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ABSTRACT: Recent field work at Olduvai Gorge (Tanzania) using sedimentary geology, in particular high-resolution
paleoenvironmental reconstruction and isotope geochemistry, has revealed that freshwater was in proximity to a number of the
rich fossil sites in Beds I and II (, 2.0–1.0 Ma). This paper presents the first geological evidence for springs associated with
archaeological sites in this semiarid rift basin. The springs appear to be limited to a small area within the basin and were likely
connected to faults that acted as conduits for groundwater. Tufas associated with ten archaeological sites have stable- isotope sig-
natures occurring in a cluster bounded by d18O ratios from 26% to +1%, and the d13C ratios from 25% to +2%. The d18O values
cluster around 24%, that of precipitation in the region, indicating a meteoric source. The longevity of the spring record reflects a
hydrologic system that apparently persisted for hundreds of thousands of years. Previous landscape reconstructions depicted the
archaeological sites on the lake margin of paleo Lake Olduvai, as an alkaline playa. The discovery of springs at or near the
archaeological sites provides fresh insights for interpreting hominin behavior during this key time in evolution with respect to
procuring food, water, and materials for stone tools, as well as hominin adaptation to climate change and paleoenvironmental
change. The idea that spring deposits may be in proximity to archaeological sites could lead to discovery of new sites at other
hominin fossil localities in the East African Rift System (EARS).

INTRODUCTION

How, where, and why humans evolved are fundamental questions that
capture attention and spark curiosity. A number of recent hominin fossil
discoveries as old as 7–5 Ma (Pickford and Senut 2001; Brunet et al. 2002)
and advances in DNA research have now documented that humans
evolved in Africa and then migrated to other parts of the world starting as
early as 1.8 Ma (Gabunia et al. 2000). Geological input into questions
about human origins was traditionally restricted to geochronology, as age
of the fossil was usually the main question being asked about the context
of any new discovery (Leakey 1971). However, evidence of the early
exodus of hominins from Africa has raised many other questions. Why
did hominins leave the safety of trees (Stanley 1995)? What were the
drivers that may have nudged hominins toward bipedalism and led to
species that failed, while only one ultimately succeeded (deMenocal
1995)? Were the development of tools and the exodus from Africa a
passive or direct response to some paleoenvironmental or climatic stresses
(Ashley 2008)? These kinds of questions go far beyond geochronology, as
a specialty, and even geology, in general, but sedimentary geology does
have a critical role to play in the interdisciplinary research into human
origins (Behrensmeyer 1982; Feibel 1997; Ashley 2000; WoldeGabriel et
al. 2004; NRC 2010).

Sedimentary deposits are the archives of paleoenvironmental and
paleoclimate records (Ruddiman 2000). The methods used to reconstruct
depositional environments, develop facies models, and track paleoenvi-
ronmental changes through time are now being applied to human-origins

studies (e.g., Behrensmeyer et al. 2002; Quade et al. 2004; Maslin and
Christensen 2007; Trauth et al. 2007). The ‘‘sedimentary geology tool kit’’
includes lithostratigraphy, ichnology, mineralogy, facies analyses, sedi-
mentary petrology, paleontology, as well as paleopedology and isotope
geochemistry.

This paper reports on a recent significant discovery of a system of fossil
springs in the sedimentary record at Olduvai Gorge, Tanzania, now a
World Heritage Site (Fig. 1). Recent field work at Olduvai using
sedimentary geology, in particular high-resolution paleoenvironmental
reconstruction and isotope geochemistry, has revealed that freshwater
was in proximity to most of the rich fossil sites in Beds I and II (, 2.0–
1.0 Ma) (Fig. 2). Those sites are described in Leakey (1971) and Hay
(1976) and numerous publications by others over the last three decades.

Starting at approximately 7 million years ago the African continent was
undergoing aridification (Cerling et al. 1993). In addition, climate was
modulated by astronomically controlled climate change (Ruddiman 2000;
Trauth et al. 2005; Ashley 2007; Maslin and Christensen 2007; Trauth et
al. 2007). Groundwater-fed springs and wetlands have been recognized as
an important lifeline for animals migrating out of Africa during hyperarid
periods (Faure et al. 2002; Smith et al. 2004). Thus, this discovery of
springs associated with archaeology in the East African Rift, which would
have been one of the principal corridors of migration out of Africa, has
important implications for our understanding of how hominins might
have coped with environmental change (Potts 1996).

The objectives of this paper are to present the first lithological and
geochemical analyses of freshwater (spring) deposits from the East
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African Rift that are found in close association with well documented
archaeological sites. The time represented is nearly 1 million years long,
from , 2 Ma to , 1Ma (Leakey 1971). The new data are preliminary,
but the lithologic descriptions of the deposits are clear and the stable-
isotope ratios are unequivocal. These new findings using sedimentary
geology are provocative because they provide a viable alternative to the
traditional playa-lake environmental model for the archaeological sites
and permit new explanations of how hominins coped with survival in
these arid settings. The findings provide a small piece of the puzzle of how
hominins may have coped with climate change and environmental change
during a time of both speciation of hominins and the first migrations
from Africa (NRC 2010).

BACKGROUND

Olduvai Basin is in northern Tanzania in the EARS (East Africa Rift
System) and exposes a two-million-year-long record of flora and fauna
(Leakey 1971) (Fig. 1). Fifty years ago Louis and Mary Leakey drew the
world’s attention to Olduvai Gorge, by discovering there hominin fossils
of both Zinjanthropus boisei (now Australopithecus boisei) and Homo
habilis (Leakey 1959). Although there are over an estimated 250 km2 of
fluvial and lacustrine deposits exposed in the basin, most of the
archaeologically productive sites are found within in a relatively small
area (7 km2) centered on the junction of the Main Gorge and Side Gorge,
representing only a small percentage of the sedimentary outcrop (Fig. 1).
Although there is no complete inventory, it is likely there have been at
least 10,000 artifacts and even more vertebrate bones, as well as remains
of four hominin species recovered in the past 50 years (Fig. 2). The

assumption has always been that the high concentration of bones and
stone artifacts in this tiny area of Beds I and II (, 2.0–1.0 Ma) was
connected to the presence of paleolake Olduvai, which fluctuated on short
(annual) and long (astronomic forcing) timescales (Hay 1976; Peters and
Blumenschine 1995; Hay and Kyser 2001; Ashley and Hay 2002) (Fig. 1).
Many archaeological sites were interpreted as lake-margin settings
(Leakey 1971; Binford 1981; Potts 1984; Blumenschine and Masao
1991). The lake is now viewed as an alkaline playa that desiccated
completely during extended dry periods (Hay and Kyser 2001). Analysis
of the mineralogy of the lake sediments indicates that the lake water was
probably not potable most of the time. Lake sediments contain minerals
like celadonite and magadi-type chert that indicates a pH of at least 9.5–
10 (Hay and Kyser 2001; Hover and Ashley 2003; Jones and Deocampo
2007; Deocampo et al. 2009). Thus, the lake was a very unlikely source of
drinking water for animals, including hominins, creating a paradox that
has prevailed on how the apparent abundance of life survived in the
context of a playa-lake setting.

GEOLOGY AND HYDROLOGY

The Olduvai basin is located just south of the equator in northern
Tanzania immediately adjacent to the Eastern Rift (Gregory) system
(Fig. 1). The modern Gorge exposes a two-million-year-long sedimentary
record in an incised river valley that drains eastward from the Serengeti
Plains. The Gorge cuts across a 50-kilometer-wide rift-platform basin
located between Precambrian basement to the west and the Plio-
Pleistocene Ngorongoro Volcanic Highland to the east. The basin fill is
now disrupted by rift-parallel faults and separated into blocks. The total
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FIG. 1.—Location map of the study area.
Inset map depicts Olduvai Gorge adjacent to the
East Africa Rift. The open rectangle outlines the
junction area covered by the detailed map below.
Archaeological areas of the gorge are indicated
by letters (e.g., FLK) after Leakey (1971) and
numbers refer to the stratigraphic sections from
Hay (1976). The location of the KK fault with
carbonate deposits is shown.
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sedimentary package (100 m thick) is relatively thin for a rift basin. The
record is composed largely of reworked volcaniclastic sediment and air-
fall tuffs deposited in a shallow semiarid fluvial lacustrine basin and is
divided into a series of six Beds (Fig. 2) (Hay 1976).

Surface water and groundwater flowing into the Olduvai basin from
the east and south presumably was sourced from rainfall on the . 3000-
m-high Ngorongoro Highland. The Highland today acts as a rain shadow
for the predominantly easterly winds from the Indian Ocean (Fig. 3). This
situation also would have existed during Bed I and II times, because the
atmospheric circulation pattern has not changed significantly (Nicholson
1996; Trauth et al. 2007).

The modern relatively low Ngorongoro Highlands receive , 1150 mm
a year (Deocampo 2004), whereas Olduvai receives only , 550 mm (Hay
1976). Evaporation in Tanzania and Kenya is estimated to be between
2000 and 2500 mm/yr and very few perennial rivers can persist with this
highly negative water budget. Groundwater moves toward the basin
under gravity and discharges at the base of the slope and along fault lines,
or in sites where it rises to the surface upon encountering buried
impermeable rocks (Ashley and Hay 2002). Dense, massive basalt was
exposed in the junction area during late Pleistocene incision by the

Olduvai River. The generally impervious basalt, lying just below the
surface during Bed I and Bed II time, was in a favorable position to
deflect groundwater to the surface along fractures. The tufa occurs close
to the faults and most of the major archaeological sites. Carbonate
deposits are found on the fault surfaces, indicating that the faults acted as
conduits for groundwater (Fig. 3).

Recent geological fieldwork in the Gorge has revealed abundant
evidence for freshwater (springs, seeps, and groundwater-fed wetlands)
associated with most of the major archeological sites in Bed I (FLK,
FLK-N, FLK-NN, MK, DK, and possibly JK) and in Bed II (VEK,
HWK, MCK, BK, SHK, and SC) (Fig. 1). A site-by-site description goes
beyond the scope of this paper, but a general summary of the physical
features (bedding, sedimentology), biological remains, stable-isotope
geochemistry and photographs helps characterize the groundwater-fed
environments: springs and wetlands.

Geologic Records of Freshwater: Springs and Wetlands

Springs.—Springs are localized discharges of groundwater disgorging
at a point source. Groundwater may also exit along ‘‘spring lines’’ as
broad, diffuse seeps that produce permanently wet ground (wet meadows)
and standing-water wetlands (Quade et al. 1995; Deocampo 1997;
Liutkus and Ashley 2003; Owen et al. 2009). The only physical records
of a paleosprings are mineral precipitates, usually some form of
carbonate, such as calcite (CaCO3) and associated biology, such as
diatoms, chrysophytes, and ostracods (Ashley et al. 2008; Johnson et al.
2009). Freshwater carbonate is called tufa or travertine. It is formed at
low temperatures from calcium-rich water by both physiochemical and
biologically mediated precipitation (Deocampo 2010). The calcium is
initially derived from weathering of local trachytic and basaltic rocks and
becomes dissolved in the groundwater. It is readily available for the
formation of carbonate-rich soils or the precipitation of tufa when water
flows onto the surface. Degassing of dissolved CO2 from groundwater
may initiate mineral precipitation. Carbonate precipitation is commonly
assisted by microbial mats of cyanobacteria (Riding 2002; Deocampo
2010). However, there are many different types and origins of carbonate
deposits other than tufa, such as calcrete, soil nodules, concretions,
lacustrine limestone, and stromatolites. The identification of a specific
type is based on a number of lines of evidence: their geologic context,
geomorphology of deposit, crystal habit, and stable-isotope signature (O
and C).

The deposits at Olduvai have a wide variety of morphologies ranging
from small (a few m2), irregularly shaped and localized deposits to large
more elongate (, 35 m) mounds (Figs. 4A, 4B). Carbonate also occurs as
encrusted root mats and plant stems (rhizoliths) (Fig. 4C) and rarely as tufa
beds or as sheets that accumulate in standing or slow moving water.
Bedding in tufas is rare, but occasionally thin clay lenses and laminae within
the carbonate occur. The texture ranges from dense travertine limestone
(rare) to the more common mix of nodules and friable, spongy carbonate.
The mound-like form strongly suggests subaerial exposure, and some
mounds in the tufa were draped by airfall tuffs (Fig. 3). Other evidence that
freshwater was on the former land surface and available to animals
(including hominins) is the bioturbation and trampling of the associated
wetland deposits by large animals (Ashley and Liutkus 2002). Some tufas
appear to be isolated carbonate accumulations, whereas others occur along
a line, suggesting that they are related to bedrock fractures.

Oxygen isotope signatures reflect the effects of both the starting ratio in
the rainfall to the area and subsequent fractionation due to evaporation.
The d18O of meteoric water reaching the tropical East Africa is 24.0%,
supporting the interpretation that the tufas are sourced by rainfall
(deMenocal et al. 2000) (Fig. 5). Atmospheric carbon is 26% (pre-
industrial atmosphere) (Cerling and Hay 1986). Carbon values in the tufa,
however, reflect both the initial value from the atmosphere and the effects
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FIG. 2.—Olduvai lithic stratigraphy and magnetic polarity time scale in millions
of years. Time period spanned by Bed I and Bed II is shaded. Stone tool industry
and type and hominin type found in Olduvai Gorge are shown against time (Ma)
and the paleomagnetic timescale (Hay 1976).
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of biological fractionation by C3 and C4 plants and animals in the soil
zone. Figure 5 depicts the isotope signature of carbonate samples from
ten fossil-rich sites (Fig. 1). Each of the sites has its own unique isotope
signature, but as a group the spring deposits are in a tight cluster bounded
by d18O values that range between 26% and +1%, and the d13C values
that range between 25% to +2%. The spectrum of oxygen ratios reflects
the fractionation due to evaporation (Benison et al. 1996; Liutkus et al.
2005). The hydrologic system sourcing the springs apparently persisted
during most of Bed I and II time.

Figure 6 compares stable-isotope ratios from a variety of carbonates in
the basin: paleolake Olduvai, modern soils, and two selected tufa
examples from Middle and Upper Bed I that are equivalent to
archaeological sites found in FLK and FLK-N, respectively. Tufas have
a distinct stable-isotope signature separate from calcium-rich soils
(Cerling and Hay 1986; Sikes and Ashley 2007) and lake sediments from
the same basin (Hay and Kyser 2001; Sikes and Ashley 2007). Carbonate
minerals lining the fault surfaces have isotope values near the light-
isotope end of the tufa fractionation array (e.g., d13C 23.6% and d18O
25.6%; d13C 23.1% and d18O 24.8%) and thus suggest strongly that the
faults were likely pathways for groundwater inasmuch as they represent
minimal evaporative fractionation (Fig. 6).

Wetlands.—Spring deposits typically cover a small area (tens of square
meters), but wetlands that fringe the springs may be much more extensive
(square kilometers). Thus, wetlands can be a direct indication of a
groundwater source even if there is no mineral or biological record of the
spring. Wetland deposits are composed of clay particles that are either
washed in or airborne, as well as aquatic plants and water-tolerant fauna
(Liutkus and Ashley 2003). The sedimentary deposit formed in perennial
wetlands is ‘‘siliceous earthy clay’’ a term coined by Hay (1976) and
developed by Deocampo (2002) and Liutkus and Ashley (2003). The silica

comes from the weathering of volcanic rocks and is then taken up by
plants (Deocampo and Ashley 1999).

Deposits in Beds I and II can be traced laterally for hundreds of meters
wherein changes in grain size, bedding and sedimentary structures are
interpreted to record sub-environments within the wetland (Ashley and
Liutkus 2002; Liutkus and Ashley 2003; Ashley and Liutkus 2004; Liutkus
et al. 2005). Siliceous earthy clay is composed of clay minerals, phytoliths,
chrysophytes, diatoms, and vascular plant remains (Hay 1976). Wetland
plant remains are commonly preserved by silica (Fig. 4D). Phytoliths and
diatoms are also siliceous and are excellent indicators of depositional
environment. Phytoliths vary in size and shape depending on the plant
taxon and plant part (stem, leaf, root) in which they occur and thus record
the vegetation present (Albert et al. 2006; Bamford et al. 2008). Diatom
species found in wetlands vary systematically with the water chemistry and
are biological indicators of permanently wet ground (Owen et al. 2004;
Owen et al. 2009). Bioturbation on different scales is common, ranging
from admixing by large-hooved vertebrates or distinct trackways likely
created by hippopotami (Ashley and Liutkus 2002). In summary, wetland
deposits are corroboration of the presence of a groundwater-fed water
supply, even when the carbonate deposits are not exposed, or perhaps were
never deposited.

DISCUSSION

The carbonate (tufa) deposits found associated with the archaeological
records have a variety of textures and morphologies, but they produce a
tight cluster of isotope signatures that are consistent with the
interpretation that all were sourced by meteoric water (Figs. 4, 5, 6).
Carbonate with isotope ratios similar to the tufas and precipitated on the
fault plane of KK fault indicates that fractures functioned as conduits
bringing groundwater to the surface (Figs. 1, 6).
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FIG. 3.—Paleogeographic reconstruction of Olduvai Basin during Bed I and II time showing location of the Ngorongoro Volcanic Highland, a pyroclastic alluvial fan
building into the basin, the proposed direction of regional groundwater flow, and outline of shorelines during expanded and contracted lake phases in dotted lines. Faults
mapped by Hay are depicted. The box outlines the area of study in Figure 1. (modified from Ashley et al. in review).
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The correlation of spring deposits with fossil concentrations must be
carefully assessed at Olduvai Gorge on a site-by-site basis in order to
determine the link between water source and the hominins and other
animals using it. Permanent freshwater sources would likely have affected
food-procurement strategies and may have influenced the likelihood of
scavenging versus hunting behavior, or vice versa (Potts 1982; Bunn and
Kroll 1986; Blumenschine 1987; Potts 1988; Dominguez-Rodrigo et al.
2007).

Although freshwater resources would seem logical, even likely with so
much evidence for vertebrate life, the paleoenvironmental reconstructions
and hominin behavioral models for essentially all sites in the East Africa
Rift System have been either lake margin or fluvial. Both of these types of
water sources have limitations in arid settings; during dry periods lakes
may become toxic and disappear, and rivers are often ephemeral. Neither
would have provided the continuity and dependability needed to support
the localized, high concentrations of life and hominin activity evidenced
by the archaeological sites. There is a consensus that the climate in East
Africa has become more arid over the last 7 million years, and the
superimposed Milankovitch-driven climate cycles created ‘‘wet’’ and
‘‘dry’’ periods. Thus, the recognition of dependable freshwater sources
during this period of climate instability provides a fresh view on how
hominins may have coped with environmental change (NRC 2010).

Other paleoenvironmental reconstructions suggest grassland (Bamford
et al. 2008) or a range of habitats from open to closed (Plummer and
Bishop 1994). However, like the lake-margin scenarios, these also do not
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FIG. 4.—Photos. Locations shown on Figure 1. A) Middle Bed I—Photo of a
tufa equivalent in age to Level 22 at FLK, the layer in which the Zinj fossil was
found. B) Upper Bed I—A thick tufa equivalent to Level 1, 2 at FLK-N (just north
of FLK). C) Lowermost Bed II—Open network of tufa with some encrusted plant

r

material at VEK. D) Photograph of thin section of silicified plant material from
the wetland facies (near 44). Width of photo is 1.9 mm (Ashley 2000).

FIG. 5.—Bivariant plot of stable-isotopes of tufas collected at 10 sites shown in
Figure 1 reveals a cluster of ratios bounded by d18O values between 26% and +1%,
and the d13C values between 25% to +2%. Each tufa is represented by two or more
samples. Each tufa is unique, and the plots show different histories of varying
extents of isotope fractionation. The value of the meteoric d18O in the region
(24%) is indicated.
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address the important question of access to potable water. The
correlation of spring deposits with dense concentrations of bones
demands specific models that attempt to explain the connection between
the two records.

CONCLUSIONS

(1) Sedimentary geology is crucial in acquiring information in human-
origins research with regards to paleoenvironmental, paleoclimate,
and paleoecological contexts.

(2) Freshwater carbonates (tufas) were found associated with many
fossil- and artifact-rich sites in Beds I and II. The groundwater-fed
springs and wetlands appear to have been sourced via faults that
transect the basin.

(3) The springs apparently persisted during Bed I and Bed II time,
reflecting an impressively persistent hydrologic system.

(4) The tufas are the first spring deposits associated with human
origins sites within the East African (Gregory) Rift System to be
identified geochemically. This paleoecological association may
hold for other rift basins, and thus Olduvai provides an example
that could be used to guide the search for other similar settings.

(5) The documentation of springs deposits at Olduvai Gorge has
important implications for our understanding of how hominins

might have coped with environmental change (Potts 1996; NRC
2010).
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FIG. 6.—Bivariant plot of stable-isotope ratios d13C and d18O permil of modern
soil carbonates from the greater Olduvai region and calcite precipitated under
evaporative conditions in the center of paleo-Lake Olduvai during Bed I and Bed
II (Sikes and Ashley 2007). Analyses of the tufa equivalent to the archaeological
site of Zinjanthropus at FLK (Level 22), Middle Bed I (Fig. 4B), and the tufa
equivalent to the archaeological site at FLK-N (Level 1,2), Upper Bed I (Fig. 4A)
are nearly identical. The isotope signature of the carbonate samples from the fault
surface of KK fault (Fig. 1) supports the idea that fractures served as conduits for
groundwater. The value of meteoric water d18O in the region (24%) is indicated.
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