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ABSTRACT

Abell, PI., Awramik, S.M., Osborne, R.H. and Tomellini, S., 1982. Plio-Pleistocene
lacustrine stromatolites from Lake Turkana, Kenya: morphology, stratigraphy and
stable isotopes. Sediment. Geol., 32: 1—26.

A sequence of fossil stromatolites from Lake Turkana in Kenya was examined for
5180 and 5'3C content. These stromatolites, ranging in age from Holocene (~10,000
yrs B.P.) to Middle Pliocene (~3 m.y.) showed a variety of growth forms from oncolitic,
columnar layered to bulbous heads. The stromatolites used in our study contain fila-
mentous blue-green algae of one morphological type and rare coccoids; thus the stroma-
tolites are considered biogenic. The stable isotope ratios for oxygen and carbon indicate
changing climatic conditions, ranging from a cool, wet climate prior to ca. 1.9 m.y. to
much drier, warmer conditions around 1.4 m.y., followed in turn by a somewhat cooler
and wetter climate at the end of the Pleistocene.

INTRODUCTION

The measurement of stable isotope ratios in naturally occurring materials
has become a valuable source of information on the origin and paleoenviron-
mental history of these materials. In particular, §'®0 measurements on
carbonates frequently are being used to elucidate climatic conditions prevail-
ing at the time of deposition of these carbonates. Foraminifera, molluscs and
other calcareous fossils have been studied, and climatic histories in varying
detail now extend back into the Cretaceous (Savin, 1977). Particularly com-
plete climatic histories for the recent geologic past has been derived from
Greenland and Antarctic ice cores (Epstein et al., 1970), and older histories
from Deep Sea Drilling Project marine cores using calcareous nannoplankton
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(Margolis et al., 1975). Nonmarine stromatolites previously have not been
investigated for paleoclimatic information using the calcite presumably
deposited as a by-product of the photosynthetic activity of their algal
builders. Well developed stromatolites with preserved blue-green algal micro-
fossils are found at different stratigraphic levels in Plio-Pleistocene lacustrine
sedimentary deposits of the lake ancestral to modern Lake Turkana in
Kenya. Owing to the rarity of detrital grains in the stromatolitic laminae, the
stromatolites accreted by the precipitation of calcium carbonate. Assuming
that the deposition of the calcite in these stromatolites was in equilibrium
with the CQO, in the lake water in which the algae grew, a stable isotope
study of these stromatolites could define the climatic history of that lake.
Climatic information derived from such studies has particular importance
because these same sedimentary sequences probably contain the richest
source of Plio-Pleistocene hominid fossils presently known (Coppens et al.,
1976) and thus any paleoenvironmental information from this region may
assist in explanation of the relatively rapid evolutionary progression of
Homo and ancestral forms as well as other vertebrates in this area.

METHODS

From two to twenty intact and solid interior fragments of stromatolites
were collected for isotopic studies from each of seven beds. The intact stro-
matolites were slabbed with a diamond saw and the slabs were then sampled
at intervals of 2—5 mm for the isotopic analyses. The remainder of each slab
was used for biogeologic, petrographic and petrochemical studies.

The fragments selected for isotopic analyses were baked at 400—450°C in
vacuum for four hours to remove any organic material, and weighed samples
(5—7 mg) then were dissolved in 100% phosphoric acid on a standard
vacuum line to liberate the carbon dioxide. Isotope ratios were measured on
a V.G. Micromass 602 ratio recording mass spectrometer, using a second stan-
dard for comparison. All isotope ratios are reported vs. PDB.

GEOLOGIC SETTING

Lake Turkana (until recently known as Lake Rudolf) lies in the Great Rift
Valley of northern Kenya. The lake has existed since Miocene time, but most
of the volcanics and sediments exposed around the lake are of Plio-Pleisto-
cene age (Bowen and Vondra, 1973). The present-day lake is alkaline, with a
pH of about 9.5 (Beadle, 1932), but at various times in the past, it has been
freshwater (based on fossil fauna), overflowing through a shallow depression
to the northwest to eventually reach the White Nile. A tectonic history of
the lake has been proposed by Cerling and Powers (1977).

Much of the current interest in Lake Turkana arises from the discovery of
a large number of well preserved homonid fossils along its northeast shores
(Leakey, 1976). Some of these fossils date back as much as three million
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years, and are accompanied by artifacts (stone tools) as old as two million
years (Coppens et al., 1976).

Geologic studies in the East Turkana area were imitiated by Behrens-
meyer (1970) and continued by Vondra et al. (1971), Bowen and Vondra
(1973) and by Findlater (1976), as well as -others. The Plio-Pleistocene
sequences consist of a complex of alluvial fan, fluvial, deltaic and lacustrine
deposits exposed over an area approaching 2600 km? (White and Harris,
1977). These deposits have been correlated using a series of volcanic tuff
deposits (Bowen and Vondra, 1973), which have been dated by conventional
K-Ar and “Ar/*°Ar total degassing geochronologic methods (see Fitch and
Miller, 1976). The radiometric ages are very critical to establishing the timing
of evolutionary events in hominid phylogeny.

Bowen and Vondra (1973) divided the East Turkana Plio-Pleistocene suc-
cession into four formations; from oldest to youngest: (1) Kubi Algi Forma-
tion, exposed principally in the southernmost part of the region; (2) the
Koobi Fora Formation, subdivided into lower and upper members; (3) the
Guomde Formation, deposited unconformably on the Koobi Fora Forma-
tion, and identifiable principally in the most northern portion of the expo-
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Fig. 1. Map of East Turkana, Kenya, showing topographic collecting areas and regions
of exposed stromatolite fields.
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Fig. 2. Generalized geologic map of northeast shore of Lake Turkana, Kenya.

sures at Ileret; and (4) the Galana Boi beds, widely distributed in residual
patches on the older sediments (Figs. 1 and 2).

The Pliocene Kubi Algi Formation at its type locality 20 km east of Alia
Bay consists of a 98 m thick sequence of basal light colored cobble conglo-
merate vertically grading into sandstone, siltstone and claystone (Bowen,
1974). Two tuffs within the Kubi Algi yield isotopic ages of 3.9 and 4.6
m.y. (Fitch and Miller, 1976). These predominantly coarse-grained strata lie
unconformably on Miocene or Pliocene volcanics and are conformably over-
lain by laminated bentonitic tuffs and claystone of the Suregei Tuff Comp-
plex (Bowen and Vondra, 1973). No radiometric dates are available for the
Suregei Tuff (Fitch and Miller, 1976).

The Koobi Fora Formation stratigraphically lies between the basal contact
of the Suregei Tuff Complex and the upper contact of the Chari and Karari
Tuff (isotopically dated at 1.3 m.y.; Fitch and Miller, 1976) or, at Ileret,
between the basal contact of Holocene diatomaceous siltstone of the Galana
Boi beds (Vondra and Bowen, 1976). The Koobi Fora Formation has been
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subdivided into two members: The Lower Member (that portion below the
disconformity just above the KBS Tuff) and the Upper Member with its
correlative strata at Ileret (the Ileret Member) found above the KBS tuff
(Bowen and Vondra, 1973). The age of the KBS tuff has been the subject of
considerable controversy. Fitch and Miller (1976) assign an isotopic age of
2.4 m.y., while Curtis et al. (1975) date it as young as 1.8 m.y., but most of
Curtis et al. dates cluster around 1.9 m.y. The recent fission track date of
Gleadow (1980) and the K-Ar date of McDougall et al. (1980) both con-
firm the 1.9 m.y. age of that tuff, and have settled the controversy. The
Lower Member (>1.9 m.y.) reaches a thickness of 140 m and is character-
ized by alternating limonitic siltstone and claystone, ripple-laminated sand-
stone, and molluscan limestone (Vondra and Bowen, 1976). The Upper
Member (<1.9 m.y.) is 90 m thick at Koobi Fora and consists of trough
cross-bedded sandstone and conglomerate intercalated with siltstone, stroma-
tolites, and ostracod sandstone. The Ileret Member (maximum thickness of
66 m) consists of homogeneous fine-grained sandstone and siltstone geogra-
phically restricted to Ileret ridge (Vondra and Bowen, 1976).

The Guomde Formation, restricted to Ileret ridge, is 34 m thick and con-
sists of dark gray laminated siltstone with intercalated thin molluscan lime-
stone. It overlies the Chari Tuff and underlies the diatomaceous siltstone of
the Galana Boi beds (Vondra and Bowen, 1976).

The Galana Boi beds are the uppermost stratigraphic unit in East Tur-
kana. These diatomaceous siltstones cap the Guomde Formation in the
Ileret area and the Koobi Fora Formation further south (Vondra and Bowen,
1976). Thickness of the Galana Boi at Ileret is less than a meter but the
strata thicken to as much as 32 m at Koobi Fora (Bowen, 1974).

STROMATOLITES FROM EAST TURKANA

The stromatolites from East Turkana are widely distributed, both laterally
and vertically in Koobi Fora, Guomde and Galana Boi strata. They were first
reported by Vondra et al. (1971) and later Johnson (1974) discussed details
of their stratigraphic distribution and outlined their possible paleoecological
significance. The oldest stromatolite bed we have identified from East Tur-
kana to date occurs near the base of the Lower Member of the Koobi Fora
Formation just a few meters below the Tulu Bor Tuff in Area 127 (Figs. 2
and 3; Sample S). No stromatolites have been positively identified from the
underlying Kubi Algi Formation. At present, we wish to report on stromato-
lites from seven distinct horizons at East Turkana and discuss them in terms
of the major fossil collecting areas in which they occur (Figs. 1 and 3). It
should be noted that the stratigraphic position of Sample R, Area 119, is un-
certain (Fig. 2).

(1) Area 127 has one stromatolitic unit bed (Sample L) in the basal portion
of the Lower Member, Koobi Fora Formation. These algally-coated limo-
nite clast stromatolites form a distinct bed within a 1 m thick coarse sand
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Fig. 3. Generalized stratigraphic section of East Turkana basin showing presumed correla-
tive tuff units from north (left) to south (right) (modified from Bowen and Vondra in
Vondra and Bowen, 1976) and approximate levels at which stromatolites used in this
study were collected,

layer, but laterally can be traced into chaotically arranged stromatolite clasts
(Fig. 4F). This unit is limited laterally in extent, and crops out for only a
few hundred meters. The algally coated clasts are neatly arranged in one
plane, long axes of clasts parallel to bedding. These probably formed in a
small lake embayment rather than in a stream, as there is no evidence (dis-
rupted or eroded laminae, asymmetric growth) to indicate a high degree of
turbulence accompanying growth).

(2) Stromatolites in Area 105 (Sample L) and related areas occur above the
Tulu Bor Tuff and are similar in morphology to Area 127 forms, except here
they also coat gastropod shells. This outcrop in the Lower Member of the
Koobi Fora Formation at Area 105 extends laterally for about 2 km; data



Fig. 4. Field occurrences of Lake Turkana stromatolites. A. Area 5 next to Area 3; Galana
Boi beds; B. Area 103 branched mini-columns similar to Sample E, Upper Member, Koobi
Fora Formation; C. Area 103 oncolites, Upper Member, Koobi Fora Formation; D. Area
103 large bulbous head, Upper Member, Koobi Fora Formation; E. Area 103 small bul-
bous heads similar to Samples I and Org 5, Upper Member, Koobi Fora Formation; F.
Area 127 stromatolite coated limonite fragments similar to Sample S, Lower Member,
Koobi Fora Formation.
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are unavailable to determine overall geometry of the deposit. Thin, distinct
beds 2—5 c¢m thick are found where the stromatolites coat gastropod shells.
In contrast, the coated limonite fragments are somewhat chaotically
arranged within a 1 m thick bed of coarse-grained sand.

(3) In Area 103, three distinct stromatolite beds are found in the Upper
Member, Koobi Fora Formation, several meters above the KBS Tuff. The
uppermost bed (from which Sample H was collected) is within the Okote
(KF) Tuff horizon. These three beds crop out over an area of several tens of
km?, and probably extend into Areas 100, 101, 106, 110, and 119 (Fig. 3),
though this correlation is tentative. The lowest bed, only 10 to 20 cm thick,
is made up of diacontinuous bulbous stromatolite heads that seldom co-
alesce (Samples I and Org 5). The middle bed, never more than 20 cm thick,
is made up of closely-spaced bulbous stromatolites (Samples E and F;
Figs. 4D and E). This bed is prevalent and distinctive, and consequently
serves as the principle correlative bed in Area 103. The stromatolites from
this middle bed are made of two distinct layers and the following generalities
can be made: (1) stromatolites in lower portions of each bed commonly coat
mollusc fragments (both bivalves and gastropods) and form a thin bed
several centimeters thick. The bivalves are disarticulated with valve concavity
random and together with gastropods form a loose molluscan ‘pavement’.
Each molluscan shell is algally coated to form an oncolite (Fig. 4C). There
is no evidence, aside from the enclosing sand, that these oncolites formed in
a turbulent environment, considered normal, for oncolite formation (Logan
et al., 1964). No eroded, truncated, or otherwise disrupted laminae were ob-
served. Laminae are continuous but asymmetric around the molluscan nu-
cleus, and each lamina consistently thickens on the upper surface. This pre-
ferential thickening in one direction with truncation probably indicates in-
situ formation. In-situ oncolite growth is known from Pennsylvania streams
(Roddy, 1915), where maximum laminar thickness is on the lower side
(probably due to erosion of the upper side by stream action; Golubic and
Fischer, 1975). The Turkana oncolites do not show micro-unconformities
within the laminae; therefore, they probably were not subject to much abra-
sion; (2) oncolite beds laterally link upwards thus forming the substrate
upon which grew bulbous stromatolites. The boundary between the two
growth modes is sharp. Bulbous forms widen upward and adjacent heads
interfere with bulbous expansion or lateral growth, resulting in polygonal
shapes in the upper portion of these stromatolites. Bedding surfaces appear
as mud-cracked polygons (Johnson, 1974) when actually the polygons are
due to growth interference and crowding conditions during bulbous growth.
Desiccation cracked silt and claybeds are widespread in Area 103 (Behrens-
meyer, 1975) but are not found within the stromatolite beds. The top stroma-
tolite bed (Sample H) consists of small nodular stromatolites, less than 10
cm long, and a few centimeters thick with convoluted upper surfaces. This
bed is only a few centimeters thick and is patchy in distribution. Planar or
undulose stratiform stromatolites are not well developed in East Turkana,



and this appears to be generally true of many non-marine stromatolites.

Area 103 stromatolite beds do not thin or thicken noticeably over any dis-
tance, and, considering the areal distribution of the stromatolitic horizons
(particularly the middle horizon), might have grown in a shallow, flat embay-
ment of the ancient lake. Based on sedimentological data, Behrensmeyer
(1975) interpreted Area 103 to represent a deltaic mud flat to distributary
channel complex.

(4) The stratigraphic position of stromatolites in Area 119 (Sample R) is
uncertain, but the stromatolites are contiguous with these in Area 106. Indi-
cations are that these beds are nearly continuous for more than 15 to 25
km?. The stromatolites vary in morphology from flattened bulbous heads,
a few centimeters in diameter, to large nodules 1 m across. They are similar
to those found in the Galana Boi beds at Ileret described below.

(5) The youngest stromatolites (Sample B) of the East Turkana succession
are in basal Galana Boi beds at Areas 3, 5 and 7 (Fig. 3). These mollusc-
stromatolite bearing beds yield !*C ages on molluscs of 10,000 yrs B.P.
(Vondra et al., 1971). Nodular (oncolitic) stromatolites, 1 cm to in excess of
0.5 m across, are found in lens-shaped beds a few tens of meters in width
(Fig. 4A). Each nodule has a molluscan nucleus. Commonly the smaller
nodules occur at the edges of the sedimentary lens and encrust Caelatura
while the larger nodules in the center of the lens encrust single or gregarious
Etheria (the common river oyster).

There are a few additional small outcrops of stromatolites at other stra-
tigraphic levels at East Turkana but the details and stratigraphic position of
these beds are unstudied.

PALEOMICROBIOLOGY OF THE STROMATOLITES

All stromatolites used in our study contain varying amounts of micro-
fossils of presumed blue-green algal affinities but of low taxonomic diversity
(Table I). Only two types have been found within the stromatolitic laminae:
(1) abundant, non-branching, small filamentous forms, 0.8 to 4.3 um across
(21 measured) found only in Samples L and Org 5; and (2) small solitary
coccoids measuring 2 to 5.3 pm in diameter (15 measured) found in Sample
R.

The filamentous microfossils invariably are oriented perpendicular to
laminae (Figs. 6B and C) and only in rare cases do they contain a single.
centrally located thread (Fig. 5G). We interpret these filaments with their
narrow size range as representing preserved sheaths of a single taxon of
nostocalean blue-green algae with rare single trichomes. Insufficient fine
morphological details are preserved to further refine our taxonomic treat-
ment such as individual cells along the trichome; heterocysts, if present;
and nondegradational tapering. The spheres, which occur solitary are single
walled (no evidence of double walls or multi-layered sheaths), are of a na-
row size range, and probably represent a single taxon of a chroococcalean



“II 9[qB.L Ul Pajiodal sesA[eue [euoyippe Woly oste 1nq ‘(g "81,d) $9)1[0JeWO0I)s PajesS{[l WOIY A[UO JOU PIL[NIED IE SOIFEBL 2A0JOSE JO SIDUTY 4

w7l ¢ —1°g Sp1oddod
axexr‘wr! §€—8°0

sjpuawte|iy asowna3d pue snoqnq
9°0+ 01 80— ¥' 3+ 03 60+ Buryoueaq-uou papueq ‘reuwnjodopnasd 01 renpou ‘W eioJ 1qooy "IN ‘Né 611 H
ST+ 03 ¥'€—0'C— 03 §'E+ auou pajeurwie[un  dI}I[O0jRWOIIS-UOU "UL] BIOH 1q00Y "qIN "Té 001 r
wr! 1°6—¢€'%
syusawefiy 9IN3JONI)SOIDTW papueq (a1100U0) JInL 1og nny, moeq
¢ I—01¥'%— ¥ 0—01¢8¢— Buryouerq-uou Y)im parofel-IeumIniod empou) ‘uij eviog 1qoo3d ‘qI "1 121 S
wrl $'¢—9°1T
sjpudaue[y guipueq Jo so11089]e0 9ZIS (931100U0) g, S93 morRq
#1—010€— T T+ 01 91— Suryouraq-uou oM} jim reuwnjodopnasd iempou ‘wJ ®vIoj 1qooY ‘qN "I eol 1
wir! | '$—§"F SPI0920d
axe1‘wir! $ ¢—p’T ANIONIISOIOTW SOWNIS “UIOP
sjuawrey ‘pepueq Aj1ood yjm JIng SS9 aaoqe
80+ 013%°0—8'E+ O3 L'G+ Suryoueaq-uou SUWIN[Od-TUIW payouelq snoqnq ‘w exoJ 1qooy ‘qiN 1 €01 g-310
wr 3 e—'1 23In3oNn1)s0IdTW Ssownald
sjuawrey ‘papueq Apood yim ML S93] @aoqe
I'T+ 01%°0— 8¢+ 03 GG+ Buryouerq-uou SUWN[Od-TUIW payoueiq snoqng “uwij ®vi0jJ IqOO3 QN ‘N1 €01 1
wrl 6'¢—8'0
SJUSWUE]IJ 91N}ONIISOIOW PIYOURI] UM JnJ, 21040 Mmo[eq
9°0+ 01 ¥'0— €°C+ 03 1'C+ Buryouerq-uou swnod-urw payouelq snoqnq ‘wj eixoq 1qoo3 'qN ‘N g0T |
wirf L'5—L'1 9INjoNIJSOIOTW Isownald
sjuswe[ly pepueq Apood ypm snoqnq JInJ, 930§ Mo[3q
I+ 01 0— ¥ 1+ O3 L'0— Buryoueaq-uou SUWN[Od-TulW payoueiq -Sunsnaous  ‘wy eiod 1qooy "qI ‘N 01 CI
wrl 1°6—6'1
syuawe[iy 9IN1ONIISOIITW papueq (@31100U0) JIng 33030
€0+ 018°0— IS+ 0190+ Juryoueaq-uou YHm parofel-IeumIn{od Iempou ‘wj eiof 1qooy 'qi ‘N €01 3
wr ¢9—3'1 3INJONIJSOIIIUW pIpuRq
sjuaurey Yyum ‘pazefel-reuminiod (@31]00U0)
€0+ 0% £0— %'+ 0180+ guryouerqg-uou ‘SN O2-1UIll payoueiq Je[npou 10g BUB[RY) JO 8seq € q
Der® Og:?
% (dad) sotyex adojost 2IN30NI1)S0IDTW A3oroydiow
jo aduey STISSOJOIDIA pue ouqeg ajijojeUIoNnS Aydeidnyeng eoay ordweg

BEp 9}1j0jRWOI}S pUE 3adojos! Jo ATewrmng

1HT9dV.L



11

Fig. 5. Fabric, microstructure and microbiota of East Turkana stromatolites. A, Branched
mini-columns with some columnar layering (arrows) in Sample I; B. Erect filamentous
microfossils within poorly banded grumose microstructure in Sample I; C. Grumose
microstructure with erect filaments in Sample Org 5; D. Pseudocolumnar fabric with
banded microstructure of two size classes (arrow at A indicates thin alternating dark—light
laminae; arrow at B indicates thicker alternating dark—light laminae), Sample L; E. Pseu-
docolumnar to stratiform fabric with banded to grumose microstructure. Sample R; F.
Columnar-layered fabric, Sample H; G. Filament showing possible trichome within
sheath, Sample L; H. Possible coccoid cyanophyte, Sample R.
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blue-green alga. We cannot determine whether the coccoids are planktonic
or benthic and therefore are uncertain of their role in stromatolite forma-
tion.

No meaningful variation in population size, density or morphologic vari-
ability was found in the East Turkana microbiota. The extremely low diver-
sity, yet abundance of one type of filament could indicate either preferential
preservation of one kind of microorganism over others or (and ?) the exis-
tence of an ecologically stressful environment during formation of the stro-
matolites inhibiting the growth and development of a diverse stromatolitic
microbiota.

FABRIC AND MICROSTRUCTURE

Monty (1976, p. 193) proposed four-fold hierarchical arrangement of stro-
matolite characteristics: (1) stromatolite — the individual cryptalgal struc-
ture constituting the deposit; (2) fabric — the internal spacial properties of
the stromatolite; (3) microstructure —the microscopic characteristics of
internal properties; and (4) ultrastructure — the habit and arrangement of
cryptocrystalline units. Microstructure includes: (a) grain to grain and crystal
to crystal relationships; (b) laminar thickness; (c) relief along a single lamina
(amplitude); and (d) distribution of organic matter and elements associated
with organic matter (Semikhatov et al., 1979). The Lake Turkana stromato-
litic fabric is very distinct in terms of both the microstructure and stroma-
tolite macrostructure. Microstructural elements are arranged in such a way to
form distinct mini-columnar, columnar-layered, and linked, closely-spaced
pseudocolumnar internal structures (Fig. 5) which are not morphologically
related to the shape assumed by the stromatolites themselves (macrostruc-
ture).

Mini-columns are small, discrete columns, 1 to 7 mm across, commonly
branched and composed of stacked, convex, alternating dark and light
colored laminae. Columnar-layered micromorphologies or fabrics, are com-
posed of a repetitive sequence of laminated domes a few millimeters across,
which display high inheritence and are laterally continuous. Laminae are
thicker at the dome crests. Pseudocolumnar fabric refers to an undulatory
arrangement of laterally-linked alternating dark and light, uniformly thick
laminae with a high degree of inheritance.

The laminae that constitute the microstructure can be grouped into three
categories based on appearance in thin section (Fig. 5A—F): (1) distinctly
banded; (2) poorly banded; and (3) grumose. Distinctly banded microstruc-
tures exhibit continuous, well-defined parallel dark and light layers. Dark
layers are micritic while light layers are usually composed of radial fibrous
calcite. The dark-light colored boundary is distinct, only a couple of micro-
meters thick. Dark layers are commonly thicker (16—80 ym) than light
layers (16—55 pm, averaging 40 pum). Distinctly banded microstructures are
found in all three types of fabrics. In Sample L, there are two size classes of
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dark and light couplets (Fig. 5D). Poorly banded microstructures have indis-
tinet banding, but are composed of alternating dark thicker micrite with
thinner light, radial fibrous calcitic layers with some neomorphic calcite; the
boundary between dark and light layers in diffuse, more like a transition
taking place over several micrometers. The third style of microstructure is
clotted or grumose usually made up of poorly defined layers composed of
small grey pelloids, 50 to 90 um across within a microspar matrix, alternat-
ing with light-colored sparite. Darker layers are commonly thicker (40—90
um) than light layers (30—70 um). Filamentous microfossils are found in all
three microstructures.

Based on the non-detrital nature of the fabric and microstructure, all stro-
matolites in our study presumably formed by the in-situ precipitation of cal-
cium carbonate.

STROMATOLITIC SEDIMENTS

The samples examined (only stromatolites, not enclosing matrix) average
about 82.8% (by volume) of stromatolitic carbonate, 11.5% of empty, partly
or wholly filled open-space structures, and 5.7% detrital and allochemical
grains. Obvious detrital and allochemical grains range from 1.0 to 15.4% of
the stromatolites by volume, but most often comprise from 4.0 to 6.0%. It is
certain that these values are minimal, because they represent only those
grains measurable at thin section scale. Iron oxide coatings and the high bire-
fringence of carbonates undoubtedly mask very fine-grained silt and clay
within stromatolitic laminae, micrite and microspar. Insoluble residue ana-
lyses on those samples of sufficient size indicate that the preceding values
only represent from 40 to 60% (by weight) of the total insoluble residue pre-
sent. The weight of insoluble residue does not include the weight of the
organic material which was oxidized by a 12% solution of hydrogen peroxide
prior to drying and weighing.

Bulk analysis of stromatolite samples R, H, and B by X-ray diffraction and
atomic absorption indicated the presence of only low magnesium calcite
(0.131 and 0.326 mole % MgCO;). The magnitude of mineralogical and/or
chemical differences between successive laminae was not determined.

The observed detrital grains range from fine-grained silt (0.008 mm) to
very coarse-grained sand (1.25 mm), and predominantly occur between or
among coalescing stromatolitic domes and within partly or wholly filled
open-space structures in the stromatolites. In most samples the detrital
grains range from medium-grained silt (0.016 mm) to medium-grained sand
(0.05 mm) with modes in the fine- to medium-grained sand fraction (0.125—
0.50 mm). The detrital grains range from very angular to rounded with rho
values (Folk, 1955) from 0 to 5; however, they are generally from subangu-
lar to subrounded with rho values from 2 to 4. Sphericity values (Ritten-
house, 1943) range from 0.53 to 0.89, but generally range from 0.71 to
0.85.



14

The detrital component consists dominantly of undulatory (greater than
5 degrees of flat stage rotation) and nonundulatory monocrystalline quartz
with subordinate polycrystalline quartz normally with two to three crystal
units per grain. The feldspars are represented by orthoclase, microcline, and
plagioclase ranging in composition from albite to labradorite but most fre-
quently from oligoclase to andesine. Non-opaque accessory minerals are
represented by normal hornblende, augite, zircon, tourmaline, biotite and
rutile, whereas the opaque minerals are represented by magnetite-ilmenite
and leucoxene. This detrital mineral assemblage suggests derivation from
acid igneous and metamorphic source rock with a relatively minor contri-
bution from basic igneous rocks. This conclusion compares favorably with
that reached by Bowen (1974, p. 89) and Vondra and Bowen (1976, p. 87)
who suggest the source area for the late Cenozoic strata in the Lake Turkana
area was probably the Precambrian plutonic igneous and metamorphic com-
plex exposed near the northern limit of Lake Stephanie in Ethiopia with
local but sometimes predominant contributions from basaltic to rhyolitic
volcanic terrains.

Intrabasinal allochems associated with the detrital grains include ooids,
oncolites, mollusc and ostracod fragments, and structureless carbonate grains
(peloids). The ooids are generally light brown. They are composed of calcite
and display well-developed radial and concentric structure. Although some
superficial ooids occur, most are multi-layered, normal ooids from 0.26 to
0.35 mm in diameter. Most of the ooids are developed on quartz or feldspar
cores, but some have single or double peloidal cores. No offset nuclei were
observed. Micrite rims may be present, but are masked by iron-oxide stain-
ing. The ooids do not display the protruding nuclei, asymmetry and scal-
loped edges suggestive of quiet-water formation (Freeman, 1962), nor do
they have the desiccation cracks such as those described by Adeleye (1975).
Thus there is little evidence to suggest subaerial exposure of the ooids. On-
colites consist of micritic laminae of calcite surrounding detrital grains of
quartz, feldspar and micritic peloids. They are not common in the samples
examined, but range in diameter from about 0.15 to 0.25 cm. Peloids occur
as apparently spherical to subspherical micritic grains with no apparent inter-
nal structure. They range in diameter from 0.5 to 0.9 mm and are most
likely fecal pellets of gastropods. These allochems invariably are mixed with
extrabasinal detrital grains, which demonstrates that they are transported
from sites of carbonate accumulation and deposited among and within stro-
matolitic encrustations during floods or storms.

MAJOR DIAGENETIC EFFECTS

Although the degree of diagenetic alteration may vary considerably within
any given stromatolite, similar styles of diagenetic alteration are common to
all of the stromatolites examined. The initial stromatolitic microstructure
appears to be the repetition of a couplet composed of a dark-colored micritic
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Fig. 6. Photomicrographs showing principal diagenetic features within the Lake Turkana
stromatolites. Scale bars represent 0.5 mm. Abbreviations used: stromatolitic carbonate
(s); detrital quartz grain (q); detrital feldspar grain; (f) sediment-filled void (sfv); void (v);
drusy calcite (dc); microspar (ms); radial fibrous calcite (rfc); mollusc grain (mi); ghost
structure (g); and pseudosparite (ps). A. Sediment-filled void (solution structure) within
stromatolitic carbonate. Note detrital grains of quartz and feldspar floating in microspar.
(Plane polarized light); B. Solution void lined with drusy calcite cement. (Cross polarized
light); C. Laminae of radial fibrous calcite replaced by neomorphic microspar adjacent to
and above prominent solution void. (Cross polarized light); D. Replacement of mollusc
grains by blocky mosaic of calcite. Note occurrence of neomorphic microspar between
molluse grains (Plane polarized light); E. Detrital grains of quartz and feldspar floating in
microspar probably represent an original detrital lamina disrupted by displacive neomor-
phism. Note ghost structure of ooid or peloid. (Plane polarized light); F. Set of stroma-
tolitic laminae (lower left) detached from main stromatolite (upper right) by displacive
neomorphism (Plane polarized light).

lamina and a light-colored lamina of radial fibrous calcite.

The following diagenetic processes have modified the initial stromatolitic
structure during the evolution of these biosedimentary structures: dissolu-
tion, cementation, replacement, internal sedimentation and the disruption or
displacement of stromatolitic laminae and any internal detrital structure by
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aggrading neomorphism. There is no evidence of subaerial desiccation struc-
tures within the stromatolitic carbonate or associated carbonate grains.

Small open-space structures as much as 0.10 mm high occur within the
stromatolitic carbonate. These may represent voids formed by stromatolitic
encrustations over irregular surfaces or by the decomposition of calcite-en-
crusted organic matter (Osborne et al., in press). Such voids may be enlarged
by the dissolution of surrounding carbonate.

Large open-space structures (Fig. 6A) from 0.5 mm to 1 cm high probably
formed by multiple episodes of carbonate deposition and solution within the
stromatolites. This interpretation is suggested by the termination of stroma-
tolitic laminae against these voids, the high degree of inheritance between
successive laminae, and the likelihood that the calcitic laminae were hard
when only a few millimeters thick. Moreover, the outer laminae are usually
complete over the height of the stromatolites and do not show the defor-
mation which might be expected where these large open-space structures due
to laminae parting. It is also likely that organic matter which might supply
gas for uplift of stromatolitic laminae rapidly decreases with depth. There-
fore, this organic matter is not likely to yield much gas at any given time
(Osborne et al., 1982).

The dissolution of stromatolitic carbonate which produced the large,
open-space structures is one of the most obvious diagenetic effects. The
resultant cavities as well as voids beneath and among mollusc grains are fre-
quently either partly or wholly lined with clear, drusy calcite cement (Fig.
6B) with planar intercrystalline boundaries. Such linings often appear as
geopetal fabrics.

These large, open-space structures as well as voids between and among
coalescing domes may be filled with silt- and sand-sized detrital (Fig. 6A)
and allochemical grains, sparite, micrite or any combination of these consti-
tuents.

Another obvious diagenetic modification observed in both the stromato-
litic carbonate (Fig. 6C) as well as in void-filling micrite (Fig. 6A) is the em-
bayment and replacement of these calcitic materials by microspar and
pseudospar. Aggrading neomorphism is indicated by the replacement of
mollusc grains (Fig. 6D) and the occurrence of detrital and allochemical
grains floating in a mass of pseudospar. In several instances, it is likely that
displacive neomorphism has disrupted detrital laminae (Fig. 6E) within solu-
tion voids and has displaced stromatolitic laminae away from the main stro-
matolitic dome (Fig. 6F).

It is clear that diagenetic alteration may start shortly after carbonate
deposition (Osborne et al., 1982), and this is probably true for the Lake
Turkana stromatolites. Diagenetic alteration in response to fluctuations in
lake level, ground water and perhaps climatic factors have homogenized the
stromatolites at the petrographic scale so that there are no obvious diagen-
etic trends with age.
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ISOTOPIC RESULTS

The variations in §3C and §!%0 for each of the stromatolites studied are
presented graphically in Fig. 8. All of the isotopic measurements are plotted
in Fig. 7 as §'®0 vs. §'3C. Most of the results of the individual stromatolites
fall into fairly narrow ranges of values for each stromatolites (Tables I and
II). When the points scatter widely, as they do in some cases, it is usually
because the particular fragment being analyzed is from the outside or is next
to a void in the stromatolite and has been subjected to weathering.

The limonite-calcite cores of some stromatolite beds have different iso-
tope ratios from the algal deposited coating (Sample S, Fig. 7B). Finally,

Fig. 7. Matched sets of specimen drawings, graphs illustrating 5180 (solid line) and 5 13C
(dashed line) and actual specimens for each sample studied in detail. Centimeter scale
between left drawing and graph. A, Sample L, Area 105; B. Sample S, Area 127; C.
Sample J, Area 100, the only non-stromatolite sample.
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Fig. 8. All values of 580 vs. 6!3C. Linear regression calculated for all samples except

Sample J which is not stromatolitic and central part of Sample S, the limonite clast,

TABLE II

Bulk isotope analyses of additional selected stromatolites

Location of stromatolite bed 5180 s13C (PDB)
Area 3, Galana Boi beds 2.03 —0.28
1.61 0.01
1.26 —0.81
1.37 —0.08
1.38 —1.21
Area 103, upper algal unit 2.22 0.49
2.29 0.38
2.20 0.18
Area 103, middle algal unit 2.64 0.64
2.61 1.03
2.52 0.50
2.87 0.85
Area 103, lower algal-unit 4.32 1.38
3.50 0.61
4.47 0.78
Area 105, sub KBS Tuff —0.90 —1.60
—0.62 —1.65
Area 127, sub Tulu Bor Tuff 0.09 —1.08
0.17 —1.13
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many of the stromatolites at Lake Turkana formed on shells of various mol-
luscan species. The isotope ratios for these shells need not bear any relation-
ship to the isotope ratios of the algal calcite, because the calcites of stroma-
tolite and mollusc not necessarily having been deposited under identical lake
conditions. Despite these difficulties, if solid, relatively unaltered stromato-
lites are selected for analysis and interior fragments chosen with care and
taken as characteristic of the growth period for that stromatolite, it is pos-
sible to obtain meaningful values of 6§20 and §'°C for each bed (Tables I and
IT). These values fall along a straight line, as shown in Fig. 8, with a slope of
0.56 and an intercept at —1.22 on the §'3C axis.

The variation of oxygen isotope ratio with climatic conditions is well
known (see Emiliani, 1970; Margolis et al., 1975). Under warm, dry condi-
tions rain water is fractionated as it falls, with the water reaching the ground
enriched in the heavier isotope of oxygen. Evaporation of the lake waters
will also leave behind the heavier isotope. The §'%0 values thus increase with
arid conditions, and conversely, decrease during cool, wet periods. The fact
that the source of most of the water for the Lake Turkana basin is in the
highland areas of Ethiopia and to a lesser extent Uganda means that local
evaporation will have a more pronounced effect on §'80 than the conditions
prevailing where the rain fell. Figure 9 illustrates these changes with a parti-
cularly large climatic change taking place at about the time of the deposition
of the KBS Tuff. It is significant to note, our data also indicate that the Tur-
kana stromatolites formed under both arid and cool and wet conditions.

o] =t Guomde Formation

]
13 1 A Karari Tuff
15 l et Okote {(KF) Tuff

19 = KBS Tuff

2

32 ——5 = Tulu Bor Tuff

Approximate age
(Millions of years, b.p.)
:JE
Correlative units

1 1 i 1 1 1 1

-4 -3 2 A o I 2 3 a
3'3¢c or 3'%0, PDB, %e
Cool, Wet—=— RELATIVE CLIMATIC CONDITIONS —Hot, Dry

Fig. 9. Variation of 6 1830 and §!3C with age as derived from dated volcanic tuffs.
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The close parallel between carbon and oxygen isotope oscillations (Figs. 7,
10 and 11), suggests that the carbon and oxygen which have gone to form
the stromatolite have been in close equilibrium with their environment.
Whatever the detailed habitat in which the stromatolites grew, the carbon
and oxygen were subjected to similar fractionations. With oxygen we believe
the principal fractionating force is evaporation of water, concentrating the

Fig. 10. Matched sets of specimen drawings, graphs illustrating 5 180 (solid line) and 5 !3C
(dashed line), and actual specimens for each sample studied in detail. Centimeter scale
between left drawing and graph. A. Sample B, Area 3; B. Sample H, Area 103; C. Sample
E, Area 103; D. Sample F, Area 103,
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§°C

Fig. 11. Matched sets of specimen drawings, graphs illustrating 5 180 (solid line) and 5 13C
(dashed line), and actual specimens for each sample studied in detail. Centimeter scale
between left drawing and graph. A. Sample I, Area 103; B. Sample Org 5, Area 103; C.
Sample R, Area 119.

heavy oxygen in the liquid phase. The fractionation of carbon isotopes can-
not follow a similar route because there is believed to be no fractionation
between atmospheric carbon dioxide and dissolved carbon dioxide (Degens,
1969; Deins and Gold, 1973). But there is a major fractionation between
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dissolved CO, and bicarbonate ion, enriching the latter by about 7 to 10 per
mil in the heavier isotope. Thus, one possible explanation for the increase in
13C under arid conditions is an increasing reservoir of heavy dissolved carbo-
nate as the lake grows more alkaline. This hypothesis can be tested by iso-
topic examination of carbonate deposits, including stromatolites, in the
varied alkalinities of the rift valley lakes of Kenya and Tanzania.

There are still enormous gaps in our ability to interpret the isotope data.
There is little isotopic difference between the stromatolites below the Tulu
Bor Tuff up to the pre-KBS Tuff level. This is a period during which the lake
was fresh, and filled to overflow level (Cerling and Powers, 1977). Then
above the KBS Tuff level, there is a shift to much more positive §'80 and
513C values, characteristic of a much drier, hotter climate. This climatic
change is reflected in the changes in fossil vertebrates and molluscs, in the
geochemistry of tuff weathering, in the pollen trapped in the sediments. A
drift toward more negative isotope ratios is recorded in successive stroma-
tolite beds of Area 103 as the lake rose in a cooler, wetter period. There is
then, unfortunately, a break in the continuity of sedimentary beds through
much of the Pleistocene, until the Holocene. Presumably, there would be a
whole sequence of oscillations between wet and dry, cool and hot periods,
were the carbonate isotope information available. The ‘“‘early” Holocene cli-
mate is fairly cool and wet, which is verified by other evidence of a moder-
ate climate in the Sahara region at the end of the most recent glaciation.
There are no known deposits of stromatolites at Lake Turkana since that
time, so we cannot compare modern conditions with the ancient using a
modern stromatolite. The carbon and oxygen isotopic content of the
modern lake in terms of dissolved carbonates is very much more positive
than the Galana Boi (10,000 yrs B.P.) stromatolites, so that presumably the
trend lines in Fig. 9 would veer sharply to the right were stromatolites being
formed today, reflecting the much more arid conditions and warmer climate
of today. The degree of isotopic fractionation between the water carbonate
and the stromatolite carbonate is unknown.

It is interesting to compare the climatic data elucidated from stable car-
bon and oxygen isotope content of these stromatolites with other evidence
of climatic change. We have observed a major change of climate from cool,
wet to warm, dry conditions at about the time of deposit of the KBS Tuff,
i.e, about 1.9 m.y. ago. Cerling et al. (1977) have examined the oxygen iso-
tope ratios of pedogenic calcretes and nodules and carbonate nodules (non-
stromatolitic) from lacustrine clays from sediments at Lake Turkana and
they observe a shift in 8'80gyow values of 26.3—27.9 (—4.2 to —2.6pps)
below the KBS Tuff, to 30.4—33.0 (—0.2 to +2.3ppp) above that tuff. A
similar change in §'%0 was noted by these authors at Olduvai Gorge on
similar carbonate sediments. There, the change in oxygen isotope ratio
comes at the end of the deposition of Bed I, which would put the date of
major climatic change at about 1.7 m.y.

There are sources of information other than isotope ratios. For example.
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Cerling et al. (1977) observe that the weathering of volcanic ash below the
KBS tuff (to montmorillonite) differs from weathering of ash above that
tuff (to montmorillonite, chabazite and clinoptilolite). The latter products
are indicative of a hot, dry climate with alkaline, saline lake conditions,
while formation of the montmorillonite alone is a fresh water alteration pro-
duct of volcanic ash.

Harris (1976) notes a change in the fossil bovid population at the KBS
Tuff level, implying a change in climate or ecology. A similar change in
species population occurs in the fossil fauna at the Omo River between Mem-
bers G and H, dated at 1.8—1.9 m.y. (Coppens and Howell, 1976).

Palynology has also demonstrated a substantial change in climate at the
KBS Tuff level. Bonnefille has looked at the pollen assemblage from the
sedimentary deposits of both Lake Turkana (Bonnefille, 1976a) and the
Omo Basin (Bonnefille, 1976b). In both cases, the polien at pre-KBS Tuff
levels is characteristically highland and riverine in plant types, while the
post-KBS Tuff pollen assemblage is from plants characteristic of a savanna
environment.

Finally, Williamson (1978) has carried out an extensive study of the fossil
mollusc population of the Lake Turkana sediment, and he too finds a sharp
break in the occurrence of many species at the KBS Tuff level. Six of the
twenty-two mollusc species he identified become extinct at that time, sug-
gesting a change in ecological conditions inferred to be related to climatic
change. Gautier (1976) also notes changes in the fossil mollusc population
on the Omo Basin, but does not see quite such an abrupt change as William-
son (1978).

There is little doubt but that there was a major change in climate in the
Rift Valley in northern Kenya about 1.9 m.y. ago from cooler, wetter con-
ditions to hotter and drier conditions. It is interesting to speculate on and
would be even more interesting to measure the change in climate that took
place in the Rift Valley of Africa during the remainder of the Pleistocene
with the advances and retreats of the glaciers further north. Unfortunately,
that sedimentary history is incomplete in the deposits at L.ake Turkana. More
intensive searches of the Guomde beds for stromatolites would be highly
desirable,and the stable isotope study of other calcareous deposits in the
sediments might be productive. Stable isotope studies of the mollusc popula-
tion and the diatoms are planned. In addition, we plan to investigate other
lakes and basins along the Great Rift in Kenya and Tanzania that have stro-
matolites and other calcareous deposits. Eventually, it should be possible to
develop a detailed climatic history of the Great Rift Valley and relate that
to man’s evolution in this part of Africa.

SUMMARY AND CONCLUSIONS

Stromatolites have been extensively used in paleoecological analyses of
ancient marine settings, however their value as determinants of ecological
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conditions in ancient nonmarine environments have not been fully explored,
Our study of Middle Pliocene to Holocene stromatolites from lake deposits
ancestral to Lake Turkana, Kenya may be summarized as follows:

(1) Meaningful oxygen and carbon isotopic data are possible from bio-
genic stromatolites which have not undergone severe diagenetic alteration.
Such studies at Lake Turkana indicate a change in climatic conditions from
cool and wet prior to about 1.9 m.y. ago to dry and warm around 1.4 m.y.
ago followed in turn by somewhat cooler, moister conditions at the end
of the Pleistocene.

(2) The stromatolites formed in a variety of physical settings from fluvia-
tile to lacustrine, turbulent to non-turbulent; no single environmental setting
appears to have been favored.

(3) Though morphologies are extremely variable, the preserved bluegreen
algal microbiota presumed responsible for stromatolite formation is similar
in all stromatolites, regardless of morphology, age or environmental setting.

(4) The differences in microstructure found in the stromatolite cannot be
correlated with differences in the preserved microbiota or gross morphology.

(5) The gross morphology assumed by a stromatolite cannot be correlated
with any particular characteristic of the physical environment. We do not
know what controls macrostructure.
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