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r, fleet Che introduction of volatile, into the lithosphere, a lowering

,£ che nwntle solidus md the formation of hydros ar' or arbonate

minerals. This effect offsets the excess mass of the cold, thick

Kuapvaal lithosphere.

A relationship between regions of ,r”ot to tmic age, low heat flow

and widespread occurrence of diamondiferous kimberlite is established
and investigated in terns of the thermal structure of the lithosphere

as deduced from present-day he.it $low.
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amaquz Mobile BelC i due to enhanced upper-crustal radiogen
istal thermal processes;

to obtain a second estimate tor the mantle heat flux below

the Kaapvaal Craton in order to test the conclusions of

Nicolaysen et a1 (19M41' and in,!estigate its dimplications for

the thermal structure f the Kaapvaal lithosphere.

19



TECTONIC AND GEOCHRONOLOC ICAI. FRAMrWORK OF SOLM Ht-KN AF_RJCA

In discussion of mtinental heat flow it was demonstrated that

eologicdlly distinct regions have distinct heat flow patterns. Im s

chapter will introduce the major tectonic elements of which southern

Africa 1is comprised. Some details of the geology within some oi tnese

provinces will also be discussed in order to provide a basis for under-

standing observed regional variations of heat flew and. heat production.

General descriptions of the geology of southern Africa are given oy

Haughton (1969) and Truswell (197L, and reviews of the structural

development of the sub-continent by Clifford (1970) and Kroner (1977a,

1977b) . There has not been a comprehensive summary of the geochrono-

logical data since that of Burger and Coertze (197 1li and much of the

following outline 1is based on data accumulated by colleagues at the

Bernard Price Institute for Geophysical Research during the.past tew

years

The approximate extent of the major tectonic provinces that can be

distinguished 1in southern Africa is shown in Figure 2.1. In only a lew

areas are the boundaries between the provinces clea-ly defined. In many

regions they are hidden by younger sedimentary cover and even where

mapping has been possible the interprovincial relationships remain obscure

or are of a transitional nature. Geophysical data (such .is aeromagnetic

and gravity data) are available and they could assist 1in delineation ot

tectonic units, but they have been little exploited. The general features

I am grateful to E S Barton, J M Barton and H L Allsopp tor helpful

discussions.
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Since 2700 m.y, ago the Kaapvaal Craton has remained a relatively stable

unit and gentle warping tectonics presided for the ne/t lew hundreu

. . ars. This was initiated shortly before the final episode of
million years
) relopment of major basins ano tne
plutonism ceased and led lo t
) ) : ind volcanic successions. Deposition
accumulation of thick se 1i'.er
ago 1in the Witwatersrand basin
may have begun as early as -
succession consists of the predominantly
(south of Johannesburg) where
) o ) at the base, succeeded by the sedimentary
volcanic Dominion Reef Superj
. olcano-sed Lmentary Ventersdorp Super-
Witwatersrand Supergroup and
. ) age data indicate that these units were
ornun. The available radiom*
) ) ) ) 2000 - 2300 m.y. ago. The Ventersdorp
deposited within tne ine
. and sedimentary rocks cf£ the irans.ua
bupergi s over lain by
tnai pository of these rocks was
supergroup )uv
. inesburg). Rocks of the Water Derg
the Transvaal basin
i ,ere deposited in a younger Dbasin turthei
Supergroup (19ou - 1YW

north which overlaps

} alized events occurred on the crato:
Further s* 'fleant, but quit-

0. There were the intrusion of the Bushveld
between -1DO and .vou m.y. -

. . ession in the Transvaal basin, the formation
roplex 1into tne si

dome a rypt plosion structure, 1in the centre oi the
4

Witwatersrand basin, and the formation of the Johannesburg dome.

Limpopo Mobile be

) ) a zone of polyphase metamorphism and deformation
he Lirpopu Mobil

which .eparatcs the Kaapvaal Craton from the Rhodesian Craton in the

north (Figures 2.1 and 2.2). It evolved during the same time interval

as the Kaapvaal Craton but the mode of formation, intracontmental rifting,



rt

ndec

nsis”s of

the

Metamorphism






LA

1 1 IS

«

HillSaO ]

'y
AWARV/ £V

28

r. 0L









Juxtaposition of the high grade Mamaqua Province and the lower grade

Kheis Province. In Figure 2. ) the boundary between the provinces

co-incides with one of these, the Brakbosch fault zone (after Viljoen
et al, 1975). Shearing and faulting was partly contemporaneous with

deposition of the Koras Group (Stowe, 1981), and the emplacement of late

stage pegmatites and terminal upli’t which are ret letttd in mineral

ages of 'vlOOO m.y. (Nicolaysen and Burger, 196 ).

Richtersveld Provim

The Richtersveld Province, situated in th< western part

. insists of a vole .i sedimentary
is an upper crusta:

succession anc @ suite of 1ntrusive rocks, both of early-middle Proterozois

age. The province is characterized by low grade metamorphism and an

associated F&§igRai1 feiijakion. Details of the geology are given by
Bl ignauIc (1974, 197) ind Hei ‘ f1aw and the geochronology by Reid

(197 1la, 1979Db) .

The predominantly calc-alkaline volcanic rocks and arenaceous sediments,

previously correlated with rocks in the Kheis Province,are referred co as

Orange River Group. They are the oldest rocks recognized in the province

and lavas outcropping in the east (the Haib Volcanic Subgroup) were

extruded approximately 2000 m.y. ago (Reid, 1979a). The succession 1is
extensively intruded "y the co-genetic granitoids and gabbroids of the

Vioolsdrif Igneous Suite, dated at approximately 1900-1750 m.y. (P.eid,

1979Db) .

Disconti huous foliation 1is developed on a regional

tor €ast-west trending macroscopic folds in the east of the province. Low

th

scale and may be related
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grade a=tam=rphl,m associated with this foliation characterises the entire

province, the intensity o1 ."omation md metamoiphism i,v rea«, rapidly

at the boundary with the Namaqua Province.

There 1s an apparent continuity ot the regional toliation

the Namagqua Province. Accumulating isotopic evidence, particularly trom the

Hh 1d P i "3 2.1

Steinkopf region south of th tersveld Province (see tgure )
: ieformation and metamorphism are
suggests that the main penetratw
:00 m.y. old Namagua tectogenesis and
considerably older than the -Ik)') Y d g
possibly as old as 1850 m.y. (Barton et aj, 1
s marked by a zone of intense shearing

The western boundary ot

. . 'rent of the Pan—African Gariep
and retoliation related
orog

Namaqua Prov

Th im.m Prov.in ver wi r incl in Nam lan B limanland
208 weHiFAH G FERARSE covers a de area cluding Namaqualand, us a

and southern Namibia (Figure 2.3) and is underlain by granites, gneisses and

deformed and metamorphosed remnants of supracrustal rocks. These are

collectively referred to as the Namaqualand Metaoorphic Complex. Major

tectonic activity occurred between approximately 1300 and 1000 m.y. age

(Barton and Burger, 1981). This 1is reflected in several periods of

deformation, the most important of which was accompanied by regional

metamorphism and widespread granite emplacement. Events of this age had

little proven effect on adjacent tectonic, provinces except the western

margin of the Kheis Province (Section 2.4), and, geographically, the

o . . . affected by
'Namaqua Province' ang t%ﬁﬂbﬁﬁg Mobile Belt (the entire area
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setting it

and radiometric t is difficult to distinguish between specific

events. The oldest ages come frcm metavoican rocks along the eastern

: close to
margin of the province. Barton and Burger (1981) obtained ages
1300 m.y. for the JannelsepanFormation in the 1 pington uistricr and
Cornell (1975) obtained at f 1112 m v for volcanic rocks from
Copperton (see Figure 2.3). A similar age 1is implied by Pb isotope

compositions of galena? from stratiform deposits at Copperton (KSppel,

1980) . On the basis of these data and Sr and Pb evolution models Bartoi

and Burger (1981) concluded that the supracrustal rocks were deposited

oetweer 1500 m.y. and 1300 m.y. 1in this region. The main Namaqua

. . e )
deformation (F,) is bracketed > iis e 1if '"tlSOO m.v. and the maxirr. ...
age of th« 3ris Group, M180 m.y. (Section 2.4), and is also reflected
. . i m V. Post-tectonic intrusive rocks yield
in metamorphic ages

ages of 1150-1050

The western part of the .Namaqua rrc nee, the area from Kakamas to
Springbok (Figure 2. ), is under la by a distinct group of deformed and

metamorphosed supracru ual rocks (Viljoen et al, 1975) which are referred

to as the Bushmanland Group. Prominent outcrops of these are indicated

in black in Figure 2.3. The supracrustal rocks were intruded by similar

BER™ | svn- and post-tectonic rocks to those 1in the east. Although the

existence of a basement to the supracrustal rocks has been postulated

(Moore 1977) there is no unequivocal evidence for this.

The age of the Bushman land Group an< its relationship with the Korannaland

:ontentious.

The Bushmanland Group han bten correlated with
sequence are

the 'x-2000 m.y. old Orange River Croup in the Richtersveld Province

(Blignault, 1981); this correlation was largelv based on Uthological

L D act that rocks > the 1lrange River Gro p can bt
similarities me



traced southwards and southwestwards out of the Richtcveld Province,

isotope studies have shown that age. equivalent to those of the Haib-

Vioolsdrif suite (2000-1750 m.y.) have been preserved in the Steinxopt

region in western Namaqualand (Barton et al, 1981). On the basis of

Pb isotope compositions in galenas from stratiform ore deposits at

Aggeneys.Gams and Copperton (see Figure 2.3 for localities), kdppel

(1980) concluded that these deposits and their host rocks were depos ted
between 1500 m.y. and 1300 m.y. ago. Apparently conflicting evidence

is reported by Reid (1981) who obtained model 'IcH1V S:n”"d

2200-2000 m.y. for amphibolites in the Aggeney”-Gam, rcgitn. The g

of whether the Bushmanland Group is a contemporary of the '2000 m.y.

old Orange River Group or the 1500-1300 m.y. old Korannaland sequence, or

whether more than one generation exists, 1is one of the chief unsolved

problems of the Namaqua Mobile Belt.

Most of the western part of the Namaqua Province had a similar and

broadly contemporaneous post-depositiona. histor. as chat in tae

Radiometric ages of '-1200 m.y. reflect the main period of deformation

(which resulted in recumbent,

isoclinal ?, folds), regional metamorphism

and syn-tectonic granite emplacement. Post-tectonic granites and

charnockitic adamellites yield ages in the range 1150-1050 m.y. The

early structures were deformed by open, upright F, folds and the net result

ia the generally east-wcs'

to northwest trending structures evident in

Figure 2.3. Later refolding by monoclinal F. folds produced dome and

basin structures such as those

in the .rlngbok district. Major shear

rones have east-west orientations and late brittle deformation resulted

.n fanl1ino 1in at least three directions.

In summary, the eastern marginal rone of the Numaqua Mobile Belt was a
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Stars indicate the localities of new heat flow stations.
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The key 1s the same as in Figure 2.4. Borehole positions ire shown

schemat ically.
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i rpidxem e W tixx iae voutiK”"r age (1 140 m.y.) for the
Rietberg granite and unfoliated Concordia granite «s 1interpreted a,
an emplacement age . Lauer ist. i m ¢ events were 1interpreted to reflect

. . . i i 1
the intrusion of ore-bearing not toid rocks and pegmatite emplacement

(1000 - 900 m.y. ago) .

2.7 Pan"African 0r cenic Belts

: tectone-thermal activit
The Pan-African orcgenn ire zone Y
characterized by radiometric age, in the range 650

Africa they are represented by the Mozambique, Damara and Gariep Belts

(Figure 2.1). Fragment, of the Pan African system are also preserved
. Province where deformed and metamorphosed sediments
in the western

roup and 1its correlates are intruded by 600 - 500
m.y. old granitic plutons. The structural imprint of the Cape Fold

Belt was later superimposed on the Malmesbury rocks.

2,8 Cape Fold Belt

The youngest orogenic episode to affect southern Africa is represented

by the Cape Fold Belt (Figure 2.1). Folded sedimentary sequences of

Palaeozoic and early Mesozoic age occur in two orthogonal belts, the

north-south orientated Cedarberg trend in the west and the east-west

Cape trend along the south coast. The earliest folds occur in the west

where folding was initiated in mid-Carboniferous times, but the main

phase of folding wa? late Permian in age. Deformation was intense in

the south, where overfolding to the north occurs, but the folds become

gentle and fade out further north. Details of the geology are given

by Haughton (1969) and Newton (197 3),

- 450 m.y. In so- '.hern
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and polarity reversing switch, potenti:
meter and ammeter. ND: null detector
insisting of a 741 amplifier operated
by two 9 v mercury cells, on-off switch
and ammeter. R,: five-decade variable
resistor. iy thermistor sensor.

R : 2 tdl resistors.
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is apt

given by
t0.07
/. the :pth interval of temperature
/here S i |
ir a temper gradient , 20 K/km and a depth
measure
)erature grac
incervd.
approxim
T . Jsur was descendingi at Jj#
emperatures

ing on the uniformity of the temperature
in inclined boreholes were adjusted to
.w surface using a "ubic spline interpolation
le survzy data (inclination or vertical depth as
h liong tiie borehole, or vertical and horizontal
i-ordinate ;3ts along the borehole). Details of the procedure

amme DEPTH in Appendix TIl1A. Resistance and depth
are given in p
a<ve temoeratures and temperature gradients as
. ilvnomial fit of In(resistance) <
using a

fl .'ceir.peratull. la X) which was obtained iron, the probe calibration.

Details are given in programme BETTER in Appendix I1B.

Topographic correct 101V

Irregularities of heat flow caused by inequalities of surface height
have a well known influence on underground temperature gradients. Thi

be considerable in areas of high relief but, fortunate vy
effect may
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were drilled for mineral exploration

i oossible source of bias which is

W studies. Roy et 31 (1963b) investigated

;sir. independently drilled boreholes,

election of sites would probably yield

. o those observeu. Most of the boreholes
imi ta

irv and not associated with mining and where

i ) ) itered it was usually stratabound. It is
mineral ization w i;
., bias in the data from this effect
oo . ?mat 11
uni ikely that thei
rtant temperature perturbations in boreholes
Drilling itself

) temperature gradient at depth and an
The net effect 1s a decreasin

ir the surface caused by circulation of drilling
increasing gradient
70 10. In deep boreholes such perturbations may
fluid through the be
Vv to negligible wvalues (Bullard, 1947).
take up to a tew ye
veral months to several years
All temperature measurements were made se

signs of drilling transients.
after drilling and there were no obvious



ant
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in Figure 4
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»  yHndri. endue' - 'fee™! t" diameter
exc!! > ixck, .nter u -.weo
®prisec Jpf-
. . inc - amp i- M mknow’
induerivicy S, . hr e, uncar , ,andardé& wer, ui”rom,
hee, ,

..0«—..onductivity pclyearbonat. pla.ri,

empU hi cKneese. .hee Eov» - «o 20 m depend, eg on the nature
»< ,XO. nroen .a,eg .onducteo. n most single disc analyses
Amt> e B approxvmaceiy 5 mn thick.
, . K abov: and below the stack served to diffuse
one, empe atute a,,.,t o,is in the water cooler (W, and electric
sate t . am separate the p copper disc from the heater,
nereb educing po.aib , edge effects due to the greater diameter

, the heater. hydraulic press supplied a load of 300 bars v.a

)ro,ected rom temperature drift of the press by 'Perspex' cylinders

P) and iatera rear losses were minimised by insulating the stack

vir.h expanded polystyrene 1>,

Tty ... nea.e «s el.ntronic.llv controlled to ensure

lln.tr.wW schemoti cal y in Figure 1.2 »nd in detail in Appendix v-8.

e .ontrol thermi.to, ( u in Figure 4.0, which w« in close physical

cmtact with the heater, formed an element of a Wheatstone bridge

rrui  and 'hue ontrolled the olt.ge supply to the heater element.

*Tie bridge was k.p. in balance by virtu, of the feedback between the

neate. element and the thermistor. he temperature at the top of the

,tacl was constanl <0 setter than 0,001 K in the time it took to

rec 1< einperafurt 5 1 iaiaut.es









\ 10% of the temperature
thermistors ana rne VL T were as muc

. . The thermistors were therefore glued inti
differences being measured,
. 111 £
) . ative to each other. An an;-————
the copper discs and c.il ibi it
, —xX-rivir-.iff value of the sample
calibration was not made as
temperatur required.
di 2, 3 or 4 immediately below
Calibrations were achieved 1
) the resistances of the thermistors
disc I in the stack and com
arving the voltage supplied to the
over a range Or temper
ater. The wvalue
rhermistor 1 and Re” that
vner<
te . Smooth curves were
thermistor
visually
was offset relative to thermistor
amount

>nd a difference in (electrical) resistance (d") corresponding to

an o< -1 remoerature drop between the thermistors. This was partly

o the thermal resistances of
due to lateral heat ©sses and partly

. itacts between them.
>r o di
Hence,

(4.2)

The effect of d was largely eliminated by interchanging the discs and

generating a second set of curve

(4.3)
ARe - C - d,

andl adding to equation 4.
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standards. The steady state equation it heat flow may be written:
q w AT (4.4)
where g 1is the heat flow, V the temp rature difference between

surfaces perpendicular to the directi n of flow, and 'R the sum of

the thermal resistances of the materi 1 between these surfaces.

The thermal resistance of each unit i

n
(4.5)
where D is its thickness and K its th :onductivitv.
Applying
(T.-TJ (T.-T.) + (T~-T,)
D-/K,. + D, K + A D. /K, > 2D /K _+ B (4.6)
5 S C C L L c <

Temperatures are as 1illustrated in Fi ure 4.1 and subscripts S, C
and L refer to sample, copper and secondary standard. A 1is the
combined contact resistance if both sample-copper interfaces, and

B that of the four Ilexan-eopper interfaces,

Linear heat flow in the stack 1is achieved only if axial heat losses are
zer . In aract ice, it is impo isible to meet this condition but heat
losses can be reduced to a few percent of the total heat flow. The use
of styrofoam (Figure 4.1) eliminated most of the lateral heat transfer.
Jessop (1970) showed that heat losses vary as the length:diameter ratio
of the tack and the use of I mm thick secondary standards therefore
had a distinct advantage over many early variations of the divided-bar,
and was particularly valuable in view of the small stack diameter. Many
workers hive successfully reduced heat losses to as little as IT by

using j;uard K aters surrounding the stack. The additional accuracy that
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icion He-It 103:

and a irs

resistance R was negligible

comnai resistance f the secondary standard; a
ion f was effectively made in th
calibrati al, it was not possible
*nachim amp ie: at as those of the coppu LX<
ieXctn re sistin< ould not be neglected. It
Will D nl in the next two sections.
Phoriiissy & UE R0 v thrd neel i trintents the samp1:

temperature was approximately 27 C, This 1is almost in the middle of

the range of in situ temperatures (20-38 C) . Schatz and Simmons

(1972) and Richardson and Powell (1976) showed that, up to temperatures

of approximately 600 C, the temperature dependence of the thermal

conductivity of crystalline materials may be revresented by:

b + cT

65



whe'-e K is the conduct ivitv at 0 ¢ and T is in K.

Richardson and
o

Powell used values of a = 122, b - 70 and ¢ =0,173 for the consta

these values yield uncertainties of less than 1, 1 in the conducti

and a correction was not applied.

4.2.4 Calibration of the divided-bar

(cored perpendicular to the c-axis) and fused silica. she most

widely accepted values for the thermal conductivity of quartz (Jc),

K and fused silica, Kp ., are given by Ratcliffe (1959) as

functions of temperature (in C) :

While these are the best commonly available primary standards which

span the ran,;e of conductivities found in most rocks, they have certain

disadvantages. Impurities and defects in quartz reduce its thermal

conductivity and it is difficult to obtain crystals which are free of

visible imperfections. Only one suitable specimen was available but

it was possible to compare its conductivity with those of four specimens

used at OU. Fused silica is mere readily available but its thermal

conductivity depends critically ipon the quality of the glass. For

this reason the secondary standard was calibrated against quartz and
fused silica was used to check the calibration at the lower end of the

conductivity scale.

A 26 mm diameter quartz disc was prepared by coring the undamaged
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The corresponding values for fused silica should be less because of its

greater thermal resistance. an «<hly e neglected in the calibration.

With A ° B 0 and quartz substituted for rock sample in equation 4.6,

it is a simple procedure to determine the conductivity of the secondary

standard. The thickness of each unit of the stack was measured to within

10 um using a micrometer. Equilibrium temperatures were

measured in the

manner described in Section 4.2.2. TIhe conductivity of quartz was calcul-

ated from equation 4.7 using the average of temperatures T~ and T” and

398 Win K was used for the conductivity o copper (Clark, 1966). The

conductivity of the secv ,dary standard was calculated from equation *.6.

Repeat measurements yielded consistent results which are

summarized in

the form of a histogram in Figure The mean and standard deviation

of fifteen measurements were

0,2157 0,0026

The mean of . sample of n measurements of which x) is the 1-th value Is

* ’ nr, i

The standard deviation of the sample 1is given by

Z (x1 )i2
X - X
2

X (n - 1)

Zl n(n - 1)

The use of these statistics implies a normal distribution. 'lie sample

sizes encountered in thl . study were seldom large enough to perform

satisfactory tests for normality and where and c-

are used a normal

distribution has been assumed. The standard'deviation and standard

error are used somewhat arbitrarily by different authors, Although

both are reported in this text, final estimates of uncertainty will

be expressed in terms of the standard error in accordance with the

code of practice recommended by Campion et al (197 1),

See 'hapter 6.



A similar procedure was followed to find the conductivity of fused

silica relative to the secondary standard. The results are

summarize nir indard deviation of elevc

measurements wert

This

repanc

we r tlat ated from equation 4.8 at 27 C,
2 ly explanation for the di
'l inferior qualitv. Experiment
showed that th
»er than those obtained for
d a mean
(Ratcliffe,

trefore confirmed at

leasurement

vcel i, » "3 in diameter, were prepared from borehole
ring " er itong their axes. The ends were machined flat
ithe equipped with a diamond grinding wheel and
'Bed h . iand using 600 grit carborundum powder. To

ain tindard of flatness the samples were micrometered

»nd in iix positions n the perimeter; 'f the mean of
| *cadings differed hr more than 15 pm from the
coped. Hite is th* j;ame tolerance adhered

fif mpl et.et! .amples were approximately
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Table 4.3

Sample

AG

AG

AG

AG

AG

AG

AG

AG

AG

AG

AG

248.

269.

269.

291 .

299.

310.

320.

353.

389.

389.

652.

Effect

of wate-r satur ition on

Rock type

biotite gneiss

s

I

pegmatite

biotite gneiss

i

schistose gneiss

T

quartz ite

Conductivity

Saturated

thermal

conductivity

(Wm K )

[

% Difference

Saturated-Dry



A comparison of thermal conductivity measurements made at
BP1 and OU. (Duplicate values are from measurements on

different rock discs)

Conductivity. (Wm 'K ")

Sample Rock type ~
BP I ou

AG 237.6 pegmatite 2,79 3,25
AG 244.3 T 3,87 3,42
AG 248.5 biotite gneiss 3,28 3,46
AG 251.3 = 1,62 1,73
AC 269.! £ 3,40; 3,59 3,63
AG 284.8 T 2,55 2,64
AG 291 .9 f 3,41; 3,33 3,22
AG 310.3 pegmatite 3,97; 2,62 3,61
AG 320.0 biotite gneiss 3,25; 3,42 3,29
AG 348.1 I 3,58 3,54
AG 353.1 = 3,49 3,52
AG 358.3 biotite fels 2,06 1,66;
AG 367. * actphibol ite 3,04 3,24
AG 371 .4 schistose gneiss 3,37 3,35
AC 396.4 I 3,46 3,19
AG 412.2 = 2,75 2,48
AG 627.8 quartzite 6,81 6,08;
AG 637.4 M 6,54 6,64
AG 644.5 = 5,87 4,94;
AG 652.8 = 6,97 6,84
AG 656.4 I 6,89 5,43
FM 1595 biotite gneiss 3,44 3,01

T
FM 2455 3,u2 3,31
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Histograms of the conductivity of 'Lexan'
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Comparison of results obtained at 0U ESS9
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Th/U ratios for basement samples trom boreholes in tl.e
Namagqua Mobile Belt and Kaapvaal Craton fKTerksdvnp

boreholes)

Borehole/locali ty Th/U (range) Th/U (mean)
FM 143 0,8 - 55,5 4,7%
HKE 26 1,0 - 29,0 4,6%
HE 177 0,8 - 14,9 7,1
CCX-0425 3,2 - 27,6 12,5
AG 140 2,3 - 15,0 4,9
A9 2,1 - 9,1 4,1
POG 32 2.8 - 6,6 4,6
RB 56 3,8 - 7,3 5,2
AP 11 0,9 - 21,0 7,5
KC 12 3,5 - 12,6 6,6
PC2-27 0,2 - 14,3 4,6
v 41 2,3 - 9,0 4,8
HB 77 4,0 - 5,4 4,8
Klerksdorp 1,8 - 8,0 3,9

n The singularly high wvalues of 5 , and 29,, for «criese
boreholes were excluded when ca.culating the means.

The samples

before they were crushed, powdered and homogenized. Several analytical

techniques were used to determine U, Th and K concentrations. The

choice of technique was largely dictated by their availability at the

times the analyses were done. Delayed neutron activation analysis

(DNAA) was used for U malvsia, neutron activation analysis (NAA) for

U and Th, X-ray fluorescence spectrometry (XRF) for Fh and K and

gamma-ray spectrometry (GRS) for U, Th and K. Appendix III summarizes

the operating conditions and results of tests on the precision and

we e cleaned and obviously weathered portions were discarded

85



in

un i

inc

ncen

ura






Borehole name and serial no. Latitude Longitude Collar Inclination (degrees): Depth surveyed (m):

elevation  ........... e ....... n- -
(m) Collar bottom along hole vertical

Nababeep Flat Mine KM 143 29° 31,9'S 17" 41 6K 757 ,5 90,0 86,0 800, 0 799,3
Hoogkraal East HKE 26 29° 32,0'i 17° 54 5'E 922,2 74.3 68,4 494,9 467,0
Homeep East ME 177 29° 32.2's 18° 00 6 E  1058,6 77,4 64,2 501,6 471,6
Carolusberg West CCx--0425  29° 38,4's 17° 58 O 'E 97 3,8 80,6 M.7 600, 0 588, 6
Aggcneys AC 140 20° 11,2's 18° 44 7'E 883, 2 90,0 90,0 752,6 752, 6
Pute-berg POC 32 29° 20,5’s 19° 38 5'E  1030,4 85,0 72,7 520,0 512,3
Adjoining Geelvloer  C-42 29° 19,5's 2 07 1K 915 90,0 90,0 137,4 137,4
Rozynen Boach RH 56 29° 01.7's 20° 47 4 'E 741,8 90,0 65,5 469, 4 452,3
Arcachap AP II 28° 17,1's 21° 02 5'E 920 84,3 46,5 504, 4 465,4
Boks Puts KC 12 29° 01,1 s 21° 3¥ 2'R  1008,0 76,0 66,9 224,6 214,3
Jacomyns Pan PC2-27 29° 19,6 s 21° 47 2= 1045 74,0 31,3 631,7 495,5

PC2-30 1 90,0 90,0 161,6 161.6
Vogelstruts Bull v 41 29° 57,7 R 22° 18 0'E  1072,5 81,0 36,2 825,2 730,5
Black Face Mountain  IIP 1 28° 42,6 s 17" 18 1 E 690 90,0 90,0 311,8 311,8
Haib mB 77 28° 41,7 s 17° 53 O.g 501,2 90,0 90,0 540, 0 540, 0
Rhenoeterhoek DRH IB 26° 50, 1s 26" 27 0k 1470 85,9 75,0 520,7 510, 4
Rhenosterberghoek <RH 6 26° 49,8 s 26" 27 6'K 1425 90,0 90,0 400,0 400,0
Rietkuil DHL 17 26° 48,6 1 26° 29 6 F 1385 90,0 90,0 265,0 265,0
Srhoemans fonte in tF I 26° 44,9 s 26" 32 3E 1380 90,0 76,9 757,77 750, 2
Braksprui t BBS 1 26° 42,0 s 26" 33 7'E 1345 90,0 90,0 301,2 301,2
Miihemsvl ei 18V 4 26° 36,18 76" 37 4'K 1360 9) 0 84,3 596, 5 595, 2
Tweelingfontein BTF 1 26" 27,1 s 26° 51 T'k 1480 90,0 86,4 464,56 464,2






| B i lis raises the question of bias
: : iBinai
parailei

s penetrating conductively
in data obtained trora me
ikely to be significant in only
anisotropic rocks. Such
1) where the inclination
three boreholes 1Al ='*
. However, in all three cases,
decreases to less than 'L
) . ) orientation mask any effect tn
small scale variations 1i:
) ) ) ht have and there are no
anisotropy in thermal coi

Sections 6.8, ©

Before pr

dient and thermal conduct!

In principle, the calculation of heat flow as the product of the

nd thermal conductivity 1is a simple
t is

. ossible to obtain semi-continuou:
Dwever, ai

all fraction of the core 1S sampled

measurement and considerable problems arise

ulation. Several computational procedures
wtien re-
. . . . single ractice if universall
which vary 1in detail arc in use pul g p Y
. . .irh ho.ir flow determination is affected bv a
nnlicable in

number of different complicating factors.

In general, th - problem may be approached by computing a heat flow

(g.) for each uni of 'iso-conductive' rock intersected by the boreho

If values of i. from different units agree they may be combined to



(a) for the core As discussed
give an overall mean heat t
: i i f one

. iso-conductive unit :onsist predominant.y o

in tm
: . s) whose them.al conductivit

petrologic; tyne (eg, hiotite gnt

- . . tg. t tzite) . iso-
differs from that of a subjacent unit ve&l metaquartzi te)

) ) ) v uniform temperature gradients
:onduct”ve units are best indicated
The thickness of each unit will be designated by zj? Ulls 1h
m in most o: the boreholes described here.
the order of 100-.

small 1 v 1 1 variations 1in composition and mineral orientation
ma scale Y r

L ad to variation' .n onductivity
of the rocks comprising each -
. . . . in therefore ided invo
In principle, 1iso-conducti e
inductivity; heir thicknesses
' . A,
1
i1l 1 WLt ie depth interval between adjacent
temperature measure
. . mine a heat flow ~
ue simple st wav alculating g . is to dete (@)
asurements
o ea, .h interval between ad Bent temperature
: ; mductivit K-J
which is reprel jrma 1 v
(6.1
d ii
. temperature gradient for the i-th depth interval, Ad.
nere is th
he mean and standard error are
(6,2)

. . h 1 tivit f h
The method is only appropriate it tﬁe therma conductivity for eac

Ad. 1is well represented. Most heat flow determinations

temperatures at interval- of approximateelv U m and K. must usually Dbe
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as it nas CM advantage at Min* ail the amper.tur, 'at A, -

avoiding the interaction between successive measurements r gtMi.

Where temperature gradients vary systematical v wit. 'l Te

error in B. will be exaggerated. The

ruses c; it Ht
discussed in later subsections and < >ap'ei
Bullard (1939) devised a method ov Jjtrbo'm [ *

borehole to yield an overall mean heat flow g . A rondl'l '

is assigned to each depth interval between temperature readings

d
on. the basis of the petrological log, md the mean -a
determined from a plot of temperature ‘.gain:
resistances:

dd i

T{ - ro > qui

where T is the extrapolated surface temperature. he meet'a r
o

g is calculated from the standard error H the thermal ondulLCw,
Bullard’s method is very successfu when detailed geological 1logs

boreholes are available and when the thermal conductivity of each

encountered rock type 1is well known. Such complete information was

not available for any of the bore-.oles discussed in this chaptei

Conductivity measurements were made only .or long depth intervals

characterized by uniform temperature gradients, and when more "ha,

such interval was present

in > boreh le they wet*usually .eoar.reo

sections of errati- gradient for which there were no end. v

data. Tn uch ases, the best estimate tor "h* o ei i

weighted mean:

W

>ne






1 variation
.he new data yield
on the reproducibility <
heat flow and also provide a
heat asureroentLs
. . he FM 143, HKE 26 am
The local geology was discussed 1in chapter
HE 177 bo: 311

granite gneii«s while

not available
Nababev-

n 143 and
KF 26 md HE 177 are both situated

e r

"ontact of the Concordia granite gneiss

11 wnere anitic 1injections into the underlying
d a prominent 'mixed zone’. Here, the
Nababee: nav<
o 30 to the north and both boreholes
le -iii

enetrate at least the mixed =zone. However, the local dips

. lerablv and the area 1is intersected by numerous small faults;
arv consi

» to estimate the depths to the boundaries

s accurate,

is predominantly composed of biori'e bearing
The Nababeep gnen

m.dia granite gneiss 1is a more quartzo
augen gneiss whereas the (

feldspathic rock with minor amount,

of garnet and biotit,. These

general differences are rég geted in core samples collected trom

but specimens from HKE 26 and HE 177 are variable
FM 143 and CCX-U"

and include both rock types
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and a least squares straight line fit to the temperature data

between 57,6 m and 467,0 m yields:

T (°C) - (21,25 + 0,03) + (19,26 0,009) z (km)

The mean heat flow and standard errorare:

q - 73,6 + 1,8 miWra

Slightly higher wvalues for the temperature gradient and heat flew

are obtained if temperatures above 160 m are neglectea:

T(°C) - (21,06 = 0,01) + (19,81 + 0,04) z (km)

q - 75,7 : 1,8 mWm

However, this presumes that the observed variation in temperature

gradient 1is caused by past variations in surface temperature. Such

effects will be discussed in Chapter 7 and no attempt will be made to

correct for them in this chapter.

As 1in the case of FM 143, heat production data show no correlation with

depth or rock type. The data are extremely variable and the mean

value 1is even higher than that for FM 143 (Figure 6.2b). The mem

heat production and standard error are:

A - 12,30 t 1,14 yWm"“! (20 values)

Homeep East HE 17/

(Table 1IV-3)

HE 177 was surveyed to a vertical depth of 473,0 m. The variations of

temperature gradient, thermal conductivity and heat flow with depth
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A histogram of the data (Figure 6.7a) shows that the range of heat

production is fairly limited and a mean and standard error to, ail

seventeen samples have been calculated:

A - 2,75 = 0,20 uWm"

6.5 Puts-berg PPG 32

(Table 1IV-06)

POG 32 is situated on the farm Puts-berg, 35 km southeast of Pofadder.

The topography is very subdued and a correction was not applied.

Temperatures were measured to a vertical depth of 5,2 m and are shown

in Figure 6.8. There 1is a small but steady increase in temperature

gradient to a depth of about 20 m.

The borehole passes through a nearly vertical succession of gneiss

and metaquartzite and the structural relationships are illustrated in

Figure 6.09. For the purpose of heat flow determination the borehole

has been divided into two units:

(1) 0-345 m: heterogeneous biotite gneiss. The ri'vk is schistv.se

and friable in places,

particularly close to the surface. There

is a thin metaquartzite layer at S23 m.

(2) 345-512 m: raetaquartziti containing variable amounts ot biotite

and other impurities. This unit includes bands of gneiss at

t45 m and schist at 490 m.

Thermal conductivity measurements were made on representative samples

from the two major rock units and the data are shown in Figure 6.8.

The conductivities are very variable due to the heterogeneous nature
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of both rock types and in some cases they are unusi-.lly hijh. Thin

sections were made from the two most anomalous samples from each

unit (sample numbers 122.5, ,*1.2, 362., and 509.7). Both gneiss*

and metaquartzite samples contained large quantities of finely

recrystallized quartz, and, although it was not possible to determine

the orientation of all quart: grains, their c-axes were presumably

well aligned parallel to the cores' axes. (The conductivity ot

quartz parallel to the c-axis is 712 Wm LK 1 (Clark, 1960>).

The temperature data, harmonic mean conductivity and heat flow for

each unit are summarized below:

T(°C) » (21,02 . 0,04) + (16,57 £ 1,15) : (km)

K - 4,31 £+ 0,46 Wm 'V (21 values)
-2
q - 71,4 1 7,6 mWm
(2) 345-512 m:
T(°C) - (20,81 1 0,02) + (17,31 + 0,04)z (km)

: 6,00 - 0,34 Wm” 'K~1

-2
q - 103,9 ¢ 5,9 mWm

(20 values)

Although the uncertainties in the neat flows are large they are

clearly not large enough to accommodate the discrepancy between the

means. No water flow? were recorded, but it is possible that the

4

gneisses are sufficiently permeable to permit slow, st-icy state

movement of water thro.gh the rc k. The metaquartzite appears to be

virtually impermeable and the heat flow measured in this unit is

nearly twice the average for the Namagqualand belt. The downward

movement of a considerable volume of water would be necessary “"reduce

* The term "gneiss' nas been used somewhat indiscrirainat 1ly;

certain
samples called gneisses have high modal quatt/..
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Che heat flow in Che gn.L.ic unit by 10 m*" and aa Pute-herg

situated in a region ,1 eery low .aofall this explanation is

uns .tisfactory.

The metaquartzite unit 1is relatively narrow and almost vertical

(Figure 6.9) and the similarity of the temperature gradients in both

rock units, in spite ef the conductivity contrast, suggests that the

isotherms are not appreciably deflected by the metaquartzites. 1In

order to test this possibility, the two-dimensional temperature field

in the presence of the simple conductivity anomaly shown in Figure 6.10

was investigated. X finite difference technique was used to determine

temperatures at grid points in this section*. The boundary conditions

were zero surface temperature, zero heat flux across the vertical

boundaries of the model (x - 500 m) and a constant heat flux of

70 mWm'2 into the base (z - 1000 m) . The temperature distribution

is summarized in the form oi isothe*"us.

The important result of the analysis 1is that the conductivity anomaly

is too narrow to perturb the temperature field appreciably and that

temperature gradients measured in the metaquartzite pertain to the

surrounding gneiss. For this reason measurements from the metaquartzite

unit have been discarded and the heat flow is taken to be 71,4 mWm

The results of heat production measurements made on four aggregrate

samples are summarized in Table 6.2. The metaquartzite has a

significantly lower heat production than the gneiss. The gneisses are

volumetrically more representative of the rocks surrounding the borehole

I am grateful to Dr P C England of the Department of Geodesy and

Geophysics, Cambridge University, for performing the computation.
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TabLe b .2 lieat production data roc PE. i}

Description Heat oroductio'
Sample Depth range -3
itol
(m)
POG 1 100 200 Friable biotite gneiss 3,06
POG 2 180 280 Biotite gneiss 2,52
|
POG 3 330 440 Impure metaquartzite .24
POG 4 450 520 Metaquartzite 1,30

and the heat production for POG 32 1is taken to be the average ot

values for samples POG 1 and POG

-3
2,78 vWm

6.6 Adjoining Geelviper G-42

(Table IV-7)

G-42 1is a vertical air-drill hole located on the farm Adjoining Geelvloer,

70 km east-southeast of Pofadder. Temperatures were measured at 5 <

intervals to the bottom at 137,4 m, and are shown in Figure 6.1lla.

G-42 1is the shallowest borehole in which temperature measurements were

made. A topographic correction was not made as there is virtually no

relief in the vicinity ot the borehole.

Samples for thermal conductivity and heat production analysis were

collected from the lower, uniform section (98-187 m) of a nearby blocked

borehole (A9) which approximately 200 m north of G-42 on the dowr-

dip ,ide of the succession. Depths in A9 and G-42 were correlated
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Depth (m)
q _ Jis
v,3 - 138
138 - 172
172 - 184
184 - 216
216 - 260
260 - 288
238 - 350
350 - 355
355 - 366
366 — 430
430 - 443
443 - 447
447 - 452

123

Simplified lithological log of RB 56 (after log compiled
by Phelps Dodge of nfrica Ltd ). Depths are vertical

Braekets Indicate units sampled for thermal corductivit/j;_

Rock Type

Variably biotitic gneiss with bands .. amphibollte
and dark calc-silicate rocks

Biotite rich gneiss
Biotite gneiss
Pegmatite

A mixture: predominantly amphibolite and associate-
calc-silicate rocks with bands of pegmatite and
biotite gneiss

Biotite gneiss with numerous pegmatite bands and one
minor amphibolite band

Amphibolite and calc-silicate rocks
Carnet gneiss and biotite gneiss
Amphibolite and calc-silicate rocks
Pegmatite
Biotite gneiss
Amphibolite and calc-silicate rocks
Biotite rich gneiss

'Basement' gneiss

(2) 284,4-350,5 m:

K

T(°C)

g

3,85 . 0,05 Wm” 1K-1 (10 values)

» (25,11 £ 0,08) f (20,69 1 0,24)z (km)

79,6 + 1,4 nlira
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The heat production data foi twenty-six samples are summarized in
Figure 6.7c. The amph‘bolit >s hav a very much smaller heat production
than the gneisses; the mean values and standard errors being:

gneiss 4,21 £ 1,26 yWm'5 (17 values)

3

amphiboli te 0,59 t 0,07 me_ (9 values)

The numbers of heat production samples of each rock type were selected

roughly 1in proportion to their relative abundance and the heat

production of the succession as a whole 1is given by the mean for all

samples:

A « 2,96 + 0,53 ;.wm""

6.9 Boks Puts rc 1.

(Table IV-10)

Boks Puts is situated 55 km northwest of Kenhardt and temperatures

in k 12 were surveyed to a vertical depth of 214,3 m. The rei:e near

the borehole is 1low, and although a topographic correction was

computed, t was found to be negligible (less than 0,2% of the average

temperature gradient). The temperature-depth data plotted in Figure 6.14

show that the temperature gradient increases between 60 m and 120 m

but is remarkably constant below 120 m. The temperature at the bottom

of the hole has been discarded for the reason expressed in the previous

section and the temperature data from 115,8 m to 210,0 m yield the

straight V ne:

T(°C) . (23,02 = 0,02) + (>3,46 £ 0,07) z (km)
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The straight line through the temperature data between 183,9 m and

445,4 m in PC2-27 is:

T(°C) = (21,62 + 0,05) + (16,82 £ 0,12)z (km)
and the mean heat flow is:

q = 59,7 £+ 1,9 mWtn~"

PC2-30 is too shallow toyield as precise an estimate of the heat

flow, but it provides a useful check on the above result. The data

between 60 m and 160 m yield:

T(°C) - (22,24 £0,03) + (14,00 = 0,20)z (km)

q » 52,9 1 3,7 mWm

The heat flows are 1in reasonable agreement considering that measurements

in PC2-30 were confined to the zone of systematically increasing

temperature gradients (0-200 m), where the average temperature gradient

and heat flow should be smaller than those observed at greater depths.

Heat production measurements were made on twelve samples trot: J(— -»

eight from PC2-30 and five from a third borehole, PC2-31, situated

100 m northeast of PC2-27. The means and standard errors for each

borehole are given below:

PC2-27 2,24 +0,09 pWitT *
PC2-30 2,03 +0,33 uWn" ’
PC2-31 2,44 £ 0,33 pWnf3

There are clearly no significant differences between the means and the

overall mean and standard error have been calculated using all the
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A * 2,21 +£0,13 uWm

6.11 Vogelstruis Bult vV "I

(Table IV-12)

V 41 1is located near the Prieska Copper Mine on the tarm Vogelstruis

Bult, 64 km southwest of Prieska. The borehole passes through a

steeply dipping heterogeneous succession of schists, gneisses and

amphibolites. From the surface to 424 m the predominant rock types

are quartz-biotite schist and quartz-feldspar gneiss. There are small

amounts of amphibolite below 400 m and this section of the borehole

is intersected by a few minor diabase dykes. From 424 m to .2h tn
amphibolites and amphibole gneisses predominate over quartz-biotite

schists and quartzo-feldspathic rocks. There 1is a metaquartzite .aver

between 665 m and 67C m. At 706 m theborehole enters a mixed zone

of schist, gneiss and amphibolite.

Temperatures were surveyed to a vertical depth of 720,5 m A topographic

correction was not applied and temperatures and temperature gradients

are shown in Figure 6.17. Fluctuating temperatures at a depth of 180 m

indicated the presence of a water flow and this is rei ected in the

variable temperature gradients at about this depth.

The drill core was 1lying in semi-order next to the borehole. There were

insufficient cores with depth markings to provide a representative suite

for the borehole and several groups of marked and unmarked samples were

collected from various depth intervals. Each group (denoted A-H) was
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FIGURE 6.17 VogeUtrut. Bult V 41. Borehole data.






Table 6.5 Thermal condurt ivi tv Jata for V 41

Group Approximate K ok n
depth range
-1 -1
(m) (Wm K ) (Wm 1K 1)
A 240-260 3,39 0,21 6
B 290-330 3,08 0,21 6
C 350-390 3,15 0,24 6
D 410-430 2,52 0,14 5
E 550-590 2,72 0,15 10
F 600-660 2,82 0,18 11
G 650-700 2,54 0,15 8
H 710-730 2,28 0,08 7

The data from groups E, F and G were combined and the harmonicmean

conductivity applied to temperatures in therange 510,5-703,2 m. The

data are summarized below:

K - 2,71 « 0,10 Wrc'V (29 wvalues)
T(°C) - (18,66 =« 0,03) + (17,99 t 0,05) 2z (km)
2

a » 48,7 1,8 mWm

The mean nductivity of group H was applied to the depth range

703,2-730,5 m and:

T(°C) - (1°, 16 t 0,37) + (17,29 : 0,51)z(km)

-2
g - 39,4 " 1,8 mWm

The above estimates for the heat flow differ significantly. There is

no systematic variation with depth and the differences cannot be
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The results of heat production measurements made on four aggregate

samples are summarized in Table 6.7. The altered rocks (sample HR 4)

have a lower heat production than the fresh quartz-feldspar porphyries

and the alue for this sample has been discarded. The mean and

standard error for the quartz-feldspar porphyry are.

A - 2,05 £ 0,07 vWm

6.14 Klerksdorp District
Rhenosterhoek DRH 18
Rhenosterberghoek DRB 6
Rietkuil DRL 17
Schoemansfonte in BSF 1
Braksprui t BBS 1
Mahemsvlei BMV 4
Tweelingfontein BTEF 1

neat flow measurements on the Kaapvaal Craton were made 1in seven

boreholes all of which are situated in the Klerksdorp district. The

borehole serial numbers and the farms on which they were drilled are

listed above and their distribution is shown in Figure 2.2.

The boreholes are all close to the vertical and all pass through

considerable thicknesses of Dominion Reef lava before penetrating

the granite basement of the Kaapvaal Craton. Thin horizons of clastic

sediments mark the unconformity between the basement gneiss and the

Dominion Reef Supergroup. The lavas are predominantly felsitic and

may be porphyritic or amygdalotdal. There 1is 1little variation from

one borehole to the next.
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Table 6.7 Heat production data for HB *
Sample Depth range Description Heat production
(m) (uWm 3)
HB 1 114-226 Quartz-feldspar porphyry 2,12
HB 2 244-398 Quartz-feldspar porphyry 2,10
HB 3 422-494 Quartz-feldspar porphyry 1,92
HB 4 Altered rocks (from all 1,52

three zones)

Temperatures were surveyed at ’'0 m intervals and the data ...
summarized in Figures 6.20-6.26. Although there little relief in
the area topographic corrections were computed for the first five
boreholes. The corrections were small (less than 0,57. of tr.e average
temperature gradients) and the temperature data have not been
adjusted. The boreholes were all free of water :lows with the

exception of *JRB 6 where severe v-'.ter losses 1in the upper 120 m were

recorded during drilling.

Increasing temperature gradients in the upper 200 m of all boreholes
except BBS 1 are consistent with 1l:milar observations made in

boreholes in the Namaqua Mobile Belt. It is surprising that these trends
persist in DRB 6 in spite of the water flows encountered in the upper

12) m; it is possible that the aquifers were sealed during drilling.

A secondary feature which was not observed in the Namaqua Mobile Belt is
decreasing temperature gradient to a depth of about 60 m in most of

the Klerksdorp boreholes. This will be discussed in detail in

Chapter 7.
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Mahemsvlei BMV

(Table IV-20, Figure 6.25)

Temperatures were measured to the bottom of BMV 4 at 5)6,5 m. The

borehole Jjust penetrates the basement gneiss and the neat flow was

calculated from measurements in the lava uni' from 1U0,0 m to

578,9 m:
T(°C) - (20,22 £ 0,03) + (10,20 + 0,06) z (km)
K - 3,14 + 0,05 Wcrflk~'" (49 wvalues)
g W 32,0 £ 0,5 mWm

Tweelin”~fontein BTE 1

(Table IV-21, Figure 6.26)

BTF 1 was open to the bottom at 464,6 m. The basement gneiss was

intersected at a depth of 460,5 m and the temperature and conductivity

data from the lava between 120,0 m and 449,6 m give:

T(°C) - (19,72 £ 0,03) > (9,75 0,07)z (km)
K - 3,21 + 0,08 Wm~1K 1 (32 values)
q - 31,3 Y 0,7 mMn~2

There 1is very 1little variation in the heat flow over the distance

spanned by the boreholes (60 km) and an overall mean heat flow may be

calculated for the Kierksdorp district by combining means for all

seven boreholes. The values were weighted as in equation 6.4 and

the overall mean and standard error are:

-2
qg * 32,3 t 0,3 mWm



Table 6.8 summarizes heat production measurements made on nineteen
samples of basement gneiss and one of Dominion Reef lava (Sample BBS 1).
The heat production of BBS 1 is small and the lava succession
contributes a negligible amount to the surface heat flow. The

average heat production of the gneisses differ considerably between

boreholes (column 4, Table 6.8). The overall mean heat production

for the Klerksdorp district is:

2,27 t 0,19 pWm™1

6.15 Summary

T\ .heat flow and heat production data for the above boreholes are

summarized in Table 6.9. Topographic corrections were applied where

indicated. No account has been taken of the curvature in the
temperature profiles observed in the upper tew nundred meter? in

many of the boreholes; this will be discussed in the following chapter.

r boreholes, PC2-30 and BF I, were excluded from the list for the

following reasons: pr2-30 yields a far less reliable value for the

heat flow than PC2-27 which is located only 200 m away; and the heat

flow estimated for BF I is no more than a crude guess as there were

no conductivity data for the borehole.






Table 6.9

Borehole

FM 1 3
BH 26
HE 177
CCX-042S
AC 140

POC 32
G-42
RB 56

AP 11
KC 12
PC2-27
vV 41

Hi 77
DM 18
ORB 6
DHL 17
BST i
BBS 1
BUY 4
BIT 1

indicates t"ogrsphic correction vs*

vrarv of measurements of gradient,

Dept

360,0
57,6

197,
200,0
600,0

80,0
45,0
284,4
359,9

99 4
If,8
86,9
247.,4
530,5

100,0
89,7
80,0
60,0
100,0
»0,0
100,0
120,0

<[w)

-

range

799,3
467,0

o
588,6
440,0
670,0

336,7
137,4
350,5
434.0

462,3
210,0
445.4
402,2
703,2

540,0
510,4
400,0
230,0
713,5
250,0
578,9
449,6

/ 06"
(K/km)
19,50" 0,08
19,26* 0,09
18,22* 0,11
19,13* 0,09
18,62* 0,09
11,69* 0,21
16,57 0,15
17,58 0,11
20,69 0,24
21,92 0,29
19,85 0,06
13,46  0.07
16,82 0,12
14,40 0,10
17,99 0,05
17,22* 0,31
9,21 0,10
8,61 0,04
9,76 0,05
11,06 0,05
10,03 0,06
'0,20 0,06
9.75 0,07

applied

conductivity,
K § Of
(Wm"1* " 1
3,14 0,08
3,82 0,09
3,49 0,09
3,11 0,10
2,94 0,14
4,89 0,56
4,31 0,46
3,40 0,12
3,85 0,05
3,89 0,09
2,62 0.06
2,89 0,0/
3,55 0,11
3,20 0,12
2.71 0,10
3,43 0,07
3,51 0,10
3,50 0,06
3,37 0.09
3,16 0,05
3.29 0,10
3.14 0,05
372" 0,08

t.eet flow and.heat production

(n)

M

32
27
32
19

21

10
10

39
26
30

29

23
44
32
16
60
19
49
32

q q

(oVte- 2)
61,2 1,6
73,6 1.8
63,6 1,7
59,5 1,9
54,7 2,6
57,2 6,6
55,0 2,5
71,4 7,6
59,8 2,2
79,6 1,4
85,3 2,3
81,1 1,2
52,0 1.6
38,9 1,0
59,7 1.9
46,1 1.9
-8,7 1.8
47,5 1.3
59,1 1,6
32,3 0,9
30,1 0,5
32,9 0.8
35,0 0,5
33,0 1.0
32,0 0,5
31,3 0,7

(yWm

7,96
12,30
6,90
3,64

2.75
2,78
1,02

3,78
2,96
1.14
2,21

0,79
2,05
1,88
2.14
1,34
3,40
2,49
1.49
2,96

0,97
1,14
0,99
0,34

0,20

0,08

0,76

0.53

0,10
0,13

0,27
0.07
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studied here 1is deep enough to show clear evidence of surface tantperatui e
variations which occurred before 1000 years b.p. However, Bullard (1939)
measured beat flow in several deep boreholes (up to 3022 m ) in the
Witwatersrand and, in most cases, observed a systematic increase in the
temperature gradient with depth. Similar observations were made in
boreholes up to 2000 m deep by Carte (1954) in the Witwatersrand and
Gough (1963) in the southern Karroo and both authors concluded that the
heat flot. increases with depth. Although these data are consistent

with a recent (post-Pleistocene) climatic warming, the trends are not
well defined in any of the boreholes and, in some cases, may have ot.er

causes. These will be discussed in Section 7.4.

This chapter has two main aims:

(1) to identify the cause of the observed systematic variations in the
temperature gradient at shallow depths and estimate corrections uo

the heat flow;

(2) to discuss the effects that secular variations of the surface
temperature during the Pleistocene and Holocene might have on heat
flow in South Africa and determine whether the application of a

climatic correction 1is Jjustified.

7.2 Theoretical considcr.~'ions

Carslaw and Jaeger (1959, pp. 62-3) discuss the temperature distribution
within a semi-infinite solid of uniform thermal diffusivity (O when the
temperature at the surface (z * 0) varies as a function ot fine (»(t)).

If j>(t) 1is measured relative to some fixed reference temperature the



disturbance to the temperature at any time (t) and depth W is given

byt

AV(z,t) - -~ | &(Tlexp(;7~"y)(t--t) il2d* (7.1)

2 [ITK: o

where T is an auxiliary variable and < * K/pc.

Our knowledge of past temperature variations at the earth s surtace

is far from complete c*i it is rarely possible to approximate the

surface temperature variation by simple mathematical forms sue. as

linear or sinusoidal functions. For moft of the applications

discussed here surface temperature variations are adequately

represented by dividing past time into intervals during which the

temperature 1is taken to be mstant.

The simplest case from which more complex models of the surface thermal

history may be constructed is a single '>ox' function f igure 7.1).

The surface temperature variation $(t), measured relative to the

present-day surface temperature, 1s constant at A for all times

between -t and -t, (the 'event'), and =zero at all other times.

Negative signs are used because time 1is measured backwards. The

solution to equation 7.1 at time t - 0 (i.e. the present time)

may be obtained from Carslaw and la* ger p. - i

AV(z) - Aerf(-~=) - DRert(“™ — )
2/Kt | Z/Ktg

Differentiation with respect to z yields the disturbance to the

temperature gradient:



FIGURE 7.1 Simple 'box’ function for surface temperature

variation.
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Table 7.1 Borehole parameters used to estimate sur ace temperature
as a function of time for the 200 m deep teature
Borehole AV (0) £8(0) s A ~
(°C) (K/km) (m) (years) m (years)

HKE 26 >1,2 -8,0 140 93 160 622
AG 140 +0,7 -6,5 110 75 140 616
POG 32 +0,8 -5,0 160 108 190 777
AP 11 +1,0 -10,0 100 70 120 510
PC2-27 +0,9 -9,0 130 87 160 669
DRH 18 +0,7 -6,0 120 75 150 595
DPB 6 +0, 6 -7,0 110 63 130 448
B\ 4 +1,0 -8,0 120 84 150 665
BTF 1 +1,1 -8,0 140 111 160 740

were again ignored, t. vas calculated from equation 7.7 using the

average conductivity of the uppermost rock unit in each borehole and

assuming < : - 2,3 = 106 Jtn"V . Values for t, fall within the range

60-120 years (Table 7.1); for the sake of simplicity, 100 years will

be taken to represent the time elapsed since the step occurred.

The disturbance to the temperature gradient due to a +1 C step in the

surface temperature 100 years ago 1is shown in Figure .3 using a thermal

-6 2 1
diffusivity of 1,5 x 10 ms

(2) The sinusoidal function. The surface temperature variation i1is given

by:

4> (t) [ | Acos (uit-C)
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where t is the phase difference and indicates the present position

on the temperature-time wave, u 1is the frequency of the oscillation

and:
<7 '9)
W ” _p_

where T 1is the perioi. The disturbance to the temperature and

temperature gradient (at t - 0) may be obtained from Cars law and

Jaeger (1959, p. 65):
oV (z) | A exp(—(x-) :z)cos (£ +(=-") !z (7.10)

Ag (z) - -A("-)iexp (-(") ‘z){sin(e + cos (c

(7.11)

It 1is not as easy to characterize this model of the surtace

temperature since it 1is necessary to specify three parameters: phase (e),

amplitude (A) and neriod (T). The previous discussions and the

curvatures of both temperature and idient profiles suggest that the

surface temperature 1is close to a maximum if the variations above bO m

near Klerksdorp are ignored. Figure 7.4 shows AV(z) and . (.z tor five

different values of G varying from -r/2 to #tt/2. Only the curves

characterized by G - 0 and e - +?/4 closely approximate the shades of

the observed variations of both temperature and temperature gradient and,
as a first approximation, c¢ is taken to he zero.

With £ *» 0, A 1is equal to AV(0) and may therefore be estimated in the

same way as for the step function. Hence A * 1 '.

The wavelength of 1V(z) 1is given by:

X - (AMr<T) - *r<-~" (7.12)

and at a depth equal to A/4 (and with G = 0) we have:
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(7.13)
AV (X/4) - 0

A8 (>/4) - -0,208A(-"r)" -1

X/4 may ba estimated from the depth at which the temperature residual

becomes negligible and the depth at which the residual in temperature

gradient 1is 211 of its surface value. The latter method is less

subjective and is used below. The period may be calculated from equation

7.12. Estimates of X/4 for the nine boreholes are between 120 and 190 m

and values for T between 450 and 750 years (Table 7.1). The central

value, 600 years, was chosen as the best estimate ot T.

The disturbance to the gradient due to a sinusoidal variation of the

surface temperature of amplitude 1°C, period 600 years and phase zero

is shown in Figure 7.5 for a diffusivity of 1,5 * 10 m a

The 60 m deep perturbations in the Klerk,dorp boreholes were not analysed

in the same detail. They clearly reflect a very recent decrease in

surface temperature and this raises the os.ibility that they are due to

seasonal variations. These borehole temperatures were measured during

the winter when the enhancement of temperature gradient 1is close to a

maximum, but Car,law and Jaeger (1959, p. 81l) showed th.v seasonal changes

in surface temperature have observable effects to depths of only '-20 ».

Figure 7.3 shows that a reasonably good approximation to the observed

trend, may be obtained if the step function is modified by a 10

decrease of the surface temperature occurring 10 years ago. A sim.lar

effect may be obtained by changing the phase of th, sinusoidal variation

and in Figure 7.5 A6(z) 1is shown for c -

Equally good, or better, fits to the observed trends may be obtained by

using slightly different values for A and t, (case I|) and A, T and E
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(case 2), or u.i'.g different models for $(t) such as a linear increase of

the surface temperature. However, the conclusions of this section would

not be seriously affected an, they may be summarized as follows:

(,) The surface temperature over much of South Africa has been elevated

by about 1°C during the past century.

(2) Data from the Klerksdorp boreholes suggest that the surface temp

erature has started to decline during the past decade or so.

It should be possible to relate both events to historical records, and

possible causes of surface temperature changes are discussed belou.

7.3.2 Causes of surface temperature variations

Important causes of widespread changes 1in surface temperature include

uplift and erosion, sedimentation, changes 1in vegetation and climatic

variations. Each of these factors and their bearing on near-surtaie

variations 1in temperature will be discussed below.

Uplift and erosion

The effect of uplift and erosion 1is to increase near surface temperature

gradients by exposing deeper, warmer regions to surface conditions. This

effect Lay be considerable where large quantities of material wuave
been removed by recent, rapid erosion (Birch, 1950; England, 1978).;

The present cycle of erosion 1is in a mature stage over most of southern

Africa and in most places the effect of erosion on the temperature

gradient i, negligible (cf. Gough, ,963). The most 1likely borehole to

be affected is HB 77 in the Richtersveld where the deeply dissected
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land surface suggests

that erosion may be a significant factor. However,

the observed trend in the temperature gradient 1s opposite in sense to

that which would be caused by erosion.

Sediment at ion

Sedimentation has the opposite effect to erosion on the surface

temperature and resuV , in an increasing temperature gradient with

depth. Deposition of 50-100 m of sediment would be required to gene-

rate the observed perturbations; this has clearly not occurred in the

study areas 1in the 1last few hundred year

\7esetacicn changes

Land clearing for agricultural and pastoral purposes has a well known
effect on temperature gr idients and can cause systematic trends of the

same sign and magnitude is the 200 m deep feature (Jaeger, 1970;

Roy et 197 2).

The climate of southern Africa is mainly arid to semi-arid and much of the

Namaqua Mobile Belt has little vegetation cover while the area surrounding

Klerksdorp is covered by short grassveld. It is an established tact

that most of southern Africa is undergoing increasing aridity.

Wilcocks (1977) reviewed factors which lead to desertification and

concluded that there 1is no evidence for progressive climatic dessication

and that farming activities, particularly overgrazing, appear to have

had a much more important effect. However, desert encroachment was first

observed by many nineteenth century white explorers and appears to have

been a long-continued process. H J Deacon (personal communication) has
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pointed out that herding and agriculture appeared m South Africa

within the as. UCK ear. and tieseu u M t .on aa» olay ommenced as

eariv as this.

Van ilnderen Hakker M97b) noted that constant changes in average

temperature » as little as 1°C can alter the vegetation distribution

pattern, a factor which was not considered by Wilcocks -1977), I:

will te show,: eiow :hat southern Africa has experienced a general

increase in urface temperature during the past century and increased

evaporation may he an important contributing factor to the environ-

ment a ret ere ration.

in summary, desert encroachment has had a Ion,; history in southern

Africa. he maior ause >f this appears to be human intervention, but

recent changes in temperature may have played an important r e.

There 1is tv evidence for widespread land clearing during the past

century or so.

Climatic wva-iati ms during the period of the meteorological rec;;

it w been shown that observed variations in temperature gradient are

me <« surface events which are recent enough to be preserved in the

neteoroiogicfl' record. Mean annual air temperatures at several

meted Ogi a stations in South Africa, Europe and the U.S.A.are
summarized n this section, and these data give clear evidence for
recent

limati t variations which are consistent with the obseivo<l

rehol trendZ*.

:Vf ear average, of the air temperature, at six stations in South



Africa are shown in Figure 7.6. The Royal Observatory in Cape Town

has the longest record and the most striking feature ol this 1is a

steady temperature increase amounting to nearly I C between the

years 1900-1930. Most other stations show similar trends but none

of these records is long enough to be convincing in itself. The

temperatures, averaged over ten year periods, for some ol the oldest

stations in Europe and the U.S.A. (Figure 7.7) show a general increase

in te-erature starting as early as 1820 in Berlin and 1840 in

Copenhagen. There 1is strong evidence for a recent climatic varmint

on a global scale.

It should be noted that urbanization may cause extraneous increases

in temperatures at meteorological stations situated in large cities.

However, such effects are unlikely to be significant in small cities

and tow 1 such as Queenstown, O'okiep and even ape Town. Furthermore,

Brown (1963) showed that there has been a considerable increase in

sea and air temperatures in the Atlantic Ocean between 30°N and 303

from about 1910-1920 onwards. Finally, in a review of studies on

climatic fluctuations Veryard (1963, p. 5) noted that:

*it 1is now generally accepted that the most striking feature
of climatic fluctuations during the period of the meteorologies

record has been a warming in many parts of the world since

about 1850 until a decade or two igo when in some places, but

not all,there appears to have been a levelling-ofl or a rai

of temperature.

The meteorological data therefore provide the most reasonable explanation

for observed trends in temperature gradient. Variations m the

amplitude and time of inception of the surface temperature increase

are to be expected and can account for local differences in these

trends. Decreasing temperature gradients to depths of -60 m m the Vransvaal



179

£

"r"

X BRT—

Xoo

W=D
=[] H%Uﬂmawoﬁnmﬂ EOX SHopeAS
=EN
oo [ B
*
+*+ Iz .
« T T =
(U] . .
Y -
ﬁ%+Aoo 0 il
o sr
. [ ]
[}
[ ]
B o os2 o o
[} o =
#w W

Sz Il | g Mo=

geon

8

'

LA O

foo 9V

v8

® o

AB

«

B [a) o, omO%WM<
w=ds o o g2

O HO

uJ

¢

LT

8L

D

ejniejeduiei

(Do)



Berlin

)

e

E

4 Vienne
£

[}

e

E: Vilna
FIGURE 7.7

Hew York

Albany

190 1960 1900 1960

Y«er Year

Surface temperature averaged over ten year periods at six meteorological stations
in Europe and four in the USA. The data are from the World Weather Records,
Smithsonian Miscellaneous Collection volumes 79, 90 and 105 and the US Department
of Commerce volumes I - 3. Records for the decade 1941 to 1950 were missing

except for Rome.



th






on heat flow was made by Birch (1948) who showed that surface temperature
variations during the past million years may disturb subsurface
temperatures to depths of several kilometres. In a more ref ent
investigation Beck (1977) concluded that climatic warming after the
Pleistocene glaciations may depress the heat flow in high latitudes

by as much as 25%. However, the heat flow measured in a 3 km deep
borehole in the Canadian Shield shows no systematic variation with

depth (Sass et aj, 1971) in spite of the fact that the borehole lies
within the area that was covered by the Laurentide ice sheet. England
(1978) argued that erosion accompanying glaciation may compensate

for the climatic effect of the ice age and even result in net positive
perturbations to the heat flow. To date, there has been no

convincing demonstration of the effect of Pleistocene and Holc>ene
climatic variations and this casts some doubt on the validity of
climatic corrections that ire often applied to heat flow determinations.
However, it is important to estimate how large the perturbations may

be and two reconstructions of the surface thermal history of the

northern continents are considered below.

Table 7.3 shows two climatic models in which past time has been divided
into discrete intervals during which the surface temperature differed
from the present temperature by a constant, amount. Model I is that

of Birch (1948, model 2B) is modified by Sass ... ... (1971). Model II
is that proposed by Beck (1977) for latitudes 20-40'' except that
climatic wvariations during the past 900 years have been removed; the

fine detail for this period in the original model has a large effect

close to the surface and 1is unlikely to apply on a global scale.

The temperature disturbance due to a series of step changes of the



Table 75’: Surface temperature models used to calculate climatic perturb

shown 1in Figure 7.8

Model I (Birch, 1948) Model 11%* (Beck, 1977)
Time Surface temperature Time Surface temperature
(1000 years B.P.) (°c) (1000 years B.P.) (°C)
00 - 1000 +1,0 7 - 80 0,0
1000 - 900 -3,5 80 - 45 -6,0
900 - 700 >1,0 45 - 12 -7,5
700 - 600 -3,5 12-9 0,0
600 - 300 +1,0 9 - 2,5 +1.0
300 - 200 -3,5 2,5 - 1,2 0,0
200 - too +1,0 1,2 - 0,9 +0,5
100 - 80 -3,5 0,9 -0 0,0
80 - 60 0,0
60 - 40 -3,5
40 - 30 0,0
30 - 10 -3,5
10 - 5 +2,0
5 - 0 0,0

Times have been rounded to convenient figures and temperatures to tne

nearest 0,5 C.

surface temperature may be deduced by expanding equation 7.2. The

final expression 1s equivalent to that formulated by Birch (1948) and

AV (z) - I (A. ~ A. ,)erfc(--L =)

17.15)
Tel 1 2fit|

where A. 1is the difference between the surface temperature during the

time interval t. - t. and the present surface temperature. The
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FIGURE 7.8 Disturbance to the temperature gradient due to
climatic models I and II summarized in Table
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the dip o1 uhe surata 1 is much as J0° and a preliminary investigation

indicates that the anomaly can be attributed to heat ilow refraction
caused by the conductivity contrast between the quartzite and the *ava

(S W Richardson, personal communication) .

Gough (1963) observed systematic increases in heat flow vita depth in

three boreholes in the southern Karroo, and showed that the trends

could be attributed to Pleistocene climatic variations. However, the

data were not sufficiently precise to definitely 1link the trends with

a specific climatic reconstruction.

There 1is a clear need to resolve the effect of palaeoclimatic surface

temperature variations; this 1is particularly important for measurements

on the craton as they could conceivably be depressed by as much as

25a . There are several reasons why areas such as the Namaqua Mobile he.t

and Kaapvaal Craton are particularly suitable for this purpose.

Pleistocene temperatures were not sufficiently j;owered to result in

glaciation and possible disturbanc s due to glacier erosion will be

absent. The low rainfall reduces the risk of interference from

waterflows. Topographic effects are negligible in most areas and

th”"r- has been no recent uplift and erosion, or sedimentation. Fina.i\ ,

many localities are underlain by rock units which have a uniform thermal

conductivity; this largely avoids heat flow refraction effects and

facilitates comparisons between model perturbations and actual

observations. Heat flow measurements in deep boreholes in these areas,

accompanied by palaeoclimatic investigations, may go a long way to

solving the problem.
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8 THE H AT FLOW PATTERN IN SOUTH AFRICA AND THE THERMAL STRUCTURE

OF THE LITHOSPHERE

8.1 Regional heat flow pattern

With the data reported here there are now a total of fourty-eight heat

flow stations in South Africa. The locality, heat flow and heat

production (where determined) of each station are listed in Table 8.1,

and Figure 8.1 shows the variation of heat flow within the tectonic

framework discussed in Chapter 2. Although the coverage 1is still

sparse and the distribution of stations irregular

it is possitie

to make some general conclusions about the regional heat flow pattern.

The observation made by Carte and van Rooyen (1969) is clearly

substantiated; the lowest heat flow values are found on the Kaapvaal

Craton, while in the mobile belts the heat flow is relatively high. This

feature 1is emphasised Figure 8.2 in which heat flow 1is plotted

against distance from the Atlantic coast along a line passing through

the highest density of stations (A-B, Figure 8.1 *. All points within

about 100 km of A-B and tne mean heat flows for the N'amaqua Mobile

Belt and the Kaapvaal Craton are shown; there 1is clearly a significant

difference in the heat flow between these regions.

The lowest heat flow values are found in the centre of the Kaapvaal

Craton. The central cluster of sixteen stations gives a mean and

standard deviation of 40 £ 7 nWm~J. There 1is an increase of heat flow

away from the centre and the remaining eight stations within the craton

boundaries give an average of 54 ' 8 mWm However, it should e

noted that the positions of these boundaries are not known accurately.






Table 8.1 (rontd.)
No Borehole Name Latitude Longitude qo(mWa "y  A. (pWm
27 Umkoanesstad 24° 19's 29° 54'E 47
28 Wiegel Shaft 23° 54 's 30° 41'E 55
29 Nababeep Flat Mine
FM 143 29° 32's 17° 42 'E 61 8,0
30 Hoogkraal East
HKE 26 29° 32's 17° 54'E 76 12,3
31 Homeep East HE 177 29° 32's 18° O1'E 65 6,9
32 Carolusberg West
CCX-0428 29° 38's 17° 5S'E 60 3,6
33 Aggenys AG 140 29° 13's 18° 45'E 55 2,8
34 Puts-berg POG 32 29° 21 's 19° 38'E 74 2,8
35 Adjoining
Geelvloer G-42 29° 20's 20° 07'E 60 1,0
36 Rozynen Bosch
RB 56 29° 04's 20° 47'E 81 3,8
37 Areachap AP 11 28° 17's 21° 03'E 52 3,0
38 Beks Puts KC 12 29° 01's 21° 39'E 39 1,1
39 Jacomyns Pan
PC2-27 29° 20's 21° 47'E 60 2,2
40 Vogelstruis Buit
V4l 29° 57's 22° 18'E 48 0,3
41 Haib HB 77 28° 423 17° 53'E 64 2,1
42 Rhenosterhoek
DRH 18 26° 50'S 26° 27'E 34 1,9
43 Rhenosterberghoek
DRB 6 26° 50'S 26° 28'E 31 2,1
44 Rietkuil DRL 17 26° 49's 26° 30'E 33 1,3
45 Schoemansfontein
BSF 1 26° 4518 26° 32'E 36 3,4
46 Brakspruit BBS 1 26° 42*Ss 26° 34'E 33 2,5
47 Mahemsvle i BMV 4 26° 36'S 26° 37'E 33 1,5
48 Tweelingfontein
BTF 1 26° 27'S 26° 52'E 33 3,0
* climatically uncorrected heat flows
t HB 77 1is located just within the borders of Namibia
References: 1 = Bullard (1939), 2 - Ccrte (1954), 3 - Gough
4 = Carte and van Rooyen (1969), 5 B This work.
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The average for the craton as a whole is 44 10 tWin

In a compilation of continental heat flow data Polya': and Smirnov (1968)

showed that the mean heat flow decreases with tectonic age to roughly

constant values of 35-40 raWm"2 in Precambrian terrenes. In more recent

reviews Sclater et al (1980) and Vitorello and Pollack (1980) wuse

slightly higher values for the Precambrian heat flow (40-50 =@¥#n ).

This discrepancy 1is partly due to Pleistocene climatic corrections that

are regularly applied to recent heat flow measurements. The heat flow

through the Kaapvaal Craton 1s close to the equilibrium value ot Polyak

and Smirnov.

Although there are no heat flow values within the Kheis Province four

stations from the Namagqua Mobile Belt are close to the Kheis-N'amaqua

-2

boundary (Figures 2.3 and 8.1). Their average heat flow, 50 = 9 mWm

4

is considerably lower than the mean for the remaining ten borenoles

within the Namaqua Mobile Belt, 66 t 9 raWm"~ (see Table 8.2) and this may

reflect a transition between different thermal regimes. Two values in

particular, 48 mW="2 for borehole V 41 and 39 mWrn"' for borehole KC 12,

are suggestively close to values obtained within the Kaapvaal Craton.

It will be shown below that the differences in heat flow can be equally

well ascribed to variations 1i.i upper crustal radiocactivity and there is

no reason to separate these data. The overall mean for the Namaqua

Mobile Belt is 61 i 11 mWm"' (14 values); this is 20-25 mWm higher

than the average of Polyak and Smirnov (1968). The implications ot

this will be discussed in Section 8, i.

The single value from the Richtersveld Province, 64 mWm , 1s not very

different from the Namagqua mean. It is possible that the Richtersveld



Average heat flows and heac prodiKtjjns

, (n) (n)
Region 0
(me_ % (yWm 7))
i (1)
Richtersveld Province 64 (i)! 2,1
*2,8 1 1,1 (5)
Interior Namagqua Province 66 £ 9 (10) ! !
. 1,8 1 1,0 (4)
Namaqua Kheis margin 50 1 9 (4) ! !
*2,3 * 1,2 (9)
Namaqua Province overall 61111 (14) ! 4
2,3
Central Kaapvaal craton 36 5 (16) !
a - standard deviation; n - number of values

; three highly radioactive values from Springbok district were

excluded in calculation

Province, 1like the Nemaqua Province,

la characterized by above average

heat flow but more meaaurementa are neceaaary to aubatantiate thia.

Four heat flow atatlons are cloae to the northern margin of the Cape

Fold Belt (Figure 8.1; Gough, 1963). Their average (climatically

uncorrected) heat flow la 56 t 5 mttn'', not much lea. than the mean for

the Namagqua Mobile Belt.

It would appear that thermal event, aaaoctated

with late-Permlan Cepe folding were not

.efficiently .ever, to Increaae

the heat flow In thia region above that characteristic of the mo.lie

belt. On the other hand, the average la cloae to the value of 52 miV2

given by Polyak and Smirnov (1968) for regions affected by Hercynlan

otogenic event,. The question of whether Cape folding was accompanied

by significant thermal resetting or whether it was a relatively 'old

event can only be answered when more data are available from this area.



There are no heat flow data in the Pan-African orogenic belts and only

one from the Limpopo Mobile Belt and these

regions will not be discussed

further.

The new heat flow data have

served some Important purposes. Seven

measurements from the centre of the craton confirm the low heat flow

there; in fact, these data are all lower than the lowest previously

reported value. Twelve measurements in the Namaqua Mobile Belt cover

a large area between Springbok and the boundary with the Kheis Province

where there were no previous values.

These data confirm the generally

high heat flow in the mobile belt and provide a background for future

investigations of heat flow transitions

across the Namagqut-Kheis and

Kheis-Kaapvaal boundaries. The measurement from the Richtersveld

Province raises the possibility that this area 1is characterized by

similar thermal parameters to the Namaqua Mobile Belt in spite of their

different tectonic character.

It was shown previously that in many 'heat flow provinces' there 1is a

simple linear relationship between surface heat flow (gQ) and near-

surface heat production (A"):

where th, consents or, interpreted ,s the best flu, from the lower

cruet, or 'reduced' heat flow <gr), and a depth parameter characterizing

the vertical distribution of radioactive sources 1in the cruet fh).

In most Precambrlan terranes

gr ranges between -U and JO mWm and

most of the variation of heat flow can be attributed to the upper

crustal component, DbA,

One of the main objectives of this research

was to investigate whether local and regional variations of heat flow
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in South Africa are related to variations in the radioactive neat

production of basement rocks,

8.2 Heat flow and heat production In the Managua Mobile Bell
8.2.1 The mobile belt as a whole
The go-A,

pairs for all twelve sites in the Namaqua Mobile Belt are

plotted in Figure 8.3. The scatter in the data is disappointing and it

is not possible to define a heat flow province. This is not altogether

surprising and the scatter may be attributed to a number of factors.

Local differences

in the degree of metamorphism and deformation, a lack

of knowledge about the 'bas.ment-cover' relationship and possible recent

loss of near-surface U all lead to uncertainties in the meaning of heat

production values at each site.

The three highly radiogenic points (29-31, Figure 8.3) come from the

same granitic intrusion in the Springbok district. This extreme enrich-

ment 1in radiogenic heat producing elements 1is a local phenomenon which

has not been observed in the rest of the Namagqua Mobile Belt and there

is reason to believe that the heat productions at these sites are only

representative of the upper kilometre or so of crust. These data will

be discussed in further detail 1in the next subsection. A least squares

straight 1line fit to the rest of the data in Figure 8.} yields:

go (mWm~2) - (42 3 9) + (7,2 Y 3,3)A0 (bWm 3)

with a correlation co-efficient ot 0,bb,
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, ¢+, €pii u ,1a ."d 3" th' hea, production

mata were h lined from paragneiaees and regionally metamorphosea
aedlwenrarv and volcani' rock, and much of the scatter may be due to
incomplete homogenization of radiogenic heat producing elements during
tne Namagqua tectogenesis. It may be possible to obtain better statistics
,v. eliminating ocher points from the regression analysis but there is

, .Dvious justification for doing this and it 1is preferable to accept

ne lata at face value rather than force a fit. It should be stressed

e ia , -a. data trom the Namaqua Mobile Belt do not define a heat

flow pi vince

i, was -i,own in Section 8.1 that the four stations near the Kheis-
Namaqua -oundarv vie. . a lower mean heat flow than the remaining
scati<mt 1 the Namaqua Province. The average heat flows and neat
produ ’tons or these subsets of the data are compared in Table 8.2 and
igure v points and II) and show that the low heat flow is
orrefated with -ow heat production. It is noteworthy that the two
,fta. tons near the Kheis-Namaqua boundary with the lowest heat tlows
;& ,ave rne Lowest heat productions (stations 38 and 40, Figure 8.3).
A ;—erente 1in heat production, integrated to depths of several

ometres. >* the most likely explanation for the difference 1in

teat ilow. and heat production in.Jrhe Springbok disjrj”t.

Tjat, d-tz m Figure 8. i were derived from boreholes located

,i> .ngboK-0lnkiep-Nababeep mining district. Ihere appears to

,ug. ee—l«( on >eiween the surface heat flow and heat production

e !*<  square- v light 1line fit to there data gives:
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with a correlation co-efficient of 0,89 (dashed 1line, Figure 3.3).

The implications of this correlation are best appreciated by referring

to Section 2.6 and particularly to Figures 2.4 and 2.5. The borehole

with the lowest ('normal') heat production (CCX-042S) 1is entirely within

the Nababeep gneiss, a member of the rr* “xisting suite of rocks which

was metamorphosed and isoclinally folded during the Namaqua tectogenesis.

This station also has the lowest heat flow.

Points 29-31 are characterized by abnormally high heat productions and

they are derived from boreholes situated within the outcrop or the

Co-cordia granite gneiss (FM 143, HKZ 26 and HE 177). Although HKE 26

and HE 177 probably penetrate the underlying 'mixed =zone' (Nababeep

gneiss with injections of Concordia gneiss) the anomalous concentrations

of radiogenic heat producing elements are apparently associated with

the Concordia gneiss. This body is a sheet-like intrusion which was

emplaced during the main period of isoclinal folding and it is or the

order of 1-2 km thick (Benedict et al, 1964; Clifford et al, 19, b).
McCarthy (1976) argued on geochemical grounds that the granite was

derived from partial melting of lower crustal source rocks of

intermediate composition and evolved by feldspar fractionation during

crystallization and ascent. Enrichment of granitophile elements

during such a process may account for the extreme concentrations of
U, Th and K.
If gneissic bodies

like this are derived in a pseudo one-dimensional

fashion from the lower crust the overall crustal radiogenic contribution



is not altered and nor is the surface heat flow. Hence, the average
heat flow for the Springbok district (66 £ 8 mWm 2) is not significantly
different from that of the Namagua Mobile Belt as a whole. However,
even small amounts of differential erosion of highly radiogenic bodies
may produce detectable variations of the surface heat flow. This 1is

the most likely interpretation of the rough g*-A" 'correlation' in this
region and the similarity in magnitude of the depth parameter and the
thickness of the enriched layer. In this interpretation the 'background'

heat flow for the region 1is obtained at zero thickness of the enriched

layer and 1* represented by measurements in the Nababeep gneiss.

These observations are not unique and similar relationships have been
found in the Ukrainian Shield (Kutaa. 1977) and the western Australian
Shield (Jeager, 1970). Unfortunately, 1little use has been made of these
relationships. Heat production measurements from thin, enriched layers
may contribute significantly to estimates of the mean surface value in
gneissic terranes such as the Namaqua Mobile Belt and thereto e lead

to overestimates of the bulk crustal radiogenic component of the surface
heat flow. A detailed study of the extent and relative importance of

bodies such as the Concordia granite gneiss 1is clearly called tor.

8.3 The Namaqualand heat flow 'anomaly'

There are sufficient dat. in the Namaqua Mobile Belt to estimate the
mean surface heat flow with considerable confidence. This value

(61 mWm "> is considerably higher than the means for most Precambrian
terranes. The increase of 20-25 .nWm~~ above the average of Polyak and
Smirnov (1968) represents a significant anomaly. The effects of uplift

and erosion (England and Richardson, 1980) are clearly not an important



consideration in the Namaqua Mobile Belt, rnd the additional ''eat must

be due to a greater radiogenic contribution from the crust or an

enhanced mantle neat flux.

Because of the poor correlation between heat flow and heat production

(Figure 8.3) it 1is not possible to estimate the relative importance ct

these components directly. The high average heat production from the

nine 'representative* stations in the mobile belt (2,3 -Wta 3)

suggests
that some of the anomaly may be due to crustal sources. A more meaning-
ful parameter 1is the depth integrated average heat generation, or the

average upper crustal contribution, bA". In most regions where linear

g -Ao relationships have been defined the average heat flow (g*) ts

better known than the average heat production (AQ) and the most reliable

estimate for the value bA" may be obtained from equation 8.1;

slues for io, gr, b and *-qg, from selected Precambrian heat flow

provinces are listed in Table 8.3. In the remaining reported Pre-

cambrian provinces the depth parameter has been assumed or only two

points have been utilized in defining the g * relationship. Table 8.3

shows that:
(1) with the exception of the Indian Shield,

all values o: qgr

fall between 20 and 30 mWm"'; most of the variation appears

to be in the upper crustal contribution,

(2) with the exception of the western Australian sShield, all

the b values lie between 7 and 15 km and the average value
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As a first step towards estimating the crustal and mantle contributions

to the heat flow in the Namaqua Mobile B<1lt, a wvalue of 11,5 t=n haa

been w «cen to reprtaent parameter b. Corresponding values for the reduced

heat now and upper crustal contribution were calculated by substituting

b 11,5 km, Ao - AQ - 2,3 uWm"J and gQ - gQ - 61 mWm " in equation 3.1:

q =7 35 rahm

bA W 26 mWm

These values are included in Table 8.3

(model Namaqua I) for comparison

with the data from established heat flow provinces. The reduced heat

flow is similar to that predicted by the g”-g® relationship fPollac.<

and Chapman, 197 7a):

gr = 0,690 (8,2)

v 37 mWm

The above values for g* are slightly higher than the norm for Precam-

brian shields (cf. Table 3.3) and this could be taken to imply that the

Namaqua Mobile BRelt has an above average mantle heat flow. However, triers

is considerable uncertainty involved in both these estimates and such a

deduction should be treated with caution. The linear g”-A, relationship

that has been observed in the Superior Province” (Jessop and Lewis,

1978) 1is shown in Figures 8.3 and 8.4; the Namaqua data scatter on

o«

either side of this 1line pairs plot

(Figure 8.3) and the mean g"-A,

close to it (Figure 8.4, points I. II and 1IV). If the t value for the

Superior Province (14 4 km) is applied to the Namaqua data equation 8.1

yields:

* The values used here are for climatically uncorrected heat flows.



These values are within the ranges observed in most Precamorian

provinces (.see T ible 8.3; Namaqua I model).

The only heat flow measurements in southern Africa which have been made

in regions roughly equivalent in age to the Namaqua Mobile Belt are from

rocks of Kibaran to Katangan age (1300-500 m.y.) in Zambia (Chapman and

Pollack, 1977). The average heat flow for eleven sites (66 mWin ) also

constitutes an anomaly. The six sites for which there are both heat

flow and heat production data yield means of 64 mWm 2 and 2,4 pWm

respectively; the data do not define a linear g * trend, chapman and

Pollack attributed less than half of the Zambian heat flow anomaly to
enhanced crustal radiocactivity and inferred that lithospheric thinning

(possibly associated with a southwesterly extension of the East Airican

Rift System) accounts for the residual anomaly. They were aole to

support this contention with other jeophysical information, notably

seismic data, which suggests that this region 1is one of incipient

rifting.

The Namagqua Mobile Belt is an aseismic zone and there 1is no independent

geophysical evidence for high mantle he&t flow, lithospheric thinning

or incipient rifting. The most likely explanation for the heat flow

anomaly 1is therefore enhanced crustal radioactivity which, according

to the Namagua II model (Table 8.3), may contribute 50-00% to the

surface heat flow.
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8.4 Heat flow and hear, production in tne Richtersveld Province

There 1is only one heat flow-heat production pair in the Richtersveld
Province. The heat flow (64 mWm ) 1is comparable with lata from the
Namaqua Province and considerably higher than the mean tor equivalent
age provinces elsewhere. The heat production (2,1 yWm ) is (-lose to
the Namaqua mean. This pair 1is plotted in figure 8.4 (point III); i<
is offset to higher heat flow-lower heat production compared with
averaged data from the Namaqua Mobile Belt and with the 1line for the
Superior Province, As in the Namaqua Mobile Belt, taere is no

indication of present tectonic instability and the high heat flow is

probably due to enhanced crustal radioactivity. Further measurements
are required to deter:; the thermal characteristics of this crustal
domain,

8.5 Heat flow and heat production in the Kaapvaal Craton

Heat rlow and heat production data for the seven new stations near
Klerksdcrp are plotted in Figure 8.5. The small range in surface heat
flow prec udes a g -A correlation and the upper crustal radiogenic
contribution to the surface heat flow and the deep component must be
inferred 1ly other methods or from other sources of information. At
this stage it is worth emphasising some features of these results.
Although the range in surface heat flowis small,there 1is considerable
variation in the heat production. The most 1likely explanation for this
is insufficient sampling of inhomogeneous upper crust and the average
heat production has more statistical meaning. The mean heat flow

(33 + 2 mWm” ) and heat production (2,2t 0,8 phm 5) for these stations

and most of the individual results fallbelow the line tor the wesiei n
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Australian Shield. For$eat oroductions greater than about 1,2 yWm ,
linear g -A” relationships observed in other shield areas all plot
above this 1line and this suggests that in the Kaapvaal Craton the

radiogenic heat producing elements are concentrated in an unusually

thin enriched 1layer*or that the reduced heat flow 1is anomalously low.

Although there are no other g -A pairs witnin the craton, :iar®
(1981b) and Nicolaysen (1981) have made detailed studies of the
distribution of radiogenic heat sources in basement rocks exposed in

the Vredefort dome structure which is located some 50 <m southeast c-

the central cluster of heat flow stations. The c¢ n"i part of the
craton 1is therefore well represented in terms u - amount of neat
flow and heat production data. There are very JWw heat production lata
from elsewhere in the craton. Partly for these reasons, and partly

because the increase of heat flow tcwarus the margins or the craton
(see Figure 8.1) probably reflects a transition between different
thermal regimes, only the data from the central portion will be considered

here.

ihe average heat flow for the central sixteen sites, -0 =* mWm , is
almost identical to the average of 38 1 6 mWm " given by Polyak and
Smirnov (1968) for continental shields. Eight of the nine previously
reported measurements were made in localities which are underlain by
several kilometres of Proterozoic platform strata belonging to the.
Dominion ‘teef, Witwatersrand, Ventersdorp and Transvaal Supergroups.
Nicolaysen et al (1981) showed that these rocks contain relatively high
concentrations of radiogenic heat producing elements and that their

contribution to the surface heat flow 1is substantial. In order to

compare the heat flow with the heat production of the basement rocks it

* Tf this effect is related to extensive Kaapvaal erosion then the' pro
sence of 2500-2400 m.y. old relatively undisturbed layered strata

shows that such erosion must have occurred before dfio m.y. ago.
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ble 9.4 Corrections to the 5urface neat flow for the radiogenic
ntribution ui Protejocoj _platform strata on_the

aapvaai “rator.

urt'ac* ! thickness “"Radiogenic Corrected
At £'ol r strata contribution heat flow
(km)\ (mWm (mWm  2)
33
acoUa 0,8 3
loornhc 0’4
nrhardminnp H 7,d 8 ib
43
*D .ml-1 0,5 7
37
dt 1 0,9 7
29
Kv J 0’5 7
(1) + 36
e w

¢ -t et al (198

V- . a. ,w- -=0U.. % average for other six sites

i in<? oncentr at >on of radiogeni heat producing elements
. ermc oor-ior. 'f the vredefort basement is representative
ippermofl rust. he heat production calculated form averaged
sinc n- ent rations for all data from the outermost t km is
Wn iable s. , mly fractionally higher than the mean tjr the
erkadorp res, jWm' . These results indicate that the heat
i < tpper rust 1n the central part of the craton is quite
i uwmwK )t 1, im (in significant iigure

«' . rfa'i- teal production. further onfidem.t
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ean near-surface heat product ion in the Kaapvaal Craton
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Although this estimate for bA is weil within the obse.veu range a .aiue

of 15 tdMi " for g is considerably lower than w®ll established values

Isewnere (see Table 8.3). However, it 1s not an unreasonable wvalue

because 9,3 km 1is close to the centre of the observed range of depth

parameters.

The point defined by a heat flow of 36 roWm and a heat productionof

2,3 -Wm is plotted in Figures 8.3 and 8.5; it falls very closeto the
line for the western Australian Shield. The average surface heat t low
is low compared with most shields characterized by such high heat
productions. A second estimate for the upper crustal radiogenic
contribution and the deep component may therefore be obtained by
assuming that the Kaapvaal Craton is characterised by a similar Jis-ribu-

tion of radioactive sources to the western Austraiian Shield,

ising a
value of ,5 km for parameter b, equation 8. yields:
bA N % - g =10 mhvn
o o r
g M tb mwm
r
Because 4,5 km is the Iowest reliable wvalue for b that nap been observed

in Precambrian terranes, these estimates for g* and bA may be regarded

as a maximum and a minimum respectively.

The above estimates for bA and g are included in lab*e 8.; where they
o r

are denoted as models KI and KII respectively. iliey bracket the
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g =g =36 nWra
o
-3

A = A 2,3 ulvm

o o

-3

Aj =0,2 uWm
b =9,3 km (model KI)

* 4,5 1an (model KII)

2 =35 km
m

Estimate, for the heat production of the lower crust generally fall

within the range 0,1 - 0,5 vVm'3 (cf. Heier and Adams, 1965;

Smithson and Decker, 1974; Pollack and Chapman, 1977b; NicoUysen et

al, 1981) and a slightly conservative estimate is used in the model

calculations. The average crustal thickness 1s based on seismic

refraction measurements made in the Transvaal by Gane al (1956) and

is compatible with most estimates for stable continental regions.

The distribution of radioactive sources for each model and the vari-

ables defined in equations 8.4 to 8.6 are shown in Figure 8.6. The

mantle heat flux is 14 and 22 mWnT~ for models KI and KII respectively.

Mo attempt has been made to assign errors to these values. The

overall uncertainties will be determined by systematic errors m gQ and

A and uncertainties in the assumed values of A" and hut the over-

riding uncertainty 1is in the distribution of heat sources in the upper

crust. Until this is known mere accurately there is l1itHe point in at-

tempting to evaluate other sources of error. These estimates are in

relatively good agreement with those made by Nicolaysen et al (1981)

who used a slightly different approach.

The mantle heat ows for models KI and KII may be compared with that

below an 'equilibrium' ocean. Parsons ard Sclater (1977) estimated

—2

the equilibrium background heat flow to be 33,5 ralm

(sub-lithospheric)



218

L0 a0

078 ¥'8 WoY=8eE
B0 AU80% ®3 N Sosheood

[oF=]

§ vy, o3 5 9bh9m

20 5 0§20 @S

MJtiaa

0O

V- <*

4>
C
a <

o

Lo,

"y

- Qo8 =
5 SYeE

=y X Vv

00

8tz

(w*) Mxddc



219

and considered the radiogenic contribution from the lithosphere to

be approximately 4 mWm ~ and, hence, the equilibrium surrace -tear

flow to be 37,5 mWof". To a first approximation radiogenic heat
sources are confined to the crust and the equilibrium mantle heat iLov
is 33,5 mWm~"'. This is 1,5 to 2,5 times greater than corresponding
values estimat t for the Kaapvaal Craton and considerable differences

in the thermal structure of the upper mantle can be expected.

Before discussing lithospheric thermal structures it is important to
emphasise that certain near-surface factors could reduce the surface heat

flow and lead to underestimates of the mantle heat flux below the craton.

(1) t-alaeoclimatis wvariations. The effect of past surface

temperature variations on the present surface heat ‘Low was discussed

in detail in the preceeding chapter. These events could reduce the
continental heat flow by up to 25%. In the absence of detailed
palaeoclimatic data for South Africa confirmee by heat flow measurements
in deep boreholes, t 1ij preferable to accept the measurements at face
value rather than apply a correction whose uncertainty exceeds its own
magnitude. However, the effect of irface temperature variations must
be considered as a contributing factor to the low surface heat flow and
should be a prime targec for future investigations.

(2) Small upper crustal radiogenic component. If the
radiogenic heat producing elements are strongly concentrated in the
upper 1-2 km of the crust, the mantle contribution has been seriously
underestimated. Such extn-rae differentiation is unlikely in the face
of heat production data from the Vredefort profile and from the fact
that the mean near-surface heat production is very similar at wide-

spread localities. Limits for the upper crustal contribution



to the surface heat flow have been discussed in some detail and are

believed to be realistic.

(3) The downward migration of meteoric water. The centre
of the Kaapvual Craton is approximately 1,5 km above sea level and if
the upper section of the crust is sufficiently permeable a significant
amount of heat may be transported by groundwater seeping downward through
the rock. It is difficult to estimate the macroscopic permeability of
the upper crust but this explanation for a low surface heat flow is un-
likely because most of the boreholes were probed to depths approaching

sea level and in some cases this depth was exceeded.

The alternative, a subnormal mantle heat flow, is the most likely ex-
planation for the low surface heat flow and in the next section the equi-
librium thermal structure below the craton will be compared with that

below an equilibrium ocean basin.

8.6 Equilibrium thermal structure of the Kaapvaal lithosphere

Sclater and Francheteau (1970) showed that the average mantle heat flux
below continental shields is approximately half its counterpart below
ocean basins. Hence, they argued that if the base of the lithosphere
is defined by an isotherm it is approximately twice as thick in shield
areas. An equilibrium mantle heat flow may therefore be regarded, as a
measure of lithospheric thickness and this implies that the Kaapvaal
lithosphere is 1,5- 2,5 times as thick as the equilibrium oceanic

lithosphere.



A more quantitive evaluation of the problem may be made bv comparing
geotherms for the Kaapvaal models with 1iat of an equilibrium ocean.

These geotherms can be calculated using the following equation:

In all 'ises the surface temperature, T”, 1is taken to be zero.

The oceanic geotherm was calculated using lithospheric parameters
estimated by Parsons and Sclater (1977) from observed variations in
mean heat flow a id depth of the ocean floor with age. They estimated
the heat flow through the base of the lithosphere in the equilibrium
state to be 33,5 roWm and the surface heat tlow, al«owing tor a r ,0
-2
genic contribution of 4 nWm from the lithosphere, to be 3 ,>m"'m
Any reasonable estimate for the heat production of the upper mantle has
a negligible effect on the geotherm and in the following models of the
lithosphere ell radiogenic heat 1is assumed to be derived trom the rust,
The oceanic crust is taken to have a thickness of d km, constant heat
1 ] ek
production of 0,5 uWr and constant thermal conductivity of 2,5 Wm K
Although measurements on rock of probable upper mantle composition
indicate that the thermal conductivity varies considerably with
temperature to depths of a few hundred kilometres (Schatz and Simmons,
1972; Ri hardson and Powell, 1976) the rate of change and the absolute
values are not well know. For simplicity, the same, constant value of
3,14 Wm~ K- "' assumed by Parsons and Sclater (1977) will be used. The
relative positions of the geotherms and differences in lithospherv

thickness calculated in this section would not be affected seriously if

variable thermal properties were considered.

The oceanic geotherm (0) is shown in Figure 8.7, Parsons and Sclater (19/7)
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estimated tne thickness of the lithosphere and the bottom boundary
temperature to be approximately 125 km and 1350°C respectively
(point a); below this depth the temperature gradient is likely to be
adiabatic. A transition in theological behaviour near the base of
the Uthosphere has not been considered and the sharp boundary is
diagrammatic. Parsons and McKenzie (1978) offer a detailed model of

the thermal structure in this region (see Appendix I).

The surface heat flow and vertical distribution o: crusta l heat sources

for the Kaapvaal models are those shown in Figure -.6. A reasonable

estimate for the average thermal conductivity of continental crust is
3,0 Wm~;K 1. Thermal properties of the upper mantle are those

specified for the oceanic model. Figure 8.7 shows the temperature

profiles (KI and KII) calculated from equation 8.7.

Turccrte and Oxburgh (1969) showed that the temperature gradient below

the lithosphere is likely to be adiabatic and they discussed the
variation of adiabatic gradient with depth in the upper mantle in some
detail. Four different methods predict adiabatic gradients oi between
0,4 and 0,6 K/km for the depth interval 200-400 km. It there are no
substantial horizontal temperature gradients in the asthenosphere, the
base of the lithosphere can be regarded as being defined by an adiabat.
In Figure 8.7 an adiabatic gradient of 0,5 K/km is matched to the point
defining the base of the oceanic lithosphere. The thickness of the

lithosphere for each continental model may be obtained from the inter-

section of the adiabat with the lithospheric temperature profile.

Respective values for models KI and KII are 313 km and I'' km»

Figure 8.8 shows diagrammatic F-W sections of the lithosphere below
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4 DENSITY AND bOUYANCV OT THE KAAPVA>\L LITHOSPHEKh

rhe contrast in Lithospherit temperature and thickness between rne

Kaapvaal Craton and an equilibrium oc-an has important implications

the density structure of the upper mantle. The variation ot densii

within the mantle 1is primarily controlled by mineralogicai composi'lo

and temperature. If the lithospheric mantle is compositionalix

identical in continental and oceanic regions it should be denser ov

the craton by virtue of the greater degree of thermal contraction.

Such an increase in density should result in isostatic subsidence

(Jordan, 1978; Turcotte, 1980) and a significant negative anomaly in

the ild height (Turcotte and McAdoo, 1979).

In reality there are no geoid anomalies above South Africa (Turcotte

and McAdoo, 1979, Figure 6) and the Kaapvaal Craton is approximate!’.

1,5 km above sea level. The local lithosphere is therefore bouyant

with respect to surrounding lithosphere profiles. This implies that

there is a compositional difference between the continental ilthospnere
on the one hand and the oceanic lithosphere and the aathenosphere on

the other such that the density is intrinsically lower within the

continental lithosphere (cf. Jordan, 1978).

A compositional decrease in the density of the Kaapvaal lithosphere can
be related to two important stages in the geologic.l history or the

craton. The first embraces the major episodes of rust formation and

evolution which occurred before x-2000 m.y. ago (see lecrlLon >.2>. The

second 1s Cretaceous kimberlite magmatism and upL ill.



Although the initial phase of crust development is likel> nave nad an

important effect on the composition of the Kaapvaal lithosphere it 1is
difficult to estimate the effect on its density. Cxburgh and Parmentier

(1977) showed that the extraction of basaltic melts from the lithosphere

in the formation of oceanic crust is likely to produce a less dense,

depleted lithosphere; the decrease in density is of similar magnitude

to the density increase due to thermal contraction of oceanic lithosphere

as it ages. Jordan (1975,1978) wused a similar argument to show that

basalt genesis can produce a lower density continental lithosphere and
therefore permit lower temperatures below continents than below oceans.

Some support for this conjecture comes from the :act that tne most

abundant type of upper mantle nodule erupted with South African

kimberlitea has a relatively depleted composition (Gurney and Harte, 1930;.

However, Dbecause of the variety of processes involved in the formation

of continental crust and the wide compositional spectrum or material
extracted from the mantle such simple models fir the evolution of

continental lithosphere may be inappropriate. The magnitude ana sign

of the overall change in density of continental lithosphere (due ootn

to thermal contraction and crust genesis) are uncertain.

Although a solution to the problem may lie in the subsidence history

of ancient cratonic regions this history is not well understood. In

particular, it is not known whether Archaean and Proterozoic sedimentary

basins on the Kaapvaal Craton formed as a result of thermal subsidence
(Sleep, 1971; Turcotte, 1980) or dynamic processes such as lithospheric

stretching (McKenzie, 1978).

Whatever the effect of crustal evolution on continental lithosphere

the following important fact remains; many continental shields (eg.
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the western Australian Shield and the Canadian Shield) 1lie close to sea

level which indicates that this is the equilibrium height for continents.

Although 1little is known about the history of the Kaapvaal Craton during

the past 2000 m.y. erosional forces are likely to have ensured a near

zero elevation throughout most of this time. The accumulation of

extensive sedimentary sequences (notably the Karoo supergroup) during

the Palaeozoic and Mesozoic also suggests that the subcontinent was

low-lying during its Utter geological history. .he present surface

height of approximately 1,5 km on the craton therefore reflects a recent

decrease in lithospheric density.

Geomorphological data indicate that major, geologically persistent

uplift of southern Africa occurred in Cretaceous times (du :0it,
King, 1963). Uplift was temporally and spatially associated with wiue-

spread emplacement of kimberlites, melilite basalts and nephelinite

basalts (Dawson, 1970) which suggests that these events were related to

the same geodynamic process. Subsequent phases of uplift indicate that
the subcontinent responded to these, or related, nrocesses “ler a
prolonged period of time. The most important period of kimberlite

emplacement in southern Africa appears to be 130-90 m.y. (H L Allsopp,

personal communication).

Several different mechanisms have been proposed to account for plateau
uplift (see McGetchin et al, 1980) but few can be applied to South
Africa.

Any mechanism that explains South African Cretaceous uplift must

also explain the associated kimberlite magmatism and must be consistent

with the heat flow data.



Thermal processes within the upper mantle can cause expansion ot the

lithosphere and uplift of the magnitude observed. Important processes

Include heating caused by hot spots (Crough, 1979) and frictional

heating caused by shear at the base of the lithosphere (Yuen and

Schubert. 1981). However, transient thermal processes cannot account

for Cretaceous uplift in southern Africa. Figure 9.1 shows that thermal

events 1in the uppermost mantle should have important effects at the

surface after 100-150 m.y. and this is inconsistent with the low heat

flow on the Kaapvaal Craton. Nor can such thermal transients result

in persistent uplift.

A simple mechanism for Sooth African uplift which fits the facts best

involves the introduction of volatile, into the lithosphere and ensuing

hydration and/or carbonatioa of mantle perldotlte; this results in a

permanent lowering of the density and Isostatic uplift (Hess, Ivti;

McGetchin and Silver, 1972; Lloyd and Bailey, 1975). It can be achieved

with little or no heat input and also provides a plausible mechanism

for the genesis of klmberlites (Wyllie, 1980).

Figure 9.2 shows melting relationships in the system peridot!te-LO

(after Wyllie) in relation to the Kaapvaal geotherms. The solidus for

anhydrous peridotite lies well above the geotherms and melting could

not occur without a substantial thermal perturbation. If CC>2 and H"™O

were introduced adiabatically from below, partial melts of kimberlitic

composition would be generated at the point where they cross the

peridotite-C0,-H20 solidus (a). Above (a) excess CO” and would be

dissolved in inters itial melts. Wyllie suggested that partially

melted diapirs would rise adiabatically until they reached the temper-

ature maximum on the peridotite-CO”0 solidus where volatiles would
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be released; this may result in the propagation of cracks to the surrace
and explosive eruption. Ascent 1s not necessarily adiabatic within the
lithosphere and diapirs or kimberlitic melts may follow a path closer

to the geotherm. Levels (b) and (c) at which the KI and K..I geotherms

intersect the solidus represent the maximum depths at which wvolailies

can evolve or crack propagation can be initiated.

In the framework outlined by Wyllie, when release of volatiles does not

result in kimberlite eruption, kimberlitic magmas will crystallize at
the point where the" enter the subsolidus field: C>2 and H2i> become
available to react with per .dotitic mantle and produce minerals such as

dolomite, phlogopite and aopaibole. Similar reactions could also occur

at depths below (a) where the 1350 C adiabat intersects the solidus.

It is possible to make rough estimates of the overall decrease in
lithospheric density caused by such reactions and the degree or carbon-
ation or hydration required for given amounts of uplift. Simple iso-

static theory shows that the decrease in bulk lithospheric density (Lo)

is given by

where 0 1is the original density of the mantle, Ah is the amount of
0
uplift and h is the total thickness of mantle that has undergone partial

alteration. The volume content of carbonated or hydrated material

within this =zone is

where 8.. ia the density of the alteration product. Values for Ao and x
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. 2,9 x 10°'
have been calculated assuming PQ " 3,36 x 10 kgm and x
kgm'3. For an uplift of Ah 1,0 km and for h - 200 km:
3 3
Ap v 0,017 x 10 kgm
x ~ 3,77,
and for h - 300 km:
3 -3
Ap v 0,011 x 10 kgm
x A 2,411
Phlogopite appears to be the most abundant secondary mineral in that

section of the mantle sampled by kimberlites (100-200 km) (Gurney and

Harte, 1980). Although minor amounts of phlogopite occur in many mantle

inclusions the overall abundance in the mantle is not known; in order

to keep the content of secondary minerals below a reasonable level it

would appear that a considerable thickness of mantle (possibly more

than 300 km) has been affected. In this calculation it is supposed that

movements associated with isostatic adjustment occur below the litho-

sphere. Although glaciel uplift phenomena indicate that creep can oc-

cur at shallower depths the lower viscosity of the asthenosphere permits

more efficient flow and the Kaapvaal lithosphere as a whole is bouyant.

A possible consequence of the model 1is that influx of volatile, may he

accompanied by light element metasomatism of the mantle (Lloyd and

Bailey, 1975; Wyllie, 1980). Incompatible trace elements, including

U and Th, may be incorporated in the lithosphere. Figure 9.1 shows
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that a significant increase in radiogenic heat production within the

lithosphere approximately 100 m.y. ago should have an effect at the

surface today. As noted previously, this is not consistent with the

low cratonic heat flow. Although evidence for the introduction or

incompatible elements on a small scale 1is indisputable (see Gurney and

Harte, 1980). widespread introduction of U and Th cannot be supported.

Different suggestions have been advanced for the mechanism by which

volatile, axe introduced. Wyllie (1980) suggested that minor thermal

perturbations could release the components C-H-0 from deep-seated mantle

reservoirs. Lloyd and Bailey (1975) produced evidence to show that

volatile influx is enhanced in zones of tension in the lithosphere.

Kicolaysen (1981) has developed a model which couples mantle degassing

and crystallization state in the core; the stage of active devolatilna-

tion 1is coupled to core contraction and a stage of volatile storage

is coupled to core expansion. Although this model is dependent on the

controversial theory of Schloes.in and Jacobs (1980) it nevertheless

predicts upper Cretaceous kimberlite erupt;v:ty.

Whatever the cause, the abundance of kimberlite in southern Africa

indicate, that large quantities of CO, and h,0 were available during

the cretaceoue. Important consequence, are that these volatile, could

(!) lower the mantle .olidu, far enough to generate kimberlitic partial

melt, and (2) react with the mantle to produce lea, dense hydrous and/

or carbonate assemblage, and hence cause uplift! these could be achie-

without a significant thermal perturbation.
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10 IMPLICATIONS FOR THE GENCSTSJ1FJirAMONDS

Although diamonds constitute a minor component of the klmberllte

inclusion suite their economic value has promoted much research into

the genesis of their host magmas and the physical and chemical nature

of the upper mantle from which they

.re derived. Clifford (1966, noted

that diamondiferous klmberlltes In Africa are apparently confined to

the older cratonlc regions and that the younger erogenic belt, are

virtually careen. The discovery of numerous klmberlltes in recent years

confirms this observation and Figure 10.1 shows that all known major

occurrences of dlamondlferous klmberllte in South Africa are restricted

to the Kaapvaal Craton. Gurney and Hart. (1980, noted further that the

economic potential of diamond occurrences generally Increases towarcs

the centre of the craton. A comparison of these observations with the

heat flow data aummari-.ed in Figures 8.1 and 8.2 shows that there is

a strong correlation between heat flow, tectonic age and abundance of

diamondiferous kimberlite.

The implication of this is that lateral variations of the thermal

structure of the lithosphere can account for the distribution of

dlamondlferous klmberlltes. MacGregor (1975) and MacGregor and Basu

(1974, have shown that

,emp.ratur.-present, estimates based on studies

of mineral equilibria in klmberllte xenollths indicate that

the litho-
sphere 1is cooler and thicker below the Kaapvaal Craton than it.
surroundings. Other authors (eg. Nixon « Jjl1, 197); Boyd and Mixon,
1980,

have suggested that only in the cratonlc regions is the litho-

sphere thick enough for

zones of diamond stability to exist. In this

chapter, it will be shown that differences in the thermal structure of

the lithosphere below the Namaqua Mobile Belt and the Kaapvaal Craton,
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.Wibut .0L: 1 ttrt upper mancL below the Namaqua Mobile Belt. A

;er. ilculaied in the ame way as the Kaapvaal geothevis

ad* to a smaller ontrast in lithosphetic temperatures
mp, r he Kaapvial models. The temperature profile is shown in
ai*v' N) *. Although an improved .nowledge of the thermal

thu Namaqua crust will proba-ly alter the position

,thospher Dbelow the Naocaqu. Mobile Belt is evidently

o o a hat below the raton (curves KI and K1I, figure .0.2).
,Ahi tea geothems «e based on present-day measurements there is
, —Vol. unification for applying them to the periodUO-yj m.y.
th kiraberlites wer erupted. A fairly recent, major

,nt would be required if the geothermal gradients below

.gmaqua Mobil. Belt and the Kaapvaal Craton were significantly

, rent 100 m.y. ago (see Figure 9.1). It was shown in Chapter 9

r caseous magmatism Itself could not have constituted an

important thermal event. Karoo volcanism and the break-up of Gondwana-
ui ,, m 1V”ly to have had more than peripheral effects on the Namaqua
_sol 1v'It ind the Kaapvaal Craton. There m-e noother surtace

, 0l re ent thermal events in southern Africa and it is 1likely

be equal to gr.
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that the geothermal gradients have not changed significantly during

the last 100 m.y.

Support for this conclusion comes from a Pb isotope study of sulphide

inclusions in diamonds from the Kimberley and Finsch mines (Kramers,

1979) . The data indicate that at least some of the diamonds are older

than 2000 m.y. This implies that the temperature of the lower part ot

the lithosphere in this region has not been raised above the diamend-

graphite equilibrium boundary (see Figure 10.2) during the past 2000 m.y.

and that this area has been underlain by a cold thick lithosphere for

at least this period of time.

Temperature-pressure data estimated from studies of phase equilibria

in kimberlite inclusions are commonly used to make inferences about the

thermal structure of the upper mantle below southern Africa during the

Cretaceous (eg. Boyd, 1973; MacGregor and Basu, 1974; MacGregor, H75;

Boyd and Nixon, 1980). However, interpretation of these data in terms

of geotherms 1is open to question. Large uncertainties arise out of

both mineral equilibrium studies and their experimental calibrations

and the application of these data, derived from simple chemical systems,

to natural rock systems (Wilshire and Jackson, 1975; Mori and Green,

1978; Howells and O'Hara, 1978). In addition, Fraser and Lawless (1978)

have questioned the assumption that nodules are in chemical equilibrium

and Mitchell et al (1980) showed that T-P systems may be altered

considerably by thermal interaction between the inclusions and the

kimberlite melt. Although the data indicate that the Kaapvaal 1litho-

sphere was considerably colder and thicker than in the surrounding

regions they do not provide an accurate check on the positions of

geotherms calculated from heat flow data.



Figure 10.2 shows the positions of the model geotherms in relation to

the graphite-diamond equilibrium boundary (dashed line) and also snows

how the difference in thermal structure can explain the observed

distribution of diamondiferous kimberlites. T-P estimates made on

kimberlite inclusions, and their generally depleted composition, indicate

that the maximum depth from which kimberlites are erupted is close to

the base of the lithosphere; hotter, deeper and presumably undepleted

material 1is apparently not sampled. The reason for this is not clear;

the physical nature of sublithospheric mantle may inhibit crack propaga-

tion which is necessary for kimberlite eruption. Those kimberlites

originating below the craton had ample space to sample potentially

diamond-bearing lithosphere before reaching the graphite-diamond

transition. Those in the Namagqua Mobile Belt originated within the

graphite field and are barren.

This line of analysis indicates that there is a potential application

of heat flow studies for understanding craton-mobile belt boundaries,

and therefore, the distribution of diamondiferous kimberlites. A

wider coverage of heat flov-heat production stations in southern Africa

is likely to provide better detail regarding the relationship between
diamondiferous kimberlite occurrences and low heat flow and also permit

a more exact Investigation of the thermal structure of the lithosphere.

It may then be possible to extend the above explanation to unexplored

regions. While T-P studies on kimberlite nodules may yield similar

information, heat flow investigations are more economical and are not

restricted to areas of known kimberlite occurrence.



11 CONCLUSIONS

Thi main coni.!'isions that can be drawn from this investigation are

summarized below:

1. Systematically increasing temperature gradients to depths of
approximately 200 m in boreholes in the Namaqua Mobile Belt and
kaapvaa. uraton reflect a rise in surface temperature of about
1 C during the past century. Oecreasung gradients to approximately
60 m in the Klerksdorp boreholes suggest that the surface temperature
has scarce* co decline there. These trends are consistent with
variations of the mean annual air temperature during the period
of the meteorological record at stations in South Africa, Europe
and the U.S.A.; a climatic warming, starting up to 150 years ago,
seems to be a world-wide phenomenon while declining temperatures
are evident in some areas. Several heat flow measurements require

small corrections for these effects.

2. Surface temperature variations during the past few hundred vyears
may obscure the effects of palaeoclimatic variations, which are
usually measured in thousands of years, in the upper few hundred
metres of a borehole. Observations in shallow boreholes should
not be used as supporting evidence for Quaternary climatic recon-

structions .

3. None of the boreholes investigated was deep enough to show the
effects of Quaternary climatic wvariations. Perturbations of
thermal gradients have previously been observed in several deep

boreholes in South Africa but the trends are not well defined and



their causes have not been established. Although climatic

modelling for the northern continents suggests that the heat

flow may be depressed by as much as 25% in some areas there is

no supporting evidence for this in deep boreholes. Because of this
and the lack of detailed climatic reconstructions for southern Africa
there 1is no justification for applying palaeoclimatic corrections to

the heat flow data.

The heat flow from the Namaqua Mobile Belt is van ble, ranging

-2 e
between 39 and 81 mWm The average heat "low, 61+11
is 20-25 mWm ™ higher than the equilibriu value given by Polyak and
Smirnov (Iv6e3) for continents; this repre»vnts a significant anomaly.
The high average near-surface heat production, 2,3 + 1,2 tWr.~;, and
the absence of independent geophysical evidence for a high mantle
heat . lux suggest that the anomaly is due to enhanced upper crustal
radioactivity. Although heat flow-heat production pairs do not
yield a simple linear correlation the averaged dataplot close to the
relationship observed in the Superior Province; on thisbasis crustal

radiocactivity 1is estimated to contribute 50-60% to the surface heat

flow.

Stations from the Springbok district yield a mean heat flow which

is not significantly different from that of the Namagqua Mobile Belt

as a whole. However, small variations in heat flow are correlated
with locally extreme values of heat production. The anomalous heat
production 1is associated with a sheet-like granitic intrusion 1-2 km
thick. This is similar to the depth parameter relating heat flow

and heat production and differential erosion of this layer may account

for much of the heat flow variation. Data from such thin, enriched



bodies may lead to overestimates of the mean surface heat production,
and therefore the contribution due to crustal radioactivity, in

gneissic terranes such as the Namagqua Mobile Belt.

Although boreholes close to the Kheis boundary of the Namagqua Mobile
Be yield a lower mean heat flow than the remaining stations in the
mobile belt, this difference can be attributed to a difference in the

depth integrated average heat production.

The single station fom the Richtersveld Province yields heat flow
and heat production wvalues which are close to the means tor the
Namaqua Mobile Belt. This suggests that these regions are charac-

terized by similar thermal parameters.

The mean heat flow from the Klerksdorp district of the Kaapvaal

Craton (33 £ 2 irlim *) is among the lowest in the world, while the heat
production of the near-surface basement rock is relatively high

(2,2 £ 0,8 uWm 7). Similar low heat flows are obtained by subtracting
the radiogenic contribution of Proterozoic strata from previous heat
flow determinations and the mean heat flux from the basement in the
centre of the craton is 36 t 5 miWra The heat flow increases

towards the margins of the craton, reflecting a transition between

different thermal regimes.

Although the heat flow in the centre of the Kaapvaal Craton 1is not
much less than the equilibrium continental value of Polyak and Smirnov
(1968), high and uniform values at widespread localities and a heat
production-depth profile from the Vredefort dome indicate that a
significant proportion of this heat flow is due to crustal radio-

activity. The probable range of mantle heat flux below the craton,
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11.

12.

estimated by making use of data from the Vredefort profile and Ly
comparing the Kaapvaal data with those from the western Australian
Shield, is 14-22 mWm This range requires a lithospheric thickness

of 1,5-2,5 times that below an equilibrium ocean.

The high elevation of the Kaapvaal Craton relative to other Archaean
terranes indicates that the lithosphere is bouyant. This bouyancy
reflects a decrease in lithospheric density which offsets the
increase in density due to thermal contraction. A substantial
decrease in lithospheric density appears to have occurred Curing

the Cretaceous when the crust was uplifted and invaded by numerous

kimberlites.

The persistent nature of Cretaceous uplift and the low cratonic

heat flow indicate that uplift cannot be due to expansion caused

by thermal transients. The mechanism considered to achieve uplift
involves the introduction of ., and H ,0 from deep-seated mantle
sources. The influx of CC 1l and H .0 depresses the mantle solidus
below the geotherm and kimberiitic partial melts are generated
without a significant thermal perturbation. Reactions between @,
and HO and the mantle result in the formation of carbonate and/or
hydrous phases and therefore a permanent lowering of the lithospheric
density. The low cratonic heat flew does not permit widespread

introduction of heat producing elements during this process.

There is a correlation between tectonic age, heat flow and distribu-
tion of diamondiferous kimberlites. The presence of diamondiferous
kimberlites in the Kaapvaal Craton and their absence in the Namaqua
Mobile Belt can be understood in terms of the thermal structure of

the lithosphere as deduced from the heat flow data. The lower



part of the Kaapvaal lithosphere lies within the diamond stability

field and kimberlites erupted from this region are diamond rearing;

the Namaqua lithosphere is mostly, or entirely, within the graphite

stability field and kimberlitea are bairen.
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APPENDIX J OCEANIC HEAT FLOW

Heat flow patterns are now well established in most of the major oceans
and can be accounted for by relatively simple models for the thermal
evolution of oceanic lithosphere. In the plate tectonic model, oceanic
crust 1is created by the intrusion of basaltic magma at the centre of a
spreading ridge (Hess, 1962), New crust and lithospheric mantle move
away from the spreading centre where younger material is intruded.

Newly formed crust 1is magnetized with the polarity of the earth's
magnetic field (Vine and M-.tthews, 1963) and polarity reversals recorded
by the pattern of magnetic lineations on the ocean floor give an estimate
for the age of the crust. Near zero free air gravity anomalies over
ocean ridges (Taiwan! y- a l, 19%5) suggest that the lithosphere is
isostatically compensated and that thermal expansion of the lithosphere
accounts for the ridge elevation. Even in these simple terms plate
tectonic theory predicts two important relationships. Conductive cooling
and thermal contraction of the spreading lithosphere should result in a

decrease 1in heat flow and elevation of the ocean floor with age.

A general decrease in heat flow with age has been noted by several

authors (eg. Sclater and Francheteau, 1970;Mi Kenzie and Sclater, 1971;
Herman et al, 1977). In a recent analysis of oceanic heat flow data
Sclater et aj  (1980) showed that the trends are the same for all major
oceans. The heat flow is high and variable near ridge crests and

decreases to low, relatively constant values of less than 50 raWm " in
old ocean basins. This is illustrated in Figure 1-1 which shows the mean
heat flow and standard deviation for consecutive age groupings of all

major oceans combined.
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although several thermal models for the evolution of oceanic lithosphere
have been advanced to account for this relationship, most are variations
of the original proposals made by Turcotte and Oxburgh (1967) and

McKenzie (1967). Only the basic models will be discussed below.

(1) Boundary layer model (Figure I-2a). Turcotte and Oxburgh (1967)
applied cellular convection theory to the earth's mantle and described
lithospheric plates as cold thermal boundary layers which form on
divergent mantle flows at ocean ridges. Motion of the rigid boundary
layer 1is related to the large scale convective overturn of the mantle.
The boundary layer cools by conduction to the surface and thickens with
age, the thickness of the plate being limited only by the maximum age of
the oceans (approximately 200 ra.y.). The thermal evolution of the
lithosphere 1is approximated by the one-dimensional cooling ot a half-
space (equations 1.9-1.12, Chapter 1). The predicted surface heat flow
(equation 1.12) is a function of square root of ocean floor age (P»t) and
is compared with the observed trend in Figure 1-1, The depth of the

ocean floor relative to the ridge crest 1is given by

o m <vTo>iNr#>1I
(@] w

where and p are the densities of mantle rock and sea-water
o W
: spectively and a is the co-efficient of volume expansion of the

upper mantle. Other parameters are defined in Section 1.2.

(2) Plate model (Figure I-2b). In the model suggested by McKenzie
(1967) a slab of constant thickness moves away from the ridge crest.
The base of the slab and the vertical boundary at the ridge crest are

maintained at a constant temperature. Although the first of these
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boundary conditions is physically unrealistic the model agrees well with
heat flow and depth observations (Sclater and Francheteau, 1970; Sclater
et al®, 1971) . McKenzie's original formulation of the temperature
distribution did not show an explicit /t dependence but Parsons and
Sclater (1977) demonstrated that for young crust the surface heat flow
and elevation of the ridge do depend on /t. At greater ages these
relationships break down and ¢ and d decrease exponentially to constant

values. The dependence of surface heat flow on age is shown in Figure E-1.

The heat flows predicted in these models are virtually identical in young
ocean floor although they are well above the observed values. For ages
greater than 50 m.y. the curves diverge but both are in good agreement
with the measured heat flow; here the scatter in the data precludes

their use as quantitative tests of different thermal models.

A much better constraint is provided by the relationship between depth
and age of the sea floor (Sclater et al, 1971; Davis and Lister, 1974;
Parsons and Sclater, 1977), Averaged depth data for the .'lortn

Pacific and North Atlantic decrease from approximately 2500 m at the
ridge crests to over 6000 m in old ocean basins (Figure 1.-1) anu agree
well with the linear /t" dependence for ages less than 80 m.y. Beyond

80 m.y. depths predicted by the plate model provide a better fit than

the boundary layer model.

Armed with this information a closer inspection of the heat flow-

age relationship is possible. The relatively low, variable heat flow
through young ocean floor cannot be explained by purely conductive
processes and a number of authors have suggested that circulation of

sea water throv'h fractured basaltic crust removes much ot the heat
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(eg. Lister, 1972; Williams et al, 1974). It has been clearly shown
(Sclater et” aj®, 1974; Anderson and Hobart, 1976; Anderson et al, 1977 ;
Davis and Lister, 1977) that there is a transition from predominantly
convective heat transport in ridge cres-.al regions where permeable crust
is in direct contact with sea water, to predominantly conductive transter
in older regions where water circulation is effectively halted by the
thickening sedimentary blanket and sealing of fractures. “n the latter
regions the heat flow is less variable and approaches theoretical
estimates while measurements in restricted sedimentary ponds in young

ocean floor yield 1low and variable results.

Using selected means from young, well-sedimented crust in the Pacific
Ocean,Sclater e” al (1976) showed that the scatter in the data is
greatly reduced and that the mean values are 1in excellent agreement witn
theoretical predictions (Figure 1-4). Similar results were obtained in
local studies by Davis and Lister (1977) for the Juan de Fuca Ridge and
Sclater and Crowe (1979) for the Reykjanes Ridge. Both the plate and
boundary layer models are consistent with this reassessment oi the <

but it is still not possible to distinguish between them on heat flow

grounds.

Parsons and Sclater (1977) developed methods of inverting bathymetric
and heat flow data to give physical properties of oceanic lithosphere.
They showed that the plate model predicts a /t dependence of heat flow
and depth in young ocean floor and asymptotic decreases to constant
values 1in old ocean floor. Only the bathymetric data provide accurate
constraints on the model; best fits to the data show that the depth to
the ocean floor departs from a /F dependence at approximately 70 m.y.

and may be represented by:



300

200

R
°* m o

1SO

X 5o

100

50

FIGURE 1-4

20 40 60 80 100 120 140 160

Ago (my)

Selective heat flow means and standard deviations of Sclater et al (1976)
function of age of the ocean floor. Horizontal bars represent age ranges.
Theoretical curves are as in Figure T-1.

as a

180



254

d(t) - 2500 + 350*t iz (1-2)
for 0<t<70 m.y. and
d(t) = 6400 - 3200exp(-t/62,8) m (1-3)

for t>20 m.y. Parsons and Sclater used values of 1,00 x 103 hﬁa_3 for
the density of sea water, and 3,33 x 10 kgm for the density,

1,17 x 10'5 Jkg "K 1 for the specific heat and 3,14 Wm 1 for the
thermal conductivity of mantle material to derive the following

lithospheric parameters from the constants in expressions 1-2 and 1-3:

L (plate thickness) * 125 km
o
I, (bottom boundary temperature) = 1 350 ¢C
-5 o,-1
ledl (thermal expansion co-efficient) * 3,2 x 10 C

Even reliable heat flow data are too scattered to accurately estimate
model lithospheric parameters but they apparently depart from a
dependence at a much older age (approximately 120 m.y., Figure 1-4)
than the elevation. The reason is that thermal contraction of the
lithosphere responds to a bottom boundary condition almost instant-
aneously when compared with the characteristic time for heat conduction

through the lithosphere. The surface heat flou may be represented by

- 473//t" mWm " (1-4)

for 0<t'"120 m.y. The best estimate for the asymptotic mantle heat flux

is obtained from results of the elevation - age relationship which gives
T.
q B K- * 33,5 raWm “ (1-5)
m L

The crustal radiogenic heat input 1is approximately 4,2 mwm ‘ and the

asymptotic surface heat flow is 37,7 mWm . This is 9,6 mWm “ lower



than the lowest of the reliable heat flow means which suggests that the
heat flow has not reached equilibrium in the oldest ocean floor

generated by the present cycle of plate movements.

Parsons and McKenzie (1978) later rationalized the plate model by
suggesting that the lithosphere thickens with age in the same way as

the boundary layer model until a new basal boundary condition is felt;
after this the thickness remains constant (Figure I-2c). They advanced
the suggestions of Richter (1973), Richter and Parsons (1975) and
McKenzie and Weiss (1975) that in this region small scale convection

in the upper mantle supplies additional heat which holds the isotherm

at the base of the lithosphere at a constant depth. The lithosphere is
divided into a cold rigid 'mechanicall boundary layer and a hotter
viscous 'thermal' boundary layer both of which thicken with time. At

an age corresponding to the break-down of the /F dependence of topography
(~70 m.y.) the thermal boundary layer attains a thickness such that it
becomes unstable to small scale convection. This involves the break-
away of cold dense material from the bottom of the lithosphere and

its replacement by hotter material from below. Alternative suggestions
for the additional source of heat necessary to support the basal
isotherm include shear stress heating (Schubert et al, 1976), radiogenic
heating (Forsyth, 1977) and heat released via the earth's hot spot
network (Crough, 1979); from theoretical considerations and experimental
analogues Parsons and McKenzie (1978) concluded that heat transfer

in the lower, viscous part of the lithosphere cannot be solely conductive.

A third source of information about the thermal structure of the oceanic
lithosphere comes from seismic evidence. Shear wave studies show that

there 1is a zone of low seismic velocity near the base of the lithosphere



which is interpreted to reflect the onset of partial melting. Although
the depth to the top of the low velocity =zone does not necessarily
coincide with the base of the lithosphere defined using thermal
parameters, studies of ita variation with age provide a potential
constraint on the thermal evolution of oceanic lithosphere. Leeds et al
(1974) and Forsyth (1977) showed that the depth to this boundary
increases with age but the resolution is limited and it 1is not clear

whether or not it approaches constant values in old ocean basins.



APPENDIX II COMPUTER PROGRAMMES

Appendix II gives 1listings of the computer programmes used in this

investigation and quoted in Chapter 3.

Appendix II A 1is programme DEPTH which calculates the vertical depths of
equally spaced points along inclined boreholes from the borehole survey
data. The survey data may be entered as:
1) Vertical and horizontal co-ordinates of points along the borehole
2) Depth along borehole and inclination in degrees from the horizontal
3) Depth along borehole and vertical depth.
A spline function 1is used to interpolate between the surveyed points and
depths along-hole are converted to the vertical. The programme was

compiled by the author with the assistance of Dr D M Barrett.

Appendix II B 1is programme BETTER which converts the thermistor probe
resistance, R, to temperature, T, using a polynomial fit of 1In(R) to (1/T)
with R in ohms and T in K. The polynomial co-efficients were determined

by calibration against a platinum-resistance thermometer. Temperatures and
temperature gradients (between successive measurements) are given as

functions of depth. The programme was compiled by Dr S W Richardson.

Appendix II C 1is programme TOPO which calculates a correction to subsurface
temperatures and temperature gradients due to topographic irregularities.
The topography, digitized on a rectangular grid, 1s entered through sub-
routine HEIGHT, and averaged along circumferences of circles centred on the
point to be corrected in subroutine SURCLE. Topographic corrections are
calculated using the method of Jeffreys (1937) which is summarized in
Section 3.3. The programme was compiled by Dr P C England; for further

details see England (1976).
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APPENDIX IIT ANALYTICAL TECHNIQUES FOR THE DETERMINATION OF U, Th

AND K

De layed neutron accivati”n d4n,vs is

The DNAA method established at the South African Atomic Energy Board

'AEB) provides an economical and rapid means of measuring U concentrations
with relatively high sensitivity it abundance levels as low as 1 p.p.m.

A detailed description of the technique and the principles it employs

is given by Smit (1976) in an internal AEB publication.

Duplicate samples of ao< it 200 mg of powdered rock were sealed in
polythene capsules whi>i were sent in batches to AEB for analysis. The
capsules were inserted into larger polythene containers, irradiated in
the SAFARI I reactor and counted for pre-selected times. A thorium
correction was provided by irradiating the duplicate sample of each
pair inside a cadmium shield thereby permitting the effects of L and
Th to be isolated. Other interfering elements are not sufficiently
abundant in most geological samples to affect the U count rate signifi-
cantly. Background corrections were provided by running a number of
blanks with each batch of samples. The method 1is relatively free from
matrix effects and specially prepared U solutions were used as

standard reference materials.

The precision and accuracy of the method was determined jointly by Smit
(1976) and R J Hart (NPRU, University of the Wltwatersrand) using samples
analysed by independent techniques. The relative precision is within

15% at the 1 p.p.m. level of abundance, 5% at 10 p.p.m. and better at

higher concentrations. The mean U concentrations rarely differed from



DNAA data obtained at the Atomic Energy Research Establishment (AERE),
Harwell, England, and isotope dilution (ID) data obtained at BPI by more
than the statistical uncertainties. Some of these data are given in

columns 3, 4 and 5 in the first half of lable III-1.

The results of further comparative tests carried out during the course ot:
this study are also summarized in fable III-!. Column 2 gives the mear:
and standard deviation of replicate analyses on several samples. DNAA and
ID data in columns 3, 4 and the first half of column 5 were provided by

R J Hart along with all samples prefixed VT and KK. Samples prefixed

L and B and the accompanying ID data were provided by J M Barton (BPI

Geophysics, University of the Witwatersrand). Agreement between the data

is good in most cases.

Neutron activation analysis

U and Th determinations by NAA were made by R J Hart at the Nuclear
Physics Research Unit (NPRU), University of the Witwatersrand. Details
of the method are summarized by Hart et &1 (1980), Samples of powdered
rock (approximately 300 mg) were sealed in quartz vials which were placed
in cadmium cans and irradiated in the SAFARI I reactor at AEB. Homogeneous
iron wire was wrapped around each wvial to monitor the neutron iiux

received by each sample. Samples were counted at NPR1I for 60 minutes

after optimum decay times.

Standardization was against a local granite sample whose U aid Th
concentrations were obtained by comparison with accurately determined
gravimetric preparations. Five repeat measurements on the standard

yielded 2-0 reproducibility errors of 3,3% for U (U concentration -
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Table III-1 Comparison of U determinations by D’.M at AEB and

Harwell and by ID at BPI. Concentrations in p*Pem-
Sample DNAA (AEB) ! DNAA (AEB) DNAA (AERE)?2 ID (BPI)3
VI 40 27,0 28,5 27,50 27,52
VT 41 19,2 20,7 19,67 19,37
VT 42 2,6 + 0,2 (5) - 2,72 -
vT 127 5,2 0,4 (8) 5,23 5,18 5,40
VT 462 -vo, 3 (3) 0,20 0,13 0,20
VT 505 1,0 to,1 (5) 0,96 0.R7 1,13
KK 4 v0,3 (4) 0,24 0,2 0,24
KK 8 1,5 £ 0,5 (4) 1,32 1,38 1,42
KK 10 0,9 + 0,1 (2) 0,63 C,65 0,72
KK 15 0,4 £ 0,1 (2) 0,22 0,34 0,38
KK 16 2,4 £ 0,2 (2) 2,65 2,80 3,05
L 19 v0,3 (2) 0,3 - 0,30
L 21 0,4 £ 0,2 (4) 0,8 - 0,53
L 68 0,7 to,2 (5) 0,7 - 1,17
L 73 2,1 1,9 - 1,90
B-75-24 9,5 + 0,5 (3) 10,2 B B
B-75-61 9,8 £ 1,5 (2) 9,8 - -
B-76-5 v0,3 (2) 0,1 - -
B-76-13 3,8 t 0,4 (2 4,8 - -
B-76-22 3,1 to,5 (2) 4,7 - -
B-72-24 0,9 0,3 (3) 1.0 - -
B-76-104 1,1 - - 1,49
B-76-113 "/),2 0,66
1 This tudy: mean, standard deviation, number of analyses

2 Analyses by R J Hart

3 Analyses by R J Hart or J M Barton
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.8,4 p.p. i) ind 2,2% for Th (Th concentration - 43,3 p.p.m.). A
comparison of U and Th determinations W AA and ID for six granite
samples from Granite Mountains voroi g,the U.S.G.S. basalt standard
BCR-1 and a mafiu granulite from Vredefort, South Africa, reveals
excellent agreement between the two methods over the concentration
ranges; U a0, - 56 p.p.m. and Th *, — 63 p.p.m. The data are

summarized by Hart et aj (1980),

X-ray fluorescent spectrometry

Thorium

Approximately sixty samples were analysed for Th by XRF in the Department

of Geochemistry, University of Cape Town (UCT) by R J Hart. The
operating conditions were the routine procedures that have been adopted
at UCT and are described by Cherry ef a (1970) and Reid (1977). Loose
powders were used and standardization was against four U.S.G.S rock
standards (0-1, G-2, GSP-1, AGV-1l). 1In order to estimate the precision
and accuracy of the analyses replicate measurements were made on the
U.S.G.S. standard BCR-I and seven samples from Vredefort; the results
are compared with published data obtained using other techniques in
Table III-2. Reproducibility errors were commonly better than 10% but
some results, particularly those for low Th concentrations, differ
considerably from data obtained by DNAA at AERE (Table Ifl-.1). Hart et
(198J) showed that XRF only yields results wnich are comparable with
intrinsically more accurate technigques such as ID at relatively high

concentration levels (> 10 p.p.m.).

A further fifteen samples were analysed by the author in the Department

al
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Table

Sample

KC

able II1-4

mean

std. dev

III-5 Comparison of U,

data obtained by DNAA, NAA or XRF

GRS

(

1,47 (

(

POG 2 1,60

POG 3 4,01

U

Determination

(p.p.m.)

(DNAA)

(NAR)

(DNAA)

(DNAA)

I.

(p.-p-m.)

19,7
20,1
19,9
19,4
20,5
20,2
19,9

v >V

(p.p.m.)

Other
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Th and K in sampli

DC 46 bv eamma-ray spectrometry

K (2)

3,'06
3, 19
3, 13
3,09
3, 10
3, 22

3, 18

Th and K determinations by GRS with

GRS Other

0,84 0,94 (XRF)



APPENDIX IV HEAT FLOW AND HEAT PRODUCTION DATA

The following cables 1list individual measurements used in the determin-

ation of heat flow and heat production. Each of the next twenty one

pages 1is headed by the table number and borehole name and contains three

subcables. All depth data in the following tables are true vertical.

z-T-d data

The first table under each heading gives depth (z in m), temperature
(T in °C) and temperature gradient between successive temperature
measurements (3 in K/km) . Superscripts t on T and 3 headings indicate

that a topographic correction has been applied. Note that the first two

tables under IV-11 JACOMYNS PAN are z-T-8 data for FC2-27 and PC2-30.

z-K data

The second table lists depth (z in a) and/or sample number, measured

thermal conductivity (K in Wm K ) and rock type.

z-A lata

The third table 1lists depth (z in m) and/or sample numberplus ueptb
range (inm) , U concentration (U in p.p.m.), Thconcentration (Th in
p.p-m.), K concentration (K In S), density ( in 10 ' kgm"3), heat produc-
tion (A in uWra"b5) and rock type. Superscripts 1-4 on U, Th and X

headings indicate the analytical technique used to determine the

element concentrations:

1 - delayed neutron activation analysis
2 - neutron activation analysis
3 - X-ray fluorescence

A - gamma-ray spectrometry.









38,5
48,0
5<6
67,1
76,"
36,2
95,3
105.3
114,8
124,3
133,8
143,3

49,9
67,2
78,9
@7.,6

105,0

134,0
15',2

165,9
180,5
195,0

b ,2
87,6
122.4
1567,2
180.5
195,0

261.5
267.0
281.5
290.1
318.8
336,0
347,-,
361.6
381,4
426.6
446.6
468.8

HOOGKRAAL

2,-90
2,564

2,377
3,008
3,169
3,330
3,-76
3,632
3,790
3.939

16
16
13
'b
17

roc>

q-f gneiss

eugfin gneiss
q-f gneiss

957
707
359
348
829
680
062
276
429
608
784

type

ok

152
162
17

191
200
210
219
229
238

QT oA 00 0o w

©

24,283
24,4*67
24,664
24,853
25,045
25,228
25,424
25,590
25,780
25,97
26,155

281,5

304.,4
313,0
318,8
336,0

.64
,61
, 61
,66

61

17,986

19,218
20,481
19,907

19,303
20,616
17,749

20,418
19,291

12,58
1C,59
9,46
17,01
10,18
13.92
22.36

21,12
7,88
14,79
11,32
8,83
11,76
5,58
5,44
17,01
7.96

266 8
276,2
285,6
295,0
304,4
313,8
323,2
332,6

rock type

q-f gneiss
b sugen gne
q-f gneiss
sugen gneis
q-f gneiss

sugen gne&s
q-i gneiss

b gneiss
q-f gneiss

rock sype

330
26, 468
26, 706
26, 898
27,070
27, 254
27,452
27,641
831
28, 024
28
28, 392

6 sugen gneies

auger, gneiss
g-f gneiss

gneiss

Bf gneiss

b gneiss

z T

18,566 379,2 28,604
19,935 388,5 28,768
20,160 397,8 28,946

20,390 407,0
18,214 418,3 29,309
19,620 425,6 29,494
21,061 434,8 29,680
20,060 4440 29,844
453,2 30,032
20,511 462,4 30,210
19,677 467,0 30,301

9,890
rock typt
gneisc
-f gneiss
86
412. 68
b gneiss
468.6

280

11
19

19
19
20
1/
20
19

997
697
197
623
605
81l
244
616
642
206
025



153,6
176,9
196,1

22,430
22,743

23,052
23,393

17 190
17,772
16,262
15,996

213,3

251,3
270,1
288,8
307 ,4

23,729
24,060

24,750
25,089
25,433

362,8
381,1
399,3
417,

25,773
26,120
26,61
26,808
27,161
27,510

288
804
553
978
418
251

435,5
653,6
471,6

281

27,964 19
28,214 19.295
28,570 19

rock tvpe



Iv-1i

29.6
39,5
49,3
59,2
69,0
78,9
98.7
118,5

201,9
214.,9
229,0
238,1
2471
262,1
271,2
280,1
289,1
296,6
310,0

201,9
238,1
2471
262,
271,2
280,1
289,1
310,0
325,0
357,8
372,7
411"
417.,4

477,0
524.4
545,0
550,9

586.1
597.,9

CAROL'JSBESG WEST CCX-0izs
21,976 138,3
71,701 -17,655 158,1
21,658 177,9
21.666 0,836 197,7
21,721 5,629 217,5
21,803 8,234 237,3
22,188 19,432 257,0
22,384 9,899 276,7

rock type

3,16 b gneiss

4,25 g-f gneiss

2,67 b gneiss

g-f gneiss

3,66

3,68

4,09

3,84 b augen gneiss

2,96

1.95 amchibolite

3,00 g-f gneiss
gl »z ThJ K
3.1 9,9 5,16
2.8 52,1 3,86
4,3 60,4 4.95
8,3 29,1 5,21
*0 34,0 4,64
3,9 31,0 4,60
0,5 2.1 2,60
0,4 2,7 7,62
1,4 29,1 3.72
1,0 27.8 3.34
1.4 18,8 4,67
2,5 28,4 5.M
1,6 29,3 5,32
2,7 36,8 4,71
3,5 78,0 5.33
2.2 35,8 4,82
2,7 40,7 4,94
2,8 35.4 4.95
2.9 46,6 5.13
8,0 59,8 6,59
7,0 52,2 3.97
4,4 63,0 5,50

22,501
22,700
22,965
23,239
23,610
23,964
24,298
24,661

2.62
2,64
2.86
2,65
2.64
2,64
2,91
2,81
2,73
2,69
2,67
2,62
2,88
2,46
2,62
2,68
2,66
2,68
2 70
2,60

2,70

5,900
10,047
13,356
13,374
18,740
17,652
16,957
18,458

2,76
2,96
3,69
).13
3,59
3.10
2,50

3,73
3,25
2,90

1,91

-.51

5,78
4.55
3.73
3,3'

0,54
0,99
2.74
2,47
2,07
2,99
2,94
3,63
3,95
3,47
3,91

3,60
4,44
6,56
5,76
5,99

296,4 24,972
316,0 25,354
335,6 25,735
355,1 26,168
374,7 26,535
394,3 26,943
413,6 27,304
433,4 27,719
rock type

b augen gneiss
7

g-f gneiss
b augen gneiss

g-f gneiss
b augen gneiss

rock type

tneies
g- gneiss

b augen gneiss
g-f gneiss

b augen gneiss

g-f gneiss
b augen gneiss
g-f gneiss
b augen gneiss

g-f gneiss

*' augsn gneiss

15,771
19,475
19,408
22,254
18,680
20,865
13,467
21,207

477,0
491,8
503,7
524.,4
539,1
545,0
550,9
568,5
586 , 1
597,9

452,8
472,2
492,9
511,4
530,8
550,1
569,4
588,6

2,98
3.26
2.32
3,34
2,39
3.32
3,06
3,88
3,08
3,6

282

28,083 18,795
28,444 18,359
28,860 18,740
29,211
29,556 17,732
29,919 18,862
30,277 18,537
30,587 16,122
rock type
b augen gneiss

g-f gneiss
b augen gneiss
g-f gneiss
b augen gneiss
g-f gneiss

b augen gneiss

—m

<Jr—



Lv-3

60,0

80,0
100,0
120,0
140,0
160,0
180,0
200,0
220,0
240.0
2:0,0
280,0

235,6
2443
248,5
251,3
269,1

284,8
.91,9
24-1,5
310,3

235,6
248,5
251,3
269,1
284.,8
291,9
299,5
320,0
339,1
34J, 1
353,1
358,3
367,3
371,4
389,3
396,.
412,2
644,5

AC.;ENEY<

24,173
24,463
24,778
25,096
25,441
25,791
26.147
26,532
26,935
27,313
27,675
28,055

3,02
3,65
1.32
1,58
3.48
2,60
3.35
3.29
3,39

O NOO 0O 0w ©

W_LNP

o w© v =

N s
~N o

AU un

14,158
13,708
15,946
17,241
17,506
17,810
19,207
20,132
18,865
18,071
18,983

rock type

oeg-natite

b gneiss

f gneiss
b gneiss

pegmatite

6,7

14,0
24,0
27,0
23,0
27,0
21,0
30,0
23.0
22,0
14,0

16,0
11,0
14,0
14,0
13,0

300,0
320,0
340,0
360,0
380,0
400,0
420.0
440,0
460,0
480,0
500,0
520,0

K*

7,00
4,80
4,30
5,10
3,90
3,10
4,.0
3,60
5,40
3,20
6,10
3,50
0,30
4,30
5,40
5,-0
3,90
0,70

28,445
28,314
29,166
29,539
29,880
30,239
30,655
31,058
31,378
31,691
32,003
32,302

320,0
339,1
348,1
353,1
358,3
367,3
371.4
389,3
396,4

2,64
2,68
2,38
2,66
2,72
2,66
2,66
2,69
2,62
2,64
2,61

2,86
3,08
2.74
2,75
2,78
2,73
2,95

19,348
18,514
17,268
18,569
17,001

17,941

20,909
19,996
16,294
15,168
16,107
U.931

3,27

3,56
3.53
1,38
3.14
3.36
2,40
3,33

2,01

3,37
2,72
3,27
3,66
2,99
1,90
3,69
3,81

3,03
1,32
2,08
2,08
2,87
2.39
1.81

530,0
540,0
550,0
560,0
570,0
580,0
590,0
600,0
610,0
620,0
630,0
640,0

rock type

b gneiss

b fels

32,474
32,605
32,735
32,898
33,001
33,120
33,285
33,421
33,527
33,649
33,772
33,880

ampnibolite
schist gneiss
pelitic gneiss

rock type

pegmatite
> gneiss

f gneiss
b gneiss

*o

b fels
amphibolies

schist 'gnsiss
pelitic gneiss

*

mecaquartzite

17,267
13,041
13,126
16,161
10,347
11,893
16,474
13,576
10,620
12,207
12,280
10,307

412,2
627,8
637,4
644.%
652,8
656,4
658,3
66 4,1
668,3

650,0
660,0
670,0
680,0
690,0
700,0
710,0
720,0
730,0
740,0
750,0
752,6

2,62
6,42
6,59
5,45
6,94
6,16
5,03
2,56
4,03

33,989
34,098
34,255
34,461

34,669

34,945
35,092
35,273
35,389
35,556
35,657

rock type

10,365
10,924

20,808
17,773

9,762
14,727
18,148
11,632
16,727
38,833

pelitic gneiss
xetatuertzite



V-6

79,7

09,6
'19,5
I9.9
15'.
179,0

108,0
1:9.1
122,0
126,3
130,5
135,1
175,1
188,3
190,1
222,0
230,6
242,17
248,0
259,3

sample

numbe

e}

o

o
W N

r

P'.7S-EERC POC J2

T
:2,.h0
22,735 1 .925
73,033 10.931
10,232
23,631 15,927
23, - 16,183
K rock tn>«
5.25 g gneiss
6,18 b gneiss
10,94 "
5,11
5,60 *
6,14 "
4,06 *
1,96 "
3.54 "
0,25
1,28 "
3,11 *
3,46 M
2.80
depth u*
range
100-200 4,78
180-230 4,01
330— 40 1,60
450-520 2,50

198,8
218,6
238,4
258,0
277,77
297,4

Th*

22,1
18,5
10,5

7,1

24,277
24,598
24,925
25,267
25,615
25,969

277,8
287,17
290,2
295,4
307,8
318,3
327,8
351,2
358,14
'65,4
386,5
391 ,0
402,0
411,5

3,03
2.2"
1.34
2,13

16,..7
16,224
16,489
17,450
17,665
17,974

2.60
2,98
3,81

4,07
6,56
w0
6,02
5,25
9,11

7,50
6,48
6,91

5,41

6,90

2,70
2,70
2,65
2,63

1 I
317,1 26,308
'36,7 26,631 16,
356,3 26,971 17,
376,0 2’ ,316 17,
395,6 27,656 17,
415,2 27,990 17,
rock type
b gneiss
n
*
nocsquxrtzice
b gneiss
gneiss quertzite
netaquertzice
"
"
A rock type
3,04 b gneiss
2,52 "
1.24 TH

1,30

486
320
527
339
043

418,9
*24,7
433,17
439,5
449,7
-54,3
467,9
474,9
486,1
492,0
502,4
507,4
512,3

quartzite

434,8
454,0
473,9
093,2
512,3

5,36
6,28
6,66
6,62
0,21
5.89
4,39
6,08
8,82
5,18
8,51
7,50
3.52

284

T a
28,341 17,030
23,675 .
29,002 16.747
29,347 17,361
29,672 17,035
rock type

metaquertzite

b gneiss
gneiss quartzite
necaquartzite






IV-8 ROZVNES aOSCH SB "6

10,0
20,0
30,0
40,0
50,0
60,0
70,0
79,9
89,9
99,3
109,7
119,6

148
151
154
156
160
164
166
170
178
183

seme ie
number

B8B83
aBhwN

T S
24,500
24,->77 17,656
24,955 27,776
25,196 24,120
25,430 23,390
25,698 26,773
25,917 21,389
26,148 23,425
26,351 20,244
26,566 21,751
26,306 24,197
27,070 26,725
K rock type
2,50 b gneiss
3.31
3,32 v
3,00
69
j.Z5
3,20
3,29 !
3,48 pegmatite
3,10 "
o= 0*
148-170 4,11
288-123 5,33
330-427 4,71
451-453 3,69

454-456 19,82

129,4
139,3
1491
158,9
163,7
178,5
188,

197,9
207,6
2171
227,0
236,6

Th'

16,3
28,3
27,0
141
16,5

27,305
27,599
27,316
28,048
28,271

28,472
28,675
28,904
29,173
29,446
29,647
29,362

288
292
296
304
31

319
323
330
336
347

3.74
5,85
4,42
6,87
6,52

23,919
29,702
22,205
23,636
22,706
20,528
20,947
23,664
27,736
28,103
20,681
22,427

3,82
3,84
3,80
3,82
4,18
3,89
3.M
3.70
3,82
3,68

2.75
2,66
2,66
2,67
2.66

gneiss

359,9
369,2
378,5
387,8
397,1
406,3
415,6
424.,8
434,0
4431
452,2

z T 6
246,2 30,093 24,010
255,3 30,300 21,571
265,3 30,522 23,404
274.,9 30,733 22,030
284,4 30,987 26,738
294,0 31.204 22,538
303,5 31,395 20,126
312.9 31,574 19,061
322,4 31,769 20,.93
331,3 31,951 19,410
341,2 32,164 22,610
350,5 32 77» 23,092

rock type z
t-g gneiss 369
b gneiss 377
b-g gneiss 380
" 388
394
q-f-g gneiss 402
40f
b gneiss 416
421
427

A rock type

2,62 b gneiss _

3,92 mostly b(*g) gneiss

3.51

2.35 "basement’

6,61

32,639 27,732
32,859 23,630
33,037 19,088
33,231 20,864
33,442 22,69!
33,639 21,507
33,824 19,823
34,057 25,298
34,292 25,583
34,578 31,-.30
34,803 24,746

rock type

b-g gneiss

pegnscite
b-g gneiss
b gneiss
q-f-g gneiss
q-f gneiss
b fels

b gneiss



IV-9 AKEACHAP

39,8
59,7
79,5
99,i
119,2
139,0
158,8

104
117
123
136
146
157
169
178
189
197
212
225
23i

104
123
136
146
178
189
212
225
242
252
261
273
28l
294
304
31
319
330
342
349
361
377
383
392
403
419
429

24,855
25,105
25,389
25,698
26,032
26,394
26,773

whONOD®O

OO0 w©WOL O

Af I:

12,565
14,33-
15,508
16,894
18,263
19,149

rock type

gneiss
b gneiss
anchibclice

q gneiss

178,7
198,4
218,0
237,5
256,9
276,2
2951

schistose gneiss

q-f gneiss
anphibolite

q gneiss
aonhibolite

Th1

N

aNoOw RO ON

[

N )]
DhOPOOODAOW

12.8

1,90
0,90
1,10
0,20
2,60
1,50
5,00
0,40
0,60
2,90
2,60
4,70
2,30
4,80
2,90
4,20
3.70
2.50
1,50
1,10
1,50
1,10
5,80
1,50
1,00
0,90
0,30

27,148
27,553
27,967
28,341
28,723
29.124
29,521

242
252
261
273
281
294
304
311
319
330
342
349
361

2,65
3.01
2.94
7,63
2.60
2,99

2.55
2,70
2.62
2,52
2.59
2,s5
2,60
2,65
2,69
2,42
2,65
2,66
2,97
2,85
2,86
2,61

2,72
3,00
2,70
2,62

18,856
20,5b-
21,091
19,213
19,675
20,792
20,996

3,31
3,00
2,79
1,09
2.57
2,92
2.75
2.54

2.77

8,01
0,28
0,54
6,32
5,38
0,74
3,18
0,66
1.13
2.14
3,02
4,90
2,82
11,02
4,52
4,08
3,70
3.07
3,23
0,42
0,96
0,66
4,31
0,77
0,48
0.60

313,9 29,900
332,5 30,274
351,0 30,614
368,8 30,974
385,8 31,313
402, 1 31,657
417,8 31,965

rock type

b gneiss
augen gneiss
b gneiss
augen gneiss
b gneias
augen gneiss
b gneiss

b augen gneiss
amphibolies

rock type

f gneiss
amphibolies
q gneiss

q-f gneiss
anphibolite
g gneiss
amphibolies
b gneiss
augen gneiss
b gneiss
augen gneiss
b gneiss
augen gneiss
b gneiss

b augen gneiss
amphibolies

augen gneiss
b-a gneiss
amphibolies

b gneiss

70,168
20,072
18,411

20,213
19,933
21,137
19,620

367
377
383
392
403
411

419
429
434
443
450
457
465

433,0
447 .8
462,3
465,4

2,42
3,45
3,00
2,74
1,85
3,21

2,06
1,90

32,249
32,509
32,800
32,989

rock type

287

18,689
17,503
20,117
28,488

b-a gneiss
anphibolite
augen gneiss
b-a gneiss
amphibolies

b gneiss
f gneiss
b gneiss

amphibolies



Iv-10

58,0
77,3
96,6
115,8
135,1

11,55
121,4
124,2
127,1
130,1
135,7
138,5
141,6
144,5

94,7
.01,1
109,3
112,5
121,4
127,1
132,9
138,5
144,5
161,2
163,9
169,3
172,2
180,4
185,9
191.7
199, 1
200,7
203,1

30K? FCTS

24,1-2
24,258
24,413
24,579
24,845

2,71
3,02
4,35
2,50
2.61
3,00
2,79
2,88
2,98

KC 12

5,981
8,029
8,644
13,806

rock type

b-c-a schist

gl .J Th2
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154,1
172,9
191,6
210,0
214,3

K1

0,91
0,26
0.81
0,29
1,07
1,08
0,47
1,32
2,09
2.27
1.65
0,32
0,77
0.53
0,33
1.05
0,23
1.59
0,37

25,095
25,348
25,594
25,854
26,001

147.4
150,3
153,1
153, -
161.2
163,9
166,6
169,3
172,2

2,84
3,14
2,74
2,81
2,69
2.91
2,76
2.79
2.37
2,36
2.81
2.81
2,75
2,76
2.76
2,38
2.97
2,84
2,69

13,154
13,462
13,155
I-, 103
34,139

2,94
2.94
2,96

2,79

1,28
1,03
0.73
1,38
0,99
0,61
1.02
1,38
1.33
1.49
1,41
1.23
1,08
0,83
0,54
1.94
1.75
1.13
0.43

rock type

b-c-a schist

rock type

b-c-a schist

177,0
180,4
185,9
189,2
191,7
194,9
199,1
203,1

1,6%
2,69
3.17
2,83
2,67
3,40
2,92
2,65

288

rock type

b-c-a schist



rv-ii JACOMYNS PAN PC2-27
PC2-27
I T e
96,0 23,650
114,7 23,876 12,078
133,4 24,095 11,704
151,9 24,355 14,056
170,5 24,608 13,637
188,9 24,975 I», 503
207,0 25,156 15,500
PC2-30
z T 6
60,0 23,160
80,0 23,371 10,555
100,0 23,631 13,003
120,0 23,913 14,123
140,0 24,190 13,845
rock type
667 .
! 3,57 b- neiss
208 H 99
85! i 3,50 "
218 !
1 4,69 b gneiss
223 '
107!
’ 3,28
229. r
119! 1 .
3,14 b- neiss
235 99
147! "
; 3.54
248 '
156! ;
233 1

Jepth in PC2-30.

borehole

PC2 31

PC2 30

PC2 27

depth

or

sanple

name

[V eRN NN o 2N )

147
156

O wwww
woRrBO

PONOWLN W=
oOR®OONN

272,6 2.8

275
277
294
311
360
365
376

390,8

438,2
440,7

5 3.8

Equivalent deoth

and PC2

z T e
225,0 25,440 15,807
242,6 25,718 15,810
.'60,0 25,990 15,611
277,1 26,255 15,479
293,6 26,523 16,256
309,7 26,784 16,205
325,3 27,059 17,654
z T 8
160,0 2.,491
161,6 24,608 73,418
174! t
262 f 3,35
272,6 3,44
275 3.32
275,3 3,25
277 3,33
292 3,76
294 3.02
299,1 3,65
311,5 3,60
314 3,17
325 4,51
333 3,29
339 4.79
in PC2-27.
Th1
25.5 3,82 2.75
2.9 3,16 2,73
uU,6 3,79 2,68
16,3 2,66 2,76
13,4 3.24 2.75
10,6 2,58 2,72
14,9 2,73 2,75
27.9 9,-6 3,02
12,6 3,82 2,74
1.2 1,4: 2,65
I,t 1,29 2,61
31,9 5,43 2,64
12,5 3,18 2,70
15,7 3,07 2,74
16,3 3.41 2,66
15,3 3,02 2.73
15,9 3.13 2.71
'3.3 2,99 2,71
18,5 3,71 2,71
16,3 3.57 2,69
15,0 3,59 2,68
15,0 “.29 2,64
0,9 3,47 2,63
18,7 1.34 2,69
3.5 4,88 2,67

340,1
354,8
368,7
382,5
396,0
408,9
421,1

rock type

b-g gnsin

3,29
1,39
2,21
2.39
2,90

1.42
2.15
2.80
2.15
0,44
1,60
3,50
2,19

2,06
2,27
2,46
2.24
2,20
2,43
2,41
2.17
2,36
1.52
2.74
2,03

T 8
27,294 15,830
27,542 16,897
27,782 17,264
28,0 36 18,441
28,271 17,345
28,519 19,288
28,7,7 18,670

355
360
365
376
390,8
422
436
438,2
440,7
441,2

reck type

b-g gneiss

b gneiss

znphibolite

b-g gneiss

f-g gneiss

b gneiss

b-g gneiss

b-g gneiss

433,3
445.4
457,0
468,3
479,4
489,8
495,5

3,67
2,89
3,32
3.27
2,89
3,13
-.51
3.78
4,29
3,41

T a
28,941 15,386
29,137 16,171
29,322 15,962
29,509 16,536
29,722 19,267
29,951 22,010
30,105 27,025
r -k type
b-g gneiss



IV-12 VCCFLS7RVISBVUV4I

s 5 *
39,5 22,059 237,6
49,4 22,111 5,210 247 .4
5-1,3 22,172 6,131 257,2
69,2 22,241 7,033 267,0
79.1 22,329 8,824 276,7
89,0 22,407 7,975 286,5
98.9 22,513 10,683 296,3
109,0 22,628 11,408 308,0
119,2 22/26 9,609 315,7
129,3 22,834 10,643 325,4
139,3 22,960 12,613 335,1
149,2 23.078 11,903 3N, 7
158,3 23,206 13,302 354,3
168,5 23,316 11,351 363,9
178,2 23,-*91 18,104 373,4
188,1 23,612 12,227 383,0
198,0 23, >59 4,723 392,5
207,9 23,725 6,631 402,2
217,8 23,300 7,603 411,5
227,7 23,895 9,545 -20,9
easoie K rock type
nuaber
1231* 3,24 b schist q-f gneiss
A2 2/6 b schist
A3 a,14 g-b schist
A4 3,21 "
A5 3.51
A6 3.06 !
S. 8 3,63 "
8313* 3,67 "
3325* 2,68 b schist
B 1 3,53 g-b schist
B 2 2. 5% b schist
a3 2,35 q-b schist
C26>* 3,53
C381 2.23 q-f gneiss
C1 3/2 g-b schist
Cc 2 3,36 "
Cc3 3/- "
C 4 2.86  q-b gneiss
D419* 3/3 b-s schist
D 1 2/9 aaohibelite
*?igylas indieate vertical depths
sample u* Th" K
number
V1 3,10 8,30 1,89
VvV 2 0,82 5.31 1.42
VvV 3 1,20 10,80 1,65
V 4 0,37 1.21 0,42
V 5 0,23 0,53 0,54

%

290

23,990 9,591
24,085 9. '38
24,190 10,762
2-,316 12,796
24,461 15,015
24,598 13,973
2-,736 14,066
24,855 12,259
25,015 16,462
25,146 13,473
25,297 15,654
25,-40 14,871
25,553 I, 62
25,7 39 19,386
25,864 13,163
26,011 15,298
26,138 13,343
26,276 14,251
26,-26 16,120
26,555 13,767
stacle K
number
D 2 2,26
D 3 2,28
2.58
Esgs 3,36
E5r 7* 2.50
E575* 2.55
E5SC 3,02
E 1 3.20
E 2 3,4-
E 3 2,33
E - 2,31
E 5 2,63
E 4 2,39
F604* 2/6
E6OP* 3,63
F626* 2.31
F43C* 3.34
F61u* 2,61
r640* 3.07
F642* 1.80
in metres.
o) A
2,69 1,54
2,78 0/3
2,79 1,25
3.05 0.25
3. 6 0,17

* T
430,3 26,675
439,8 26,795
4491 26,927
-58,5 7.7,070
467,8 27,215
477,0 27,350
486,2 27,-97
495,9 27,667
504,3 27,782
513,1 27,920
521,9 28,060
530,5 28,188
539,1 28, 365
547,5 28,519
555,9 28,651
564,2 28,807
572,6 28,953
580,8 29,112
588,9 29,247
596,8 29,384

rock type

amphibolic*

a gneiss
amphibolic*
a gneiss
q-b-g, schist

a gneiss
amphibolies

g-b schist
amphibolic*
b schist
b-a-g schist

a gneiss

q-b-g schist
q-f gneiss

rock type

12,697 604,7
12,637 612,5
1-.173 620,2
15,293 627,7
15,569 635,1
14,628 642.3
15,959 649,5
17,601 656,5
13,646 663,5
15,730 670,3
15,836 677.1
14,953 683,8
20,545 690,4
18,381 696,9
15,859 703,2
18,866 709,5
17,337 715,6
19,381 721,5
16,7:2 730,5
17,262
sample K
nuaber
F645* 2,16
F648* 3,09
F 1 2.21
F 2 -.45
0658 3,43
0675* 2/5
0683* 2,.
G691* 2.33
0 1 2.49
0 2 2/3
03 2,98
0 - 2.36
H727* 2,17
H740* 2.27
H 1 2,-5
H 2 2,17
H9 2,1-
H 10 2.15
H 1 2,68

g-b schist from groups A, Mand O

b schist

from groups A to E

g-b schist from groups F, C end H
amphibolic* and a schist from groups 0, E and F
amphibolic* and a schist from groups G and H

29,546 20,549
29,685 17,739
29,924 16,097
29,964 18,703
30,105 19,088
30,209 14,352
30,339 18,045
30,456 16,804
30,575 16,902
30,707 19.449
30,827 17,617
30,961 19,96:
31,082

31,190 16,677
31,327 21,633
31.422 15,232
31,519 15,804
31,630 18,765
31,797 18,582
rock type

a gneiss

b-a gneiss
amphibolies
a-gneiss
q-j schist
amphibolic*
g-b-a schist

.
n

*

amphibolic*
a-b schist

b-a-q schist
amphiiolite
a gneiss






IV-16

100,0
120,0
140,0
160,0
180,0
200,0

114
139
161

ISO
204
208
216
226

sample
number

311
HB 2
HB 3
HB 4

HAIB HB r
" s"
28,456 -
28.692 11,779
28,965 13,700
29,169 10,151
29,411 12,093
29,719 15,383
K rock type
4,62 q-f porphyry
3,42
3,51
3,82
3.73 altered rock
3.72
3,48 basic dyke
3,43 q-f porphyry
depth u
range
114-226 3,43
246-39* 2,76
422-494 3,00

1,96

220,0
240,0
260,0
280,0
300,0
320,0

Th*

12.5
10,5

244
268
288
315
338
356
376
398

K*

3,32
4,03
3.03
3,28

8*

14,325
13,875
16,054
17,666
16,619
19,000

3,16

2,69
2,67
2,70
2,66

g
«-0,0 32,000 16.536
360,0 32, 365 18.267
380,0 32,738 18,616
400,0 33,113 18,976
420,0 33,534 20,830
440,0 33,899 18,212

rock type z

q-f porphyry 422

altered rock 429

454

q-f porr.hyry 479

494
519
538
q-f granite
A rock type
2,12 q-f perpnyry
2,10
1,92
1,51 altered rock

460,0

80,0
500,0
520,0
540,0

3,28
3,29
3,32
3,35

3,29
3,42

292

I+ g*

34,317 20,936
34,713 19,765
35,100 19,340
35,527 21,405
35,931 20,151

rock type

q-f porphyry

altered rock



IV-15 RHESOSTISHOEK 3RH 18

X T 8 t
20,0 21,065 149,2
29,9 21,218 15,299 159,1
39,0 21,349 13,160 169,0
49.9 21,444 9,560 178,9
59,3 21,514 6,982 188,7
69,9 21,576 6,252 198,6
70,7 21,629 5,344 208,4
89,7 21,687 5,784 218,3
99,6 21.7.3 5,636 228,1
109,6 21,30- 6,172 237,9
119, 5 21,966 6,290 247,7
129,0 21,927 6,143 257,4
139,3 21,893 6.590 267,1

rock type
97,2 3,15 fel*ice
104,1 4,22
114,5 4,03
124,5 3,92
134,6 4,03
14. ,. 3,99
154,5 4,03 "
164,0 3,65
175,0 3,53
183,. 3,28
193,5 3,59
203,5 3,81
213,9 3,91
223,8 4,01
233.: 3,82
leople depth o'
number
DRH 1 96 3 3,12
3Rfl 2 963 3.77
DRH 3 967 5.11

T 8 X T 6
22,061 6,881 276,3 23,163 12,.01
22,131 7,087 280 23,249 9,686
22,212 9,159 296,2 23,330 8,345
22,294 8,289 305,1 23,412 8.466
22,377 8,421 315,6 23,502 9.248
22,.60 8,474 325,3 23,592 9,280
22,542 9,249 335, 1 23,667 9,784
22,622 3,201 344.,3 23,783 9,831
22,700 7,883 354,6 23,878 9,782
7 ,7.10 8,217 364,) 23,996 12,074
22,8)3 8,460 374,0 24,09 9,701
22,954 9,358 383. 9 24,192 10,.49
23,042 9, 140 393,5 24,300 11,121

rock type

243.,4 3,92 feliite 388,7

252.6 4,04 399,1

262,1 4,80 409,0

271,9 SN 418,5

281,9 3,25 427,3

291.3 4.25 437,1

301,0 3.70 446,6

310,4 8,57 456,3

320,4 3,93 466,2

330,7 3,14 476,4

340,. 3,68 485,9

350,3 .,29 495,1

359,3 2,65 504,7

369,1 3,57

379,2 2.47

Th* K C A rock type
8,19 2,96 2,65 1,62 q-f n>i«2»e
8.61 2.86 2.63 1,78

9,25 3,62 2,65 2,25

403,2
412,9
4225
4322
441,9
451,7
461,4
4711
480,8
490,4
500, |
509,7
510,4

2,47
2.45
3,04
2,66
2,56
3,10
4,42
5,09
3.35
2,91
4,03
4,11
4,33

24,401
24,504
24,609
24,702
24,798
24,887
24,993
25,072
25,170
25,253
25,346
25,.54
25,459

rock type

feliite

293

10,412
10,658
10,836
9,547
9,867
9,188
10,886
8.167
10,093
8,598
9,.68
11,419
6,9:5



30,0
40,0
50,0
60,0
70,0
80,0
90,0
100,0
110,0
120,0

84,1
B.-
104.5
116.5
126.?
13 .0
147,0
157,9
167.5
178.5
168,3

sample
number

DR8 1
DKP 2
A5 03

RHESosTniv:*??2»1

20.860
20,913
20,946
20,985
21,039
21,096

21,237
21,310
21,385

4,23
2,99
2,62
J.44
3,64
3,45
3,53
3,70
3.94
3,59

depth

1278
1279
1280

5,290
3,344
3,841
5,406
5.750
6,922
7,112
7,304
7,498

rock type

felsite

4.74

T
130,0 21,453
140,0 21,530
150,0 21,611
160,0 21,702
170,0 21,778
130,0 21,875
190,0 21.954
200,0 22,042
210,0 22,123
220,0 22,212
198,5
209,4
219,3
229.7
241,9
249,9
260,0
269,3
279,9
290,5
300,8
Th* K
10,36 4,01
9,44 3,36
9.76 3,98

6,£56
7.637
8,173
9,055
7,564
9,731
7,888
8,782
8,128
3,945

3.9
2,68
3,70
3,76
3.77
3.65
3.41

3.82
3.20
3.74
4,40

2,74
2,75
2.73

230,0
240,0
250,0
260,0
270,0
280,0
290,0
300,0
310,0
320,0

rock type

(els‘i'te

T 8
22,308 9,519
22,415 10,787
22,503 8,725
22,583 8,054
22,682 9,368
22,761 7,943
22,8-5 8,339
22,927 8.194
23,014 8,772
23,107 9,266

311,4
321..
333,0
342.6
352,4
363,0
372.,8
383,9
393,5
401.3
rock type
b gneiss

330,0
340,0
350,0
360,0
370,0
380,0
390,0
400,0

3,39
3,35
3,61

3.39
3,20

3,64
3,07

3,58

23,196
23,284
23,368
23,460
23.549
23,631
23,694
23,798

rock type

feliite

294

8,943
8,SC0
8,378
9,155
8,918
8,210
6,273
10,437



IV-17 RIETKI'IL

20,0 20,027
30,) 20,::s
40,0 20,363
50,0 20,468
60,0 20,557
70,0 20,84-
80,0 20,735

z K
66,1 3,23
76,3 3,35
93,1 3,3:
104,7 3,10
115,7 2,96
125,3 3,04
sample depth
number
DRL 1 282
DHL 2 283

DRL 3 285

DM. 17
8 .
90,0
19,810 100,0
13,741 110.)
10,569 120,0
9.864 130,0
8,663 1*0,0
9,105 150,0
rock type
felsite
0* Th'
1,98 9,61
1.57 8.17
1,80 13,12

20,825
20,919
21,015
21,113
21,210
21,308
21,405

134,6
145,9
154,7
165,3
176,6
185,3

K"

1,97
2,02
1,79

9,066
9,353
9,643
9,773
9,739
9,787
9,669

3,90

4,00
3,29

2,67
2,66
2,68

160,0
170,0
180,0
190,0
200,0
210,0
220,0

rock type

felsite

21,500 9,464
21,599 9,932
21,694 9,558
21,800 10,542
21,903 10,341
22,001 9,793
22,107 10,534

rock type

194,7

205,3
214,5

2249

230,0
240,0
250,0
260,0
265,4

3,55
3,69
3,95
3,05

22,215
22,317
22,401
22,468
22,536

rock type

felsite

295

10,852
10,21 |
6,418
3,719
8,837



Iv-18

30.0
40.0
50.0
80.0
70.0
80.0
90.0
100,0
110.0
120,0
130.0
140.0
ug,9
159.9
169.9
179.9
189.9
199.8
209.8

107,7
118,0
126,4
135,2
148,0
1567,7
168,4
180,9
191,7
202,2
212,2
222,3

242,7
233,7
261,5
272,4
285,5
296,0
306,1

saaple
number

BST 1
BSF 2
BST 3

20,552
20,683
20,790
20,877
20,960
21,034
21,111

21,200
21,284
21,376
2,468
21,561

21.64V
21,744
21,842
21,936
22,036
22,136
22,235

K

3,98
3,35
3,.2
2,93
2,86
3,15
3,03
4,03
3,79
3,16
3,U

3,22
2.70
3.30
2,87
2.97
3,36
3,11

3,15
3,49

depth

770
773
775

13,086
10,742
S.685
3,242
7,448
7,72.3
3,920
8,370
9,249
9,208
9,252
8,787
9,5:6
9,905
9,343
10,012
10,052
9,939

rock type

feliite

U

8st

3,52
7.33
5.57

219.8
229.5
239.7
249.7
259.6
264.6
273.3

299.4
309..
319.3
329.3
33 .2
349.1
359.1
369,0
378.9
388.8
398.5

Th"

29,27
21,03
22,10

22,335
22,438
22,542
22,6.9
22,756
22,853
22,959
23,067
23,174
23,279
23,389
23,.99
23,609
23,719
23,326
23,946
24,052
24,161
24,269

316,6
326,1
336,9
344,7
357 ,6
366,7
379,4
389,0
396,2
406,7
417,2
427.,7
437,4
44.9,0
459,1
468,2
477.,4
487,2
446,s
508,4

K

4,26
4,52
4,18

9,939
10,39 .

10,691
10,749
10,266
10,1.8
10,849
10,714
10,598
11,119
10,994
11,066
11,116
10,309
12, :39
10,719
10,895
10,966

2,66
2.65
2.65

.08,7
.18,6
428.5
4.-8,4
448.3
.53,3
4,8,1
478.0
487,9
49: ,8
507 ,7
517.5
527 ,4
537 ,2
547 .1
556 ,9
566.7
576.5
586.4

rock type

feleite

«
n

3.21
3,69
3,29

24,378 0,917
24,489 11,196
24,603 11,54.
24,707 10,427
24,818 11,282
24,930 11,244
25,042 11,330
25,155 11,362
25,264 11,048
25,382 11,946
25,494 11,417
25,610 11,690
25,729 12,098
25,839 11,215
25,953 11,597
26,069 11,783
26,191 12,391
26,308 11,935
26,410 10,364
517,3
527,6
537,9
548,1
558,9
568,5
578,3
587.9
598,8
609,4
620,5
629,4
639,4
655,1
659,2
669,6
679 ,6
690,1
699,9
710,6
rock type
b gnetes

596,2
606,0
615,8
625,6
635,4
645,2
655,0
664,7
674,5
684,3
694,0
703,8
713,5
723,3
733,0
742,7
750,2

3,04
2,93
2,93
3,60
3.20
2,89
2,69
3,04
3.35
3.27
3,18
2,91
2.57
3.19
3,07

2,80
3.25
2,82
3,06

26,523
26,637
26,757
26,875
26,986
27,105
27,224
27,340
27,456
27,573
27,690
27,808
27,923
28,036
28,151
28,280
28,337

rock type

felsite

11,528
11,593
12,216
12,077
11,359
12,127
12,186
11,823
11,891
11,972
12,041
12,124
11,720
11,669
11,745
13,263

7,151






1'-20 '(AHEMSVIZ: 'W -

z | a z T
10,0 20,892 160,0 21,870
20,0 21.045 15,283 170,0 21,455
30 3 21,165 12,015 180,0 22,052
40,i, 21,082  -8,237 190,0 22,163
50,0 21,102 1,974 200,0 22,258
60,0 21,129 2,552 210,0 22,357
70,0 21,188 6,024 220,0 22,471
30,0 21,2-5 5,711 229,3 22,550
90,0 21,323 7,906 239,9 22,848
100,0 21,381 5,939 249,9 22,719
110,0 21,466 8,447 259,4 22,794
120,0 21,536 6,969 269.9  22.397
130,0 21.628 9,274 279.9 23,000
140,0 21,704 7,535 289,9 23,108
150.0  21,78- 9,383 299,3  22.213
z K rock type t
106,2 3,03 felsite 274,9
17,7 3,76 " 28-,9
124.,6 2,90 ™ 296,7
135,5 2,86 " 304,8
146,3 3.92 " 313,9
155,6 3,36 " 32-,1
165,1 2,82 " 33-,
175,3 2,98 " 3ro
185,1 3,16 354,4
2,90 36..8
205,3 2,39 * 374.6
215.,4 3,2- " 385 ,4
225,5 3,19 " 395 .6
234.3 3,30 406,7
2%4.3 3.10 " 416,3
256,3 3.20 4273
26..7 3,3* 436 ,3
saopie depth B* 7h* K*
number
BW 597 2,64 12,52 2.39

1
BW 2 600 1,84 8,32 2,23

8,536
8, *8/

11,082

9,980
11,3.3
7,160
9,773
7,056
7,530
10,345
10,329
10,328
10,521

3,63
3,01

3.17
3,33
2,72
3.02
3.37
2.93
3.1

2,70
2.86
2.83
3,01

3,47
3,06
3,11
2,87

309,3
319,3
329,7
339, ?
349, 7
359,7
369.6
379.,6
389,6
399,6
409,4
-19,5
*29.5
439,5
4-9.4

rock type

felsite

T a
23,318 10,495
23,416 9,891
23,514 9,764
23,616 10,270
23,726 10,982
23,828 10,296
23,931 10,244
24,050 11,922
24,153 10,369
24,257 10,412
24,359 10,272
24,461 10,238
24,563 10.192
24,672 10,925
2-,780 10,797

446.5
w*65,9
*76,7
-85,5
-94.8
503,9
512.5
523,-
538.6
546.8
553.8
564,0
570,4
rock type

q-f gneiss

3,06
3,39
2.78
3,1*
3.00
3,46
2.78
3,22
2,83
2.89
3,32
3.1

3,96
3.89
3,10

24,894
25,00*
25,125
25,233
25,334
25,450
25,561
25,67

25,778
05,984
05,996
28,106
06,204
26,304
26,365

rock type

felsite

29~

1,466
i,018

10,853
10,09*
11,674
11,13*
10,986
10,745
10,687
11,295
11,028

9,806
10,068

9,560



tv-:!

30,0
*0,0
30,0
60,0
70,0
80,0
90,0
100,0
110,0
120,0
130,0
160,0

semole
number

nr i
nr 2
nr 3

TWEEUNGFOSTEIS" 3TF

20,671

20,572
20,599
20,640
20,699
20,75
20,904
20,861
20,927
20,991

21,066
21,141

3,23
3.35
3,97
3,24
3,09
3,46
3,23
3,56
2,98
3,35
3,92

depth

469
470
472

rock type

fellice

6,57
4.97
4,20

Th'

17,90
23,73
17,05

21,219
21,301

21,386
21,473
21,563
21,651

21,742
21,837
21,933
22,027
22,126
22,222

K"

.,85
3.96
2,92

7,956
8,129
3,505
8,793
8,992
8,788
9,073
9,552
9,599
9,386
9,845
9,662

2.92
3,74
2,97
3.53
3.39
2,85
2,85
2,83
4,23
2.97
3.05

2,69
2,64
2,65

269,9
279,5
289,9
299,8
309,8
319,8
329,8
339,8
349,7
359,7
369,7
379,7

rock type

felsite

3,18
3,22
2,48

T 8
22,318 9,612
22,416 9,367
22,511 9,508
22,609 9,763
22,710 10,159
22,817 10,671
22,909 9,183
23,001 9,235
23,110 10,909
23,208 9,879
23,316 10,563
23,419 10,538

356,6
366,5
377,0
387,9
401,8
405,6
412,2
422,7
*33,3
441,3
rock type
b gneiss

389,7
399,7
409,6
419,6
429,6
439,6
449,6
459,6
464,2

3,82
3,13
2.96
3.5%
3,"3
2.31
3.30
2.95
3,09
3,15

23,530
23,636
23,748
23,862
23,971
24,073
24,165
24,277
24,321

rock type

felsite

11,142
10,560
11,275
11,423
10,822
10,317

9,216
11,193

9,477
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APPENDIX V-A DETAILED CIRCUIT DIAGRAM OF SIEMENS BRIDGE
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IK 10 turn
741
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4K7
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APPENDIX V-—B HEATER CONTROL CIRCUIT
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