistors, as shown schematically in Figure 9. As

noted, the upper bridge resistors are 20 kilohms, and the lower

branch, on the right side of the bridge, is segmented into a series of

different resistor values. Taps from this series of resistors are

made available so that a wide range of thermistor values, thus tern-.

perature values, can be accommodated in the bridge. Any tap on

this resistor string acts as the zero reference for one side of the

bridge output circuit.

A similar resistor string is found on the left side of the bridge

circuit. These resistors represent the calibration resistors which

are connected into the bridge circuit on scanning positions 1 and 6.

A minimum of two calibration resistor values are necessary to cor-

rectly compute the thermistor resistances. Scanning position 1

always connects the high-resistance calibration resistor (colder

temperature) and the output trace is located on the higher scale of

the recorder paper. Scanning position 6 is just the opposite. It

connects the lower resistance, representing a warmer temperature,

and the trace is located on the lower scale of the recorder paper.

Both the calibration and reference resistors are measured

to ± 0. 005% (Table 1). To make easier the selection of the correct

3The bridge resistor calibration is done by using a precision
bridge compared to a standard resistor in a temperature-controlled
room.
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TABLE!. WHEATSTONE BRIDGE RESISTANCE VALUES
THERMOPROBE - 303

CALIBRATION RESISTANCE

TAP U CONNECTED V CONNECTED W CONNECTED
Act. Res.
to Ground

Rep.
Temp.

Act. Res.
to Ground

Rep.
Temp.

Act. Res.
to Ground

Rep.
Temp.

J 9844.8fl -0.1 °C 9075.0fl 1.53°C 8868.0 1.97°C
I 9597. 1 0.41°C 8827. 3 2.05°C 8620.3 2. 53°C

H 9360.6 0.91°C 8590.8 2.60°C 8383.8 3.07°C
G 9124.6 1.41°C 8354.8 3.15°C 8147.8 3.63°C
F 8904.4 1.91°C 8134.6 3.68°C 7927.6 4.17°C
E 8678.2 2.40°C 7908.4 4.22°C 7701.4 4.77°C
D 8469.1 2.88°C 7699.3 4.77°C 7492.3 5.34°C
C 8259.9 3.36°C 7490. 1 5. 33°C 7283. 1 5.88°C
B 8059.2 3.85°C 7289.4 5.88°C 7082.4 6.50°C

A 7921.6 4.20°C 7151.8 6.27°C 6944.8 6.88°C

REFERENCE RESISTANCE

TAP X CONNECTED Y CONNECTED Z CONNECTED
Act. Res. Rep. Act. Res. Rep. Act. R[ Rep.
to Ground Temp. to Ground Temp. to Groundi Temp

I 9591.1 0.43°C 8806.4

H 9355. 1 0.94°C 8570.4

G 9119.5 1.42°C 8334.8

F 8899.6 1.90°C 8114.9

E 8675.4 2.42°C 7890.7

D 8466.2 2.90°C 7681.5

C 8257.3 3.35°C 7472.6

B 8057.4 3.85°C 7272.7

Tj7919.9 4.20°C 7135.2

2.10°C 8615.9 2. 50°C

2.64°C 8379.9 3.08°C

3.20°C 8144.3 3.65°C

3.72°C 7924.4 4.18°C

4.27°C 7700.3 4.77°C

4.81°C 7491.0 5.33°C

5.38°C 7282.1 5.86°C

5.94°C 7082.2 6.48°C

6.32°C 6944.7 6.86°C

tJ



bridge taps for the required temperature range on the recorder, a

tabulation of thermistor resistance versus temperature is used to

make the hlrepresentativeU temperature column. One of the circuit

cards shown at the top of the recording instrument in Figure 8 is

removable so that the temperature range taps are quite accessible.

It should be noted, however, that selection of too wide a temperature

span will decrease the resolving capabilities of the system.

Magnetically Modulated Amplifier

The bridge output signal is coupled to the amplifier with a

series 100 kilohm potentiometer which is used to adjust the signal

gain. After the temperature span is selected and wired, this

potentiometer is adjusted to give near maximum deflections on the

recorder for the two calibration resistance values.

Even though the amplifier is a direct-current unit, it has a

transformer input. The input signal is used to bias a transformer

core as part of a magnetically modulated alternating-current

amplifier. This coupling method affords complete direct-current

isolation of the amplifierts power supply and the bridge output signal.

Thus the whole recording apparatus can run for the full battery life

without a zero off-set in the amplifier appearing as part of the bridge

signal. A signal of ± 2 A or ± 2 mV will appear at ± 2 V at the

amplifier output terminals. This gain of 1000 is more than adequate
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for the bridge sensitivity. The amplifier's d.c. drift is less than

12 nAper week referred to the input terminals. With the thermistors

and calibration resistors being scanned every 120 seconds, any

measurement errors due to gain drift are minimal.

Two Mallory (TR-135R) mercury batteries act as a power

supply for the amplifier and will operate it in excess of a hundred

hours before a replacement is necessary.

Strip-Chart Recorder

Output signals from the amplifier are coupled directly to the

strip-chart recorder. The recorder uses pressure-sensitive paper,

6 cm wide, which is marked by a cam-driven strike bar hitting the

deflection needle of a standard meter movement. A small dot is

made on the paper for each strike. To get a reasonable dot density

for the lZ-sec measurement period, a 6-rpm motor is used with a

13-tooth cam to give a frequency of 3 dots every 2 sec. With the

chart paper moving at 90 cm hr1 a record will result similar to that

represented by Figure 10. At this chart speed, the standard roll

allows 22 hours of recordings. If the chart speed is reduced by one

half, the total recording period will increase to 44 hours; however,

this speed reduction also reduces the length of the tracing for each

thermistor. With the 90 cm hr chart speed, the individual trace

is 3 mm long. The tracing length is inversely proportional to the



Scan Sequence
120 SecoiT\\

Scanning Timing Mark for the
Sequence !PC1ockedI Mode7

J_____,___---------- __I----___________I_.________.
_.----a a__a a__a

========= =====-__ -
=== ===aa====

_a__ -a__aa__a aaa
:' ('L '/L 2___,___ I I ___

Record Travel Low and High Temperature Time Increasing
Reference

Figure 10. Copy of a thermoprobe record which shows the physical displace-
ment between the traces from which the in situ temperatures are computed.
During one scan sequence, two reference resistors and eight thermistors
are conflected into the bridge circuit for eventual recording.

t')
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chart speed and there is a limit to which one can conveniently

evaluate the recorded points.

A meter movement with a center zero and a sensitivity of

± 0. 5mA is compatible with the deflection polarity of the amplifier

output signal. The reference resistance tap of the bridge circuit is

usually selected so that it is approximately half way between the

calibration resistance values (see Table 1).

The scanner has break-before-make switches. During the

break period (0.3 sec), the meter pointer goes to the higher-scale

edge of the chart paper. When the switch makes the new contact,

the meter movement starts from the right side of the recorder for

every deflection recording. This feature minimizes the meter move-

ment hysteresis errors in the recordings.

The strip-chart and the scanner motors use a 6-Vpower source

at 18 mA each. A 2-Ah nickel-cadmium battery supplies current for

these motors. At the indicated current drain, the motors will run

for nearly 55 hours on one battery charge.

Timing Clock and Programming Circuits

A battery-actuated clock is used for programming the instru-

ment's recording periods. At the bottom of Figure 8, the timing

clock is shown. It is mounted facing down so that the hourly timing

pins are easily accessible from the bottom. A disk, mounted to the
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clock's hour shaft, has been precisely indexed, drilled and tapped

so that it is possible to insert a total of 12 pins for recording hourly.

This mode of operation is termed the "Clocked" mode. So one can

differentiate between the end of one hour's record and the beginning

of the next, a time-delay circuit is used to prevent the power supply

from energizing the bridge circuit immediately. This time delay

introduces a temporary shift in the recording format, as shown in

Figure 10.

If the recorder is run continuously, the clock can also be

wired to blank out the record for a few minutes at the time interval

selected for synchronization of the record. This mode is called the

HRuntI mode.

A schematic of the wiring used for the operational modes of

the instrument is shown in Figure 11. Transistor switches are used

between the power sources and the circuits, when in the "Clocked"

mode, to eliminate the frictional drag of multiple switches on the

clock's timing cam or the use of power consuming relays.

Manual switches are also provided on the top plate of the instru-

ment to individually activate the bridge circuit voltage, amplifier

voltage, scanner and strip-chart motors. These switches are very

useful in checkout and calibration.



i7vdc - 6vdc4 vdc 7vdc_ _ -._ _
Bridge Scanner Amplifier Scanner!
Manual Manual Manual Switch Recorder Switch
Switch Switch

- ------- .-------.

Clock
R6I Switch

C1 C2

D3

IIBridge Switch Bridge Delay Amplifier Switch Scanner!Recorder
Switch------------ --------- -

Figure 11. Schematic for the manual and clock controlled switches.
tj
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Operational Checkout of the Instrument

As an operational check of the entire recording system, four

precision resistors are connected to alternate scanner inputs. The

resistor values are preset to cover the selected temperature range.

After fresh batteries have been put into the amplifier and bridge

circuit and the battery for the motors has been recharged, the instru-

ment is set to operate continuously through one roll of recorder

paper. After this test run is done, deflection values are extracted

from several locations on the recorder paper. From these deflec-

tions, the calibration resistances are computed and compared to

their known values.

Again it should be restated that the instrument resolution is

dependent upon the temperature span used. The precision, however,

for a 2 C° temperature span is ± 1 2 or ± 2 x C°.

Instrumentation Mechanical Assembly Technique

Four 0. 95-cm shafts, threaded full length, form the support

used in the instrumentation's mechanical assembly (Figure 8).

Sections of aluminum tubing, which just fit over the 0.95-cm shafts,

are cut to act as spacers for the module separator plates. The

separator plates are cut from a sheet of 0. 32 cm aluminum and then

turned circular on a lathe. Reorientation of any of the instrument
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modules requires a minimal amount of structural fabrication with

this technique. By simply cutting new spacers, a separator plate

can be quickly relocated.

Instrument Pressure Case

The pressure case shown in Figure 8 is made in three parts:

the main tubular section and two end caps. The center section is

7.5 in (19 cm) o. d. , 6.0 in (15.2 cm) i. d. , by 23 in (58.5 cm) long

and made from 7075-T6 extruded aluminum. Very little machine

work is done to this piece of the case other than squaring off the

ends and making a 1.5 in (3.8 cm) finishing cut on the inside of each

end.

Each end cap is made from a piece of 2 in (5 cm) thick 606l-T6

aluminum plate. The details of the machine work required on the end

caps areindicated in the drawing in Figure 12. A -0.005 in ± 0.001

in clearance is allowed between the tube and the plug section of the

cap which contains the 0-rings. One great advantage to this type of

0-ring layout, as opposed to the end-mounted type, is that once the

cap is fitted into place, the chamber is as sealed as it ever will be.

To prevent leakage when using end-mounted 0-rings, one must

4The engineering work was done in inches and is reported that
way so that dimensions are exact.



Mill Connector mounting hole
21/64 x 0. 0312 inches drill hole through cap with

1/4 x 28 NF ta drill and then
ap.

0. 825

1. 000

Note: Cij 0-Rings to be Q4358 Minnesota Rubber Co.
MECCA connector No. 2006.

© This dimension dependent upon machined tube size.
Drawing not to scale. Dimensions in inches.

Figure 12. Detail drawing for the end caps on the instrument pressure case.
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provide the minimum squeeze on the 0-ring each time the pressure

case is used. The proper 0-ring pressure is usually done with a

torquing operation of some fashion. Neglecting to apply the right

amount of squeeze just once could destroy all of the electronic gear

in the pressure case. With the plug type end caps, the chance of

inadequate torquing is completely eliminated.

The handle (Figure 8) on the pressure cap serves two purposes:

It protects the connector leads from getting bent and aids in removing

the cap. Experience in the field has shown that the caps have not

been difficult to remove; just pulling against the weight of the pres-

sure case will remove the cap. Location of the connector pins is

up to individual discretion.

To prevent excessive cathodic activity, the case is given a

chemical anodizing treatment for a full hour. For field use, the

case is wrapped in a 0. 32 cm thick neoprene rubber sheet to mini-

mize nicks and scratches. A case prepared in this manner was

moored at a 300-rn depth, for 30 days, without any significant cor-

r os ion.

After the case is assembled, it is pressure checked at

10, 000 psi external pressure for 24 hours. This pressure is

approximately equivalent to a 7000-rn depth. Of eight pressure

cases constructed in this fashion, tested and used in the field, none

have leaked.
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TEMPERATURE SENSOR

Sensor Description

The temperature sensor used is a small, bead-like semi-

conductor device called a thermistor which has a high negative tern-

perature coefficient of resistance. The ones used in this work change

about -400 ohms C0 in a 20 C ambient temperature (No. 44005

manufactured by Yellow Springs Instrument Company). Thermistors

are attached to special lead wire, manufactured for oceanographic

purposes, and then encapsulated in an epoxy form, 0. 95 cm in

diameter by 5 cm long. After the epoxy has cured, the thermistor

assembly is placed in a pressure bomb and hydrostatically pres-

surized to 10, 000 psi. During this test, each thermistor is

electrically tested for water short circuits.

Sensor Calibration

The calibration is done with a Dewar flask, a Beckmamther-

mometer and a resistance bridge in an air-conditioned room. With

due care in application, the Beckman mercury thermometer will give

a resolution of ± 0.001 C° (Daniels etal. , 1962, p. 429). Crushed

ice from distilled water is first added to the flask containing the

thermistors and the thermometer. After about a half hour, a
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stirrer is added and the thermometer's ice point is recorded.

Enough heat is added by the stirrer and by advection through the

flask surfaces to give a slow rise in temperature during which time

the thermistor resistances are recorded as a function of thermometer

temperature. A thermometer reading is taken for every thermistor

resistance reading. Generally, ten points for each thermistor are

taken per degree of temperature rise. Data from this calibration

are run through the computer program called THERMCAL, which

is described in Appendix B, to get a best-fit slope and intercept for

each thermistor. One of the computer outputs is a "confidence

factor," indicating the number of places of accuracy to the fit.

Because high quality thermistors were purchased, the fits are

usually very close to each other. It is good practice, however, to

calibrate all the thermistors together that will be used for a par-

ticular measurement.

The thermistors are not pressure protected in the epoxy case,

so it was necessary to evaluate the pressure effect. All thermistors

were placed in a small pressure bomb with a calibrated, pressure-

protected thermistor and were evaluated at 1000 psi increments to

10, 000 psi. The pressure bomb was maintained at a constant tern-

perature ± 0.012 C°. Minor bath temperature variations were cor-

rected by using a pressure protected, standard thermistor in the

pressure case with the unit being evaluated. Each time the pressure



was changed, two hours were allowed for thermal equilibrium. In

the particular thermistor configuration used, the pressure effects

were about 0.01% of the total resistance, and predictable, so that

the following equation could be written:

= Z (9.4x l0) -1.5 (1)

where tR is in ohms and Z (depth) is in meters.

Equation 1 is applicable only for the range of (Z) from 200 to 7000 m.

The correction value R is added to the thermistor calibration

resistance. This correction is not necessary, unless there is a need

to compare the absolute values of temperature at stations of different

depths.

For all future measurements, the thermistors will be placed

in newly designed pressure cases. The case will allow the thermistor

to be immersed in siliconeoil with a small air pocket. The chief

advantage to the new case is that it can be easily opened and resealed

at sea without damage to the thermistor. This feature will be an aid

in the repair of damaged cable.

The thermal response time of an encapsulated thermistor is

15 sec at the 63. 2 point of the maximum temperature change.
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THERMOPROBE OPERATIONS AT SEA

Thermoprobe Launching

A platform was constructed to launch the thermoprobe over

the side of the ship and to cradle it while the instrument case was

being prepared. Figure 13 shows the platform with the "birdcage

type frame on it, minus the instrument case. During the thermo-

probe launching, an A-frame boom is moved toward the center line

of the ship until the cable sheave is near the center of the the rmo-

probe. As soon as the winch takes up tension on the line, the plat-

form easily tips up with a one-handed effort. The boom is then

moved out over the side of the ship as the winch operator keeps a

snug line. As soon as the thermoprobe is clear of the ship, it is

quickly lowered to depth.

Two techniques were tried for implanting the thermoprobe

into the bottom. One consisted of lowering the thermoprobe until

it was 100 m off the bottom, as indicated by the ship's bathymetric

equipment. When the wire angle was judged "vertical," the thermo-

probe was lowered at maximum winch speed of 3 m sec'. This

technique sometimes resulted in shallow penetration and extra time

was required to pull the thermoprobe up, to straighten the wire

angle, and to drop it again. To compensate for the shallow
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Figure 13. Thermoprobe launcher mounted in the ship's railing.

Figure 14. Thermoprobe mooring configuration for extended
period recording.
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penetration, more ballast was added to the thermoprobe, which in

turn made it more difficult to handle aboard ship. For a 3000-rn

station, it took an average of 2.5 hours to lower, record and retrieve

the thermoprobe.

The second technique was to let the the rmoprobe drop from

the surface at 3 m sec' until penetration was noted. For a 3000-rn

station, the drop took about 17 mm. Retrieval was just as fast,

after care was taken to assure a smooth pullout. This operation

made it possible to make a complete station in about an hour. This

scheme worked especially well on the continental slope because ship

positions are difficult to maintain over a specific site after the site

has been chosen by bathymetric soundings. After the thermoprobe

had penetrated the bottom, wire was let out at the rate of 10 m every

5 mm to compensate for the shipts drift.

Insertion of the thermoprobe into the bottom was detectable on

the winch tensiometer as a small decrease in line tension. However,

in 3000 m of water, this effect is not very large. Three thousand

meters of 0. 5 cm (3/16 in) wire weighs about 200 kg and the thermo-

probe 110 to 250 kg. The tensiometer may show only a 45 kg varia-

tion upon impact, due to the ship's motion. If the second launch

technique is used and excess wire is let out, the detection of the

thermoprobe impact with the bottom is unnecessary.
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Thermoprobe Mooring

Several thermoprobe stations were made on the shelf for

periods of time from 24 hours up to 3 days. For these longer

periods, the thermoprobes were moored with surface floats and

retrieved at a later date. The mooring arrangement is shown in

Figure 14.

The thermoprobes were first launched in the manner described

in the previous section, and then about 1000 m of wire rope was

played out in the direction of the ship's drift. A set of anchor links

and a small Danforth anchor were attached 1000 m from the the rmo-

probe during the launch to act as a secondary anchor. When the

secondary anchor was on the bottom, additional wire, amounting to

20% of the bathymetric depth, was played out to allow for line scope.

A small toroidal buoy with a net buoyancy of 180 kg was attached to

the wire rope and lowered into the water. As soon as the line tension

was transferred to the buoy, the wire rope was cut and thrown over

the side with a small tether balloon. On retrieval, the tether was

picked up, the lines clamped together and the unit pulled in.

If the mooring line to the surface float should break in water

1000 m deep or less, it may be possible to grapple for the thermo-

probe. In the event that grappling is necessary, the 1000 m of extra

wire between the thermoprobe and secondary anchor is used as the
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pickup line. Equipment retrieval by grappling was successful on

several occasions when the surface buoy broke loose during a storm.
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DATA PROCESSING

Heat Flow Computation

The rate of heat flow through the bottom of the ocean can be

computed by taking the product of the temperature gradient and the

thermal conductivity of the sediment:

q = -K- (2)

where q = the heat flow cal cm2 sec'
K = thermal conductivity of the sediment

sample (cal cm C0' sec)
aT/az thermal gradient in the sediment (C° cm)

The temperature gradient is computed from the temperature values

evaluated from the thermoprobe records and the known physical

spacing of the thermistors. Thermal conductivity is a more complex

quantity to evaluate.

Temperature Computations

A good deal of data processing is necessary before the in situ

strip-chart record of deflections caused by the thermally induced

changes in the thermistor resistance can be read as temperature

values. The initial step in determining the final temperature values
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is to tabulate the deflection distances for the thermistors and calibra-

tion resistors for each scan sequence. The basic accuracy of the

temperature measurements is in the method used to resolve the

deflection distances as precisely as possible. An overhead projector

(Delinescope) was essential in reading the records. The projector

was set up and focused so that a ten-unit divider could be used to

measure off distances to ± 0.02 mm. With the aid of equation 3, the

thermistor resistance values represented by the deflection distance

can be computed.

RT = II (DTDH)/(DLDH)] [RHRLI + RL (3)

DT = deflection of the thermistor trace

DH = deflection of the high temperature reference trace

DL deflection of the low temperature reference trace

RH = high resistance reference (ohms)

RL low resistance reference (ohms)

R = thermistor resistance

Only the linear terms of the bridge circuit equation are needed to

achieve the required precision. Conversion of the resistance values

to temperatures is then done with the linear fit equation from the

thermistor calibration curve. The regression coefficients describing

the thermistor calibration are obtained by using the THERMCAL

computer program in Appendix B.
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A computer program called THRMPLOT has been written to

read in deflection values and to list and plot out the temperature

values as a function of time. This program aids in identifying not

only the thermal equilibrium time of the probe but also data errors

should they exist. The THRMPLOT program is written in

FORTRAN and described in Appendix C.

For short period drops of the thermoprobe, time is estimated

from the number of scans made while the probe is in the sediment.

The average scanning sequence takes 120 seconds. Because the

sequence period is controlled by an unregulated motor, the scan

period varies slightly. The time estimation from the record, how-S

ever, is quite satisfactory for intervals up to several hours.

Thermal Conductivity Computations

Sediment samples are in a plastic core liner when the thermo-

probe is returned to the deck of the ship Each core liner is

immediately sealed with a plastic cap and taped to prevent evapora-

tion (see a photograph of the sealed sediment sample shown in Figure

16). The cores are allowed to equilibrate at ambient temperature

for at least 24 hours before any attempt is made to make thermal

conductivity measurements. This equilibration period is necessary

to remove any thermal gradients in the core since such gradients will

introduce errors in the measurements. Each core is cut into sections
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8 to 10 cm long so that several thermal conductivity checks can be

made at different locations along the sample. All the thermal con-

ductivity values for a particular core are averaged to obtain a figure

to use in the heat flow computation. The thermal conductivity values

varied ± 5% for our cores.

The transient needle-probe technique is used for measuring

the thermar conductivity. This procedure was introduced and very

well described by Von Herzen and Maxwell (1959). With this

method, a controlled amount of heat is injected into a sample of the

sediment and simultaneously a measure of the temperature rise as

a function of time is recorded. The temperature versus log-time

data should plot as a straight line. A block diagram of the con-

ductivity measuring instrument is given in Figure 15. Figure 16 is

a photograph of the unit.

The heat injection is done with a ribbon heater element inside

a No. 20 hypodermic needle about 64 mm long. A bead thermistor,

located with the heater element, is used to monitor the temperature

rise. The thermistor is part of a Wheatstone bridge circuit whose

imbalance is measured on a millivolt meter. The millivolt meter

is used as a transfer instrument. That is, initially the thermistor

resistance change is noted in millivolts. At some later time during

the calibration phase, the millivolt readings are converted to

precision resistance values by using the decade resistor. The



Up to calibrate,\
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Figure 15. Block diagram of the conductivity
measuring instrument.

Figure 16. The conductivity measuring instrument shown
with the millivolt meter on the right and the
needle probe and section of sediment sample
in front.



resistance values can then be related to temperature by the

thermistor calibration curve. Prior to energizing the heater element,

the needle is inserted into the long axis of the sample, where the

thermistor is used as a regular thermometer, to see if the sample

is in thermal equilibrium.

When the sample is stable, a constant voltage, thereby con-

stant power, is applied to the heater. A record is made of tempera-

ture and time for at least five minutes. Time intervals are selected

so that they are evenly spaced on semilog paper. With these data

and the following equations, the thermal conductivity of a sediment

sample can be evaluated.

Von Herzen and Maxwell show:

T q ln(4at/Ba2) (4)
4TrK

where T temperature (C°

t = time (sec)

q = heat input per unit length per unit time (cal cm
-1sec

K = thermal conductivity of sediment sample (cal cm

C' sec)
a = thermal diffusivity of sediment sample (cm2 sec1)

a = probe radius (cm)

B = constant 1.7811



Rewriting equation 4:

T q [in t + in (4ci/Ba2)] (S)
4iT K
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By utilizing the straight line slope of the semilog plot of temperature

and time, one can further simplify equation 5:

q (mt2 - lnt1)
K (T2 - T1) (6)

The value q can be evaluted from physical parameters known about

the needle probe:

V2
q R(4. 186) 4L

where V exact heater voltage (v)

R = average resistance of heater in operation ()

4L = one-half the heater element length (cm)

(heater element is folded)

(7)

A new value of (q) will have to be evaluated for each needle probe

since they are not exactly alike. Replacing (q) in equation 6 with

equation 7, the final expression for K is:

V2 (in t2 - in t1)
K R (4. 186) -L 4ir (T2 - T1) (8)

According to Von Herzen and Maxwell (1959), this conductivity

measuring technique can be expected to yield accuracies of 3 to 4%

if precautions are taken to minimize dehydration and sediment
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gravitation and separation. Ratcliffe (1960) and Bullard and Day

(1961) show that the variation in the value of thermal conductivity

depends principally on the water content of the sediment. Most con-

ductivity values of abyssal sediments are within ± Z57o of
-3 -1 -1 -12.0 x 10 cal cm C° sec
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TIME DEPENDENT VERTICAL TEMPERATURE MEASUREMENTS
ACROSS THE WATER-SEDIMENT INTERFACE

ON THE CONTINENTAL SHELF

Station Selection

In November 1966, three consecutive moorings of the thermo-

probe were made on the outer edge of the continental shelf to

monitor the time variation of the water-sediment interface tempera-

tures. The mooring site was located about 30 km west of Depoe

Bay, Oregon, in 250 m of water on a smooth, seaward slope of 100 m

per kilometer. For the stations designated 6611-1, 2 and 3, the

thermoprobe was moored with a surface float independent of the ship.

A total of 115 hours of data was obtained from the three moorings.

The first station was for 24 hours, where the thermoprobe recorded

continuously, i. e. , a temperature from each sensor was recorded

every 120 seconds. On subsequent stations, the temperatures were

sampled for a 10-minute interval each hour.

On the 24-hour station, while the ship was anchored, a current

meter was lowered to record current speeds at 245 m. Throughout

the 24-hour period, the current speed remained about 6 cm sec'.
Between the mooring periods about one hour of data was lost

while the recorder paper was replaced and the thermoprobe

reimplanted. Fortunately, the loss of this data has not caused an
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interpretation problem.

The third mooring period was terminated by a passing storm;

otherwise, the total record would have extended to 155 hours.

The hourly time variations of the interface temperatures are

plotted in Figure 17. Thermistors-i and 2 were 206 and 121 cm

into the sediment, respectively. Thermistor-3 was located 36 cm

into the sediment but responded to the water temperature as though

it was in the water. The physical spacing of the water thermistors

is not important because their temperatures are the same as for

thermistor-3. The 24-hour record, during which the recorder was

running continuously, was also examined in detail to see if a ther-.

mal time lag existed between the water thermistors and the sediment

thermistor-3. No thermal time lag was apparent at the semidiurnal

frequencies shown in Figure 17.

Sediment cores were also obtained on each of the stations which

assured that thermistor-3 was, indeed, initially in the sediment. If

the thermoprobe had been pulled out at some time after insertion, it

would have given a very evident indication of that event. The pre-.

vious description of the mooring technique shows that the possibility

of the surface floats pulling the the rmoprobe out during the mooring

period is minimal.
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Possible Interference of the Thermoprobe
on the Temperature Measurements

The question arises as to whether the thermoprobe was

measuring the correct in situ temperature or biasing the data with

its own electrical and thermal responses. As described previously

an evaluation of the thermal response of the the rmoprobe from

in situ records was made.

The results show that all the sediment thermistors have a

response time of 8. 5 ± 0.2 mm. This evaluation indicates that

thermistor-3 is thermally independent of the thermoprobe body above

it during the early recording period. No evidence of secondary ther-

mal conduction down the thermoprobe shaft is noted on the hour-long,

deep-water records. This lack of conduction in the probe was con-

firmed by using expressions proposed by Bullard (1954).

For our thermoprobe dimensions, 109 hours would be

required for a temperature step function applied to one end of the

probe to reach 98% of that temperature at the other end. This is a

long period compared to the radial thermal response time of the

probe, as indicated by the thermistor response time of 8. 5 mm.

With these time constants, it can be concluded that molecular heat

conduction down the probe is not the cause of sediment thermistor-3

responding to the water temperature.

The electric power dissipated by the recording electronics is
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0.3 watts. However, this heat dissipation is over 180 cm up in the

water column and would not contribute to the temperature in the

sediment.

There is also no evidence that the electrical power dissipation

in the instrument case affects the water temperature measurements.

Water temperatures recorded near the instrument case, when corn-

pared to those above and below, do not show any abnormal heat rises.

Frequency Analyses of the Water
Temperature Fluctuations

Eliminating the physical and electrical makeup of the thermo-

probe as the cause of the unusual behavior of therrnistor-3 focuses

attention on the other variables at the mooring site: the sediment

and water characteristics. A temperature gradient between the five

water thermistors was not detectable. The conclusion is that the

water at the sediment interface and 3 m above was well mixed.

A least squares fit was found for the water temperature data

plotted in Figure 17 which indicated a mean temperature increase of

3.8 x l0 C° hr* Collins, Creech and Pattullo (1966) moored

several strings of recording current meters and thermometers in

the same area as the thermoprobe during part of October 1965.

Their results indicated, at shallow depths, warming trends in the

water of the same order of magnitude as found near the sediment



interface with the thermoprobe. Direction information from their

current meters was always in good agreement with the changes in

water temperatures. When the currents were to the northeast, the

water temperatures increased. Conversely, when the currents

reversed to the southwest, the water began to get colder.

The temperature values from the linear fit (Figure 17) were

subtracted from the water temperatures so that the spectral density

could be evaluated on the residuals. The results are shown in

Figure 18, where the spectral density is plotted on a logarithmic

scale. The temperature spectrum shows a large peak at the diurnal

and semidiurnal frequencies. Although not fully apparent from the

graph, it was concluded from a Fourier analysis of the residual

temperature data that a second harmonic is hidden in the bulge

associated with the semidiurnal peak. The balance of the spectral peaks

are at least an order of magnitude or more below the main peak.

The Fourier analysis also showed that the amplitudes of the

diurnal frequency and semidiurnal second harmonic are about 20%

of the semidiurnal amplitude. The semidiurnal frequency, its second

harmonic, and the diurnal frequency are identified as M2, H2 and

K1, respectively, on the bottom of Figure 18.

Lee and Cox (1966) have recorded time dependent water tern-

peratures at three stations just off the coast of southern California.

Fifteen temperature sensors were spaced at different intervals down
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to a depth of 3800 m. They have concluded from a spectral analysis

and from sea level comparisons that the recorded temperature

variations were internal waves with the peak amplitude at the semi-

diurnal frequency. Lee and Cox also found harmonics of the 0.08

cph frequency at 0. 16 cph and at 0.25 cph. A visual comparison of

the hourly temperature records for equivalent depths from Lee's

deep-sea station and from the shelf mooring indicates that the deep-

sea records are much more random. Smoother temperature

records would probably be expected for our shelf data, since the

recordings are made at the water-sediment boundary. The time of

the temperature minimums at the 50 and 100 hour points of the tern-

perature record indicates a very good correlation with the low tides

predicted in the U. S. Coast and Geodetic Survey 1966 tide tables.

Lee, Uyeda and Taylor (1966) estimated the depth of thermal

disturbance in the sediment due to internal waves by applying

Carslaw and Jaeger's (1959, section 2. 6, eq. 8) steady-state equa-

tion for a periodic temperature at the surface of a semi-infinite solid.

T = T exp (-kz) cos (t - kz) (9)
z 0

where T temperature at some depth (z) in the sediment

T = mean temperature at the sediment interface

k wave number related to the wave length by
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k f

2 -1When the thermal diffusivity a. = 0.002 cm sec

for the sediments and f = 0.08 cph for the semi-

diurnal frequency are used to evaluate the wave

length equation, the value of X is about 35 cm.

It is noted that the expression for the exponentially decreasing

sediment temperature, when evaluated at a depth equivalent to the

wave length, will be

T = T (0. 002) cos (t - kz) (10)
z 0

Replacing T in equation 10 with the 0. 3 C° found in our shelf

measurements would give an amplitude for T of 0. 5 x 10 C° at

35 cm. The amplitude measured with the thermoprobe is about 500

times this amount. The temperature plot from the three shelf

stations shows that the temperature change at 36. 7 cm in the sedi-

ment is the same as that in the water.

Possible Influence of Sediment on Temperature Measurements

Such an unattenuated temperature variation below the inter-

face could be associated with a rapid sediment "flushing"

phenomenon (water exchange in the sediment) that has a thermal lag

much shorter than the period of the second harmonic of the
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semidiurnal period. Some additional data from the mooring site and

about the sediment gives credibility to the sediment flushing idea.

Runge (1966) has done a rather complete sedimentary survey

very near the thermoprobe site. From two stations at the same

depth, the sand-silt-clay ratios were found to be 80, 10 and 10%,

respectively. This high percentage of sand is not totally indicative

of high porosity sediment. The general permeability expression is

K = cd2cr -bt where K is the permeability, d the geometric mean

diameter of the sediment grains, a. the geometric standard devia-

tion, and c and b are constants (Pettijohn, 1957). From

Runge's data, the relative permeability of the mooring site is roughly

40% greater than at thermoprobe stations 6702-1 and 2, which

are 8 and 20 km further west, respectively, but at a 500 rn-depth.

The sediment temperature gradients for the slope stations 6702-1

and 2, discussed in the next section, are linear and appear to be

free of shallow thermal disturbances (see Figure 19).

These data offer some positive correlation with the sediment

flushing possibility; however, a final conclusion can not be drawn.
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VERTICAL TEMPERATURE MEASUREMENTS ACROSS THE
WATER-SEDIMENT INTERFACE AT SELECTED

STATIONS ON THE CONTINENTAL SLOPE

Station Selection

Eight stations were occupied on the continental slope along the

45th parallel, starting about 50 and running to 125 km to the west of

the coast. The stations were selected so that they had a good

geographic and bathymetric distribution, as shown in Figure 1 and

in Table 2.

Discussion of the Temperature Gradients

Water and sediment temperature profiles at the interface for

the slope stations are shown in Figures 19 and 20. Station 6702-1

is the shallowest and 6702-8 is the deepest at 415 and 2800 m,

respectively. For each of the profiles, the thermoprobe was left in

the sediment a minimum of 30 minutes to attain thermal equilibrium.

The sediment temperature gradients in all the slope measure-

ments are linear and appear to be free of shallow thermal distur-

bances. This result is in contrast to the shelf stations where semi-

diurnal temperature variations were recorded 35 cm into the sedi-

ments.

In all the profiles, thermistor-3 was 30 cm or more below the



Table 2. Temperature gradients for the water and sediments
at the ocean bottom interface off Oregon.

Station Lat Long Water Sediment1 Sediment Sediment Water
(N) (W) Depth3 Conductivity Gradient Heat Flow Gradient

lO Gal 103C' I0' Cal l0 C°
-1 -1 -1 -1 -z -i -1cm sec C' cm cm sec cm

6606-1 44'39.9' 125034.8! 2805 1.93 -1.15 +1.23 -16.4
-Z 44035.0! 127018.21 2926 2.152 -1.68 3.63 - 3.0

3 44'42.0' 127039.Ot 2827 ---- ---- ---- - 4.7
4 44°435' 127°58. 1' 2827 1.85 -1.80 +3.35 -55.7

-5 44'57.0' 128'23.1' 2780 1.75 -1.62 +1.84 -69.9
-6 45006.01 12851.0' 2778 2.06 -1.10 +4.33 -38.2

6609-1 44'40.P 125034.71 2805 2.01 -1.31 +2.63

6611-1 44'52. 4' 124030.7? Loran A, radar fixes to shore stations and bottom contour
-Z recordings from the depth sounder were used to position
-3 these stationa as close together as possible.

6701-1 44050.Zt 125036.21 2783 1.34 -1.51 +3.55 -59.0

6702-1 44'54.7' 124'36.r 445 2.06 -0.52 +1.08 - 3.8
-2 44050.4! 124043.4! 515 1.12 -0.00 +0.00 33.7

3 4405 1' 125'06. 0! 1370 2.07 -0.83 +1.73 333
-4 450004! 125009.1! 1630 1.85 -0.84 +1.56 -46.7
-5 44'51.8' 125'07.9' 1860 1.89 -1.03 +1.96 -10.4
-6 44052.4t 125'16.8' 2080 2.13 -0.97 +1.08 -49.1

7 44'491' 125'35.V 2830 1.51 -1.19 +3.12 -86.8
-8 44'38.8' 125'35.O' 2800 2.27 -1.30 +2.95 -80.7

1. Sediment conductivity corrected for pressure and temperature according
to Ra1cliffe (1960).

Z. Conductivity values obtain from core taken on an earlier drop.
3. Depths uncorrected.
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sediment interface. None of the sediment thermistors were

influenced by the internal wave thermal disturbances predicted by

Lee and Cox (1966) (see equation 9 and the discussion of it). Since

the slope stations were made over a two-day period, it is possible,

but not probable, that each measurement was made just at the

moment the sediment temperature gradients were linear.

Progressing from the shelf down the slope to the abyssal plain,

the sediment temperature gradients consistently increase in magni-

tude. A plot of the gradients as a function of station depth produces

the linear trend in Figure 21, which can be expressed by the least

squares fit of equation 11.

- = (0. 301 Z + 399) x 1o6 c° cm (11)
Ez

where Z is station depth in meters.

It is interesting that such a correlation of the slope gradients exists.

If similar equations could be identified with other continental slopes,

it would reduce the task of making such heat flow measurements.

With the knowledge of sediment conductivity evaluated from a

standard geological cruise, the sample depth and expressions like

equation 11, a multitude of heat flow values for the slope could be

computed with ease.

A plot of the regularly computed heat flow values from Table 2,

as a function of depth, produces a trend similar to that of the
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temperature gradients in Figure 21. The points do, however, have

more scatter due largely to the variation in sediment conductivity

values. The gradient value from station 6702-2 does not fit the

pattern previously described. In contrast with station 6702-1, which

is less than 8 km away and at an equivalent temperature and depth,

station 6702-2 has a lower heat flow value by a factor of 100. The

low thermal gradient is potentially unstable due to the colder pre-

vailing water temperatures of the interface.

At all the slope stations below 1200 m, there is a smooth

transition from the sediment to the water temperatures. From

stations 6702-3 to 8, the difference from the uppermost sediment

thermistor to the lowest water thermistor is no greater than

40 x l0 C°, and the difference decreases with station depth. How-

ever, at stations 6702-1 and 2, the interface temperature differences

are roughly 200 x 10 C°. The stability of these temperature dif-

ferences can easily be questioned.

Based upon the interaction characteristics of the water and

sediment temperatures in the time dependent measurements on the

shelf, the sediment gradient of station 6702-2 will surely be modi-

fied if the prevailing water temperature remains for any length of

time. In the case of station 6702-1, the water temperature gradient

appears zero, whereas the water temperature gradient for station

6702-2 indicates some warmer water near the interface. Heat for



this warmer water layer is probably extracted from the sediment.

From the 16 term equation of Fofonoff (1962) the adiabatic

lapse rate was computed for 2000 and 3000-rn depths using the

respective in situ temperatures from the thermoprobe and salinities

from equivalent depth water samples. The lapse rates for these

depths are -0.93 and -1.03 x io6 c° cm1, respectively.

Table 2 indicates that at the shallow depths on the slope, the

water gradients are either plus or minus. The slope stations below

1600 m, however, have negative gradients 10 to 40 times larger

than the adiabatic lapse rate. The significance of this finding will

be discussed later along with the temperature difference of the

water-sediment interface on the abyssal plain.
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VERTICAL TEMPERATURE MEASUREMENTS ACROSS THE
WATER-SEDIMENT INTERFACE AT ABYSSAL DEPTHS

Station Selection

Nine different stations were occupied at depths of about 2800 m

and water-sediment temperature gradients were measured. One

station, 120 km west of Depoe Bay, Oregon, was occupied four times

over a 12 month period to obtain some idea of temperature variance

to be expected. The other stations start at 250 km and run along a

west-northwest line to about 380 km west of Depoe Bay, as shown in

Figure 1.

Stations 6606-1 to 6 were made in June 1966, 6702-7 and 8 in

February 1967, with stations 6609 and 6701 between these dates.

The vertical temperature profiles for these stations are shown in

Figures 22 and 23; the observed gradients are given in Table 2.

Sedimentary Heat Flow

The computed heat flow values for abyssal depths range from

2.2 to 4.3, with an arithmetic mean of 3.2x 106 cm2 sec'.
Lee and Uyeda (1965, page 136), from scattered heat flow values in

-6the Pacific Ocean basins, report average values of 1.2 x 10
-2 -1 . -6cm sec , with the highest values for the basins being 4. 5 x 10

cm2 sec'. On the East Pacific Rise, heat flow values have ranged
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up to 8.2 x _6 -2 -1cm sec

Stations 6606-i, 6609-1, 6701-1 and 6702-8, occupied in

June and September 1966, and in January and February 1967,

respectiveiy, are all about 120 km west of Oregon at a 2800-m depth.

A comparison of heat flow values from these stations indicates a

minimum of 2.2 to a maximum of 3.5 x 10 cm2 sec', with the

arithmetic mean of 2.8 x 10 cm sec

The maximum difference between the heat flow values is 1.3

x io6 cm2 sec, which is equivalent to ± 20% deviation about

the mean. This percentage deviation is not nearly as high when the

June/September and the January/February heat flow values are corn-

pared in the same manner. Their percentage deviation is ± 7% of

the June/September mean of 2.4 x io_6 cm2 sec and ± 7% of the

January/February mean of 3.2 x io6 cm2 sec. This better
correlation between the grouped stations is shown in the next section

to be related to the water-sediment interface temperature differences.

Lee and Cox (1966), in reviewing heat flow values for stations

less than 10 km apart, found 100% deviation about a mean of 1.5

x lo_6 cm2 sec'. Perhaps if the time factor as to when the

heat flow data were collected was taken into account, the percentage

deviation might not be nearly as large.
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Discussion of the Temperature Gradients

Gerard, Langseth and Ewing (1962) and Lister (1963) used the

Ewing thermoprobe to measure water temperatures at 22 stations in

the Atlantic Ocean, generally from depths of 2000 to 5000 m. The

therrnoprobe was first dropped into the ocean bottom to obtain sedi-

ment temperatures and then was raised at a constant speed to record

water temperatures. The authors considered their temperature

values to be accurate to ± 0.002 C°. While several stations had

negative temperature gradients near the bottom, none of them

appeared to have water temperature gradients greater than adiabatic.

More recently, while measuring heat flow through the Arctic

Ocean floor, Lachenbruch and Marshall (1966) found that the water

isotherms below 2 km are flat and horizontal, being practically

unaffected by bottom topography. Water temperature gradients at

this depth were very nearly adiabatic.

Lubimova, Von Herzen and Ijdintsev (1965) also measured

water temperatures by using the same scheme as the previous

authors. However, they reported superadiabatic gradients within a

few meters of the sediment interface. The close proximity of the

superadiabatic gradients to the bottom interface could be the reason

some of the previous researchers missed measuring the high lapse

rates. Within the vertical 3. 3 m limitation of the staff used for



75

measuring the water temperatures, all abyssal stations off Oregon

had gradients in excess of the adiabatic gradient.

From Table 2, the measured water gradients for stations at

the 2800 m depth are noted to vary from -3 to -80 x 106 c° cm',
while the adiabatic gradient for this depth, temperature and salinity

is -1.03 x 10_6 C° cm'. These gradients appear to be very stable

during the recording period. Even though the water thermistor

response time is 15 seconds and the recurrent recording of any one

thermistor is every 120 seconds, there was no indication of

periodicity or flutter to the temperatures over a recording period of

30 to 40 minutes.

Kolesnikov, Panteleyev, Pyrkin, Petrov and Ivanov (1958)

have described some equipment they developed for recording tur-

bulent microfluctuations of the temperature at the abyssal depths.

These authors stated in their equipment requirements for making

these measurements, that the unit response time should not exceed

0.01 sec and be able to resolve temperatures to 0.0001 C°. Such

response time and temperature sensitivity are beyond the present

capabilities of the the rmoprobe.

When water temperature gradients for distances from 1 to

3 m above the bottom are plotted as a function of sediment tempera-

ture gradients, there is a negative correlation which is shown in

Figure 24. Least squares fits have been done on these data for
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three stations from the 6606 cruise and for three combined stations

from the 6701 and 6702 cruises. The negative slopes of the least

square fits of Figure 24 indicate, for the water layer 1 to 3 m above

the bottom, that the water temperature gradients are a decreasing

function of the sediment gradients, i.e. , heat flow.

A temperature difference at the interface for the abyssal

stations can be evaluated between the sediment and the water layer

1 to 3 m above the bottom by linearly projecting the slope of the

temperature gradients on Figures 22 and 23 to the interface. When

these temperature differences are plotted versus the water tempera-

ture gradients in the water layer 1 to 3 m above the bottom, the

results of Figure 25 are obtained. This figure illustrates that when

the temperature gradient in this water layer 1 to 3 m above the

bottom is of relatively greater magnitude, the water temperature

gradient intercept at the interface is always at a higher temperature

than the intercept of the linearly projected sediment temperature

gradient. The converse is true with the smaller water temperature

gradients. It should be noted that all the smaller water temperature

gradients in the 1 to 3-m water layer are from the 6606 cruise, and

that the larger water temperature gradients are from the 6701 and

6702 cruises.

Although a similar, but more general, trend exists among

the stations plotted in Figure 24, two factors prevent one from doing
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a common least squares fit for them. The first factor is the tern-

perature differences at the interface just noted, and the second factor

is the eight month time lapse between the 6606 and 6701-6702 cruises.

At stations where the linearly projected gradients for the water

and sediment indicate that the water was warmer than the sediment,

the water temperature gradients are linear down to the interface.

This condition can be seen on a plot of the temperatures for station

6702-8, Figure 20. However, when the temperature gradient inter-

cepts at the interface indicate the water is colder than the sediment,

there is a significant increase in the magnitude of the water tern-

perature gradient somewhere in the water layer 1 m above the bottom.

This condition is quite evident in the plot of the temperatures for

station 6606-1 in Figure 22.

There is insufficient information to do a heat budget across the

interface. Estimated water heat flow values, obtained by using

water molecular conductivity (1.3 x 10 cal cm' sec' C° _1)

at those stations with high water temperature gradients just above

the interface, are only 1/4 to 1/2 of the sedimentary heat flow

values. Several hypotheses could be made to explain this fact; for

example, the heat is advected away, eddy conductivity values should

be used in the heat flow computation, or a combination of both of

these factors.

Unfortunately, current speed was not recorded with the
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temperature profiles so the question of advection of heat cannot be

settled. However, photographs of the bottom sediment in the area

of stations 6606-1 and 6702-8 did not show any ripply marks or other

signs of bottom currents (personal communication, A. G. Carey).

The same photographs failed to show any suspended material just

above the bottom similar to the nepheloid concentrations Ewing and

Thorndike (1965) have found at abyssal depths. Suspended materials

near the bottom could easily modify the physical characteristics of

the water.

Density of the Bottom Water

The stability of the bottom water is in question when super-

adiabatic water temperature gradients are established. If the heat

flow into the lower water layers is great enough, the water density

gradient will be decreased to a value which promotes convection.

This gradient value cannot be concluded from the present data.

However, while on station near 6702-8, a deep hydrographic cast

was made to sample water and to measure temperatures from the

bottom to a height of 400 m from the bottom. Values of versus

depth for that station are shown in Figure 23. The graph indicates

stable water conditions in the 400 m above the bottom.

When future temperature profiles are recorded with the

thermoprobe, water will be taken at the interface, 1.5 and 3.3 m



above the bottom. Values for salinity and particulate matter in

these water samples, along with the temperatures, will help to

estimate more accurately near the bottom.



SUMMARY

The rmoprobe

A 110 kg thermoprobe capable of measuring temperatures both

2. 5 m into the sediment and in the water up to 3. 3 m above the sedi-

ment has been designed, fabricated, and used to monitor the tern-

peratures across the water-sediment interface at some 20 oceanic

stations west of Oregon. Eight temperature sensors are mounted

on the thermoprobe. Three sensors are equally spaced in the probe

which penetrates the sediment, while the five sensors used for

detecting the water temperatures have their spacings weighted toward

the interface. The unit records, by displacement on a chart

recorder, the output of a bridge circuit whose imbalance is a function

of the resistance of a temperature sensor. At the present time, the

total number of temperature sensors is limited to eight with a tern-

perature resolution of ± 0.002 C when the recording span is 2 C°.

The the rmoprobe instrumentation also contains programming

circuits for two modes of operation: the IRunil mode and the

tClockedt mode. In the Run mode, the instrumentation continuously,

connects one of the two calibration resistors or one of the eight

temperature sensors into the system for recording every 12 seconds.

In this mode, one unknown is scanned every 120 seconds for periods
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up to 22 hours. In the Clocked mode, the instrumentation is turned on

to record for 6 minutes at each preselected hour; up to 218 six-minute

recordings are possible.

Response times for the temperature sensors in the water and

in the sediment (probe) are different. A response time of 8. 5 ± 0.2

minutes has been evaluated from in situ records for each of the

three probe temperature sensors. The five water temperature

sensors have response times of 15 seconds.

Evaluation of the thermal conduction paths on the thermoprobe

show that the response time of the conduction down the probe is 28

hours compared to the radial conduction through the probe of 8. 5

mm.

Improved thermoprobe launching and retrieving techniques on

board the ship have made it possible to make a 30-minute in situ

temperature recording at a 3000-rn depth in one hour.

Continental Shelf

From the time dependent temperatures measured at the shelf

station, it was concluded that the tides were a very strong factor in

the periodicity of the thermal variations. An increase of 3.8 x 10

C° h in the mean water temperature, determined by a linear fit to

the observations, agreed with similar trends found by Collins etal.

(1966) in the same area but at shallow depths. These changes in the



mean water temperature are related to current direction due to wind

stress.
Sediment temperatures 36 cm below the interface during the

115-hour recording period appeared to be the same as the water

temperatures above the interface. From computations, it does not

appear that the water temperatures are conducted down the thermo-

probe.

Due to the slope of the thermoprobe mooring site and the

porosity of the local sediments, it was proposed, but not proven, that

"flushingt' sediments could be the cause of the sediment temperature

changing as rapidly as the water temperature.

Sediment temperatures 121 and 206 cm below the interface also

had some drift during the 115-hour recording period. The tempera-

ture at 121 cm changed by 160 x l0 C°, while the temperature at

206 cm changed only 20 x 10 C°.

This result would indicate that heat flow measurements on the

continental shelf as proposed by Lee, Uyeda and Taylor (1966) might

be feasible, if the probe section of the thermoprobe was about 15 m

long and if the temperature sensing elements were positioned in the

lower 2 m of the probe.

Continental Slope

From the measurements of eight stations on the continental



slope, it was found that the vertical temperature gradients in the

sediment have a good correlation with the station depth from the

shelf to the abyssal plain. The sediment temperature gradients

increase in magnitude with depth. Heat flow values have the same

general trend but more scatter than the temperature gradients. The

larger scatter is due to the different sediment conductivity values.

Two of the slope stations at a 500-m depth that are less than 8 km

apart had a heat flow difference of 100. This large difference in

heat flow values indicates that single heat flow measurements on the

shelf or slope may be unreliable.

Abyssal Plain

The observed heat flow values from nine abyssal stations range

from 2.2 to 4.3, with a mean of 3.2 x 106 cal cm2 sec'. Four of

these stations were at the the same location and they were reoccupied

over a 12-month period. The deviation in heat flow for the four sta-

tions is ± 20%; however, when they are grouped as to when the sta-

tions were occupied, the deviation was ± 7%. Perhaps the time

factor is the reason why Lee and Cox (1966) found 100% deviation

in oceanic heat flow values for stations less than 10 km apart.

Superadiabatic gradients ranged from -3 to -80 x 10_6 c° cm

at the 2800-m water depth at all the stations off the coast of Oregon.

The computed adiabatic gradient for this depth, temperature and



salinity is -1.03 x 10 C° cm

There is a negative correlation between the water temperature

gradients 1 to 3 m above the bottom and the sediment temperature

gradients. When the slopes of the water temperature gradients for

the 1 to 3 m water layer were projected linearly to the interface and

the same done for the sediment temperature gradients, it was shown

that the higher magnitude water temperature gradients were always

at a higher temperature than the sediment intercept. The converse

was true of the lower magnitude water temperature gradients.

When the magnitudes of the water temperature gradients were

high, they were linear down to the interface. With lower magnitude

water temperature gradients in the 1 to 3 m water layer, however,

there is a significant increase in the magnitude of the temperature

gradient somewhere in the water layer 1 m above the bottom.

Estimations of the molecular heat flow within the 1 m layer for such

stations show that molecular conductivity only accounts for 1/4 to

i/Z of the heat loss of the sediment.

At one of the 2800.-rn stations (6702), a deep hydrocast was

made for water samples from the bottom up to a height of 400 m.

The slope of the curve with depth for this cast indicated that the

water was stable.

Without similar research for comparison, it is impossible to

suggest that the results described here are either normal or



anomalous. However, as future sedimentary temperatures are

measured to evaluate the oceanic heat flow, more data should be

collected on the temperatures of the near-bottom water layers.
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APPENDIX A

List of Electrical Components and Module Manufacturers
for the Thermoprobe Recording Instrument

Modules

Scanner:

Recorder:

Bridge:

Amplifier:

Battery:

Clock:

Rotary selector switch
type CAY-130
Mfg. Airflyte Electronics Co.

Bayonne, New Jersey

Model - 88/137
Mfg. Rustrak Instrument Co., Inc.

Manchester, New Hampshire

Local mfg.

Model - A88 isolation amplifier
Mfg. John Fluke Mfg. Co., Inc.

Seattle, Washington

Nickel-cadmium
Black and Decker No. 51645
Mfg. NICAD Division, Gould-National Batteries, Inc.

Towson, Maryland

Standard wall clock movement.
Mfg. Voltra International, Inc.

Chic ago, Illinois



Parts List for Figure 11.

Components

Transistors:

Capacitors:

Diodes:

Resistors:

Q1, Q2, Q3, Q4 - 2N1306 Texas Instruments

C1 - 100 p.fd, 12 VDC
C2 - 100 fd, 24 VDC

D1, D2, D3 - Hughes 1N276

R1 - 10k, watt, 5%

R2 - 15k, watt, 5%

R3 - 330k, watt, 5%

R4 - 15k, f watt, 5%

R5 - 10k, watt, 5%

R6 - 5. 1k, watt, 5%
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APPENDIX B

Computer Program THERMCAL

This computer program produces the regression coefficients

for each thermistor from the calibration data.

The following descriptors are used with the computer program

in Figure 26.

JOBS: The number of thermistors being calibrated.

EIDEN, EIDEN: Thermistor identification number, i.e.,

thermistor XX.

RREF: The initial resistance value for the thermistor

linear fit. This value is usually taken at the

ice point of the calibration standard if all of

the selected temperature readings are equally

weighted from the ice point to the upper

calibration temperature value. If a shorter

temperature span is used at some value above

the ice point, the initial resistance value is

taken at the lower temperature value.

ATCOR: Thermistor temperature which corresponds

to the resistance RREF.

TCOR: Beckman thermometer calibration tempera-

ture in the ice bath.
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- 31/32/3300 FORTRAN

00301 FOP'IAT(X,I2)
3 FCRMAT(A6,A6,2X,F4,0,2X,F4.3)

03o3FORMAT(iH1,18H IDENTIFICATION L1H.
3 r)Ec,.c OHMS)

_O4FORMATi5X! P5,3.2X'F4.0!45XI-LL--__-.------------
00305 FORMAT(1H ,F7.3,F8.0)LEoPAT(iHJfl24j5HALFA,Ej2,4,5FiBEtA,E12.43H SpP12.4t4W R.E12..

j4,6H REASS,E12,4,6H RESSq,E12,4e3H S2)
OQ3O1RMAt(iH,E12..4,6)4.RE5X2,E12.4,6HRESY2L-_

310 FOPMAT(2X,F6.3)
_o01o1READ6c,3O.1) JORS -
00001 00 21 J1,JO8S_io._oict 392) E

106 RFAr)CbO,310) TCOR
0201 WRITE .(1.e 303 LIIDEN.,EWEM,_.__

S!c3xY 0.
,___.__v_._._._______

a.
S.I.G Y 0.
S!( X 0.

Ei 0.Li.o_Erc P4i TSPEC,RMASiK
IF K) 12,2,12

00202 WRITEC6I,305) FTEMP.RMEAS
L_ __..i!.j!j.!/52)..EO,I), 2P$,i___. _________________________________

2n3 WRITE (61,03) EIDEN,EIDEM
_OQO.O.,7I!_!.._F1EMP_. 273.1 _______________________________________

ATRFF (ATCOR-TCOR) 213.10
00006 VOEP ALOGCRMAS) ALOGIRREF)

_QP0.L51(XY!..SI(3XY_,±VDEP!.V.I.ND_.__
00008 ST(XX SIGXX VIND0VTND
O.009SIY!...SIGYY_.VD.EV.OED_.____ - ___________________________

Thooio STGX SIOX VIND
L000 I 1i_5_5jSLY_±yDEP

I 141

00026 @0 10 1o3
_.Qoqi2.c_!.Sx.x!.sIexostGx/EN.

00013 0 ' SIGYY-SIGY*SI@Y/EN
Q014E 2. ____________________________________________________

I 00015 SZ(iX*SIGY/EW
IGXastGX/ENI/C_________________________

00017 RE.TA tSIGXY

R SP/SORT(C*0

RESSS 0 - REGSS
_$2 RES$S/E _____ ____________________________

00018 RESX2a(C*D_F),b*

204 WRITE61,306) ALFA,BETA,SP,R,R!GSS,RESSS,S2
0O205 WR I Li1 01iL.RES.2iRZSY 2

1 CONTI

Figure 26. THERMCAL computer program.
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TSPEC: Beckmannthe rmomete r temperatures during

the thermistor calibration.

RMEAS: Thermistor resistance read concurrently

with TSPEC.

K: An integer value, other than zero, which

indicates that all input data has been read in.

Computer program output:

1. List of the measured values of temperature and thermistor

resistance used for input data.

2. Regression coefficients from a linear regression analysis

done on the input data are: ALFA and BETA. ALFA is

the intercept and BETA is the slope.

3. Output R is the correlation coefficient for the linear fit of

the thermistor data. The correlation coefficient is a

"confidence factor" between the linear fit and the input

data. A value of 1.0000 ± 0.0001 would be considered a

good confidence factor.
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APPENDIX C

Computer Program THRMPLOT

This computer program (Figure 27) produces, from the dis-

placement values taken from the strip-chart record and the regres-

sion coefficients taken from the THERMCAL program, an independent

temperature versus time printer-plot for each thermistor, plus a

tabulation of the time and temperature data.

The temperature data cards are sorted according to the

thermistor location number. Number 1 thermistor is the furthest

into the sediment. The eight decks are then placed in numeric

sequence with the thermistor number 1 data deck first. Each of the

eight data decks requires the following cards in front of them. The

cards, listed in proper sequence, are:

1, Station card which contains RL, RH, MIN and MAX

1, Station depth card

1, Card for each thermistor which contains A, B, RREF,

ATREF and SF(I)

Eight of these thermistor cards are needed in proper
sequence in front of each thermistor data deck. The
sequence starts with the lowest thermistor in the
sediment.

A single cruise card must preceed all of the above cards.
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The following signal cards are necessary:

1, blank card following each thermistor grouping
After the last thermistor data deck, the above mentioned
signal card plus the following cards are necessary:

1, blank card to end cruise

1, blank card to end program

The descriptors for the THRMPLOT computer program are:

Cruise:

<80 column alphanumeric information identifying the

cruise that the data was collected on.

Station:

<40 column alphanumeric information identifying the

cruise station.

RL: The resistance value of the high tern-

perature reference resistance in ohms.

This value will be different for each

temperature range on the thermoprobe.

A new value of RL may be required for

each cruise station.

RH: The resistance value in ohms of the low

temperature reference. Also, the

comments about RL apply.

MIN: Lower limit for the temperature scale



used in the printer plot out. Some water

temperature range for the cruise sta-

tions will have to be derived from the

strip-chart recording for this value.
MAX: Upper limit for the temperature scale

in the printer plot. Also, the comments

about MIN apply.

DEPTH: Bathymetric depth of the station in

meters. This parameter should be

zero when there is no pressure correc-

tion required for the thermistors.
A: Intercept of the linear regression fit

for a particular thermistor. This inter-

cept value is called ALFA in the output

of the THERMCAL computer program.

B: Slope of the linear regression fit for

particular thermistor fit is also an

output called BETA of the THERMCAL

computer program.

RREF: The resistance value taken as the

reference or initial value for the

thermistor calibration fits. This is the

same resistance value that is used in



the THERMCAL computer program.

SF(I): This is called "scale factor.t' It

enables the researcher to put in a tern-

perature value so that the plot-out

curves of temperature versus time can

be shifted. This program feature was

found to be useful to shift temperature

variations about the same axis for

visual amplitude and phase comparisons.

I: This is the thermistor number which is

a function of physical location on the

thermoprobe. The number 1 ther-

mistor is furthest into the sediment.

REFL, REFH, RECT: Are the respective values from the data

record for the low temperature calibra-

tion resistor, the high temperature cali-

bration resistor and the thermistor that

is being scanned.

THRMPLOT computer program out.

1. Individual printer plots of temperature versus time for the

eight thermistors.

2. Type out of input displacement values and the computed

temperature.




