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The manufacture of stone tools and their use to access animal
tissues by Pliocene homininsmarks the origin of a key adaptation in
human evolutionary history. Here we report an in situ archaeologi-
cal assemblage from the Koobi Fora Formation in northern Kenya
that provides a unique combination of faunal remains, some with
direct evidence of butchery, and Oldowan artifacts, which are well
dated to 1.95 Ma. This site provides the oldest in situ evidence that
hominins, predating Homo erectus, enjoyed access to carcasses
of terrestrial and aquatic animals that they butchered in a well-
watered habitat. It also provides the earliest definitive evidence
of the incorporation into the hominin diet of various aquatic ani-
mals including turtles, crocodiles, and fish, which are rich sources of
specific nutrients needed in human brain growth. The evidence
here shows that these critical brain-growth compounds were part
of the diets of hominins before the appearance of Homo ergaster/
erectus and could have played an important role in the evolution
of larger brains in the early history of our lineage.
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Stone artifact production has long been considered a hallmark
of human behavior and is often associated with brain expan-

sion and changing patterns of hominin diet (1). The incorporation
of animal tissue into the diet of late Pliocene (we refer here to
previous definitions of the Pliocene to be consistent with previous
descriptions of the paleoanthropological record) hominins is
widely considered to be key to the suite of adaptations (e.g., en-
larged brain, tooth size reduction, smaller gut, and increased body
size) that began to set the earliest members of our genus apart
from their ancestors and relatives. Much debate surrounds the
diet of hominins, specifically regarding the dietary requirements
of hominins with increasingly larger brains at the end of the Pli-
ocene (2). However, remarkably little is known about what
resources were important in the diets of hominins before Homo
erectus/ergaster or how they acquired nutrient-dense resources. A
few Pliocene localities display evidence of large accumulations of
stone tools (3, 4), but procurement of animal resources before
2 Ma is documented at only a handful of localities in Ethiopia
(5, 6) where the evidence of the use of stone tools to access large
mammal carcasses is limited to ephemeral occupations and iso-
lated events of hominin carnivory (4, 6) with few, or no, associated
tools found in situ (5). The risks associated with increased re-
liance on large mammal tissue have suggested to some that al-
ternative resources may have been more viable (7). Archaeo-
logical assemblages of tools and modified bones are key to our
understanding of the food acquisition strategies of later hominin
taxa as observed at several Pleistocene localities (8, 9). The large
accumulations (Table 1) from the late Pliocene at FwJj20 pre-
sented here provides the oldest evidence that the hominin diet
included a broad array of high-quality food items, including nu-
merous aquatic resources.

TheTurkanaBasin in northernKenya preserves one of themost
comprehensive records of late Pliocene hominin behaviors. Early
evidence of artifact manufacture can be found in the Shungura
Formation (Fm) (10) at the site of Fejej in the northern Turkana
Basin (11) and on the western side of the Turkana Basin in the
Nachukui Fm (3). Todate, however, large, in situ assemblageswith
associated artifacts, fauna, and hominin-modified bones are ab-
sent from the Pliocene archaeological record.
The Koobi Fora Fm on the eastern shores of Lake Turkana

has previously yielded evidence of hominin behavior from 1.87 to
1.39 Ma (12, 13). Here we present data from a new locality,
FwJj20, which is unique in its high concentration of terrestrial
and aquatic faunal remains, some of which indicate modification
by hominins in association with numerous artifacts. FwJj20 is
located in the Il Dura subregion of the Turkana Basin (14) ∼10
km north of previously known archaeological sites in the Koobi
Fora Formation (Fig. 1).

Results and Discussion
The Plio-Pleistocene sediments of the Il Dura region represent
a complex interaction between a rapidly fluctuating lake and
a series of fluvial systems (14, 15). These river systems were likely
a combination of the dominant large axial river system (Proto-
Omo) and ephemeral marginal river systems (Proto-Il Eriet).
The FwJj20 artifacts and fossil fauna were found in a 6- to 15-cm
thick clay lens that is overlain by a fossil-bearing sand and pebble
conglomerate unit, which is a laterally extensive feature within
the upper Burgi Member (Mbr) in the Il Dura subregion (14).
A series of fining upward sequences and paleosols cap this sand
and represent a transition from lacustrine to fluvial deposition,
characteristic of the upper Burgi Mbr in the Koobi Fora Fm (16).
The FwJj20 artifact horizon is an incipient soil that developed on
the floodplain of a quickly aggrading deltaic system that was fed
by either the proto-Omo River or a major tributary river system
draining the Surgei Highlands (14).
The FwJj20 locality lies 14 m below a light gray tuffaceous ho-

rizon (Fig. 2) and ≈40 m above the upper Burgi unconformity
surface, which is estimated to 2.0 Ma (14). Geochemical compo-
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sition of the tuffaceous horizon above the site (Table S1) confirms
this as the Kay Behrensmeyer Site (KBS) tuff [1.869 ± 0.021 Ma
(17)]. Magnetostratigraphic analysis indicates that the top 15 m
(Fig. 2) of the section records a stable normal magnetic polarity.
TheOlduvai normal polarity Subchron is dated to between 1.95 and
1.78Ma (18). As such, the normal polarity recorded below the KBS
tuff is considered to represent the base of this event. A transition
from reversed to a period of stable normal polarity occurs 0.9–1.0m
above the archaeological horizon. The artifact layer is associated
with a stable reversed polarity and is located just below, or during,
the polarity transition, thus placing the site at just older than the
beginning of the Olduvai event at ∼1.95 Ma (18).
The artifact and fossil-bearing clay horizon at FwJj20 over-

lies a bioturbated sandstone and may represent an abandoned
channel bar or floodplain surface (Fig. 2). The blocky structure,
lack of bedding, and oxidized Fe and Mn components of this
laterally discontinuous clay horizon indicate incipient soil de-

velopment within the sediment onto which the artifacts were
deposited. This surface was ephemeral and quickly buried. This
scenario of rapid burial and high depositional rates is typical of
the upper Burgi Mbr. Lateral to FwJj20, a pebble conglomerate
is devoid of clasts resembling the artifacts at FwJj20, in either
size or shape, and represents a high-energy environment adja-
cent to the FwJj20 soil surface. Higher energy scenarios of site
formation at FwJj20 are precluded by (1) the lack of abraded
edges on the stone artifacts, (2) the lack of preferred orientation
of artifacts or fossils (Fig. S1), and (3) the lack of clasts similar in
size or shape to the bones in the near-by pebble conglomerate.
The data from FwJj20 point to an in situ assemblage of artifacts
that was deposited on a short-lived soil surface by hominins. Al-
though the artifacts may have been rearranged during deposition
of the overlying silts and sands, the presence of both small artifacts
and fossil bone fragments (<2-cm maximum dimension) reduces
the likelihood of site winnowing (19). The vertical dispersion of

Table 1. Comparison of FwJj20 finds and other Pliocene and Pleistocene localities that have described assemblages of modified bone
associated with artifacts

Locality Age (Ma) No. of artifacts

No. of identifiable
mammal specimens

(NISP)*
Minimum no. of

individuals
Hominin-modified
bones (% NISP)†

FxJj 50 (Koobi Fora, Kenya) (36) 1.57 1438 762 20 1.3
FLK “Zinj” (Olduvai Gorge, Tanzania)
(36–38)

1.84 2647 699–1467 36 8.6–14.7

DK-2 (Olduvai Gorge, Tanzania) (39) 1.85 1163 832 41 1.2
FwJj20 (Koobi Fora, Kenya) ∼1.95 2633 405 48 5.9
Lokalalei 2C (West Turkana, Kenya) (3) 2.34 2067 390 NR‡ <0.1§

A.L. 666 (Makaamitalu, Ethiopia) (4) 2.34 34 ∼50§ NR‡ Some specimens§

DAN-2(-D) (Gona, Ethiopia) (6) 2.5 Hundreds >100¶ NR‡ 5 modified bones¶

Hata Mbr, Bouri Formation
(Middle Awash, Ethiopia) (5)

2.5 0 NR‡ NR‡ Several modified
bones

OGS 6–7 (Gona, Ethopia) (6) 2.6 >700 >50¶ NR‡ 1 modified bone¶

NISP, number of identifiable specimens.
*NISP values do not include nonmammalian remains.
†Based on total NISP; values vary depending on inclusion of specimens with varying surface preservation.
‡Values not reported.
§Actual number of specimens not reported (3).
¶NISP values are estimates from surface collections (5).

Fig. 1. Location of the FwJj 20 Locality. (A) Map of the lower
Omo Valley in Ethiopia and the northern part of Lake Turkana.
Note Pliocene and Pleistocene sediments of the Koobi Fora
Formation [redrawn from Brown et al. (40)] with location of
the FwJj20 site marked as circle. Coordinates based on World
Geodetic System 84 datum. (B) Aerial photograph noting lat-
eral geological trenches. (C) Excavation of FwJj20 noting ver-
tical distribution of finds, the elevation relative to a local
datum, and the density of finds per square meter.

Braun et al. PNAS | June 1, 2010 | vol. 107 | no. 22 | 10003

A
N
TH

RO
PO

LO
G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT


artifacts and fossil bones is extremely thin. Over 98% (6,155
artifacts and fossils) of the excavated specimens were recovered
within a 15-cm horizon.
FwJj20 represents one of the largest Pliocene accumulations

of stone artifacts from a single horizon associated with a large
fossil assemblage (artifacts: 2,633; fossils: 3,648; Table S2). River
systems draining the nearby Surgei-Asille highlands would have
provided abundant access to large basalt cobbles. Although the
smaller debitage portion of the assemblage is made on a variety
of raw materials (e.g., chert, jasper, quartz), core forms are al-
most exclusively produced on basalt (91% of cores). This sug-
gests variable artifact discard patterns mediated by raw material
availability.
Excavations yielded 740 identifiable fossil bones of which 506

were suitable for the investigation of bone surface modifications
[i.e., fracture patterns, surface preservation (20, 21)]. Investiga-
tions of the sediments above and below the archaeological site
strongly suggest an association between surface and in situ fossils,
however; all environmental and behavioral interpretations de-
scribed here derive from analysis of the in situ materials. The high
frequency of epiphyseal elements (36%; 98 epiphyses: 172 shaft
fragments), especially of size class 1–2 animals (30 epiphyses: 29
shaft fragments, including examples of avifauna) suggest that
the assemblage is markedly different from the patterns of bone
accumulation documented for carnivores that crush and digest
bone (22). Moreover, the percentage of carnivore tooth marks on
limb bone fragments at FwJj20 (1.9%) is well below experimen-
tally determined thresholds (∼67%) associated with carnivore-
only accumulations (22) and even lower than the frequency ex-
pected for assemblages ravaged by carnivores after hominin
processing of carcasses (∼20%) (23). Of the identifiable bone
specimens that exhibited bone preservation that allowed surface
modification investigation, 5.9% exhibit evidence of hominin
modification (26 cutmarks, 4 percussion marks). Examples of
percussion-fractured shaft fragments and bones with cut marks
indicate that hominins at this site exploited terrestrial and aquatic
mammals for meat and marrow, as well as the flesh of reptiles and
fish (Fig. 3). The animals that these early tool users were accessing

range from size class 2 (e.g., impala, suids) to size class 5 (e.g.,
hippopotamus, rhinoceros) animals (13) and also include croc-
odiles, turtles, and catfish (Tables 2 and 3). Evidence of marrow
extraction is present but lower than experimental expectations
(FwJj20: percussion damage = 13% of all modifications). This is
partially attributable to the prevalence of reptiles, which do not
have marrow cavities that are appropriate for marrow extraction.
Yet excluding reptile and fish bones does not increase this per-
centage to within experimental frequencies [1% of mammalian
number of identifiable specimens (NISP)]. Evidence for hominin
modifications at FwJj20 indicates that at least 10 separate animals
were butchered at that site. Cut-mark locations are consistent with
the disarticulation of large animals (e.g., cut marks on the astra-
gulus of a hippopotamus and the glenoid of a bovid scapula). In
addition, cut marks suggest evisceration (e.g., ventral surface of
the costal shield of a turtle (24) as well as the medial side of the rib
of a rhinoceros) and flesh removal (e.g., cut marks on the palmar
surface of a phalanx of a crocodile severing the tendons of the
muscle mass on the palmar surface of the manus).
Postfossilization fracture of limb bones during diagenesis and

taphonomic degradation of the bone surfaces makes it difficult to
quantitatively compare frequencies of bone surface modifications
from FwJj 20 with those determined in tightly controlled actual-
istic experiments. Experimental and archaeological evidence sug-
gests that butchery of smaller animals (i.e., fish, reptiles) is less
likely to leave characteristic evidence of butchery (25, 26). There-
fore, the location and frequency of modifications at FwJj20 is not
sufficient to address whether or not this collection represents the
result of passive or confrontational scavenging from large carni-
vores. Hominins may have collected these elements from car-
casses of natural death accumulations. However, hominins were
clearly capable of accessing flesh from multiple carcasses. The
percentage of homininmodifications at FwJj20 is lower than some
experimental models of hominin butchery (27), indicating that
hominins may not have been the only accumulating agent. How-
ever, the virtual absence of carnivore activity suggests that hom-
inins were substantial actors of accumulation. The recovery of
large numbers of individual animals [minimum number of indi-
viduals (MNI) = 48] from a discrete horizon suggests that at least
some of the fragmentary specimens lacking clear evidence of
modification may also be reflective of a Pliocene hominin diet.
The skeletal representation of fish bones [over-abundance of
cranial fragments: 64% of fish NISP (28)] and turtle/tortoise
bones [over-abundance of carapace and plastron fragments: 90%
of turtle/tortoise NISP (29)] corresponds to ethnographic and
archaeological distributions associated with hominin foraging.
The number and taxonomic diversity of hominin-modified bones
imply that hominins used the FwJj20 locality for the acquisition of
meat from several different carcasses of terrestrial and aquatic
animals as well as marrow from mammalian bones. This provides
strong evidence of a diverse animal component in the diets of
hominins before the appearance of H. ergaster/erectus.
The butchery activities at FwJj 20 occurred in a well-watered

environment. The dominant taxonomic families among the 347
excavated specimens identifiable to family level include Hippo-
potamidae, Bovidae, Suidae, and Equidae (Tables 2 and 3). The
FwJj20 bovid assemblage is dominated by more water-dependent
tribes such as reduncines and tragelaphines (42% of the bovid
NISP). Of the suids, the brachydont form Kolpochoerus (cf. hese-
loni) is the most abundant genus. These fauna, in addition to other
water-dependent genera (e.g., Hippopotamus, Hexaprotodon, and
Crocodylus), indicate a well-watered environment at FwJj20. The
mesic nature of the site is further supported by oxygen isotopic data
of tooth enamel from FwJj20 (Figs. S2 and S3 and Table S3), which
indicate an environment with low environmental aridity. The well-
watered context of the FwJj 20 is further supported by the recovery
of plant macrofossils that are indicative of a lack of water stress on
the surrounding vegetation (Figs. S4 and S5 and Table S4) (30).

Fig. 2. Composite stratigraphy, virtual geomagnetic pole latitude, and
geomagnetic polarity for the section above and below the FwJj20 site ho-
rizon and representative microstratigraphy of the artifact horizon. Normal
polarity events are represented as a solid blocks. Section height is reported
in meters and based on an arbitrary site datum. The microstratigraphy of the
artifact horizon is drawn without vertical exaggeration.
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Generic-level identification of floral communities at FwJj20 in-
dicated that Drypetes (Euphorbiaceae/Putranjivaceae), a palm
tree, was the most common genus. Modern members of this genus
occur mainly in low-altitude riverine forests.
The technological organization and artifact-mediated extrac-

tion of high-quality food resources found in the upper Burgi
Mbr suggests that stone artifact manufacture was a significant part
of the adaptive complex for hominins before H. erectus/ergaster.
These data support inferences that suggest an increase in the di-
versity of dietary adaptations in Pliocene hominins (31, 32). The
scale of butchery activities at FwJj20 contrasts with the isolated
incidents of hominin carnivory recorded at other late Pliocene
localities. The evidence from FwJj 20 indicates that hominins
were very effective at securing access to a wider variety of high-
quality animal tissues than has been previously documented. Some
of these resources would have provided necessary dietary re-
sources without the added predation risks associated with inter-
actions with large mammalian carnivores that are sometimes
involved with the acquisition of elements of large mammal car-
casses (28, 33). In addition, although animal tissues provide

nutrient-rich fuel for a growing brain, aquatic resources (e.g., fish,
crocodiles, turtles) are especially rich sources of the long-chain
polyunsaturated fatty acids and docosahexaenoic acid that are so
critical to human brain growth (2). Therefore, the incorporation of
diverse animals, especially those in the lacustrine food chain,
provided critical nutritional components to the diets of hominins
before the appearance ofH. ergaster/erectus that could have fueled
the evolution of larger brains in late Pliocene hominins.

Materials and Methods
Paleomagnetic Analysis. Seventy-two independently oriented samples were
taken from two sections that were used to create a composite stratigraphic
sequence (Fig. 2). Standard mineral magnetic measurements were under-
taken on sister subsamples to determine the remanence-carrying minerals
(34). Measurements were made using a cryogenic, superconducting quan-
tum interference device based, spinner magnetometer. Sister samples from
each layer were subjected to a 10- to 16-point alternating field, thermal and
hybrid demagnetization. This indicated a strong viscous overprint in many
samples, typically removed by 8 mT to reveal stable characteristic remanent
magnetizations (ChRM). After magnetic cleaning, ChRMs were determined
using principal component analysis. Fisher statistics were used to determine

Fig. 3. Hominin-modified bones from FwJj20. (A) Photograph and SEM image of a cut mark on a rib of a size 2 bovid; note internal striations and v-shaped
mark. (B) Phalanx of a large reptile (Crocodylidae?) with a transverse cut mark; note the multiple striations and shoulder marks in the SEM image. (C) Internal
surface of turtle carapace with two subparallel marks. SEM image shows v-shape of this mark. (D) Rib of a rhinocerotid with large v-shaped mark. (Lower)
A 3D reconstruction of this mark created using a Roland MDX-40 scanner. (E) Turtle entoplastron with a single linear cut mark on the internal surface. SEM
image shows internal striations of this mark. (F) Cranial fragment of Clarias with a single linear striation showing internal striations. Three-dimensional
reconstruction created as in D. (G) SEM image showing scraping on the internal surface of a plastron fragment of a turtle/tortoise.
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virtual geomagnetic pole latitude for each sample location or group of
statistically different samples within these sample locations (Fig. 2). Detailed
methodology is described in SI Materials and Methods.

Tephostratigraphic Analysis. The tuff sample, K83-1562, was collected by F. H.
Brown in 1983 from an outcrop of the tuff ≈400m south of the FwJj20 site. The
tuff forms a prominent ledge and is continuous in outcrop between FwJj20 and
the location of sampling. The sample K83-1562 was analyzed by x-ray fluores-
cence techniques using the preparatory methods and analytical conditions de-
scribedinBrownandCerling (35). The traceandminorelement chemistryofK83-
1562 is a match for the KBS Tuff sampled at its type locality (Table S2).

Stable Isotopic Analysis. Sixty-one fossil teeth were sampled from the FwJj20
locality, including most mammalian taxa at the site, except primates, micro-
mammals, and carnivores. Tooth enamel was analyzed using an on-line car-
bonate device, the Finnigan Carboflo, and analyzed on a Finnigan MAT 252
massspectrometerattheUniversityofUtah.Correctionswerebasedoninternal
Carraramarble and tooth enamel referencematerials calibrated to theNBS-19
calcite standard. Enamel reference materials have a standard deviation of
0.15‰, for both δ13C and δ18O, over the course of the analyses performed for
this study. Carrara marble reference material yielded standard deviations of
0.07‰ and 0.09‰ for δ13C and δ18O, respectively. All isotope values are
reported in reference to the isotopic standardViennaPeeDeeBelemniteusing
standard δ-notation. See SIMaterials andMethods for additional information.
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Table 2. Faunal remains associated with the excavation at
FwJj20 locality

Taxon NISP
Hominin

modification*
Carnivore

modification

Aves 1
Mammalia indeterminate 21 3 (2)

Size class 1 39
Size class 2 130 5 5
Size class 3 109 3 (1)
Size class 4 79 1
Size class 5 30

Bovidae 1
Size class 1 4
Size class 2 41 1 (1) 2
Size class 3 6 2 1
Size class 4 5

Giraffidae 8
Hippopotamidae 23 2
Suidae 8 1
Equidae 8
Rhinocerotidae 1 1
Cercopithecidae 1
Elephantidae 1
Osteichthyes 15
Clariidae 41 1
Crocodylidae 85 2
Chelonia 83 4
Total 740 26 (4) 8

Number of identifiable specimens (NISP) and number of hominin- and
carnivore-modified bones associated with the FwJj20 excavation. This table
includes all specimens regardless of surface preservation.
*Percussion marks are in parentheses.

Table 3. Faunal remains associated with the excavation at
FwJj20 locality

Taxon
MNI
in situ

MNI
surface

Aves 1
Bovidae 2

Aepycerotini 1 2
Alcelaphini Alcelaphus sp. 1

cf. Connochaetes sp. 3
cf. Damaliscus sp. 3

Antilopini Antidorcas cf. recki 1
Gazella sp. 1 5

Hippotragini cf. Oryx sp. 1
Reduncini 1

Kobus kob 1
Kobus sigmoidalis 2
Kobus sp. 1
cf. Menelikia sp. 2
Redunca sp. 3

Tragelaphini cf. Tragelaphus
strepsiceros

1

Tragelaphus sp. 4
Giraffidae cf. Giraffa sp. 1 1

Giraffa pygmaeus 1
Giraffa stillei 1

Hippopotamidae Hippopotamus
gorgops

3

Hexaprotodon sp. 1
Hippopotamus

karumensis
7

Suidae Kolpochoerus
heseloni

3 4

Metridiochoerus
andrewsi

2 2

Notochoerus scotti 1 3
Carnivora 3
Equidae 1

Eurygnathohippus sp. 2 2
Equus sp. 1 1

Rhinocerotidae Ceratotherium sp. 1 1
Diceros bicornis 1

Cercopithecidae Theropithecus
oswaldi

1 2

Colobinae 1
Rhinocolobus sp. 1

Elephantidae Elephas recki 1 1
Loxodonta adaurora 1

Rodentia 1 1
Clariidae 1 1
Crocodylidae 1 1
Chelonia 1 1
Total 48 47

MNI animals collected in association with the excavations and surface
collections at FwJj20.
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Paleomagnetic Data. The 72 samples were oriented in situ using
a Brunton compass. Subsequent corrections were made for the
local dip of the strata and the declination of the local field.
Characteristic remanent magnetizations (ChRM) of the samples
were isolated using a combination of cleaning methods. Stability
of remanence during alternating field demagnetization (AFd) was
typically low and especially scattered at fields >20–30 mT. As
such, a 10-point stepwise thermal demagnetization of sister
specimens was undertaken to check the recorded polarity iso-
lated using AFd. This isolated the ChRM at temperatures in
excess of 300 °C. Additionally, a hybrid method was also un-
dertaken on another two sets of sister specimens. This involved
an AFd cleaning step at 8 mT for one set and at 12 mT for the
second set, followed by a 10-point stepwise thermal demagne-
tization. This removed the strong viscous overprint and more
successfully isolated the ChRM well before the unblocking
temperature of the remanence carrying minerals was reached.
This produced a sequence of polarity intervals and reversals that
were then correlated to the globally known dated record of po-
larity changes, or geomagnetic polarity time scale (GPTS) (1).
The hybrid method produced the best results because it removed
the strong overprinting remanence with an AFd step before
heating. Further heating isolated a strong stable ChRM that is
considered primary and correlated well with standard AFd and
thermal demagnetization results.
The FwJj20 locality was excavated from sediments of the upper

Burgi Member and is ≈14 m below the KBS tuff (1.869 ± 0.021
Ma) (2) and 40 m above the upper Burgi unconformity [esti-
mated to 2.0 Ma (3); Fig. 2]. Magnetostratigraphic analysis in-
dicates that the top 13 m of the section records a stable normal
magnetic polarity. The stratigraphic position of this normal in-
terval between the upper Burgi unconformity and the KBS Tuff
indicates that it is the Olduvai event dated to between 1.945 and
1.778 Ma (1). Below the normal interval, mixed directions of
polarity occur with predominantly reversed and intermediate
directions. The polarity transition was identified in both over-
lapping sections from the locality and confirms the geological
interpretations.
The archaeological site is located in a reversed polarity layer

that would indicate that it is older than the beginning of the
Olduvai at 1.945 Ma. Although a couple of normal polarity levels
occur below the site (Fig. 2), these are thought to represent short
period polarity excursions that occurred shortly before or during
the main Olduvai basal reversal rather than a previous reversal
event such as the Rèunion at ∼2.14 Ma or Huckleberry Ridge
∼2.06 Ma. There are a number of reasons for this.

(i) Studies of the reversal at the base of the Olduvai (5) and
other polarity transitions (6) indicate that magnetic excur-
sions or reversal precursors occur before major full-reversal
episodes in high-resolution sequences. Such behavior has
been recorded in terrestrial sediments and lava sequences
and marine cores, suggesting that this is not an artifact of
different recording mediums.

(ii) The intermediate samples have a stable direction of po-
larity, and directions recorded during the polarity transi-
tion at FwJj20 are similar to those described by Herrero-
Bervera et al. (4) for a similar latitude marine core that
records the base of the Olduvai. Inclinations are positive
and high (typically 50°–80°).

(iii) The relative paleointensity of the sediments at FwJj20
change from low values in the base of the section to fluc-
tuating and then much higher values during the stable
normal polarity of the Olduvai. This decrease in geomag-
netic field intensity is also characteristic of reversals (5, 7).

(iv) The site lies 40 m above the upper Burgi unconformity
that is estimated to date to 2.0 Ma, and all other well-
defined geomagnetic events are older than 2.0 Ma.

Estimates for the duration of polarity reversals range from
a few 1,000 years to nearly 30,000 years (5, 7). Directional in-
stability typically occurs for no more than 5,000 years before the
main reversal of the field (5, 8). The reversal is located roughly
40 m above the upper Burgi unconformity at ∼2.0 Ma, and the
site lies within 1 m of the 1.945-Ma reversal. This suggests
a depositional rate of around 1,300 years/m. Although Kidane
et al. (8) have identified the base of the Olduvai at 1.93 ± 0.02
Ma in the Omo Valley, this is still consistent with a 1.945-Ma
date (as per ref. 8) for this reversal when the error margins are
taken into account. Given these estimates, the artifacts and
faunal remains were likely deposited at some time between 1,500
to 5,000 before 1.945 Ma.

Stable Isotopic Results. Tooth enamel values from all taxa are
summarized in Fig. S2 and reported in Table S3. δ13Cenamel
values of all of the teeth sampled from FwJj20, except for the
giraffid teeth, indicate diets dominated by C4 vegetation. The
δ13Cenamel values of the mammalian herbivores sampled from
FwJj20 are consistent with isotope studies of similar taxa from
Plio-Pleistocene sites throughout East Africa (9–12).
The distribution of δ18Oenamel values of the FwJj20 fauna is

similar to the distribution among extant East African fauna and
in other fossil settings where hippopotamid, elephantid, and
rhinocerotid teeth yield the most 18O-depleted δ18Oenamel values
(12, 13). δ18Oenamel values from multiple taxa at FwJj20 allow us
to apply the tooth enamel aridity index (13). The tooth enamel
aridity index is based on the relationship between water deficit
(the difference between mean annual potential evapotranspira-
tion and rainfall) and the oxygen isotope separation between
evapotranspiration sensitive (ES) and evapotranspiration insen-
sitive (EI) taxa. If giraffids, hippotragines, and alcelaphines
at FwJj20 are classified as ES taxa, then the ES-hippo and ES-
elephantid/rhinocerotid regressions yield water deficits of 730
and 1010 mm, respectively, where water deficit is the difference
between potential evapotranspiration and mean annual precipita-
tion (Fig. S3). We view these as rough but informative estimates of
aridity at FwJj20. When considered with respect to the aridity gra-
dientwithinKenya today, these water deficit estimates place FwJj20
between the Athi Plains (654 mm) and Tsavo (1060 mm) but well
below thewater deficit (1590mm) in theTurkana region today (13).
In sum, the carbon and oxygen isotope data from the fossil teeth

at FwJj20 indicate the abundance of grasses within the site’s
vicinity and that the region was much less arid at 1.95 Ma than it
is today.

Fossil Wood Analysis. Although the rich assemblage of fossil wood
from FwJj20 provides a rich paleoecological context for this lo-
cality, the presence of fossil wood in older sediments within the
Turkana Basin requires a more in-depth discussion of the pro-
venance of these macrobotanical remains. It is necessary to ad-
dress the possibility that these specimens may have been trans-
ported pre- or postfossilization. The silicified wood from FwJj20
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forms a coherent group of specimens that are distinct from other
assemblages of fossil wood in color and texture. All of the fossil
wood specimens from FwJj20 are the same color and fall within
the size range of the natural stones, bones, artifacts, and other
debris in the area, which makes them difficult to identify.
If the fossilized wood specimens were transported into the

FwJj20 locality, then they should bear the characteristic physical
signs of transportation. Furthermore, they should bear a resem-
blance to the other sources of fossilized wood from older for-
mations within the Turkana Basin.
Fossilized wood that has undergone extensive postfossilization

transport has physical characteristics that are diagnostic of this
process. Examples of Early Cretaceous woods being deposited in
Pliocene sediments on the west coast of South Africa (14) are
rounded pebbles and boulders that also have characteristic curved
“chatter marks” on the surface from where they have impacted
on each other in a high-energy environment. (Fig. S4 A and B).
Another feature of transported woods is the smooth and shiny
exterior resulting from polishing by fine-grained sands such as the
Eocene fossil wood from the Blaubok Gravels in Namibia (14)
(Fig. S4C). In contrast, the fossil wood specimens from FwJj20
woods have rough, bark-like textured exteriors (Fig. S4 D and E).
Bark separates and falls off trunks and branches soon after death
and does not survive the rigors of hydraulic transport.
For wood to be fossilized, it must be buried in an anoxic and

dissolved silica-rich wet environment. Such environments include
the fine-grained sediment of standing water bodies (ponds or
lakes). A second scenario includes explosive volcanism such as ash
falls, lahars, or lava flows. On the east side of Lake Turkana there
are several smaller volcanoes that were active at various times
during the Neogene; the most extensive evidence of this comes
from Miocene rocks. Lahars can incorporate dead and living
wood that lie in their paths as they flow down the sides of the
volcanoes. This scenario results in a distinctive type of preser-
vation in fossilized macrobotanical remains. An example of si-
licified woods from a lahar at Laetoli, northern Tanzania, has
a diagnostic crystal pattern (Fig. S4F). This morphology differs

from the specimens at FwJj20 that preserve much of the internal
structure of the living tree (Fig. S5).
The outcrops of the mid-Miocene Buluk Formation can be

found near the smaller volcanic edifices of Derati and Kubi Algi
≈26 and 50 km southeast of FwJj20 (15). These sediments do
contain fossilized wood; however, they have not been fully de-
scribed. The main axial river system (Omo), which travels south
from headwaters in Ethiopia (Fig. 1), may have transported fossil
wood from these deposits. However, as most of the fossil wood
specimens reported from the Buluk Formation are found south
of FwJj20, they are unlikely to be the source for the FwJj20
woods. Similarly, the large silicified trunks from the Sibiloi forest
are 65 km to the south and belong to the genus Dialium (Pap-
ilionaceae). The paleogeography of the Turkana Basin precludes
the Sibiloi specimens as potential sources. A third potential
source of the fossilized wood at FwJj20 is the Ethiopian High-
lands. Any dead trees or silicified trunks that were washed down
from the Ethiopian highlands into Lake Turkana (Lake Lor-
enyang) about 2 Ma would have been distributed along the Omo
River, which is the main source of water and sediments into the
Turkana Basin (16). Many silicified woods have been recovered
from the various stratigraphic layers in the Shungura Formation
Beds and identified by Dechamps and a coworker (17). Of the
≈1000 wood specimens collected from the Shungura Formation,
656 were identified (17). A comparison between the Shungura
and FwJj20 silicified woods shows that there is only one genus in
common (Acacia), and no species in common. Thus it is unlikely
that these two assemblages are derived from a single population
of silicified woods.
The FwJj20 woods have neither physical signs of transportation

nor the same taxonomic composition as the Shungura or Sibiloi
woods. The most parsimonious explanation is that the specimens
found at FwJj20 lived near the vicinity of the site, then died, and
were fragmented and subsequently buried and preserved in the
local deltaic and fluvial setting that had the ideal chemical
conditions for the preservation of macrobotanical remains.

1. Ogg JG, Smith AG (2004) The geomagnetic polarity timescale.AGeologic Time Scale 2004,
eds Gradstien F, Ogg J, Smith AG (Cambridge University Press, Cambridge, UK), pp 63–86.

2. McDougall I, Brown FH (2006) Precise Ar-40/Ar-39 geochronology for the upper Koobi
Fora Formation, Turkana Basin, northern Kenya. J Geol Soc London 163:205–220.

3. Gathogo PN, Brown FH (2006) Stratigraphy of the Koobi Fora Formation (Pliocene
and Pleistocene) in the Ileret region of northern Kenya. J African Earth Sci 45:369–390.

4. Herrero-Bervera E, Theyer F, Helsley CE (1987) Olduvai onset polarity transition: Two
detailed paleomagnetic records from North Central Pacific sediments. Phys Earth
Planet Inter 49:325–342.

5. Mazaud A, Channell JET (1999) The top Olduvai polarity transition at ODP site 983
(Iceland Basin). Earth Planet Sci Lett 166:1–13.

6. Hartl P, Tauxe L (1996) A precursor to the Matuyama/Brunhes transition-field
instability as recorded in pelagic sediments. Earth Planet Sci Lett 138:121–135.

7. Constable C, Korte M (2006) Is Earth’s magnetic field reversing? Earth Planet Sci Lett
246:1–16.

8. Kidane T, et al. (2007) Two normal paleomagnetic polarity intervals in the lower
Matuyama Chron recorded in the Shungura Formation (OmoValley, southwest Ethiopia).
Earth Planet Sci Lett 262:240–256.

9. Cerling TE, Harris JM (1999) Carbon isotope fractionation between diet and
bioapatite in ungulate mammals and implications for ecological and paleoecological
studies. Oecologia 120:347–363.

10. Harris JM, Cerling TE (2002) Dietary adaptations of extant and Neogene African suids.
J Zool 256:45–54.

11. Schoeninger MJ, Reeser H, Hallin K (2003) Paleoenvironment of Australopithecus
anamensis at Allia Bay, East Turkana, Kenya: Evidence from mammalian herbivore
enamel stable isotopes. J Anthropol Archaeol 22:200–207.

12. Kingston JD, Harrison T (2007) Isotopic dietary reconstructions of Pliocene herbivores
at Laetoli: Implications for early hominin paleoecology. Palaeogeogr Palaeoclimatol
Palaeoecol 243:272–306.

13. Levin N, et al. (2006) A stable isotope aridity index for terrestrial environments. Proc
Natl Acad Sci USA 103:11201–11205.

14. Bamford MK, Corbett IB (1994) Fossil wood of Cretaceous age from the Namaqualand
continental shelf, South Africa. Palaeontol Afr 31:83–95.

15. Key RM, Watkins RT (1988) Geology of the Sabarei area. Rpt Mines Geol Dept Kenya
111:1–57.

16. Quinn RL, Lepre CJ, Wright JD, Feibel CS (2007) Paleogeographic variations of
pedogenic carbonate delta13C values from Koobi Fora, Kenya: Implications for
floral compositions of Plio-Pleistocene hominin environments. J Hum Evol 53:
560–573.

17. Bonnefille R, Dechamps R (1983) Data on fossil flora. Ann Mus Roy Soc l’Afr Centr,
Tervuren, Sci Geol 85:191–207.

Braun et al. www.pnas.org/cgi/content/short/1002181107 2 of 7

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002181107/-/DCSupplemental/pnas.201002181SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/content/short/1002181107


Fig. S1. Orientation of long axis of all plotted finds (fossils and artifacts) in the 97.15–97.10 horizon. The y axis represents the number of specimens with
a particularly long axis orientation. Long axis orientation is determined by using the longest axis of the specimen; the direction of the piece is determined by
using the altimetrically highest corner of the specimen (1). The composition of the size classes of artifacts is similar to experimental assemblages that have been
described as having low-to-moderate alteration [Kolmogorov–Smirnov test; experiment 1a (2): n = 97; FwJj20: n = 1900; D = 0.132; P < 0.05].

1. McPherron SP, Dibble H, Goldberg P (2005) Z. Geoarchaeology 20:243–262.
2. Schick KD (1986) Stone Age Sites in the Making: Experiments in the Formation and Transformation of Archaeological Occurrences (British Archaeological Reports, Oxford).

Fig. S2. Box plots of δ13C and δ18O values of fossil teeth from FwJj20. Median values are marked by a vertical line within the box, the edges of the boxes
represent quartile values, the horizontal lines indicate the range, and outliers are plotted as circles. δ13C and δ18O values for taxa with three or fewer samples
are plotted as circles. Number of teeth sampled is indicated in parentheses next to taxon name.

Fig. S3. Aridity index data from fossil herbivores at FwJj20. The 18O enrichment (ε*) between ES taxa (giraffids, alcelaphins, and hippotragins) and EI taxa
(hippopotamids and a combination of elephantids and rhinocerotids) is plotted on regressions between water deficit and ε*ES-EI values for extant taxa on the
basis of data in Levin et al. (13). Error bars are 1σ for ε*. Gray bars are placed as guides to indicate water deficit for some of the localities in eastern Africa where
extant herbivores were sampled for the regressions listed on this plot.
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Fig. S4. Various fossil wood specimens showing the macroscopic evidence of a variety of postdepositional processes. (All scale bars: 2 cm unless otherwise
noted.) (A) Specimen of a silicified extinct Lower Cretaceous tree that had been rounded into a boulder by high-energy water transport and deposited in
Pliocene beach sands on the west coast of South Africa. (B) Magnified image of the same specimen pictured in A to show the curved chatter or percussion
marks on the boulder of silicified wood resulting from impact with other boulders during water transport. (C) Eocene silicified wood from the Blaubok Gravels,
Namibia, with a smooth, shiny, polished surface from transport in a fine-grained sandy medium. (D) Silicified wood from FwJj20 exhibiting a rough exterior
that is representative of the limited postdepositional modification to this specimen. (E) Silicified wood from FwJj20 with remnants of the rough bark. (F) Thin

Legend continued on following page
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1. Cerling TE, Brown FH (1982) Tuffaceous marker horizons in the Koobi Fora region and the Lower Omo Valley. Nature 299:216–221.

section of fossil wood from the lahar at Laetoli, Tanzania, 4.3–3.8 Ma. The dark circles are the outlines of vessel members, and it appears that large rectangular
crystals have grown from the vessels into the surrounding parenchyma tissue and destroyed the original preservation. (Scale bar: 200 μm.)

Fig. S5. Transverse thin section of fossil wood specimen of Funtumia africana (KF025) from FwJj20. Note the large vessel size, which suggests that this species
is intolerant of significant water stress.

Table S1. Trace and minor element composition of the KBS tuff at FwJj20 and the type locality of the KBS tuff

Sample Location Fe2O3 CaO Ba Mn Nb Rb Ti Y Zn Zr Reference

K77-17 Type locality 3.09 0.23 30 843 194 165 1292 129 252 1,239 Cerling and
Brown (1)

K83-1562 FwJj20 3.13 0.18 17 910 192 168 1193 125 235 1,225 This study

All values are in parts per million, except Ca and Fe which are reported as the percentage of oxide. Total Fe is reported as Fe2O3.

Table S2. Composition of the surface and in situ lithic
assemblage from FwJj20

Category In situ Surface

Whole flakes 623 76
Broken flakes 179 13
Angular fragments 1170 62
Cores 161 29
Core fragments 184 0
Hammerstones 30 3
Worked pebbles 165 6
Unmodified pebbles 121 27

Total 2633 216
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Table S3. Carbon and oxygen isotopic data from fossil herbivores at FwJj20

δ13C δ18O

Taxon Sample ID VPDB VPDB Tooth position

Bovidae
Aepycerotini FwJj20-1478 −0.9 −2.3 rm3

FwJj20-9577 1.5 −0.4 m frag
FwJj20-5638 0.3 −3.6 m
FwJj20-8372 −3.3 −1.8 lm3

Alcelaphini FwJj20-10340 1.7 −1.6 m frag
FwJj20-6595 1.1 −0.7 rm3
FwJj20-7624 1.2 −0.3 rm3
FwJj20-6932 1.2 0.1 rm3
FwJj20-6957 1.3 −1.1 rm3
FwJj20-6958 1.8 −1.0 rm3
FwJj20-8173 1.0 0.1 rm3
FwJj20-8523 1.5 −0.7 rm3

Hippotragini FwJj20-7923 1.8 −0.5 lm3
Reduncini FwJj20-1271 1.3 −1.1 M3

FwJj20-1946 0.5 −0.8 lm3
FwJj20-1812 1.0 −2.3 m
FwJj20-6596 1.3 −2.2 rm3
FwJj20-5619 0.7 −3.7 m

Elephantidae
Gen. and sp. indet. FwJj20-10350 −0.4 −2.6 Plate frag

FwJj20-5270 −0.6 −3.9 Plate frag
FwJj20-5042 −0.5 −3.2 Plate frag
FwJj20-5452 0.0 −3.6 Plate frag
FwJj20-5940 −0.5 −3.7 Plate frag
FwJj20-8275 −0.6 −2.9 Plate frag

Equidae
Equus sp. FwJj20-7531 −0.4 −1.3 m or p

FwJj20-7710 −0.8 −1.2 m or p
FwJj20-6754 −0.3 1.7 m or p

Eurygnathohippus sp. FwJj20-1830 0.2 −0.3 m or p
FwJj20-5493 0.1 −1.3 m or p
FwJj20-8384 0.7 −0.4 m or p

Giraffidae
Gen. and sp. indet. FwJj20-1800 −10.7 −0.3 m

FwJj20-8599 −12.0 −0.8 m
Hippopotamidae

aff. Hippopotamous gorgops FwJj20-5076 −0.7 −4.8 lm3
aff. Hippopotamus karumensis FwJj20-5654 −2.2 −6.4 lm3

FwJj20-5850 −1.7 −6.0 lm3
FwJj20-8390 −2.0 −4.7 lm3
FwJj20-5238 −0.7 −5.9 lm3
FwJj20-6869 −1.2 −5.6 rm3
FwJj20-7081 −0.4 −5.4 rm3
FwJj20-8657 −2.1 −5.4 rm3
FwJj20-8684 −1.9 −4.9 rm3

Hippopotamus sp. FwJj20-2287 −0.4 −5.8 tusk
Rhinoceratidae

Gen. and sp. indet. FwJj20-7818 1.1 −3.3 m
FwJj20-8403 0.9 −1.6 m

Suidae
Kolpochoerus sp. FwJj20-10368 −1.2 −2.9 m3

FwJj20-10381 −0.6 −2.8 m3
FwJj20-10394 −0.3 −1.3 m3
FwJj20-6364 −0.1 −3.7 m frag
FwJj20-6591 0.2 −2.6 m frag
FwJj20-7312 −0.4 −2.0 m/M3
FwJj20-8037 −0.2 −3.4 m frag
FwJj20-8144 −0.6 −1.2 m/M3
FwJj20-8391 −0.2 −3.5 m/M3

Metridiochoerus sp. FwJj20-1630 −0.9 −3.2 m/M3
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Table S3. Cont.

δ13C δ18O

Taxon Sample ID VPDB VPDB Tooth position

FwJj20-7932 −0.9 −1.9 m/M3
FwJj20-7942 −1.5 −0.9 m/M3
FwJj20-8633 −0.7 −2.5 m/M3

Notochoerus sp. FwJj20-144 −1.1 −2.2 m
FwJj20-1699 −0.8 −1.0 m/M3
FwJj20-7943 −0.6 −2.4 m/M3
FwJj20-8698 −1.0 −0.3 m

Uppercase and lowercase letters refer to the maxillar and mandibular teeth, respectively.VPDB, Vienna Pee
Dee Belemnite; r, right; l, left; m, molar; p, premolar; aff., affinis; gen. and sp. indet., genus and species are
indeterminate.

Table S4. Taxonomic list of fossil wood specimens recovered at FwJj20

Catalog number (specimen numbers
have a KF- prefix) Location Identity Family

001 Excavation Unidentified
002 Unidentified
003 Unidentified
004 Acacia sieberiana Mimosaceae
005 Drypetes sp. Euphorbiaceae
006 Drypetes sp. Euphorbiaceae
007 Funtumia africana Apocynaceae
008 Funtumia africana Apocynaceae
009 Schotia bequaertii Caesalpiniaceae
010 Area 100 m2 south

of excavation
Unidentified

012 Drypetes sp. Euphorbiaceae
013 Unidentified Meliaceae/Lauraceae?
014 Unidentified
015 Drypetes sp. Euphorbiaceae
017 Drypetes? Euphorbiaceae
020 Drypetes sp Euphorbiaceae
021 Drypetes Euphorbiaceae
024 Surface Funtumia africana Apocynaceae
025 Funtumis africana Apocynaceae
026 Drypetes sp. Euphorbiaceae
027 Drypetes sp. Euphorbiaceae
029 Funtumia africana Apocynaceae
030 Pancovia laurentii Sapindaceae
031 Sapium cornutum Euphorbiaceae
032 Chytranthus sp. Sapindaceae
036 Erythrophloeum suaveolens Caesalpiniaceae
038 Funtumia africana Apocynaceae
038 Drypetes sp. Euphorbiaceae
044 Drypetes sp. Euphorbiaceae
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