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mation such as bottomn water temperature as well as the temperature in
the ‘‘zero gradient zone'' (discussed in Chapter 5) are stored. By the same
token., the four data that are taken just after the probe is pulled from
sediments when a measurement cycle has completed are also saved. This

is shown in Fig. 4.7.

The program determines whether the probe is steady in the sediments or
is hanging in the water by checking the motion flag. If the motion flag is
set, the program not only resets its processing, but also stores the number
to which the motion flag has been set. This number is stored in the
motion counter ‘“‘J’" (RD). If the number is eight, the fourth last datum in
the RAM (note: every datum has 16 channels’ readings, i.e., 20H bytes) is
discarded (overwritten by the last three data, i.e., the sixth datum is now
number 5, the seventh is number 6, and so on). If the probe keeps jig-
gling, this process will go on such that only the last four data just before
penetration are kept. If the probe stops jiggling for 15 seconds, the data
will also be kept. The flowchart of four data pre-penetration and four

data post-pullout is shown in Fig. 4.8.

Underwater Digital Data Telemetry Digital data transmission by
telemetry takes place when the 16 channels’ readings are completed. The
HF1601P uses subroutine TYPEZ2, TYPES6 and OSTRNG of UT62 moni-
tor program for RS232C serial data communication. (The User Manual

for CDP18S694 system: RCA MPM-233).

Phase Detection. The program distinguishes the thermal gradient meas-

urement and the condu..ivity measurement phases by checking the phase
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Fig. 4.7 Pre-penetration and Post-pullout data
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line number
l time/tilt temperature
{ reference

(0 OCR4 Oth 778F 7589 7489 764D 7919 7538 7488 7C4E 7E3D 8OCO 84CT 8CE3 9LIT3 DLAL
TERP.

?2Hg900 OF18 7792 7489 7433 734D 7918 73554 7884 7C4E 7E43 BOCY 84L6 8L62 FL33 DLAD
00 0038 OFIC 7791 7585 7484 7848 7917 7557 7683 7C4F 7E&S B0LB 8406 BLEB 9055 DLSF
01 500 OFIC 7792 7539 74B3 7868 7915 7557 7484 7050 7€42 8GCY 84C5 8L42 905D DLSE
02 0038 OFIC 7795 7481 7483 7254 7916 7338 7485 7051 7E43 8OCY 84C6 BLA2 9L54 DLRD
03 0000 OF1E 7793 7432 74B0 7845 7918 7354 7487 7051 TEA3 80CY 84C4 §C&2 9036 BLST
04 002) OF1A 7796 7433 7431 784 7917 7554 7683 7034 7C44 80C? B4C7 BCAL 9C5C BL97
05 0000 OF1B 7794 7684 7435 7889 7913 7559 7487 7053 7E4S 80C4 84LF §C41 FOSE DOSE
06 09RC OF1A 7792 7487 7482 7867 7913 7538 7£B4 7U54 7E45 BOCT B4Cs 8LA2 FL55 DLIE
07 60ZD OFIC 7798 7489 74B3 7854 7914 7533 7486 7055 7E4AS 60C8 84C5 8C6: 9C5F DLF7
02 D0BE OF1A 7795 7695 7485 7365 7915 7552 74235 7054 7247 89C2 8404 8C4S 9C3D OL9S
09 €090 GFIT 779A 7484 7484 7849 7914 7338 7483 7055 7E4Y 80CS BACT BLis 905D PLV4
04 $0CO SF1A 779F 74BF 7437 7381 7912 7558 7437 754 7EAA BOT3 8407 BLAF 9C5D Beap
0B 300 OFIC 7798 7689 7482 7847 7512 7557 7889 7C59 7E44 8OCY 84CT 8T48 9L5B DC82
0C O0C2 QF1R 7799 7483 7435 7849 7915 7554 7428 7053 7E44 80TD B4ACL7 €Ce2 905D DLSY
00 00O OF1E 779C 7491 74B7 7343 7913 735A 7487 7057 7€43 2904 84CR EC47 9050 DLER
OF GOC4 OF1A 77A1 7894 7400 785A 7947 7559 74BE 7C5A 7E43 8901 BACY BCS? 9L58 DLB4
OF 0000 OF1B 7740 7697 74C2 7870 7919 7339 7488 7C3A 7E49 8001 8afd EL63 7234 o83
10 0005 OFIB 7742 7691 74C2 7871 791B 7559 7634 7054 7E49 B0DT 84C0 8C47 953 5Cal
11 G000 OF1B 7742 7694 74C1 7873 791C 755C 768T 7C5R 7E4D 80D4 84C1 ELES 939 DLEA
12 60CB OF1A 7734 769C 74C2 7872 7922 7558 7400 7CSF 7E4E BODS B84CC 6041 9C5A DL81
13 0000 OF1C 7741 7495 74C1 7872 7924 753C 74B4 7062 7ESD 80D7 2402 8C&s 9034 L83
14 00CK GFIF 7742 7894 7402 7874 7924 7350 7500 7082 7ESD 8003 8408 BCLS2 9U5E BE82
15 0606 GF1A 774 7593 74C1 7373 7927 755C 768D 7C62 7ES4 §UDD 84L7 BU&s 9458 DL8S
16 GOCC OF1A 7742 7493 74C2 7872 7927 7553 74RE 7041 7E53 BODE 84C1 3049 §L57 DLB4

17 0800 OFLF 7783 7457 7403 7875 7729 755C 74BF 7C43 758 30E1 84CT 6047 §E5A ULEF
18 G6LE OFIC 77A1 7695 7404 7876 7925 755D 758K 7044 7£54 S0EL B4CE BL4A 3T5S DLEC
19 GOS0 OF14 77A2 7598 7402 7874 7527 7550 7481 7085 754 SOE2 G4C0 8L47 9158 (3]
14 G0DD CF1A 7743 7674 74C7 7873 7929 755D 743E 7044 7553 B0ES S4CA BLSY GLGE ULEG
18 G250 GFIE 7743 7494 74C5 7575 7929 755D 743F 7047 7633 §0£4 8404 8045 9253 Doal
10 §0D2 GFLF 77A5 7497 7403 7374 7923 7550 74601 7C48 7657 BOES BALE 8Ca4 9054 DL2D
10 0055 OFI1C 7742 74692 7401 7874 7924 75SE 75BE 7043 7E54 BOET 85C3 BL4S5 §C5A DL82
15 Q004 OF1D 7745 7494 743 7375 7929 7558 7498 7048 7ES3 BOER R4C8 8C42 9LI7 L8]
1F 0009 GFIC 7743 7690 7452 7373 7929 753F 74C1 7049 7ES8 B0E7 34CC 8L4T 3C5L DEE?
TEAP.EHD

20 GOD4 GFID 77A% 7492 7403 7874 7925 755E 7681 7049 7ESI 80F7 B4C3 BLLR 9L59 DL
21 G450 OF1A 7740 7493 7406 7875 7924 755E 74C2 7C44 7E59 BOE3 84C3 8C44 9TGF LLE)
22 Q68 GF19 7784 7495 7402 7879 7928 7560 7401 7049 7558 20ER §4CR 2C&h 9TGF DIRE
23 0000 OF1C 7748 7495 74C1 7879 7924 755F 76C2 7065 7£52 BGE7 84C4 €045 $O5E DTEC
CONBUCTIVITY

00 9555 GFED &RAC 647F SACH 602D 4424 4302 491F 7A22 7743 7020 7FTA BSPE 984 £512
61 GODC GF4B &DD3 4E92 4713 4F35 4FE2 &A3D 7004 725E 78CF 7FG5 Q10T 2A5F §254 CE4D

Fig. 4.9 Displaying format on the ship’s monitor
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02 0000 OFSI 7254 720 SDBE 2404 7440 7005 7310 7889 7098 7FE9 B2FF 8888 9820 0136
03 90DE OF3A 7478 7428 70C4 75C0 7610 7230 7449 7RCO 70AS 801F 830A GRFB 9RC4 D634
04 0000 OF20 758E 7459 7245 769C 7716 7347 7512 7RET 7000 8048 843A 8C20 9COF D8I
05 00E0 0F2A 7622 7555 730E 770A 7799 7388 7572 78F5 70E2 8040 8481 8C4B 9C2F DALS
04 0000 OF24 744D 7588 7370 773F 7707 7430 75AA 7C14 70F2 8072 8478 BL4B 9C27 DAAS
07 00E2 OF25 74A7 7SAD 7385 7775 7819 7445 7507 7C13 7€07 8088 8495 8C54 9C48 0840
08 0000 0F27 76CA 75C9 73DC 778F 7839 74A2 7578 7C0D 70FE 8089 B49A 8CSS 9C50 DBAY
09 00EG OF23 76DD 7508 740D 779F 7850 749C 7604 7C19 7€05 808A 84A3 BCIS 9C52 DBCO
0A 0000 OFIF 74F2 75F0 73F1 7703 7847 7431 7414 7914 7E0A 8091 84A5 8(38 9C52 DBES
0B O0ES OFIE 7703 75F4 7419 77CS 7872 74BD 7621 7C1D 7€17 8093 84AC 8CSA 9CS4 DCOS
0C 0000 OFLF 7709 7404 742F 770C 7882 74CF 762D 7CIE 7E16 8099 84AF BLSE 9C346 OC1B
00 O0ES OFLE 7710 760F 7434 77€6 7884 74DB 7620 7C20 7€00 8098 8483 8C3A 9C58 0C2D
0F 0000 OFIF 771E 7617 743C 77FE 7894 74DA 7639 7020 7E1F 80AS 8484 8CSC 9C59 0C3D
OF OOEA OFID 771F 7618 743D 77€7 7895 74DD 7442 7C2C 7€25 80A8 84B8 8L57 9C58 DCA2
10 0000 OFIE 772F 7623 7446 77EA 789E 74EB 7448 7C2E 7629 BOAE B4B7 BCSR 9CSE DC4S
11 ODEC OF1A 7728 762F 7440 77EE 78AR DAEE 7&4F 7035 7E29 S0AD 8483 8CSC PCSF OC48
12 0000 OF1B 7740 7635 7461 7809 78B9 7508 7465E 7C3B 7E44 80B7 B4B BCAS 9CSF 0CS3
13 00EE OF1B 7749 7439 7443 780C 7889 750F 7660 7C47 7£3A 808B 84BS 8L4A 9C5E 8CS€
14 0000 QF1B 7747 763E 7461 7804 78B4 7512 7445 7C48 7E35 BOBE B4B4 8L6B 9C40 DL2
15 00F0 OFIC 7750 7441 7444 7810 78BF 7515 764C 7C4A 7E37 B0BB B4BA BLAT 9CA3 DCES
15 0000 OFLA 7753 7445 7470 7818 78C3 7518 744F 7C4B 7ES9 GOBE BABL 8L4D 9C45 L3
17 00F2 OF19 2754 7649 7478 781D 78CC 7518 764F 7C&A 7€31 808D 84BE 8C62 9Céé BLAS
1B 9000 OF19 7756 7648 7476 781E 78C2 7523 7670 7C49 7€39 B0RC 84BD BL67 9L46 0C4D
19 0OF4 OF17 7757 764C 7475 781E 7805 7525 7871 7C4C 7658 BOBF 84CO 8L63 9067 BLAS
1A 0000 OF16 7759 744C 7473 781F 78C5 7524 7672 7CAE 7633 BOC1 B4C2 BL46 9C89 DLA
18 00F4 OF1S 775A 7&4E 7478 781D 78C9 7527 7674 7050 7E35 80BY B4C3 BCos 9C8A DCSE
1C 0000 OF15 775E 784F 7476 781F 78C4 7528 7676 7052 7€34 80BY 84L2 BLES 9CA8 DC4F
1D QGFS OF1S 7760 7652 7479 761E 78CC 7528 7676 7050 7€34 BB 84C9 8C46 9C46 DLTO
{E 0000 OF1S 7762 7455 7479 781F 78LD 7529 7675 7054 7E3A BOBE B4LD BCa7 9C4F DL72
1F 00FA OF14 7766 7459 7478 7820 78LC 7527 7679 7C50 7E39 828D B4CE 8Ca4 9C44 D73
CONDUCTIVITY £ND
20 0000 OF1S 7743 7654 747C 7821 78CB 752€ 7674 7C58 7E3? BORE 84CA BLSS 9CE5 DL7S
21 QOFC OF14 7766 765D 747E 7822 7803 7531 7678 7C53 7E31 80BB §4C4 8C43 9C48 DL79
22 0000 OF15 7748 745D 747F 7821 78CB 7532 7670 7058 7E36 BOC2 84C4 BLLY 9CAB DLTA
23 0OFE OF17 773 755E 7430 7824 78CE 7S3F 767 7054 7E29 BOCI 84CB 8CeA 9CSE DI7D
TERP.
60 000D CFL6 7765 745E 7432 7824 7204 7535 767F 705F 7234 8 2
01 0199 GF16 7762 745F 7482 7849 7838 793F 7651 7084 7E3S 6 g
02 0000 OF14 7744 76%F 74BC 7334 78DD 753F 7434 7065 7E47 89C6 84CF B
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Fig. 4.9 Displaying format on the ship’s monitor {continued)
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Fig. 4.10 Flowchart of the HF1601P
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Chapter 5 Data Processing

In connection with the microcomputer-based marine heat flow probe
HF 1601, a software package for data processing has been developed and named

HF1601D (Appendix D). The routines perform the following tasks:

(1) Process the raw data received by telemetry and trapnslate them to resis-

tance values in decimal form;

(2) Display and plot the temperature-time relationship for each of the

thermistors in the string;

(3) Calculate the thermal conductivity and gradient for the stations where in

sttu thermal conductivity measurements are taken;

(4) Compute infinite-time temperatures for stations where no 1n situ thermal

conductivity measurements are taken;
(5) Interactively fit the thermal gradient using data obtained in (4):

{6) Estimate the thermal gradient rapidly without resorting to infinite-t

temperatures.



5.1 Routine for reducing raw data into resistance

The raw (hexadecimal) data as telemetered from the sea floor are displayed
line-by-line by the computer and stored on floppy disks. In a typical case, a scan
of all the thermistors in the string is completed every 15 seconds. A complete
data set for a penetration includes one minute of pre-penetration data, eighteen
minutes of penetration data (nine for gradient determination and nine for ther-
mal conductivity measurement) and one minute of post-pullout data. The set of

data is stored in matrix form as resistance values for further processing.

The fourteen thermistors and the reference resistor are connected in series,

hence the resistance/ of each resistor is:

Vv .
thermistor
R thermistor — v X R reference

reference

where R is resistance and V is voltage. The voltages are the averaged voltage

differences as determined in Chapter 4.

5.2 Temperature-time calculations

The temperature-time relationship 1s mmportant 1n that 1t gives a visual
representation of the nature of the heat low measurement. especially of the qual-
ity of the data. This stage in data reduction changes the resistance readings into
temperature according to the characteristics of the specific thermistors and then
displays the temperature-time .elations of the fourteen thermistors on the com-
puter screen. It also generates a serial data file of the temperature-time values to

facilitate plotting.
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Fig. 5.1 Temperature-time graph
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In this routine, a relative calibration is implied. All of the thermistors meet,
to within a specified tolerance, the temperature-resistance function supplied by
manufacturer. This specification i1s verified by calibration in the laboratory in a
temperature controlled bath. Hence, the resistance-temperature transformation
“or the 14 thermistors in the string uses a single formula whose parameters are
jetermined by resistance-temperature relations listed on the specification sheets.
‘'or example, the temperature-resistance function for thermistors YSI (Yellow
Springs Instruments) 44032 (30 K2 at 25°C) is

5811.403

T = _ 342.7457
InR + 5.493939 ‘

A discussion of the above parameters in this relation is given in section 5.6
of this chapter. The temperature differences of the 14 thermistors after the probe
penetrates the sediment are based on the fact that no differences exist before
penetr'at,ion. It is assumed that before penetration the probe is located in water
where the temperature gradient is negligible. In most of the cases, this assump-
tion is realistic; otherwise corrections must be applied. Figure 5.1 is a plot of the
temperature-time relationship for data taken on the Labrador Shelf. In this rou-
tine, any of the eighty time points may be taken as the reference point for tem-
perature readings. The point when the probe is in \x;ater one minute before pene-

tration is the usual reference point {point 1 on Fig. 5.1).

5.3 Thermal conductivity reduction

As stated in Chapter 2, the theory of in sifu conductivity determination in
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Applying a transformation of coordinates from 7T - (temperature-time) to

"—F (a,7), the temperature decay curve becomes linear, (Fig. 5.2).

ince F(a,7) = 0 when 7= oo, the intercept on the temperature coordinate

cpresses the infinite-time temperature.

Jo(u), Ji(u), Yo(u) and Y ;(u) must be determined in advance in order to
btain a numerical solution of F'(«a,7). For an instrument with a resolution of 0.5
1K, it is sufficient to compute J, (u ) and Y, (u ) using u = 0, 0.1, 0.2,...,15 and

1 =0, 1, 2,...,15.

In the F (a,7) function, 7= _k_t2 describes the thermal time constant of a
. a

2ra’?pc
S

robe of radius @ in sediment of diffusivity k. a = is twice the ratio of

1e heat capacity of the sediments to that of the probe material (S is the probe’s
eat capacity). Both a and 7 can be estimated by empirical relations between
1ese parameters and the conductivity K for ocean sediments (Hyndman et al.,

379) as follows

Fo— K (in 10%m2s, K in W 1K1 ).
579 - 3.67K + 1.016K 2

hat is
T = - Kt 2 > (52)
(9.4 — 3.67K + 1.016K*°) a*
— (2
o — 2(5.79 — 3.67TK + 1.016K “) (5.3)

pPC

In (5.3), pc of the probe is estimated using the table in Lister (1979).
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To evaluate F'(a,7) numerically, rewrite (5.1) into a summation form as

da X exp(-Tu 2)Au

>

(5.4)
7 s R ) R
wl o) - a (u)]? + [uY ofw) ~ V()]

F(a,7) =

F (a,7) and conductivity K have a direct relation. Blackwell (1954) gives an

pproximation of F'(«,7) for large 7 as

1 1 (o - 2) a7 In7
—_ -— —_— - 1 O -
Flon) = 5 ™ o ™ "aatz | 17811 N > (5:9)

When «a is about 2 and at large 7 (7 > 10), the solution of F'(a,7) reduces to

symptotic F,(a,7) and T, (Hyndman et al., 1979)

T, P 1
T, a (7)) = 2a1

1
2[(2ma?pc )/ S]|(kt /a?)

s _ QJ/T,
ArKt 4anKt

vhere T, is the constant ter-nerature above the ambient after a heat pulse or

o

rictional heating, and the heat capacity of the probe S equals the total heat of

he pulse @ divided by temperature rise 7,,. Multiplying both sides by T,

T, — < (5.6)
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Let T be the temperature above the ambient at any moment after frictional

heating or pulse heating. It has been stated that

T T
p— y =1.
T, Fla.7) or Ty X F(a,1)
Hence,
r, 1 1 » T _ T
T, 2a7 2ar T oF (a,7) To2aT F (a,7))]
and

I. = 2a1 F (a,T) _ 67

Renaming T as AT and comparing (5.6) and (5.7),

AT . Q
2a7 F(a,7)  4rnKt
or
__ Qar F(a,7) '
K = o2rA Tt (5-8)

where @ is the heat supplied to the probe per unit time per unit length and ¢ is
the time elapsed at AT . The initial time { = 0 is usually 15 to 45 seconds fol-

lowing the middle of the heat pulse (Hyndman ef al, 1979).

A study of equation (5.8) shows that two quantities have to be known for

reduction of thermal conductivity; namely,

(1) the infinite-time temperature (ambient temperature) for determining A T

at all the points after the heat pulse and
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(11) an estimation of conductivity K for determining « and 7 using the empir-

ical relations in equations (5.2) and (5.3).

The second requirement suggests that the reduction of thermal conductivity
for tn situ measurement is an iterative process. Specifically, the procedure

involves the following steps:

(1) Make an estimate of the thermal conductivity of the sediment and com-
pute «, 7 and F («,7) using relations shown in equations (5.2), (5.3) and

(5.4).

(11) Plot the temperature decay curve after frictional heating using 7 -F («,7)
coordinates. Estimate a ““dr'~y’’ time (determined by the probe’s thermal
resistance) for the initial time ¢ = 0 of the frictional heating. The decay
is a straight line if all estimates are close enough to their real values. The
infinite-time temperature is the intercept of a least square fitted line of
the decay on the ten.,erature coordinate. Along this straight line, extra-
polate the residual temperatures at times during heat pulse decay.

Remove these residuals from heat pulse decay curve.

(111) Plot the heat pulse decay curve in 7T -F(a,7) coordinates. Estimate a
delay time to establish the initial time ¢ = 0 of the heat pulse. Calculate
the thermal conductivity K for each point on the decay curve using equa-
tion (5.8). Take their average as the tentative result of the thermal con-
ductivity.

(1v) Compare the tentative conductivity and the initial estimate. If the
difference exceeds a predetermined value, use the tentative conductivity

as an initial estim~te and repeat steps (i) to (iv).
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stations or estimate the conductivity by other means such as the water

content-conductivity relationship (Ratcliffe, 1960).

1) Choose a group of readings along the T -t curve for the thermistor in
question.

11i) Determine empirically the delay time or the ’initial’ time of frictional
heating.

iv) Compute F'(a,7) values as described in the previous section. Plot the

T -F(a,7) relationship. If it is a well-approximated straight line, the
intercept of the least square fitting line on the T-axis is the infinite-time
temperature desired. Otherwise another delay time or conductivity esti-

mate is chosen.

The routine to interactively determine the geothermal gradient plots the
lepth-temperature relationship and computes the least squares fitting line whose
lope is the geothermal gradient. In the case that the temperature distribution in
he sediments is disturbed, the routine is able to redisplay and calculate the ther-
nal gradient using only those thermistors that the operator deems are not
nfluenced by the temperature variation. This allows an interactive means of

omparing the geothermal gradients during a multipenetration profile.

».5 Fast estimation of the geothermal gradient

In many cases, it is adequate to have an estimate of the geothermal gradient

1sing only the temperature readings at a relatively long time after penetration
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THERMAL GRADIENT: BAY D°'ESPOIR #12

4.8 S.9 §.8 .8 8.5
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b
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® 9 minute point

2 infinite-time point

DEPTH (M)

>.4 A comparison of the gradient derived from infinite-time and 9 minute temp.
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.g- 9 min.). This temperature may diffe
ie gradients reduced from the two
gnificantly, since the gradient is meas

1jacent thermistors (Fig. 5.4).

The routine gives a fast estimation
mperatures of a group of thermistors
splays the T -t graph and the point
me point is not satisfactory, it can be
ien displays the new depth-temperature
mperatures, the routine allows the opel

rs with negligible perturbation in the ge

The procedures stated above are all ¢
>rtable microcomputer. This, combined
a floor package HF 1601, makes real-tir
>w data possible. Of special significanc
e displayed in graphical form on the sc
e quality of the data can be monitore
e heat pulse/frictional heating decay cu
re allows control over the empirical par
‘ocess. All routines are written in BAS

mputer using this operating system.

from its infinite-time value. However,
pes of temperatures may not differ

ed by temperature differences among

of the geothermal gradient using the
. a specific time after penetration. It
cked for gradient calculation. If the
anged and re-displayed. The program
curve. If there is a disturbance in the
or to include only the deeper thermis-

hermal gradient calculation.

uctured to run as sequential jobs on a
ith the digital acoustic link from the
interactive processing of marine heat
is the fact that at each stage the data
ren (or plotted for hard copy) so that
The 1terative procedure for reducing
es to a common infinite-time tempera-

neters that are commonly used in the

under MS-DOS and will run on any



} Thermistor calibration

The calibration of thermistors has been discussed in a few publications
>bertson et al., 1966; Raspet et al., 1966; Steinhart and Hart, 1968; Bennett,
'2). The absolute calibration of thermistors involves the establishment of a
ble temperature environment. The vast ocean body with its tremendous heat
»acity is a tempting environment to carry out the calibrations. Considering
.t only the temperature difference is vital in heat flow measurement, a ‘‘rela-
e calibration” has been used for some marine heat flow probes (Davis et al,
34). It assumes that all thermistors in a probe are located in a ‘‘zero gradient

1e’’ before penetrating into sediments.

However, even the ‘‘relative calibration’ requires the relationship of resis-
ce to temperature of the thermistors. An assembly has been set up for deter-
1ing this relationship (Fig. 5.5). The purpose of this assembly is to verify the
‘erential slope of the temperature-resistance function supplied in the
cification sheets which declares that the discrepancy in this slope among the

rmistors of a selected group is less than one percent.

In order to simulate a situation as close to the actual probe as possible, the
ibration takes place after the thermistor string has t..en made. and the four-
n thermistors are calibrated simultaneously. The temperature-resistance read-
s are taken by the same electronic package used in heat probe so that no extra
se sources are involved. In a sense, this also acts as a complete system calibra-

0.

The thermistor string is made into a coil of about 200 cubic centimeters

<6X6 cm). To minimize the inductance, the string is folded in the middle and
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then coiled. The string is dipped in mineral oil in a metal oil container that is
immersed in a mixture of ice and water in a glass bath of about 0.1 cubic meters
in volume. The bath is surrounded by styrofoam five centimeters thick. A plati-
num resistance thermometer is placed at the geometric center of the thermal
string coil. Near room temperature, the temperature of the string coil rises non-
linearly with an average rate of approximately 1.5 mK per minute (10 days to
rise from 0.01° C to 21° C). The four wire ohm-meter that reads the resistance of
the platinum thermometer has a resolution of 0.001 ohm in the 100 to 200 ochm

range. This implies a resolution of 2.5 mK.

At Eertain temperatures, the microcomputer records and stores twenty
minutes of resistance readings for 14 thermistors as in the heat flow measure-
ment. The average temperature within the time span and the average resistance
for each of the 14 thermistors are used to establish the temperature-resistance
relationship. The measurement repeats at different temperatures at an interval of
approximately 1 K. About 15 temperature points (from 0° C to 15° C) are ade-
quate to allow fitting the temperature-resistance curve. A least-squares fitting of

the T —R relationship of the thermistors is discussed below.

An empirical equation (5.10) modeled after the relation

E

o= A(T)e 2¢T (5.9)

fits the real thermistor behaviour well (Rorbertson et al., 1966):

R = A exp[B(T+C)1

or

Inf =— -4 )? (5.10
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For simplicity in deriving the computer programs, rename R for InR and A

or InA4 | that is
R = A + B(T+C)! (5.11)
To determine a least-square fitting of the measured data R; at 7T, in the

rocess of calibration, let

D = 3 (R-R) (5.12)

‘here nis the number of measuring points; R, is the value of R.

To find A, B, Csuch that D is minimized, set

oD _ . 8D _ . oD _
A aB 7’ aC
‘hat 1s
Z(R -R )i = 0
S(R-R (T, +C)y1 =0 (5.13)
SR -R )T, +C)y2=0
tename T for T;. From (5.13),
S(R-R;) =0 — V[A+B(T+C) = VR, (5.14)
vote that \_nj 4 == nA. (5.13)and (5.14) can be written as:
1 =1
nA + BM(T+C)!' = VR, (5.15)
AM(T+C)Y' '+ BY(T+C )2 = Y[R (T+C)Y (5.16)

AS(T+C)Y2+ BY(T+C)3 = V[R; (T +C )3 (5.17)
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t R =(§:R‘)/n. From (5.15),

1 ==

4 —F - %53(74@)-' (5.1%)

bstitute (5.18) into (5.16) and (5.17), and let

= Y(T+C)!

= Y(T+C)?
Z(T+C’)“3
YIRAT+C)]
MVIRAT+C)YF,

|

I

L

M
K
P
Q

|

en:

|
v
|
|

A (5.19)

_Q -RM_ _ _P-PRL :
B=x"mam ° P = xTir/n (5:20)

|

1ere K, L, M, P, @ are all functicns of C.

A program for seeking A, B, Cis listed in Appendix E. It requires the input

trial values of C, C ., and C ;. , which are the estimates of the maximum

d minimum of C. The program narrows this C range by calculating A and B

cordingly and minimizing the least-squares errors in (5.12) to establish new

using the “optimum seeking method™. If C should be changed,

T omazr -

or C .,

maz n

e new C_ s

Cms'n + O'Gls(cma: - Cmin)
C ,..n should be changed, the new C ;, is:
Cm{n + 0'382(Cma: - Cm{n)
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The above method of seeking temperature-resistance relationship of thermis-
tors has been tested with two thermal strings. It verifies that selected thermistors
have a discrepancy less than one percent for the differential slope of their
temperature-resistance curve, although they may have different offsets at specific
temperatures. Therefore it is justified to convert the resistances to temperatures
for the fourteen thermistors using a single formula. To compensate the offsets of
14 thermistors, take one of the fourteen thermistors as reference and calculate the
offsets when the probe is suspended in the ‘‘zero gradient zone’ (about 50 - 100
meters above the sea floor) for about 5 to 10 minutes. Using the temperature-
resistance data supplied by the specification sheets, the parameters for the

thermistor YSI 44032 (30 KQ at 25° C) are:
A — -5.403939; B — 5811.403; C = 342.7457

Rewrite equation (5.10) and notice that A4 stands for InA4 |

B
T=—2L __ ¢,
Rk - A
that is:
T o— 0811403 45 457 (5 21)
InR + 5.193939

In summary, the heat flow data processing software HF1601D accomplishes
the data apalysis by converting the raw data then calculating the thermal gra-
dient and conductivity in a real-time base. The advantage of this software 1s

that the process of the data analysis is visible on the on-ship microcomputer’s
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Chapter 8 Field Tests and Experiments

8.1 Cruise Summaries

Since the HF 1601 heat probe was constructed in September 1983, four sea

tests and experiments have been conducted.

(1) Date: September 23 to October 5, 1983
Location: Saguenay Fjord (St. Lawrence River)
Ship: Navimar Un

Objectives: Test of heat flow equipment

Nineteen deployments of the heat flow equipment were attempted. The
mechanical equipment functioned well. Data were recorded at all sites. How-
ever, the -15V power supply reduced to -6V making the A/D converted
values uoreliable. A visual check of the di_.tal values showed operation for
data in the water column. There was no reception on the telemetry. The
stability was about 2 mK, the noise mainly arising from the oscillator in the

telemetry circuit.

Conclusion: The test led to three revisions. (1) Re-design the circuit of the

negative power supply. (ii) Revise the operating program HF1601P such
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Fig. 6.1a The geographic position of heat flow stations in Belle Bay and Bay d’Espoir
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Fig. 6.1b The geographic position of heat flow stations in St. George’s Bay
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Table 6.1 Heat Flow Stations in Southern Newfoundland Inlets

location Station Date Latitude | Longitude | Water Deptﬁ
Belle Bay 2 HFE #1 179,1984 | 47°36.72 | 55°15.15 4190m
HEF #2 47°36.65 | 55°14.92 505m
HF #3 47° 36.51 55°14.62 516m
HF #4 47°36.38 | 55°14.35 487m
HEF#5 47°36.75 | 55°15.12 475m
HF #86 47°36.68 | 55°14.78 513m
HEF #7 47° 36.54 | 55°14.50 530m
HF #8 47° 36.49 | 55°14.30 530m
Belle Bay 1 HE#20 | 181,1984 | 47°39.63 | 55° 23.38 515m
HF #21 47°39.49 | 55°24.45 518m
HF #22 47°39.24 | 55°24.29 516m
HF #23 47° 39.06 | 55°24.16 526m
HF #24 47° 38.59 | 55°24.01 526m
Bay d’Espoir HF#10 180,1984 47° 41.48 56° 08.28 760m
HF #11 47°41.28 | 56°08.10 762m
HEF#12 47° 41.09 | 56°07.90 762m
HF #13 47°40.90 | 56°07.77 760m
HE #14 47°40.72 | 56°06.20 762m
HF#15 47° 40.42 567 07.22 765m
HF #16 47° 40.35 | 56°07.25 765m
Bay St. George HF #30 183,1984 48° 07.65 59°17.50 155m
HF #31 48°07.73 | 59°17.35 155m
HF #32 48°07.92 | 59°17.20 156m
HF #33 48°08.08 | 59°17.02 156m
HF #34 48°08.22 | 597 16.84 156m
HFE#35 48° 0R.37 59916.61 15Im
HF #36 18°08.51 | 59°16.40 151m
HF #37 48° 08.62 59°16.19 151m
HF #38 48°08.77 | 59915.93 151m
















8.3 Heat 8ow measurement in the Labrador Sea and Labrador Shelf

Fig. 6.3 is the geographic locations of the heat flow stations on the Labrador

Sea and on the Labrador Shelf (Hopedale Saddle).

Table 6.2 lists the detailed information of the heat flow stations at the above

localities.

The ol ectives of the Labrador Sea cruise were to carry out geological and
geophysical surveys including heat flow of three sites in the Labrador Sea and one
site on the Librador Shelf as a part of the Ocean Drilling Program. A total of 52
heat flow measurements were made during the cruise by Dalhousie and Memorial
Universities using their respective equipment. Table 6.2 lists only the Memorial
stations. Fig. 6.4 illustrates the measurement on Labrador Shelf. The detailed

results will discussed in Chapter 7.
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Table 6.2 Heat Flow Stations in the Labrador Sea and Shelf

Location | Station| Date Lat. (°N) | Long. (° W) | Depth (m_—r
(Site 5 5-1 2231984 | 58°00.84 | 48°23.36 3435
5-2 58°03.73 48°21.92 3435
Site 2 2-1 231,1984 58° 30.82 57°56.17 2614
2-2 58° 30.71 57° 54.57 2623
2-3 58° 30.43 57° 53.47 2623
2-4 58 30.10 57°52.42 2655
2-5 58°29.65 57°51.16 2646
2-6 58°¢ 29.04 57° 49.79 1472
Hopedale HS-1 235,1984 | 55°49.90 58° 40.52 73
Saddle HS-2 55°% 48.49 58° 40.47 594
HS-3 552 47.55 58° 41.37 594
HS-4 55° 46.55 589 42.02 607
HS-17 236,1984 55° 38.39 58° 44.47 657
HS-18 557 38.19 58°% 43.24 641
HS-19 55° 38.19 58°% 41.31 641
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For discussion of the temperature perturbation in the sediments due to the bot-

tom water temperature variation, a mathematical formulation of the problem is

discussed below.

The variation of bottom water temperature induces a downward propagation
of thermal waves. Consider a semi-infinite solid under the following boundary and

initial conditions:

T =0 when t =0

T = T,(t) at z =0 (z: depth, z = 0 is the water-sediment interface)
The temperature distribution in the solid is expressed as

oT o*T
Il e 7.
ot k Jz22 (7.1)

where k is diffusivity of the solid. For the perturbing influence, take T, {t) to be

a periodic function with frequency w. A standard solution is of the form

T = U e'«t -9 (7.2)

where U7 is a function of - only. In this solution. 7 will have period ~—»7; and a

A

phase o .

Substituting (7.2) into (7.1)

9

7 .’.3
%% _ '“'7? U (7.3)

The solution of (7.3) that is finite as z — oo is:
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turbation at the depth the robe penetrates is still detectable, a correction must
be applied. The analysis also shows that in order to make the correction for bot-
tom water temperature pe urbations. it is necessary to have information on the
relation between bottom water temperature and time both for the long term and
the short term changes. Clearly, for most applications the long term information
is more important. Irn the case of heat flow measurements in Bay St. George, the
reversed heat flow may be caused by a sudden and great increase of the bottom
water temperature a few years previous to the measurement. Due to the lack of
detailed information, the correction is not able to be carried out and the data are

thus not interpretable.

Fig. 7.1 illustrates the temperature variations of the bottom water in Belle
Bay and Bay d’Espoir during the period of June, 1983 to December, 1984 (Alex
Hay, 1985, personal communication). With these bottom water temperature-time
records, the correction of temperature perturbation is attempted for the stations
at Belle Bay 1 and 2 and Bay d'Espoir. From Fig. 7.1a, a sine wave is a good
approximation to the variation of bottom water temperature at Belle Bay 2. The
amplitude of the variation is within a range of 1.2 to 1.7 °C and the period is
about one vear. The data processing program HF 1601D associated with gradient
e~"imaticn includes a routine for an annual bottom water temperature perturba-
tion. After the correction of bottom water perturbation, the temperature-depth
relations of stations Belle Bay 6-1 to 6-6 are shown in Fig. 7.2. Table 7.1 is a hst

of the thermal gradient values of these stations before and after the correction.

The thermal conductivity values for all the four locations are not available.

An estimation is made by comparing with the heat flow measurements in other
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Table 7.1 Thermal gradient at Belle Bay 2
Station Gradient Gradient Correction Correctioﬁ
(no correction) (corrected=) (mkm™1) (“¢)
B2-1 63.5 69 .4 +5.9 RCe
B2-2 70.1 73.1 +3 47
B2-3 67 69.8 +2.8 4<¢
B2-4 67.7 65.6 -2 3%
B2-5 63.6 65.1 +1.5 2.5%
B2-6 65 1855 +0.5 <1%%
o average 3.5
| *: for bottom temperature corrections only

localities in the Newfoundland inlets other than Belle Bay but in the same geo-
logical environment. Wright et al. (1984) list 14 thermal conductivity values
determined by the method of conductivity-water content using core samples from
the inlets of northeast Newfoundland. The mean value of these measurements is
0.7140.16 Wm !K™!. It is consistent with the world mean value for the sea floor
sediments (Bott, 1982). Accordingly, the world mean value of thermal conduc-
tivity of sea floor sediments 0.8 Wm 'K™! is used for the inlets of Newfoundland

with an estimated error of about 159.

For the heat flow rneasurements in the inlets, the topographic and sedimen-
tation rate correction may both be important (Wright ef al.. 1981). A high sedi-
mentation ra‘e reduces the heat flux measured s~ part of the heat from oelow s
used to warm the sediments as they are buried. The sedimentation rate correc-
tion can be as high as +6%% in some inlets of northeast Newfoundland (Wright et
al.. 1884). Mathematically, if the material is added by sedimentation with a rate
V', the material below can be regarded as moving away from the surface with the

same velocity. Folle wing the analvsis of Jaeger (1965). the thermal gradient at
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at the interface between the unconsolidated sediments and the bedrock. It causes
the heat to flow preferentially through areas where the sediment is thinner or the
conductivity is higher. Wright et al. (1984) give a topographic and conductivity
contrast correction up to +7% to the measured heat flow values in northeastern

inlets of Newfoundland.

It should be pointed out that the topography and sedimentation rate as well
as conductivity contrast corrections may negate each other under certain condi-

tions making the net correction negligible.

None of the above corrections can be carried out accurately, however, owing
to the laqk of information needed. Nevertheless, an estimate of heat flux at Belle
Bay 2-is attempted. The estimate is based on the heat flow data interpretation
for the northeast fiords of Newfoundland (Wright ef al., 1984). The major effect
on heat flow in that area was rapid deposition of sediments during the glacial
maximum about 20 000 years ago. Older sediments were deposited sufficiently
long ago that their contribution is negligible. For 25-80 m of sediments, it results
in correction of +3% to +129. A bulk correction of +109% thus assigned to
Belle Bay 2. The resultant mean heat flux is 59 mW/m? (mean thermal gradient
67.6, conductivity 0.8), with an uncertainty about 209%. This value is comparable
with the heat flow measured on land in Newfoundland in the same geological
zone. The estimates of heat flux value 50 mW/m? and 45 mW /m?> (Wright et al.,
1984) have been assigned to the Avalon zone and the Dunnage zone (Williams,

1679), respectively. Geologically, Belle Bay 2 is located in the Avalon zone.

The record of the bottom water temperature in Belle Bay 1 during June,

1983 to December, 1984 shows a linear increase of temperature with time, the
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rate is about 0.013 K/month (4.9 10® K/s). The temperature-depth graphs also
imply a sinusoidal temperature variation of the bc tom water, with a period that
may be longer than one year. Another possible fe .ure of the temperature varia-
tion is that the temperature increases linearly for few years then a sudden drop
occurs due to a flood of cold water, causing the te perature-time curve to have a
““saw-tooth’ shape.

A mathematical model of linear increase at the surface of a semi-infinite
solid with zero initial temperature has been esta ished by Carslaw and Jaeger

(1959). Solving the following equation

. oT 2T
oL
ot 9z2

T =0, fort =0

T To+ bt atz =0

where & is the rate of increase of the surface ter ‘:rature, yields a solution

Aa

o
T = [(bu)—F (z,t-u) du

where

F(z,t-u) = e~ de

2
ves

N
nNL_’8
i‘

2

The temperature disturbance in the solid du o a linear increase of tempera-

ture at the surface is then:

T — 4bt 2 z 7.5
t°erfc N/ (7.5)










the Dunpage zone. The resultant heat flux is consistent with the Dunnage zone

value measured on land (45 mW/m?).

Table 7.5 Thermal gradient at Bay d'Espoir

Station | gradient | Mean gradient | Heat flux =
(mK/m) | (mK/m) (mW/m?)

El0 39.7
Ell 58.2
E12 51.5
E13 53.4 5245.7 45.6
El4 55.3
E15 56.9
|E16 50.8 o
*: conductivity 0.8 W/Km, 4+109¢ correction

7.2 Heat low in Labrador Sea and Labrador Shelf

7.2.1 Labrador Sea spreading models

Heat flow measurements have been successfully achieved at two sites in the
Labrador Sea, namely ODP sites 2 and 5. The geophysical interpretation is cen-
tered on an estimate of the age of the sea floor at the localities and their relevant

tectonic features.

The Labradcr Sea was formed by sea floor spreading. According to Srivas-
tava (1978), there are two phases of opening for the Labrador Sea, occurring 75-
60 Ma and 60-40 Ma ago, respectively. The evidenc: for sea floor spreading 1s
clearly shown by the magnetic anomaly patterns. Other geophysical evidence sub-

stantiates the model. A pronounced gravity low in the middle of the sea coin-



[ ¥

GREENLAND

Fig. 7.3 Heat flow stations and magnetic anomaly pattern, Labrador Sea
(after Srivastava, 1978)



-140-

cides with the axis of symmetry of the magnetic anomalies, marking the position

of the mid-Labrador Sea Ridge.

The development of the Labrador Sea and North Atlantic ocean north of
Flemish Cap is described by a sequence of events. The sea floor spreading
between Newfoundland and British Isles and in the Rockall Trough started
around 90 Ma ago. The Labrador Sea started to spread about 75 Ma ago (ano-
maly 32 time, Fig. 7.3), initiating rifting between Greenland and North America.
The time of active sea floor spreading started earlier in the south and later in the
north. The absence of anomalies older than magnetic anomaly 28 and the pres-
ence of thinned continental crust in the northern Labrador Sea result from
stretching of the crust rather than true sea floor spreading during the time when
sea floor had already started to spread in the southern Labrador Sea (75 Ma).
True sea floor spreading in the northern Labrador Sea started at anomaly 28 time

(55 Ma). Sea floor spreading in the Labrador Sea ceased about 40 Ma ago.

7.2.2 Heat flow in the Labrador Sea

The two sites of heat flow stations and the magnetic anomalies are shown in
Fig. 7.3. Site 5 is located in the southern part of the Labrador Sea between
anomalies 23 and 24, whereas Site 2 is located in the northern Labrador Sea close

to anomalies 26 and 27.

Fig. 7.4 shows the temperature-depth graphs of two stations at Site 2 and
Fig. 7.5 shows those of two stations at Site 5. About 4 meters penetration at Site

2 (probe length 7.5 m) and 5 meters at Site 5 (probe length 5.5 m) are observed.
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Little bottorn water temperature perturbation is recorded due to the great water

depth (2600-3800 m).

A least-squures fitting line including all the thermistors that penetrated is
used to derive the thermal gradient for all the stations. The thermal conduc-
tivity values of the sediments are reduced from the in situ conductivity measure-
ments, with the values measured by needle probe method from the core samples
(Keith Louden, personal communication) as a quality control. For station 2-4 and
2-6 where no tn situ measurement was conducted, a mean value of the site is

assigned.

Table 7.6 lists the thermal gradient, conductivity and heat flow results for

»

the stations at both sites.

Table 7.6 Heat flow measurement on the Labrador Sea
Station | Gradient | Conductivity | Heat flow | Mean heat flow
(mK /m) (Wm 1K) (mW /m?) (mW /m?)
2-1 48.3 1.48 71.5
2-2 54.2 1.27 68.8
2-3 43.9 1.49 65.4 6945
2-4 44 .4 1.43° 63.5
2-5 53.8 1.33 71.6
2-6 50.7 1.43° 72.5
5-1 83.3 0.89 74.7 73+3
5-2 74.4 0.95 71.1
*: mean value of thermal conductivity of Site 2.

According to the plate model and the boundary layer model discussed in
Chapter 1, The heat flow and the sea floor depth can be predicted knowing the
age of the sea floor. Parsons and Sclater (1977) and Sclater ef al. (1980a) give a
group of simplified formulas for estimating the depth, heat flow and age of the
sea floor, which are listed in Table 7.7. These relations give the prediction of

heat flow ard depth of the sea floor at Site 2 and Site 5
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Site 2 Q(t) =63+ 2 mW/m? D(¢)= 5140 + 70 m;
Site 5:  Q(t) =66 £ 2 mW/m? D(t) = 5025 4+ 60 m.
Table 7.7 Simple relations between depth,
heat flow and age of the sea floor
(after Parsons and Sclater, 1977)
Age Relation
Depth
0-70 D (t) = 2500 + 350 t%° t
>20 | D(t) = 6400 — 3200 ¢ 5238
Heat Flow
473
0-120 | Q(t) = 05
t
) > 60 Q(t) =375+ 67 ¢ 528
t is in millions of years, D (¢) is in meters,
Q (t) is in mWm™2. The decay of the radioactive
elements contributes 4mWm™2 to the heat flow

Table 7.8 summarizes the values of heat flow and the sea floor age at the

two sites determined by magnetic anomaly and by observation.

Table 7.8 Heat flow and age of the Labrador Sea floor
Location Magnetic | age of Heat flow Heat flow
anomaly magnetic | measured predicted
number anomaly (mW/m?) | by age
(mW /m?)
Site 2 26 - 27 55 - 60 6945 6342
Site 5 23 - 24 50 - 55 7343 6642

The comparison in Table 7.8 shows that the heat flow values derived from
magnetic ages are comparable with those observed, although the observed values
are slightly greater. However, the depths of sea floor (basement depth, with sedi-

ments removed) determined from the magnetic age or the heat flow at both sites
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are much greater than the observed values (Table 7.9).

Table 7.9 Age of sea floor and water depth in the Labrador Sea
Location Water basement basement basement
depth depth depth depth
(measured) * (magnetic) (heat flow)
Site 2 2630 m 3585 m 5140470 m 49004260 m
Site 5 3230 m 4270 m 5025460 m 47704420 m
*: personal communication with Louden, K., 1985

If the age of the Labrador Sea has been correctly interpreted from magnetic
anomalies, then both the heat flow and bathymetry point to lithospheric tem-
peratures in excess of what is predicted from standard plate tectonic models. The
fact that 'bathymetry is even shallower than is consistent with observed heat flow
suggests that the Labrador Sea may have formed by a variation on the basic
extensional process postulated by McKenzie (1978). Consideration of such possi-

bilities requires more data and is beyond the scope of this thesis.

7.2.3 Heat flow on the Labrador Shelf

Heat flow measurement on the Labrador Shelf (Hopedale Saddle) is summar-

1zed in Table 7.10.

The average water depth of the heat flow stations on the Hopedale Saddle is
610 m. The bottom water temperature variation is detectable (Fig. 6.5). As
no corrections have

information on the bottom water temperatures is lacking,

been applied. The heat flow is derived from individual thermistors by calculating
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Table 7.10 Heat flow on Hopedale Saddle
Station Gradient Conductivity Heat flow Mean Heat flow
(mK/m) (Wm™ K1) (mW/m3) | (mW/m?)
HS-1 31.3 0.96 30
HS-2 24.1 0.92 22.3
HS-3 31.5 1.06 33.3
HS-4 - - - 28.3+41
HS-17 24.9 1.02 25.4
HS-18 33.4 0.85 28.9
HS-19 33.6 0.90 30.2

the gradient between adjacent thermistors and multiplying it by the conductivity

values determined for each thermistor. The resultant heat flow is the harmonic

mean of all individual interval heat flows.

The relatively low heat flow value determined for the Hopedale Saddle is
unexpected. Rifting between Labrador and Greenland may have commenced as
recently as 55 Ma ago and if so the heat associated with that rifting would not
yet have dissipated. Therefore, the heat flow value is expected to be higher than
35 mW/m? (a typical deep sea floor heat flow value). Long term past bottom
water temperature changes or relatively high sedimentation rate may be responsi-

ble for the abnormal low value. However, no correction can be carried out at the

present time due to the lack of necessary information.

7.3 Summary of Results

The interpretation shows that more data are required to complete the study
of the thermal regimes of these sites. In the inlets, long-term bottom water tem-

perature recording should be carried out. Repeating measurements in different
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Chapter 8 Surmraary

The dissertation describes the development of a new heat probe and its
application to geophysical study. The design of the heat probe is based on the
fact that a computer-based, programmable heat probe can meet the demand of
modifying and revising the probe’s function as the programme develops. This
instrument incorporates several novel features that improve the operation of

marine heat flow measurement.

8.1 Instrument and Processing Accomplishments

The new heat probe achieves the following features:

(1) The quality of the determnination of geothermal gradient and sfn situ con-
ductivity value is " nproved by a high resolution data acquisition svstem.

anto-zero adjustment and raw data proces<ing with a tiae averaging facihity.

—
o
N

An underwater acoustic digital data telemetry system using standard data
transmission protoco. is achieved. This provides the opportunity for monitor-
ing the total operation of the heat flow measurement by observing data
acquis‘tion, tilt and the heat pulse on a real-timme base. This technique has

more applications in geophysies and other oceanic sciences beyand marine
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heat flow.

(3) The arrangement of data storage permits rapid data reduction and enhances
the storage efficiency.

(1) A software package that complements the probe’s operation speeds up the
data processing. It embraces the functions of raw data reduction,
temperature-time graphing, thermal gradient and conductivity determina-
tion. It also allows the data proccessing to proceed interactively between com-

puter and operator when necessary, and therefore reduces the possibility for

error while enhancing the efficiency.

(5) The wide temperat: re range, the simplicity of operation (starting the instru-
ment, retrieving data and charging batteries on deck without disassembling
the pressure case, etc) greatly enhances the reliability of the instrument and

nuproves the efficiency.

8.2 Sumrmariecs of Expesimnents and Data

A series of sea trials and scientific cruises proved that the design and con-
struction of the micrecomputer-based heat probe and its data processing <oftware

have achieved the desired goal.

Data have been obtained for two specific geclogical sites. The heat flow
values in the inlets of south ccast of Newfoundland are consistent with the values
mneasured on land in the same geological zones. When the necessary geoclogical
and oceanographic inforination are available, in which the long term record of the

bottcem water temperature variation usually has the primarily importance the
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heat low measurement in the inlets is i .erpretable.

The results of heat flow measurements on the Labrador Sea rat : a question
related to the thermal regime. It seems that the crust under the T brador Sea
floor is hotter and/or thinner than is predicted by the various sea fl »r <preading
models. This might be the result of the extensional inode of the Labrador margin.
Further studies are required to improve the knowledge of the history of the

Labrador Sea and the development of its adjacent plates.

8.3 Future DPevelopments

The further development of the heat probe may start with investigating the
possibility of a bidirectional acoustic link between the probe a 1 the ship.
Developinents in software should include functions to correct for sedimentation
rate, topography, Conducti_vity contrast and sediment thickness.

More data are required to complete the study of the thermal regime of the
IL.abrador Sea and shelf. Measurements on sites of different magnetic anormalies
will render a better understanding of the history of the Labrador ! >a and may
resolve the discrepancy between the predicted and observed heat lor With more
measurements on the chelf, an attempt at assessing the thermal maturity in the

Hopedale basin will be possible.
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Appendix A: Microprocessor and Microcomputer

The design of the HF 1601 marine heat flow probe addressed in this thesis
involves a microprocessor controlled instrument which coatains a fully featured
microcomputer. All the information in this appendix is relevant to the design of

the probe electronies.

Microprocessor

A microprocessor is a large-scale-integrated (LSI) circuit assembly that con-
tains much of the cornputing capability of a microcomputer. A digital computer
1s shown in Fig. A.1. The elements of a microprocessor contain all the functions a
CPU (central processing unit) has; namely, ALU (Arithmetic Logic Unit), regis-
ters, part of the memory, control section and part of the input and output units.

The operation of a microprocessor is specified by sequences of instruction
codes stored 1na memory (externas 1o e microprocessor). Sequences of instruc-
tions, that *s. prograins, determine the specific function of a microcomputer-hased
system. System functions can be easily changed by modifying the program stored
in memory. This ability to change function without extensive hardware

modifications is the basic advantage of a stored-program computer.

Every instruction execution has three basic subfunctions. They are instruc-
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register stack is a collection of individual temporary storage registers. There are
some special registers such as stack pointer (SP), condition code register (CCR),
etc. and a group of general purpose registers. The general purpose registers are
used principally for manipulation and temporary storage of data. They are often

called 'scratch-pad’ registers.

The Arithmetic Logic Unit of the iInicroprocessor performs the data
modifications required to accomplish both logical and arithmetic coperations.
Several dedicated registers are required to store operands during ALU operations.
The most important of these registers 1s an accumulator which i1s the principal
working register in the microprocessor and frequently it is the I/O port to the
CPU. A single-bit register is used to store any overflow information so that it
may be included in subsequent calculations. The ALU also contains a status or
flag register which indicates certain specific conditions that could arise during cer-
tain manipulations. Some typical conditions indicated by flags are overflow, zero,
negative sign and carry. In the CPU, flags are used to perform conditional jumps

or branches.

The capability of input/output section of a microprocessor is usually deter-

mined by software which will be discussed in detail for a particular microproces-

~or the RCA CDP1:02.

Microcomputer

A microcomputer is a digital computer using a microprocessor as its CPU.

Fig. A 2 illustrates a microprocessor supported by Input/Output ports and sys-
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The computer and peripherals - CRT displays, input keyboards, floppy disk
memories, A/D converters, etc. - usually operate at different speeds. Further-
more, the data formats of the peripherals may be different from the format used
by the CPU. One or more interface networks are required to provide data and
signal compatibility between the CPU and various peripherals. In a microcom-
puter thcse interface networks are provided on one or more chips called 1/O ports

that are separated frorn the microprocessor chip(s).

For serial 1/O ports, problems are created by timing differences between the
CPU and the external serial devices. Problems also occur in recognizing and
framing the data words in serial bit streams. The serial 1/O interface is a pro-
graininable unit that performs serial-to-parallel and parallel-to-serial conversion
of data. They can operate either in the half-duplex mode (i.e. alternate reception
and transmission of data) or in full-duplex (i.e. simultaneous reception and

transmission of data).

Serial input inay also be accomplished using software (often subroutines).
Usually the serial input is supplied to one of the parallel input lines or special
external flag lines, and is converted from serial to parallel form by means of

software. The same principle can be also used for serial output.

The serial data can be in the form of binary bits or in a predeterinined code.

One of the most cormnmonly used serial data coding syvstem is ASCI (Armerican

Standard Code for Information Interchange).
A microcomputer usually has a chip memory system which is compatible
with the low cost, light weight and small sized microprocessor. The most fre-

quently used chip memories are as follows:
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(Read Only Memory). The information can only be read out of the
addressed location during normal operation of the computer system.
Information is written into ROMs either during the manufacturing pro-
cess or written in by the user by means of special equipment prior to
inserting the chip in the computer system. ROMs are non-volatile
{(Power-off has no influence to the contents), non-destructive readout
(NDRO, the process of reading out does not destroy the original infor-
mation), random access memories (any word or byte can be randomly
accessed without going through the prior addresses). In the HF 1601

probe, a ROM contains the UT62 monitor program.

FPROM Erasable Programmable ROM. It allows the user to erase the previous

RAM

bit pattern on chip by exposing to high intensity ultraviolet light for 15
to 20 min, and to rewrite a different pattern. In the HF 1601, the heat

flow program is written in an EPROM.

Random Access Memory. NDRO, volatile. RAM chips can be further
subdivided into two categories: static and dynamic RAMs. Static
RAM'’s storage cells store data in one of the two stable states while
dynamic cells store data using absence or presence of an electric charge
in a capacitor which should be refreshed periodically since the charge

tends to detericorate with time.

A typical organization in a microcomputer memory system with total capa-

bility of 64k 8-bit words memory is as follows: Address bits A0 through Al1l are

applied to all memory chips for selection of one of 4096 storage locations.

Address bits A12 to Al15 ire used Hr chip ENABLE (CE) on an appropriate 4Kk



-164-

chip(s) through a one-of-sixteen decoder. This arrangement allows the user to
assign ROMs and RAMs to any 4K memory blocks. The HF 1601 heat flow probe
uses this strategy.

The above memory chips constitute the primary memory of the microcoms-
puter. If large storage capacities are needed, external mass memories (also called
auxiliary or secondary memories) can be used. Mass memories reside at the
lowest levels of memory hierarchies and are capable of storing a vast amount of
data in a permanent, non-volatile form at a very low cost. The most cornmonly

used mass storages in a microcomputer are made of inagnetic media such as mag-

netic ca. sette tape and floppy disk.

Data Acquisition System

Data acquisition is the process of taking analog signals from the real world,
processing and coaverting them to digital data which are to be stored in the

computer’s memory. A data acquisition system is illustrated in Fig. A.3.

In a heat low probe, temperature of the sediments or sea water is converted
by the transducer to voltage or current. An isolator separates the transducer from
the other parts of the systein in order to reduce the feedbs-k influence. An
amplifier amplifies the signal, if it is necessary, to immprove the signal strength for
later processing. A filter removes high and/or low frequency noise. These
processes aim at increasing the S/N (signal/poise) ratio, a crucial parameter for
any electronic instrument. If more than one analog sensing channels is involved in

the syvstem, the signal may be switched by an analog multiplexer and <ent to a
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CMOS Circuit and Microprocessor

In the application of a microcomputer for inarine heat flow, low power dissi-
pation is of overriding importance, since the probe has to accommodate a the
batteries for power supplies and it is expected to work for several hours for each

lowering of the probe.

Two types of transistors can be used to form microprocessor chips an. the
support logic families: the bipolar transistor and the metal oxide semiconductor
transistor (MOS). The latter has relatively slow operation speed but lower power
dissipation. There are three subcategories of MOS based on electronic and physi-
cal characteristics. They are PMOS, NMOS and CMOS. PMOS and NMOS are
essentially the same except for polarity, P stands for positive and N negative.
CMOS stands for complementary MOS, its circuit includes both P and N MOS
transistors. CMOS circuits are faster than that of either P or NMOS and con-
sume even less power.

The HF 1601 heat flow probe einploys an RCA COSMOS microprocessor
CDP1802 and RCA COSMAC microboard computer system as the main body of
its control circuits. The CDP1802 microprocessor was the only 8-bit CMOS
mi-roprocessor for industrial applications at the time when the HF1601 was
designed.

The architecture of the CDP1802 is relatively simple compared to other
microprocessors. It is well suited to battery-powered instrument applications. Fig.
A .4 illustrates the internal structure of the CD?ISOQ microprocessor. It is based
on a register array comprised of 16 general-purpose 16-bit scratch-pad registers,

each of which is designated by a 4-bit binary code (using hexadecimal notation).
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registers during interrupt servicing and for subroutine operations. Memory

addresses are normally latched in a 16-bit A register.

An on-chip clock generator is provided with the maximum clock frequency

2.5 MHz for a 5V power supply.
For 1/O operations, three output lines NO, N1 and N2 may be used to iden-
tify a particular peripheral device. The four external flags EF1 to EF4 may be

used by peripherals to indicate the status and may be tested to control branch

operations in the program.

The instruction set of CDP1802 microprocessor is given in Appendix C.
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Appendix B: HE1801P HEAT FLOW PROBE
PROGRAM LISTING

0000 ; 0001 IR I R R RS R TR TR
0000 ; 0002 .NAME: HE16801P

0000 ; 0003 .DESC: HEAT FLOW MEASUREMENT

0000 ; 0004 ..DATE: 18/05/19384

0000 ; 0005

0000 ; 0006 . HF 1601 1S DESIGNED FOR MEASURING
0000 ; 0007 . MARINE HEAT FLOW. 16 CHANNELS.
0000 ; 0008 .. SAMPLING RATE 15 SEC.DATA STORE IN
0000 ; 0009 .. RAM. UNDERWATER TELEMETRY.

0000 ; 0010 .. 4 DATA STORE FOR PREPENETRATION.
0000 ; 0011 . 18 MINUTES FOR THERMAL GRADIENT
0000 ; 0012 . AND CONDUCTIVITY MEASUREMENTS.
0000 ; 0013 . THIS PROGRAM IS LINKED TO UT82 FOR
0000 ; 0014 .. DELAY, SUBROUTINE CALL AND

0000 ; 0015 .. RETURN. TYPE DATA VIA RS 232C.

0000 ; 00186

0000 ; 0017 LT R P R ¥
0000 ; 0018 . SYSTEM EQUATES

0000 ; 0019 kb Fkk kb ktk bk kAR AR b (kA kA KA ARk Ak K
0000 : 0020

0C 10 ; 0021 .. REGISTER ASSIGNMENTS

0000 ; 0022

0000 ; 0023 CLOCK==#00 .CLOCK COUNTER

0000 ; 0024 RAMPT:=#01 .RAM POINTER FOR DATA
0000 ; 0025 SP=-#02 _..STACK POINTER

0000 ; 00286 PC=#03 ~PROGRANM COUNTER

0000 : 0027 CALL=—#0¢1 . CALL ROUTINE COUNTIHR

0000 : 0028 RETN-=#05 .RETURN ROUTINE COUNTER
0000 : 0029 LINK=#06 . SUBROUTINE DATA LINK

0000 ; 0030 CHANL—=#07 .CHANL.O. CHANNEL COUNTER
0000 ; 0031 ..CHANNEL.1, FOR 8 TIMES COUNTER
0000 ; 0032 MINUTE=#08 MINUTE.O, MINUTE COUNTER
0000 ; 0033 ~MINUTE 1, Grad T OR K FLAG

0000 ; 0034 DELAY =#0C .DELAY ROUTINE COUNTER
0000 ; 0035 AUX==#0E . AUX.1 HOLDS TIME CONSTANT
0000 ; 0036 MOTION=#0D.MOTION.O MOTION FLAG
0000 ; 0037

1000 : 0038

0000 ; 0039 .. RAM/ROM ALLOCATIONS
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0000 ; 0040

0000 ; 0041 HF1801P = #0000

0000 ; 0042 HF 1601 W== #0300

0000 : 0043 HF1601R-=#0500

G000 : 0044 HF 1601 T=+# 0600

0000 ; 0045 UTB82=#8000

0000 ; 0046 TOPSTK=#8CFF

0000 ; 0047 RDBUFF=#1000

0000 ; 0048 DATST1=#1400

0000 ; 0049 DATST2=#D000

0000 ; 0050

0000 ; 0051 kA kbt a ikt r kA bk kb kR kk kR bk Rt A kA kb bk k k%
0000 ; 0052 ORG HF1601

0000 7100; 0053 DIS;,0 ..DISABLE INTERRIPTS

0002 : 0054

0002 ; 0055 R I
0002 ; 0056 .. INITIALIZE UT 62 MONITOR

0002 ; 0057

0002 COR83F3; 58 LBR INITI1

0005 ; 0059 INIT1 =#83F3

0005 ; 0060

0005 ; 0081 Lk r kb kbR bk kA kkk kb vk kkk Rk ok kkkk Ak kR kK k
0005 ; 0062 .. STORE A/D SUBROUTINE

0005 ; 0063 .. (PART OF A/D ROUTINE INTO #1300-#1307)
0005 ; 0064 kAR kE Rk Rk kkF kR kb kk F Rk Ak Fxkk k ok Rk kk k%
0005 : 0085

0005 F80G0BOAO; 0066 LOD #00; PHI CLOCK; PLO CLOCK ..R0==0
0009 F&13B9; 0067 LDI #13; PHI R9 .R9 STORES

000C FR0O0A9; 0068 LDI #00; PLO R9 .. ROUTINE TO RAM
O00OF F8E359; 0669 LDl #E3; STR R9 ..1300 SEX R3

0012 19; 70 INC R9 1301 OUT 1, #30

0013 F86159; 0071 LDI #61; STR R9 ..1303 OUT 3,CHANL.O
0016 19; 0072 INC R9 ..1305 LBR A(RETURN).
0017 F&305919; 0073 LDI #30; STR R9; INC R9

001B F&6359; 0074 LDI #63; STR R9

001E 1919: 0075 INC RG: INC R9

0020 F&0619; 0076 LDI #C0. STk R INT K9

0024 FRO25619; 007~y LDI A XYRETURN). TR R9: INC R9
0028 FRrOB59; 0078 LDI AOARETURN): STR R9

002B ; 0079

002B ; o8R0 Lkd okt k kA A kA kIR ARk A AT R AR TR K e R kA AR KK KK
002B ; 0081 . REGISTER INITIALIZATION

002B ; 0082 okt sk kbt FR ko  k itk R R ARk kb bk F A vk kA %
002B ; 0083

002B FR00A1; 0084 RESTAT

002E F214B1; 0085 LDI $14; PHI RAMPT .. R1 =#1400.
0031 F&28BE; 0086 LDI #28; PHI AUX.1 .BAUD RATE 300.
0031 FR00AD; 0087 LDI #00:. PLO MOTION . MOTION FLAG

0037 C4; 0088 NOP .77, J=0.
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0038 ; 0089

0038 ; 0090 A R R R R R R R R R R R R E RS R RN
0038 ; 0091 .. 1868 CHANNEL A/D CONVERSION, 8 TIMES
0038 : 0092 R R R N E EEEE IR R
0038 ; 0093

0038 E3; 0094 RESET: SEX PC

0039 6130: 0095 OUT 1, #30 ..PULSE #8613062

0038 6200; 0096 OUT 2, #00 ~RESET J.

003D F800AS; 0097 LDl #00; PLO MINUTE.O.. T==0.

0040 F 802B8; 0098 LDl #02; PHI MINUTE. 1. K==2.

0043 1D; 0099 INC MOTION J=J+1.

0044 FE8O00AAB7; 0100 PHASEL>:LDI #00; PLO RA;PHI CHANL .. M==0.
0048 F81CBA; 0101 LDI #10; PHI RA . RA - =+#1000.

004B C4Cy¢4; 0102 NOP; NOP

004D E36130; 0103 REPEAT:SEX PC; OUT 1, #30

0050 6 100; 0104 OUT CHOPPR, #00

0052 ; 0105 CHOPPR==4 .CHOPPR ON.
0052 F&O0A7; 0106 LDI1 #00; PLO CHANL .. N=0.

0055 D 406290; 0107 HIGH: SEP CALL; A(A/D)

0058 17; 0108 INC CHANL .N=N+1.

0059 ; 0109 A(A/D)-=#0290

0059 87FD10; 0110 GLO CHANL; SDI #10 ..N-=18?

005C 3A55; 011 BNZ HIGH

00SE E36130; 0112 SEX PC; OUT 1, #30

0061 6400; 0113 OUT CHOPPR, #00 .CHOPPR OFF.
0063 F200A7; 0114 LDI #00; PLO CHANL ..N-=0.

0066 . D 40290; 0115 LOW: SEP CALL; A(A/D)

0069 17; 01186 INC CHANL N=N+1.

008A  87FD10; 0117 GLO CHANL; SDI #10

006D 3A686; 0118 BNZ LOW

006F 97FCO1B7; 0119 GHI CHANL;ADI #01;,PHI CHANL. M+1.
0073 FDOS3A4D; 0120 SDI #08; BNZ REPEAT .. M==8?

0077 E36130; 0121 SEX PC; OUT 1, #30

007 A 6700C4; 0122 OUT TELE, #00; NOP

007D ; 0123 TELE=7 JTELE ON.

007D : 0124

007D : 0125 LFrTraExxzacrcrxarex xrdixaxaaxx A soxa *xxoxx
007D : 0126 .. SUBTRACTION

007D : 0127 . (CHOPPER ON) - (CHOFPPER OFF)
007D : 0128 kdd i ARk x kA B s ARk ARR AR FAK A x A A ¥ N
007D : 0129

007D FROOB7; 0130 LDI #00; PHI CHANL .. M==0.

0080 ATABAA,; 0131 PLO CHANL:PLO RB;PLO RA ..N=0.
0083 FRIOBSBA; 0132 LDI #10;PHI R9;PHI RA . RA—=#1000
0087 F820A9; 0133 LDI #20: PLO R9 .RS-=#1020

008A  F812BB; 0134 LDI #12; PHI RB .RB =#1200.
008D E9; 0135 SEX R9

00RE 1AF7605B; 0136 DOSUB: LDA RASMIRX,STR RB ..L BYTE SUB,

0092 1B4A7760; 0137 INC RB;LDA RA;SMB;IRX .H BYTE SUB.



0096
0098
0099
009C
009E
00A2
00AB
00AA
00AE
00B1
00BS
00B9
00BC
00BE
O00OBE
O00OBE
O0OBE
00BE
OOBE
O0BE
00BE
00BE
00CO
00C2
00C6
00C9
00CD
00CE
00D1
00D3
00D5
00D7
00D9
0CDA
00DC
O0DF
O0E2
00E4
OOES
OOE9
00ED
00FO
OCFO
O0FO
OOFO0
OOF3
O0F4
00F 5
OOF8

5BI1B;

17,
&7FD10;
3ARE:
97FCO01B7.
FROOATFSG;
RAFC20AA;
9ATCO0BA;
F&OOF8;
89FC20A9;
997C0089;
97FDO08;
3A8E;

B7A7;
AAAQ,
FR12BAB9;
FR00AF;
&9FC20A9;
E9;

0AF 460;
SA1A;
0A74,
S5ACY;
3BDA;

1F;

202A;
97FCO01;
B7FDOT:
3ACGH:

17:
DCFFDCFF;
DCr FDCRO;
C4C4CH4;

y

F&03AB;
2B,;
14;
&FFB8AF;
Q0ATB5A,

0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0180
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
0177
0178
0179
0180
0181
0182
0183
0184
0185
0186
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STR RB; INC RB

INC CHANL SN=N+1.
GLO CHANL; SDI #10 .. N-=186?
BNZ DOSUB

GHI CHANL:ADI #01:PHI CHANL . M+1.
LDl #00:PLO CHANL:SHR ..N=0. DF=0.
GLO RA:ADI #20.PLO RA . RA=RA+ #20.
GHI RA;ADCI #00;PHI RA

LDI #00; SHR .. DF=0.

GLO R9;ADI #20:PLO R9 ..R9=R9+ #20.
GHI R9; ADCI #00; GHI R9

GHI CHANL,; SDI #08 ~M==8?

BNZ DOSUB

M EEEEEENE LS E L EE R RS R RS R RS R R R R SR EEERE

AVERAGE
DO SUM FOR 8 TIMES, DIVIDED BY 8

BEEEEE RS RS E R R R R R R R R R R E RS E NSRS

AGAIN: LDI #00; PLO RF
AVERAG:GLO R9;ADI #20,PLO R9

GO:

DIVIDE:DEC RB

DO SUMS

PHI CHANL; PLO CHANL ..N==0,M==0.
PLO RA; PLO R9 . RA=RG=#1200.

LDl #12; PHI RA; PIHI R9

..RF.0-=0.

RO+ +#20.
SEX -R9

LDN RA; ADD; IRX
STR RA; INC RA
LDN RA; ADC . HBYTE ADD WITH

.L BYTE ADD.

STR RA; NOP .CARRY.
BNF GO .OVERFLOW?
INC RF ~YES.

DEC R9; DEC RA ..R9-1,RA-1.
GHI CHANL:; ADI #01 . M=M+1.
PHI CHANL: sDI #07 .. M-==82
BNZ AVERAG SNO.

INC CHANL NYES, N=N+1.

DELAY. #FF: DELAY. #FF

DELAY. #FF; DELAY. #8&0

NOP; NOP; NOP
DIVIDED BY 8

LDI #03; PLORB  .RB AS "S".

..8=S-1.
INC RA ..RA POINTS TO LOW BYTE.

GLO RF; SHR: FLO RF .OVERFLOW OUT
LDN RA; SHRC; STR RA . HIGH BYTE



00FB
00FB
00FC
OOFF
OOFF
0102
0106
0108
010A
010E
0111
0114
0114
0114
0114
0114
0114
0117
O11A
011D
O11E
0121
0123
0126
0129
0129

012D

012E
0130
0131
0133
0136
013A
013E
0142
0144
011453
0147
0149
014C
014F
014F
O14F
014F
0150
0153
0156
0158
0159

2A;
OA7B5A;

fBCAOQOF3;

&7FD10;
3214;
1A1A;

8AAQ9ABY;

F800B7;
C000C8;

b

F800A7;
FR12BA;
F81FAA;
£8;
3A45C4;
98K 6;
3333C4;
D483F0;

541454D50;
2E;
0DOA;

00;

3045;
D483F0;
434F4E44;
55435449;
564951459,
ODOA,;

00;

L0F8:
331k
G05A2A;
&05A1A;

b

y

17;
0A2A51;
87FD20;
325B;
11;
304F;

0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235

.RIGHT SHIT WITH CARRY.
DEC RA ..RA POINTS TO LOW BYTE.
LDN RA; SHRC; STR RA .LOW BYTE
_RIGHT SHIT WITH CARRY.
GLO RB: LBNZ DIVIDE ..S=0° NO.
GLO CHANL: SDI #10 . YES. N=16"
BZ ENDAVE  .YES. DATA STROE.
INC RA;INC RA .NO, RA=RA +2,
GLO RA;PLO R9:GHI RA:PHI RS . RA—R9.
LDI #00; PHI CHANL .N=0.
LBR AGAIN .NEXT CHANNEL.

e EEE RS R RS R R R R R R EE R R EE R R R EEEEE RN RN SR NS

DATA STORE IN RAM

R EE RS EEE R IR EE R EEE R E SRR R EEEEE R EER RN S

ENDAVE:LDI #00; PLO CHANL ..N-=0.
LDI #12; PHI RA

LDI #1F; PLO RA ~RA=#121F.
GLO MINUTE .TEST T.
BNZ EVEN; NOP . T NOT 0.

GHI MINUTE; SHR .. T==0, TEST K.

BDF TITLE2; NOP . K=1,TO CONDUCT.
TITLEL:SEP CALL; A(OSTRNG) .K==0,TELE

OSTRNG =#283F0 . TEMP?.

, T"TEMP’

,T'0D0A’
,#00
BR EVEN
TITLE2:SEP CALL, A(OSTRNG) . K=1,
ST’ CONDUCTIVITY' . TELE
, ."CONDUCTIVITY™.

,T'0DOA’
#00

EVEN: GLO CLOCK - SHR IJF CLOCK EMVEN.
BDF STORE STORE CLOCK.I1F ODD.
GHI CLOCK:STR RA:DEC RA.STR TILT.
GLO CLOCK: STR RA:INC RA

DATA STORE INTO RAM

STORE: INC CHANL AN=N+1.

LDN RA;DEC RA;STR RAMPT..DATA STR.

GLO CHANL,; SDI #20 WN=327
BZ ADTEST .YES, RAM < #7FFF?
INC RAMPT

BR STORE



015B
015B
015B
01¢B
015B
015B
O15E
0161
0163
0165
0168
O16A
018D
0170
0172
0173
0175
0175
0175
0175
0175
0175
0178
O017A
017D
017F
0120
0182
0185
0189
018D
O18F
0190
0192
0195
0195
0195
0195
0195
0195
0197
019A
O19A
019D
019D
019E
01A1
01A4
O01A7

A

FR0O0F6;
9FD7F;
3B75;
3A72;
81FDFF;
3AT2;
F8DO0OBI;
FR00AL;
3095;
11;
3085,

’

y
’
’

91FDFF;
3A7F;
81FDFF;
3282,

11;

3095;
D483F0;
52414D20;
46554C4C;
0DOA;

00;

C4C4;
3092C4;

L]

R&BF:
D4&1AE;

D481A2;

20;
F&810A7;
F&812BA;
FRIFAA;
O0ABF;

0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246
0247
0248
0249
0250
0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269
0270
0271
n2v2
0273
0274
0275
0276
0277
0278
0279
0280
0281
0282
0283
0284
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PR EE E R R R SRS RS E R S R A EE R E R R A R E N R R R R N

RAM ADDRESS TEST

PR R S R R R R R N E R EE R N

ADTEST:LDI #00; SHR
GHI RAMPT: SDI #7D  ..IF RAMPT >
BNF HIADRS . #7FFF GO TO #D000.
BNZ INCRI1
GLO RAMPT; SDI #FF
BNZ INCRI1
LDI! #D0; PHI RAMPT
LDI #00; PLO RAMPT
BR TRANSM
INCR1: INC RAMPT
BR TRANSM

R EEE R SRR E R R R RS R R E SR EEE SRR EERRREE SR F

RAM FULL DETECTION

BEEEEEEE S 2 E R R R R R S R SN RS E R E R EE S EEERS SR K

HIADRS:GHI RAMPT; SD1 #FF .. #FFFF?
BNZ INCR2 ..NO, GO ON.
GLO RAMPT; SDI #FF
BZ END ..YES, END.

INCR2: INC RAMPT
BR TRANSM

END: SEP CALL, A(OSTRNG) ..TELE
,T'RAM FULL' ."RAM FULL"

,T'ODOA’
, fF00
NOP; NOP
STOP: BR STOP; NOP .PROGRAM HALTS.

BEE R E R RS EE RS XA EEEEEREEEAEREEEERE N EREE X

DATA TRANSMISSION VIA TELEMETRY

R EEE R E R R N L R R LY

TRANSM:GLO MINUTE: PHI RF .TFLE " T~.
SEP CALL, A(TYPE2)
TYPE2=#8&1AE
SEP CALL, A(TYPES)
TYPE8=#81A2
T'°  _.TELE ONE SPACE.
L.DI #10; PLO CHANL . N=18.
LDl #12; PHI RA .RA=#121F.
LDI #1F: PLO RA
TELEOU:LDN RA; PHI RF



01A9
01AC
O1AF
01R2
01B3
01B6
01B7
01BB
01BE
01CO
01C1
01C1
01C1
01C1
01C1
01C1
01C4
01C6
01C9
01CC
01CE
01D1
01D3
01D5
01D8
01DA
01DD
01EO
01E3
O1ES
01E7
O1E9
01EB
O1ED
O1EF
01F1
O1F2
01F2
01F2
O1F2
01F2
O1F2
01F 4
O1F4
01F4
01F4
01F4
O1F4
O1F6

D481 AE;
2A0ABF;
D481 AE:;
P
U181A2;
20;
2TRT3IAAT,
D483FO0;
ODOA;

00;

s

g8DFDOS;
3AEF;
2DC4C4;
F&60A7;
2127,
873ACC;
81AA;
91BA;
FR20A7;
2A27;
&73ADS,;
F&B80A7; -
415A1A;
2787;
3AEQ;
RAAL;
9ABI;
30EF;
C4Cy4;
38EF;
10:

9&F6;
CB021B;

0285
02886
0287
0288
0289
0290
0291
0292
0293
0294
0295
0298
0297
0298
0299
0300
0301
0302
0303
0304
0305
0306
0370
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318
0319
0320
0321
0322
03223
0324
0325
0326
0327
0328
0329
0330
0331
0332
0333

SEP CALL, A(TYPE?2)
DEC RA; LDN RA; PHI RF
SEP CALL, A(TYPE?2)

DEC RA
SEP CALL., A(TYPE®)
T .TYPE ONE SPACE.

DEC CHANL;GLO CHANL:BNZ TELEOU
SEP CALL, A(OSTRNGQG)

, ODOA’

, 700

R A EE RS R R R R R E S E RS RS SRR Y

4 DATA PREPENETRATION

AR SR R R S R R R R R R R R R R IR SR SRR AR E RN EE

GLO MOTION; SDI 08 ..J =8’
BNZ WAIT] .NO.
DEC MOTION; NOP; NOP ..J==J-1.
LDl #60; PLO CHANL  ..N--#860.
DEC: DEC RAMPT; DEC CHANL
GLO CHANL; BNZ DEC .RAMPT-#860.
GLO RAMPT; PLO RA
GHI RAMPT; PHI RA .RA=RAMPT
LDI #20; PLO CHANL  ..N: -#20.
DEC1: DEC RA; DEC CHANL
GLO CHANL;BNZ DEC1.RA-=RAMPT-#20.
L.D] #60; PLO CHANL  ..N:--#860.
COPY: LDA RAMPT;STR RA;INC RA ..R(1)=R(A).
DEC CHANL; GLO CHANL ..N=0?
BNZ COPY ..COPY #60 BYTES.
GLO RA; PLO RAMPT .RAMPT=RA.
GHI RA; PHI RAMPT
BR WAITI
NOP; NOP
WAIT1: B3 WAITI
INC CLOCK

..15 SECONDS?

AR R R R A E R R R R R

MOTION DETECTION

SR AR R I LS R R E R EE R R EE SRR EE R SR S

Bl ALERT . EF1 AS MOTION FLAG.

LA R R L R R R R S R EEE R R R E R LR R

MEASUREMENT COMPLETION

AR EE SRS E R E S R R E R R R R EEE TR R SRR N RS NS

GHI MINUTE: SHR .. K==1?
LBNF OFF1 ..NO, CONDUCTIVITY.



01F9
01FC
O1FF
0200
0203
0206
0208
020B
020E
0212
0216
0228
0219
021B
021E
0220
0223
0226
0228
022B
022F
0233
0237
023B
023D
023E
0242
0244
0248
024B
024E
024E
024E
024E
024E
024E
024E
024E
0251
0254
0257
0258
025B
025E
0260
0263
0266
0268
0269

F800AD;
C0021B;
18;
8RFD20:.
3A4ECY;
98F6;
3328C4;
D4&3F0;
54454D50;
2E454E44;
0D0A;

00;

3044;
E36130;
8700;
C00038;
C4C4C4;
C4C4;
D483F0;
434F4E44;
55425449;
56495459;
20154E44;
O0DOQA;

00;
C1C4C4C4;
C4C4;
E36130;
6700C4C4;
C00044;

?

RRFD24;
3A44C4;
GRFFO1;
B8,
FROCAS;
S&FF00;
3A8C;
FRO0OAD;
Fg02BS8;
C4C4;
4
301BC4;

0334
0335
0336
0337
0338
0339
0340
0341
0342
0343
0344
0345
0346
0347
0448
0349
0350
0351
0352
0353
0354
0355
0358
0357
0358
0359
0360
0361
0362
0363
0284
0365
0366
0367
0368
0369
0370
0371
0372
0373
0374
0375
0376
0377
0378
0379
0380
03&1
0382
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LDI #00;PLO MOTION ..YES,J=0 TEMP.

LBR OFF1

ALERT: INC MINUTE  .T=T+l.
GLO MINUTE: SDI #20 .8 MINUTES?
BNZ NINE: NOP .NO. GO ON.
GHI MINUTE; SHR
BDF CONDUC; NOP
SEP CAL, A(OSTRNG)
" T'TEMP.END’

,T'ODOA’
,7#00
BR OFF2
OFF1: OUT 1,#30
OUT TELE
LBR RESET .RETURN TO RESET.
NOP; NOP; NOP
NOP; NOP
CONDUC:SEP CALL, A(OSTRNG)
,T’CONDUCTIVITY END’

.. TELE OFF.

b

T'ODOA’
,#00
NOP; NOP; NOP; NOP;
NOP; NOP ,

OFF2: OUT 1,#30 .TELE OFF.
OUT TELE; NOP; NOP;
LBR PHASE1 ..CONTINUE.

R EEZEE RS SIS R EEE R EE LR R R RS R EEERE R RS R RS

HEAT PULSE

A EE A S SR AR EE LRSS LS SRR RS EE LSRR RS RS

PHASE DETECTION

NINE: GLO MINUTE:SDI #24 .9 MINUTES?

BNZ OFF2; NOP
GHI MINUTE: SDI #01 . K==K-1.
PHI MINUTE
LD1 #00; PLO MINUTE .. T==0.
GHI MINUTE; SMI #00
BNZ PULSE

DONE: LDI #00; PLO MOTION ..J-=0.
LDI #02; PHI MINUTE .. K==2.
NOP; NOP
NOP
BR OFF1; NOP



026C
026C
026C
026C
026E
026F
0272
0274
0278
027C
0280
0284
0286
0287
028A
028C
028E
0290
0290
0290
0290
0290
0290
0290
0290
0293
0296
0298
029B
029B
029D
02A0
02A2
02A4
02A7
02A9
02AA
02AB
02AB
02A¢C
02AD
02AD
02AE
0600
0600
0600
0800
0600
0600

’

366C;

10;

E36130:
8500;
DCFFDCFF;
DCFFDCFF;
C4C4C4C4;
C4C4CH4Cy4;
3684;

C4q;

E36130;
6500;

3044;

C4Cy4;

F&10B9;
FR04A9;
8759;

CO1300;

DC10;
E36130;
6600;
DC15;
E36108;
C4C4;
EA:
5C.

50;
BE;
60;
D35;

0383
0384
0385
0386
0387
0388
0389
0390
0391
0392
0393
0394
0395
0396
0397
0398
0399
0400
0401
0402
€403
G104
0405
0406
0407
0408
0409
0410
0411
0412
0413
0414
0415
01416
0417
0418
0119
0420
01421
0422
0423
0424
0425
6426
0427
0428
0429
0430
0431

HEAT PULSE

PULSE: B3 PULSE .15 SECONDS?

INC CLOCK

SEX PC; OUT 1, #30

OUT 5, #00

DELAY, #FF; DELAY, #FF
DELAY, #FF; DELAY, #FF
NOP; NOP; NOP; NOP
NOP; NOP; NOP; NOP

WAIT3: B3 WAIT3 .HEAT PULSE 15 SEC.

NOP

SEX PC; OUT, #30

OUT 5§, #00 . HEAT PULSE OFF.
BR OFF2

NOP; NOP

PR R E R R R R E R R R R R R R R R RS E NS R EERE R R R RS )

SUBROUTINE FOR A/D CONVERSION

Y2223 2 R I I I

DI #13; PHI R9 ..#1304 FOR STR N.
LDI #04; PLO R9

GLO CHANL; STR R9

LBR RAM

RAM ==#1300

RETURN:DELAY, #10

SEX PC;OUT 1, #30 ..CONVER PULSE
OUT 6, #20 ..#613066

DELAY, #15

OUT 1, #08 _.1/O INTERFACE.
NOP; NOP

SEX RA

INP PORT(A) .INPUT LOW BYTE.
PORT(A) =C

IRX

INP POR [(B) .INPUT HIGH BYTE.
PORT(B)=E

IRX

SEP RETN . RETURN TO MAIN PROG.

R R R E R RS R R IR R

.NAME: HF1601T



0600
0600
0800
0800
0600
06800
0600
0600
0600
0600
0600
0602
0602
0605
0608
0608
060B
0B0E
0610
0611
0613
0617
061B
061E
06821
0624
0627
082A
082D
0830
0633
0635
0638
083A
063D
063E
06411
0642
G644
0647
0648
064A
064D
064E
0650
0652
0655
0657
0658

M

’

7100;
FRC6B3;

FROBAS;

CO83F86,;
D483F0;
ODOA;
00;
DCFF;
C4C4C1C4;
C4C4C4Cy4;
F814BI1;
FR00A1;
FR03B7;
F860A7;
FR02AD;
FROOAOQ;
F& .0BO;
FR10AS;
90BF;
D481AE;
80BF;
D481AKE,;
10;
Di1R1A2:
20:
O1RF;
D481AE;
11;
01BF;
D481 AE;
11;
2888;
3A3E;
D48&3F0;
0D0A;
00;
2797,

0432
0433
0434
0435
0436
0437
0438
0439
0440
0441
0442
0443
0444
0445
0446
0447
0448
0449
0450
0451
0452
0453
0454
0455
0456
0457
0458
0459
0460
0461
0462
0463
0464
0465
0466
0467
0468
0469
0470
0471
0472
0473
0474
0475
0476
0477
0478
0479
0480
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.DESC: TYPE DATA
.DATE: 23/10/1983

TYPE DATA IN RAM #1400-#7FFF AND
#DO0O-#FFFF. FORMAT:1,. DATA No.:
2, TILT(ODD No.), TIME(EVEN No.});

3, REFERENCE; 4, 14 CHANNEL DATA.
RUN THIS PROGRAM TYPE *P0600.

B AR E R E R RS R R R R R E R R R R R RS R RS R R E R

DIS; ,0 ..DISABLE INTERRUPTS.
LDI A.1(STARTS3); PHI R3
A.1(START3)=#06

LDI A.0(STARTS3); PLO R3
A.O(STARTS3)==#0B

LBR INIT2

SEP CALL, A(OSTRNG)
,JODOA’

,#00

DELAY, #FF

NOP; NOP; NOP; NOP
NOP; NOP; NOP; NOP

STARTS3:LDI #14; PHI R1 ..R1 RAM POINTER.

LDI #00; PLO R1  ..R1=4#1400.

LDI #03; PHl R7.R7 LINE COUNTER.

LDI #60; PLO R7 ..R7==#0380.

LDI #02; PLO RD ..RD TWICE COUNTER.
1.D1 #00; PLO RO ..R0O No. COUNTER.

LDI #00; PHI RO..RO STARTS #0000.

NEXT: LDI #10

GHI RO; PHI RF  .TYPE No.
SEP CALL, A(TYPE?)

GLO RO; PHI RF

SEP CALL, A(TYPE2)

INC RO .RO=RO+1.

DATA: SEP CALL. A(TYPES)

T " .TYPE ONE SPACE.
LDN R1: PHI RF .TYPE DATA.
SEP CALL. A(TYPE2)
INC R1
LDN R1; PHI RF
SEP CALL, A(TYPE2)

INC R1
DEC R8; GLO R& .16 CHANNELS?
BNZ DATA
SEP CALL, A(OSTRNG)
T'0DOA"
#00
DEC R7; GLO R7 ..#0360 LINES?



0B85 A
0685C
06SF
0661
0863
0666
0669
086C
066F
0671

3A30;
873A30;
2D8D;
3271;
F&01B7;
FRROAT;
F&DOBI1;
F800A1;
3030;
CO087F0;

0481
0482
0483
0484
0485
0486
0487
0488
0489
0490
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BNZ NEXT

GLO R7; BNZ NEXT

DEC RD; GLO RD . TWICE?

BZ FINISH .YES, STOP.

LDI #01; PHI R7 .NO, R7==#01R0.

LDI1 #80; PLO R7

LDI #DO0; PHI R1 ..R1-=#D000.

LDI #00; PLO R1

BR NEXT .. TYPE DATA #DO000-#FFFF.

FINISH:LBR UT62 .RETURN TO UT®62.
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[ INSTRUCTION

——

OR

IMMEDIATE

| MNEMONIC | OP CODE | OPERATION
GET HIGH REG N GHI 9N R(N).1 =D ]
PUT HIGH REG N PHI BN D—R(N).1
LOGIC OPERATIONS
OR F1 M(R(X)) OR D—D
OR IMMEDIATE ORI Fo M(R(P)) OR D—D
R(P)+1—R(P)
EXCLUSIVE OR XOR F3 M(R(X)) XOR D—D
EXCLUSIVE OR IMMEDIATE | XRI FB M(R(P)) XOR D—D
R(P)+1—R(P)
AND AND F2 M(R(X)) AND D —D
AND IMMEDIATE ANI FA M(R(P)) AND D —D
R(P)+1—~R(P)
SHIFT RIGHT SHR F6 SHIFT D  RIGHT,
LSB(D)—
DF,0—MSB(D)
SHIFT RIGHT WITH CARRY | SHRC 76 SHIFT D
RIGHT,LSB(D)—
DF,DF —MSB(D)
SHIF LEFT SHL FE SHIFT D  LEFT,
MSB(D)—
DF,0—~LSB(D)
0-+LSB(D)
SHIFT LEFT WITH CARRY SHLC 7E SHIFT D
LEFT MSB(D)—
DF ,DF ~LSB(D)
ARITHMATIC OPERATIONS
ADD ADD F4 M9R(X))+D—DF.,D
ADD IMMEDIATE ADI FC M(R(P))+DS— DF, D;
R(P)+1—R(P)
ADD WiTH CARRY ADC 74 M(R(X))+D+DF— DF,D
ADD WITH CARRY, IMMEDI- | ADC1 7C M(R(P))+D+DF-—~ DF,
ATE D; R(P)+1 +R(P)
SUBTRACT D SD F5 M(R(X))-D ~DF,D
SUBTRACT D INMEDIATE SDI FD A{R(P)-D - DF. D:
| R(P)+1—R(P)
SUBTRACT D WITH BOR- | SDB 75 M{(R(X))-D-DF —~DF D
ROW
SUBTRACT D VITH BOR- | SDBI D M(R{P)}-D-DF - DF, D;
ROW, IMMEDIATE R(P)+1—R(P)
SUBTRACT MEMORY SW F7 D-M(R(X))-~DF D
SUBTRACT MEMORY | SMI FF D-M(R(P))— DF, D:

R(P)}+ —R(P)

































































































1350
1360
1380
1390
1400
1410
1420
1430
1440
1450
1470
1500
1510
1520
1550
1580
18600
1610
1630
1640
1660
1670
18680
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LINE(50 +1+30,276)-(50+1+30,282)

FOR W==1 TO 10:W]==I-1
LINE(S50+W1+20+ W3 278} (50+W1+30+W=#3,280)
NEXT W

IF 1>=4 THEN 1440
LINE{50+1+150,276)(50+[*150,285)

IF [>2 THEN 1440
LINE(50+1+300,274)-(50+1+300,287)

NEXT 1

PRINT SPC(15);" Least square fitting of T-R”
FOR I=1 TO 18 PRINT:NEXT 1
PRINT:PRINT:PRINT SPC(8);"0";SPC(17);"57;
PRINT SPC{17);" 10" ;SPC{17);" 15" ;SPC(7);" T(C)"
FOR I:=1 TO N:R -=50+T(I}*30:H =D(1)
J-=500-H/200:CIRCLE(R,J).3:NEXT I

FOR I:=1 TO 19:X(1)==5C+1+30
Y=2.718282"(A+(B/(1+C)))

Z(1) =500-Y/ :00:NEXT 1

FOR I==1 TO 19

LINE (X(I-1),Z(I-1)}{X(1), Z(1)):NEXT 1
PRINT"Press any key to exit”

FF$-=INKEY$:IF FF$-="" GOTO 1870

END



Appendix F: Correction for a step function temperature

variation

The sudden temperature change of the bottom water is simulated by a step

function. It is known that

2\ kt
T =1 —5= -€ 4
sl
— 1 -Erf [‘ z_] (Fl)
2Vkt '

satisfies the equaticn of conduction of heat in one dimension with the initial and
boundary conditions:
T =1, for z =0, t >0

T -=0. for = >0. t =—=0.

We notice that for a small value of 2. the crror function ¢rf () can be approxi-
2r
v

temperature perturbation with a step function feature may be written as a coms-

mated by erf (r) == Thus, the solution for the correction for bottom water

bination of solutions of type (F.1).

The wnfluence of a sudden temperature change in the bottom water appears
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as 2 AT in a sclution of the form

Tf—':T0+q3—AT (FQ)

where AT is the solution in (F.1), T4 is the present temperature at the sea floor

and ¢ is the measured value of thermal gradient. Note that (F.1) is normalized.

If the teinperature change is not an exact step function but a ramp from ¢,

to t,, (F.2) is written as:

T = Tqog+ gz + 6T (erf (.éﬂ.._.zzt_-:) —erf (3\72}:72)} (F.3)
1 2

where 6T is the amplitude of the temperature change.
The corrected thermal gradient at the sediment surface is then:

1

T 1
== e == -} 6T ————_ T s e . F.4
70 {82]2.___0 7 [\/;rktl \/wkt2} (F-4)









