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Abstract—The Pleistocene Olorgesailie Formation in the southern Kenya Rift has yielded a remarkable
assemblage of Acheulean artifacts and vertebrate fossils, including hominin specimen KNM-OG 45500.
Members 1 and 7 both contain clay-rich deposits that have been pedogenically modified into paleosols
(UM1p and UM7p, respectively). This study provides the first detailed mineralogical and geochemical
analyses of the clays of this important Pleistocene basin. The smectitic clays, which show abundant
evidence for pedogenesis, were apparently originally deposited under lacustrine conditions. They have an
average structural formula of (Ca0.01Na0.32K0.26)(Si3.76Al0.24)(Al0.86Ti0.04Fe0.68Mg0.42)O10(OH)2. The
high layer charge clays indicate diagenetic alteration of detrital clay derived from the volcanic drainage
basin, probably involving alkaline waters of variable salinity. Despite overall lower salinity compared to
other Plio�Pleistocene basins of the region (e.g. Olduvai Gorge), the basin still shows evidence for
authigenic clay mineral precipitation. Clay chemistry and bulk geochemical indicators of pedogenesis
imply that UM1p clays more closely reflect depositional paleo-waters, whereas UM7p clays have been
more pedogenically altered due to subaerial exposure. UM1p smectites show some Mg enrichment near the
western Lava Hump locality, consistent with discharge of Mg-bearing paleo-waters from a volcanic aquifer
into a siliceous and alkaline (though not highly saline) paleo-lake. UM7p smectites were deposited in a
more saline paleo-lake, but have lost substantial amounts of Mg due to post-depositional weathering.
Locally abundant artifacts and vertebrate fossils found in these deposits accumulated at times following
deposition of the lacustrine clay, probably concurrent with pedogenesis. The limnological conditions
associated with initial clay deposition, therefore, preceded hominin occupation of the exposed surfaces.
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INTRODUCTION

Background

Efforts to reconstruct aspects of East African

Quaternary paleoenvironments are presently driven by

the needs for (1) quantitative continental paleoclimate

records, and (2) the context of evolution of hominins,

other vertebrates, and their behaviors. Paleolimnological

investigations are central to these efforts because lakes

and paleolakes are among the most abundant and

continuous sources of sedimentary data in and around

the East African Rift (Ashley and Renaut, 2002).

Quantitative paleolimnological datasets have been

derived from some of the larger lakes of the region, such

as Lake Malawi (e.g. Cohen et al., 2007). Some of these

investigations have yielded detailed records with multi-

proxy datasets based on calcareous or siliceous micro-

fossils and pollen (Kiage and Liu, 2006) and the records

have been valuable for both regional paleoclimate

reconstruction and correlation with models of global

paleoclimate, although most span only late Pleistocene

to historic time periods. Recent work on authigenic clay

minerals and other silicates suggests that these minerals

can be valuable sources of time-series paleolimnological

data, especially where other proxies are only present

intermittently (Hay and Kyser, 2001; Deocampo, 2004;

Deocampo et al., 2009).

One of the best known examples of basins that

produced authigenic silicates is the Late Pliocene to

early Pleistocene Olduvai Gorge paleolake in northern

Tanzania (Hay, 1976; Hay and Kyser, 2001). Upland

weathering of reactive volcanic ashes of the basin

yielded silica-rich alkaline waters, which, upon eva-

porative concentration within the basin, produced an

assemblage of authigenic silicates including zeolites,

clay minerals, K-feldspar, and Na-silicates. Authigenic

clay minerals make up a large proportion of the Olduvai

sediment, having formed from saline and alkaline waters

under highly evaporative conditions (Deocampo et al.,

2002; Deocampo, 2004; Hover and Ashley, 2003;

Deocampo et al., 2009). Due to the rarity of calcareous

and siliceous microfossils at Olduvai, the clays provide

the only quantitative geochemical proxies in the basin,
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i.e. stable oxygen isotopic composition (Hay and Kyser,

2001) and the amount of octahedral Mg in the clays

(Deocampo, 2004; Deocampo et al., 2009).

Authigenic lacustrine clays are well known from

many other basins, most of which are similarly saline

and alkaline and include the evaporative Lake Chad

basin (Tardy et al., 1974), Neogene paleolakes of France

and Spain (Calvo et al., 1999), alkaline volcanic basins

of the Pacific Northwest (Banfield et al., 1991), and arid

basins of the American Great Basin (e.g. Jones and

Spencer, 1999; Larsen, 2008).

Whether such minerals may form in fresher-water

settings is an open question. Thermodynamically, certain

dioctahedral smectites are favored to precipitate even in

dilute waters, as long as sufficient silica is present

(Jones, 1986; Deocampo, 2005), but these have not been

widely reported, perhaps because detrital or biogenic

materials tend to dominate freshwater deposits. If

authigenic clay minerals are forming in fresher-water

environments, they could represent another potentially

valuable paleolimnological tool for multi-proxy studies

of ancient lake deposits. This is an especially timely

issue, as plans are developing for international scientific

drilling in several clay-rich East African paleolakes

(Cohen et al., 2009; National Academy of Sciences,

2010).

The purpose of the present study was to test the

hypothesis that authigenic clay minerals are present in

the archaeologically significant deposits of the

Olorgesailie Formation, despite the relatively fresh

paleo-water chemistries suggested by the sedimentology

and diatom floras. The results suggest that even in

siliceous and diatomaceous sediment, authigenic clays

can provide valuable perspectives on the chemistry of

paleo-waters, and paleochemical variability across space

and time. The study lays the groundwork for future,

more detailed work in the Olorgesailie Basin, as well as

other basins the authigenic clays of which have not been

examined because the paleowaters were presumed to be

too fresh to produce such clays.

Clay minerals in East African lakes

Many Neogene lakes and paleolakes in East Africa

have developed along reaches of the East African Rift

with internal drainage on down-faulted crustal blocks

(Baker, 1986) and are, therefore, in many cases either

hydrologically closed basins themselves or through-flow

basins upstream of a terminal, evaporative lake (Jones

and Deocampo, 2003). The semi-arid climate in much of

East Africa has allowed many of these basins, for at least

some of their histories, to achieve significant evapora-

tive concentration of waters. The most extreme example

in the region is the Natron-Magadi Basin (Figure 1),

which hosts modern waters that at times exceed 300 g/kg

total dissolved solids (Jones et al., 1977). Such

environments can, of course, change dramatically over

geologic time, as demonstrated by freshwater stromato-

lites encrusting the rift scarp at elevations 50 m above

the modern highly saline Lake Natron (Icole, 1990).

Clearly, elevated salinity and alkalinity are required

for authigenic precipitation of Mg-rich clay minerals

(Jones, 1986; Stoessell, 1988) and several possible

mechanisms have been proposed, some of which may

also occur in less saline waters. Typically, pedogenic Al-

rich dioctahedral clays form through hydrolytic weath-

ering of silica-rich glass to yield siliceous, dilute alkaline

fluids (Banfield et al., 1991; Jones and Deocampo, 2003).

The detrital source clays interact later with evaporatively

concentrated fluids, yielding ‘reverse hydrolysis’ and

neoformation of clay minerals. Several mechanisms have

been proposed, including topotactic growth of interstra-

tified kerolite (Mg3Si4O10[OH]2)·H2O) (Jones, 1986),

precipitation of Mg-rich interstratifications on Al-rich

substrates (Banfield et al., 1991; Çolak et al., 2000), and

wholesale dissolution-precipitation (Hover and Ashley,

2003). At Olduvai, high-resolution transmission electron

microscopy (HRTEM) studies have yielded evidence of

both solid-state and dissolution-precipitation reaction

mechanisms (Hover and Ashley, 2003; Deocampo et

al., 2009). Uptake of magnesium and silicon into

authigenically precipitating clay minerals tended to

increase as carbonate precipitation increased aqueous

Mg/Ca, perhaps even producing pure magnesium silicate

under certain conditions (Stoessell and Hay, 1978; Jones,

1986; Jones and Deocampo, 2003). The processes are

strongly affected by local conditions such as the

availability of Al-rich substrates to facilitate topotactic

(i.e. template) interstratification (Jones, 1986).

Trioctahedral phases have been identified in the

Olduvai deposits, and detailed X-ray diffraction (XRD)

and infrared spectroscopy (IR) analyses have shown that

an authigenic phase of intermediate dioctahedral-tri-

octahedral composition has also formed there (Hover

and Ashley, 2003; Deocampo et al., 2009).

Evidence of Mg-enrichment in authigenic clays is

best seen through calculation of structural formulae

based on microanalysis of ultrafine (sub-micron) size

fractions. At Olduvai this is seen clearly in the

octahedral compositions of the clays (Hay and Kyser,

2001; Deocampo, 2004); whether such variation would

be expected in a fresher-water paleolake such as

Olorgesailie is not known. Electron microprobe analysis

(EMPA) or even TEM techniques used for these

microanalyses integrate a great many crystals, thus

producing a ‘bulk’ or average geochemical signature.

Geologic setting

The deposits of the Olorgesailie Formation in south-

ern Kenya (Figures 1b, 2) are a succession of fluvio-

lacustrine sediments comprising diatomaceous silts and

clays, some diatomite, volcaniclastic sands and gravels,

and tuff (Isaac, 1978; Shackleton, 1978; Owen and

Renaut, 1981; Potts et al., 1999; Behrensmeyer et al.,

2002). Olorgesailie is famous for its abundance of well
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preserved Pleistocene stone tool artifacts and associated

fossil fauna (Isaac, 1977; Koch, 1986; Potts, 1989),

including an ~1 my old cranium of a likely Homo erectus

individual (KNM-OG 45500; Potts et al., 2004). Efforts

are underway to understand how the spatial distribution

of fossils and artifacts relate to paleo-environmental

features and change through time (Potts et al., 1999;

Sikes et al., 1999; Behrennsmeyer et al., 2002).

Figure 1. (a) Locations of the field areas mentioned in the text. (b) Map (Reprinted from Palaeogeography, Palaeoclimatology,

Palaeoecology, 269, Owen et al., Diatomaceous sediments and environmental change in the Pleistocene Olorgesailie Formation,

southern Kenya Rift Valley, pp. 17�37. Copyright (2008), with permission from Elsevier.) of major localities with Olorgesailie

Formation outcrops and excavations, with location of the Olorgesailie Basin and other major features of the southern Kenya Rift

Valley inset. Because of space limitations, only a few significant archaeological excavations are labeled. For detailed site locations,

refer to Potts et al. (1999). Transect refers to data plotted in Figure 9.
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The Olorgesailie basin formed as a result of Plio-

Pleistocene subsidence within the southern Kenya Rift,

coincident with basin segmentation due to volcanism and

block faulting (Baker and Mitchell, 1976; Baker, 1986).

The Olorgesailie Formation is divided into 14 members,

comprising up to 80 m of sediment which overlies

unconformably an irregular lava surface (Isaac, 1978).

The development of multiple horst and graben structures

and southward-dipping basin tilting continued during,

and following, deposition, creating a structurally com-

plex setting (Owen and Renaut, 1981; Behrensmeyer et

al., 2002). Basement rocks of the basin consist mostly of

basalts and trachytes, with minor phonolites associated

with Mt. Olorgesailie itself (Shackleton, 1978).

Continued post-depositional faulting has allowed inci-

sion along an east�west transect following the strike of

the Ol Keju Nyiro River (Figure 1b), with additional

exposures extending northward along several faults.

Single-crystal 40Ar/39Ar dating of anorthoclase in

pumice gravels and ash beds within the Olorgesailie

Formation suggest sedimentation at between ~1.2 and

0.5 my ago (Figure 2; Deino and Potts, 1992).

Two intervals within Members 1 and 7 have been the

foci of long-term paleontological, archeological, and

paleo-environmental studies (Potts et al., 1999); they are

estimated to be ~0.99�0.97 and 0.78�0.75 my old,

respectively (Figure 2). The Member 1 interval, known

as UM1p (Upper Member 1 paleosol), is 10�30 cm

thick, consists mostly of greenish-brown mudstones,

with locally abundant rootmarks, slickensides, vertebrate

traces, fossil bone, and stone artifacts (Potts, 1989, 1994;

Potts et al., 1999). The Member 7 interval, known as

UM7p (Upper Member 7 paleosol), ranges from 5 to 40

cm thick, comprises greenish mud to clay, and also

contains locally abundant rootmarks and slickensides.

Fossils and artifacts are found within both intervals, but

overall artifact densities are greater in UM1p, as will be

discussed below (Potts et al., 1999). Hominin specimen

KNM-OG 45500 was discovered in a fluvial component

of basal Member 7 (Figures 1b, 2; Potts et al., 2004).

MATERIALS AND METHODS

Sampling and clay extraction

Sediment was sampled from the center of UM1p and

UM7p in measured sections and sealed in polyethylene

bags for transport and storage. To separate the clays,

~100 g of moist sample was soaked in ~200 mL of

distilled water. Several drops of concentrated sodium

hexa-metaphosphate solution were added to aid disag-

gregation, so Na-saturation of exchangeable sites can be

assumed. Sample slurries were then centrifuged using a

Sorvall Superspeed and a Beckman Ultracentrifuge at

progressively higher speeds up to 40,000 rpm to isolate

ultrafine, clay-size fractions following the centrifugation

equations described by Jackson (1969). Almost all

analyses reported here are from <0.1 mm size fractions;

Figure 2. Composite stratigraphic section of the Olorgesailie

Formation from Behrensmeyer (Owen et al., 2008). The target

strata of this investigation are Upper Member 1 Paleosol

(UM1p) and Upper Member 7 Paleosol (UM7p).
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some are from <0.03 mm fractions (Tables 1, 2). This

size separation is a crucial step in the clay purification in

order to remove volcanic glass shards and diatom

fragments that disrupt proper clay mineral orientation

on XRD mounts (Moore and Reynolds, 1997;

Deocampo, 2004). Very poor diffraction patterns were

found in these samples when only <2.0 mm size fractions

were extracted, leading to the erroneous conclusion that

only amorphous phases are present.

Analytical methods

Samples were mounted oriented on glass slides, both

air-dried and ethylene glycol solvated, following Moore

and Reynolds (1997) and analyzed by XRD using CuKa
radiation. Selected powders of samples were air-dried,

mounted randomly oriented, and scanned from 55 to

65º2y with very slow scan speeds to identify the 060

peaks. Sample separates were dried into pellets at 105ºC

overnight, mounted in epoxy resin, polished with

anhydrous lubricants, and analyzed repeatedly for

major-element concentrations with a JEOL electron

microprobe using wavelength-dispersive spectra, an

accelerating voltage of 15 kV, and a beam current of

~5.8 nA. Shrinking of the clay extracts upon drying

creates a hard clay chip that behaves mechanically like

large mica grains; hence, little or no penetration of the

Table 1. Average chemical composition (wt.%) of <0.1 mm Olorgesailie clays determined by EMPA. Each reported value
consists of five microprobe analyses for each sample, renormalized and averaged. The average standard deviation for each
element (for each sample) is Na2O = 0.4%, K2O = 0.4%, CaO = 0.1%, MgO = 0.3%, SiO2 = 0.8%, Al2O3 = 0.3%, TiO2 =
0.2%, and Fe2O3 = 0.8%. Averages are shown in this table, but all individual analyses are shown in Figures 5�8. A small
number of significant archeological sites is labeled in Figure 1; for more detailed location information, see Potts et al. (1999)
and Sikes et al. (1999).

Sample # Unit Archaeological
site

Na2O K2O CaO MgO Al2O3 SiO2 TiO2 Fe2O3

OG-1 UM1p Site 25 2.5 3.2 <0.10 5.2 13.5 60.7 0.6 14.3
OG-3 UM1p Site 21 2.2 3.4 0.19 4.8 13.9 60.9 1.1 13.5
OG-5 (<0.03mm) UM1p Site 15A 3.4 2.4 0.30 4.4 15.0 60.2 0.9 13.3
OG-5 (<0.1mm) UM1p Site 15A 2.8 3.2 0.43 4.0 14.7 60.2 1.0 13.5
OG-8 UM1p Site 15 (mid) 2.2 2.9 0.18 3.7 14.8 59.6 0.8 14.8
OG-17 UM1p Site 12 1.9 2.9 0.45 4.8 13.7 61.1 0.8 13.4
OG-23 UM1p Site 3 2.5 3.6 <0.10 4.3 15.3 59.0 0.9 14.4
OG-24 UM1p Site 118 2.2 4.2 0.13 4.2 14.2 59.9 0.8 14.3
OG-27 UM1p Site 140D (up) 3.0 3.5 <0.10 4.3 13.9 59.7 0.9 14.6
OG-36 UM1p Site 140G

south
2.3 4.2 0.10 4.3 14.1 58.6 1.0 15.2

OG-37 UM1p Site 155 2.9 3.4 0.17 5.0 14.1 60.0 0.8 13.5
OG-38 UM1p Site 170 2.4 3.7 0.50 4.4 14.0 59.6 1.0 14.4
OG-39 UM1p I-3 3.2 3.4 0.18 4.7 14.3 61.5 0.8 12.5
OG-52 UM1p Site 93 3.4 2.5 0.16 4.0 15.0 60.9 0.8 13.0
OG-53 UM1p Hyena Hill

(lay4)
3.0 3.1 0.20 3.9 14.3 59.6 0.9 14.7

OG-67 UM1p A-west 2.3 3.0 0.66 4.1 14.9 60.4 0.8 13.7
OG-68 UM1p LocAquarry 2.9 2.2 0.12 8.0 13.2 59.9 0.6 12.9
OG-85 UM1p D-91-03/4 3.8 1.7 0.33 7.5 12.7 61.7 0.6 11.7
OG-128 UM1p D-7-1 2.9 3.8 <0.10 5.3 14.5 58.0 0.6 14.7
OG-91 UM7p B-96-01 2.5 3.1 <0.10 2.8 16.7 57.3 0.9 16.6
OG-92 UM7p P-10 3.5 3.1 <0.10 3.4 15.4 57.4 0.6 16.6
OG-99 UM7p C-97-14 2.4 3.7 <0.10 3.7 15.9 57.2 0.6 16.4
OG-116 UM7p A-96-03 1.6 3.9 <0.10 6.2 10.5 57.4 0.6 19.5
OG-119 UM7p A-91-02 2.8 4.5 <0.10 3.9 14.6 57.4 0.8 15.9
OG-121 UM7p 91-06 2.3 3.8 <0.10 4.2 15.7 58.4 0.8 13.1
OG-122 UM7p AD-98-2 2.3 4.2 <0.10 4.3 15.9 58.0 1.1 14.3
OG-123 UM7p AD-97-1 2.0 4.3 <0.10 4.6 15.8 58.3 0.9 13.9
OG-129 UM7p D-7-1 2.0 4.3 <0.10 8.5 12.2 58.8 0.9 13.2
OG-131 UM7p D-98-3 3.3 3.1 <0.10 3.8 16.2 59.2 0.8 13.4
OG-133 UM7p ADstop27 2.4 3.3 <0.10 6.3 14.9 59.4 0.5 13.1
OG-97 M1 I-3south 2.5 1.6 0.31 3.3 17.4 58.1 0.8 15.8
OG-98 (n = 3) M1 C-01-01 2.8 1.7 <0.10 3.6 16.5 57.9 0.6 16.3
OG-125 M13 A94/04 2.8 2.3 <0.10 3.0 18.5 59.0 0.7 13.6
OG-137 (n = 6) Modern Kiserian 0.1 0.5 0.73 0.47 33.7 50.9 0.7 12.6
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sample by epoxy was observed. All Fe was assumed to

be Fe2O3. Analyses totaling <~90%, probably due to

unintended clay rehydration, were discarded.

Structural formulae on an O10(OH)2 basis, including

octahedral cation compositions in atoms per formula unit

(a.p.f.u.), were calculated to achieve a 2:1 layer silicate

structure in charge balance with 22 negative charges,

following Moore and Reynolds (1997). Electrical

charges for the tetrahedral and octahedral sheets were

derived from the structural formulae. Although this

method has been shown to have practical shortcomings

in predicting cation exchange behaviors in applied

settings, probably because of assumptions regarding

ion behavior near exchange sites (Christidis, 2008), it

remains a useful way to represent and compare

compositions and crystallographic charge balance

among 2:1 layer silicates (Deocampo et al., 2009).

Trace metal concentrations of whole-rock powders

were determined by laser ablation inductively coupled

plasma mass spectroscopy (LA-ICP-MS) in the geo-

chemistry laboratory at Michigan State University, USA.

A more complete paleopedological analysis will be

presented elsewhere, but selected whole-rock trace

element data will be used below to test hypotheses

regarding the clay geochemistry.

RESULTS

Oriented XRD

The <0.1 mm clays from both UM1p and UM7p are

dominated by smectite, most with a clearly defined

17.5�18.0 Å 001 peak on glycolation, with rational

basal spacings (Figure 3). Basal spacings in most

samples suggest, in general, little to no illitic interlayer-

ing in the smectites. Samples from the incipient red soils

on top of the eastern rift shoulder (OG-137) ~15 km to

the east contain abundant kaolinite, but kaolinite was

absent from all Olorgesailie samples analyzed.

Randomly oriented XRD

Measurements of the 060 peaks of randomly oriented

mounts represent the average size of the clay mineral

octahedral sheet (Figure 4). Local upland soil clays,

Figure 4. XRD patterns of randomly oriented <0.1 mm clay

extracts from the basin margin soil and UM1p and UM7p. Peak

positions are interpreted as representing average d space values

for a mixture of somewhat homogeneous clay octahedral sheets

(Moore and Reynolds, 1997). Octahedral substitution of either

Fe or Mg for Al has the result of shifting the d space to greater

values, thereby shifting the peak position to the left (Deocampo

et al., 2009).

Figure 3. XRD patterns of oriented and glycolated <0.1 mm clay extracts from the basin margin soil, UM1p and UM7p. Olorgesailie

clays are dominated by smectites, with little or no illitic interstratification. The Kiserian clay (OG-137) represents a modern soil

from the rift highland (~20 km east of the basin), a potential analogue for detrital input into the Olorgesailie basin during the

Pleistocene.
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representing potential detrital source clays for the

eastern margin of the basin, are easily distinguished

from Olorgesailie Formation clays. The soil clays are

dominated by a peak near 1.491 Å, corresponding to

kaolinitic and halloysitic clays from red soils of the

highland rift valley flanks. In contrast, all of the

analyzed smectitic clays from within the basin have

060 peaks between 1.506 and 1.511 Å, well within the

range for dioctahedral Al-rich smectite (Moore and

Reynolds, 1997; Hay and Kyser, 2001).

Electron microprobe analyses

Each EMPA result used for structural calculations is

the mean of 3�6 individual measurements on each

sample (Tables 1, 2). Based on a total of 176 EMPA

analyses, the Olorgesailie clays are nearly all purely

dioctahedral (Figure 5). The analyses that plot near the

border of the dioctahedral field with the ‘‘compositional

gap’’ of Weaver and Pollard (1973) are probably due to

the analytical beam including some Mg-rich crystals that

are either trioctahedral (Hover and Ashley, 2003) or of

intermediate dioctahedral�trioctahedral composition

(Deocampo et al., 2009).

The main population of octahedral compositions for

samples from both members clusters around octahedral

composition proportions of ~45:35:20 (Al:Fe:Mg),

corresponding to an octahedral composition of

~Al0.9Fe0.7Mg0.4 a.p.f.u. (Figure 6). With a majority of

the charge attributable to the octahedral sheet, the

smectites have a generally montmorillonitic composition

(Moore and Reynolds, 1997). Significant variability is

found in the octahedral composition (Figure 5), how-

ever, especially a trend toward Mg enrichment. The most

Mg-rich analysis has octahedral composition proportions

of 28:26:46 (Al:Fe:Mg), corresponding to a significantly

enriched octahedral composition of Al0.60Fe0.55Mg1.0.

Trace metals

Whole-rock Ba and Sr both vary widely (Table 3).

The Ba concentrations vary from 204 to 749 mg/kg,

averaging 372 mg/kg for UM1p and 395 mg/kg for

UM7p. Sr concentrations vary from 50 to 229 mg/kg,

averaging 123 mg/kg for UM1p and 122 mg/kg for

UM7p.

DISCUSSION

Clay mineral origin and diagenesis

The clays of Members 1 and 7 examined here both

occur in what have been described as ‘‘paleosols,’’
UM1p and UM7p, respectively (Potts et al., 1999).

This refers to the geologic definition of a ‘‘paleosol’’
provided by Retallack (2001), which emphasized the

alteration in situ of a pre-existing material at the land

surface. Indeed, by this definition UM1p and UM7p are

associated with abundant indicators of subaerial expo-

sure and pedogenesis (Potts et al., 1999; Sikes et al.,

1999; Behrensmeyer et al., 2002). For UM1p, the

indicators include rootmarkings, burrows, footprint

surfaces, and weakly developed vertical peds. For

UM7p, the indicators include prismatic to granular

peds, cutans, slickensides, root traces, and root casts.

Pedogenic carbonate nodules are locally common in both

UM1p and UM7p (Sikes et al., 1999). Because the

Figure 5. Octahedral cation compositions of <0.1 mm clay extracts, determined by electron microprobe analysis. (~: UM1p

samples; &: UM7p samples. Because the scale of analysis is orders of magnitude larger than individual authigenic crystals, these

should be considered as averages rather than individual crystal compositions. The trend of Mg enrichment toward the

"compositional gap" of Weaver and Pollard (1973), therefore, reflects clays of increasing content of either trioctahedral (Hover and

Ashley, 2003) or intermediate octahedral composition (Deocampo et al., 2009).
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paleosols are very thin (<40 cm), the paleosol may not

be fully diagnosed on the basis of geochemical profiles

(USDA, 1999). The presence of vertical ped structures

and slickensides, however, is suggestive of vertisolic

paleosol development.

The UM1p and UM7p clays are unlikely to be

pedogenic clays sensu stricto, i.e. the residue of

hydrolytic incongruent dissolution of alumino-silicate

minerals. The occurrence of these paleosols atop

diatomite and diatomaceous silts does not provide

suitable parent material containing abundant alumino-

silicate minerals (especially feldspars or volcaniclastic

glass) for strictly pedogenic production of clay minerals.

In order to produce a 10�40 cm thick bed of mostly clay

through pedogenic processes alone, a highly tuffaceous

lithology would have to be weathered in situ, which

would be associated with other evidence of the altera-

tion. Instead, both glass and diatoms are preserved in the

UM1p, and the diatomaceous and tuffaceous sediments

of Member 7 underlying UM7p are relatively unaltered.

Both of these indicate that alteration conditions were not

so extreme. A simpler explanation for the origin of the

clays would be as lacustrine clay, initially derived from

weathering of upland volcanics in the drainage, trans-

ported into the basin, and then subjected to lacustrine

early diagenesis. The relatively broad 00l peaks are

consistent with lacustrine clay authigenesis, which tends

to produce clay minerals with relatively low crystal-

linity, and even multiple authigenic phases with some-

what variable octahedral compositions (Deocampo et al.,

2009).

Unfortunately, the deposits are not sufficiently

exposed to trace them to the basin depocenter to better

characterize differential pedogenesis through the unit.

Nevertheless, pedogenesis in both UM1p and UM7p was

not homogeneous laterally across the units. Both UM1p

and UM7p are laterally continuous, and their paleosol

attributes do not cross-cut other sedimentary horizons. In

that regard, the stratigraphy of these clayey deposits is

consistent with lacustrine sedimentation, although pedo-

genic alteration is also clear. Syndepositional and post-

depositional reactions have probably substantially

altered the clays from their initial compositions. Upon

subsequent subaerial exposure, the clays were probably

also affected by pedogenesis, as discussed below, but

their initial formation occurred elsewhere on the

paleolandscape. In both UM1p and UM7p times,

subaerial exposure occurred due to a drop in lake

level, with associated minor channelization documented

on these paleolandscapes (Potts et al., 1999).

Table 3. Whole-rock trace metal concentrations of samples from which the <0.1 mm clays were extracted, determined by LA-
ICP-MS and reported as mg/kg (parts per million).

Sample # Unit Site Ba Sr Ba/Sr

OG-1 UM1p Site 25 336 111 3.03
OG-3 UM1p Site 21 359 112 3.21
OG-5 UM1p Site 15A 413 117 3.24
OG-5 UM1p Site 15A 413 117 3.24
OG-8 UM1p Site 15 (mid) 406 135 3.01
OG-17 UM1p Site 12 359 106 3.39
OG-23 UM1p Site 3 278 84 3.31
OG-24 UM1p Site 118 433 138 3.14
OG-27 UM1p Site 140D (up) 505 164 3.08
OG-36 UM1p Site 140G south 341 122 2.80
OG-37 UM1p Site 155 339 116 2.92
OG-38 UM1p Site 170 550 229 2.40
OG-39 UM1p I-3 239 63 3.79
OG-52 UM1p Site 93 204 50 4.08
OG-53 UM1p HyenaHill (lay4) 430 135 3.19
OG-67 UM1p A-west 420 162 2.59
OG-85 UM1p D-91-03/4 506 105 2.74
OG-128 UM1p D-7-1 343 114 3.01
OG-91 UM7p B-96-01 749 182 4.12
OG-92 UM7p P-10 331 90 3.68
OG-99 UM7p C-97-14 422 87 4.85
OG-116 UM7p A-96-03 434 95 4.57
OG-121 UM7p 91-06 408 141 2.89
OG-122 UM7p AD-98-2 265 100 2.65
OG-123 UM7p AD-97-1 350 107 3.27
OG-129 UM7p D-7-1 292 125 2.34
OG-131 UM7p D-98-3 480 135 3.56
OG-133 UM7p ADstop27 411 113 3.64
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The composition(s) of stream-transported, detrital

clay minerals are difficult to establish. Upon entry into

the complex of lake and wetland environments in the

basin, they were probably chemically altered. The

paleoclimate during much of the Early and Middle

Pleistocene in southern Kenya was significantly more

humid than present (deMenocal, 2004; Trauth et al.,

2005). At Olorgesailie, Sikes et al. (1999) also reached

this conclusion based on the stable-isotope composition

of paleosol carbonates. The intensity of hydrolytic

weathering of volcanic rocks in the Olorgesailie

drainage basin was, therefore, at least as great as at

present, and probably more intense.

Clays extracted from two modern upland soils in the

region have been analyzed and reported by Deocampo

(2004). Both are from red soils � one developed in

trachytic lava at Ngorongoro Crater, Tanzania, and the

other developed on basaltic lava near Oltepesi on the

flank of the southern Kenya Rift adjacent to the

Olorgesailie Basin (Figure 1). Both clays were domi-

nated by kaolinite, with minor halloysite. The clays are

similar to those reported by Mahaney (1991), who

analyzed late Quaternary relict soils and paleosols atop

Mt. Kenya. Hay and Kyser (2001) reported a possibly

Holocene illitic, pedogenic clay from the Crater wall

road at Ngorongoro, again with an Al-rich octahedral

composition of 1.1:0.6:0.3 (Al:Fe:Mg) a.p.f.u.

A fourth, modern clay from Kiserian was also

sampled on the flanks of the Olorgesailie Basin, but at

greater altitude, ~20 km to the east. Although the

chemical composition was determined, structural for-

mulae were not calculated for this clay because it is

clearly heterogeneous (Table 1). The XRD results

(Figures 3, 4) show it is composed of kaolinite and

smectite, probably an Fe-rich smectite, considering that

the bulk sample contained up to 12% Fe2O3. Clays in the

Kiserian soil are, therefore, dominated by Al-rich and

relatively Fe-rich clays with very small layer charge.

The alkali cation content (i.e. interlayer cations) in the

clay is an order of magnitude less than those of the

Olorgesailie clays, with the exception of Ca2+, which is

to be expected because Ca2+ affinity is greatest for clays

equilibrated with fresh waters.

Any potential detrital source clays originating in

upland soils around Olorgesailie were, therefore, likely

to be the products of fairly heavy weathering. As all

these modern soils (which are probably less intensely

weathered than those of the early Pleistocene) show,

pedogenic clays in the region are more likely to be Al-

rich. Even for a smectitic or illitic pedogenic clay

source, clays would have been dominated by Al and Fe,

with negligible octahedral substitution of Mg. Al- and

Fe-dominated clays have been documented in many

Holocene and younger soils of the region (Jager, 1982;

Mizota et al., 1988). During periods of axial drainage

within the Rift, the relative proportions of such

pedogenic clays in transport and reworked sedimentary

clays may have varied. Without sedimentological data

indicating such detrital transport, the possibility of this

variation is difficult to assess.

Alternatively, much of the clay may be derived from

a more pure, pedogenic smectite developed through

incomplete hydrolysis in the Olorgesailie drainage basin

itself. Indeed, Hover and Ashley (2003) reported similar

clay compositions in Pleistocene volcaniclastic fan

sediments on the western flank of the Ngorongoro

Volcanic Highlands. Deocampo et al. (2009) argued

that the same sediments also appear to have been

influenced by alkaline waters in the basin, based on

HRTEM observations of microfabrics, increased layer

charge, and interlayer cation contents.

The compositions of the Olorgesailie clays are in

contrast to these hypothetical upland pedogenic sources,

with uniform 2:1 mineralogy, high layer charge domi-

nated by the octahedral sheet, and (for a small number of

samples) a Mg-enrichment trend (Table 2, Figure 6).

The compositions are consistent with the formation of

authigenic or diagenetic smectite and illite-smectite in

standing water with elevated silica and alkali contents

(Jones, 1986). Indeed, the abundant diatoms in the basin

provide a ready source of amorphous silica to support

clay neoformation in alkaline lake waters, perhaps

similar to the dramatic transformation of diatom

frustules to authigenic clay as reported from the

Bolivian salars (Badaut and Risacher, 1983). Such a

Figure 6. Ternary diagram showing trends in the octahedral-

cation composition of the Olorgesailie Clays. ~: UM1p

samples; &: UM7p samples. For comparison, the approximate

range of clay mineral compositions from the nearby Olduvai

basin are shown (Hay and Kyser, 2001; Deocampo et al., 2002;

Hover and Ashley, 2003; Deocampo, 2004; Deocampo et al.,

2009).
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transformation does not require high salinity for most of

the clays, although the Mg-rich clays were certainly

formed in more concentrated waters.

Smectite layer charge

The compositional patterns are the same for both

UM1p and UM7p clays � both have mostly the same

compositional clustering and a small number of samples

with evidence of Mg enrichment (Figures 5 and 6). One

significant difference between them does exist, however

� the relative contributions of the tetrahedral and

octahedral sheets to the total layer charge. Increase in

octahedral charge (calculated as the difference between

positive charges from octahedral cations and negative

Figure 7. Layer-charge relationships for the Olorgesailie <0.1 mm clays, calculated from structural formulae based on electron

microprobe analyses.~: UM1p samples;&: UM7p samples. Reported p values for correlations are one-tailed. (a) The relationship

between octahedral charge and the total layer charge (octahedral plus tetrahedral charges) � variations in layer charge are due

primarily to variations in octahedral charge. (b) The relationship between tetrahedral charge and the total layer charge � no

correlations were found, again confirming the dominance of octahedral variations in controlling layer charge in these clays.

(c) Relationship between the octahedral charge proportion (octahedral charge divided by total layer charge) and total layer charge.

For UM1p, no relationship was found, showing that octahedral charge dominates layer charge across all values of layer charge. For

UM7p, however, a good correlation was found, showing that octahedral charge dominates only for samples with high layer charge –

the only significant difference found between clays of UM1p and UM7p, reflecting a difference in diagenetic history.
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charges from octahedral oxygen atoms) is the primary

factor in increasing the overall layer charge for both

UM1p and UM7p clays (Figure 7a), consistent with a

diagenetic process primarily affecting octahedral com-

positions (i.e. Mg substitution).

The two paleosols differ, however, in the variations

of the proportion of total layer charge represented by the

octahedral sheet. For all UM1p samples, octahedral

charge dominates but for UM7p, octahedral charge only

dominates in the samples that have a large total layer

charge (Figure 7c). For those UM7p samples with total

layer charge of <~�0.8 equivalents per formula unit, the

charge is about evenly split between octahedral and

tetrahedral sheets. The patterns in layer charge appear to

derive from the larger amount of Al substitution in the

tetrahedral sheets for the UM7p samples (Table 2). This

may be related to the greater role played by low-

temperature illitization, with enhanced Al substitution,

an increase in layer charge due to increased tetrahedral

charge, and eventually K fixation (Eberl et al., 1986,

1993). The effects of pedogenic alteration are reflected

here, an hypothesis tested below through the use of

trace-metal analysis. For all samples, however, changes

in octahedral charge are clearly the greatest contribution

to layer charge, and these are most strongly related to

transformations affecting octahedral cation composition.

Another potential source of increased layer charge is

the reduction of octahedral Fe(III) to Fe(II), a process

common to many anaerobic depositional settings (e.g.

Singer and Stoffers, 1980). Unfortunately, redox chem-

istry data are unavailable for the present samples (i.e.

FeO/Fe2O3) and the reduction is not likely to be an

important contributor to layer charge because no

significant correlation is found between Fe content and

the components of layer charge (Table 2).

Trace-metal analysis of the UM1p and UM7p bulk

paleosol samples are consistent with the interpretation that

pedogenesis, including hydrolytic alteration, imprinted the

geochemical signature of the authigenic clays to a greater

extent on UM7p than on UM1p. A strong relationship is

seen between clay geochemistry and the Ba/Sr ratio of

whole-rock samples. Ba/Sr ratios are commonly used in

paleopedology as a geochemical proxy for the intensity of

hydrolytic alteration (i.e. leaching) that has occurred

(Retallack, 2001; Sheldon and Tabor, 2009). Because Sr is

much more soluble than Ba, as hydrolytic weathering

proceeds, preferential Sr loss increases the bulk Ba/Sr

value. Therefore, greater Ba/Sr values indicate more

leaching. In the UM1p clays, no relationship is seen

between Ba/Sr and ultrafine clay chemistry (Figure 8a). In

UM7p, however, a strong inverse relationship is found

between bulk Ba/Sr and the proportion of layer charge in

the ultrafine clays attributed to the octahedral sheet,

calculated as octahedral layer charge (OC) divided by

total layer charge (LC) (Figure 8b). Samples with greater

bulk Ba/Sr have smaller OC/LC values, implying that, for

UM7p, hydrolytic alteration due to pedogenesis has

locally affected the clay geochemistry, reducing octahe-

dral charge, and proportionally enhancing the tetrahedral

charge. Clay chemistry is altered most in those samples

which are most intensely leached, i.e. those which have

the greatest Ba/Sr values. Such patterns are not seen in

UM1p, suggesting that post-depositional alteration was

not as severe in UM1p, and that the geochemical variation

is more indicative of primary lacustrine conditions. The

more common occurrence of pedogenic structures in

UM7p, such as ped formation and shrink-swell slicken-

sides, reinforce this.

Examination of the lateral variations in clay octahe-

dral Mg content and whole-rock Ba/Sr ratios shows an

Figure 8. Relation between the octahedral charge fraction for

<0.1 mm clays, averaged from all electron microprobe analyses

for each sample, and the trace metal ratio Ba/Sr for the whole-

rock sample, determined by laser ablation ICP-MS. Ba/Sr is an

indicator of hydrolytic alteration (i.e. pedogenesis; Retallack,

2001; Sheldon and Tabor, 2009), which apparently had a much

greater impact on UM7p clay geochemistries than on UM1p. For

b, correlation coefficients are shown both for the complete

dataset (solid line) and for the dataset with the outlier data point

removed from the calculation (dashed line). Reported p values

for correlations are one-tailed.
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interesting comparison between UM1p and UM7p

(Figure 9). The Mg content in the UM1p clays is fairly

homogeneous, with the Octahedral Cation Index

(Mg/(Al + Fe); Deocampo, 2004) of these clays being

~0.25�0.32 across the eastern part of the field area.

Only in the extreme western samples (near the Lava

Hump) do they rise considerably, as high as ~0.50. The

Mg content in UM7p clay, however, is more variable,

ranging from ~0.15 to 0.4 in the eastern areas, and again

rising to >0.50 in the west. Because the clay Mg content

is well correlated with bulk Ba/Sr in UM7p, similar

lateral variations in Ba/Sr values for that unit are

distributed in the same fashion. UM1p Ba/Sr values

appear to rise systematically toward the east, a pattern

not seen in any other geochemical indicator observed,

and one not significantly related to clay chemistry. The

Mg content is a topic of continuing research that will be

addressed elsewhere; the behavior must be explained

either by Sr depletion due to hydrolytic weathering in

the east or by Sr enrichment due to alkaline deposition in

the west (Figure 9b).

An alternative explanation for the Ba/Sr ratios is that

carbonate-bearing groundwaters locally enriched deposits

in Sr at times of carbonate precipitation. The carbonate

nodules are small (0.1�1.5 cm in diameter), however, and

have been interpreted not as groundwater carbonates, but

rather as pedogenic carbonates (i.e. in equilibrium with

soil CO2; Sikes et al., 1999). A pedogenic origin would,

therefore, not enrich the bulk sediment in Sr. A third

possibility is that aeolian input of sodium carbonate dust

from other evaporative watersheds in the basin could have

locally enriched the sediment in alkalis, even perhaps

contributing to the carbonate nodule formation. This is a

difficult hypothesis to test, however, considering how

soluble the materials were and the relatively fresh paleo-

waters of the Olorgesailie basin.

Paleoenvironmental implications

Although the clayey deposits of UM1p and UM7p are

both thin, 440 cm, the laterally continuous clay-rich

deposits are strongly suggestive of open-water condi-

tions. Octahedral compositions of the clays are very

similar between the two members, suggesting similar

geochemical environments (Figure 6). Although a Mg-

enrichment trend is apparent in some samples, even the

most Mg-rich have octahedral Mg of only ~1.0 a.p.f.u.,

good evidence for diagenesis in alkaline lake water

(Jones, 1986), although perhaps of only moderate

salinity (Deocampo, 2004). By way of comparison,

expansion of Paleolake Olduvai ~1.8 my ago was

recorded by a change in authigenic clay mineral

octahedral Mg content from ~2 at lowstand to

~1 a.p.f.u. at high stand (Deocampo, 2004). Mg-enrich-

ment in the Olduvai clays appears to be due to solid-state

alteration to an illite-smectite with intermediate octahe-

dral composition (Deocampo et al., 2009) or tri-

octahedral illite (Hover and Ashley, 2003). Such

alteration requires a diagenetic environment with pore

fluids with elevated salinity and high Mg/Ca ratios.

K-fixation may have occurred contemporaneously or

later. No HRTEM investigations have yet been carried

out on the Olorgesailie clays, but if similar processes are

at work, then the Olorgesailie clays with the greatest Mg

content represent paleolake waters with salinities about

as great as Paleolake Olduvai during freshwater times.

Hay and Kyser (2001) characterized this as moderate

salinity and pH <9.5. For UM1p, this is consistent with

lacustrine diatom transfer functions approximating

paleo-conductivity at 1000�10000 mS/cm and paleo-pH

at 8.5�9.5 (Owen et al., 2008). Insufficient diatoms

have been found in UM7p for such a calculation.

Although the variability is not great among the

samples studied here, the small number of samples that

Figure 9. Lateral variation in octahedral clay chemistry and

whole-rock Ba/Sr ratios along the transect plotted in Figure 1.

Clay chemistry in UM1p is fairly uniform in most of the field

area, with the high-Mg samples in the west. UM7p clay

chemistry is more variable. Both UM1p and UM7p show

eastward increases in Ba/Sr, though it is more pronounced in

UM1p.
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do show significant levels of Mg enrichment requires

explanation. The variability can be explained in one of

two ways. Either (1) the Mg enrichment trend is a

primary feature, representing lacustrine paleoenviron-

mental gradients or heterogeneity, or (2) the octahedral

variations reflect differential pedogenic alteration of the

primary, laterally uniform composition. The first possi-

bility is consistent with a freshwater source feeding a

lake with elevated salinity; waters nearer the source (e.g.

stream or spring discharge) would have lower salinities.

Such a condition is generally seen in large, heavily

evaporated lakes where very large concentration gradi-

ents lie between fresh and evolved waters. One of the

first major studies of Mg enrichment in authigenic clays

was just such a case, at Lake Chad. Millot (1964) found

that the most Mg-rich clays were in the basin center,

whereas clays at the periphery, nearer to inflow, had less

Mg content. This seems unlikely for the Olorgesailie

Basin, which only sporadically reached very high

salinity (Behrensmeyer et al., 2002; Owen et al.,

2008). If, however, the pattern in Mg enrichment is a

primary signal of lacustrine sedimentation, then for

UM1p the most Mg-rich clays are found to the west at

the ‘Quarry Site’ (Site AD1-1) adjacent to a faulted

basaltic lava known as the ‘Lava Hump.’ Because of the

proximity to the lava, Mg enrichment may have occurred

in the lake because of the influence of the lavas on

groundwater chemistry. A similar setting is reported for

Late Pleistocene and modern Mg-rich clays in the

Amboseli basin next to Mt. Kilimanjaro, where dischar-

ging groundwaters have slightly elevated Mg content.

They erupt into siliceous, alkaline waters, allowing Mg-

rich clays to form without substantial evaporative

concentration (Stoessell and Hay, 1978; Deocampo,

2005). Alternatively, more saline and alkaline conditions

existed to the west though no gradual gradient toward

greater Mg content in the west was found � only the

peak in Mg content near the Lava Hump. For UM7p, no

single direction in Mg enrichment was found laterally �
a relatively large Mg content was found at several points

throughout the basin (Figure 9). If this pattern is a

primary signal from the lake, then it reflects bottom-

water heterogeneity rather than a paleoenvironmental

gradient.

The second scenario explaining Mg abundance is that

the variations are due to secondary diagenetic and/or

pedogenic alteration of original Mg-bearing clays. Such

was found to be the case at Olduvai Gorge, where original

primary Mg-rich clays (deposited at high lake stand) were

preferentially leached of Mg in areas where surface- and

groundwater-fed wetlands developed (Deocampo et al.,

2002). In pore waters where microbial degradation of

organic matter leads to high PCO2
(commonly found in

wetlands), the resulting pH changes can strongly impact

diagenetic mineral stabilities (Langmuir, 1997; Deocampo

and Ashley, 1999). The effects on precipitation and

alteration of Mg-rich clays can be significant (Deocampo,

2005). If this second scenario is the reason for lateral

variability in Mg content, then high points in Mg indicate

areas where clays were not leached of their Mg. The other

areas (the majority of the sampled localities) would have

been areas of relatively freshwater pedogenic or diage-

netic conditions � areas of subaerial weathering and

infiltration, wetlands, or relatively fresh lakes. The

abundant pedogenic structures such as clay cutans and

slickensides are most consistent with subaerial weath-

ering. If this second scenario is correct, then the clay

chemistries are more relevant for the vertebrate fossils and

archeology, because they are associated with the period of

pedogenesis rather than with deposition of the lacustrine

clays.

Such a scenario is consistent with the findings of

Trueman et al. (2006), who attributed the great variability

over short distances in the abundances of rare earth

elements in fossil bone to the heterogeneity of pore waters

in soil environments. The Trueman et al. (2006) sampling

was more dense than the sampling reported here, and those

authors found significant compositional variability within

Members 1 and 7 over lateral distances <10 m. Within

Member 7, Trueman et al. (2006) found that light rare

earth element (LREE) enrichment patterns within fossil

bones suggested more reducing conditions to the west,

with less reducing conditions indicated in the east. This

corresponds approximately to samples OG-122 and 123 in

the west, and OG-99 in the east (Tables 1�3). The Ba/Sr

ratios (~4.85) and ultrafine clay Mg content

(~0.35 a.p.f.u.) for these samples is consistent with shorter

pore-water residence times (and hence greater leaching) in

the east as compared to the west (Ba/Sr = 2.65 and 3.56,

Mgoct = 0.40 and 0.43 a.p.f.u.). The results suggest that

bulk geochemistry, clay mineral chemistry, and bone

REEs all indicate patterns of differential diagenesis on the

paleolandscape associated with the period of pedogenesis.

The relationships between clay chemistry and whole-

rock trace-element geochemistry (Figure 8) have led to

the conclusion that the clay chemistries of the two

paleosols formed differently. The UM1p clays reflect the

primary lacustrine conditions under which the clays

formed, with the only Mg enrichment occurring near a

Mg-bearing groundwater source near the Lava Hump

(Figure 1). In contrast, only the most Mg-rich clays of

UM7p retain a geochemical signal from the original

paleolake. Furthermore, because Mg-enrichment was

widespread rather than due to isolated groundwater

input, it was probably a more concentrated paleolake

than that in which the UM1p clays were deposited.

Subsequent pedogenic alteration of the clays under

conditions of subaerial weathering and infiltration of

fresh water has locally leached some of the clays of their

Mg content, yielding the observed lateral variations in

clay chemistry.

Independent estimates of the time represented by

UM1p and UM7p are consistent with these inferences.

Potts et al. (1999) used radiometric dates and rates of
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sediment accumulation to calculate a maximum time

span of 1000 y for the deposition and alteration of

UM1p. In contrast, UM7p occurs within a part of the

Olorgesailie Formation that includes significant hia-

tuses, and this paleosol could represent as much as

190,000 y based on the nearest dated strata and sediment

accumulation estimates (Potts et al. 1999, p. 774). The

upper surface of UM7p is truncated by an erosional

unconformity, and the actual period of soil formation

was probably <190 ky but still considerably more than

that of UM1p.

CONCLUSIONS

Paleosols within Members 1 and 7 of the Olorgesailie

Formation contain lacustrine clay dominated by smectite

that has been pedogenically altered to varying degrees.

Although composition is variable, an average structural

formula for these clays in charge balance is

(Ca0.01Na0.32K0.26)(Si3.76Al0.24)(Al0.86Ti0.04Fe0.68
Mg0.42)O10(OH)2. The mineralogy and geochemistry of

these relatively high-charge clays is consistent with clay

minerals derived initially from soils of the region, but

diagenetically altered in alkaline (though not highly

saline) waters of the Olorgesailie paleolake. Some

significant Mg enrichment is found, but overall the

samples are consistent with a fresher-water (though

alkaline) paleoenvironment. Local Mg enrichment of

clays near the Lava Hump in UM1p is interpreted to be

the effect of paleo-groundwater discharging from

volcanic aquifers into a fresh (though alkaline) paleo-

lake. The UM7p clays were deposited in a more saline

paleolake, but pedogenic alteration has apparently more

strongly altered the primary lacustrine geochemical

signal to a degree not seen in UM1p.

In environmental interpretations relating to hominin

landscape use and paleoecology, distinguishing between

primary deposition and post-depositional alteration is

critical. The fresh to slightly alkaline conditions of the

lakes where the UM1p and UM7p primary sediments

formed preceded the time when hominins actually

occupied the land surfaces formed on these deposits,

emphasizing the importance of the pedogenic features of

clays in distinguishing the relatively brief period of land-

surface exposure of UM1p, which is extraordinarily rich

in fossils and hominin traces, from the longer period of

pedogenesis in UM7p, where the archeological and

paleontological record is much sparser. The idea that

more time should correlate with more fossils and

artifacts incorporated into a paleosol is clearly contra-

dicted by this evidence, providing additional questions

for paleoanthropology regarding hominin behavior and

resource utilization.
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