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Abstract—The Archean greenstone belts of the Nyanzian System in western Kenya are composed
principally of andesite with minor tholeiitic basait and siliceous volcanics. The Nyanzian tholeiite
is an intermediate-K tholeiite with a flat REE pattern. There are two chemically-distinct andesites:
a low-K andesite (Andesite I) and a high-K andesite (Andesite II). The REE pattern of the Andesite
II is enriched in light REE and depleted in heavy REE relative to Andesite I.

Major and trace element calculations indicate an origin for the Nyanzian tholeiite by 35-40% equilib-
rium melting of a lherzolite source followed by 10% shallow fractional crystallization. Similar calcula-
tions best explain Andesite I and Andesite II by 20 and 5% melting, respectively, of an ecologite
or garnet amphibolite source of Nyanzian tholeiite composition. The rhyolite may have formed either
by 20-30% partial melting of a siliceous granulite or by 20-30%, fractional crystallization of a granodioz-
ite parent magma.

With respect to total exposure areas, the Nyanzian.volcanics have significantly less tholeiite and
more andesite and siliceous volcanics than other Archean greenstone belts. If these abundances are
representative, two models are proposed to explain the anomalous abundances of andesite and siliceous
volcanics. The first model involves an Archaen upper mantle with a relatively low geothermal gradient
beneath Kenya, while the second model involves a relatively cool mantle plume. Both models inhibit
ascent of a significant amount of primary tholeiite to the surface and prevent formation of secondary
tholeiite. Other Archean greenstone terranes with higher mantle geotherms or hotter mantle plumes

would receive higher proportions of mafic and ultramafic magmas.

INTRODUCTION

THERE are two or possibly three greenstone belts
exposed in western Kenya along the eastern border
of Lake Victoria (Fig. 1). The largest exposure of
greenstone terrane in this region is located north of
the Kavirondian Gulf. This exposure strikes NE-SW
and has a length of 85km and a width of 65km.
South of the Kavirondian Gulf it is difficult to deter-
mine from the exposures whether the greenstone suc-
cessions represent one NW-SE trending belt or two
parallel belts. One of the paralle]l belts may be repre-
sented by the greenstone succession between the
granite exposure southwest of Kisii and the Kaviron-
dian Gulf. This sequence is exposed over an area of
40 x 40 km. The other belt may be delineated by the
Breenstone sequence located southwest of the pre-
viously mentioned granite exposure. This greenstone
terrane is exposed for a length of 80 km and a width
of 40 km. In northern Tanzania, remnants of green-
Stone successions occur as scattered exposures within
a4 granitic gneiss complex, changing from an E-W
Strike along the eastern border of Lake Victoria to
‘a8 NW-SE strike south of the lake.

In most of the Kenyan greenstone successions, the
Nyanzian System is composed of tholeiitic basalt,
andesite and siliceous volcanics in order of the oldest
to youngest (HUDDLESTON, 1951; SAGGERsON, 1952).

* Present address: Department of Geology, University
of Kentucky, Lexington, Kentucky 40506, US.A.

G.C.A. $12—¢

PULFREY (1946), however, interpreted the reverse
order for the Kisii and Kisumu districts. The green-
stone belts are bordered on the east by younger Pre-
cambrian volcanics (mafic to siliceous) of the Buko-
ban System and on the west by Tertiary lavas and
pyroclastics. Granitic gneiss of Archean age forms the
southern boundary of the belts. The Nyanzian System
is overiain unconformably by the Kavirondian Sys-
tem which is composed chiefly of conglomerate and
subordinate arkosic grits (McCaLL, 1958). Recent
Rb-Sr age determinations of the basal Kavirondian
conglomerate give a minimum age for the Nyanzian
System of 2.8 4+ 0.12b.y. (Dopson et al., 1975).

With the exception of an extensive exposure north
of the Kavirondian Gulf, the tholeiite outcrops are
sparse and scattered (Fig. 1). The tholeiites are for
the most part, pillowed and associated with minor
but widespread chert, fine-grained tuff, and banded
ironstone (HUDDLESTON, 1951; SAGGERSON, 1952). The
andesites are concentrated mostly in the Kisumu and
Sare districts with only subordinate, lenticular bands
of little lateral extent in the Kisii district (HUDDLES-
TON, 1951; SAGGERSON, 1952). Tuffs and agglomerates
are assoicated with the andesites in the Kisumu and
Sare districts (HUDDLESTON, 1951). The andesites may
be near-surface intrusions with minor, marginal extru-
sive phases-near Sare and Nyagongo (McCALL, 1958).
The largest exposure of the siliceous volcanics found
in the Kisii district may also be a near-surface in-
trusion (McCALL, 1958). The siliceous volcanics con-
tain small lenticular bodies of tuff and agglomerate
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Fig. 1. Geolog:cal sketch map of Nyanzian greenstone belts, western Kenya (after HUDDLESTON, 1951;
SAGGERSON, 1952; MCCALL, 1958).

(SAGGERSON, 1952) and locally, banded ironstone
(HuDDLESTON, 1951).

The metamorphic grade of the rocks in the Nyan-
zian System is predominantly greenschist. The degree
of alteration varies from slight, towards outcrop
centers, to intense near granitic contacts where rocks
are sheared (HUDDLESTON, 1951; SAGGERSON, '1952).
Away from outcrop margins the Nyanzian rocks con-
tain primary structures and textures (pillows; relict
phenocrysts of plagioclase and clinopyroxene; vesi-
cles, and varioles) and lack foliation. Sample sites
were chosen where weathering and metamorphlc
effects were at a minimum.

Fourteen samples were analyzed for major e]ements
and 16 trace elements by X-ray fluorescence and neu-
tron activation. The methods by which the analyses
were performed are described elsewhere: major ele-
ments, except Na, ConDiE (1967); Na, Cr, and Co,
StueBer and GoLes (1967); REE, Ba, and Cs, Gor-
DON et al. (1968); and Rb, Sr, Ni, Y, and Zr,
REYNOLDS (1963). Most trace elements were deter-
mined using AGV-1 as the standard. W-1 was used

* for Y and Zr and JB-1 for Ni. Total analytical error

is estimated as follows: Major elements <3%, (Mg ~ 7
percent); REE, Co, Zr and Rb ~ 5-10%, except
Tb ~ 20%; Sr, Ba, Cr, Y, and Ni~ 10%; and
Cs ~ 10-15%. The results are summarized in Table
1 in terms of averages.

RESULTS

Tholeiite

The composition of the one tholeiite sample found
from all the samples analyzed from the Nyanzian
greenstone belts is given in Table 1 together with the
average composition of the Mafic Formation tholeiite
of the Midlands greenstone belt, Rhodesia (CoNDE
and HARRISON, 1976). The Nyanzian tholeiite (like the
Mafic Formation tholeiite) is an intermedite-K tho-
leiite with a flat REE pattern (Fig. 2). Composit-
ionally the only significant differences between the
Nyanzian and the average Mafic Formation tholeiite
are the higher K,0, Rb, Cs, K/Ba and K/Rb ratios
and lower Zr and to a lesser extent, light REE, it
the Nyanzian tholeiite (Table 1). These higher concer

" trations of the large-ion lithophile (hereafter referred
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Table 1. Average compositions of rocks from Archean greenstone belts in
Kenya compared to average rock compositions from the Midlands greenstone
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- belt, Rhodesia®'

Andesite Rhyolite

Tholeiite
3 Kenya | Rhodesia“| Xenya Rhodesia® Xenya | Rhodesjia®
’ Mafic r 11} Maliyami Felsic Midlands
3 Fo. - fu. - . Pao. Belt
9 $i02 49.1  _ 50.5 $6.9 +56.8." 56.6 59.7 ° 7523 7.7
’ Ti0, 0.69 0.65 0.95 0.60 0.58 . 0.69 0.15 0.19
Al203 . 138 14.0 4.1 14.6 . 15.1 15.8 13.5 16.4
Faz03 127 11.5 9.39  6.37 7.81 5.76 2.28 1.60
Ng0 8.23 7.34 S.45  5.30  6.15 3.42 0.89 0.50
Ca0 11.3 1.6 6.59  5.03 6.96 5.61 1.19 1.74
s Naz0 1.68 2.08 3.37 0 322 2.8 5.46 3.46 5.00
. X20 0.29 0.06 0.79 2.60 0.85 1.62 3.53 2.05
. 2F/ M 0.61 0.61 0,63 0.54  0.56 0.63 0.72 0.76
p Ca0/Alz03 . 0.84 0.84 0.47  0.38  0.48 0.23 0.09 0.1 ,
h
b cr 410 338 154 102 74 54 - 9.7
: Co as 50 4 19 29 22 1.3 3.5 -
! NL 101 122 73 41 50 35 s 7
. /b 2.9 i.5 24 105 24 48 65 28
. Sr 106 82 358 1164 241 291 23 100
k r as 100 177 224 75 65 357 30
: Ba 104 110 237 999 228 310 954 330
" Cs 1.4 0.53 1.0 2.4 0.90 1.2 0.14 0.87
e La 3.0 4.3 15 39 10 26 64 18
Ce 5.6 10 M 92 2 50 146 34
Sa 1.6 2.3 4.4 7.5 2.7 5.1 15 1.9
Eu 0.67 0.68 1.2 2.3 11 1.5 2.4 0.47
™ 0.43 0.56 0.62 1.4 0.53 0.57. - 0.17
' C L6 2.4 1.9 1.0, .13 1.6 9.9 0.28
Lu 0.37  0.40 0.3 0.18 0.20 0.2¢ 1.6 0.04
Yoo 17 20 .26 35 15 13 84 2
K/Ba 23 4.5 28 2 31 3] 31 50 .
K/Rb 830 332 273 206 238 268 451 600
Rb/Sr 0.03 0.02 0.07 0.09 0.12 0.21 2.38 0.28
Ni/Co 2.3 2.4 3.0 2.2 1.7 1.6 17.1 210
La/Yb 1.9 i.8 7.6 58 7.7 16 6.5 64
% 1 8 4 1

! Major element concentrations are as measured with differences from 100%

represented by volatiles.
2 Total Fe as Fe,0;;

F/FM =

30 = number of samples analyzed;

“-’3 LIL) elements (K, Rb, S, Cs, Ba) may be caused
F=greater degree of alteration in the Nyanzian tho-
t~= Extending this comparison to other Archean
ihéeiites (Conpie and HARRISON, 1976), the same dif-
“ices are noted with exception of K,O and Rb.
¥ “ompared to modern tholeiites, the Nyanzian tho-
2 is similar to arc and rise tholeiites in the flat
P2 pattern and overall chemical composition. It
“t3 from arc tholeiites, however, by its low Al,O;,

Fe,O

—23 .
Fe;0y + M,0

individual sample compositions can

be obtained from the senior author upon request.
¢ From ConpiE and HARRISON (1976).

Rb, Sr, Eu and K/Ba ratio and high Cr, Co; Ni, Ba
and Cs and from rise tholeiites by its low Al,O,,
TiO,, REE (except La and Lu) and K/B ratio and
high Rb, Ba, Cs and Rb/Sr ratio (CoNDIE and HARRI-
SON, 1976). The higher Ba content and lower K/Ba
ratio in the Nyanzian tholeiite is ascribed to Ba addi-
tion during alteration (PHILPOTTS et al,, 1969). When
plotted on the Ti-Zr-Y and Ti-Zr graphs of PEARCE
and CANN (1973), the Nyanzxan tholeute falls in the
field of arc tholeiites.

- Andesites L
%m‘ The andesites of the Nyanzian System can be
b3 divided into two compositional groups: Andesite 1
3 and Andesite II. Andesite 1 is a low-K andesite and
= Andesite I a' high-K andesite (latite andesite). The
A o REE pattern of Andesite II is enriched in light REE
and depleted in heavy REE relative to Andesite I (Fig.
, 2). It also differs by its high LIL-element contents
6 and low total iron and TiO, (Table 1). The high con-
& Average chondrite-normalized REE distributions in centrations of K,O, Rb, Sr and Cs in Andesite if
"mﬂ:c rocks of Nyanzian greenstone belts. Chondrite ~may have resulted from enrichment during alteration

values from’ HAskIN et al. (1968).

and metamorphism. The Andesite [ samples vary
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Fig, 3. Histogramsshowing variation of some LIL-element
concentrations in Nyanzian Andesite 1.

appreciably in their LIL-element concepirations. The
vdriation -appears to be random and is ascribed to
varying amounts of sample alteration. Examples are
shown in histogram form 1n Fig, 3 (La and Ce are
included 1o show the variation in elements esséntially
unaffected by alieration and metamorphism, HERR-
MANN et al,, 1974; GREEN-et al, 1969). Cr and Ni
concenirations also show variation in Andesite 1
samples. Both eléments appear io. increase with in-
creasing amousits of clinopyroxene and magnetite in
the samples.

Compared to other Archean andesites, Andesite 1
exhibits higher Y and Cr (Tabje 1). A striking similar-
ity exists between Andesiter 1 and the Coolgardie
andesite of Western Australia (Grikson, 1970). This,
however, is based solely on major element data.
Andesite I i§ grossly similar to the andesites of the
Maliyami Formation in thé Midlands belt (ConDIE
and HARRISON, 1976), but differs by having-a slightly
more enriched liphi REE pattern, more TiC,, Zr and

Y, a higher Ni/Co ratic and a lower Rb/Sr ratio

(Table 1). In terms of modern andesites, the average
composition and REF pattérn of Andesite I i5, for

the most part, transitional betwesh arc and cale-alka--

line andésites. The term. afc andesite used here refers

to andesite of the ‘island arc tholeiitic series’ “as-

defined by JAKES and GiL (1970). Andesite I differs
from both of these groups, however, in its higher
TlO;, Cr,.Ni, Zr .and Ni/Co ratio and lower K/Ba
and K/Rb ratios.

Compared to other Archéan andESltBS Andesite II
is significantly highér in its LIL &léments and La/Yb

ratio (Table 1). Although Andesite IT and the Felsic.
Eormation ‘andesites of the Midlands belt have REE

patterns and major element concentrations that are
quite similar (Fig. 2 and Table 1), their trace element
compaositions differ. In comparison to modern ande-
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.sites, Andesite 11 is most similar to high-K calc-alka.

line andesites with respect to its enriched light REE
pattern-(Fig. 2), high Rb/Sr ratio, and high concen.
trations of LIL elements. Alteration in Andesite Iy
may be responsible for the increased corcentratiop
levels of KO, Rb, Sr.and Cs.

Rhyplite

The composition of the one rhyolite sample found
from- all 'the samples analyzed from the Nyanzian
preeénstone beltsis given in Table 1 together with the
average composition of the Midlands belt rhyolite.
These two rhyolites have similar concentrations of
some major elements, however, their trace element
concentrations, e¢lement ratios and REE patterng
differ (Fig. 2). Because of uncertainty in the Tb results,
Tb was interpolated in the figure. Cofisequently, Little
significance can be assigned to the magnitude of the
Eu anomaly. With regard to the average rhyolite from
the Archéan Canadian Shield (CoNpiE and HaRRISON,
1976), the chemical composition of the Nyannan
rhyclite d;ffers for all elements except Ni.

In comparison to the -average modern rhyolite
{CoNDIE 2and HARRISON, 1976), the Nyanzian rhyolite
has more MgQ, Ni, Y and REE, and higher K/Rb
and Rb/Sr ratios; and less TiO,, Co, Sr and Cs. The
Nyanzian chyolite.is simitar to modern rhyolites in
that its REE pattern falls within the range of values
for modern rhyolites,

DISCUSSION AND RESULTS

Origin for volcanic rocks of the Nyanzian System
has:been appraused in terms of fractional crystalliza-
tion and partial melting models with respect to both
major and trace element data. Models weré tested
with major element ¢oncentrations using the methods
of PEARCE (1968) arid GILL {1974), and- with trace ele-
meifit concentrations using the Rayleigh fractionation
law and the partial melting ‘equations derived by
Suaw (1970). Compositions of the: uitramafic source
rocks and the distribution coefficients used in mode}
calculations are given in Appendix I and II, respect-
ively. Model calcilations and comparisons involving
the. tholeiite and rhydlite depend upon their respective

-samples being representative.

Of all the partial melting and fractional crystalliza-
tion.models tested (see ConDIE and Harrison, 1976,
for the range of models tested) the Nyanzian tholeiite
can best be explained by 35-40%; melting of a lherzo-
lite: source with clinopyroxene {60%), olivine (30%)
and orthopyroxene (10%) as solidis phases (relative
proportions melted given in paréntheses). The herzo-
lite;model closely matches the Nyanzian tholeiite with

respect to the REE, but is-enriched by a factor of

2in Ct, Coand Ni. The lower Cr, Co. and Ni contents

of the Nyanzian tholeiite relative to the lherzolite

model is ascribed to these elements being trapped in
residual chromite during pariial melting or in sulifide

phases during subsequent fractional crystallization..
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The : Fig. 4. Upper: eclogite-normalized trace element distribu-
es in E tions in Andesite I compared to those of a model-andesite
alues ] produced by 207 partial melting of eclogite with clinopy-

roxene (70%), garnet (10%) and quartz (20%) as solidus

phases (refative proportions melfted given in parentheses).

Lower: eclogite-normalized trace element distributions in

Andesite 1l compared to those of a model-andesite pro-

duced by 5% partial melting of eclogite with clinopyroxene
'stem (70"‘/;).. garnet (20%), and quartz (10%) as solidus phases
o (relative proportions melted given in parentheses). Eclogite
Miza- . composition used in both andesite models was assumed
both . to be that of the Nyanzian tholeiite. Distribution coeffi-
ested 1 cients given in Appendix II.

thods

e ele- L The discrepancies are reduced by allowing 10% shal-
iation low fractional crystallization of olivine, clinopyrox-
4 by ene, and plagioclase + magnetite or sulfide. This
ource amouat of fractional cyrstallization does not appre-
nodel ciably affect major or other trace element concen-
spect- trations.

lving ' Fractional crystallization of the Nyanzian tholeiite
ective was tested as a mechanism for the production of the
. andesites and rhyolite at various depth ranges using
iza- appropriate liquidus phases, but was unsuccessful.

1976, With the amounts of fractional crystallization given
Jeiite ; by the major element calculations, the model tholeiite
1€rz0- ‘ has heavy REE values too low to produce the rhyolite
1307, or Andesite I trace element pattern and light REE
lative values too low to produce the Andesite I trace ele-
rerz- ment pattern. In terms of partial melting, neither a
> with lherzolite nor a garnet or plagioclase peridotite is cap-
or of able of producing the andesites or rhyolite. These
ety model magmas are too low in the light REE and
zolitg too high in the heavy REE values for the andesites,
ed in and are too in all REE values for the rhyolite. The
ulfide ! model which is most acceptable for the Nyanzian

ation, andesites involves decreasing amounts of equilibrium

melting (from 20 to 5%) of an eclogite or garnet
amphibolite source of Nyanzian tholeiite composi-
tion. The trace element patterns of Andesite I and
Andesite II can be produced by approximately 20 and
5% melting, respectively, of such an eclogite (Fig. 4).
Unlike the tholeiite, the andesites have a higher Cr
content relative to the model magma. This suggests
the presence of a crystallizing phase in the andesites
which had a higher distribution coefficient for Cr rela-
tive to Co and Ni.

The trace element pattern of the Nyanzian rhyolite
cannot be produced by partial melting of eclogite,
garnet amphibolite, garnet granulite, or of an uitra-
mafic rock because all the REE values of these
magmas are much lower than those of the rhyolite.
The models which most closely approach the trace
element pattern of the rhyolite involve 20-30% equi-
librium melting of a siliceous granulite or 20-30%
fractional crystallization of a granodiorite parent
magma. Neither model, however, can account for the
high Yb and Lu and low Rb, Sr, Co and Ni values
observed in the rhyolite.

Based on total apparent exposure area, the Nyan-
zian volcanics consist of significantly fess tholeiite,
and more andesite and siliceous volcanics than any
other Archean greenstone terrane. This dissimilarity
may be the result of selective exposure caused by a
smaller degree of uplift and erosion. If, however, the
observed distribution of rock types is representative,
the Nyanzian volcanics must have formed under man-
tle conditions different from those of other Archean
greenstone rocks. Two models are proposed for the
origin of the Nyanzian volcanics in order to explain
the anomalous abundance of andesites and siliceous
volcanics.

The first model involves an Archean upper mantle
with a lower geothermal gradient beneath Kenya than
beneath other greenstone terranes. The lower geother-
mal gradient is envisaged as being similar to Green’s
geotherm II (GrEEN, 1975). A lherzolite-derived, tho-
leiite magma rises to the lithosphere and lower crust
and begins to cool. A small fraction of the magma
reaches the surface while the remainder is intruded
at depth and transforms to eclogite. Gravitationally
unstable, the eclogite sinks into the upper mantle and
partially melts. The mantle geothermal gradient, too
low to initiate tholeiite magmatism, produces
andesitic magmas. Since the solidus of peridotite is
very similar to that of eclogite (HOWELLS et al., 1975),
it is possible that peridotite may also partially melt
under these conditions. However, the peridotite was
unable to produce the andesites in the trace element
modelling and is, therefore, excluded from this and
the following model. In response to these ascending
magmas, granodioritic crust partially melts and rises
to a shallow depth where it fractionally crystallizes
to produce rhyolite. A low Archean mantle geotherm
beneath Kenya may have inhibited ascent of a signifi-
cant amount of primary tholeiite to the surface and
also prevented production of secondary tholeiite (i.e
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tholeiite produced’ by the partial melting of eclogite
or ‘other mafic-parent rock). On the. other hand, other
greenstone terranes with hlgher mantlé geotherms
would receive a greater proportion of mafic and ultra-
mafi¢ magmas. ’

The second model calls upon -a mantle plume to
‘explain, the anomalous abundances in the Nyanzian
System. A relatively cool rising mantle plume
encounters and partially melts ‘an eclogite Jayer at

.the base of the crust, Tesulting in the production of

andesite magmas. The low température of the plume
prevents formation of setondary tholeiite. The meli-
ing process further reduces thé plume’s temperature
so that only a small fraction of ‘the initial tholeiitic
magma reachies the surface. The ascent of andesite
magma through-the crust produces rhyolite, as in the
first ‘model. Most other Archean greenstone terranes
may have had much hotter and larger plumes beneath
them.
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‘Trace-element composition (in ppm)voﬁ uliramafic source rocks used in model calculations
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APPENDIX T
Solid/liquid distribution coéfficients used in model calculation

Olivire Ciimopyroxens Orthopyroxens Garnet Aophibole Plsgioclnse Biotite K-Feldspar Magnetite

0.01 0.05 (003} 0.03 {0.1) olgl (4.1}, .2 1) 9.1 (0.3 (0.3}, (805

.01 0.1 (0.5) 0.05 (0J2) 0.01 (0.3} 672 (D) 0.1 {33 (0.3) {0.05)

0.0l 0.2 [3.5) 0.05 (0.7) 0.5 (3 0.5 (7) 0.1 {0.15) (0.3) . (0.05)

o.oL’ 0.y (1) 6058 (0.1s) 1 ) 0.6 {5} 0.6 (1) {a.2s1 (1)

0.018 6.3 (1.5} .08 (0,3} {151 0.5 [6) 0.1 (0.08) (0.%) (0.03)

0.0z 0.3 {2} 0.10 {0.8) 25) 0.4 (5) 0.1 (0.05) (2.4} (o.01}

0.02 03 () 8.10 {0.8} j (25 0.4 (5] 8.1 (0.05) (8.4}  (0.01)

1 (] 3o {15} 1 (30} {0} 0s) k() 10

0
3 (200 & {10y 6 (15) i ) @ toy - f1s) Gl 10.
0

10 7 ? toy 75

Principal references: SCHNETZLER and PHILPOTTS (1970), CutLers et al. {1973), and Higucw
and Nagasawa (1969},
Values in paréntheses used in rhyolite calculations.
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Dear Mr. Getecha,

The effect of terrain on dipole-dipole resistivity data can be
significant. A study of the topographic mdap and data from the Olkaria
. field, Kenya, shows that portions of some profiles are affected by the
terrain but that most are not. The high resistivity surface layer is
generally less than 250 m thick in the Olkaria area. In parts of the
field, it may be too thin to affect our numerical models.

‘ We have included a copy of our study 'Topographic Effects in
Resistivity Surveys' which may help you appraise the shortcomings of
flat-earth numerical models. Their advantage is that they are easier to
interpret and less expensive to compute. Numerical models which include
a topographic surface (e.g., Figures 1, 3, and 5) require twice the
computation, time, and storage required by the standard flat-earth model,
making routine use of topographic models impractical.

- OQur numerical models require the input of electrode locations.
Terrain necessarily causes shortening of the actual.dipole length, making
electrode locations uncertain--the wire is still 250 m long, but the distance
between its ends is less. Since electrode Tocations are the chief source
of the observed topographic effect, it is critical that the locations be
accurately known, -if topographic effects are to be modeled. For example,
an electrode at the base of a slope has a significantly different effect
than an electrode on the slope. We do not know how accurately the electrode
-Jocations have been reproduced in the U. N. data package. This uncertainty
makes topographic models of the Olkaria field suspect as well as expensive.
The dipole lengths and electrode 1ocat1ons can-be:scaled from a. map only for
flat—earth models. .

4 We have developed a two-part procedure for initiating a topographic
modeling effort which we have implemented for portions of three profiles
from Olkaria. First, we simulate the topography with a specifically designed |
mesh and assign to the "earth" a 100 ohm-meter resistivity and to the "air" :



-2-

a 100,000 ohm-meter resistivity. The resulting model simulates a homogeneous
earth with terrain below an infinitely resistive air. Figures 1, 3, and 5
are examples of this type of model that reveal the effects of topography on

a homogeneous earth. Deviations from 100 ohm-meters in the calculated
pseudosection represent topograph1c distortion. We make the assumption that
similar deviations would occur over a nonhomogeneous two-dimensional earth.

The second step involves dividing the observed field data by the
appropriate values computed by the homogeneous model with terrain. The
result is a pseudosection 'corrected for topography,' Figures 2, 4, and 6.
While it may not be rigorously correct, we assume that the values in the
resulting pseudosection are the apparent resistivities that would have been
observed were the terrain flat. Figures 2, 4, and 6 are, then, our
approximations to the equivalent flat-earth case for the three profiles at
Olkaria. The modeling would proceed with either flat-earth models matching
the 'corrected' pseudosection or topographic models matching the observed
pseudosection.

The topographic effects due to homogeneous earth models with terrain
and their 'corrected' pseudosections have been ca]cu]ated for the following
profiles at Olkaria: Line 2 5/3 (page A-10 of 'Numerical Modeling and
Interpretation of Dipole-dipole Resistivity Data, Olkaria Field, Kenya'),
Line 10 W-Cntr (A-40§ and Line 4 East (A-14). The terrain crossed by these
lines produces moderate to strong topographic distortions. Profiles
crossing similar terrain will suffer similar effects. If we had received the
topographic map in the U. N. data package we would have attempted to incorporate
it into our work, but additional costs would have been incurred. Most of the
terrain at Olkaria is suff1c1ent]y gentle to justify the use of flat-earth
models.

A line-by-line treatment fo]]ows a discussion of the effects 0of high
resistivity surface 1ayers on dipole-dipole data.

Topographic Effects at Olkaria, Kenya

Plate I of our.report "Numerical Modeling and Interpretation of Dipole-
dipole Resistivity Data, Olkaria Field, Kenya" presents the interpreted
intrinsic resistivity at the depth interval 150-250 m. High near-surface
. resistivities (greater than 400 ohm-meters) appear to the north, west,
southwest, and southeast of the well field. These are areas where the
resistive near-surface layers are sufficiently thick to affect the observed
apparent resistivities at all depths. Plates 3-5 show the computed models.
Most of the models contain thin resistive bodies at the surface, many of which
are too thin to appear.on Plate I. The thin, resistive surface bodies
affect only the first few spacings in the pseudosections (N=2,3) and do not
affect the deeper resistivity structure. In areas where our models do not
contain resistive surface bodies, either the ground is conductive or the
usually resistive ground is too thin to have an effect upon the resistivity
pattern. Resistive surface layers less than 25 m thick will -probably be
transparent to the data.
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We have compared the topographic map with Plates I and II to discern
areas where there may be a positive correlation between topography and
interpreted resistivity. Special attention has been paid to the well field
northeast of the Ololbutot Tava flow, Figures 1 and 2.

Several of the profiles cross valleys, ridges, or slopes. Lines 3, 4,
5, 6, and 8 cross the valleys north-northwest of the well field. Lines 5, 6,
and 7 cross a valley northeast of the Olkaria volcano. A numerical model of
the topography at the east end of ‘Line 4 serves as an example of the effect
that these valleys may have on the data, Figures 3 and 4. "Ridges are crossed
by Lines 9, 10, and 11 south of the Ololbutot flow and by Lines 4, 5, 6, and 7
north of the flow. The south-éend of Line 20 and the east end of Line 3 may
be distorted by ridges as well. The center of Line 10, near Well 01k-1, is
our example of the effect of a ridge, Figures 5 and 6. Line 18 descends a
precipice south 8f the lava flow. Its slope length is 3 dipole lengths
and its angle 20”. This is case S-SL 3.0-SA20 of Fox and others (1978),
page A-59. These examples of homogeneous earth models are extreme cases
which reveal the complexity of the topographic effect in areas with cliffs.

The well field appears to occupy a local depression that produces its
strongest effect near the surface, Figure 1. The 56 ohm-meter value adjacent
to the 134 ohm-meter east of Station 15, Line 2, presents -the greatest contrast
in the area. The observed data for this area are shown on Plate III of
“our report. At the same locations, the observed apparent resistivities are
7 and 42 ohm-meters, respectively and our calculated model contains many small
resistive bodies. When the topographic effect is divided into the observed
data, the reduced apparent resistivities are 12 and 31 ohm-meters, Figure 2,

a contrast of- 2% rather than 6. It would be simpler to produce a satisfactory
fit to the reduced rather than the raw data. It would also be simpler

to match the raw data using the mesh of Figure 1 than it was with the flat
earth mesh, page A-10. We could compute these models in detail only if
funding were made available and the schedule of other work permitted.

The reduced pseudosection would not require the complexity of the flat-
earth model. While details would change, both the 5 and 60 ohm-meter bodies
can be expected to remain. ' The near-surface resistivity is low (5 ohm-meters)
between Stations 13 and 16. The 20,000 ohm-meter value at the east end of
Line 2 may be spurious (bad data?) or due to a local 3D anomaly.

The most prominent correlation with a ridge is the north-south trend of
high resistivities south of the Ololbutot lava flow near Well 0l1k-1, Lines
9, 10, and 11. - These profiles cross a topographic spur with more than 60 m
of .elevation: change over a distance of 500 m, two dipole lengths. Figure 3
is our numerical model for ‘the center of Line 10. The topography produces
. both artificially high and low apparent resistivities--high below the crest

of the ridge and low at the base of its slopes.. The greatest distortion
occurs at N=3 below Station 5. _

A comparison of the observed data, Plate V, and the topography-corrected
pseudosection, Figure 4, reveals that the symmetrical bands of high resistivity
on the diagonals below Stations 4-6 are better developed in the reduced data.
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These bands require a highly resistive near-surface body between these
stations--the ridge is resistive. Several iterations with the mesh of
Figure 3 would be necessary to determine the depth to the top of the

50 ohm-meter body below the ridge, Plate V. It is possible that the
conductive bodies shown flanking the ridge are continuous below it. If so,
the resistive pattern shown in Plate I may be suspect.

Line 4 East crosses both a ridge and a valley, perhaps the most severe
terrain in the data package. The topographic effects in Figure 5 have the
same pattern as the observed values in Plate III--low resistivities below the
valley and high below the ridge. When the topographic effect is divided into
to raw data, the resistivities increase below the valley and decrease below
the ridge but the pattern remains virtually unchanged. A simulation of
Line 4 East with the mesh of Figure 5 would require the same type of resistivity
distribution as the flat-earth model. Three-dimensional structures are likely
between Stations 4 and 5E. The topographic map reveals that a pipeline
passes between these two stations. What effect the pipeline has on the
apparent resistivities of (the parallel) Line 2 are unknown. It should be
noted that we required 19 iterations to produce the flat-earth model for
Line 4 East, page A-14. This is an uncommonly high number of iterations.

The topographic model might produce a more satisfactory match with less effort.

We thank you for your patience and your interest in future co-operation.
The Earth Science Laboratory would 1ike to keep appraised of geothermal
development in Kenya. I hope you find these comments useful in your
evaluation of the resistivity data.

- Sincerely,

Grislion Smerif] -
Christian Smith éfAé%Z?

"Associate Geophysicist

CS/pf
cc: Mr. H. P. Ross
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

UURI

EARTH SCIENCE LABORATORY

420 CHIPETA WAY, SUITE 120

SALT LAKE CITY, UTAH 84108
TELEPHONE 801-581-5283

July 17, 1980

Mr. P. Getecha

Technical Manager

Geothermal Exploration Project
The Kenya Power Company Limited
P. 0. Box 49368

Nairobi, Kenya

Dear Mr. Getecha,

Thank you for your letter of 23 June, 1980. I regret that through a
breakdown of communications you were not aware of our receipt of your
earlier letter dated 18 September, 1979. MWe received the topographic map
in good order and gave brief consideration to the topographic problem at
that time. It appeared that only minor topographic effects would be
present and the cost of additional interpretation would be substantial.
Since we were totally committed to other projects we did not consider it
further.

Upon receipt of your letter of 23 June I asked my associate Mr. Christian
Smith (who has become quite expert in the interpretation of topographic effects
in resistivity data) to make a more detailed evaluation of the problem. As
Mr. Smith points out, numerical modeling which incorporates 'a topographic
surface is roughly twice as time consuming and expensive, and without
additional funding we are limited in the additional interpretation we can
do. Mr. Smith has tried to consider the most important areas in his new
review and submits these results in an accompanying letter. We submit this
.information in the hope it will be of some help in your development of the
geothermal field. We would appreciate learning more about the geothermal
resources of this area, and your drilling results, when reports could be
made available.

If you.have additional specific questions concerning our interpretation
please contact Mr. Smith or myself, and we will try to respond in a timely
manner.

Sincerely,

Howard P. Ross
Senior Geophysicist

HR/pf
cc: Mr. C. Smith
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The mapping of induced currents around the Kenya Rift:
a comparison of techniques
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Summary. Single-station and inter-station transfer functions are derived from
data recorded by a magnetometer array in and around the Kenya Rift Valley. : ;
Different methods of presentation of the transfer function estimates are com-" : |
pared in terms of their ability to define lateral variations in electrical conduc-
tivity. When, as in East Africa, the conductivily structure is complex and
three-dimensional, by far the most useful method of presentation is to use
the transfer functions to simulate the anomalous internal fields associated .
with regional current flow at a particular azimuth. The use of inter-station
rather than single-station transfer functions is almost essential where the
amplitudes of anomalous horizontal fields are of the same size or greater
than the normal fields. Horizontal field transfer functions prove to be just as
useful as those usually calculated for the vertical component, and provide
strong additional constraints on the internal current system.

Maps of simulated vertical and horizontal fields of internal origin indicate
the importance of current channelling around the Rift Valley. A conductor
just to the east of Nairobi apparently funnels regionally induced currents into
two conductors associated with the Rift and dome; one at shallow depths ,
beneath the Rift floor, and a deeper body to the east.

S oW ma M

P

1 Introduction

The object of Geomagnetic Deep Sounding experiments, is to determine the distribution of
electrical conductivity within the Earth from array measurements of magnetic field :
variations at the surface. The achievement of this objective essentially involves: ;

(1) The separation of the recorded magnetic field variations into parts of internal and {
external origin. The only viable approach so far developed is by the calculation of transfer’ ‘
functions (Schmucker 1970).

(2) . The determination of the internal current system responsible for the internal com- '
ponent of the magnetic field variations. This is not an essential step since we could and do '
model the internal magnetic fields directly from proposed conductivity structures. However
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312 D. Beamish

it is only by forming a picture of the internal current system that reasonable constraints
can be set on the class of conductivity structures whose responses will be modelled. The
problem of determining the currents from the fields is of course non-unique; it is at this
stage that other geological and geophysical constraints can be imposed.

(3) The inversion of the internal fields or currents determined in (1) and (2) to obtain
the conductivity structure. Because of the limitations of computational time, only the
forward problem is usually undertaken, and only two-dimensional structures can be con-
sidered as viable models.

This paper is concerned with stages (1) and (2) of the analysis. Data from a magnetometer
array experiment in East Africa is used as a basis for the assessment of both old and new
ways of mapping internal currents.

- 2 Experimental details

In 1972, 22 magnetometers of Gough—Reitzal type, were installed at sites in and around the
Gregory Rift Valley in Kenya. The array experiment followed a pilot study, undertaken in
B I : 1971, for which six magnetometers were available. The results of the pilot experiment,
Y | across an east—west (E—W) equatorial profile, were interpreted in terms of two regions of
high conductivity, one beneath the Rift floor at a depth of 20 ki and a thicker/broader
) zone, 100 km to the east of the Rift axis, at a depth of about 50 km. The results are
‘ described in detail by Banks & Ottey (1974).
1 The large-scale experiment was designed to delineate the lateral extent of the anomalous
T zones and to provide data with a wide frequency content so as to obtain better bounds on
o " ‘ the depths and thicknesses of the anomalous zones. On the basis of the lateral scales of the
. anomalies found in the pilot experiment the station spacing was limited to less than 50 km
in the vicinity of the Rift and extended to 80 km to the west and east of the main Rift
- E structure. The locations of the magnetometer stations are shown in Fig. 1. The diagram
' shows the main boundary faults of the graben which should be viewed as a simplified out-
line. The main Gregory Rift is shown striking approximately N—S with the minor Kavirondo
Rift in the west striking E-~W towards Lake Victoria. The stations KAB, MLO, NAK, TFL,
T NYK and MER were reoccupied from the 1971 experiment and together with HBY, KSI and
' NJO will be referred to as the equatorial line of stations. -
The array was operational for three months during which time a variety of bay and sub-
storm activity was recorded. A general feature of the low-latitude magnetic disturbances
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. Figure 1. Location of the magnetometer stations relative to the main Rift faults.
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was the Jow power levels; the bay fields recorded in. Kenya being several nT in the vertical
component and less than 20 nT in the horizontal components. The basic instrumental
sampling rate was 10s. The raw photographic data containing activity with appreciable
levels of power and a wide frequency content was subsequently digitized and data series
sampled at 0.5- and 1-min intervals were obtained. Due to the low power levels of bay field
activity, the majority of records were obtained from continuous storm/substorm
disturbances. Record lengths ranged from 3 to 18 hr for individual disturbed periods of
activity. Four to five such records were selected for each station and they form the basis of
the subsequent analysis.

Displays of raw magnetograms are generally not very informative. Anomalies are typically
frequency dependent so that the reader has to perform a mental Fourier Transform or
filtering operation. A more direct way of showing the differences in the variation fields
caused by anomalous structure at different stations is to present demodulated magneto-
grams. Complex demodulation as an alternative approach to the data processing of geo-
magnetic time-series has recently been studied by Banks (1975). The technique allows the
variation with time of the amplitude and phase of selected frequency components of a
data series to be examined. Following the basic formulation and computational scheme given
by Banks (1975), the data under study was divided into bands of frequencies each central
about a frequency of interest. For the continuous type of activity recorded in Kenya,
spectral bands that varied linearly with period were chosen. Spectral bands containing
Fourier components with periods 512128, 128—64, 64-32, 32--16, 16—8 and 8—4 min
were used throughout the analysis.

Fig. 2 shows a set of demodulates | Hyl, | Dyl and | Z4 | (H, D, Z are the normally defined
geomagnetic axes) for three hours of substorm activity at 11 stations across the array for
which simultaneous records are available. The original records are sampled at 0.5-min
intervals and the demodulates shown are calculated for the period band 7= 32—16 min.
Banks & Ottey (1974) showed that the anomalous response is most pronounced within this
band. The process of complex demodulation has isolated those variations in the period
range 32—16 min contained within the original record while preserving their original local
time. It is informative to consider the two main ‘events’ indicated by the demodulates with
regard to anomalous behaviour across the array. The demodulates for the H component
possess a consistent form across the array. The two exceptions are NYI and NYK which
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Figure 2. Simultancous demodulated magnetogrums in the period band 7= 32—16 min for the substorm
of 1972 September 14,
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show a phase-lag with respect to the rest of the stations. There are slight variations in the
magnitude of the two peaks, the most consistent magnitudes being produced at the western
stations KSB, KMU, KSI and BUT. The corresponding events in the D component possess a
greater degree of variability across the array, attributable to a proportionally larger
anomalous internal component. The most striking feature is the consistency of |Dg] at the
western stations and the enhancement of |Dgy| at other stations with respect to these. Both
events observed in the vertical field demodulates are clearly anomalous with little or no
normal vertical field detectable across the array. The attenuation observed in | Zg4| at TFL
(on the eastern escarpment of the Rift) indicates that the station lies above a conductive
structure. The vertical field demodulates at the extreme western stations KSI and BUT
exhibit a similar form. When considered in conjunction with the absence of anomalous
horizonta) fields at the western stations it is reasonable to suppose that the extreme western
stations are sufficiently far removed from the anomalous region that they record a pre-
dominantly normal variation field.

3 Transfer function methods

The first stage in the analysis of magnetometer array data is usually an attempt to separate
the anomalous internal component of the recorded fields. Formal techniques do exist for
performing internal/external field separations (Porath, Oldenburg & Gough 1970), but, in
addition to involving a great deal of computational effort, they are unsatisfactory because
assumptions must be made concerning the structure of fields with scale-lengths greater than
the dimensions of the magnetometer array (Banks 1973). An alternative approach, that does
not require large numbers of simultaneous measurements, or so much analysis, is to compute
transfer functions between field components. If certain assumptions can be made, these
transfer functions contain the required information concerning the nature of the internal
fields across the array region. It is usual to compute transfer functions that relate the vertical
and horizontal fields at a single station. Although these single-station transfer functions
possess advantages, the underlying assumptions may not be valid and may lead to misleading
conclusions. The data from the Kenya array is used to illustrate this point and to show the
advantages gained using inter-station transfer functions.

3.1 SINGLE-STATION TRANSFER FUNCTIONS AND THE UNDERLYING
ASSUMPTIONS

A consequence of the linearity of Maxwell’s field equations is that we may assume that there
exists a linear relationship between the Fourier transforms of the anomalous and normal
field components. For fields measured at some point P, the relationships will take the form

Hy =Ty Hy + TppDy + Tyz Zy
Dy =TpyHy+TppDy + TpzZ, 1
Za = TZHHn + TZDDn + TZZZn

at a particular frequency (Schmucker 1970). The subscripts a and n refer to anomalous
and normal parts respectively. Omitting a dependence of each term on the wavelength of the
source field in (1) is valid when the skin-depth of the source field is much less than its spatial
wavelength. The transfer functions (the set of 77s) should characterize the anomalous
conductivity structure in the vicinity of point P. If the normal field (H,, D,, Z,) is known
then the observed fields (F) can be introduced using F = F, + F,,, and the matrix of transfer
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functions determined using cross-spectra calculated between the ficld components. Since
there is, in practice, a great difficulty in the estimation of the normal field at each point r
within the array region, three simplifying assumptions can be introduced which, to a certain )
extent, allow this problem to be overcome (Banks 1973) . ‘

(1) That if Z, is small compared with Z, then the terms Tyz, Tpz and Tz in (1) can be
ignored.

(2) That there is no correlation of Z,, with H, and D,,. "

(3) That both H, and D, are small in comparison to the total observed fields, in such
circumstances H,, and D, can be replaced by H and D (the observed fields) respectively. !

If these assumptions are justified, the third equation of (1), characterizing the anomalous
vertical field, reduces to :

Z.=AH+BD @ '

at a particular frequency. Z. is an estimate of Z, whose validity depends on the validity of
the above assumptions. The subscript ¢ denotes that both A and B are defined using the
vertical field that correlates with the right-hand side of (2) in a least-squares sense.

As far as the Kenya data is concerned, it is evident from Fig. 2 that the variation in the
observed vertical field between stations is large and therefore predominantly anomalous;
the wavelengths of the equatorial external fields being sufficiently large to produce a low-
amplitude normal Z variation field. This effect was noted over a period range extending from
4 min to 24 hr. It is therefore considered that assumption (1) is well justified at the low
latitudes of the Kenya array study. Persistent correlations between Z,, and H,, or D, can only
arise if the fields are generated by persistent external current systems. The only possible such
correlation that might arise in East Africa is between Z, and H,, due to the equatorial
electrojet. The fact that normal (i.e. western) stations show almost complete Z—D,, correla-
tions indicates that Z, is too small for this effect to influence the estimates of the transfer
functions. The demodulates of Fig. 2 indicate that assumption (3) is not valid for the data
under consideration. The condition that H, < H is thought to be acceptable. However the |
predominant N--S directional nature of the magnetic field disturbances recorded at low
latitudes (see below) result in a low-amplitude D, variation field. The anomalous D com-
ponent field may then form a substantial fraction of the observed D component field.
Transfer functions calculated according to (2) will then be biased because assumption (3) is
incorrect. A further possible complication arises because the magnetic field disturbances in
Kenya tend to be polarized in a N-S direction. Banks (1975) has shown that the transfer
functions derived from such data will not be biased, but the errors in the transfer functions
relating anomalous field components to the D variation field will be large.

Given that assumptions (1) and (3) are valid for a particular array study, a determination
of (4, B) and its associated errors is dependent, to some extent, on the nature of the data
used. The use of complex demodulation in conjunction with the Unit Vector Method i
(Everett & Hyndman 1967) allows all the records obtained at a particular station to be used
in the fitting of (2). Such a process minimizes the undesirable effects of directional source
bias and associated correlations between normal field components on the estimates of the
transfer function (4, B). The approach to the determination of transfer function estimates
outlined above is described by Banks (1975) and has been used throughout the present
analysis. It should be noted that this method does not require a level of significance to be
established ; poor fits to (2) are reflected in the variance of the transfer function estimates as
determined by the Unit Vector method.
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Figure 3. Vertical field single-station maximum and minimum response functions for the period band
T = 64-32 min. Phases of the maximum axes are given in degrees.

3.2 SINGLE-STATION TRANSFER FUNCTIONS FOR THE KENYA ARRAY

Methods of presenting the information contained in transfer function estimates are discussed
in more detail in Section 4. For the purpose of examining the effectiveness of single-station
transfer functions, the maximum/minimum response function of Banks & Ottey (1974) are
used. Maximum and minimum response functions, G, and G, respectively, were determined
from the single-station transfer functions for the period bands described in Section 2. The
results for the period band T = 64-32 min, are shown in Fig. 3. The arrows are perpendicu-
lar to the lateral boundary from which the anomalous vertical field derives, provided that the
structure is two-dimensional. The lengths of the arrows indicate the magnitude of the
anomalous vertical field associated with a unit amplitude disturbance, of zero phase, in the
horizontal field. The phase of G, along the eastern maximum axis (of E-W pointing arrows)
is shown. For N-S arrows, the phase along the northern maximum axis is shown, thus
delineating E—W structure. Two regions possessing very different response functions can be
distinguished.

3.2.1 Western stations and the equatorial line

The response functions in the west and along the equatorial line of stations agree well with
the results of Banks & Ottey (1974) and indicate an approximately N—S structure beneath
the Rift graben. The western stations, with the exception of MBY (the western-most
station), exhibit a similar azimuthal response and |G, | increases towards the Rift reaching a
maximum on the western escarpment. Within the Rift floor, the vertical field is severely
attenuated, indicating the presence of a region of enhanced conductivity beneath the Rift
floor. To the east of the graben, the response |G| again increases but is attenuated with
respect to the western response. The E—W asymmetry of the response |G, | across the Rift
axis is taken to indicate the prescnce of a region of enhanced conductivity to the east of the
Rift graben. The phase of the maximum response at the western stations is consistent, being
nearly 180° out of phase. Between the western flank (MOL) and the floor of the Rift
(NAK), a phase change from negative out of phase to positive out of phase is observed. The
‘phase then decays gradually to positive in-phase eastwards away from the Rift axis. The
behaviour of the phase to the cast of the Rift axis is suggestive of the mutual interaction of
two conductive structures. This hypothesis is confirmed by the frequency response at TFL,
on the eastern escarpment of the Rift. Fig. 4 shows both |G, | and IG,|, the azimuth of G,
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Figure 4. Magnitude, azimuth and phase of the vertical ficld single-station maximum responsc functions
at Thompson’s Falls (TFL) as a function of period. Magnitudes of the minimum response functions are
shown as open circles. Error bars correspond to 1 sd.

and the phase of G,, determined along the eastern maximum axis, at TFL for the period
range 7=512—4 min. The error bars correspond to 1 sd about the mean. The magnitude
of the response is relatively independent of frequency. The longest period estimate must be
treated with caution since the period is comparable with the length of data and the estimates
may be distorted by the removal of trends etc. At short periods (16—4 min) an in-phase
response is observed and |G, | points towards the Rift axis, indicating the presence of a
shallow conductor confined in lateral extent to the width of the present graben. At longer
periods (> 20 min) the response at TFL is out of phase and G, pomts eastward indicating
the presence of a deeper castern lateral boundary.

3.2.2 South-eastern stations

At the stations within the Rift, to the south of the equatorial line, and to the cast of the Rift
at NBI, the response shows a distinct change in character. The magnitude of the response
increases progressively southwards, reaching a maximum at NBI where the anomalous
vertical field is comparable in magnitude to the horizontal components of the field. The
azimuth of the response along this line indicates a lateral boundary striking NW~SE from
the zone of high conductivity beneath the Rift graben in the equatorial region. The south-
castern stations NYI, FHL and EMB possess response functions whose azimuths are similar
to those of the eastern cquatorial stations (NYK and MER) and indicate a roughly N-—-S
boundary to the west. The phase of G, at the two sets of stations is also similar indicating
that the eastern conductor extends south at least as far as FHL.
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318 D. Beamish

It is clear that no simple two-dimensional boundary can be invoked to explain the
observed response functions in the south-eastern region of the array. By its very nature, a
two-dimensional boundary will produce response functions that are colinear and
perpendicular to the strike of the boundary (Lilley 1974). Thus it appears that both two-
and three-dimensional conductivity structure exists within the array region. The non co-
linear response functions are taken to indicate a three-dimensional structure and in such
circumstances the presentation of transfer functions using induction vectors does not give a
true picture of the internal current system.

3.3 THE PROBLEM OF ANOMALOUS HORIZONTAL FIELDS

Thus far we have ignored the possible bias introduced into the single-station transfer
function (4, B) by the assumption Dy <D. As previously explained, this assumption is
probably not valid for the data under consideration. In addition, the use of a single-station
approach does not permit an assessment of the anomalous horizontal fields across the array.
Both problems can be overcome using (1) if the normal field can be estimated. From the
results presented so far it appears that certain of the western stations may be classified as
normal; the criteria governing whether a station may be classified as normal are given by
Banks (1973). Two reference normal stations were chosen using a coherence criterion
(Beamish 1976). HBY and KSI, the western-most stations, exhibited the smallest anomalous
horizontal fields of any array station. The use of two normal stations allows all the records
used in the previous single-station analysis to be reemployed in the inter-station analysis.
The normal field is assumed to be uniform across the array.

Equation (1) defines a matrix of transfer functions. An evaluation of all nine elements of
T;; is hindered by directionally polarized source fields leading to singularities of the matrix
of cross-spectral terms required to calculate any one T (Dragert 1973). In addition, small
elements within this matrix give rise to estimates of T; possessing a large error. Both of these
problems arise in the case of Kenya data and it is still advantageous 10 assume that induction
by Z, can be ignored for each anomalous component.

34 VERTICAL FIELD INTER-STATION TRANSFER FUNCTIONS
Taking the third equation of (1) we have
Za=TyuHy +TypDy +Tzz2Z,

at a particular frequency. The normal horizontal ficlds are taken to be those at one of the
reference stations. We assume that Z,, is small and obtain the relationship

Zc= TZHHn +TZDDn- (3)

Thus we use exactly the same formulae to estimate (Tzy, Tzp) as for (4, B). 1t is worth-
while comparing the vertical field transfer functions obtained by single and inter-station
methods. For simplicity we assume the constraint Z, =Z to be exact. Comparison of the
solution of (2) when the cross-spectra of the anomalous horizontal fields are included and
the solution of (3) shows that if B is computed with large anomalous E—W ficlds present, the
effect will be to decrease the magnitude of B observed. When normal horizontal fields are
used in the calculation we expect the transfer function (Tyyy, Tzp) to have a larger magni-
tude with an azimuth tending towards a more E—W orientation when compared to (4, B).
If the predominant anomalous fields are observed in the N-S field, again a larger transfer
function (T, Tzp) would result but with an azimuth tending to a more N--§ orientation.
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T+64~32min

Figure 5. Comparison of the vertical field maximum response functions obtained by single-station and
interstation methods. Period band T = 64-32 min.

Inter-station vertical field transfer functions were computed across the array using the
horizontal fields recorded at either HBY or KSI. The computational procedure was identical
to that used for the single-station analysis. It should be noted that when inter-station
methods are used a greater degree of care must be taken to ensure accurate timing other-
wise a phase-shift varying linearly with frequency is introduced into the cross-spectra.
Maximum and minimum response functions are again used to present the transfer function
estimates. Fig. 5 is a comparison of the maximum vertical field response functions (1Gp1)
obtained by single-station (SS) and inter-station (IS) methods, for the period band 7= 64—
32 min. A large number of quantitative differences exist that are significant, i.e. greater than
the variance in the response functions as determined by the Unit Vector method. The two
response functions at BUT (the most westerly station at which a comparison is made) are
identical, confirming the lack of anomalous horizontal fields in this region. Over the rest
of the array, with the exception of LGT, the increased magnitude and swing of azimuth
of the inter-station response functions indicate that the anomalous horizontal fields are due
to predominantly N—S striking currents. LGT has a single-station response that indicates
local E~W anomalous currents are responsible. The reversal at NYI is not significant, the
phase being such that the direction is indeterminate. The largest anomalous horizontal
fields appear in the south of the array, in the NBI region.

3.5 HORIZONTAL FIELD INTER-STATION TRANSFER FUNCTIONS

Since the predominant anomalous horizontal fields are observed in the E~W component,
only anomalous D field transfer functions were estimated. The second equation of (1)
characterizing the anomalous D component of the field is

Dy =TpyHy + TppDy + TpzZ,
at a particular frequency. On specifying the constraint that Z,, is small, we obtain
Dy=TpyHy +TppDy * € (4)

where € represents the residual part of D, that does not correlate with either /,, or D,,.
Since we wish to use the total recorded field, D = D, + D, observed at each station a further
substitution is required. If we assume D, = D, i.e. D, is small, on taking cross-spectra of D
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with H,* and D,* in turn (* denotes complex conjugate) and minimizing the residual error
term, we obtain

D. Beamish

Tpn = Spr,Sp,p, —Sp0,SDyH ) (SDY Dy SHLHY — SDyHSH, DY) ©)

Tpp = (Spp, Sty 1, —SpH,SHLD N SDyDySHLH, —SDHLSH,LD,)

where Spy, denotes the crossspectrum of D(f) and H,(¢) at a particular frequency.
Alternatively, if the substitution D, = D ~D,, is made in (4), the expression for Ty remains
as in (5) and the expression for Tpp becomes

Tpp = (Spp,Sryu, —SoH,SH,0 ) (SDy Dy SHHy ~SDHSH, D)1 1.

Hence Tpp=Tpp —1 and the second method gives a transfer function (Tpy, Tpp) that
does not include the normal component of the D variation field recorded at each station.
The transfer function in the normal region, in this case is zero. (T'py, Tpp) however does
include D, and values of (Tpy, Tpp)>1 are produced when the D component possesses an
anomalous contribution. A normal station would possess a transfer function (Tpy, Tpp) of
TDH:O: TDD:I- N

Interstation horizontal field transfer functions defined by (5) were computed across
the array using the horizontal fields recorded at either HBY or KSI. The same sets of data
were used as for the determination of the vertical field inter-station transfer functions and
the computational procedure was identical. Maximum and minimum response functions can
be deduced from the horizontal field inter-station transfer functions (Tpy, Tpp)- This might
provide a method of presentation whereby the anomalous internal current contribution to
the U component can be assessed. However due to the fact that the D variation field is
naturally constrained to a particular horizontal direction, no information is gained concern-
ing the local oricntation of conductive boundaries as is obtained from vertical field transfer
functions. To obtain such information both H, and D, must be known. When only one
anomalous horizontal field component is available an alternative method of presentation is
required.

4 Presentation of transfer functions

In the previous section we have discussed the factors influencing accurate and unbiased
estimates of both singlestation and inter-station transfer functions. Using such estimates
we have adopted an induction vector representation, namely maximum and minimum
response functions, in order to elucidate the lateral variation in conductivity in East Africa.
The results indicate that both {two- and three-dimensional conductivity contrasts are present.
In such circumstances, the significance of the induction vectors is not always obvious. In
the case of three-dimensional structure it is found that an alternative method termed Hypo-
thetical Event Analysis is the most useful and informative method of presentation.

4.1 INDUCTION VECTOR PRESENTATION

The fitting of an equation of the type Z,=AH + BD to the observed field data defines a
preferred plane along which magnetic field variations, at a particular frequency, tend to
occur (Parkinson 1959). From the amplitude and phase information incorporated in the
plane (A, B), induction vectors can be formed which when plotted in the horizontal plane
point towards internal concentrations of current. Two different types of induction vector
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representation exist which are aimed at separating anomalous fields of different origins. The
separation of (4, B) into in-phase and quadrature parts to form real and imaginary induction
vectors is essentially aimed at separating the effects of deep and shallow anomalies
(Schmucker 1970; Gough 1973). For bodies of widely differing dimensions it should be
possible to observe both the inductive limit (in-phase response) and the resistive limit
(quadrature response) using this method. The maximum and minimum response functions
of Banks & Ottey (1974) are aimed at separating from (4, B) that part of the response that
is compatible with a two-dimensional assumption. This information is directly incorporated
into the maximum response function G,. G, is then interpretable in terms of the perturba-
tion of regional horizontal current flow by a two-dimensional conductive boundary as
formulated by Jones & Price (1970). Both induction vector presentations have a simple
interpretation only when the structure is two-dimensional (see Banks 1973). In such circum-
stances the vectors point towards the conductive boundaries that define the E-polarization
mode of Jones & Price (1970). With reference to Fig. 3 in which the maximum and mini-
mum response functions (G, and G;) for the period band 7 = 64—32 min are shown, the
approximate codinearity of G, across the equatorial profile together with the fact that G, »
G, suggests that the response functions are meaningful in this region. In the south-eastern
region however the azimuths of G, show a large variation over distances of the order of
50 km and it is clearly not obvious where the conductive boundaries are situated. When
non-parallel maximum response functions are present they can only be taken to indicate a
three-dimensional situation and a method of displaying the anomalous fields themselves is
required thus allowing an interpretation in terms of three-dimensional current flow.

42 HYPOTHETICAL EVENT ANALYSIS (HEA)

This method of presentation was suggested by Bailey et al. (1975) and applied to vertical
field single-station transfer functions obtained from non-simultaneous station operation in
Eastern Canada. The method has since been successfully applied to similar transfer function
estimates across the UK (Bailey & Edwards 1976). Hypothetical event analysis is the calcula-
tion of the anomalous fields that would be associated with a unit amplitude event of a given
polarization in the horizontal ficld. Bailey et al. point out that a naive method of calculating
Z, for a hypothetical horizontal field is to postulate the same horizontal field at each station
and calculate Z_ from (2). They discuss the objections to this and conclude that the naive
method is justificd if the horizontal field is essentially uniform over the region under con-
sideration. There is, however, a possible extension to this method that allows for non-
uniform horizontal fields across the array region when simultaneous recording is available. A
reference station can be used such that all transfer functions are calculated with respect
to the horizontal fields recorded at the reference station. Ideally a reference station that is
normal would be chosen, although this is not strictly required. The use of a reference station
that is normal simplifies subsequent interpretation-since then the transfer functions would
be the set of T"’s of equation (1).

In theory at least, all three anomalous field components H,, D, and Z, can be determined
directly using transfer functions computed with respect to the horizontal fields recorded at
the reference station. In the previous section a sct of transfer functions characterizing Z,
and D, have been determined using the horizontal fields recorded at the two normal stations,
HBY and KSI. Using the hypothetical event method of presentation, the transfer functions
(Tz4, Tzp) and (Tpy, Tpp) can be used to map the dependence of the anomalous Z and D
component fields on the azimuth of linearly polarized regional horizontal fields. Consider
first the anomalous vertical field (Z.) given by (3). A unit horizontal field disturbance




Goa oy

D. Beamish

at an angle § to magnetic north is resolved into (H,, D,). Since Z is complex, the hypo-
thetical responsé may be separated into real and imaginary parts

Zw(0)=Re[Tzylcosf + Re[Typlsind

)
Zi(8)=1Im [Tzylcos8 + Im[Tzplsinf.
Alternatively the modulus and phase of the vertical field response may be determined
1Z(0) = [Zr(0)}*+(Z,(6)]* o

$(6) = tan™" [Z,(8)/Z (6)).

The fields we map are the vertical and E—W components of the field produced by the
anomalous internal current flow when the regional field is linearly polarized at azimuth 6,
i.e. when the regional current flow far from the array is uniform and has an azimuth 8 + 90°.
This uniform regional current flow is perturbed by lateral variations in conductivity
structure giving rise to local anomalous and horizontal field variations. The method of
presentation makes no assumptions concerning the geometry of the conductive structure
under consideration and hence the method possesses the ability to cope with both two-
and threedimensional conductivity structures. For approximately two-dimensional con-
ductivity contrasts, a maximum response will be observed for the E-polarization mode, i.e.
when the hypothetical event is polarized perpendicular to the conductive boundary. For a
polarization orthogonal to this, no effect due to the boundary should be observable. A
response due to departures from two-dimensionality in which lateral variations consistently
deflect or channel current should be observable for all polarizations of the hypothetical
event.

The interpretation of this method of presentation requires a form of response map in-
version, i.e. we scek the internal current system from which the anomalous field components
derive. This inverse problem may be approached qualitatively by reference to the equivalent
internal current system analogous to that used in the study of the morphology of external
current systems (see, e.g. Matsushita 1967). The equivalent internal current system consists
of an clectric field poloidal mode directly analogous {o the E-polarization mode of Jones &
Price (1970). In such a partial system no vertical current flow exists and the internal field
parameters presentied by hypothetical event analysis may therefore be interpreted in terms
of an equivalent internal current system which flows parallel to the surface of the Earthin a
thin layer. Such thin-sheet descriptions are characterized by horizontal currents forming
closed loops (Price 1949). If the horizontal divergence of the current is non-zero and vertical
current {low exists the current vortices associated with the thin sheet problem would no
longer be evidenced.

43 VERTICAL COMPONENT RESPONSE MAPS

The vertical field response defined by (6) and (7) was determined across the array. This
produced four response maps for each azimuth of the hypothetical event. The response to a
linearly polarized field can be determined as the resultant of two orthogonal polarizations
and we here consider a range of hypothetical events polarized in the range 0—90° (azimuths
are mcasured positive castwards from magnetic north). Useful results can only be obtained
when thé station spacing is less than or of the same order as the spatial structiure of the
equivalent internal current system. Regions of uncertainty will be indicated by broken
contours.
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T=16-18 min |

Figure 6. Real part of the vertical field response to four linear horizontal field polarizations; (a) 8 = 0°;
(b) 6 =30°;(c) & =60°;(d) 6 = 90°. Period band T = 16—-8 min. Contour interval is 0.05 nT.

Fig. 6 shows the real part of the vertical field Zg in the period band T= 16—8 min,
associated with four polarizations of the horizontal field in the range 6 =0-90°. A
prominent feature of all four polarizations is the steep field gradients observed in the south-
cast region. The causative current system must therefore be independent of the direction of
the regional normal field, indicating that the conductive boundary is capable of deflecting
the regional current flow. The current system in this region has both N-S and E~W com-
ponents and the conductive boundary appears to concentrate the current flow in the NBI/
TKA region, giving rise to the large spatial gradient in Zg. The spatial gradient of Zg is a
maximum for 8 =30-60°, a corresponding minimum was found for polarizations of
6 =—30 to —60°. Thus the general strike of the conductor in the south-eastern region is

. NW-SE. The map for a polarization of § = 90° (regional current flow N~S) indicates a N—S

striking boundary coincident with the Rift axis in the equatorial region. Zp (8) is polarization
dependent in this region, being diffuse for § =0° and increasing in definition with the
increase of 8. The total current system produced by this conductor varies with the azimuth
of the regional field and hence the observed response is compatible with the varying
fractions of the E-polarization mode which would be produced by a N-S striking two-
dimensional boundary.

The conductivity structure in both regions is well-defined by the polarization of 8 = 90°.
The transition from negative values of Z in the west to positive values in the cast is taken to
indicate the edge of a conductive boundary. Both Zy and Z{ (not shown) delineate the same
conductivity structure and it was found that the most appropriate response parameters were
[Z2(8) | and ¢(8). Having noted the azimuthal dependence of the anomalous vertical field, we
confine our attention to a polarization of § = 90° which adequately describes the internal
current system across the array.

Fig. 7 shows !Z(8)] for the period band T = 64-32 min, for a hypothetical event of
0 =90°. A line current will produce an anomalous vertical field with contours running
parallel to the strike of the current. In the equatorial region, the central contours are
coincident with the Rift graben and an E~W asymmetry aboult the Rift axis is evident. The
region of the west of the Rift is regarded as normal; the lack of symmetry due to the
equivalent edge-effect current is then evident Lo the east of the Rift graben in the equatorial
region and to the north<ast of the NBI region. The magnitude of the anomalcus vertical
ficld is attenuated across this region. The contours are smooth and of a large scale and can
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Figure 7. Modulus of the vertical field response to a linear horizontal field polarization of 8§ = 90°. Period
band T = 64—32 min. Contour interval is 0.1nT. :
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Figure 8. Phase of the vertical field response to a lincar horizontal field polarization of @ = 90°. Period
band T = 32-16 min. Contour interval is 30°.

therefore be attributed to an extended sheet of enhanced conductivity containing a diffuse
current system. To the south of the equatorial Rift axis, internal current flow is directed
NW-SE away from the central graben, producing a large vertical field gradient in the NBI
region. The spatial gradients in the vertical field of the equivalent internal current system
flowing in a thin surface sheet are proportional to the local current density. The large
gradicnts in the south-east are therefore to be associated with an exceptionally high con-
ductivity contrast and/or an intense local geometrical concentration of current. The
azimuthal response to hypothetical events indicates at least part of the effect must be
- produced by the latter.

The phase of the response ¢(8) to a hypothetical event (6 = 90°) for the period band
T=32-16 min is shown in Fig. 8. The western normal region possesses a negative and out-of-
phase response that shows only slight Jateral modification. In the immediate vicinity of the
western flank of the Rift, in the equatorial region, there is a sharp phase reversal to in-
phase within the Rift floor. A transition to positive out-of-phase response then occurs at
the eastern escarpment. Fastwards, away from the Rift axis, the phase gradually decays to an
in-phase response. In terms of the equivalent internal current system, a phase change of n
in the anomalous vertical field should be observed across a current concentration. The
complex behaviour of ¢(8) across the equatorial profile is taken to indicate the mutual
interaction between currents beneath the Rift floor and an extended current system to the
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east. In the south-east a phase change of m is obseived across a SW—NE profile indicating
that there is a single current concentration in this region.

44 HORIZONTAL COMPONENT RESPONSE MAPS

The horizontal D component response to hypothetical events is calculated by replacing
Tz and Tyzp in (6) by Tpy and Tpp, respectively. The preceding interpretation has
indicated that anomalous current flow is directed predominantly N—S in the equatorial
region. In the south-cast both N—S and E~W components of current flow exist. It should
therefore be possible to utilize the polarization dependence of the anomalous D component
field to resolve these two features separately. From the way in which the D component
inter-station transfer functions are defined, a hypothetical event polarized N—-S (8 =0°)
will correspond to a D component response at a normal station of zero amplitude and phase.
A hypothetical event with 8 =90° will produce a D component response of amplitude
unity and zero phase at a normal station. It should be emphasized that anomalous fields in
the D component can only be produced by internal currents possessing a N—S component
of current flow.

Fig..9 shows the modulus_of the D component response in the period range T=32—
16 min, to four polarizations of the regional horizontal field E—W regional current flow
(6 = 0°) is seen to produce an anomaly confined to the eastern portion of the array. In
order to produce this anomaly in the D component, normal E-W current flow must be
deflected such that a N—S component of current flow is produced. When compared to
other polarizations, the anomaly in the south-eastern region for 6 = 0° is seen to be diffuse
indicating that the major portion of current flow is still directed E-W. This conclusion is
compatible with regional current flow entering the array region and being channelled into a
NW—SE oricntation in the area of NBI/TKA. As the polarization angle increases to 8 = 90°
and regional current flow is directed into a N—S orientation, the anomaly in the south-
east is seen to increase in definition in accord with the major portion of current flow being
directed NW—SE. A prominent feature of these maps is the dependence of the equatorial
response on azimuth. For E-W regjonal current flow (8 = 0°) it is entirely absent while for
N-S regional current flow it is well-defined indicating that the response is due to N-S
currents flowing along a two-dimensional boundary. The centre of enhanced D lies to the
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Figure 9. Modulus of the D component response to four linear horizontal field polarizations; (a) 6 =
0°;(b) 8 = 30°;(c) 0 = 60°; (d) 8 = 90°. Period band 7= 32—16 min. Contour interval is 0.1nT.
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Figure 10. Phase of the D component response to a linear horizontal field polarization of 8 = 90°. Period
band T = 16—8 min. Contour interval is 10°.

east of the Rift graben. The response to the west, compatible with a NS striking boundary,
falls off to a value of unity in the normal region. The response to the east of the central
maximum reveals an E—~W asymmetry. Such an asymmetry again indicates the mutual
interaction between a current system within a body beneath the Rift floor and an extensive
current system to the east. The contours of the equatorial maximum close and run E~W in
the region of NVA indicating that N—S current flow terminates in this region even when
the regional current flow is directed N—S. The internal currents must therefore be deflected
locally E~W in the NVA region and hence must couple with the E-W current flow observed
to the north of the NBI/TKA region. As in the case of the vertical field analysis, this argues
for a body associated with the Rift graben that extends south only as far as the NVA region.

Fig. 10 shows the phase of the anomalous D component field for a hypothetical event
polarization of 0 =90° in the period band T = 16—8 min. This polarization introduces N—S
regional current flow into the array area; the normal nature of the region to the west of the
Rift graben is clearly evidenced. The maximum anomalous phase occurs to the east of the
Rift graben and can be accounted for by the mutual interaction and reinforcement of
currents within the Rift axial body and a current system to the east. In the south-eastern
region the lack of N—S current flow is evident. The N—S regional current flow is deflected
into a predominantly E—W orientation in the region of NBI/TKA. The closed contour of 10°
to the north-east of NBI can be accounted for by the predominance of the south-eastern
anomaly rather than the exténded current system. It is clear that any deeper structure in the
south-eastern region will inevitably be masked by the larger current concentration effects,
assumed to be crustal.

4.5 COMPARISON OF HEA AND FOURIER RESPONSE MAP PRESENTATIONS

HEA based on inter-station transfer functions is capable of obtaining anomalous response
maps in three field components and could be construed as being a similar method of
presentation to maps of Fourier spectral components (see Gough 1973), thus far not
discussed. This method requires simultaneous recording at each station across the array.
Individual events, such as bay activity, are selected from the recorded data and Fourier
transformed directly. The method produces six contour maps: three Fourier amplitude and
three Fourier phase maps in either geomagnetic or geographic coordinates. Since it is the
internal response that is required, it is considered that if the spatial scale of anomalies are
consistent for independent source fields (at the same period) then they can be ascribed to
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internal structure (Gough 1973). If the spatial configuration of each magnetic field
disturbance can be considered stationary, a polarization of the horizontal field can be
defined (Lilley & Bennett 1972). Individual events can then be used to examine the de-
pendence of the Fourier response maps on the polarization of the horizontal field. Such a
study has been carried out in Southern Australia (Gough, Lilley & McElhinny 1972; Gough,
McElhinny & Lilley 1974). The horizontal field polarization of recorded events is complex
with three parameters to be specified: azimuth, ellipticity and sense of rotation. Gough et al.
(1974) found a complicated dependence of Fourier map structure on all three parameters.
Although the exact relationship between anomalous structure and the polarization para-
meters was not clear, a three-dimensional conductivity structure was indicated. With regard
to the ability of Fourier response maps and hypothetical event maps to define magnetic
variation anomalies we note the following characteristics. Problems inherent in the Fourier
response map method include:

(1) The anomalous contribution to the variation fields may not be effectively separated.

(2) A large number of individual events is required to define the résponse to an adequate
range of horizontal field polarizations.

(3) In general, three parameters need to be specified to define the polarization of the
recorded horizontal fields. The response maps for circularly and elliptically polarized events
are not so easy to analyse as those for linearly polarized events.

HEA based on inter-station transfer functions has the ability to overcome these diffi-
culties in that:

(1) Transfer function analysis can effectively separate the anomalous parts of the
variation fields.

(2) The internal response is defined for all horizontal field polarizations.

(3) The use of hypothetical events enables the internal responsc to be mapped for linear
polarizations of the horizontal field.

5 Depths of currents

Estimates of the maximum depths of internal currents can be made by assuming the
anomalous ficlds to be produced by an equivalent line current at depth d. Such a line current
would produce an anomalous field of width 2d at the half-maximum value and an anomalous
vertical field with extrema 2d apart. The actual line current cannot be deeper than the
equivalent line current best-fitting the anomaly widths (Gough 1973). In the case of ex-
tended conductors, the anomalous vertical field delineates the edges of the body while the
anomalous horizontal field can be used as a measure of its lateral extent.

5.1 EQUATORIAL PROFILE

Having established that a two-dimensional assumption is justified across an E—~W equatorial
profile, the dependence of the anomalous fields on period is now considered. A profile

A—-A', shown 'in Fig. 10 was chosen orthogonal to the conductive boundary as deduced in -

the preceding sections. The inter-station maximum response functions about this profile
then define |Z,/H,| and |D,/H,| where H, is a unit normal horizontal field disturbance.
Stations whose estimates were based on only one record were not included. HBY is not
included in the vertical field estimates because the direction of maximum correlation is not
along the profile.
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Figure 11. Vertical ficld inter-station maximum response functions along the profile A—A4' in the period

bands;(a) 128-64;(b) 64-32;(c) 3216, (d) 16-8;(c) 8—4 min. Error bars correspond to 1sd.

Fig. 11 shows |Z,/H, | determined along the profile for the period bands in the range
T = 128~4 min. Error bars correspond to 1sd about the mean. For all periods a maximum
response occurs on the western flank of the Rift at NJO, and the asymmetry of the anomaly
indicates that a conductive boundary must extend eastwards beyond the eastern escarpment
of the Rift. The relatively small lateral scale of the anomaly over the Rift region in the
period band T = 16—4 min indicates a concentration of current flowing bencath the Rift
floor. The equivalent line current at depth d would produce Z extreme 2d apart; however
no one wavelength is fully defined due to the asymmetry. The shorter wavelength feature is
however best defined in the period band 7= 8—4 min and it seems likely that the Z extreme
can be no more than 60 km apart and hence the actual current cannot be deeper than
~30 km. This estimate supggests a conductive body within the crust directly beneath the
Rift floor. The attenuation in the anomalous vertical ficld observed in the east for all periods
is consistent with an extensive body of large dimensions beneath.the region to the cast of the
Rift graben.

Fig. 12 shows | D,/H,| along the profile A—A' for the same period bands. Error bars again
correspond to 1sd. There is a relatively uniform increase of response with period; the
maximum response being observed at TFL for all periods. The fact that the maximum is
observed to the cast of the Rift axis indicates that the response is the resultant of the mutual
interaction of currents within a Rift axial conductor and an eastward extending current
system. With this factor in mind, it is possible to estimate the depth d of the equivalent
linecurrent producing a variation in the D component of width 2d at the half-maximum.
For the period range T = 128—16 min, d is of the order of 50 km. If two bodies at different
depths are responsible, the depth d represents an intermediate depth, placing the eastern
conductor well within the upper mantle.

52 THE SOUTH-EAST REGION

It is informative to compare the vertical field response observed in the equatorial region with
that observed in the south-eastern region. With only single-station transfer function
estimates it would be difficuit to establish a profile in the south-eastern region, however we
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Figure 13. Interpolated vertical ficld response to a lincar horizontal field polarization of @ = 60°, along
the profile B-8'. Period bands are; (a) 128-64;(b) 64-32;(c) 32-16;(d) 16—8; (e) 8~4 min.

can make use of the hypothetical event maps to determinc a profile. Although such a profile
is subject to an interpolation procedure and is necessarily a smoothed version of the actual
response estimates, it is useful in establishing the general features of the response with
period. A profile B—B' was chosen perpendicular to the NW—SE axis of symmetry shown in
Fig. 10. Fig. 13 then represents the smoothed behaviour of | Z,/H,, | along the profile B~B'
in the period range 7= 128—4 min. The edge of the conductor appears slightly to the south
of TKA and the anomalous vertical ficld reaches a minimum in the region of FHL. In the
region to the north-east of FHL there appears to be little or no variation in the observed
response indicating that the region is underlain by a major conductor. There is a large
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increase in the vertical field between the period bands T'=32—16 min and T = 64—32 min.
The response in this region is associated with a conductive boundary constraining the
currents to flow NW-—SE in the NBI/TKA area. This boundary possesses a larger vertical field
response for each period band than that observed in the equatorial zone. It is reasonable to
assume that a geometrical concentration of current causes the large spatial gradients in the
vertical field. The wavelength of the anomaly is not fully defined but, as outlined below, the
response is consistent with a crustal source.

5.3 FREQUENCY DEPENDENCE OF THE ANOMALOUS FIELDS

Figs 11 and 12 show that the magnitude of the vertical and horizontal anomalous fields
across the equatorial profile increases with period in the range 7=128-4 min. A much
larger increase in the magnitude of Z, with period is observed in the south-eastern region
(Fig. 13). It is difficult to envisage any induction process embodying a skin—depth relation-
ship which can account for the observed anomalous fields over the entire period range of the
analysis. The observed response with period can be explained however if the anomalous
internal current system at the longer periods is the result of the resistive channelling of
regionally induced currents. This hypothesis was originally put forward by Dyck & Garland
(1969) to explain certain features of the Alert anomaly. The currents are assumed to result
from large-scale induction over an area much larger than the region under consideration.
If the skin—depth is large compared to the dimensions of a structure (i.e. self-induction can
be ignored) then curl E 2 0 and we can write E = — g¢. The distribution of internal currents
can thus be obtained by solving the Laplace equation rather than the vector diffusion
equation. In comparison to the case formulated by Jones & Price (1970) in which a body is
immersed in an alternating electric field and which gives rise to a frequency-dependent re-
sponse, current channelling as invoked by Dyck & Garland (1969) implies the body is
immersed in a uniform dc electric field and the response should be independent to
frequency. To differentiate the two cases, it would seem appropriate to call the dc effect,
caused by source ficlds possessing skin—depths far greater than the dimensions of the body,,
resistive current-channelling.

Depending on the geometry of anomalous regions, it is possible for the channelled
currents to become concentrated thereby producing much larger anomalous ficlds than can
be accounted for by normal induction mechanisms (Gough 1973). Crustal structures are
generally to be associated with smaller scale lengths than deeper upper mantle inhomo-
geneities and hence crustal structure should be more susceptible to the frequency-
independent limit of resistive current channelling. It is proposed that at periods of 4—-32 min,
the self-inductance of the sub-Rift conductor is not negligible. At longer periods however,
the response is determined by resistive current-channelling as outlined above. The additional
current concentration at long periods then explains the increase in the magnitude of the
anomalous fields noted in Figs 11 and 12. The exceptional increase with period in the
magnitude of Z, in the south-eastern region is similarly consistent with the geometrical
concentration of resistivity channelled current-flow in a three-dimensional conductivity
structure.

6 Conclusions

Both single-station and inter-station transfer function estimates have been utilized to in-
vestigate lateral conductivity structure in East Africa. The derivation of transfer function
estimates using the technique of complex demodulation together with the Unit Vector
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method of calculating transfer functions has proven to be advantageous for the data under
consideration in which source field bias is severe. In East Africa it is found that anomalous
horizontal fields are comparable with the normal variation field. In such circumstances
single-station transfer function estimates are not strictly valid and it is necessary to
determine inter-station transfer function estimates. Two methods of presenting the informa-
tion contained in the transfer function estimates have been employed. Both methods are
capable of defining anomalous internal variation fields in three components if interstation
transfer functions are available. The first method involves an induction vector representa-
tion. The amplitude and phase information presented by this method is meaningful only in
the case of two-dimensional structure. The second method of presentation is termed hypo-
thetical event analysis. This method maps the dependence of the anomalous field
components to linear polarizations of the regional horizontal field and is therefore capable
of establishing whether or not a particular boundary can be considered two-dimensional.
Both vertical and horizontal anomalous fields can be directly mapped across the array region
with no assumptions concerning the geometry of the conductive configuration under con-
sideration. Both two- and three-dimensional conductivity contrasts are encountered in East
Africa and the second method has proven to be the only viable method for the determina-
tion of the lateral conductive boundaries across the array rcgion. Considerable constraints
on the uniqueness of the conductivity distribution have been achieved by an examination of
the anomalous horizontal field response maps presented by this method. In the case of the
Rift axial body, additional information has been gained with regard to its lateral extent.
The response maps may be interpreted in terms of an equivalent internal current system
analogous to that used in the study of the morphology of exter.:l current systems.
Although treated only qualitatively in the present paper, the response maps of hypothetical
event analysis could form the basis for a quantitative approach to the inverse problem.

The inferred pattern of current flow seems to require three distinct regions of enhanced
conductivity within and to the east of the Gregory Rift. These results are summarized in
Fig. 14, the regions of uncertainty being indicated. Across an E—W equatorial profile
(A—A"), the conductivity distribution is approximately two-dimensional, the major
boundaries striking N—S. Across this profile two distinct conductive bodies are evident:

(1) A crustal Rift axial body limited in lateral extent to roughly the size of the present
Rift boundary faults. This body appears to be relatively localized, coincident with the
Rift axis only as far as 0° 50’S.

Figure 14. The lateral variation in conductivity structure across East Africa. Regions of anomalously high
conductivity are outlined. Broken contours indicate regions of uncertainty.
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(2) An extensive region of enhanced conductivity exists to the east of the Rift graben. .
This region lies within the upper mantle. The eastward extent of this region is undefined by
the present array experiment.

A third conductive body lies in the south-eastern region of the array:

(3) To the east of Nairobi, a NW—SE zone of high conductivity exists which possesses a
three-dimensional boundary. Regionally induced currents appear to be channelled into the
two equatorial bodies by this conductor. The lateral extent of this body along its strike is
undefined. The internal field characteristics of this body suggest it is to be associated with
exceptional crustal conditions. The depth profiles of these anomalous regions, their
conductivities together with their implications regarding the physical state of the crust and
upper mantle across East Africa will be discussed in a later paper.

Acknowledgments

I would like to thank Dr R. J. Banks for the encouragement and the many valuable insights
he provided during this study. This manuscript owes much to his guidance. On behalf of the
group who carried out the field work in Kenya, Professor A. N. Hunter, Professor D. }.
Blundell, Dr R. J. Banks, R. G. Young and myself, I would like to thank the Kenya Govern-
ment for allowing this research to be carried out. We are also indebted to the members of
staff of the many schools in Kenya who helpfully provided sites for our instruments.
Members of staff of the Physics Department at the University of Nairobi provided useful
facilities and helpful assistance, Professor N. Skinner and Dr A. Brock serve as their
representatives. The research was financed by a grant from the Natural Environmental Re-
search Council, who also provided a studentship for the author.

References

. B Bailey, R. C., Edwards, R. N., Garland, G. D., Kurtz, R. D. & Pitcher, D., 1974. J. geamagn. gevelect.,
L 26,125-146.
: Bailey, R. C. & Edwards, R. N., 1976. Geophys. J. R. astr. Soc., 45, 97104,
Banks, R.J., 1973 Phys, Farth planer. Int., 7,339--348.
Banks, R. 1., 1975. Geophys. J. R. astr. Soc., 43,83-101.
Banks, R.J. & Ottey, P., 1974, Geophys. J. R. astr. Soc., 36,321-335.
Beamish, D., 1976, PhD thesis, University of Lancaster.
Dragert, H.,1973. Can. J. Earth Sci., 10, 1089-1098.
4 Dyck, A. V. & Garland, G. D., 1969. Can. J. Earth Sci., 6,513-516.
Everett,J. E. & Hyndman, R. D, 1967. Phys. Farth planet. Int., 1,24 -34,
Gough, D. 1,,1973. Geophys. J. R. astr. Soc., 35,83-98.
Gough, D. I, Lilley, I, E. M. & McElhinny, M. W, 1972. Nature Phys. Sci., 239,88-91.
Gough, D. I, McElhinny, M. W. & Lilley, IF. E. M., 1974, Geophys. J. R. astr. Soc., 36,345-362.
Jones, F. W. & Price, A. T., 1970. Geophys. J. R. astr. Soc., 20,317~334,
Lilley, F. E. M., 1974, Phiys. Earth planer. Int., 8,310-316.
Lilley, F. E. M. & Bennett, D. J., 1972. Geophys. J. R. astr, Soc., 29,4964,
Matsushita, S., 1967. Physics of geomagnetic phenomena, p. 301-424, eds S. Matsushita & W. H.
Cambell, Academic Press, New York.
Parkinson, W. D., 1959. Geophys. J. R. astr. Soc., 2,114,
Porath, H., Oldenburg, D. W. & Gough, D. 1., 1970. Geaphys. J. R. astr. Soc.. 19, 237-260.
Price, A. T.,1949. Q. J. Mech. appl. Alath., 2, 283-310.
Schmucker, U., 1970. Bull. Scipps Inst. Oceanography, 13.

s

Aeduitoid

H
)
H
s .
ST
. R
et BBl



file:///9m.Pliys

