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ABSTRACT

The area of study comprises part of one of the hydrocarbon-
potential basins in kenya; the Lamu basin. Major transgression
and regression cycles dominated the area during different
Mesozoic times. These  depositional cycles together with
tectonics associated with rifting and separation of Gondwanaland
and also of Madagascar from Africa and the occasional doming of
central Kenya resulted in a highly deformed basement with thick
sadimentary cover due to subsidence and tilting.

The study of the Geophysical anomalies in the area, indicated by
gravity and seismic data as well as the study of 6 deep wells
drilled within the area revealed that the major tectonic

disturbances of the area were caused by bassment complex block

faulting.

Bouguer anomalies indicate major basement variation in the
northwest of the study area. Towards the coast, it becomes
featureless with a two fold gravity gradient. This is attributed
to the thinning of the continental crust and the presence of
oceanic crust below the coastal sediments.
The analysis of seismic data has shown that structures in the
area are fault controlled. The major fracturing is mainly along
a NNW-SSE direction. A minor trend in a NE-SW direction has bean
confirmed.

It has also confirmed the presence of roundei closed highs that

represent potential drilling locations. Well logs have shown
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that the area has good source reservoir and caprocks that could
combine very well with the closed highs to accumulate oil and gas

pools.
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1. INTRODUCTION

1.1 Location, Physiography and Communication

Lamu area is located in the northern part of Kenya coast, about

350 kim north of Mombasa (Fig. 1.1.). The area for the purpose

of this study is bounded by latitudes 1.500°S and 2.500%S ang
longitudes 40.00°E and 41.75%E. It covers an area of about 24000
km2 and constitutes part of Block 5; one of the blocks
earmarked by the Government of Kenya for leasing as part of the

current oil exXploration intensification programme.

The area may be divided into two physiographic units, namely the

coastlands and the Tana river regions. Geomorphologically, the
coastal plains consist of alluvial lowlands of the Tana river

delta with accumulations of terrigeneous material brought in by

the Tana river. The material is moved along the coast by long-

shore and coastal currents, forming wide beaches with arrays of

dune ridges behind themn. The Tana river strip forms a belt of

dense bushes and swamps. Elevation changes are gradual and

generally show a decrease towards the Sea,. or more locally

towards the Tana river. The highest elevation being slightly

nore than 70 m above sea level around Waluy.

The area 1is served by two major roads and one dry weather road.

The main Garissa-Garsen road traverses the western part of the

area with motorable tracks branching off to Masalani and Mai.
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The second major road traverses the southern part from Garsen
through Witu to Lamu with motorable tracks branchiAg off to
Kipini and Pandanguo. A dry weather road crosses the middle of’
this area southwards through TIjara, Bodhei, Majengo and Hindi
with a branch to Mararani and Kiunga. The presence of thorny
bushes ané poorly drained marshy grassland make communication
difficult, especially along the Tana river strip which forms a
belt of 1 - 3 km wide of heavy dense bushes. Towards the coast,
are shallow lakes and on the main coastland are tidal flats
covered by beach sands, muds, silts and alluvials with mangrove
forests in some parts. All these contribute to the communication

problems in the area.

1.2 PURPOSE OF THE STUDY

Geophysical survey of Lamu area by oil companies using gravity

and seismic methods revealed . that Lamu area comprises a

sedimentary basin of great thickness and of a complex structural

nature. (O'Hollarain, 1971).

Selley (1985),Chapman(1973) and North (1984) noted that prior to
th2 late savanties oil exploration companies' confidentiality of
results and economic consideration outweighed the need to
systamatically analyse and explain the formation, the
relationship between structural element fabrics, the tectonic
factors concerned and the geologic history of a potential field.

The companies generally looked for direct indicators for the

presence of oil and gas.



A potential trap was delineated and a test-well drilled with

the recovered cores being analysed for presence or absence of

hydrocarbons. The results were classified as confidenfial for a
long time. This method was more economical and faster for the
0il companies but not favourable for understanding the area's
subsurface geology and hence petroleum potential.

The writer was charged with the task of carrying out the analysis

of the structural, stratigraphic and tectonics of the area using

the old gravity, seismic and well log data that were acquired by

0il conpanies (O'Hollorain 1971) ( which are no longer

confidential) and kept with National O0il Company of Kenya

(NOCK) . These data were first to be tested for quality and

completeness and where possible acquire new data before

interpretation was done.

By using the oil companies and his own data, the writer aimed at:

(i) Delineating the basement characteristics using gravity
data.
(ii) Delineating sedimentary structures  and lithologic

thicknesses from seismic reflection data

VP ETEUY

(iii) Determining the palaeoen%ironments of deposition and

lithologic variations from well data.

(iv) Determining (from i, ii, and iii) the structural fabrics

(faults and folds) of the study area, their trends and the

distribution of major and minor structural elements

(v) Evaluating the sedimentational and structural history of

the area.




. The above procedures were used to determine the presence of
' potential oil traps, their type, controls on their condition,
extent, pattern and trend. It was also determined whether the
palaeo-environmental conditions were favourable for abundant

occurrence of petroleum generating organisms.

1.3 GEOLQGIC SETTING

The study area is geologically part of the Lamu embayment (Fig.
1.2). It does not have many rocks outcropping and is covered by
superficial sands of fluvial origin associated with the Tana
river drainage basin. Along the coastline are sands associated
with longshore currents. The only rock outcropéfare Pleistocene
limaestonaes encountaered at Mokowe, Witu, Pate island and Lamu
island and Upper Miocene limestones at Walu.

\

In the prasent study, the only reliable information on the near

surface geology was obtained from shallow wells drilled in the

study area by BP-Shell (1959) and from water boraholes. The

well data shows that superficial deposits overlie Pleistocene

raised resaf and back reef limestones which are shallow water,

sandy and detrital. Underlying the Pleistocene reef limestones

is a succession of Pliocene sands, marly carlcarsous with marin2

fossil foraminifera. These beds appear nearly horizontal and

hava light brown rounded quartz grains, garnet and sahdy clays.

These in turn are underlain by Miocene limestones with

~interbedded shales and 6 minor calcareous sandstones showing

cyclic sedimentation.
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1.4 EXPLORATION HISTORY

Very little geologic work has been done in the study area and
therefore information on the geology is scarce. Mosg of the
geological work has been done in the southern and the western .
part adjacent to this area. Gedge (1892) mapped the western part
of the area, mainly centered on the Tana river region. He
suggested that the Tana river was an outlet in an alluvial delta.
Hobley (1894) worked in the western part of the Tana river and

noted that the area was covered by alluvial sediments which

extend up to 39th meridian where rocks of the basement system are

exposed.

Matherson (1963) did some reconnaissance work at Galole and
Lamu. In Matherson's discussion of the geology, he noted that
the area was covered by superficial soils of Pleistocene to

Recent age and that the underlying geology can only be inferred

from the change of the type of soil cover.

Williams (1962) mapped thé Fundi Isa area which is to the south
of the present area. He reported a thick series of sandstones,
siltstones and shales deposited under sub-aerial and lacustrine

conditions which he correlated with the middle and upper members

of the Permo-Triassic Duruma formation that occurs further

south. He further reported a sequence of fossiliferous upper

Jurassic marine sediments with conglomerates and overlying




fossiliferous limestones occupying a narrow belt across the area
and a wide variety of Quaternary deposits occurring in the area
which include Pleistocene lagoonal clayey sands and. marls,
reddish dune sands, poorly exposed raised coral reefs and
associated conguinoid 1limestones. A thin series of fluviatile
sediments which he thought to have been deposited in the lower
Pleistocene times was also reported. 1In his report, he discussed
vast areas mantled by reddish brown wind blown sands which are
probably of late Pleistocene age. Recent deposits include marine
sands and muds flanked by high coastal dunes with a prominent
development of alluvial silt. Seawards, he reported a thin
series of marine sands and clays with bright red clayey sands of
Oligocene age. He also reported a gentle fold in the area with
NNW-SSE axis and inferred faults with trends NNW-SSE and NNE-
SSW. He suggested that faulting and folding took place after the
Upper Jurassic times with a possibility of further faulting

during the lower Miocene.

Stockley (1928) noted that the NNE-SSW faulting along the Kenyan
coast was related to late Miocene rift faulting, noting that the
structure parallels one of the common East African rift valley

trends.

The exploration for oil along the Kenyan coast started in 1933
when H.G. Busk and J.P. de Vertuil from the Darcy Exploration
Company and the Anglosaxony Petroleum Company Limited mapped the

Kenyan coast with a view to determine the petroleum potential of




the region (Busk H.G., and de Veruil J.P.1933). They noted that
there was no folding in the general sense throughout the area,
but only gengle warping connected with fault movement after
deposition. Dips were mostly very 1low 20 - 30 which increased
towards the coast. They concluded that commercial oil could not
be found on the Kenyan coast because the thickness of impervious
sedimentary rocks is too small. They argued that if oil occurred
then there was abundant opportunity for seepages as the area is

highly faulted which in fact had not been recorded.

In 1959 four shallow wells (Lamu 1, Lamu 2, Lamu 3, and Lamu 4)
were drilled by BP-Shell within the area. The aim was to obta:na
stratigraphic information in view of lack of exposures and to
investigate the presence of structural features that could forn

potential traps. From the four wells, the stratigraphy was

correlated resulting in the succession below:

1. Superficial sands of fluvial origin associafed with the
Tana river drainage.

2. Pleistocene raised reéf limestones and back reef deposits.

3. Pliocene succession of calcareous sands with marine
fossils.

4, Miocene limestones with interbedded shales and minor

calcareous sand showing cyclic sedimentation.

The correlation and horizontal dips indicated that overlying beds

had not been disturbed much. This implied that structures
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indicated by gravity anomalies do not affect beds of younger age
and are therefore deep seated. During drilling, several shows of

dry and wet gas were encountered.

Most of the geophysical work was done between 1954 and 1971. The
gravity data in Lamu Embayment was collected by Geopprosco and
BP-Shell between 1954 and 1971. Geopprosco's gravity survey
consisted of 1600 km of widely spaced traverses along available
roads(Fig.1.3). A Worden gravimeter NO. 212 was used throughout
and an accuracy of 1l.g.u was estimated from the gravity
observations. The survey was related to the gravity base at the
Mombasa Airport (1.G.B. No. 357495) Elevations were determined
using theodolites and standard levelling practice. An accuracy
of 0.3 m was estimated although an error of 5.5 m was noted.
Positioning was by airphotos and mosaics, magnetic compasses and
1:500,000 maps, an accuracy of 30 m North-South being claimed
between stations. No terrain corrections were applied. The BP-
Shell data was obtained in the same way as Geopprosco's where
1:500,000 tie line copied scale maps were used. From this
gravity data, the outline of the Lamu basin was delineated.
Seismic data was acgqguired by BP-Shell (1954-1971). The seismic
surveys were used to delineate a number of seismic highs on which
deep wells were drilled(Fig 1.3). The analysis of the gravity.
seismic and well log data by BP Shell (1971) delineated complex

structural features within Witu-Kipini area. The structural

elements were divided as follows (O'Hollarain, 1971)
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1. The Tana syncline with a NNW-SSE axis flanking the Kipini
anticlinal structure on the western side and having a
number of NNW-SSE faults. '

2. The Kipini-Pandanguo anficlinal structure which extends

from Walu southwards through Pandanguo-Witu to Kipini.

Walters and Linton (1973) correlated the stratigraphy from deep
wells drilléd by BP-Shell within and outside the present study
area (Fig. 1.4). and noted that the Lamu embayment contains
sediments of up to 10,000m thick, varying in age from

Carboniferous - Permian (Karroo) to Quaternary. The earliest

marine beds being middle Jurassic in age and most of the
subsequent Mesozoic and Tertiary stages being represented in the
overlying sedimentary succession. Basement highs were initiated
during the end of Cretaceous and early Tertiary by large scale
normal faulting. Regional epeirogenic movements occurred at the
beginning of the Middle Eocene, near the close of the Oligocehe
and also in mid-Pliocene times in each case affecting profoundly

the depositional regime within the embayment.

In discussing the stratigraphy of the Kenya Coast, Karanja (1982)

reported that the Tertiary sediments of Lamu overlie older

sediments with an unconformity and represent a distinct cycle of

deposition. He suggested that Karroo age deposits of the order

of 4000-6000 m thick wunderlie the Jurassic and younger

sediments. He further reported that the Mombasa-Lamu basin was

initiated as
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a continental rift which developed from late Carboniferous to
Jurassic. The development of this rift was tecionically
controlled by the main deformational trend of the Precambrian
rocks. Starting from the middle Jurassic, the basin deVeloped
into a passive margin of sedimentary beds with post rift
sediments composed of mainly prograding marine sequences
deposited in cycles separated by periods of marine and

continental environments.

The pre-drift occurrence of Madagascar on the East African coast
is supported by Rabinowitz et,al., (1982). They noted that the
occurrence of diapirs of salt origin on the continental margin of
north eastern-Kenya and south-eastern Somali coast point to the
fact that this was a restricted basin environment favourable for
evaporite deposition. This implies that the evaporites formed
during the riftnand early drift stgges. They suggested that‘the

continental margin Dbordering Kenya and Tanzania was created by

transform motion of Madagascar along Africa, the direction of

motion being shown by the alignment of the diapirs.

Coffin et, al., (1986) carried out deep seismic studies of the

crustal structure in the western Somali basin situated on the

eastern offshore part of the Lamu embayment , The aim of the

project was to study the evolution of the western Somali basin

and the East African continental margin. They noted the

following:
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1. Madagascar island fits very well on the Tahzania-Kenya_
Somali coast and especially at Lamu.

2. Crustal structures on the Lamu coast are similar to
those found on many passive margins around the world.

3. The mantle dips landward and disappears beneath a thick
wedge of continental rise sediments.

4, The Jurassic sediments. overlie the oceanic crust.

5. The Karroo sediments do not extend seaward from the

mainland onto the Somali basin.

An attempt has been made to establish the existence of a palaeo-
triple junction of Jurassic age in Eastern Kenya (Reeves et. al.

1986). They postulate that two arms represented by the Mombasa

coast and Somali coast respectively developed into part of the
Indian Ocean. The third arm (Anza graben) which is concealed by

a cover of Quaternary sediments and volcanic rocks remains as a

rifted, sediment filled trough extending at least as far

northwest towards the Lake Turkana. A geometrical fault pattern
correlation with the well established mid-Cretaceous Niger delta

is attempted whereby, the Anza trough is correlated with the

Benue trough. They however note that for this triple-junction

to exist the pre-drift Madagascar has to be re-assembled in close

proximity to the Tanzania-Kenya-Somali coast.
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2. GRAVITY SURVEY AND DATA INTERPRETATION

2.1 INTRODUCTION

Gravity data on Lamu was collected by BP-Shell (1954-1971) and
Geopprosco (1955). The BP-Shell data wused in the prasent study
was noted by Swain and Khan (1977) to contain a series of
suspected errors arising from the use of incorrect density
values. Besides this, the quoted coordinates could be inaccurate
due to 1:500,000 scale maps used which had been tie-line copied.
Geopprosco's (1955) survey consisted of 1600 km of widely spaced
traverses, mainly along available roads and motorable tracks that
existed by then with a station interval of 5 km being used.

The data acquired by both BP-Shell and Geopprosco was found
inadequate by the writer due to wide traverses and station
spacing used. The large scale maps and density values used were
suspected to have affected the Bouguer and latitude corrections.
In some areas where there was no proper communication, data was
not collected at all. It was therefore necessary to do more work
in the area to cover some of the sections that had not been
mapped and to reduce the traverse and station spacing in order to
improve on the data coverage. Density value for the area were to

be determined and used as a check on the oil companies' results.
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2.2 SURVEY PROCEDURE

2,2.1 GRAVITY MEASUREMENTS

Gravity survey and altimeter heighting were done simulténeously.
Density determinations were carried out using the density profile
method propbsed by Nettleton (1962) to be discussed in section
2.2.4. Gravity observations were madé at 205 stations using a
Worden gravity meter (Gisco Model C.G.2 No. 232 G). The location
of gravity base station was planned in advance based on the
density of the BP-Shell data in the area. The survey was related

to and tied to an international base station No. 1GSN71, value

9780346.1 g.u. at Mombasa airport. Gravity stations ware
established along roads and motorable tracks. A few stations
were established at trigonometrical points. An approximate

station spacing of 3 km was used and vehicle odometer was used to

obtain this spacing. Position control was obtained by use of a

prismatic compass, visual observation of roag orientations
’

junctions and drifts on topographic maps of scale 1:50,000. six

base stations were located at road junctions for future

relocation.

The precision of gravity readings was about 0.01 mgals and a

. rror sti ;
maximum loop closure e estimate of 0.5 mgals.This was done

using the Geodetic survey method proposed by Clack(1944).

Most of the 1literature publishegd concerning gravity field

pPractice stresses the importance of returning to a base station

every two to three hours to monitor and make corrections for the
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instrument drift. This practice was only used in a few cases due
to the difficulty of communications in the area. However, it
will be shown in section 2.2.3 that gravimeter drifts' could be
adequately monitored and corrected for without such frequent

base station réadings.

2.2.2 ELEVATION MEASUREMENTS

The single base method, Swain and Khan (1977) was used. 1In this
method two Pauline altimeters were used. At the start, both
altimeters A1 and A2 were read simultansously at the base
station, then one altimeter was read continuously at the base
station and A2 used for the roving measurements, (Fig. 2.1). As
the work continued, the altimeter A1 at the Dbase station was
read at suitable intervals (10 minutes) so that a graph of the
diurnal variation was drawn and used to correct for the values of
A2. At the end of the field traversing the two altimeters were
read at the base to check for vibration induced drifts in the

field altimeter A2 and to complete the drift curve.

2.2.3 MONITORING OF INSTRUMENT DRIFT

Accuracy standards of gravity surveys are s=* so as to ensure

signal/noise ratio large enough to adequately 'seze' the target.
The field data are therefore monitored right from the acquisition
stage in order to arrive at a realistic estimate of the final

plotted Bouguer anomaly. One of the parameters that requires

very careful monitoring is the drift of the gravity meter used.
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In this survey daily drift curves were studied to isolate suspect
stations that could be repeated or discarded altogether. The
practice in most cases was to take a morning start-of-ioop base
reading and a mid-day end-of-loop base reading, then a mid-day
start-of-loop‘ base reading and an evening end-of-loop base
reading. Thus there were at least four base readings in a day.

During the survey, more than 30% gravity station repeatability

was ensured.

Repeat differences were calculated as repeat observed gravity
minus original observed gravity. The repeat differences ware
used to plot daily drift curves as follows:

(i) The drift value was plotted along the vertical axis, the
morning base (MB) reading was defined as having been read
at zero time.

(ii) The days's drift was given by evening base reading (EB).

minus morning base reading (MB) i.e. gEB - gMB

(iii) The EB reading was represented by a point at
(tEB, gEB - gMB)

(iv) A straight 1line joining the origin (MB) with NB (Noon
Base reading) and EB then represented the assumed drift
over the day. The introduction of NB into the curve

acted as a check on the accuracy of the curve.

The assumed linear curve was then tested by plotting one point
for each repeat reading. If they lied close to the drift line

and were randomly distributed above and below the line (Fig. 2.2)
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then the drift curve Wwas accepted.For the gravity meter, a

maximum daily drift of 0.35 mgals was noted.

2.2.4 DENSITY DETERMINATION

The Bouguer corrections depend on the density of the surface

material within the range of the eslevation differences of the

survey. Therefore some sort of estimate of surface densities

must be made. In view of the lack of outcrops in the study area,

the density profile method (Nettleton 1962) was resorted to. A

series of closely spaced gravity traversas and stations were

taken across small hills and valleys of known dimension in

different locations within the ' area. The gravity values taken

across these structures were reduced, the calculation being

repeated a number of times, different densities being assum=d for

each computation and gravity profiles drawn. The density value
which gave the smoothest reduced gravity profile across the
ularity (hill or valley) was taken to be the

of the study area. The shape of the

topographic irred

average density value
on the shape and dimension of the topographic

profile depends

feature (Fig. 2.3)

This method has more advantages than using rock samples because:
(i) The gravitf survey oxtended over areas of nearly ths
same geology so it was not necessary to use variable
a reduction for different

densities for gravity dat

parts of the survey-
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(ii) It averages the actual densities in a way that would be
impossible in working from surface samples.

(iii) It samples comparatively large mass of material.

This method has also some disadvantages as noted by Dobrin
(1976). It is known that topographic features owe their
existence to contrasts in lithology, thus they may not be
necessarily representative of the areas' density value. Errors
due to this effect were corrected for by using small hills and
small valleys of nearly the same dimension and then finding an
average. The effect of erosion resistant materials on the hills
is partly cancelled by the effect of the less resistant material

forming valleys.

2.3 DATA REDUCTION

To investigate subsurface variation from the gravity datsa
obtained during a survey, the data cannot be used in the form in
which it is obtained. Observed gravity values depend on
latitude, elevation, topography around the station and on the
distribution of mass within the earth. When contribution due to
the above first three factors except ths fourth have baen
corrected for, what remains is the contribution due to density
contrasté from ground leval downwards. The anomalous gravity
field that result is the Bouguer anomaly. Isolation of the
contribution due to the density variation in the crust is

achieved by using methods of removing the longest wavelength
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components, assuming that these are due to density variations in
the upper mantle. The outcome of the regional separation is a
residual anomaly map which can be interpreted in terms of
density contrast in the earth. The various corrections
performed and data reduction procedures applied to the data are

outlined in this section.

2.3.1 ELEVATION ESTIMATION AND ACCURACY:

To test for the accuracy of altimeters, some trigonometric points
of known elevations Wers included. The greatest problem with
altimeter surveying 1is that air pressure at any point on earth
changes constantly due to changing weather patterns. The
calculation of elevation from fixed (single) base altimeter data
is based on the assumption that the changes in air pressure
batwean the two points, the base station and the field station
will coincide exactly 1in time and space of change. Thus the
difference in air pressure between the two points is assumed
constant and wholly attributable to elevation differences. This
assumption is anrealistic as the changes are normally not the
same within a certain distance between the two points,

For this assumption to hold, a distance of radius less than 25 km
batween the field altimeter A2 and base altimeter A1 was ensured.
Temperatures were monitored using a pair of whirling hygrometer
(wet and dry bulb). Temperature effects on the altimeter were

corrected using & chart provided by the manufacturer. Some



altimeter readings were taken at known trigonometric points.

This gave a maximum error of 4.0 metres. After the survey,
stations were joined up into a network of loops and ‘a check on
the survey accuracy made. This gave a closure error of 3.2
metres.which was distributed by using the 1least sqgquars method
(clendinning and Oliver,1969). This reading error was reduced by
taking three readings at a station and averaging them to get the
optimum value. This could possibly give an error of about 0.01
of a metre. The calibration error is notad to be very small

(0.01 of a metre).

When repeat readings were taken at the old BP-Shell station, a
maximum difference of approximately 3 wmetres was noted. This
difference seem to be due to altimeter inaccuracies, limitations
of a single bas& method and uncertainties in relocation of the

exact spot where these readings were taken.

2.3.2 REDUCTION OF GRAVITY DATA

2.3.2.1 DRIFT CORRECTION

The observed gravity value 1is a reading corrected for meter

constant, tidal drift and instrument drift. This is a value
which under normal sSurvey conditions in the absence of other
factors causing Mass withdrawal should be repeatable at any
future time providing that both the station and base station used

are recoverable.
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Initially, all the readings (originals ang repeats) are reduced
to observed gravity values according to the linear equation
9ees ~ Iwmes

g = g - tst + (-gugs) + gy
teas - tmes

where dg = observed gravity at the base sﬁation {mgals)
gsy = the gravity reading at a station (mgals)
9egs = the evening (end of loop) base station reading
(mgals)
guss = the morning (start of loop)'base station
reading (mgals).
g = the observed gravity at a station
tess = the time when evening base station reading was
taken
tMss = the time when the morning base station reading
was taken
tst = the time when the station reading gST was taken

Proper reduction of the resulting data is very important because
any errors in the final Bouguer gravity value will be a
combination of the errors involved in the observed gravity value
and in each of the reductions applied. The Bouguer gravity Bg is

the result of the expression.

(dg)
Bg-.-.-go--g‘zr + (--)h - 2n€ Gh + gg
(dh)
where
9o = the observed gravity value corrected for instrument

drift and tidal effects (mgals)
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gs = the theoretical gravity or the latitude effect (mgals)
h = station elevation (metres)

dg -

-2 = the free air effect (0.30861 mgals'above sea level)
dh .

f = the Bouguer density used (2.5 gm/cm’ )

2P Gh = Bouguer correction (0.1048 x h)

G = the universal gravitational constant

(6.67 x 108%ms® g'cm?)

the terrain correction.

g7

Hence
Bg =G, - 9p *+ 0.3086h - 0.1048 x h + g,

It follows that the total probable error in Bouguer gravitwy eBg
results from errors in all the above parameters and mav be

expressed as

2
= . + 2
€pg? = €go? + egiD? + (c.en) er

where
¢ = the combined free air and Bouguer effect
(dg)h - (2wPG)h = 0.2038h
(dh)
ego = error in the observed gravity value
egs = error in the theoretical gravity value
en, = error in the elevation value
ey = error in the terrain correction used (as for the study

area, no terrain corrections were made due to the area
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being flat).

Thus, the error expression becomes

2
eg? = €g#f + eg? + (C.éen)

4

2.3.2.2 TIDAL CORRECTION

The gravitational effects of the sun and moon on the earth which
- produces ocean tides are sufficient to have appreciable effects
on a gravimeter.

Since in the present operation, the gravimeter was returned to a
base station at intervals of less than six hours, any tidal
effect on the drift curve is expectgd to be only slight and
therefore does not greatly affect the gravity difference
determination (Nettleton 1962). Conseguently, it is assumed that
the error due to tidal correction is negligible and was partly
taken care of during the drift correction. Work done in the
southern coast (Dindi 1982) has shown the range of tidal

corrections to be generally low (0.01 to 0.02mgals).

2.3.2.3 LATITUDE CORRECTION

Latitude corrections must be applied to gravity data to correct
for the effect of the oblate shape of the earth and the

centrifugal force created by the earth's spin.

As a function of latitude, the theoretical gravity attraction

decreases from the poles to the equator according to the
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International gravity formular (Telford et. al. 1983).
gg = 978031.85 (1 + 0.0053024 Sin@ + 0.0000059 Sin®2f)mgal

¢ = The latitude of the gravity station in degrees.

This equation gives the gravity value that would result if the
earth . was a perfect oblate spheroid. By subtracting the
theoretical gravity value from the observed gravity value, the

Bouguer anomaly gravity remailns.

2.3.2.4 TERRAIN CORRECTION

In areas where topography differs significantly from the assumed
topography of a flat surface, terrain corrections must be made to
account for the negative effect (i.e upward attraction) of a hill

where a station is jocated near a hill. However, in the study
area, terrain effects cannot be significant since the topography

is reasonably flat and local topographic irregularities are rare.

2.3.2.5 FREE AIR CORRECTION

Despite the fact that the actual value of gravity is obtained on
the physical surface of the earth, the standard value is given
on an ellipsoid. The variation of the observed gravity value in
the region between the earth's surface and the ellipsoid is not
known as it is dependent on the variation of the mass within the
earth which is not known, On the other hand, the variation of
the theoretical gravity with elevation is known. It is therefore

proper to reduce the standard gravity value from the standard



surface to the point on the physical earth. 1In this survey,

theoretical values were continued upwards from the ellipsoid to
the station. These corrections to gravity values take care of
the free-air effects and Bouguer effect. The free-air correction
takes care of the vertical decrease of gravity with increase of
elevation, The rate of change this vertical gradient of gravity
can be  calculated quite accurately from the gravity formula and

the radius of the earth. The value so calculated is:

gh =g - 0.3086h mgal

where

gh = value of gravity in mgals at a height h in metres.

Gravity value at a reference level, commonly sea

g

level.

The variations of the vertical gradient with latitude (only 2%
from equator to the pole) and with elevation (only 0.3% from sea
level to 10 km) are too small to require attention in the
reduction of any gravity measurements for geophysical prospecting
(Nettleton 1962). Therefore, we may consider the normal vertical

gradient dg as a constant and with value of -0.3086 mgal m-1

dh .
which gives a simple correction called the free-air correction.




-32-

2.3.2.6 BOUGUER CORRECTION

The Bouguer correction is a correction which takes into account
the effect of the material between datum level and the gravity
station. The correction depends on the thickness and density‘of
this material. A 2.5 gcm density value was used for the
correction. The Bouguer effect tends to increase the gravity and
therefore is always opposite to free air effect. Thus the free-

air and Bouguer effects are always opposite in sign.

In calculating corrections to gravity stations, the free-air and
the Bouguer corrections were combined into a single factor which
depends on the density (p) of the surface rocks within the range
of topograph differences. This factor is:
C =(dg -~ 27 f G) mgal
dh
where

dg = 0.3086 mgal
dh

G = 6.67 x10 cmg s

P 2.5 gcm

therefore C = (0.3086 - 0.04133 (P) mgal m

0.2038 mgal m~'

i}

2.4 ACCURACY OF THE SURVEY

In section 2.3, it was shown that error due to terrain effect is
negligible because of the uniform topography. It was also shown

that the error due to theoretical gravity used is small since the
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area i1s within 2.5 degrees of the equator and topographic maps of

scale 1:50,000 had been used.

This 1mplies that the remaining errors that could constitute the
Bouguer anomaly error are due to:
(i) Observed gravity
(i1) The elevation correction
1-e. eBr= egz + (c.eh)2

c = (dg - 271IP Orngalrni
dh

0.2038 mgalm"i

ego(max) = 0.5
eh(max) =4.0
elig =(0.52+ (4.0 x 0.2038)7
= 0.25 + 0.6645
ely = J/ 0.9145

= 1.0 mgal

It is noted that part of this error is due to height estimates
used.
This i1s likely to be the major contributing Tfactor iIn the 1 1

mgals maximum Bouguer anomaly difference U—Lween the data

obtained during the present survey and that of BP-shell (1954
1971) and Geopprosco (1955).

2.5 INTERPRETATION OF GRAVITY DATA

Gravity fieldwork and data reduction is usually completed by the
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Preparation of a map showing station locations with reduced or
corrected values (with latitude, elevation, Bouguer and terrain

corrections having been made).

-
v

The distribution of reduced gravity values shown by any Bouguer
anomaly map is caused by departures from the uniform mass
distribution within the earth crust that has been assumed in
reducing the station. This ﬁeans that the gravity pattern of the
map is caused by the sum of departures from the uniform ideal
sﬁhéroid shape of the earth beginning at the surface ang

extending into the interior.

The earth may be considered as made up of a series of sheils
which may be of different densities. Gravity measurements are
therefore not sensitive to vertical variations in density so long
as the density is constant in horizontal layers, However, any
horizontal variation in density will cause lateral variation in

gravity (Dobrin 1976)

Interpretation of gravity data in the present study was done by
determining the lateral variation in density which was taken to
be related to lateral variations in geology. It was assumed that
geologic condition that results 1in lateral variation in density
and therefore geology will cause a gravity anomaly. The
magnitude of this anomaly‘ will depend on the density contrasts

involved, the magnitude and the form of geologic deformation.
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The cause of gravity variations was taken to be due to four
possible causes:
(1) Variations in basement topography resulting in ,basement
highs and lows.
(i1) Igneous iIntrusions
111) Variations i1In the type (density) of basement rocks
on which sedimentary rocks are overlain.

(iv) Lateral variations in the density of overlying sediments.

To determine the dimensions of causative bodies, simple models
were used. Complex models were not attempted as the author had
no access to appropriate computer softwares. Results of
interpretation using simple models were Jlater found to be
geologically reasonabls and in good agreement with findings from
seilsmie reflection and borehole logging. Initially the data were
interpreted qualitatively 1o identify anv interesting structures
and trends. A few of these structures were then selected for
quantitative interpretation through 2D modelling. This was done

using a pocket calculator.

251 qualitative iInterpretation

2.5.1 .1

A Bouguer anomaly map was drawn at a scale of 1:250,000 with a
contour interval of 4 meals (Fig. 2.4). To obtain this map,
Bouguer anomaly values were posted onto a gravity station map.

Contouring was done by hand using the values at the stations for
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interpolation. The Bouguer anomaly in the area varies from high
positive offshore to low negative onshore. The decrease in the
field is both in the westward and northward direction.

The map shows that the wegtern and north western parts were the
most tectonically disturbed before they adjusted isostatically,
Coffin et al (1986). The Bouguer anomalies in the western part
are part of the regional anomaly. This vimplies that the
causative bodies are deep seated basement structures that have

led to gra&ity highs and lows. The eastern part of the study

area appears to Dbe less disturbed with a uniform decrease of

Bouguer anomaly values northward. There is a small localised

positive anomaly superimposed on the regional around Bodhei.

The Bouguer anomaly map shows three structures of interest.

(i) A major NNW-SSE trending anticlinal structure along the

Walu- Pandanguo 1ine, EE1(profile GP5)

(ii) A NE-SW synclinal structure crossing the Walu-Pandanguo

structure at approximately 750 along Kitole -Jarakuda
line, CCl(profile GP2)
(iii) A minor jocalised antiform around Bodhei and Milimani with

a NE-SW trend.

On comparing the Bouguer anomaly map of Kenya (Swain and Khan
1977) with the Bouguer anomaly map of the study area, a general

(increase of anomaly values towards the sea) and on the
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occurrence of the Walu-Pandanguo anticlinal structure. The Kenya

map does not however show the Kitole-Jarakuda synclinal structure

and the Bodhei antiform.

2.5.1.2 REGTIONAL FIELD SEPARATION

Regional effects are large scale disturbances arising from
density irregularities which may be at much greater depth than

those of possible structures in which we are ‘interested. The

removal of this effects 1is normally desirable.

In the present study, the regional effect was determined by

drawing a profile across the least disturbed region (GP 8).

This profile was compared with those drawn across anomalous

regions. It was ensured that these profiles start at a distance

away from particular anomalies before crossing them.

The residual was found superimposed on the regional and by

smoothing out the residual, the regional remained. The same

procedure was followed for several other profiles, each time

comparing with profile Gp 8 from the non-disturbed region. From

all these profiles, an average regional profile for the whole

area was determined (Fig. 2.5)

The choice of the profile direction to be used for determination

s dictated by the trend of

of the regional anomaly wa the Bouguer

anomaly contours. The contours show that the regional gradient
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strikes roughly NW-SE. 2ll the profiles were drawn in that

direction.

It should be noted here that the regional determination in the
present study iﬁVOIVed a considerable amount of arbitrary
judgement without any very definite quantitative basis. The
final regional profile determined show that the regional anomaly
increases towards the sea (from NW to SE). The regional gradient

occurs in two parts. The first part is mostly onshore and the

second part is offshore.

Onshore, there is an averagde gradient of 0.4 mgal/km. Towards
the offshore part, this gradient changes along Witu-Mkunumbi-
Busuba line to a gradient of 1.3 mgal/km. The gradient change

seem to correspond to the regional dip of sediments (as will be

shown by seismic later). The major structures in the study area

occur onshore within the region of gradient 0.4 mgal/km. This

small compared to the average

gradient is fairly size

(magnitude) of the anomaly associated with the structures (10

mgals). The regional effect was therefore assumed to be

negligible.

However, for the Bodhei structure, the small size of the anomaly
’

necessitated regional—residual separation before interpretation

could be done.
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2.5.1.3 INTERPRETATION OF STRUCTURES

2.5.1.3.1 WALU-PANDANGUO ANTICLINE

This is a deep seated anticlinal Structure which seem to be due
to a basement high, It extends for about 60 km fron Walu in the
Northwest of the area to Pandanguo in the south-east, closed
high along this structure occurs at the Walu well, The peak
value is -~ 4 mgals. This appears to be the most raiseq section
©f the basement high; | Southwards the anomaly becomes less

Pronounced and disappears before reaching Mkunumbi, south of

Pandanguo. 1In the region of Alitubo, this anomaly is interrupteq
by a NE-sw trending synclinal structure. The syncline divides

the Walu-Pandanguo anticline into two parts with the north-

Western half forming a pronounced oval outline. The nature of

the Bouguer anomaly north of Walu suggests that the Structure

might be extending outside the present area at the north-western

Corner, The trend of the anomaly contours however Suggest that

this extension may only be for a short distance. at Walu, the

anomaly is about 40 km East-West and decreases Southwards tq less
than 30 km to the south east of Pandanguo well. The diminishing

of the anomaly southwards suggest that the structure Plunges ip

that direction.

Four profiles across this anomaly and one along the hinge-line

have been used to analyse the structure. Since the waly well is
locateqd right on the hingeline, profiles GP 1 apg GP 5 were drawn

through it (Fig. 2.4). At Pandanguo, profiles Gp g4 and Gp 5
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were drawn as close as possible to the Pandanguo well. These

wells served as controls on gravity results.

Gravity control within the area of this anomaly 1is good as
gravity stations are closely spaced. Since the trend of this
major anomaly is in the regional gradient and is part of the
regional, no regional residual separation was done on the Bouguer

anomaly profiles. also profiles to Dbe used for structural

analysis were taken perpendicular to the anomaly and hence the

regional trend. Because of these factors, the effect of the

regional on the anomaly interpretation is thought to be

negligible.

PROFILE GP 1

The profile was across walu from Kivukoni through the Walu well

to Calcal (Fig. 2.6) and is Symmetrical about a point slightly

Wwest of Walu well. This profile was chosen specifically for

studying the dimensions ©of the structure around Walu. The

) .
profile shows that the anomaly 1is well pronounced with an

amplitude of 11 mgals: The anomaly has a smaller wavelength here

than to the south. on the flanks of the peak, the fall off of

the anomaly is sharp: this may imply that the causative body is

shallow at this place.

PROFILE GP_ 2

et

This profile (Fig. 2.7) was taken in.an approximately northeast-

southwest direction from south of Kitole running through Alitubo
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to Jarakuda. The profile is symmetrical about Alitubo with an
amplitude of 6 mgals. The fall off of the profile on the flanks
of the peak is gentle suggesting that the body causing the
anomaly is very deep. 1t is expected to be much more deeper
than at Walu. This profile was chosen with the aim of studying
the nature of disturbance on the Walu-Pandanguo trend by the

NE-SW synclinal structure in the vicinity of Alitubo.

PROFILE GP 3

A Bouguer anomaly profile GP 3 (Fig. 2.8) was made in a NE-SW

direction across the anomaly. This profile was takan some 12 km

south of profile gp 2. 1t was usad for comparison with profile

GP2 to give a picture of the sort of change of depth to the

structure to the immediate south of Kitole-Alitubo-Jarakuda line

5>f disturbance. The profile passes through Pangani with a peak

amplitude of 10 mgals at Delisa. The flanks of the peak are

sharper than GP 2 but less than GP 1. This implies that at this

point (Delisa): the structure is deeper than at Walu (GP 1) and

less deeper than at Alitubo (GP 2)

PROFILE GP 4

This profile ijs at the southern-nost limit of the anomaly. It

was taken from Tula running throagh Pandanguo to Rufu (Fig. 2.9).

At PandanguO; it passes apout 2.5 km south of the Pandanguo well.

The peak of the profile is at Pandanguo where it has an amplitude

of about 9 mgals. The flanks of the peak of the profile are
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sharper than in profiles GP 3 and GP 2.
The profiles discussed shov that the depth to the structure

increases from Pandanguo to Delisa and Alitubo. At Walu, the

structure is shallowest.

PROFILE GP 5

This profile was taken perpendiCUlar to other profiles (GP1, GP2,

GP3 and GP4) along the hingeline of the structure running through

Pandanguo, Delisa, aAlitubo, Hara and the Walu well (Fig. 2.10).

The aim of this profile Was to give a complete picture of the

structure's hingeline that had been shown to be far from simple

by profiles GP1, GP2 and GP4. The profile shows two different

gradients from Walu to Alitubo and from Alitubo to Pandanguo.

The Walu-Alitubo gradient is very sharp and suggests that there

was an abrupt discontinuation of the structure by some sort of

subsidence at Alitubo (block form).

The profile has two gradients which join into an asymptotic curve

around Delisa. This results in a step sort of appearance

Suggesting the presence of a step-fault. The profile at Alitubo

shows a narrow frough (graben) implying great thickness of

sedimentary cover-

2.5.1.3.2 KITOLE-JARAKUDA SYNCLINE

This synclinal structure has NE-SW trend with two near-elliptical




Height (m)

Fig 210

-L 9 -

SSE

PANDANGUO

BOUGUER ANOMALY PROFILE GP 5
(9 =2-67gcm 3)

Scale + 1-250,000



-50-

troughs at Kitole and Jarakuda. The two troughs have similar
minimum Bouguer anomaly values of - 30 mgals. In the
northeastern part, the chiigiurs  broadens and becomes  shallow
N\ M -
especially north of Mdgﬁgﬁj Further north to the NE of |Iljara,
another trough appears Wifﬁ a - 30 mgals minimum Bouguer
This trough extends outside the study area.

anomaly values.

_ i _ re not well distributed within the ljara
Since gravity stations a.

o ,F this trough based on contours 1is not
area, the definition o.

reliable.

iniilar in that they all have about the
The three troughs are s

i Imost circular in outline. It
same anomaly amplitude and are

i part of a single basin with a
is concluded that the troughs are

; troughs form the deepest parts of the
NE-SW trend. That is, the

N separation of Kitole and Jarakuda into
sedimentary basin

) ) to have been caused by the resistance of
two troughs s likely 1

tructure to subsidence.
the Walu-Pandanguo s

2.5.1 .3.3 THE.

J around Bodhei and occur as two joined
The anomaly 1is lI°ca”

oiljptical sort ox fTigure with a NE-SW
. * ~ anear eu
Anomalies forming

,» mipr anomaly value of -4 mgals iIs at the
trend. The maximum oU

fv extends for a distance oi 40 km from
e anomaly
Western part.

f Milimani. It has an average width of
e to west ox -
west of Bargom u
and GP7 were drawn across the anomaly m
7 vm The profileS ' .
perpendicular to the anomaly trend).
a NW-SE direction (P
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PROFILE GP 6

Th £il Gp6 (Fig 2.11) is from Dulcal through Bargoni to
e profile . . ‘
Shaka Simb This profile shows the anomaly as a residual
aka Simba. = |
After separation of the reglonal
he regional.
superimposed on t
by smoothing, a residual anomaly of amplitude 9 mgals remained.
moo '
Th £ the anomaly was found to be at a point 3 km NE of
e peak o
anomal
Bargoni. The superimposition of the Bouguer y

onto the

1 sts that the causative body is not deep seated.
regiona sugge

PROFILE GP 7

2.12) was drawn with the aim of trying to
This profile (Fig. . | ' |
n of the structure at the two peaks (Bargoni
rela he dim°n51o
te t he profile runs through Milimani and Kiangwa,
and Milimani).  The

gional anomaly by smoothing,
re

a residual
After removing the

. . _mplitude apbout 7 mgals remained with the peak

SZémaly (o) e Milimani- comparing the residuals of profile

GP;ghtly sou7 s oted that profile GP 7 has a moreg gentle

fallan:f Gi t;e profile ©on the flanks of Ehe peak.  The
-0 o

of the profile flanks suggests that the
amplitude and nature

tern side.
st s deeper ©On the northeas
ructure is




8N m@

SSE

NNW
" OULCAL BARGONI SHAK" SIMBA
(a) Bouguer anomaly [~ |
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(b) Residual gravity anomaly obtained
24 after smoothing out of the regional
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2.5.2 QUANTITATIVE INTERPRETATION

In order to give 2 quantitative interpretation of the anomalies
in the study area, it was necessary to approximate the dimensions
of the causative bodies to 2 geologically realistic geophysical
model. The type of model to be chosen (2D or 3D) depends on the
shape of the Bouguer anomaly. Bouguer anomalies in Lamu show
that the causative bodies have lengths greatly exceeding the

width This calls for the use of two Dimension (2D) models

(Dobrin 1976. Grant & West 1965) .

The criterion used for determination of whether 2D or 3D models

are required is also given ®¥ Nettleton (1962). He notes that a

" . .
body can be approximated to a 2D model, “where conditions

Perpendicular to the profile ar= essentially constant for a

distance either side of the profile of about 2-3 times the depth

of the tion Calculated", Basad on this criterion, the Walu-
secti

Pandanguo and Bodhei anomalies can pe considered to be due to 2D

bodies.

Here y ider an jnfinitely long cylinder of radius R with a
e cons

horizontal axis which 1% puried at a depth Zc below the datum
onta a =

L he cylinder into elementary part
Surface. By division of t 2 parts and
ction of the parts, it can

Summation of the total attra be shown

that th total attraCtion of the cylinder at a distance r from
e ota

the axis is:

ﬂ6R2G

g = 2mERE
r
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Along a surface profile perpendicular to the axis of the cyling
inder

(Fig. 2.13), the vertical component of gravity (gz) is given b
y:

g, = g 4¢
r
= 27TR2G6 Zc
—r?
where r = (¥ + 2c?)os
Therefore g, = 2nG$é R? 1 + x¢ 7
Zc zc?
where g, = vertical component of gravity
G = Gravitational constant
= 6.67 x 10-8 cm3 g1 8s?
R = Radius of the cylinder (m)

7c = depth to the centre of the cylinder (m)
§ = density contrast betwesen the basement and

sedimentary material (£, —f )gem?d

the value of gz at X = 0 and normally the maximum is given by

9, (max) = 271 G§ R
zZc

On the anomaly profile, we call the value X where g is one half

its maximum value, the half'Width (X1/2 ). At this point the

Quantity

[1 + (%)2 ]’h1 will

(Telford, et. ale:s

be numerically egual to 0.5

1983, Nettleton, 1962).
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Inverting the above relation, we get:

1 + {X% ] = 2

Zc
X =1
Zc
Zc = X%

This gives the depth to centre of the cylinder in terms of half

width. When 2Zc is knowil, then R, the radius of the cylinder will

be determined from the formular.

g - 2% GSR?
Zc

When determining the denSity contrast which is equal to P2—€1 a

- . 1 T d s
density 2 = 2.67 gcm3 which 18 the assume density of the

basement rocks was assigned the Cylinder used. The value of P1 _

2.50 gcﬁ3 inferred from density measurements was used for

sedimentary cover:

NTICLINE

2.5.2.1 THE WALU—PANDANGUO A

y outline of the walu-Pandanguo anticline shows

The Bouguer anomal
that the structure 18 not uniform along its entire length. It
e stru

consider all the four profiles across it in

Wwas npecessary t©
variations in the st

 .ture of the ructure.

Order to get 2 clear Pi€



-58-

When a horizontal cylinder model was applied to them (Figs. 2.14,

2.15, 2.16 and 2.17), the estimates below were obtained.

Profile Depth (Centre) Depth (top) Radius
GP 2c Z (m) R (m)
1 7000 4000 3000

2 11000 7800 3200

3 9500 6000 3500

4 2500 4300 3200

Comparing depth to the toP of the cylinder at Walu (4000) derived .

from GP 1 and Pandanguo (4300) derived from GP 4, a depth

difference of 300 metres is noted. The two profiles are 60 km

apart. This gives 2 gradient of 5m km-1. = This value agrees

very well with the region's sediment dip determined by using the

Walu and Pandanguo wells. It can be concluded from these results

that the structure is plunging southeastwards.

Comparing profile cp 1 (Fig. 2.14) with GP 2 (Fig. 2.15) and GP

5, it is noted that the depth to the top of the structure at wWalu

is 4000 metres and at alitubo is 7800 metres. This implies that

there was a single downthrov of about 3800 metres. The single

also suggested by the near vertical smooth nature of

downthrow is

profile GP 5 betw=en gara and Alitubo.

The southern part of this structure appears to have had two

phases of downthroW- comparing profile GP 4 (Fig. 2.17) GP 3
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(Fig. 2.16) and GP2 (Fig.2.15), it is estimated that a two step
downthrow of about 1900 metres eéch was involved. These values
have been used to put forward a model that might depict the
probable events that led to the development of this structure.

In this model, the Walu pandanguo structure and the Kitole trough

are presented. The Jarakuda trough has been omitted as its

inclusion would have made the diagrams very complicated.

However, it fits very well in the model.

stage 1. fig. 2.18A

Tensional forces in a NE-SW direction across the anomalous area.

Normal faulting in the NW-SE trend takes place from north

of Walu to south of pandanguo.

stage 2. Fig. 2.18B

Vertical movement along faults with the downthrow

being away from the central region (Walu-Pandanguo line).

A horst structure remains forming the Walu-Pandanguo anticline.

The downthrow iS estimated £o have been about 1900 metres.

stage 3 Fig. 2.18 ©

e of tensional forces occur across the area in NW-SE

A second phas
aulting takes place in a NE-SW direction and

direction. Normal f

the faults become more pronounced around Ijara, Jarakuda and

Kitole.
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resisted the Ne-sw fruiting thus

being affected only at Alitubo.

Stage 4 Fig.

2.18D

Subsidence of the central regions of the fault zone thus Wing

the Kitole

-Jarakuda structure

= heen estimated to be about 1900 metres.

The amount of throw has bee

In order to

troughs at
assumptions
the amount
disturbance

resulted Is
validity of

expected to

2 (11000 m).

Using the same assumpti® t

asement m
to be equal
4

It 1is

1,,.«Srr«d that d«pt»

,ont-h estimates to the basement

in the two
determine t

i nd Jarakuda, the writer had to make soOme
Kitole 1
. TFhp estimation. It was assumed that
to facility
. Alitubo during the second phase of
of downthrow
a —-Faulting) was the same as that which
(NE-SW trend faulti
o fhp two troughs (see Fig. 2.19 for

the fotmtwn o<

Depth to the two troughs is therefore

assumption).

ripnth to the centre Zc ar profile GP

be the same as

the expected average depth to the

# of the study area can be estimated
ParT:

entre

4i western
e -

to the depth to c

of the cylinder (structure),

the basement seawards and to the

, In aacaa. ol SO000

Tana River region 13

2.5.2.2 THEBODHEI

rofile GP &6

“Cructure.

When

used in the
was u

F U blinder model was applied to the
0 horiz°ntai vy

of this

anal&sis
2 20)
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anomaly profile, a body of radius 2500 m, . depth to the centre

5000 m and depth to the t?P ssoo m «a$S depicted.

The calculated depth to the centre (5000 m) cannot ldo tlac same as

depth to the basement in this area since this value is too low.

_ . . a shallow
This may imply that the anomalous body is structure of

high density material.

2*6 DISCUSSIONOFGRAVjyL-E~SA

) - 0 4 that the overall error iIn the
N was shown in sub-section 2.4

determined by the writer is about
~ouguer anomaly values
size of the anomalies 1In the area,
1<Omgals . Considering the

) ) ) be small. The difference between
this error is considered

) q fhp writer s had a maximum value of
the oil companires 43t and tne non
d ta coverage 01 areas oi structural
about 1 1 maals. Also the a
This implies that the data used and

Complexity was good. sy are reliable.
therefore the interpreted

that v/ere noted by BP-Shell oil

APart from the struct shown the presence of a
vity study nua

c°mpany, the present or _ & Walu-Pandanguo structure
-0 crossing

NE"Sw synclinal stru-tui r., le jarakuda [line. A minor

750 alon - -
9 , alcO been determined.

?t approximateﬂy ) -
i ind Bodher haa also

localiSSd antiform aioi

area to have a gradient in
Th e has shown the
regional analyslS sea)- This occurs in two
&, . /towards tn
southeast direction
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Parts. on land, the YRYR W @4 rypls km-1. Towards the
offshore part, the value "CINEES § 153 mgals km-1 along a Ii ne

- The increase of gravity values 1in
nearly parallel to the coast.

n o . _ decrease iIn the value of depth to
a sedimentary basin implies a

the basement (a decrease ni EBHIQSHFQr¥ cover thickness) (Mesref
_ 1S th h f i
1980). Since the study area |§ ¥n8“9 t to be part o a passtve
) Kvopk UD of Madagascar from the East
margin formed after the break wup

_ . , 1976; Walters and Linton,
African Coast, (Tarling and Kent,

,inlausidhk to expect thinning of

1973))- Ikt 15 WW'QQ'CM P -
the Indian Ocean. Infact one
-ha sedimentary cover towa ) q ) defici i o
- ensity deficiencies arising
"Pects that with {ﬁg fhcrea§§H9 ) )
mver towards the sea will give
com thickening of sedimentary cove
-n Awr anomaly values. 1l.ork gone m

ise to iH€F8§§iH% Regattve aougu-
. _ skdam nearly the same regionsl

“her passive margin o (1ig78) who worked on the New York
Sna-* Steckler and n in Bouguer anomaly values
iform 1incr
SIn have noted a Un . ie gradient). They attributed the
ishore (but with a ) tail crust. In the New York
. n of the continental
Crease to a thinning metres per every milligal of

. N a gradient
sm , they estimate a 9

bngeb

] rl¥ the g%mg in Lamu In terms of the

, . - IS near-H

lereas the situation _ offshore, here we have two
mes towards

[Crease iIn anomaly va N the offshore one. This
the onshore ana

adients of increase, h thinning of the continental
there mig-

"PUes that in Lamu ~ second gradient.

factor causfhg
*hst plus another
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Work done 1n the Verginia basin(U.S.A) by Mussman (1986 ) and 1in
the gulf of south California by Harrison and Mathur (1974 ), has
shown that this sort of two step regional anomaly gradient is
associated with the thinning of the continental crust then

followed by a transition to oceanic crust. This seems to be the

SiPuation in tamu, 0Nl et- al..  (1986) who worked in the

Wnigh iIs offshore Kenya have also suggested

W - "
w-stern SomaH™ basin n

the same.

) = cmst on which sediments were laid was
ssuming that the oceanic c

u -n aravity gradient/ then the present
ha cause of the change m 9

- _nn of the extent of the oceanic
tudy has led to the defineation

s=hnre sedimentary cover. These results

rust below the present 01
f Reeves, . al. (1986) who asserts

not agree with those _
fimbayment, as far north as Oo and west of

mostt of the Lamu - i .

«form density oceanic basement (Fkg. 2.21)

18itude 400 has a unif o
¢ £ryBf we should expect the long

rtion IS
Reseves et alls asser U on
_Iv fields to be eSS‘eTntiaH'y eatureless
'f%ngth regional anom NN SQUth east from offsho . o &
flat. This is only riter has put his demarcgtijon
the wrii-t}-
strip onshore wher ~ N basement structures that have
~Nave major
Northwards, we Walu-Pandanguo structure
of them, tne
discussed and one d3marcation.

*

Pears just north QJF-

th3 HBine ol






3* SEISMIC surveys ARD INTERPRETATION

3.1 INTRODUCTION

n ) orincipally concerned with the
Seismic reflection mapping IS P

i i nurtures and lithologic variations
delineatd®n of sedimentary st

- Hie crust. The acquisition and
in the uppermost 5 km °

, elirh that signals are detectable
Pr°cessing of data are designs

] , horiZons in the highest frequency
Irom the deepest target- fin

ys m,uv within a range of 12 - 60 Hz.
ttainable. This is n8F T\

wave enpodinters a discontiinhuity

_ . _hever a
>€§fIectlon occurs wlie

the physical properties of the

here is a chang- energy reflected and its
The amount or
tting medium. depends wupon contrasts of
relative to iIn™id-n ) two sides of contact.
, media on the

sical properties Qi- ngtic impedaﬂé@ V) , whare
s ) s-n acouscH .
contrast is due u ium

? = density of tradsit ~ ~ ~
<tv in the medium

V- - seismic wave v~ I . .
is given by.

retiection coeffieCi™n

R = , al. <1984)
= pP2Vv2 - PIVI™» MacquiUin® 6

P2V2 + P1Va

of medium one

icoustic imp® medium two
e loedanca a
\coustic InL

sges when the incident ray is
arises

_ n , .ector
.Flection coef”ciSn imp3dance. reflec-

n of ~ aC°US arkin9 the boundary betw<
7.mS



-75-

rocks of markedly different lithology. The primary objective of
seismic interpretation 1is usually to prepare contour maps showing
the two way travel time to a series of reflectors which have been
Picked on seismic sections. The interpretation of the Lamu data

done with the aim of achieving this objective. The

Eﬂ%erpretation was done u%iHS %Hg method given by Macquillin et.

A= } . .. .
al— (1984) . overall, the rﬂtomretaFJon involved assimilation of

erpreca
- ...1itv covering 2590km of seismic

a mass of data of varying quail y

5 i d in the acquisition, processing and

=1nes. The techniques usea

. discussed in the following
terpretation of the da

Action.

12 data amnTSTTION AHj2 QU”aH-

- area was acquired between 1954

of the seismic Between 1954 and 195Q) gp-
1971 using old analog techniques.
Ubing ° . . the western part o the
# . fieCtion SHVEY M
aid seismic re Kipini, Witu, Pa-ndanguo

E rSen/ Tana rl

covering Bura, this survey, long spread

Bodhei (O"Hollaram 1 rding was used with a
of TFTield reo
long offset method ] r Eﬁé‘ﬁtﬁ? Irterval Kgp{ at 92 m.
(ﬁ- ~—ration _
urdmg spread separu d subsurface cover with
p shot for six-fol
°f the spreads were ) lines being shot off-
) a rentraﬂ'y and a
shot points locatea hola depth kept a_ 16 m
) 9%g dKi o ) )
Charge size used >a i y In 1960, i1u wao realised
. nf this survey
a%e. Towards the 3hd complex and highly faulted. A
mfire was . }
the surbsujyfiaca struct N , 46 m station interval as

fore recorded wl
I"es were therefOle
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was found to give better lateral resolution, A spread

c°nfiguration of 528m - 23m - 0 -23m - 528m was used.

OVer~ll, the 1954 - 1960 data is NgFRA By O°Hollarain  (1971), to
if was latey found that omnlless kole

very pwog quafity~ as
- litele "S¥ENTC NREWdtratifn KeYord

a2 ?th was in excess of 2 im,

*N gseconds was obtainable.

, . 44 acauired more seismic data in the
tw®en 1964 and 1969 BP-Shell acqui
area and one line within Kipini
~L and southeastern part of tne
d recion (O"Hollarain 1971). During
another in the Tana nive. -
cnread ovoffipgunattion and charg-
s survey, fRe decision on P
’ of. subsurface structure. In areas of

S5based on comolexity ) .
.read configuration or 52Sm - 23m

s structural complaxitl a | ) 3
, Hhere the station interval was kept

" 23m - 526m was useo. 3 suspected to be highly
# , £
i and hale depth at - .rike directioA, a station
t . _ across
Uted and those with [in f 264m - 11m - 0 - 1HIm
j confi9urat
*val of 23m and sprea for three-fold subsurface
ab was shot
il was used. This s? m inspite of drilling
maint3ied a
* Hole depth waSs ral limestones in some
- >v near surface c
Acuities presented b icrci in a single hole.
tarned a-
M rce s ss pali-

_ . was carried out in Aa¥eas
jr survey” was

Eis 1 _
u3-1971, a detailed highs by Geopprosco
f structural n

re i.e. areas
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__= = pater_ Dodori,
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actly in terms of the two-way-time. In the present study, It

found that sections from lines shot with the same parameters

Werer‘ois—tying by a few tens of milliseconds. Lines on the 1969

1971 data were noted to have maximum mis-ties of 1 - 35
Lillissconds. The greatest mis-ties were on 1954 lines. These
9%ave mijs-ties of 80 - 150 milliseconds which were also
iIriC°ns istent.

6 Fir*t caus, of mis-ties discussed was corrected by giving a

Ik Sh~t of one ljpe Fselative ta another. This was faci ITEated

g - £#ése lines were comsisstent.

fact that the misties
nnf be corrected by shiftin

"tle  of the second type could

) J 1arae
mconsistency and

‘o uts Eﬁvalues involved. The
reduced by giving nore weight to

Ue to these mits-tiss wa= - . o}
Unfor€ungtiely sections from the

s F _ <
rou 1969 1971 dat3 of the total interpreted.

971 data constituUtSd °nl- olution than others and it

ctl®°ns had higher ver i} Li
KaQls for adjustment,

epe +hbas -a
~dIfficult to decide on th-

s were also attributed filter setting and
Dif. . . olution parameters,
kerences in decon”™u

a~ting velocity. size and survey

depths”/ chary
IfFrance in o led to S§Frgrs m LVL and
- have 1 _ . .
r°Cedures. This in phase distortion of

IsVation correc

Sctions.
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The ¢€ffect of some [lines not being exactly in the dip

direction and not having been RBFFREEed for during velocity
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contouring was first done roughly so as to identify the main
structural trends. Insertion of all faults was done and -then it

Was decided on how to join them depending on:
1- Similarity in reflection appearance and amount of throw.

2- Knowledge of dorminant geological trends iIn the area.

ﬂnflcllnal axes were identified on Ehe maB SO as to ensure that

n ajJorer the same axis. This was
contours intersecting them turned along

n +4,, which whenever possible were
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) Isolated values which
r®@solved by reference to the section.
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o - ) ) f 2.5 cnmn fTor detail.
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The f'”%E W?Bhs painted red and closed lows
an prepared with clos
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Painted blue (Fig. 3.1). Faults of Hi%HRIEHG throws are shown by

different thickness.

n~1 VELOCITY nFTERMTNATION

5 5NN ge th, we need to know the
In order to convert the TWT map$ into eBc

3rpa, To determine the lateral
Velocity variations within

) ) e cions compensated sonic logs from
and vertical velocity variation

Wells and seisiie stasking vefoditie "ore ueed:

Si- e 4he study area Was—ofFVg?y low quality it
INC  seismic data mn d o . _
miality of stacking velocity was
WaS therefore axpacted that e ) )
were compared with the stacking
Poor When w=I11 velocities

. ] o oni 7t was fsypd that the stacking
Velocity given by BP-Shell, x L L
foo low as compared To tne ave-Fage

IOCCi-ty (1768ms=1)) was ,3344113-1).  well veleeity data
°mPensated sonic log velocity

*ere therefore primarily rslied

. ,nce the average velocity iIn ea
0 wused to deduce t

sonic logs were US noted a rapid variation of

. n ere was
°rmation. in Lamu,, Enere - area t@ another: When
N formation tr )
°Gity iIn the same n found that they have tHe
n it was
Snsity 10gs were considere |, IS probably due to the
This variar
a:ke trend as sonic logs- B i d that in a single
Jt was iouw
~formed nature of the ba low™r seismic wave velocity
Orn>ation, the top Part of ) more compaction at deeper
, attributed to
an the base. This was i to determine the
. sonic logs were
°ri2ons. The compensate forraation i1n a particular well-
\ o for each
era9e velocities the Pate well.

, _atv values m
h°wn in table 3.1 are v®
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IN PATE WELL

AVERAGE VELOCITY DEPTH
ms ) (m
4554 300-1100
1100-1 31
sandstone shale 3913
4247 1300-1400
mudstone
1400-1600
sandstone, shale 2800
2902 1600-1700
sandstone 00-1800
1700-
sandstone, Mudstone 3730
) 1800-2400
nudstone . Siltstone z91
shale
3400 2600-2900
2900-3000
3516
300-1100 « depth has an average velocity of
h has an average velocity of
., »N0-2900m dePth na ) )
and a _ -in the deeper limestones Is
velocity 1iIn
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-»» the well velocity

This problem was more

are no weirs.

tner , lIes changes, like in the
_re lateral faci
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case of continental barren Eocene beds in the north which become

Marine i1In the south.

An attempt was made at determining an average velocity over the

whole area. The value determined was 3344 ms-1. This velocity

Can be used as a very rough 2Stimate of gepths from the TWT.

3.8 DEPTH CONVERSIONS.

MaPS of TWT to various 8F¥§8H§ and average velocities for

a i particular area were used iIn depth
tfj-erent formations m “

) ) ) ) way time within a particular
N—termination by multiplying one way
e the bed thickness. By making
n°rizon by velocity. Thl y
, . OF formations from the surfaces,
Emulative addition of thickness of
, determined as shown in table
dePth to a particular horizon

THICKNESS DEPTH(TO BASE OF X)

- Vv
HORJQON time (m)
X wo T11 UTH "
1 " TLxV1 TIxV1
To Tl (T2-Tryvz  (T2-T1V2+T1xv1
V2
T1 12 . (T3-T2wa  (T3-T2)V3+(T2-
3
T2 T3 IV24T1V1
(TN-TN-1 JWN  (TN-TN-1 VN+(TN-1 -TN-2)
W
h TN-1 €N UN-1+. ..+ (T2-T1 )V2+T1\

) , 4nn of horizon x and time
time to the top
Wh _ . ox Way £ hori The depth t
time 1txo is orizon X. e dep (6)

- to the
IS one way time
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each horizon 1is build up by a ~layer cake method*. Where the
thickness of the second horizon is added to depth to the base of
the previous horizon. This gives depth to the base of the second
horizon which is also the depth to the top of the third horizon.

The resulting depth values were then posted on the seismic

Seotions.

The accuracy of depth conversions depend very Jlargely on how

accurate the velocity determinations are. Since velocity

~termination was based on well logs, it was expected that the

agﬁracy of these depfﬁ ggngﬁggtlons deteriorates away from

wsll_ = round seismic lows. Depth conversion

especfap?y a ioun

acn,, . ea +0 decrease towards the sea due to the
ciuracy 1is also expect to

- +hUitv of diapirism with slumping
nidh dips of beds and a possibility

("u, - 10R2) Generally/ depth estimates are

u<abinowitz, et. al. 198" * i
rellgble away from the

teUg&Bl*e near we Ms BHE becomes less ren

VSiig

CROSS SECTIONS FRgM_SEISMIC-Yggmm£E

TWT maps which had been

% from LI
Ss sections ware prep to obtain a rough
This was aol ®
herted to depth maps. The choice of regions to
:ﬂA . ~ the subsurface.
gical picture o1 hQW interesting an area was

, dopsnded on

¥ the sections throug 1 cC-ibility of delineating

t, . In el of the possxbxlx

the writer™s view . wpra> mestly made ae¥wss
The sectxon=

Efface structures. - d QF wells within the

The uneven spread
e highs (Fig.



-03-
*9-32 CROSS SECTIONS OFLAMU AREA (BASED



-90-

dictates that thsss ssctions can bs relied upon only in fsw areas

where they cross wells. Away from the wells, reliability

diminishes..

It should be noted that sections shown in (Fig.3.2) were not
necessarily made along seismic lines because they were based on

two way time maps that had been prepared by the writer.

, B depth to [lithostratigraphic units that
~he cross sections give

1 h T h litho-
form good reflectors n the area of study, the itho

. _ _ s . ovact;v coincide with chrono-
stratigraphic units do not exactly

cu ) - ) ) e, ..pile So these seismic Cross
stratigraphic units given m wells.

Sections cannot be used as geological section

7-  — rrp~iTTQN OF SSISillc DATA
3.10 GEOLOGICAD I P ON _OF =515

GENERAL STRUCTURE

n sections were used to
Nselismic two way time maps andcioss

structures. The study area 1is
9lve a picture of the subssuifa

1, The faulting seems to play, a
highly faulted at depth (Fig- 3- = i
n r 1 elements of the area. It is
in controlling the suruc the area have EFERHS SIMTIGF
loted that most of the structures subdivided into
t ... 1In the area -an
° #Sult directions. raui”® n .
t,, , orientation (Fig- J-3,°
groups based on their
N\*"W-SSE trend. This trend 1is
" ha3or group of TfTaulL= h3V* regions and along the
P- 4 Tana river

°n°unced within Witu, _ region, the faults are
Hi? Tana river
ndanguo Kipini line. -r
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all parallel and do not have any cross faults intersecting them.
They are normal faults with downthrow towards the- Tana river
Which devides their pattern iInto two. On the western part of
this region the faults downthrow to the east. On the east the

downthrow is to the west. This fault pattern has resulted iInto a

synclinal structure.

g - r nnect r fault
Ground Witu, the NNW-SSE faulfS RQr§ connected by cross faults

"dost of which have downthrows i%l the south. At Bodhel and

\Y; ) i e fThere are three major fTaults with a
tween Bodhei and liararan r

th- only faults with this trend in the
“W-SSE trend. These are tn. on Yy

-Astern part of the study area.

> . ~  well developed 1s iIn the NE-SW
another trend that 1s not

the coastline, especially along
Section. This 1s seen along

W . trend i1s well developed. The throws
te-Kiunga coast where

v  This trend is also seen around
N * mostly SE (towards the sea).

Rodhel and Pate.

t
~odhst and the region betwee i
,,1Irfs of the study area have a

Most= 4T n ,nd eastern parus )
0] e cen ra ne-SW trend making the
of fTault otl.nt.tlon. -~th
vi-"-SSW faults constitute about 95%
welority. Hat. th. »-** ' fault, ttand and

« the total faults- «ound > » » B )
, r-_ht Structure. Tnia mak.s 1t a

NE-SW faults form a closed fault

c°Oplete closed high.

faults are parallel and continuous
V,ithin the Tana river region,
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with a systematic pattern of downthrow. Those towards the east
dre of a short extend and are joined into a fault network without
a Particular pattern of throw or trend. The difference in fault

configuration of the two regions suggests a difference 1n

tectonic events that led to faulting.

3-10.2 SEISMIC STRATIGRAPHY

, ) rea vary in thickness. Seismic
The sedimentary sequence in the «
sections ,0- that tt.se iIs . OF « W inFx
the see end locally «*

i m_tion towards the sea is seen on TWT
The overall thickness variat-

0.i no lower EBRBRE (Horizon G) changes from
ections in Fig. 3.2. ine o
it The varigFilgils are also oeen on the

2 C -
«5S TWT to 4.5 S TWT.
, Ure (Fig 1.4) Sections GG at

Cr°ss section TT°, GGT" and «H
n n,\ Eocene Horizon (C) has an
Peint G, the Oligocane <r

of 540 m, at Mkunumbi - 550 a and 1300m at
~"Proximate thickness

n

- _ HH* was considearsd a
{'ﬁ@ﬂ%eﬂ G) gn section M.

the lower Eocene he north. At the
s found & H ¥
mness of 800 m p =170), the horuzon
i _ = 1in» M6933 and ) .
"section of seismic h»— thickness increases to
i - qco m Southwards, i
thickmess 01 -ha horizon changes from
The thickness o i
m at Pate. PR %O thick I% the south occur
illy moderate in Wb . Of Mkunumbi through
, the nortn
a NE-SW line from Witu Qn line R72 to

oint (SP) 5175 on U - ~ n
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Dodori, south of this line. To the north the beds have a sub-
horizontal dip and the thickness of different horizons is nearly
oonstant with localised thickening and thinning. Thickness 1is
ma*imum In seismic lows (basins) and minimum on highs. On land,
the Tana river vregion has the greatest sedimentary cover.

Here, the basement 1is estimated to be more than 8 km deep.

3 *10.3 MAJOR SFITSMIC STRUCTURES

s lineatad a syncline, an anticline and
~“he seismic data has de

oh.. . 3 . .= aroa The syncline and anticline are
ther seismic highs m tne aua.

1d™"n+—4. Kioini-Pandanguo respectively. The most
uantu#ued as Tana ang Kipj-ux g P y

P inent seismic high 15 € 3odhai high.

1023.1 the TANA synclin

.—ivar from north of Mnazini to the
= Ulies beneath the Tana 1 .
. has a NNW-SSE trending axis. The

a delta and offshore. 'fu "°° ﬂ
me 1is Tfault controly\d wit
en- and paraii’™
Of the near straig. > s N faults have an approxmmatte

mern Part of the stuc - a--~a T of 1-0 s and

B} £ 1600 m based °-
stive dowﬁﬁnggw (o]

cige,

- on the western side,

-ty of 3344 ms-1 . -H
m t than the eastern =ia-~

mmore gentle gradient 4 linal structure on the

eometry conforming to the
?E%;Q ry g

normal malts on ﬁQ§

the syncline limb

The syncline

anked by the Kipim-pandang Tana syncline is
Ico step faulted.

tn side which ig al??n80§f134 with the degaggi part being at

shown on seismic

20 .
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3210.3.2 KTPTNT-PANDANGUO ANTICLINAL TREND

This 1s a much Tfaulted NNW-SSE trending anticlinal structure

. s ) . nms North-south from Pandanguo to
(seismic line R 42) That r

Vi_ . . ; 0 styucture forms a saddle sort of feature
KIPunu. Near Witu, the strucim

o ) ) a email anticline. This might have
and divides into two forming

. of displacement of the Kipini-Pandanguo
formed as i result or 1

«ucture by Taulting.

v structure Is conti#inuous
AII:hough the Kipini-pandang ) ]
o e_ Historted Petween Witu and Mkunumbi .
dollarain /)« It IS «
s culminations 8F the structure at
is

distortion caus_' N of the anticline, there iIs a

""ndan9u0 an<3 KiPInl® T°dl p horizons at Mkunumbi and east oOf
hallow §¥ﬂﬂffﬂ8 With two deet

Bandianguo well. This synclm- nd SP 1690. The

Mkunumbi marker

Ims R 42 at SSP 1715 ne . ra interconnected by
of the anticline

Ner faults on this side o _ fault configuration
, 4h at KiPInl® r L
n°r faults. To the sou -~ ) rounded seismic
-urs formlng an an

"Sults In a closed stru Kioint well, line R55.
1I9h With the peak of culmination a

, cuiminations can be seen on

3.3
mh most of the fault,
faulting wi-n
structure might be due to region. The nature of
<he central r vy )
Jdownthrown Awdy Trom structure With the Taults
“mg maRes it & complete cl°e . Bgfrer defined with
- - The structure basement that
-ng around at* ; remnant

formed as
It could have ngﬁ
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resisted basinal subsidence, or as a result of volcanic
intrusion with vertical forces from below causing upward
movement of the central region relative to the surrounding. On
the seismic two-way time maps (Fig 3.1) the top of the structure

appears at the base of Miocene in a sort of curved shape. The

structural culminatios at F is level occurs east of Bodhei -on

seismic line R 70 EP 9096 and R 68 SP 23456. At top Eocene,

- . - cp 2335 seismic line R 68.
culmrnation 1Is o

3.10.3.4 otherseismi£J1I™M

) y. I shallowing up of depth to seismic
Cross sections show a general

%ﬁe norti-ed L and away from the coast line.

horizons towards o )
Kipini/ Lamu, Pate,Dodori anc
Closed anticlines occur a
£ Phese anticlines make a northward
Mararani . The culminations of

This case can be shown by comparing the

shift with ago (depth)- )
of TWT maps for Miocene (hear base) anc

culmination positions™ N N LamU( Pate, and Dodori highs
Eocene (middle) (Fig This northward migration
. Qhift of about 6 km.
show a northwar ement subsidence  towards the
i tt*ributed to o
with depth may be a ~ beds dipping seawards. The
leading to YOUunger D o
sea after Eocene . at great depth. This implies
) not aPPeal y
Mararani structure doe Eocene age.
th.t It be » * * ©

3.10.4 1INCONFORMITI-N

forms an unconformity
- Cretaceo

_ E (middle r68/ r56 and
The top of horizon ( rRao R48

_ is shown on Zeismic U nes
surface which
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R4l . a trace of the western limit of the unconformity can be
followed from Mkunumbi, northwafHd 8|gng the west of Mokowe-

Bodhei road to the west GF B%ﬁﬁgf F8§d junction around Dulcal.

~ iIoWer Eocene onto the upper-middle
The onlap of horizon G, Iove PP

) ) Seen on seismic line R42 and R48 at
Cretaceous (horizon E) 1is

o i iIs also noted on line R68 SP 1715 and
their iIntersection.

. Piti the onlap 1s noted on shotpoint 4554
R56 SP 2805. On line R4 *

4he Bodheit ljara road. The onlap of
where this line crosses

ﬁS on E is similar F8 G
.s from Mokowe to slightly east of

A in direction. Its
Paleocene (horizon

trace limit forms a line

Bodhei .
results
) - the overall quality of data
w ) . O 1t was shown that t
n subsection J.z, It should also be HBEeY LRt Ehe few
sed was Tfair to P°° n(i 1971 have their own
shot between 1969
etter quality lines ) penetration due to short
Qf wvertical vy
imitations in terms N pacing allowed better lateral
pacings used. Normally , g-ructures such as faults.

'/\SOIution i-e befél-_—"f definition °

o . control using well data and
of seismic data, .

during the analysis , Ipts made to reduce the
, N ensured and att
Jjravity data has d- Data interpretation wa®
. The poor quality
-rrors inherent 1in thmitations data,
p the 117
carried out with knowledge o confidence level
* it This raises
made for I1t-

allowance being
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in the interpreted results.

fhp structures In the area are
This study has shown that most of the s

This 1s especially shown by the Kxpxnx-

) ) - . . Maln
whtch might be a continuation o, the .a

Kioini close
Kipim close

fault controlled.

?andanguo anticline .
9 also Bodhei structures and
Pandanguo structurs.

igh are fault cenbfBhisd

rawn cross sections across the
(1973) have drawn

alters and Linton

based on well data.
"resent study area

,,» of the present stucr*
e Cross sections

. ntary cover towards the
lepth of the sediment j Linton (1973)
Walters and

Their sections agree with
terms of iIncrease iIn
coast. However, one

show the Tana
disagreement aris /

the western
syncline which 13 °n ~ flower than the

Siut Qf the Walu-Panaanguo

complimentary

Kipini structure aS * ng the top of Mesozoic in
P uctu «de Cons,lapICI o\ P zol '

syncline on the eastern si =

Syncline IS
the Tana area, the Ta 5.0 km.

line on the east
3.5 km and the sycnH-

timated to be at a depth of

the Tana syncline is shallower
level/ 7~

¥H|s impties FEE at this A shows the top Qf Mesozoic in the

nre oresent s m the complementar
by 1.5 km. - f 6.3 km agg P Y

% u to be at a depth o present result is an
ana syncline to A9 Km. 11

i ., at a depth - and Linton (1973),
syncline to bpa a by Walt-

) , 1He estfmatgg male
improvement on u

- reasons:” T .nl.on (1973) were highly
for the following - s and Lin - )

n hy Waite-% unifenm
a) The sections drawn used «ere

) ,nce the wells
speculative s

4-hin the area.
distributed wi
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b) All the wells used were on structurally high areas and none
in synclines, so the depth estimates in synclines could be
highly unreliable.

in the
c) since the same wells that they used are also used in
this time with two other methods, the
present study,
are considered to be more reliable.
present results
_ the Tana syncline as an area with a large
d Gravity data show

i anomaly suggesting thick sedimentary
negative Bouguer
tern side.

- ike the syncline on the ea:
cover, uni

n the formation of Walu-Pandanguo

Although graviky data ha

s=ismic data have shewn It #B have

2Xrnature to be block type#

T the graben on the western side than the

lad greater downthrow oi

tern one.
that has been noted on seismic
e unconformity (sub Eo ~  DIlift of the western part of
i result of . i
ctions occurred aS o . I~vel. But since
eus#idi’c shanges in sea
G embayment or due . tween early Cretaceous and
ra quite higl )
G sea levels wer NO84 , Gignoux 1955) one s
. at. ale/ f
igocene times (Mcquil 111*° t?rn part of the study
uolift of t o
ference would be an - the walu-Pandanguo-Kipini
Oa which ﬁcqﬂﬂge emergence

lticline.
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4. WELL log DATA INTERPRETATION

4 1 introduction

v fotai of Sixteen wells were drilled in
Between 1954 and 1972, a n..

. Vv,,,h are kept at the National Oil
the study area results of w 1

siXx OF the sixteen wells were chosen

éom any of Kenya. b _
pany Y f these wells was based on their

Present study. choice NN used have a depth of

geographical position NN wells at positions that

at least 1900 metres. N within the area was not

could ensure uniform drilled wells are

tho 13CU
satisfied. This was due > NN

area (Walu, Pandanguo and
concentrated iIn the wester P N

coagiai strip  (L,anJt
N Mararani (a distance or 110

Pate, Dodori and
Vo 5,
kKipini) and along tn-

- i hptweeti Walu &;
Mararani). The area

apart) has no well5*

. ® . . Pate,, Dodori and
n Paiidangno/ Kipml

The wells used are Walu, i writer by the National

jven ro

Mararani . The welll 16§ data © g were twee types;

9 for anainf% i

il company of KERE (NOCK _ ai density |88§ and lithology
formati

N and chronostratigrap iIc uni

- showing litho««*tl9” C” e =~

°mpensated sonic logS-

,, a utholog, logs »«e
*h. ooop.ns.ted »onlo logs. * “

. .he seismic I
Ised as controls iIn t

,tlo,, <0 .1. »e

, ,O logs were used. For
i thoi°g¥

) ) in loh data,
interpreting well 1°9

1 may logs P
-ach well, the lithology

L of rock colour,
’V a description oi

e accorapamea
ded by NOCK

N ity, depth, age,
ture, P°roSlti
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content and sometimes, salinity of the water in pores.

Many stratigraphers and sedimentologists (Pettijohn 1977, Hallara
1981 and Waller 1960 ,Hobson and Tiratsoo,1975) acknowledged the

fact that 1In stratigraphic studies, [lithologic analysis and

description does not pres8hf Midt BygBlIsm as 1t could be done by
any average sedime”@8i%@%§ﬁ: However, stratigraphic age-
~termination based on palaeontology gﬂg Iithology is the most

difficult task that face™a sedxmentologist.

it i1s expected that the
Based on the foregoing Sc3l2¢

) ~, hv 3P- Shell, could be the
greatest error in the data given b>

7

) ) Should also be noted that since
chronostratigraphic boundarxes.

s mird bv the same oil company, the
*11 the wells used were drilled b>

chronostratigraphic boundarxes 1is

11 POSitl°nin90 ~ The aim of using well log data was

e-Pected to be consign e different parts of the area iIn

L° c°rrelate data from the whole area, to
1 sequence

°rder to establish a —or ) recognize unconformities,
of deposits, u

"valuate contemporenei v delineate depositional

, NhiC fabrics ana
reconstruct palaeotec

Pateerns.
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of the six wells

involved
The stratigraphic

lour and thickness (given
) texture, co
comparison of palaeontology

for each well by BP-Shell)

4.2 RTBATTGRAPHY

In the study area varies considerably i
The sedimentary cov\r

north to south. The
i v inHp&sgs from norm

VAN

thickness and gener JOw/er Cretaceous which
deepest horizon reach

th QFf 3485 metres. Tne tOP °~

* depth of 1485 metres and
encountered at a U ]
Bretaceous af Waku W3S e a dip °FPIRP This

encountered only walu

This 9ive
3165 metres at Kipi™*

horizontal 1in the younger beds
n and Is nsar Y
decreases upwarcis
(Pig. 4.1).
tes that sedimentary lithologies
Drill hole information rndxca " N

The lateral facies

i ,W  throughou s> This suggests
vary considerab y Qn between

Tfect correlatxo study area as
changes greatly a

} , coanJH.lS withi n_ n p4.p Tne
different deposi{:'onal tered at KIN* and
n-,aiessnC®

. a walu. During Eocene,
suggested by litho Mararani an -

has bean noted ~ beds ware being depositee
same trend has

continenta were being

around Walu ana Kipini, ~ " Eocene onlaps upper

WhilS thS .SOU?aleocene X disconformity cannot

deposited. Tne ) (Fi9- 4-2)- between Walu ana
formabiy weHs

Cretaceous discon lack ot alll weil- «xiia
rds due to

be traced northwa natur5

i to tne
Mararani and due
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Irse grained, dry matrix .

y fine grained -detrital with some unconsdlidated sonds
Y interbeds of siitstone

Ty fine grdined, detrital coralline with small lomellibranchs
nterbeds

interbeds

terbeds fossils and slightly shaley

tignite stringers )

:alcareous interbeded with foraminiferal limestone

Poorly sorted, fine grained subtidal and shole limestone mterbeds

{Numulitic )
{&m)

Nith occasional sittstone interbeds

~on colcareous carbonaceous pyritic
/ery fine grained with shale interbeds

ery tine grained with thin shale interbedsand tine taminations
ind lamellifroct (thin shelied)

‘ine 1o coarse graned, slightly calcareous
;lcoreous with interbeds of sandstone

ioorly sorted with mudstone inclusion

sded with mudstone, very fine grained and sandstone
y sorted ) with carbonaceous



FOR KIPINI PATE

mararani wells
PATE DODORI wl
OmQs 1) (7mosl )

SANDSTONE-Medium grained
argileaceous
LMESTONE-Detrital foraminiferal

LIMESTONE-Sparry,sherry and
detrital

LIMESTONE- Dolomitic with mudstone
bands

ANHYDRITE-Irregular stringers

LMESTONE- With dolomite and mudstone
bands

SANDSTONE- Soft with thin limestone bands
LIMESTONE-Fine grained with mudstone

ijM | SANDSTONE- Soft with Ignite bands

LIMESTONE-No planktonc foraminiferal
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Kness towards the south, especially

increase of sedimentary subsidence rate during this period

during Tertiary may imply hig ® metres at Pate Qf Tertiary

o ,, at Wain and «"uu
giving 1485 metres at

beds.

LOV/ER CRETACEOQOUS

encountered a

Thid succession n »" h* 3 9 W

neck grey calcareous »M1 ™ .nastones. The »e»
;%Pe 9raimi?~AUa

with minor siltstones
mudstones and spndstones

rSO grained - N grained

composed of c° with
into shai dstones become more
which change upwa SH Ths - T
r mudsto -~ brecciation oj-

sandstones and [l the top*
towards

quartzose and clean indicate unS avartzgge
,S thought to - n fine grained ¢
sandstones i The

_C 1957)* , top
(Dunbar and Rodge towards

n dark shalsS nrObabiy the
sandstones and and Pr

_ .- .1 environment
Lhe depositions

calcareous

> = e
h18 tectonic conait#on

ly a deepening of

start "of marine

transgression.

LE CRETACEQOUS ~ in the Walu well

nCountere pyritic shales
- U was e - grey*" ™

) . ceous whi® 3nd d3r toWards the
middle Creta dston” . mudste®»e

of calcamr - ] ey,
composed or into y
-,,h changes
he base «hl indicate

in the Rg

of darK P~ ri
resence
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that they are deep water deposits and the silty top beds are

shallow water deposits. This implies that the marine

, i TIlnring the middle of lower Cretaceous
fransgression that started durlng

) ) - . h,ITf of the middle Cretaceous. In the
continued into the Tfirst hair

__ cretaceous, a regression is most likely
second half of the midaie <-reu

to have taken place around Ualu.

UPPER CRETACEOQOUS

is composed mainly of dark grey,

SHecESSI30 10 PR gvtn The shakies have interbeds
- .nd silty shales. )
htly dgjearegys al . d sandstones with subrounded
o, ftne to medium graine )
tie brown, fine i shales i1n the lowe:
) . & ealearegus matrix.
- grains and a nan |8Vers 8f gﬁ§¥ to pale brown,
_ n.jred with Zmall 1 _ . .
are jpteregla , medium grained sapdstones Wi
sorted, ° 10Nns.

) _ , mudstone 1Inciu
ceous PHSRMS

i .c composed of mudstones
the succession

north, at Wwalu, th N sandstone interbeds. Towards
,le i1nterbeds with rare tu argillaceous. The rest
and shaleS beco shales with a few
> mudstones ana comPosed of
} or Cretaceous IS
1 upper ~ )
,, Interbeds.

Jjne and mudstone

X increase towards
ous deposit

nnoer Cretace _ that there was
Lckness of the ‘ ) This r-3 L
to Kipl111™ less at Kipmi ana
fth i-e fro- which was
Tinoar Cretace carbonace®“u
1 during the P h occurrence °
eO

at Walu-
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_ e depositional environment Was
iroughout 1iIndicates a .
rn the shoreline. The walu &F&a Wwas
lallow water or close to t
_ . high compared to Pandanguo and KPpini at

lready a structure
= Jied By #j8 mudstone deposit Walu.— The
his time as ffplied ﬁ' Jjny marine ERviFerient B EHE beginning
, - = allow marm-

thology implies i r towards the end of this
which becomes de P

upper Cretaceous noSition of Pate, Dondori and
. ™ the geographical p
nod. Comparing ~ bhat the Cretaceous formation in

-rarani to Walu, N kipini/ Walu and pandanguo
, 1Iv marine.

lese wells 13 followed hy the middle
Cretaceous

Presumably) the UpPel- EoCene and Probably the base of

icene. The Paleocene, lou r ~ suggests that the
missing* .
iddle Eocene emerging during this period.
trend was
ipini-Pandanguo-"3 than Kipin™*
e faster
he Walu area emerg

bce No

11 and s composed of very
Dodori wel

intered only the top, followed by fine

was encoun fon8s at
, 00rous sand»t r8st of Paleocene to

arained . NcH+-ones*

» tic of “ "a"ton*s
. depth » ~"p . e»«*e 11 1,C°"p0o” a

t,ta" o t™M Llg.1

, caroona - _ﬂ¥3ds- The sediments
-

avin]neiiﬂs'
alga- of-et niarin r-in° environment since
shallot -“ate water **rin~
cate very a deeP bundant alveolinids and
indica ° - +ais a
rds the top and c°n - ~ more marine,

. ,re micntlC ara —
limestones e

sandstones

nummulites. The
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since they are more fine grained, calcareous and with less

argillaceous matrix than the basal ones. This suggests that

there was a transgression that started during the middle

~"leocene and continued to the end of it.

EOCENE

in the wells at Pate and
The Lowe! EOcene was encountered
iIs missing in the wells at Kipini and

Doderi . Otherwise, it IS )
fhp Marferand and Pandanguo wells,

Wal u. It was not penetrated iIn the
VJalu and Kipini, 1t can be

- .- i nosition «
°m  th-3 qeo%raphlcal 1 - o _
- -3 * IS missing in Pandanguo. In
°tcluded that the lower Eoce . L deoth in Pate
ouid be existing at ceptn. In Fate,
ranani, this Tformatio ained detrital limestones with
lle succession is mainly ronauinoid limestones of

[ ) o en+0£gradmg
mehtiful forininifera iInt”

°cals and lamellibranc”s

i and shales. At the bottom
1ic limestones

re Is a series of cycl! .tic shale with [limestone
is dark [Hyrl i o _
—ach unit, ther- - B&ﬁz' brown, clean, fi.re
~hgers which graa?pC Upwardl .o ~ #3159 become less dark
cue E9P - iti
lihed limestones ali I sinebbwarl2 of depositional
curad towards €he P T ghare fs 33 aBFUPE Chaee
] . At th g of each pcsien becomes more coarse
ironment. e en -
, The 4%?‘5 Suc . ,J and non-calcareous
He previous unih poorly 5°rt-
> L quite clear waters to
thed, Roor in nuiuul from

iing 8 d2nge
mrds the top mpl-*

ow marine.



Eocen*
Eoce -

umestones with some slight

In Dodori the Ipwer
vtic
sparry micro-oolxtr

dense micritic

cycles are less ~velop”™.

clastic contents than

m il mestone. 1
lower Eocene 1Is 1
L J

axis
Eocene, a deltaic a

I imestone N

was developed to

to the northerly
N
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is composed of a series of porous
. , of
rnterbeds of

n iimestone-shale

shales. The

Eocene in Pate has more

where most of the

N  probable that in the lower

o.ue south and southwest
which persisted throught
r Eocene succession at Pate

the southwest.

of Pate 1in addition
However,, the
the lower Eocene.
j bv a delta to
was more influenc

e cycles are probably «

water/ bu

s comparatively

leeks i1ndicate that the

- n °
ne limestones at tne  t0p

. GPdiments was *
he influx of s°

and siltstone
he sandstones N

.eeating dacreas

size thus i1ndica

£ne

N, nbaymen
ath of E&WH -

influent®
the
from

the «ortl

in liroeStonas -

al sparry

S3 1In

adgoegglltaics (Tucker, 1973,.

the shales were

_ otR%r w*118”
iUenca than 1" °

. .itic,

to t

The fauna
t the persistent carbonaceous

deposited close to land.

n cycia represent penoos wnen

éDunbar and Rodgers, 1957).

he basa show iIncrease In

great

toward

_conditions upwards.
deltaic

\ the succesSsien shows
,pate area),

Ils This 1s shown oy the

y and glauwsomitic coastal
coally

dark " shales, PVritic and

Generally, there
In the south- ) ;
of elastics f@m NE

pIropo
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o 9. This suggests tﬁeztir pg’;!é) wgg on the southern Tlank of the

n , into v/hich the continental
middle Eocene-0Oligocene delta

- . recejved less coarse elastics than
sediments were carried and so recei

D thp succession consists of
"alls further NE. In Pata“

ketones, enerally finer grained with
interbedded shales and sangétones, g Y g
e escalations than their counterparts
n°re frequent limestone

i , the middle Eocene in Pate
In Dodori. Below 2347m depth, ¢

1  limestones, which i1n Dodori
Consists of massive foramini e

The sandstones and siiustones

ire interbedded with clasti A A3 size ulits r!]gcilgg{w%'
towards the base show iInC
a nHitions upwards.

Neci®easing deltaic condi

be put into the following sub-

> o ,» ion  may
Kipini, the succe
. _ upwards .
divisions from the old—
} ) ClasticSe )
limestone-elastics-Shales- were different cycles
t imply that tner
lh«sa sub-divisions mxg 1 at Kipini-

orevairr y
Or environmental conditi
n not fit the pattern of
accession do~s

Tk subdivision of “IPINEL S . o content the west and SW

3 . ) f,ize and °la t be related to a delta
~teasing grain - aopear
They embayment activated
Ov*r the embayment. of the Lamu
0,- - uiie western e ° faults (nmussman, 1986,
"iginating from t bounder”
Peri ,. ,, by movent of 394-323) were probably
rtodicall o) 3 -f non™"
Y Y pdimentS o along the western edge
cence,
;er 1973). The ST ,
period °£ a4 larger delta
"Sited during a influenegd W 3

-nd were
the embayment n
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north-east. Unit 1 may be equivalent (2657-3017) to part of the

2
thick clean limestones below 147 at Pate and below 2200 at

bodori . However, tf*ny—:/\ }%i';r)}rf] i Timestones aFP Rt 6lean and are

%
A N i .
some sedimentation from the MVV\VI gHg W.  The [linderina limestones

nnrinri and Pate does not occur at

which occurs in Mararani',
. i} i} i} Kipini was im a different
Kipini. This implies that - io

At this stage, Pate appears to have
Positional environment.

n deltas, thus not receiving any
_ _ ka1 ,

e-n situated mid-way »>- i

of the deltas. The eurrent beddi
carse sediments from eithe AN N

of sands a* VI?/odori suggest that th,y are
nd  coarru g_ﬂﬁh'gd SIZ@

A 1ta (Kruntbem and s16s8 1863)- They coul

eset beds or the -e _ s and sandstone beds in
ri3gated mudstones

equivalent to the va. - - T the delta. Th
ent the top-set oeds
andanguo which reptOs arge ancestral Tana river
besn a 1
21ta could probably haVv"

lining from the west.

- iIs composed of poorly
ene succession

Walu, the middle EoC inhad pebbly/ argillaceous
arse 9ril
ctea, fine to vary n with red mudstone beds. This
Atones. It is non of deposition. The middle
M. . continental t,,. ,,-»>E=%x»*
’ < on U 7
) o B FOIU 3l
:-ns In Kipiui ©On
EOCENE n
ne influence than
_. mad
v ™My contai
pato well contains more
upper Eocene
;raoayment-

"MSewhere iIn the EadJ
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Neimestones (nummulitic) than Dodori and Mararam which have only

sandy limestone bands.

@ Yararani,Dodori~ and Pate W%Inlg show that duringthe upper

Eoceno 0 n whose main axismight havelaid to the
, a large delta woSx

nort: * the upper art of the embayment.
Fﬂ of "Pate covered most of PP P Y

- ) , in coarse elastics content in
DifSe guentlyq a consistent decrease in

i i
been - ,, from NE to SW. The upper part of the

ene strata is observed fr°
e nc consiSrEgNt with this pattern in that

Eocene at Kipini IS co -, t v
nrained than their equivalent 1In Pate

IWStils are less coguse & o i .
v—-iINInl succession contains more

=dori "jaar the base, tne

ar ) less 1imeSEORes than Its equivalent in
Se elastics, coal and -ource of clastic sediments 1

- - that the
-—o implies + QF Lamu embayment, from a

hn the was
mav well have been

~ver - ) ,er the western side
r system flowing ove~

lithologhicalry correlated with

this _level, Kipini cannot N bably due to dePositi®n
. This IS %
Dodo-" and Mararam- ) In the northwest, the
> ~~ hic evened*
Sirg influenced by strati9rapw(3 L haVe been consistently
Ossitional environment P_’\i - consists of very coarse
_ , the ar .
il (ta1 t wal~: clays 3%8' clay matrix,
s wit"l ret3

f°ssil:ferous sandstoil -
s also non-marine

i Nt va:
-t .—ioiial .’-‘Sn\\//lt°nm3n continental water
a™aaguo, the deposits shaU°w
=th - .Flying OIS 1 snvi.ronmant durmg upper
mudstones inpy ~1onal sn
K 1t Bverall the deP°Sl

Was shallow watere
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OLIGOCENE

i i - 3TS similar in wells Kipini/
The Oligocene limestonesl deposit

i . that the Oligocene limestonesl
pate and Ded@ri. This iedicate

] , along the present €8astal area;
deposition was widesprea

m ,nd Pundanguo, elastics dominate,
further inland, at Mararani

. n?s deposition at the top of the
However, the intermittent limestone

arge delta Which might hav* caused

Succ3ssion indicates that t a sandstone beds in Walu and
th® deposition of continen

K.« . <»e «U *°—
hdangao area was u

-nd Mararani have sufficient
o Pate,r Dodori -
The wells at Kipini

o . succeSSi8R In Pnte
niarine fauna. The sucC3S _
¥$v|ﬁ9nmsnt a-

st This marin e -lose proximity to the

oo Str;ﬂaers, implying

Whera we have lignit ., p=ndanguo wells have deltaic

more marine than the

easss towards Mararani

%agocene shoreriﬁg* WQIU a%q rjgion formed part of the upper

. ivel
1 Tana f

. - ast that = delta and was thus more
posits which sugg

9ion of the ancestra

) beds-
N °oded by continent*

_ ,, Increases towards Pate.
sediments

i i rained si2" = of the study area
~rting and Ffine 9 gpegest P

pate wa¥ Eﬁg deposition at the top
<his indicates tha 5Stone

. ) time. The -  Hubdl this period.
Uring oligocene N ,an3grssS

r of marine ~ *©
X3gests the start

XW.ER MIOCENE - mo st of the

tone: 1N
ed oﬁ ;ime! -
npos
_ co>
This success fon g chien”
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wells except in Walu and PSRHAGHA where ws hdvs mudstones. This
implies that the OFrgocene {F5W§§P§§%¥8n continued into lower

Miocene.

. . Hense mudstones have thin limestone
Pandanguo, the na

) . the thin conglomerate interbeds
;rbeds which correspond with

- This suggests some local marine
1in the Walu mudstone e
,al environments (Gignoux, 1950). The

irsions into continent

. +0 gontinental deoosiuon. The
+r-oraalv point ro
beds at Walu strongs

e Hie shoreifne 8f the sea. At Mararani the

langao area was and pale grey with dr#Figal fossils

- gpgse anu p
istones are’ héﬁS¥p lignite and anhydrite

inds of dolomit—/

vApfal with porosities of
eS are vuggy re,-la

i1, the limestone Of anhydride and lignite
also have tran-=

15%. They ceSSion becOwds mierFitic towards the

m?g successl ) ~ -
the! base- i ~ ~ envirenment of deposition. In
uuiet vjat-r

suggesting n gﬂvgp§ad of limestoneS throughout.
lower Miocene ™ ocene grained and foraminiferal
o - EMPACt" _ _
.stones are re size decrease i1s generally
) T the wells-
ie rest

ine grain with well

detrxféﬁ-'veig 1

_ are ftowards the base,
limeeto _ the udp’
matrix a bedded with pale grey
sparii .- 1 and
f det n ta han SB into sam
lecoire 18- which &"an9
stalas

, P, lcareous
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with dolomites and lignite stringers.

fHe well data suggests that FAR dgpgsitional environment becomes

more continental towards the H%?%E The Oligocene transgression

Thjg Egsulted in the formation of

continued i1nto Jlower Miocene. mi
) ) . Ne the base with occasional
shallow shelf marine limestones at
. . H,ri,nns The dolomites could be
lignite and argillaceous driZons.
, -- N sea water through limestones

sscondary, formed by Perco a L
- f lianite and carbonaceous beds

(Salley, 1985). The succession ol
- indicate widespread marine
hr . . deposits mu
" extensive ,Reineck and Singh, 1975). The
tra~ i .,» the embaymen
—msgressions - - twasn that of Pandanguo and Pate,
—= ® fe = = foils midwa
1:p’\—oes in Kipini y Pate where we have reef
na - , Us mainly marine
succession 1S succession is composed of

d pandanguo, th-
eeeNstONes. In tala

rone internees.
cstones witn innest

[ QCENE
the succession 13 m%IH|¥ marine. It
Pate and KiPinl" dolomite bandS and minor
I imestones _
and shelly 111 ession becomes fine 9drained,
; The sue -
BedeFi- gma i Mibranchs &€ Pat The
Iling wiath lam” and
éjl gﬂd corall . detri_%gll sparry, <
_ _ is mainly _ ) ) thin . er-
iation 15 tisation alia
r dolomi with
5 with *in° foraminifera
L le sdccessi®nm
ghoie

25%.
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fn Mararani area, l imestones %';% %8>'<8I“'“C with rare mudstone

) iy. npar the base. Some parts are
kands. Trace anhydride occur

. B M-ieflv fawn, micritic and buffy
P~rely Qlimestones which are chierry

The whole succession has no planktonic
c°ntaming forainmifera.

- o _ --t, marginal deposition of limestones
fPraminifera. This suggests

connections with some short serai-
and possible lack of open s

arid conditions.

argillaceous, marly, silty and

@ndanguo, the lim-st succession becomes
) ,her Lamu wells- Tn-
3 pure than in all ou - r walu wini 8%
i1llaceous ar
mtic and partly arg > A nicritic nature of
i o Sgnds at Y}ﬁ_base, i i i
1unfossiliferous - mention 1ia shallow quite
- orooab-ple  depO0”-L #
limestones sug9eD * _- nal marine influx. The
, with occasio-

ms, maybe enclosed lan- _ ds to limestones at Walu
clastic

>t change from [1°0S™ a that might have started

. rine transgr
-st a northward mar

abrupt change to

middle Miocene.
environment is mainly

oSiti°nal }
the “ep r «48, minor mudstone
ther wells” ._aStones w
of 1 - interbeds withHnr
omoose§ AN T: IS4
Water, (F)nJ/\ O-ﬁ ml%_ _ _
n ~c urrenc*- 3odorit having less
ations. The °~ rds the west- } .
) ,»,—a towailas } 3 than Kipmi and
increa ving
as seem o . te 1A _ A .
tM & in tut" Pa 3 itOn of TFana river
e andB mn“ P iu™
s tnan Pat elated 18 t influenced by the
This oofaid il b nas
n3 dep°sl

i i mudsto
Its that tin

river.
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In Kipini
pPini and Pand
anguo, the succession thr
ough middle Mi
iocene

COntain m
uds V' t
tones. The en lromnent Of depOSitiOn a Kj in
p. i was

Probabl
y further from th i
e shoreline (more marin
e) as com
pared

With p
an .
danguo which has more mudstones and lignite sugg
| regression. The lignite occurrence in Lamu s
incre eem to
ase away fr i
om Pate and Dodori area which prob
nad
during middle Miocene. The Kipini
ni-

as
a .
deep marine environment
Pa
ndan :
S-anguo limastonas are mors argillaceous, wore silty and 1l
£ ess
ramini .
miniferal than Pate and Dodori.

reaf and la oonal i
y g9 2nvironment

Thi
S implies that the predonlnantl
y Mararani does n

the supply of sediments from

ot extend to Kipini

ln P
ate and Dodori and partl
proximitY to

This s
S is probably due tO
py the Walu-Pandanguo-

th
e
ancestral Tana river and jnterferance

Kins
insi .
Plni anticlinal trend.

U
=PPER MIOCENE

are SPArTYr shelly and detrital at |

mastones
argillaceous in the

At
Mararani, the 13

the
top and becomaS greY £
The rast are
pursa

up
per .
parts grading .
amicritic matrix. At

y and reef type with

13
ne
Stones which art
vugyg

DOd ,
ori, they are sparf

poorly consolidated,
chs, gastropods and

Sona i
2 Li

sandston2s-
amellibran

miniferal. The

pOr
Ous with cond

orals:-
orly ¢°

Sin
all golitary ©

Sax
1
dstones occur as Po




interbeds with clean well rounded quartz in abundant clay matrix

at 200-258m.

m . ) } of limestones which are
T,Je Kipini formation 1i1» composed O01

} - nr\, foraminiferal and becomes sil
iirltal, shelly coralfine and g
A+ 232-263m the Ilimestones are

ane finely sandy below aozm. At -
rse sand® B8R hard EELreous

stringers. At the base, the

"iXed with unconsolidate

mefHu,n sandstones with lignite
with gastropods and lamellibranchs.

u tones are corailil )
Pandanguo, Hlimestones are detntal

ards the north we - suggesting a more shallow water
sandy with marl successions sugge

*Aironment of deposition*

nai environment at Walu @appears to

lis time, the depositl limestones at Walu are
t pandanguo.

with Bryozoan implying

been deeper than
reous

aic Pair—“* argilia’i ~
TERS, SR . or depeskEi-

marine environmen
that Pate does

It is Impertant to note
have any regional

he above discussion eSSion of Pandanguo could
. niG-marl .

Lcance. The limesto ~ calcareous equivalent of

the onshore le

sidered to be che
%1 limestones penetia

than Dodori which are in turn

. ,, or™ more sa * . . varies from reef
- limestone,] are inant faci”®
} Thus the PL" t aS shown in the
pl Mararani.  xnu 8 the west
) to deltaicS the delta to
> In the east impU®3 th3

and Walu well5*
eandanguo ana



the NE had ceased by the upper Miocene time

At Mararani, the arry limestones encountered at the top

. n ey ® The dolomitisation at the base
Iimplies deep water depositiorr.

o0 marine transgression during this
suggests that there was a marin
a -~ -*1 and fossiliferous nature of the entire
Darioa. The foraminnerai
i the sea extended beyond the present
uPper Miocene show that
=n-hough 1t was shallower at Mararani
Mararani and Walu regions
£ calcareous mudstones. At Walu, tx

as shown by the presence of

cl oonn.otion i, rt— =/ sence of

ar wauer  a. Kiginl was shallewsF han walu and
parry Bryozoan [Ilfjestones. A
Crarine )

~as covered by the sea

E£N1QCENE-OUATERNARY

) m- chiefly composed or sands,
_ , ,V succession 1=
e Pliocene-Quaternary

. ,1 limestones-
ndstones and detn

ar8 sort/ argillaceous with sandy

- i dst int detrital
Mararant, %ﬁg ggn stones Tﬁ?ggradégo etrita
riy sort- * _ mudstone bands at the
ays and are pOo°ri- ailcareous
«iU if.r.» a« !«:u 13 *II.I ||||d
. o
SS At Dodoris 5Re 1173St°n’S
by. ~crse grained coral
to c®ar
_ - -1 i ha3 11*d'- _ [T
] gt KipD¥ Ty :
succession * 'P metras- e nterbedded with
stones forming the top gE "stones

i S comp°s”

metres successi01



. The sands are subrounded, iron stained,
unconsolidated sands.

. -, d Th-> Hlimestones at the top are
medium to coarse (grained. ine

tfetrital and are exposed gg%ﬁdfgglu\{/ at the surface between Tana

r. .. , ThiS was seen at Witu, Hindi and
river and Lamu i1sland.

M _ i.: the thick coral limestones do not
MPeketoni. Anywhere else, tn

occur at outcrop level.

./, nodori are similar to that at Kipini
The sandstones at Pate an

- argillaceous towards Mararam but

und  becomes more a9 ) ) f
,ynolies that the sediments consist
1:el‘aspathic. this 1 from the basement areas further
material eroded and transp This 1s shown by the
nto sMallow Waker marine
feldspars.

~crease iIn the presence

, M ., v»iI»S * and
The TFact that most ° from source area.
ance of transport

a N N

Bunded, implies leng drsta. Mararani might khave been
at Pate and ~

e thin limestone bands ,onnsition from outside,
leS of no a P

°tmad during lulls or cyo - geographical control
,,—ani had tne
mPlying that Pate and Mar

N sedimentation.

m tnG RESUTIIS.
SCUFRLR_OF WEL.=—

is composed of a thick

that the Lamu ba=i- N marine. The
log data sho n continent
. nts varying ''r hus forming wedge
of sediment the sea,
egrease toward ,aS been noted by
s of beds inorea This has o
(Fig- 4-3)-

sdimentary bed



Fig43 FENCE DIAGRAM FOR THE CORRELATION OF WELLS KIPINI PATE,
DODORI, MARARANI AND WALU
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Steckler and Watts (1978) and , Norton and Scatter(1976) to be

characteristic of passive margins.
o

) ) ,, ot-op become more marine towards the sea
Sedimentary beds i1n the a

) a t+e beds exhibit both shallow water
although on the mainland,

, » ™ wof-er sediments. This suggests that
(lagoonal deltaics) and deep
marine transgression and regressions
the area was experiencing
,* that throughout the period of
from time to time. This WP
-qor periodical uplifts and downwarps.
deposition, the area was under P

Enrgnei shallow water sediments
to lower Eoceéne,

Durmg the Cretaceou the embayment. This

the western

Were deposited along N shales indicating a
sandstones

consists of quartzes ) deposition during lower
environment or
c°ntinental to deltai followed by mudstones in the

a I-nents wer

Cetaceous. These sea » ) N _jations in Kipini which
N ns iIntercd

Walu regions and limest® _ronment of deposition and may
the enviiU*®
indicate a major change an n being on the shoreline

i aression wl )
suggest a minor trans noSited.

to be.
f°r calcareous mudston

hprame shallow and much
,» conditi®«s bee

T ~ ceous times, tern part was lifted
In the upper Cre”ace the weSC

, Pspecrai a the major phase of
Of the Lamu embayment es < oA time, J P

, eroded. A . structural trend might

- N\ —Ki

above sea-level an m—AanE%HEWO Kipfiil Off ﬂﬁe axis than
£ fhe Walu - erocieu
Suiting along . knesses «e' the
have occurred. Greater pitchrng

shown by

be south. This 1
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structure.

- n - 5 nf lower Eocene was less
Sedimentation at the beglnhing or

. walu Kipini trend and presumably
intercepted to the east of tne

mofprial from the trends was
reworked Cretaceous-lower Eocene

) ) aivincr rise to the lower
wcshed 1nto the centre of the basin giving
N The sediments during the lower Eocene

Cene deltaics 1n Pate.
. nriain as it 1is likely that
Probably had a widely dispersed

- . - . and Mesozoic rocks were exposed during
ecambrian Permo-Triassi .
1 u , limestone cycles reflect periodic
°Wer Eocene. The shale

Whereas erosion of exposed
reDuvenation and, erosion mlan

v, ) r-.-¥re onsnore,
etaceous was taking P

offshore shallow water

Un>estones and shales were being deposi

, r.yrene time, the source areas 1In

At K - f the middle ~°cel .
che beginning or ' ' , Idence occurred to the
da general sunsi
iSt were uplifted a ) . .nn deposited in the basin.
. ar sediments being
ith the Tana rivoi non tectonic period.
] _ was followss by a N
Lift and subsidence ~ N coVering of the entikre o~hore
dlgring this peri®©d sandstones and mudstones of

with massive continents”™ this time, Walu was onshore,

Qccurred- ) Pate, Dodori and

: orfbin . - Kipinl
Aﬁpllne ariu
%he shores
10 was on
L were offs”™°r

- , the start of middle
occurred during the

i -r-ansgressicn sediments iIn the south,
marine transy mar me se

~ition 8f mQke
/ith the depo”
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This was followed by a minor regression during the mid middle
Eocene. During the lower part of middle Eocene, widespread shelf
marine limestones were deposited along the coast of Kenya. At
Pate and to the north east (Mararani) the environment of
Position became shallow from mid-middle Eocene upwards with
sP°radic dolomitisation towards the top. In the upper part of
*K3le Eocene upwards, extensive rejuvenation of the source area

N t have occurred. The sediments are related to a delta whose

Iafn _ } m the north of Pate. The decline in
n axis might have been to tn

fu ) . m 4n the Southwest during the
ths importance of the river system to

j r due to the rejuvenation of
N1 e Eocene was probably partly due

alu*Pandanguo anticlinal trend at the time.

. began during the Oligocene,
transgression oea

OF marine transg limestones being deposited on
mg in Shallow water northeast (Pandanguo, Walu
H-,P west and noi
ental beds m ) . , lower Miocene leading
i - .-,pnce continued dur 9 _
Basin subsiden i _ _ Qf marginal shelf
oression and deposition
or marine transg walu.

c as far north as Walu.
es and mudstone

. .ni  were probably related to

Klpinl " i}
- ai cO noted = P in of the Lanu
stones, also western mar9in

sedimentattol 219N9 ~ A area periodi - "< Miocene

~_po across n anhydrites were
t and were swgp:E ites and anny

-fh  variable i i that they have
mestones w1/ j  implyin®

,hri and Mararanit,
d in Pate, Dodon

deposition environm
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Towards the end of upper Miocene, the limestones are interbedded

with coarse, poorly consolidated sands, implying a short-distance

and close roximit to land. This suggests a
°f transport P Y 99

N - ) increased influence from
9eneral regression Within the basin

the Tana river.

elastics were deposited, presumably
During the Pliocene, coarse c
_r and drifted along the shore
related to an ancestral Tana i i
interbedded with reef coral
~rom 1t The elastics are

r,re towards the top implynng

limestones which becomes )
- environment. .

shaliowjng of the depositio

of elastics Which are partly
iIs composed )
Quaternary The very well sorted, fine
o partly marine.
Coritinental and probably duna sands.
h surface are
Gained sands at theé
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5. GEOLOGICAL SYNTHESIS OF GEOPHYSICAL AND WELL LOG DATA

5*1 STRUCTURE

Cavity, seismic eand well data was used to prepare a structural
m™P of the area (Fig. 5.1). The structural map shows that the
events leading to the occurrence of Lamu basin are complex and
that there i1s a close relationship between faulting and folding.

-*he western part OF the study area appears to be the most

Nsturbed and has major structures.

M i1 fvDe and increase in number with
M°st of the faults are of normal type

) ) - ? 10). This might have
a*Pth ( as discussed in subsection 3.10).

on the O0id faults (Alastair

°ccurred as a result of movemen mioht
, _ -Faults downthrow sea-wards might
984). The —fact that mos i faults although a 8'83{’: 16EUre

est that they are formations

, . , 1f deep seismic study was done,
only be acquired 11 a 7

; %H a uniform trend) m the
_ faults (wi i
well developed major e tQ regional

hat these TE%'ESA

-ern parts sugges%_ tnau fde entire embayment.

icts associated with the for ric faults that were
d related to Ustri

{ could be deep seated an +™M 1968).
d subsidence (Shelton,

fted during rifting an

. »,-h a seaward throw) are more

NE-SW faults along the coast of slumping or
»ly compensation faults formed as a adjustraent along

i due to thick sediment in the
stal subsidence du . The W1l

, clope (Shephard, 1973).
buried basement s B ¢ P )
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area has led to block-faulting associated with subsidence during

th8 basin 's evotution. NEOF Faydks discussed and localised

i in the
°nes form a network of closed structural highs and lows iIn

area.

g . - - ’WQW an unconformity which runs across
eismic and well log data ’show an

y - . Rndhel. Bradley (1984) noted
the srea INIMFEM Mkunumbi &*

st rift, and underlying synrift and
“stat the boundary between po i o
of the any passive margin 1is

Pre-rift sequences iIn the basin

characterised by a major unconformi vy

. beds onto the unconformity
T the post-rir

~del for the onlap o Watts (1982). He
has been descr

passive margins N cf-rift beds onto the

>sad a disconformable 8plap of the P very well with the

This proposal agre
aformable surface,

ion In Lamu.

baSin appear to be a devide

Lainu
1b-Eocene “ N of hlg>i« I°
th. >"p-
formity Dbrf. th.t th. °1l«~
. This tilting and the
mtal inclinatl® rifting an )
oroduced by subsidence (Jackson
beds were P ifting an }

,or beds by subsidence to occur,
1Z°ntal | - For the tiltmg a° fde subsidence and
mcenzie 1983). along wa

a hing®ll

Jjst have been

were taking PlaCe*
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A . i
%e writer expects the legp]g syncllnal axis to have been the

Ringeline. Hutchinson et al Mqgog) who did some work on the long

VAN 4_/\ -ftj]
Plateform (New York) have noted t
, Kinrk near the hingeline within the

g% the hinge zone 1is usually

.
characterised by an upliﬁ:e
Aaliarfie In the study area, the

basin and gradual subsidence s

. o into that model very well.
Walu-Pandanguo-Kipini anticline

in the post-rift stage of basin
he role of normal faults - -
m noctant conseqgaence of sub.fa.ac, o th. SYN

avelopment is an xmpg a,d subsidence leads to 88%118'%% fault

(0/%8
IEt phase. The fault?‘r)g ) Hiead fault Blggkg and are
WIER major tn

rps associated hiock basement topography.
gnt—day fault-
-sponsible for the Pr» t -n Lamu embayment were
. » the Dbasement highs
ese imply that the _evolution.
of oasxi*

rnied during the secon P

, hp attributed to salt
n could also

ickening of beds seawar too poor and too
a ,, reflations
aPirism, but aeep interpretation.

a thorough mterp
Continuous to all°w



5*2 BASIN (TROT.OCTCAL HISTORY

*he Lamu embayment 1Is a sedimentary basin superimposed on the

astern margin of the African platform. The gravity data suggest

Its. This fact together with well
a very thick sequence of deposi

+49 b ht h t
deta direct to the suggestion tﬁat asin mig ave come into

K Karroo sedlments at the beginning of
b®|ng at the same time wiuh Ka

. . “waiters and Linton, 1973).
tbe upper Carboniferous times

, a result of downwarping of

Th* area of sedimentation formed

Afr._.can platform. It is very likely

ths SaStern mar9in ° ntinued from Carboniferous to the end of

the downwarping con Dalaeogeographic aspect of
. The general p

riassic (Miller, 1952). Miller (1952), Caswell,
th --1Ss proposed by

e sedimentary basin wWilliams, (1962). From

(1956) and
Thompso t < the sedimentation was
per Triassic,
UpPsr Carboniferous to uPp
ntinuous neg

C°ntrolied by generally c _ ca-Malindi basin.
T, , nresent Mombasa M

his also included the pre

1953 and 1956)

Ive epeirogenic movement.

nNE-SSW trough which

mnlateoﬁ Ana

Thn = NIs accumu
ple Karroo sedlmen{:s

Fd
Sloped along what 1

(o
S

oCtern Par

Oo"tinent. only the weste

Snya, while sedimen

to e found in MadagaS-®-

Tanzau

castal Kenya to sou

now t

ts of the
N\

rain of the African
eastern m gl

3 n Is present 1In
of this «rgm

*
side of %ﬁe trough are now

thickens from
Karroo s 3

(Haughton/

continental rift which

initio as 3

basin «aS 101

Mombasa
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was tectonically controff@d BV {HB m&QP deformation trend of the

Srecambrian rocks and' AQv8f8888 from late Carboniferous to

Jurassic.

A number of models have beeti SUSORETEY o explain  the mechanism

- ..e 1982; Hutchinson, et. al. 1986;
of continental rifting (Watts,

i -078). All models proposed can be
brunet, 1984 and Mackenzie,

. a simplified version of all of them.
combined 1nto one that 1
,hp combined model that the process of
is suggested in ,
follows the following stages.
c°ntinental rifting foll

f the continental crust.

) Convective doming ° crust leading to
T ) f the updomed part
11 Erosion of tn

thinning. thermal equilibrium due to

t returns to rn
wfi) Cooling as the cr thinning.
ds to nort;

loss of heat. This lea extension Jleading to

iv) Differential I°cadin5 A~ .fcle upper crust and necking 1in
e the brrr
listric faulting 10 mantle.

. crust anu

the ductile lower

elution of the Lamu
. Jde the evoluti
, to divide
This model has been use
) ctages:

SIbayment i1nto three

) Pre-rift stage

1;L) Rift stage

iJ-1) post rift stage
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*e Pre-rift stag*

B%ming might have starte& and ESH%QHﬂ%% during the Carboniferous

f the aomed region continued. At
times. At these time, erosion

i a ~cciiblv early Permian, erosion
the end of the Carboniferous and possibly

£ 1hp upper crust. wWith the
following doming led to thinning of the
thinned crust formed a topographic

r®turn to equilibrium, t e
- 4 - - \i*re
1 cpdiments ere

; . degosited leading to
low in which lacial N ,
g roupled with tensional forces

gi¥¥ tial loadind The loading”
ITTerentia oading. f Gondwanaland 1I~-d to listnc

Associated with the br~ak P

fAultiing.

«Syn-Rift Stag*

) ) . Triassic resulted 1n a
mid Permian t

lhe listric faulting It _ which the Permo-Triassic
arabens
humber of horsts and vy CaSwell 0 956) haS n°ted that
~"diments were deposited. what is now the Margin of
) ) = m times ale* )
subsidence i1In the Permian controlled by the NW-SE directed
the East African continent waS g nnE.SSW trending trough
11" in
tension forces. This resul - _ directed by rivers. The
., Systems wel
tnto which the drainag DurUma sandstone series-

A" i} i~ form ths
r*sultant sediments

rilDid subsidence occurred,

more rapi
) r part of Permia . ~coming coarse grained
nring the upper Pa Q€ baos D- i i :
o 4hs seguence _ ths Triassie with
his is shown by *he continued diuning
.» »l1e subsidence with the break-up of
PWards. Gentl marine. ,
e Ir more Madagascar, the
-diments becoming drift of

, the begins"9
Andwanaland and
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Lamu embayment developed into a pg>sStve margin basin. In the

offshore, Jurassic beds were é(la%%nsoi'{gg directly —on newly Tormed

* ) ) ) ., 1Q00)
oceanic crust (Rabinowitz, ot. a

3- Post rift stage (passive margin stage)

i -np of Duruma sedimentation
predominantly continents! Karroo age

. . nE 10 é{&gpg after a mE]or pre-middle
la the Lamu-Mombasa basin c . . -
with the Madagascar drift),

(associ'ataai'

assic faulting tilting that resulted iIn raarine
which triggered faulting and deposition of post rift
i } ) u -in This 12d c ) )
~oursion Into the ba™ e D The faulting is
m J h3les over Duruma group.
arine limestones and s along the old existing
likely to have occurred ) transgression in Lamu
T ) Adl-  Jurassic/ t )
taults. During the midd - _ horn of Africa, but the

o i +d than in i
Was more limited Inext® .. . _ . that marine depths were
ni) iIndicates

UUa (from the Garissa wel | fdan In the horn area

4he Lamu a
N\

°°rsidarably greater 1in zone of crusta tflting

(Arkell, 1956).  ThIS SU"

ana - _ s ., Lamu area-
aa faulting in 'tn-

kikehy to have been an
13
rjursassil A transgression by closing

:ds the upper 1InS
the Fﬁéﬂms enclosed water masses

t thus stopping This 1gd to enVironment that.
. ..—h the sea _his sort ot
ctions witn

————— 1 tiS inth , iz et. al. (1982,
>t sea connections- Rabinowwrt

) of salts noted
.tion or

curred.
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fhe post rift (passive margin) sedimentation nppears to havs been
controlled by continental uplift movements 1in central Kenya.

eThese were sporadic and separated by long periods of crustal

stability and erosion.

IR $He upper Cretaceous, an H%kﬁff of more than 400 m was

In>itiated in central Eénya- vag uplift had a gentle gradient

a«er,,slng ..sW_rfs until n,yo»a ” "5 aebN*ee Ea“
Itaker, «t. ,1. 1972 ). « this tine, th. HlpIni-Mlu _.nticlin.i
A fnmP(q and there was subsidence in

structure 1iIs thought to have formed
i ) , Qrngion of the western part of the
th* east. This led to much erosion

) ess must have continued into the
study area. The erosion proces
. ..., FOrene beds disconformably overly
~wer Eocene because the middle Eocene

N Kigini-Walu line,

th beds along the KiPm

€ r- =taceou:

oSed Cretaceous and possibly lower Eocene

- erosion of the expos _ water limestones and
offshore shaifo

-aking place onshore, cretaceous uplift and

d The upper

5 were being deposife . ?eriod during which

non tectonic

—-dence were TfTollowed by a mudstones of granitic
dstones snu
*was deposition of the san ea (Walu and Pandanguo
i the stuoy
m Iin the western part o orevailed also during the

seem to have pre
I This condition

transgression began resu g

:he Oligocene a major m s being deposite

« ~«m=1
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continental beds iIn the Walu-Pandanguo area. At the beginning of

Miocene time, there was an uplift around mount Kenya (Searle,

1952 McCall, 1958 and' King, <~  This was Tollowed by a

. _onn m in central Kenya decreasing Iin
further uplift of about 30U m y g

i, ; past to 100 m in the south. The
magnitude to 150 m in the east

i « TFlpxincr and subsidence (Pulfrey,
coastal region was a zone of

N onrP led to the continuation of the
1960). The coastal subsidence

i i , _ to deposition of marginal shelf
Oligocene transgression leading

i . 0 as far north as Walu.
limestones and mudston

Miocene succession, limestone are

s the 6B 6P e upper w

rI consolidated sands. This
noor ¥ con

irbeided with coa ;thin the study area. The marine

] i ion

rdsts a general chrji to a major uplift of the
£0 related

ission iIs likely he end of Miocene. An

) < u occurred close
InN dome whicn , 1 Kenya was suggested by

f 1 500 m in centr
it of the order of /

ey (1960)*

have continued Into the
is likely °©

end-Miocene doming A the cBasiiine to where it is
I-pssion o
Ieading TO = N b»TM TENT:
resent. O»
flexing ] Cmy © by A
itervals througHQL%Zthe Qu sediments of the Upper Tana

uplift of Fhg Plio-Plelst

- basin.
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6. PETROLEUM POTENTIAL OF THE BASIN

n . B , nnl> tvpe of basin or epicratonic
The Lamu basin is an epicratonic typ

rhat embayments are the most
embayment. Selley (1985) has noted that Y

for petroleum, much more than the
Productive sedimentary Dbasins

only do .they contain marine
intra-cratonic Dbasins. No )
- _  source potential but they occur
sediments and better petro )
mu.-nning and less stable. Thus
where the continental crust is -
_ hvdrocarbon generation. Crustal

instability also favours

oliferous embayments include the Tertiary

EX imples of proven petro i Niger delta. These
rAI{ﬁF States ana
um

0 n £ _ .
tulf coast basin or %je f-ned basins. The Sirte embayment

are predominantly terrigeno embayment lies between
filled. Tne
of Libva is carconar- as carbonate filled.

th It is terrigenOUS a

two, namefy i
JBJru embayment to similar

) e N1 evolu™lon o )
% relating the geologr” one is iInclined to suggest

the _
Bg{ts 0J- ideal for petroleum

A~sms in other conditions
meets the

that this embayment:

°eccurrence.

large quantities in a trap,

. ,a to occur necessarily iIn the
X accumulates rock (not
d to have a rrc and a caprock.
is need to reServoir rock

ty of the trap
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. +h38 Cretaceous has sandstone units
From the 1lithology |logs,

n nd Kipini with a porosity of 15% which 1is
encountered iIn Walu a

- As for caprock, the shales are well
good enough for a reservoxr.

,,» within the Cretaceous to provide a potential

developed above an the intervening shales could

, cnurce potential or

reserVoir b0d- - . in both Walu and Kipini wells
c has been noted In
be good since ga norous limestones and fine

1071 The sParr F
(O"hollarain 9 ) Y 5-9%.

have porosities
grained sandstones N

This porosity 1is too

the source potential of the

- r-pservoii.
low to be a good

, hales could be good,
bituminous, dark s

. transgressive, porous, sparry and

The lower Eocene 1S compo a very good reservoir
limestones  °ffe The sandstones have
~cro-oolitic A 25
o -th porosities irreSsion, the interbedded
Possibility wltn * In this succ
o f about 20%- form good caprocks.
Porosities o- shales
. .ic  limestones and gas was noted with!
dense micritic ,,» moderat
rock ind Pate
development of s° ANipini ' i
.j shaleS °
the limestones an rosities of 26-29%
mocene tave
themiddi- — Qrgurwarc%@u:% Frpettr X -
Sandstones duri 9 l?w due +—¥J] reservoir.
the values < aA/potentla _
in. some areas F stones —r1st:|tLJ— umestone i1nterbeds
The middle Eocene ed tentiai 1" shales
The shales and fl°e troieum s°ur loW organic content
T p have a
and probabl
form ,ood captocks- L« P y
throughout iIs preb* The i11mest°neS

and limited thic™ne



have source rock potential, though no significant hyflrocarhon

indications occurred in them. v

Between the upper Eocene 8H9 Oliqgocene, sandstones occur with

o or ThP oliqgocene and upper Eocene beds have
Porosities of 24—26%- ne 3 PP

no well developed caprock. Thus, they cannot Torm good

. >rnck 1s not well developed,
reservoirs. The source tock

T limestones constitute good potential

during Miocene, wvuggvr reei
f 16% at Dodori and Mararani. At

reservoirs with porosities
to 25%. The caprock may be formed

Pate, the Porosxty 1llcren® might not be well developed

b* N fo,, grained

°r continuous enoug bands may form good caprocks
s and dolomite

argillaceous limestone n limestones are interspersed

At Kipini-®
not fracturea. ovide good caprocks. Rich
ech should Pr

with mudstone bands whi ) s indicate source rock
Oof the limestones

organic contents

Potential.
high porosities (more than

Loarse unconso'liﬂﬁlted sands have iy There 1s no caprock, so
nd Quatern&ﬁy
28%) between Pliocene a tial reservoirs.
n 40 t~ PA

they are not considere
,hp potential of sediments

that tne
anal g['? show u ith deoth gng towards the
ahe stratigraphic Y __reases Wi P ) - -y - N
Lamu iIncr - This might imply
e Aliméntary u »  Fieker B —
sea where the sedi aettin9 3

t . nossibfifty °f g
at there i1s a P
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towards the sea at greater depth than where the present wells

have reached.

6.2  STRUCTURAL EVIDENCE

% , M 4hat the area has a number of
e structural map of Lamu show that

, . 5» DS Here trapping Is expected to
I9hs that could form good traps,

h o , It-tha type related to tension and
be ~ anticlines of block faulting .W

c°aipensation faulting.

nticlinal structures as traps iIs reduced by

gual jty of some a It is therefor*
- the area.

"3 i i ting 1

1sh Intensity ef tawring 1 .~ clgsyre gs felated to the

sary to determine th ~  structural high

. considering ai

lural culmination. Witu, Kipini, Lamu,
walu, Pandanguo,

nations iIn the area, trap quality based on

. and Bodhei, thei
I» Pate, Mararam an follows:-

) ) be cIassif}o
configuration 4

/9) Bodhei™
Kipini,Walu Dodori an

Pandangut,, W itu. “amu

d Mararani .

f ul®m panfiguration

eS have a
. and Walu structu forming a closed
lodheir ana _ ,afltion/ : )
Of cuimi™at network With all
5 the; °r structure has - they are
BOd " *» from the CSntr faliting at Bodhei
brewing away outlet. The 0,, to the
ed but v\ﬁ'fIqOUt un £or oil migra

hle conditl
ost fTavoura
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8nticline and accumulation (ideal for a test well). Although

seismic work has not been done &F8HAY Wlu, the inferred faults

~ ; - ":)t‘ it is an all round closed structure
from gravity suggest tha

i, , o +tpd hydrocarbons from the deep
that is In a good position to trap nya

i - itole-Jarakuda syncline across it
Tana syncline to the west, 1tole

o N the east of Walu-Pandanguo
and the shallow syncline

L Hnn it was shown that the highs
structure. On the seismic section,

a northward shift with depth (age)
N

along the coast ha ) ) . N
ilg drills BP-Shell were locatéd
Increase The existing  weil ) ) )
Miocene culminations (0 Hollarain 1971).
00 the basis °f baSS . the culminations have moved
At lower horizons (Cretace n kilometres. Therefore
n°rthwards a distance ° relied upon.

trolls cannot oe
Native results of these well

Pate and Dodori are in a very
- -ni Lamu, Pate
rhe coastal wells Kipm * offshore parts as a result
oil from the

90°d position to receive , hore sediments.

of - from the deep offs
N updip migration f

unconformity can also form a

mth. study « ... LR TRt T Ok ) " °hlIS, ly
: with the lower Eocene
Sry good trap. Since th n )
It can be combine . fty forms a
imposed of shales, h that the unco

ales that overly sandstones sue

H.
Fod stratigraphic "2P"
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7 CONCLUSIONS AND_~"ECOMJI™NDATIONS

»

, seismic results show a number of highs
The combined gravity ah

. that could form good traps. Most of

(basement and sedl'®&" J blocks of anticlines. The deep
them are fault con ) walu.Bodhei1(?) and Pandanguo.
T interest are
seated structures o located based on seismic alone
hhat have been
Other structures i (along the coastline). The
e 1rd p3-ts
are Kipini, Lamu, Dodor dotected on gravity implies that
fact that they have a0t basement. They have also
-iated with r*
they may not be asso- culminations with depth
northward snn
been noted to have a shoW that part of the coastal
‘ty result
(age) increase. GraV oceanic crust.

] ] ~re laid Ba a
arassic sediments w

=n iIncrease of sediments
results show aﬂ

. lo dai3 e offshore. The well
ismic and W®:[ 1% towards I1<:Re
i . ine conditio rocks, reservoirs and
ickness and man a has sour  ----

that the ar mid-Tertiary along the
U " I I . ut I _ « * k& _
procks, espec trap3 i trapment from the

i This make tn for oil
astline. Thi _ £aVOurable
J Dodori* )

mu, Pate ana __ ration”

area a potential region
,va Lamu a

tures maK O work should be
stiuC” - n Futnte
tratigraphy and eXplorati© - cuiminations of
rOieum *  oF
n inition , . hv BP-Shell might
detailed P®tr® r defll .rtiled by g
proP® f wells d ..es OF
entrated on N N n
ctural highs £W®US

siting °r
ttributed to
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culminations and basing the siting on shallow structures. This

was evident iIn the wells at Lamu, Pate, Dodori and Mararani.

ravit results alone. The
tiily well was located based ©O" § y

a HeeD seismic data acquisition of the
eresent study recommends a

3 rhp structure fully. At Bodhei, poor
rea in order to define th
a no test well drilled. Bodhei and
uality data had been used and no
, aood opportunity for testing the deep

alu areas offer a 9
properdefinition of the Bodhei

ediments iIn the area. }
m ed andmaybe reprocessing of the old

tructure, new data 1Is req
W~ be necessary,

ata using modern techniques mX

Of Karoo ggg are likely not to be oil

syn-rift sequences . lifting, heat flows are
fact that during rift
r°ne due to the hydrocarbon generating

that i1f there W3S
u R expected to have occurred.

that this oil could have

°tmally high. So

ediments, then over-mauy "ation 15

- he possibxi
he only hope is the into shallow traps to reduce

- Karroo . . lace, th the
grated though IHB __ migration too{’ prac en
- .. If thi N Walu-Pand
hsrmal destruction- 'S t ism tne oluTrandanguo
to test from the deep Tana
°st favourable area f migrat
=, Jbilit nfE this, the writer
tea (for the possl Y Because
structures. sediments,
incline) and Bodhei n deep Kar
# to reach
Commends wells reServes Is
- having 9ood
- dimentS onshore. This
Tnrassic g@ . he good . .-
°ssibility of the A but could

~uced for the off™ore Par
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is due to the Ffact that these sediments have been deposited

n 3 This implies that” they are
directly onto an oceanic crust.

i but mature shorewards. The
likely to be overmature seawards

L ) ) beds before overmaturation
Possibility of migration to younger

G*i1sts.

T the study area are good. With
derail, the oil prospect pects. The quantity of
W i - fMs Host r

e Tertiary offering ontrolled by the source rocks

7etroleum iIn the area wil

"hich have limited thicknesses.
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87
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@]

] 8 & 8 8 8

8 &

10

¥

8

22

24

(R. REF
EQW

651.4

657.5 ,

661.8
664.0
665.8
670.5
678.1
676.1
6/77.6
678.4
680.0

671.6

660.1

659.5

661.4
663.4

666.2

669.1

669.9

685.6

688.5

628.0

636.9

(R. REF
N (D

975.0
975.4
975.7
975.9
976.0
976.3
976.9
976.5
976.2
976.0
975.8
975.7
974.6
974.1
973.4
972.9
972.6
972.5
972.3
974.0
973.7

973.3

973.0

-153-

LONGITUDE

40.3607
40.4167
40.4583
40.4753
40.4942
40.5332
40.5988
40.5853
40.5957
40.6035
40.6201
40.5445
40.4416
40.4367
40.4533
40,4699
40.4967
40.5225
40.5268
40.6688
40.6950
40 .1593

«10.27"1

LATITUDE HEIGHT @O

-2.2652
-2.2275
-2.1942
-2.1S55
-2.1722
-2.1417
-2.0917
-2.1455
-2.1583
-2.2835
-2.1917
-2.1917
-2.3071
-2.3399
-2.4567
-2.4583
-2.4799
-2.4918
-2.4986
-2.3524
-2.3903
-1.7125

-1.7154

Q)

20.4
23.3
2.4
27.5
28.9
28.5
24.3
23,1
21.4
19.8
17.64
2.9
20.11
17.6
8.7
9.0
6.4
13.0
10.3
19.1
15.0
68.4
72.8

mgals

978028.6
978030.7
978033.6
978037.8
978041.2
978040.9
978036.2
978042.2
978045.8
978051.2
978033.9
978046.5
978039.45
978041.4
978053.0
978054.1
978056.4
978060.65
978062.9
978071.5
978072.4
978051.1
978051.0

ANOMALY

SBA(P=2.5)

mgals/?

-17.6
-16.2
-14.0
- 10.1
-07.0
-07.0
- 10.0
-4.0
0
5.0
9.0
9
-7.0
- 45
9.0
10.0
12.9
15.0
18.0
25.0
27.5
-6.6
-7.7



e 2 g g ¢ Y Qe 2 Y 2 v QYL eLLd

& R & B

5 8 8 9 8 8 ¥ 8 8 R 8B BXNB R M

R

CR. REF.

EQWD

647.0"
649.9
647.2
645.8
650.0 -
654.2
659.9
660.0
629.2
632.2
710.0
728.0
739.6
746.8
757.1
768.1
695.0
690.6
707.4
712.3
693.1

690.4

(R. REF
N (D

972.7
975.6
975.9
976.2
976.5
976.9
977.1
977.5
972.2
972.7
974.7
980 .3
980.6

980.8

981.1
980.9
977.1
977.1
976.0
976.3
978.5

978.5

-15/.-

longitude

40.3171
40.4256
40.3250
40.3126
40.3529
40.3878
40.4100
40.4591
40.1643
40.1892
40.8720
41.0587
41.1542
41.2133
41.3085
41.4166
40.751°
40.7102
40.8724

40.91°5
40.7399

40.71- 2

latitude

-1.6878
-1.6084
-1.1750
-2.1583
-2.1302
-2.08%4
-2.0585
-2.0410
-2.5167
-2.4667
-2.2980
-2.7816
-2.741
-2.7587
-2.7013
-2.7192
-2.0770
-2.0768
21707
-2 1499
-1.9582

-1.9430

height

Q)

78.5
68.8
22.0
23.4
40.0
48.6
51.2
55.0
10.2

154

31.2
21.6
17.0
13.5
18.4
15.2
18.6
9.2
7.8
6.9

7.1

go
mgals

978048.8
978056.4
978023.1
978022.4
978029.1
978026.6
975037.5
978058.5
977998.7
9",S005.7
977996.4
978049.7
97S058.8
978063.7
975075.9
978081.7
978049.2
97$043.9
Q''S067 .1
975063.2
978030.0
978027.0

ANOMALY

SBA(P=2.5)

wrgs/o

- 11.8
- 20.8
-23.0
-24.0
-2.5
-20.5
-17.1
-16.9
-46.3
-40.5
55.0
-4.0

S5
14.6
24.4
52.5

5.9
-4.0

25.0
21.7
- 10.0

-13.0



M 46
M 47
M 48
M 49

M O
M 51
M s2
M3
M s4

M 5

a1 56
M 57

Sn O

M &0
M 61
Ste2
M 63
™ 64
M 65
SV 66

M 67

SM 68

CR REF.
EQWD

685. 8
683. 8
680. 0
6/76. 6
673. 3
669. 7
664. 4
0662. 2
660. o
657..2
655. 0
652. 5

649.,3

641 5
640 .0
638 .8
637 4

636 .0

CR. REF-.

N W)

978. 8
979. 1
979, 2
979. 4
979. 7
979.5
979. 2
979.5
979. 7
980. 1
9R0. 2
930..6
980,/
980. ,9
980 52
980 .1
979 -9
979 -7
979 4
979 .2
979 .1
978 -9

a7s -7

LONGITUDE

40.6720
40.6504
40.6178
40.5867
40.5554
40.5250
40.4832
40.4583
40.4418
40.4167
40.5917
3. Yo
40.3420
40.3002
40.3130
40.3209
40.3112
40.2906
40.2704
40.2583
40.2475
40.2333

40.2249

LATITUDE

-1.9204
-1.9100
-1.8834
-1,8104
-1.8401
-1.8570
-1.88+4

1.85%

-1.8334
-1.8012
-1.7831
-1.7583
-1.7420
-1.7250

HEIGHT GO
o  moa

26.2  978028.9
18.1  978026.3
43.4  978030.9
0.1  978026.5
%.4  978024.4
26  978019.5
617  975032.1
612  978050.0
615  978055.5
619  978040.9
o  978043.8
6.6 978047.9
7.4  978080.9
65 978053.2
g1 978055.5
3.4 9750514
6.5 9780617
oy 9780486
g5 9780414
1o 978042.9
g 978038.1
g 9780297
5o 9780261

ANOMALY

SBA(P=2.5)

mgals/9

-16.9
-16.9
. 20.0
—22.9
24 0
—28.1
—24.4
-26.5
—23.2
-16.1
-14.4
-12.5

9.4

7.0

-10.0

-14.4
-16.0
-23.0
-26.0



ST.

2 2 2 2 2 2 292 2 2 9 92 9

(02)
=
& B 8 8 BR 8 & & I

2 2

SM

NO.

AN AN F 8

s o

a1

(R. REF.
E (D

653.4
645.4
647.0
648.8
651 .0
705.5
708.5
711.6
711.8
711.9
712.1
712.5
717.2
721.0
646.0
705.0
702.1
702.8
642.9
648.0
651.0
662.3

R. REF.
N D

978.4
978.9
978.6
978.3
977.9
977.2
977.5
980.5
980.2
979.9
979.6
979.4
979.5
979.7
973.7
981.5
98l1. S
982.2
974.7
974.3
974.0
973.2

-156-

LONGITUDE

40.2000
40.3068
40.3220
40.3570
40.5585
40.8311
40.8761
40.9061
40.9092
40.9110
40.9120
40.9132
40.9550
40.9846

40.8080
40.8370
40.8167
40.8253
40.2349
40.3339
40 .3569
40 .4610

LATITUDE

-1.9584
-1.8885
-1.9166
-1.9352
-1.9652
-2.0645
-2.0332
-1.7590
-1.7831
-1.7810
-1.7842
-1.8702
-1.8667
-1.8590
-J,3833
-1.6888

-1.6411
-1.6167
-2.2951
-2.5336
-2.3569
-2.4574

HEIGHT
o

34.3
61.2
57.3
53.5
407
10.0
12.2
28.9
27.2
26.0
25.6
20.4
2.5
19.1
18.3
3.5
6.4
49.1

10.6

14.4

11.6

8,9

GO

mgals

978022 .4
*978039.2
978051.3
978031.3
978029.4
978050.6
978046.4
978053.1
978039.3
975051 .9
978034.0
978055.0
978037.7
978057.3
97502S.6
978026.6
978025.5
978025.6
978022_4
978028.9
978046.9
978053,7

ANOMALY
SBA(P=2
mals/9

-26.1
-17.2
-18.0
-23.0
-25.9
9.0

-12.6
—6.0
~13.0
=10.2
8.7
—6.0
5.9
-11.9
=20,1
-21.9
2.5
=21.0
=16.0
-12.4
9.6



SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

92

93

&

97

9S

46B

828

IB

B

6B

128

20B

21B

278

SOB

32B

CR. REF.

E (KM)

616.0
619.5
618.4
624.5
683.2
692.8
689.5
691.7
688.0

703.5
705.3
724.9
654.6
659.5
667.5
672.5
665.5
687.0
686.2

647.2
659.5

630.6

CR. REF.

N (KM)

980.0
979.1
976.3
972.2
980.5
979.0
979.5
979.6
978.7
981.6
981.0
979.9
975.2
975.4
976.2
976.5
9/5.5
973.8
973.5
976.5
977.4

972.5

LONGITUDE

40.0428
40.9524
40.6465
40.1197
40.6497
40.7341
40.7049
40.7240
40.6911
40.2685

40.8430
40.1165
40.3870
40.4372
40.5135
40.5540
40.4940
40.6820
40.4265
40.3327
40.4241

40.1766

LATITUDE

-2.8138
-2.8958
-2.1375
-2.5208
-1.7708
-1.8792
-1.8792
-1.8549
-1.9317
-1.6495
-1.7305
-2.3203
-2.2460
-2.2110

-2.1565
-2.1075
-2.2494
-2.3714
-2.5516
-2.1443
-2.049%

-2.4916

HEIGHT

43.9
35.2
31.4
17.5
38.4
23.4
20.1

241
16.5
3H.1
29.8
2.1
21.0

24.8
28.5
26.4
4.4
16.0
40.2
27.0
53.0

12.6

GO
mgals

978033.1
978029.3
978012.5
977998.9
978007 .5
978017.6
978016.0
978015.4
978027.9
975026.0
978020.1
978043.5
978029.8
978032.3
978046.9
978059.0
978036.2
97S071.70
978061.4
978025.4
978037.S
978002.2

ANOMALY
SBAP-2-1
mgals/0
-24.8
-26.6
-36.2
-48.5
-21.0
-14.6
-lo4
-16.5
-14.9
-21 .0
-18.0
4.5
-16.S
-15.0
-7.0
-9.8
-1.0
26.4
-20.2
-23.6
.16

-45.9



78 & 8B &

R & &€ &€ ¢ ¢ ¢ & & ¢ § 5 378 3
&

R
Ul

CR. REF.

E®WD

636.3
650.0

650.3
631.3
693.9
697.6
700.1
705.1
705.7
709.2
712.8
716.0
719.6
625.1
625.7
612.0
613.5
614.7
617.2
619-°
620.1

621.2

(R. REF.
N (WD

988.8
988.5
988.2
987.9
979.8
980.1
980.1
980.4
980.7
980.7
980.8
980.9
980.9
978.0
978.1
981*3
980.7

980.1

979.8
979.4

978.8

978.4

-158-

LONGITUDE

40.2252
40.6685
40.1712
40.1802
40.7432
40.7766
40.7991
40.8257
40.8491
40.8806
40.9151
40.9414
40.9739
40.1072
40.1306
40.0072
40.0203

40.0315

40.0-41

40.0703

40.0802

40.0901

LATITUDE

-1.0111

-1.0417

-1.0539

-1.0944

-1.8389

-1.8306

-1.8111

-1.7972

-1.7722

-1.7556

-1.75

-1.7361

-1.7250

-1.9861

-1.4806

-1.7139

-1.7556

1.7944

-1.8533

-1.8750

-1.91™7

-1.9583

height

()

96.
105.
100.

95.

28.

27.

24.

25.

26.

33,

52.

32.

30.

29.

26.

55.

50.

46.

41.

57.

54.

50.

GO

mgals

- 977994 .9

977994.0

977995.5

977993.4

978014.7

978014.7

978015.4

97S015.7

978015.5

975014 .1

978015.5

978017.1

978019.1

978004 .1

978008.0

978001.2

975002 .2

978002.3

975002 .4

978004.2

978003.5

978003.7

ANOMALY
SBA(P=2.5)
mgals/9

~19.5
-19.0
-20.5
-21.5
-16.8
-16.9
-16.7
-16.1
-16.1
~16.0
-14.7
~13.1
-11.5
-28.1
—24.8
—24.4
-24.6
-25.4
—24.5
-25. S
-27.3

-28.2



ST.

NO.

A 202
M 15

M 20

M 25

KA

~
>

~
>

& 8 8 5 £ % % % § 3 %

225

260

270
275
230
285

290

310
245

250

260

265

270

R. REF.
ED

610.4
610.1
608.4
605.1
677.4
6S0.2
6S2.4
684.6
605.9
687.9
691.4
694.4
695.6
697.4
699.2
698.4
641.8
638,. 2
634.8
630.7

626.8

623.8

R. REF.

N KD

981.5
975.4
975.8
976.0

981.1
980.9
930.6
980.3
980.1
979.7

979.3
978.S
973.5
978.4
978.1
977.9
981.2
981-1
08l -1
981.1
931.2

981.2

- 159.

LONGITUDE

30 .9923
30 .9901
30 .9748
30 .9450
40, 5946
40. 6203
40. 639
40. 6599
40. 6712
40. 6592
40. 7207
0. 7477
40. 7581
£40. 7748
40. 7905

40. 2748
40_2423
40. 2117

40. 1748

40 1126

LATITUDE

-1.6722
-2.214
-2.1944
-2.1833
-1.7056
-1.7278
-1.7556
-1.7861
-1.8167
-1.8472
-1.8667
-1.8917
-1.9278
-1.9500
-1.9694
-2.000

-1.7058
-1.7139
-1.7167

-1.7139

-1.7111
-1.7000

HEIGHT
L)

60.5
51.9
54.8
60.2
56.8
40.2
3.3
3.6
3.3
19.3
293
17.7
1.7
3.9
15.3
14.5
79.6
70.6
73.4
69.2

66.8

43.2

0
Troais

977999:7
977994 .4
977994.1
977993.7
97300061
97S005 4
978006 .8
97800S 4
978010.9
973016.5
978015.7
973019.3
975026.3
978028.1
97802S.0
978031.5
978013.9
975015.2
975014.4
978017.7
978014.9
978018.8

ANOMALY
SBA(P-2
mgals/,
-21.6
-54.9
-34.4
-55.7
24.1
-25.2
-22.5
-20.S
-19.1
-16.9
-15.9
-14.1
-11.0
S .9
6.8
-3.8
- .S
-7.4
-7.5
5.1
-8.3
9.1



ST. NO.

KJ 100

KJ 105

KJ 110

KJ115

KJ120

KJ125

KJ130

KJ135

A 316

A 319

A 322

A 325

CR. REF.
£tol)

622.9
723.3
725.4
728.8
730.7
757.5
741.1
744.5
748.3
751.0
754.0
758.1
759.9
763.4
766.9
770.4
773.9
779

622.9
629.4
613

618.1

CR. REF.
N D

977.9
980.9
980.6
980.3
980.3
980.6
980.6
980.8
980.9
Q80.9
981.1
981.0
9S1.0
981.1
980.9
980-9
980.7
980.7
977.9
977.5
977.1

976.6

longitude

40.1050
41,0068
41.0351
41.0563
41.0734
41.1351
41.1676
41.1959
41.2297
41.2559
41 .2830
41.3198
41.3359
41.3671
41.3985
41.4302
414617
41.4932
40,1050
40.0824

40.0658

40.0617

latitude

~2.0000
-1.7506
~1.7417
~1.7694
-1.7806
-1.7556
~1.7556
-1.7472
-1.7561
~1.7250
~1.7111
~1,7000
-1.7194
-1 .70S5
~1.7139

-1.7259

-1.7417

-2.0000

2 ,1367

HEIGHT
D

29.0

28.8

32.6

28.4

21.6

22 .5

20.2

17.6

16.7

14.9

15.4

11.9

16.2

21.4

19.5

17.9

13.4

29.9

30.8

32-7

32.2

TO

mgals

978003.0
978022.2
978024.2
975028.5
978055.0
978039.0
978042.5
978046.2
978049, 9
978052.2
978053.4
978055.8
978059.5
978060.5
978064.5
978066.5
978069.0
975072.5
9780 K) .3
F7>.0
977997. 1

977996 .4

ANOMALY
SBA(9=2.

mgals/2

-29.4

13.0
16.7
18.6
20.0
21 .S
2b. 1
23.5
31.7
33.6
35.2
36.7
29.4
-33,2
-55.0

3b.]



ST. NO.

L 35
L 40
L 45
L S0
L 55
L 60
L 65
L 70
L 75

L 8

L 8

L 90

L 9%

L100

L105

LI 10

LI15

LI20

L125

L130

L135

L140

L 145

R. RE.

EXD

644.9
647.0
649.0
652.3
655.3
659.3
662.8

666.5
670.3

673.2

676.3
680.6
683.9
687.6
637.8
688.1
688.9
690.5
693.4
697.1
700.5
703.9

705.2

R. REF.

N®D

9747
974.5
974.2
973.9
973.7
973.6
973.7
973.7
973.7

973.9

974.1
974.2
974.3
974.5
974.7
974.9
975.6
975.6
975.6
975.8
975.9
975.7

975.4

LONGITUDE

40.3032
40.3221

40.3455
40.3694
40.4009
40.4324
40.4640
40.4977
40.5315

40.5572

40.5901
40.6239

40.6541
40.6369
40.6892
40.6914
40.6982
40.7140
40.7387
40.7725
40.8036
40.3333

40.84.55

LATITUDE

-2.2944
-2.3222
-2.5444
-2.36A4
-2.3553
'"2.3861
-2.3506
-2.3861
-2.3806
-2.3611

-2.3472
-2.3361
-2.3275
-2.3139
-2.2972
-2.2611
-2.2278
.2.2083
-2.2056
-2.0000
-2.1833
-2.2028

-2.2333

HEIGHT

o

9.7
16.0
13.4

9.6
11.0
15.1
13.6
18.0
18.6
14.9

12.9
18.9
15.0
7.2
3,8
6.0
6.9
7,8
8.3
11.4

11.6
11.4

4.5

GO

mgals

975020.3
978020.0
975023.0
973028.4
978034.0
978041.6
978047.4
978051.9
978054.7
97S056.7

978059.5
978060.4
975062 .1
973065.0
978064 .1
978061.0
975058.3
978056.7
975057.6
978059.0
978059.8
978064.0

978070.4

ANOMALY
SLA(9=2.5)

I’
»igals/2 «

-17.8
-17.2
-14.8
10.5
4.5
3.9
9.4
17.7
17.7
19.1

"21.6
23.6
2A.S
26.2
247
2.4
20.1
18.8
19.8
21.9
241
26.8
31.7



ST. NO.

528
531

337

370

> > > > >» >» > >» » » >» > >

390

A 410
L1
LS
LIO

LI5S

618.7
619.0
619.0
621.0
622.3
624.0
624.7
624.4
624.5
624.4
624.4
624.8
626.2
626.7
626.9
622.3
624.7
628.2

631.°
634.9
638.2

640.9

976.0
975.6
975.3
974.9
974.7
974.4
974.2
973.7
973.3
972.9
972.5
971.8
971.4

970.9

974.9
975.0

975.1
974.9

974.9

974.8

974.7

-162-

LONGITUDE

40.0676
40.0703
40.0803
40.0878
40.1000
40.1149
40.1212
40.1189
40.11%4
40.1188
40.1185
40.1228
40.1348
40. 1397
40.1419
40.1014
40.1216
40.1532
40.1779
40.2131
40.2432

40.2662

LATITUDE

-2.1583
-2.2028
—2.2444
-2.2806
—-2.2944
-2.3167
-2.3470
-2.5833
-2.4194
-2.4528
_2.48%1
—2.5556
.2.61%4
-2.63839
-2.7583
-2.2778
-2.27T2
—2.2611

0 ,2(2

2 . 2A

-2,2917

HEIGHT
b

30.5
27.2
26.3
21.1

17.9
16.5
17.5
19.1
21.0

18.7
2.5
12.2

135

54
18.3
14.5
14.6
11.9
1.7
10.S

11.5

JytusMFer.- 1SIF..

&0
mgals

977996.6
977996.9
977996.7
977996.5
97799%.1
977996.2
977994.5
977992.6
977991.7
977991.7
977989.8
9779990.1
977989.7
977995.7
977997.0
977996.7
9779977
977995.5
978102.0
978095.5
978109.3
978113.4

ANOMALY
SBA(E=2
mgalss7

-56.5
57.1
-57.8
-39.5
-49.4
-40.8
-42.5
-44.4
-45.2
-45.S
-47.5
4-1.6
-50.2
-48.3
-46.1

-39.6

-59.3

57.5
-55.5
-52.1
-28.5
-24.3



ST. NO. CR. REF. (R. REF. longitude latitude height GO ANOMALY
() mgals SBA(P=2.5)
E WD N (VD)
mgals/?
-2.2500 2.7 .978073.3 A1
1149 707.4 975.2 40.8649 S o
40.0414  -2.2566 349 - -36.
M5 615.8 975.1
-2.2389 45.9 977994.7 -55.9
MIO 612.6 -
-2.000 14.5 978031.5 -3.S
977 9 40.7838
KA310 698.4 : o > 58 B5 976 00
KA315 699.7 97r.7 orote g 120 O7E0M0.6 e
AS20 0993 o 2.0017 1.7  978045.5 9.1
40.7793 -
977.0
KA325 697.9 2122 11.5 978050.5 13.9
KA330 699.2 976.6 407910 ien 106 O7BOES.2 180
976.4 40.8018 -
KA335 700.4 : . 10.6 978060.5 25.3
975 9 40.8171 2.1861 oot 7 o
702.1 ' _ 8.3 ) on.
(ASa0 087 1 40.0158 1.1659 o0k e
613.0 : _ 83.8 ) 1.
LS 40.0360 1.1889
KAl40 6153 986.8 15pp 65.3 9770983 242
' 40.4248
KA215 654.2 983.4 _1.5533 64.7 977999.5 -23.5
o831 40.4356 s OTIH05 s
KA220 659.7 : 40.4577 -1.5583
662. 982.5 Lao, 615 977945 7
o | os3s  10-6U7 0o 97957 -27.8
' -1.5111 -
o e 983.3 40.5811 591 977998.3  -25.6
675.9 ' -1.5389 -
o | 405149 A 977998.2 -26.3
983.0 _1.5667
ko200 £ PP 40.5H7 &5 9/mola 215
982.8 -1.5472 ]
KD205 668.2 s 404369 o oS o
: -1.619"
(D215 6599 40.4144 As 978006.2 167
657 3 982.1 -1.6361
KD220. : 40.3842
654.0 981.9

KD225



ST. NO

KD240

AZ74

CR. REF.

E (K\)

651.3
648.2
649.8
611.7
600.5
609.4
607.9
608.8

CR. REF.

N (KM)

981.5
981.4
981.3
983.2
983.6
982.9
9S24
952.0

LONGITUDE

40.3604
40.3324
40.3018
40.0045
39.9676
39.9833

39.9698

39.9779

LATITUDE

-1.6611
-1 6553
-1.6917
-1.5139
-1.4561
-1.5528
-1,5889
-1.6506

HEIGHT GO ANOMALY
(D) mgals SBA(P=2.5)
mgals/2*

74.3  978007.2 =Tt
7.5 978008.4 -13.0
.7 978010.1 -10.0

66.2 — 97/8007.6 -15.4
747 978000.5 -19.6
4.2 978002.5 -20.4
67.2 977998.0 -24.5
62.9 977999.0 -2 6



