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A B S T R A C T   

To date, only three Homo habilis specimens have been discovered that have associated craniodental and post-
cranial elements, providing a limited fossil record of the ontogeny and morphology of early members of the genus 
Homo. Recently, a nearly complete dentition, likely attributable to H. habilis, was discovered and excavated from 
early Pleistocene-age fluvial-lacustrine sediments of the upper Burgi Member of the Koobi Fora Formation at site 
F25787 in Area 13, near Ileret, Kenya. On the surface less than 15 m away, at site F25966, postcranial elements 
were found, which, if from the same individual as the nearby dentition, would represent the fourth associated 
craniodental and postcranial assemblage of this species. We developed a geochemical taphonomic history of 
these ca. 2 Ma hominin fossils using nondestructive X-ray based microanalytical tools (synchrotron and benchtop 
X-ray fluorescence chemical imaging and micro- and nano-computed tomography volumetric reconstruction), 
bulk analyses of sediments and paleosols at the excavation sites, and sedimentologic and stratigraphic obser-
vations. We integrate the chemical and physical taphonomic histories to test whether teeth (excavated in situ) 
and postcranial bones (eroded onto the outcrop surface) derive from a single individual. Minor differences in 
taphonomic history are attributable to the different biomineral properties of the dental and osseous components 
and to differences in physical damage during early post-mortem scavenging, dispersal, and burial in adjacent 
depositional settings. Microscale geochemical mapping enabled the temporal ordination of chemical and physical 
events in the specimens’ chemical taphonomic histories. Specifically, authigenic Fe- and K-bearing clays and Y, 
U, and Sr uptake occurred in post-burial fractures in bones and were also incorporated pervasively throughout 
dentin in teeth. Barite mineralization occurred along the latest fractures in both materials, and as a coating on 
tooth roots. The stratigraphic, taphonomic, and geochemical evidence supports the interpretation that the 
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hominin fossils represent a single individual. Successful application of these nondestructive sample character-
ization methods demonstrates capabilities for thorough interrogation of the taphonomic histories of other po-
tential hominin fossil associations, enabling more robust and accurate palaeontologic constraints using those 
relationships.   

1. Introduction 

Hominin fossils are the precious evidence for human evolution 
collected from the geologic record. Some fossils, such as teeth, provide 
ontogenetic constraints on the individual’s development and age prior 
to its death. Others, especially skull fragments and postcranial bones, 
yield morphologic characteristics such as the individual’s size and sex. 
When various skeletal components that comprise associated assem-
blages derive from single individuals, they provide unusually important 
contributions to the hominin evolutionary record. However, most 
hominin fossils are found scattered on outcrop surfaces and occur in a 
wide range of depositional settings. Such fragmentary fossil remains of 
individual hominins are informative but their incompleteness limits 
interpretations of hominin anatomy and evolution (Grine et al., 2022). 

Fragmentary but spatially associated hominin fossils were discov-
ered in lower Pleistocene (>1.87 Ma) strata exposed and excavated in 
the upper Burgi Member of the Koobi Fora Formation in Area 13, Ileret, 
Kenya. These consist of a nearly complete lower dentition of an adult 
individual (specimen KNM-ER 64060, discovered in 2012 at locality 
F25787) and postcranial bones representing multiple upper limb ele-
ments from both sides of an adult hominin skeleton (specimen KNM-ER 
64061, also discovered nearby in 2012 but given a separate locality 
number F25966). These closely related fossil localities will be referred to 
collectively as F25787–F25966. The dentition has been attributed to an 
early member of the genus Homo, with its strongest resemblances to 
other dentitions that have been referred to H. habilis (Grine et al., 2019). 
The postcranial bones are hypothesized to derive from the same indi-
vidual based on their recovery in very close proximity (within 15 m) to 
the dentition and the absence of any skeletal element duplication. In this 
case and others, independent testing of the proposed association be-
tween teeth and postcranial bones is important, especially because such 
associations are uncommon in the hominin record. 

Fossil vertebrate remains typically may have experienced numerous 
pre-and post-burial taphonomic processes, including scavenging, trans-
port, chemical and physical weathering, and bioturbation followed by 
post-burial diagenesis and exhumation (Behrensmeyer, 1978; Hedges, 
2002; Kendall et al., 2018; Trueman, 2013; Turner-Walker, 2008). Dis-
entangling the later stages of this history is particularly challenging 
when destructive analyses are untenable, as diagenesis frequently af-
fects the primary geochemistry and texture of bone biominerals (Hed-
ges, 2002; Kendall et al., 2018; Kohn et al., 1999; Lambert et al., 1985; 
Parker and Toots, 1970; Tütken et al., 2008). Nondestructive analytical 
techniques may help to overcome many of these challenges. Synchrotron 
X-ray absorption spectroscopy (XAS) and X-Ray Fluorescence (XRF) 
mapping, nano- and micro-Computed Tomography (CT), and benchtop 
μXRF are nondestructive techniques suited for determining mineralogy 
and mapping element abundances in fossil bones and teeth. Sediment 
chemistry determined by XRF analyses and soil chemical extraction 
techniques applied to disaggregated sedimentary rocks and paleosols 
provide geochemical context for the modern and ancient sediments and 
the groundwater fluids that may have interacted with and altered the 
fossils (Morley et al., 2023; Retallack, 1988). 

Comparing the geochemical histories of teeth and postcranial bones 
is also challenging due to how different primary biomineral composi-
tions behave during diagenesis (Parker and Toots, 1980; Turner-Walker, 
2008). Dentin and enamel in teeth, mandibular and maxillary bone 
closely associated with teeth, and bone comprising postcranial elements, 
are all composed of the biomineral hydroxyapatite (HAp, 
Ca10(PO4)6(OH)2) but differ in primary porosity, organic content, and 

water content (Cacciotti, 2016; Driessens and Verbeeck, 1990; Turn-
er-Walker, 2008). These various primary biomaterials react differently 
to environmental and diagenetic conditions, but studies of how 
diagenesis affects the composition of mammalian (including hominin) 
biominerals depend on local conditions and are often destructive to the 
fossil samples (e.g., France et al., 2020; Kendall et al., 2018; Kohn et al., 
1999; Lambert et al., 1985; Schoeninger et al., 2003; Tütken et al., 2008; 
Wang and Cerling, 1994). Thus, we also include in our nondestructive 
analyses a single fossil mammal jaw fragment that includes a tooth with 
both dentin and enamel still attached to bone. This jaw fragment derives 
from a different stratigraphic level (the KBS Member of the Koobi Fora 
Formation, which overlies the Burgi Member) and a different locality in 
Area 13 of the Ileret region (locality F26222), but it includes all three 
primary biominerals found among the associated F25787–F25966 
dentition and postcranial bone fossils. Because all three biominerals 
occur in a single fragment, we use it to control for the effects of primary 
biomineral variability on geochemical alteration of samples that expe-
rienced a shared diagenetic history. 

Using nondestructive geochemical analyses, we develop and 
compare chemical taphonomic histories for the teeth and postcranial 
fossils at F25787–F25966. By comparison to the geochemical hetero-
geneity of the F26222 fossil control from the KBS Member, we assess 
which geochemical variations among the upper Burgi Member fossils at 
F25787–F25966 can be attributed to differences in primary biomineral 
composition and/or to diagenetic processes affecting the bones and 
teeth. 

2. Geologic setting of the hominin fossils 

Pliocene to Holocene strata in the Omo-Turkana Basin that outcrop 
around Lake Turkana (Kenya and Ethiopia) are lacustrine, alluvial, and 
volcanic rocks containing a rich early hominin fossil record (Behren-
smeyer, 1970; Isaac et al., 1971; Leakey and Leakey, 1978; Leakey, 
1970). After the discovery on the surface of four isolated hominin 
mandibular teeth, excavation at the site recovered additional teeth 
comprising a nearly complete set attributed to a young adult H. habilis 
from the upper Burgi Member of the Pleistocene Koobi Fora Formation 
along Kolom Odiet (Area 13, Brown and Feibel, 1986), at locality 
F25787 (4◦ 15.682′ N, 36◦ 20.044′ E) near Ileret, Kenya (Fig. 1, Fig. 2A 
and B). Very close to this site, numerous postcranial bones (Fig. 2C and 
D) were found in a limited area on the outcrop surface, within 12–15 m 
of the dentition site (Fig. 3B; Grine et al., 2019); these were given a 
separate designation as F25966 (4◦ 15.675′ N, 36◦ 20.041’ E). Although 
the postcranial remains are clearly associated on the outcrop surface and 
in good condition, indicating recent emergence from the enclosing de-
posits, further excavation did not document any additional hominin 
remains in situ. 

The Burgi Member consists of 55 m of siltstones and sandstones that 
overly the Tula Bor Member on an angular unconformity (Fig. 1A, 
Gathogo and Brown, 2006). Using Area 13 stratigraphic observations 
made by F. H. Brown (unpublished, 2014), samples were correlated to 
Section PNG-10.1 (Fig. 1B), a stratigraphic section of the upper Burgi 
Member described in Gathogo and Brown (2006). At F25787–F25966, 
over multiple years (2012–2018) of research at these localities, seven 
trenches were excavated through several sedimentary units exposed in 
northwest-dipping strata about 40 m below the KBS Tuff. This tuff, dated 
at ca. 1.87 Ma, marks the base of the KBS Member of the Koobi Fora 
Formation (Grine et al., 2019; Joordens et al., 2013; McDougall and 
Brown, 2006). The teeth derived from a 1–2 m thick yellow-gray (7.5 YR 

T.M. Present et al.                                                                                                                                                                                                                              



Quaternary Science Reviews 328 (2024) 108525

3

6/1) clayey siltstone (Fig. 1C), which lacks primary sedimentary layer-
ing but contains pedogenic structures including root traces, calcite 
concretions, manganese oxide and limonite nodules, and blocky frac-
tures with later selenite deposits. The clayey siltstone is overlain by a 

sandy siltstone followed by interbedded clayey and sandy silts, capped 
by a fine-grained, tabular sandstone bearing lacustrine fossils such as 
fish bones, ostracods, bivalves, and Bellamya gastropods (Fig. 1C). 

Four hominin teeth were found on the surface of the outcrop (Fig. 3), 

Fig. 1. (A) Geologic map of the upper Koobi Fora Formation at Area 13 near Ileret, Kenya (inset) showing hominin sites F25787–F25966 and F26222 (red octagons), 
(Connors and Raynolds, 2022). (B) Koobi Fora Formation stratigraphic section PNG-10.1 (adapted from Gathogo and Brown, 2006) in Area 13 near Ileret, Kenya. 
(C-D) Measured sections through fossil localities by F. H. Brown (unpublished, 2014) correlated with detailed sections by AKB showing stratigraphic positions of 
KNM-ER 64060 teeth (in situ) KNM-ER 64061 postcranial elements (surface) at F25787–F25966 (C) and surficial hominin and mammalian fossils at F26222 (D). 
Dashed vertical bars show estimated stratigraphic range of surface finds, solid bar for in situ fossils. 
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and when the underlying sediment was excavated, eleven additional 
teeth, many with complete roots, were found in situ within a limited area 
(40 × 40 cm) and distributed vertically through 43 cm of the clayey 
siltstone. These form a nearly complete lower dentition (Fig. 2A), clearly 
from a single individual, lacking all evidence of the mandibular corpus 
except for minor remnants of mandibular alveolar bone between tooth 
roots (Fig. 2B). The teeth were together assigned a Kenyan National 
Museum accession number KNM-ER 64060 (Fig. 2A and B). Multiple 
fragmentary postcranial bones (F25966) were discovered on the eroded 
exposure of the dipping sediments, 10–25 m (predominately clustered 
near 12 m) laterally and downslope from the top of the tooth-bearing 
unit (Fig. 3B). Fossil bones and teeth of other mammals were also 
discovered in this same area. 

The hominin teeth and postcranial bones are derived from spatially 
and sedimentologically closely related strata, and therefore plausibly 
from the same individual. The lack of duplicated fossil fragments and 
ontogenetic indicators that both sets of fossils are adult support this 
possibility. However, because of the spatial displacement of the post-
cranial bones from the in situ teeth, and the fact that the source of the 
teeth was confirmed by excavation while the source of the postcranial 
bones was not, the latter were originally assigned a separate locality 
number, F25966, and later a separate accession number, KNM-ER 64061 
(Fig. 2C). 

Mammalian faunal mandibular and postcranial bone fragments were 
also discovered in the overlying KBS Member of the Koobi Fora For-
mation, 870 m north-northeast of F25787–F25966, at a locality called 
F26222 (Fig. 1A and D, 4◦ 16.1′ N, 36◦ 20.21’ E). These are derived from 
a younger sedimentary unit with a different depositional and diagenetic 
history but retain the same suite of primary biomaterials discovered at 
F25787–F25966 (i.e., fossilized tooth dentin, mandibular bone, and 
postcranial bone). The F26222 non-hominin mammal remains were 
used as a control for variation in different biomaterials from the same 
site and also for comparison with the diagenetic geochemistry of 
F25787–F25966. 

3. Methods 

3.1. Excavation and sedimentary analysis 

Following excavation of the KNMER-64060 teeth and discovery of 

the surficial bones at F25787–F25966, an additional trench (Trench 7, 
Supplemental Fig. 1) was excavated in 2017 parallel to strike, situated at 
the base of the outcropping Bellamya-bearing sandstone bed that over-
lies the tooth-bearing clayey siltstone. This excavation was intended to 
search for additional in situ fossils, characterize the detailed vertical 
stratigraphy and sedimentology at the tooth discovery site, and examine 
lateral (along-strike) sedimentologic variability between the in situ teeth 
and surficial bone discovery sites. 

After excavation, ten sedimentary rock samples were collected from 
F25787–F25966 in 2018 by Cyprian Nyete for geochemical analysis 
(Table 1, Fig. 3, Supplemental Dataset 1, Supplemental Fig. 1). Samples 
were collected at the location of the dentition and at the approximate 
level of the postcranial surface specimens (samples 2 and 4, respec-
tively), as well as from surrounding sediments above, below, and 
laterally east and west from the fossil locations. Samples were lightly 
crushed using a mortar and pestle and passed through a 2 mm sieve; 
there were few to no fragments coarser than 2 mm. 

3.1.1. Particle size analysis 
Particle size analysis was conducted on disaggregated sandstone and 

siltstone samples following the pipette method of Gee and Bauder 
(1986). Prior to dispersion, organic matter and carbonates were 
removed using 30 % H2O2 and 1 M sodium acetate adjusted to pH 5 with 
acetic acid, respectively. Samples were dispersed using 5 % Calgon so-
lution (Na2CO3+ (NaPO4)6). Dispersed sediment samples were passed 
through five sieves (mesh sizes: 1.00, 0.50, 0.250, 0.106 and 0.053 mm) 
and the fractions determined gravimetrically after drying. The remain-
ing silt and clay size fractions of the dispersed sediment were deter-
mined using settling times and pipette extraction from a 1 L 
sedimentation tube. 

3.1.2. Major and trace element analysis 
Rock samples were milled to <70 μm. Major and trace element an-

alyses were conducted on glass disks and compressed pellets, respec-
tively. Glass disks were prepared for XRF analysis using 7 g of high 
purity trace element and rare earth element-free flux (LiBO2 = 32.83 %, 
Li2B4O7 = 66.67 %, LiI = 0.50 %) mixed with 0.7 g of the powdered 
sample. Mixtures of sample and flux were fused in platinum crucibles 
with a Claisse M4 gas fluxer at temperatures between 1100◦C and 1200 
◦C. Pressed powder pellets were prepared for XRF analysis using 8 g of 

Fig. 2. Hominin fossils from the F25787–F25966 locality. (a) Occlusal view photographs of the KNM-ER 64060 dentition in anatomical alignment reproduced from 
Grine et al. (2019), scale in centimeters. (b) Occlusal and lateral views of the anatomical arrangement of RC-RM3 of KNM-ER 64060 reconstructed from volumetric 
renderings of nano-CT scans of the individual tooth reproduced from Grine et al. (2019). Note remnant, deteriorated mandibular alveolar bone between tooth roots. 
(c) Anatomical arrangement of postcranial bone fragments of KNM-ER 64061, scale in centimeters. (d) Positions of fossils on a hominin skeleton. 

T.M. Present et al.                                                                                                                                                                                                                              



Quaternary Science Reviews 328 (2024) 108525

5

the rock sample and a few drops of MOVIOL for bonding. Loss on igni-
tion (LOI) was calculated by determining the weight change after 
igniting the samples at 1000 ◦C in a muffle furnace. 

Elemental compositions were determined by XRF spectrometry on a 
PANalytical Axios Wavelength Dispersive spectrometer at the Central of 
Analytical Facilities, Stellenbosch University, South Africa. The certified 
reference materials (CRM) that were used in the calibration procedures 

for major and trace element analyses fit the range of concentrations of 
the samples, with the exception of high Cl in sample 10. Four sediment 
CRMs (S-20, S-14, S-19) and one marine mud CRM (MAG-1) were 
included in the calibration. Additional CRM’s were selected as control 
standards and include NIM-G (Granite from the Council for Mineral 
Technology, South Africa) and BE-N (Basalt from the International 
Working Group). An in-house quality control standard (HUGS-1) was 

Fig. 3. Stratigraphic column and sedimentologic cross-sections of the F25787–F25966 locality. (A) Vertical stratigraphy by AKB showing the succession of lake 
margin lithofacies and the source units for sediment samples (circled numbers), with the curved dotted arrow indicating how postcranial fossils were interpreted to 
have eroded from overlying fossiliferous sandy siltstone. (B) Aerial (kite) photograph taken in 2014 of the excavations at F25787–F25966, showing the positions of 
KNM-ER 64060 (teeth found in situ at location ‘T’), and surface scatter of postcranial elements KNM-ER 64061 (dotted area labelled PC) about 12 m along depo-
sitional strike from the teeth. Line A-A′ follows structural strike (210◦) of sandstone bed (14◦ dip to the NW) that overlies the units with vertebrate fossils. Rock 
barrier shows the area of surface screening (Supplemental Table 1). Note circled people for scale. (C) Cross-section of sedimentologic variability approximately along 
strike (line A-A′ in B), showing relationship of the surface postcranials (PC) and the in situ tooth site (T). Dotted area shows the highest elevation and down-slope 
distribution of surface postcranial bones. (D) Cross section of inferred subsurface dip-transect sedimentary units; the highest (surface) postcranial element (PC =
distal humerus) was (stratigraphically) < 1.0 m below lowest in situ hominin tooth. D represents a composite of lines B–B′ and C–C′ in B. 
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also prepared as a glass disk and analyzed along with the samples. Ac-
curacy of XRF measurements, provided in Dataset 1, are better than 10 
% for all major elements and most trace elements. 

3.1.3. Clay fraction mineralogy 
Clay fractions were collected through dispersion and sedimentation 

after prior removal of organic matter and carbonates (as described in 
section 3.1.1). Dispersed clay samples were split into two and floccu-
lated using either 1 M KCl or 0.5 M MgCl2. Flocculated samples were 
washed through sequential washes with deionized water and increasing 
proportions of ethanol until the suspensions tested negative for Cl− by 
adding a few drops of 0.1 M AgNO3. Magnesium and K saturated clays 
were dried and gently crushed into a powder. X-ray diffraction analysis 
was conducted at iThemba labs on the randomly orientated clay extract 
powders with a step-size of 0.05◦ and a step-time of 40 s using a Bruker 
D8 Advance Powder Diffractometer with a graphite monochromator, 
using a Cu-Kα source at 40 mA and 40 kV. 

3.2. Fossil analyses 

3.2.1. Micro- and nano-CT 
Fossil specimens (KNM-ER 64060, 64061) were scanned using non- 

destructive X-ray computed tomography at the Stellenbosch University 
CT Scanner Facility (Du Plessis et al., 2016). Teeth comprising the 
KNM-ER 64060 dentition were individually scanned using a General 
Electric Phoenix Nanotom S nano-CT scanner (voxel size = 0.01413 
mm), and previously presented in Grine et al. (2019). Due to their larger 
size, elements of the KNM-ER 64061 postcranial skeleton were scanned 
using the General Electric Phoenix VTOMEX L240 micro-CT system 
(voxel size varied among elements, ranging from 0.03 to 0.07 mm). 
Volumetric renderings were computed using Avizo and VGStudioMax 
software, and new visualization of high-density regions unreported by 
Grine et al. (2019) are presented here. 

3.2.2. Micro-X-ray fluorescence 
Non-destructive chemical interrogation of the fossils was 

accomplished with a Bruker M4 Tornado benchtop micro-X-ray fluo-
rescence (μXRF) spectrometer. X-rays generated from a rhodium tube 
excited to 50 kV with 400 μA current were focused via polycapillary 
optics onto samples in 2 mbar vacuum. Samples were rastered beneath 
the primary X-ray beam and fluorescent X-ray energy spectra were 
measured simultaneously on two 30 mm2 silicon drift energy dispersive 
spectrometer (EDS) detectors. Fluorescent X-ray EDS spectra were 
assigned to 20 μm-wide pixels that had an average primary beam dwell 
time of 30–40 ms, but the sample surface area and volume interrogated 
depended on incident X-ray energy, sample surface roughness and 
height relative to beam focus, and sample density. Bruker software 
(Bruker M4 Tornado v. 1.6.621.0) was used to deconvolve fluorescent X- 
ray EDS spectra from background, emission line overlaps, and detector 
artifacts (i.e., pile-up peaks and detector escape peaks); develop cor-
rected count sum spectra for regions of interest (ROI) and whole sample 
chemical images; and calculate standardless first-principles sample and 
ROI stoichiometric compositions. Data were output as chemical images 
of total counts in energy windows 87 % the width of corrected emission 
spectral line peaks and as element oxide abundances. Quantification of 
sum spectra on well-focused ROI resulted in less than 91 wt % oxide 
totals; because primary and altered biominerals often have significant 
quantities of hydrous or carbonate components not detectable by XRF, 
data were not normalized to 100 %. Accuracy and precision of quanti-
fication results depend on material properties and phase assemblages, 
which vary spatially even within ROI’s, but are typically better than 20 
% for light elements and 5–10 % for metals. 

3.2.3. Synchrotron XRF and absorption spectroscopy 
Two beamlines at the National Synchrotron Light Source II (NSLS-II) 

were used in this study for microanalysis of as-is samples (Supporting 
Information). The synchrotron beamlines are brighter X-ray sources 
than the benchtop μXRF, with smaller beams and tunable beam energy, 
permitting us to probe finer details and to quantify sample composition 
from sum spectra of smaller ROI’s. Measured fluorescence of different 
elements is attenuated differently depending on, among other things, 
absorption by the matrix and thickness of the sample (which for these 
fossils is infinite). Mean fluorescence values for selected elements in 
each ROI were normalized by incident beam intensity. Raw counts were 
then converted into estimated element concentrations by correcting for 
attenuation and effective sampling depth, based on characteristic fluo-
rescence energy and assuming a matrix of HAp. Thus uncertainty in 
absolute concentration, typically better than 10 % across a wide range of 
detectable concentrations, is much larger than the uncertainty in rela-
tive concentrations between similar samples measured with a given 
experimental setup. 

Microbeam XRF maps at Beamline 8BM, the Tender Energy X-ray 
Absorption Spectroscopy and Imaging beamline (TES, Northrup, 2019) 
were run at 3449.5 eV with a 10 μm beam size. On-the-fly XRF maps 
used a 15 μm pixel size and 0.2 s/pixel dwell time, providing data on Mg, 
Al, Si, P, S, and Cl (via K fluorescence), Sr (L fluorescence) and U (M 
fluorescence). The XRF maps were used to select representative spots of 
the fossil material (avoiding fractures and surface contamination) for 
microbeam X-ray absorption near edge structure (XANES) analysis at the 
sulfur K edge (S-XANES) and uranium M5 edge (U-XANES). 
Synchrotron-based XANES provides chemical information such as 
oxidation state and chemical speciation for the target element, at the 
microscale. In particular, S-XANES can differentiate organic and inor-
ganic S species. XANES measurements are accomplished by scanning the 
incident beam energy across the element’s absorption edge while col-
lecting the element-specific fluorescence signal and assigning this signal 
into energy increments of 0.1 eV. 

Beamline 4BM, the X-ray Fluorescence Microprobe (XFM), is the 
hard X-ray instrument co-developed with TES at NSLS-II. On-the-fly XRF 
maps were run at 18 keV with a 10 μm beam size, a 20 μm pixel size and 
0.2 s/pixel. This beamline has 7 silicon drift EDS detectors, and the sum 
of all detectors for each pixel across these regions gives raw counts for 

Table 1 
Disaggregated sedimentary rock location, descriptions, and compositions at lo-
cality F25787–F25966.  

No. Location description Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Texture 

1 Trench wall above dentition 
level (below Bellamya 
sandstone) 

27.9 70.4 1.6 sandy 
siltstone 

2 Trench wall at KNM-ER 64060 
dentition excavation level 

7.2 80.1 12.7 clayey 
siltstone 

3 Level between teeth (F25787) 
and postcrania (F25966), 
outside of Trench 3 

21.9 65.5 12.6 sandy 
siltstone 

4 Trench wall at highest level of 
postcranial bone KNM-ER 
64061 surface discovery 

7.1 82.9 10.0 siltstone 

5 Below postcrania level close to 
stone erosion barrier 

33.6 52.9 13.5 sandy 
siltstone 

6 Outcropping Bellamya 
sandstone 35 m southwest of 
postcrania 

60.1 24.9 15.0 clayey, silty 
sandstone 

7 15 m south-southeast of 
postcrania below postcrania 
level 

5.7 84.7 2.4 sandy 
siltstone 

8 Below dentition level 20 m 
southeast of teeth excavation 

14.2 73.3 12.4 sandy 
siltstone 

9 Possible postcrania source 
bed, outcropping southwest of 
post-crania discovery site 

41.2 43.8 15.0 sandy 
siltstone 

10 30 cm below surface in bank of 
a shallow modern channel 50 
m southeast of teeth 
excavation 

9.7 86.0 4.3 siltstone  
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the ROIs. Accessible elements at XFM include transition metals and 
heavier elements via K and L fluorescences, for XRF and absorption 
spectroscopy. 

4. Results 

4.1. Sedimentology 

Although many other vertebrate remains occurred on the surface and 
were recovered through careful scraping and screening of the outcrop 
surface (Fig. 3B, Supplemental Table 1), no additional hominin fossils 
were found in situ during excavation of Trench 7. Microstratigraphic 
description of the outcrops plus trenching revealed sedimentologic 
variability both vertically and lateral to the initial discovery location of 
the KNM-ER 64060 hominin teeth (Fig. 3). The teeth were excavated 
from a clayey siltstone unit 180 cm thick where the teeth were found 
(Fig. 3A–C, D). This clayey siltstone unit thins by about 100 cm towards 
the south-southwestern end of the excavation area and likely filled in an 
original topographic depression on the underlying fossiliferous silts. A 
sandy siltstone unit (about 15 cm thick) is interbedded with and overlies 
the tooth-bearing clayey siltstone unit. 

The bedding contact between the tooth-bearing clayey siltstone and 
thin, overlying sandy siltstone is sharp but irregular, with a decimeter- 
scale indention interpreted as either a small scour or a cross-section of 
a vertebrate footprint. Pedogenic fabrics and bioturbation have 
obscured primary bedding structures in the sandy and clayey siltstone 
units. Lenses of Bellamya-bearing silty sand occur near the top of the 
clayey and sandy siltstones, which are capped by a well-cemented, 
tabular, Bellamya-bearing sandstone on a sharp depositional contact 
(Fig. 3). 

Overall, the sediment composition and architecture of the different 
lithofacies, along with the presence of the aquatic gastropods above and 
below the hominin levels (Fig. 3), are evidence for a lake margin envi-
ronment with relatively small-scale (e.g., 10’s of m) lateral variation in 
depositional sub-environments. Crack fills, root traces, and soil devel-
opment indicate temporary emergence as dry land, while the gastropod- 
bearing silty sands indicate recurring periods of submergence. All of 
these features fit a persistent, low angle lake margin environment sub-
ject to fluctuating lake levels, with local topographic relief up to about 1 
m formed by shallow off-shore, beach, back-beach and on-shore sub- 
environments. 

4.1.1. Particle size distribution 
The majority of disaggregated rocks have a siltstone texture with 

varying amounts of sand and clay (Fig. 4A, Table 1). A particle size 
distribution curve of all rock samples is shown in Fig. 4B. Samples from 
locations 2, 4, 7, 8 and 10 all show similar particle size distribution 
curves, with a dominance of silt. This group includes sample 2 (from the 
trench at the level from which the KNM-ER 64060 teeth were excavated) 

and sample 4 (the top of trenched outcrop surface where the KNM-ER 
64061 postcranial bones were discovered) (Fig. 3). The Bellamya- 
bearing sandstone (sample 6) has the coarsest texture (clayey, silty 
sandstone), followed by sample 9, a sandy siltstone that is the inferred 
source (see discussion below) of the KNM-ER 64061 postcranial bones 
prior to their exhumation and transport down the modern outcrop slope. 

4.1.2. Sediment composition 
Trace and major element composition of sediment samples from 

F25787–F25966 are tabulated in Supplemental Dataset 1. Strong fluo-
rescence resulted in noisy XRD patterns that made mineral identification 
challenging. The clay fraction contains a mixture of smectite and 
interstratified smectite-illite minerals (rectorite). 

4.2. Bone and tooth composition and chemical images 

4.2.1. Nano-CT and micro-CT 
Volumetric reconstructions of the nano-CT images indicate that most 

of the KNM-ER 64060 dentition exhibits high density areas that appear 
to be associated with cracks in the enamel and/or dentine, as demon-
strated here for the LM3 (Fig. 5a, b and Supplemental Video 1, 2) and the 
RP4 (Fig. 5c and Supplemental Video 3, 4). (Supplementary videos 
related to this article can be found at https://doi.org/10.1016/j.qu 
ascirev.2024.108525). This bright phase also occurs as discrete 
patches on the surface of the roots, as demonstrated here for the LC 
(Fig. 5d). The high-density regions were associated with elevated Ba and 
S concentrations, semi-quantitatively suggesting barite (BaSO4) accu-
mulations when examined using a portable hand-held XRF analyzer 
(pXRF, Supplemental Information, Supplemental Dataset 2). Scanning 
electron microscopy-based EDS analysis (Supplemental Material) of the 
barium-sulfur deposit confirmed that the material is stoichiometric 
barite (Supplemental Fig. 2). 

Postcranial elements comprising specimen KNM-ER 64061 were also 
imaged with micro-CT and exhibited high-density spots like those seen 
in the KNM-ER 64060 teeth (Fig. 5f). Examination by pXRF analyzer of 
the humerus and clavicle revealed more barium on the surfaces of both 
than a modern springbok parietal bone (Supplemental Dataset 2). 

4.2.2. Benchtop μXRF 
All tooth and bone samples are dominated by Ca and P, consistent 

with their origin as HAp. Different chemical elements were preferen-
tially enriched in tooth enamel, dentin, or bone material, permitting 
differentiation and comparison of the specimens’ histories. These results 
are summarized in Supplemental Fig. 3 and tabulated in Supplemental 
Dataset 3. 

Aluminum and Si, likely from sediment matrix material or authigenic 
clay precipitation, are present at weight percent levels (Supplemental 
Fig. 3a). Dentin material from KNM-ER 64060 teeth collected at F25787 
is enriched in S and U compared to levels of these elements in other 

Fig. 4. (A) Sedimentary texture and (B) particle size distribution of disaggregated rock samples from F25787–F25966.  

T.M. Present et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.quascirev.2024.108525
https://doi.org/10.1016/j.quascirev.2024.108525


Quaternary Science Reviews 328 (2024) 108525

8

Fig. 5. Nano-CT reconstructions of KNM-ER 64060 teeth and micro-CT reconstruction of KNM-ER 64061 clavicle. (a) Orthoslice through the distal aspect of the LM3. 
Denser regions are brighter. Scale = 2 mm. (b) Volumetric rendering of mesiobuccal view LM3, together with a ghosted version highlighting the barite veins in the 
primary cracks in the tooth. Other large (wide) secondary cracks are devoid of barite. Scale bar = 5 mm. (c) Volumetric surface rendering of distobuccal view of RP4, 
together with a ghosted version highlighting the barite veins in the primary cracks in the tooth. Unlike the LM3 (b), at least one of the large secondary cracks contain 
barite deposits. Scale bar = 4 mm. (d) Volumetric surface rendering of distolingual view of LC, together with a ghosted version highlighting the high-density barite 
deposit on the distal surface of the root. Scale bar = 4.5 mm. (e) Photograph of clavicle fragment from KNM-ER 64061. (f) Micro-CT density rendering of a clavicle 
fragment from KNM-ER 64061, with brightest white pixels representing barite mineralization as determined by pXRF. 

Fig. 6. Bi-plots of F25787–F25966 and F26222 specimens’ μXRF quantification results from ROIs, reported as oxide weight percentage, showing admixture of low- 
Al, low-Si biogenic HAp with upper Burgi Member bulk sedimentary rocks from F25787–F25966 (circles). Deviations from mixing lines (shown in relation to the 
average sedimentary rock compositions) indicate other alteration, such as carbonate, oxide, or authigenic clay precipitation, or diffusion/exchange reactions. 
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materials, including dentin from the F26222 control site and KNM-ER 
64061 postcranial bones from F25966 (Supplemental Fig. 3b). Tooth 
enamel from KNM-ER 64060 teeth has less Fe, Mn, Ba, Sr, Zr, and Cu, 
and more Zn than other materials (Supplemental Fig. 3b). 

Two-element cross-plots were used to examine physical admixtures 
of fossil and matrix material and identify alteration end-members rela-
tive to bulk sedimentary rock compositions (Fig. 6). There are no sys-
tematic differences in sample alteration by locality. This is illustrated by 
several examples. First, all specimens from F25787–F25966 (KNM-ER 
64060 and KNM-ER 64061) and the jaw fragment from F26222 have Si 

and Al contents that are well-explained by admixture of material of the 
upper Burgi Member sedimentary units exposed and excavated in 
F25787–F25966, but the postcranial fragment from the KBS Member at 
F26222 has elevated Si. Upper Burgi Member sediments explain K/Al 
variability of teeth from F25787 (KNM-ER 64060) and both the jaw and 
postcranial specimens from F26222, but not the postcranial bones from 
F25966 (KNM-ER 64061), which have elevated K. All cranial (tooth and 
jawbone) specimens from both F25787–F25966 and F26222 share a 
Mg/Al ratio that is higher than that of sediment samples at 
F25787–F25966, and postcranial bone specimens from F25966 (KNM- 

Fig. 7. Composite chemical images of specimens. All scale bars are 3 mm. Colors are scaled to the maximum concentration of each element in each sample. Dashed 
white lines delineate tooth material from mandibular bone (mb). (A) Al–Ca–Si. Note Si uptake along periradicular banding in KNM-ER 64060 RM2. (B) Mn–Ca–Fe. (C) 
Ba–Fe–S. Note Ba on KNM-ER 64060 teeth is associated with both S (appears yellow) and Mn (appears red; compare to panel B). (D) Y–Ca–Sr. Note Y uptake along 
fractures and pits in KNM-ER 64061 Shaft, and compare to Y uptake only along outer jawbone found at F26222 but not along broken side of jawbone, and similarly 
only along outer postcranial bone found at F26222 but not along pits. 
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ER 64061) contain less Mg than postcranial bone specimens from 
F26222 with equivalent Al concentrations. On the other hand, some 
F25787–F25966 specimens have more Fe than F26222 specimens, and 
many have Fe/Al higher than that of F25787–F25966 sediments. 

Chemical images of minor and trace element enrichments, coatings, 
and veins were used to develop a chemical taphonomic and alteration 
history of the specimens (Fig. 7). Plates with all chemical images are 

shown in Supplemental Figs. 4–11, and key features are discussed here. 
Silicon is generally associated with Al (Fig. 7A), and likely represents 

detrital or authigenic clays (Kohn et al., 1999; Parker and Toots, 1970). 
In addition, Si alteration follows growth lines in tooth root dentin and 
irregular pockmarked veins in tooth enamel in KNM-ER 64060 
specimens. 

Manganese and Fe are present in thin, patchy coatings on samples, 

Fig. 8. Synchrotron XRF maps. Scale bar is 1 mm for all images. (A) Fe–Ni–Ca composite chemical image. Ni is fairly uniformly distributed in the apatite, while Fe is 
highly heterogeneous and significantly found coating fractures and surfaces. (B) Sulfur concentration maps from TES XRF data. Lighter shading is higher concen-
tration; all images set to same absolute scale. (C) U/P maps from TES XRF data. Lighter shading is more U; all images set to same absolute scale. 
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and as oxides and silicate phases in fractures and holes (Fig. 7B). 
Different fractures contain either one or both of these redox-sensitive 
metals, suggesting that at least two phases of alteration occurred at 
different oxidation states interspersed by physical damage to the spec-
imens. Specimens from all three sites (F25787–F25966 and F26222) also 
contain at least one fracture with no metal enrichment, suggesting 
continuation of physical alteration after chemical alteration, likely 
during exhumation. 

Fractures and holes are also associated with Ba enrichments 
(Fig. 7C). In teeth and post-cranial specimens from F25787–F25966, Ba 
is often coincident with S enrichments and consistent with barite 
(BaSO4) mineralization (Fig. 7C) where dense phases are observed in 
nano-CT volumetric reconstructions (Fig. 5a-d). In the KNM-ER 64060 
teeth, barite mineralized the latest (more recent) fractures that lacked Fe 
and Mn enrichment. Barium is also present in regions on the KNM-ER 
64060 teeth without S, instead associated with Mn (Fig. 7B and C). A 
small remnant of mandibular alveolar bone associated with the KNM-ER 
64060 RP4 tooth is enriched in Fe but not Ba, while a mandible fragment 
from F26222 is enriched in both elements (Fig. 7C). 

Some elements, such as Y and Sr, are selectively incorporated into 
the imaged hominin specimens (Fig. 7D). These elements, which are 
compatible in HAp and inherited from modern or ancient porewaters 
(Hoppe et al., 2003; Nelson et al., 1986; Parker and Toots, 1970; True-
man and Tuross, 2002), are enriched in tooth dentin in KNM-ER 64060 
specimens. Several other environmentally trace elements, including Ce, 
U, Nd, and La, have been concentrated into altered tooth dentin to up to 
several thousand parts per million (Supplemental Fig. 3B); these 
amounts are comparable to those seen in the outermost rim of fossil 
bones and teeth that concentrated these elements from soil waters, 
groundwaters, or other diagenetic fluids (Kohn et al., 1999; Millard and 
Hedges, 1996; Parker and Toots, 1970; Trueman et al., 2006; Trueman 
and Tuross, 2002). Porous remnant mandibular alveolar bone in RP4 had 
comparably less Y and Sr than the dentin. In F25966 postcranial speci-
mens (KNM-ER 64061), Y is preferentially incorporated along fractures, 
indicative of uptake following physical damage to the specimen 
(Fig. 7D). On the other hand, Y is preferentially incorporated into the 
exterior of the jawbone specimen from F26222, but not into broken jaw 
interior bone, broken tooth dentin or root material. This relationship 
suggests that Y was incorporated from pore fluids prior to jawbone 
breakage of the F26222 specimen. 

4.2.3. Synchrotron XRF imaging and spectroscopy 
Synchrotron XRF maps (Fig. 8A) from beamline XFM shows chemical 

heterogeneity associated with fractures and other alteration of primary 
fossil material, like those seen with benchtop μXRF. The concentrations 
of trace and minor elements in the best-preserved fossil material in areas 
free of cracks, pores, or adhered sediment are reported in Table 2. 

Sulfur is fairly uniformly distributed in the fossil bone and enamel 
but highly enriched in the dentin (Fig. 8B). This S may originate from 
within the organism prior to death, as organic components as well as 
being structurally incorporated into the biomineral, or from the envi-
ronment through interaction with fluids, microbial activity, or redox 
cycling. To address S chemical speciation, we measured microbeam S- 
XANES on several spots that were selected to be the most representative 
of the least-altered fossil material, not fractures or obviously highly 

enriched regions. These spectra (Fig. 9A) show that the majority of S is in 
the form of sulfate. For comparison, we measured S-XANES in a well- 
crystallized inorganic fluorapatite from Slyudyanka, Russia, that con-
tains trace sulfate and a smaller amount of sulfite. The enamel S-XANES 
showed a spectrum similar to the reference apatite, with several spectral 
features corresponding to incorporation of sulfate into the crystal 
structure. The enamel also shows some sulfite incorporation, and, 
importantly, a small but definite component of organic sulfide species 
consistent with protein S. 

Uranium is variably enriched in the bones, mostly along fracture 
surfaces, and in the teeth is highly enriched in the dentin and lowest in 
the enamel (Fig. 8C). U-XANES shows that the U is oxidized, present as U 
(VI) (Fig. 9B). This distribution is consistent with uptake from the 
environment over time, and possibly as a function of porosity (Hedges, 
2002; Trueman and Tuross, 2002). 

5. Discussion 

5.1. Sedimentary history of hominin teeth and postcranial bones at 
F25787–F25966 

Gathogo and Brown (2006) interpret the variously massive and 
bioturbated fine sandstone beds associated with siltstone with pedo-
genic structures as a marginal lacustrine facies association. Trenching 
and documentation by AKB revealed that, at F25787–F25966, these li-
thologies are arranged in a coarsening-upwards sequence of clayey 
siltstone overlain by sandy siltstone, and finally by well-sorted, 
cemented, Bellamya-bearing clayey, silty sandstone. This sequence is 
interpreted as transgressive, with the clayey siltstone representing a 
paleosol developed in a marginal lacustrine environment, possibly a 
temporarily subaerial lagoon; the sandy siltstone representing a 
back-beach or marginal lagoonal environment with less paleosol 
development; and Bellamya-bearing sandstones representing a foreshore 
or beach-face environment. The transgressive interval occurred over 
10.5 vertical meters and an estimated time interval of ca.10 kyr based on 
generalized rates of sediment accumulation for the upper Burgi Member 
(Brown and McDougall, 2011). This could be part of a precessional cycle 
(21 kyr) controlling variability in regional precipitation, or part of a 
longer trend of increasing flow into the Omo-Turkana Basin resulting in 
lake expansion during deposition of the upper Burgi Member (Baldes 
et al., 2024; Trauth et al., 2005; Van Bocxlaer et al., 2008). 

Microstratigraphy at F25787–F25966 documents the vertical and 
lateral relationships of different lithologies and their relationships to the 
surface scatter of KNM-ER 64061 and the in situ dentition of KNM-ER 
64060 (Fig. 3). Critical considerations include: (1) close spatial and 
stratigraphic proximity of the hominin dental and postcranial remains; 
(2) excellent preservation of the postcranial bones (KNM-ER 60641) 
contrasted with absence of bone (except for minor mandibular alveolar 
bone remnants) but the survival of well-preserved, associated teeth with 
intact roots in KNM-ER 60640; (3) very restricted spatial dispersal in the 
paleosol of the associated in situ teeth, along with limited surface scatter 
of the postcranial bones; (4) occurrence of the postcranial bones on the 
outcrop surface, with the highest occurrence of these fossils about 1 m 
stratigraphic distance below the position of the in situ teeth in the 
paleosol; (5) presence of other well-preserved, fragmentary vertebrate 

Table 2 
Estimated element concentrations (ppm) from synchrotron XRF of well-preserved regions on fossil specimens.   

KNM-ER 64060 KNM-ER 64061 F26222  

RM2 dentin RP4 dentin RP4 enamel Left ulna Shaft fragment Misc. fragment Postcranial bone fragment 
Mn 1520 2200 600 8970 12700 11000 3150 
Fe 1520 3580 1640 39100 18400 15300 6990 
Ni 320 420 61 180 150 110 390 
Cu 180 230 44 670 290 93 210 
Zn 270 290 600 250 220 220 190 
U 740 840 26 71 72 55 85  

T.M. Present et al.                                                                                                                                                                                                                              



Quaternary Science Reviews 328 (2024) 108525

12

remains in the silty sands (Supplemental Table 1); and (6) absence of 
other vertebrate remains in the paleosol except for a single canine of a 
small carnivore. 

Assuming that the fossils belonged to one individual, these features 
can be explained by different early post-mortem taphonomic histories 
involving rapid burial of the post-cranials at the same time as the nearby 
mandible disintegrated, either on the ground surface or buried in the 
upper soil. If the fossils represented two different individuals, then the 
different taphonomic histories might be more easily explained, but this 
requires spatial proximity of two sets of hominin remains that have no 
overlapping skeletal parts and belong to the same level of maturity and 
body size, and plausibly to the same species. In our opinion, the former 
interpretation is more likely, although it represents an unusual juxta-
position of different preservation states for a single individual in a lake 
margin depositional setting. 

A parsimonious interpretation for the position and preservation of 
KNM-ER 64061 postcranial bones found on the F25787–F25966 ground 
surface, compared to the in situ KNM-ER 64060 teeth, is that the post-
cranial bones were buried soon after death by sandy siltstone in a 
shallow lake-margin environment next to the emergent surface repre-
sented by a paleosol. The succession of distinct sedimentary units, their 
inferred depositional environments, and the sequence of events 
involving this style of preservation of the hominin remains are recon-
structed in Fig. 10. 

The lateral dispersal of the postcranial bones and displacement from 
the dentition likely predated burial: after the hominin individual’s 
death, its bones were scattered near the shoreline, with the mandible 
slightly farther from shore in clayey silt (Fig. 10A). Hominin remains 
that survived initial bone dissolution (postcranials) were preserved by 
rapid burial, but any others exposed on the paleosol surface (e.g., the 
mandible) were destroyed by scavenging, trampling, weathering (Beh-
rensmeyer, 1978), and/or chemical dissolution through microbial 
osteolysis (Kendall et al., 2018; Turner-Walker, 2008) (Fig. 10B). Sig-
nificant transport by water is unlikely given the close association of 
different skeletal elements (unless initially as an intact carcass) (Boaz 
and Behrensmeyer, 1976), but scavengers may have moved bones 
around the immediate death site and consumed some of the missing 
skeletal elements. The postcranial bone material did not dissolve 
post-burial in the sandy siltstone, possibly because this site remained 

slightly below the local water table. 
Bones and teeth can be preserved in soils under specific biological, 

chemical, and physical conditions (Behrensmeyer, 1978; Retallack, 
1988; Turner-Walker, 2008). Intact teeth with roots were released from 
the mandible to be buried in the soil. The vertical depth (43 cm) through 
which the KNM-ER 64060 teeth were scattered is explained by 
dislodgement from the mandible, a result of dissolution of the jawbone 
(either prior to or after shallow burial), and subsequent movement 
individually via bioturbation combined with pedogenic cracking of the 
silty clay (Fig. 10C), which is smectitic and expands easily. The miner-
alogy of the clay phase is dominated by swelling and interstratified clay 
minerals, accounting for the strong block structure of the clayey siltstone 
despite relatively low clay content. Swelling clays mix soils and the 
sedimentary particles—including fossils—within them (Yaalon and 
Kalmar, 1978). We hypothesize that, based on their shape differences, 
the single-rooted incisors and canines were reworked farther down into 
the soil by bioturbation and clay swelling-shrinking processes than the 
multi-rooted, blocky molars and premolars. Because the teeth were 
preserved in such a small volume of sediment, this is strong evidence 
that an intact mandible was stabilized on the land surface (e.g., by plant 
growth) prior to its disintegration on or in the upper soil layer. 

After lake transgression (Fig. 10D) and burial (Fig. 10E), the sur-
viving post-cranial bones weathered out as surficial lag from a source 
unit atop the clayey siltstone. They were then distributed downslope by 
recent erosion to more than 1 vertical m below the level of the in situ 
teeth (Fig. 10F). Note that if the postcranial bones had been subjected to 
the same surface processes that destroyed the mandible, they would not 
have survived as fossils; their excellent preservation requires protection 
from these processes, i.e., by early post-mortem burial. 

5.2. Preservation of primary hominin biominerals 

Fossilized biominerals under study represent a range of mineral- 
organic-volatile components and the interaction of the original bio-
minerals in the living hominin with post-burial biogeochemical pro-
cesses. The results of this study provide evidence for long-term retention 
of biomineral composition in different skeletal elements. Enamel is the 
hardest and richest in mineral HAp, composed of 95 % HAp and less than 
about 5 % organic matter (Cacciotti, 2016; Driessens and Verbeeck, 

Fig. 9. TES XANES spectra of fossils. (A) S-XANES showing sulfate structurally incorporated in the apatite in all of the samples. Spectra are normalized to post-edge 
absorbance of 1 and are offset for comparison. (B) U-XANES showing peaks shifted to higher energy consistent with U(VI). Sample F26222 has much lower U 
concentration than sample KNM-ER 64060 (Table 2). Spectra are normalized to the same post-edge absorbance for comparison. 
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1990; Kendall et al., 2018). Bone is about 70 % HAp and 30 % organic 
matter (comprised mainly of collagen) (Driessens and Verbeeck, 1990). 
Dentin has the lowest mineral content at 55 % HAp with about 30 % 
organic matter and 15 % fluids (mainly water) (Driessens and Verbeeck, 
1990). The degree of chemical exchange between each biomineral and 
diagenetic fluids tends to inversely vary with the proportion of mineral 
fraction (Hedges, 2002; Lambert et al., 1985; Trueman, 2013). Thus, 
enamel is typically the least susceptible to chemical alteration during 
diagenesis, and dentin the most (Kendall et al., 2018; Parker and Toots, 
1980; Turner-Walker, 2008). 

The fossils at both localities are physically well-preserved but have 
spatially heterogenous chemical alteration at micro-scale. They remain 
predominately HAp (Supplemental Fig. 12), and at the micron scale, 
primary biomaterial fabrics remain, including growth bands on tooth 
dentin highlighted by different uptake of various elements (e.g., Fig. 7). 
Sulfur-XANES analysis revealed several S coordination and oxidation 
states in the different biominerals in KNM-ER 64060 teeth (Fig. 9). Using 
the corrections for absorption cross section from Xia et al. (1998) and a 
fitting approach modified from Einseidl et al. (2007), the sulfur speci-
ation in the enamel spot was 91 % sulfate, 5 % sulfite and 4 % organic 
sulfide. By comparison, sulfur in the reference inorganic apatite was 91 
% sulfate and 9 % sulfite. Further quantification of a feature at 2493.5 
eV that results from incorporation of sulfate into the apatite structure, 
and comparison of its intensity to that in the reference apatite, shows 
that 78 % of the sulfate in the enamel is structurally incorporated in 
apatite. A second feature, at 2486 eV, is common to sulfate chemically 

bound to Ca in some form (including incorporated into apatite). In-
tensity of this feature indicates that at least another 9 % of the sulfate is 
bonded to Ca, likely via adsorption on surfaces or grain boundaries. The 
remaining 13 % of the sulfate may be loosely bound or associated with 
the organic component. 

Per expectation from primary biomineral composition, the best- 
preserved regions of fossil enamel have the lowest metal concentra-
tions detected by synchrotron and benchtop XRF, with the least metal 
contamination in tooth enamel (Table 2, Supplemental Fig. 3, Supple-
mental Fig. 12). However, none of these metal concentrations are 
interpreted as primary biomineral concentrations. 

5.3. Chemical alteration of hominin biominerals 

In addition to matrix contamination, biominerals uptake elements 
from pore fluids (Lambert et al., 1985; Parker and Toots, 1970; Trueman 
and Tuross, 2002). The composition of a fossil may change via authi-
genic mineral precipitation in both primary or secondary pores, via 
diffusive ion exchange of the primary biomineral, or via primary bio-
mineral dissolution and reprecipitation with a different composition 
(Kohn et al., 1999; Millard and Hedges, 1996; Trueman and Tuross, 
2002). All fossil samples from F25787–F25966 and F26222 have less P 
and variable Ca compared to pristine biominerals, and tooth enamel 
samples are less altered than bone, which is less altered than dentin 
(Supplemental Fig. 12). While alteration trends depend on biomineral 
type, the style of incorporation of each element appears similar. A 

Fig. 10. Proposed depositional and physical taphonomic history at F25787–F25966 inferred from microstratigraphic relationships. (A) Alternating sandy and clayey 
silts deposited in a lake margin setting with local topographic relief; hominin death occurred at or near this location followed by scavenging. Postcranial bones 
disarticulated and dispersed several meters north and west of the associated mandible (possibly with cranium). (B) Lake margin processes rapidly buried the 
postcranial elements in sandy silt, while the mandible with full dentition was exposed on the adjacent soil surface and mandibular bone was gradually destroyed. (C) 
The teeth were incorporated into the soil, moving down from the surface by processes such as bioturbation, cracking, shrinking, and swelling of clays. (D) Lake 
transgression over a low-gradient shoreline buried the soil with sandy silt, then with the Bellamya-bearing sand, while postcranial elements remained buried in 
adjacent clayey silt deposits. (E) Lake transgression-regression cycles and fluvial-lacustrine deposition of upper Burgi Member and younger Koobi Fora Formation 
strata over the site. (F) Expanded view from (E) shows tilting 14◦WNW, uplift, and erosion that exposed the hominin remains on the Recent outcrop surface. Post- 
cranial bones eroded from the sandy siltstone onto this surface, and four teeth also eroded from the dentition buried in the paleosol. Compare to Fig. 3D; more details 
in text. 

Fig. 11. Inferred alteration history of fossils constructed from cross-cutting relationships between chemical enrichments. Dashed horizontal bars indicate less intense 
or ambiguous effects of taphonomic processes. 
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summary paragenesis for the fossils’ histories is shown in Fig. 11 and the 
nondestructive observations used to produce this history, integrated 
with the sedimentary history, are discussed below. 

Benchtop μXRF data indicates that all specimens were contaminated 
by aluminous matrix material with compositions within the range of 
upper Burgi Member sedimentary units sampled at F25787–F25966 
(Fig. 6). In addition, postcranial bones had slightly elevated K and Fe, 
and all specimens had elevated Mg. These elevated K and Fe concen-
trations were inconsistent with the bulk K/Al or Fe/Al ratios of all 
measured sediments. Therefore, these may be low-Al authigenic phases 
like alkali clays or iron smectites (e.g., nontranite or saponite), which 
precipitated on the specimens during diagenesis, locally concentrating 
these cations (Kohn et al., 1999; Parker and Toots, 1970). Although Mg 
was difficult to image (Supplementary Figs. 4–11), the shared Mg/Al 
ratio for all cranial specimens from both F26222 and F25787–F25966 is 
evidence for authigenic precipitation of a magnesium clay phase. Low 
Mg/Al phases in KNM-ER 64061 postcranial bones at F25787–F25966 
and high Mg/Al phases in postcranial bones from F26222 may reflect 
locally variable pH or dissolved silica contents of groundwaters, which 
controls the aluminum content of authigenic clays (Birsoy, 2002; Francis 
et al., 2020). While the reasons for non-systematic incorporation of Mg 
into the samples are unclear, Mg variability among control specimens 
from F26222 indicates that variable Mg incorporation into KNM-ER 
64060 and KNM-ER 64061 does not preclude those fossils deriving 
from the same individual. 

Metals that are unlikely to replace stoichiometric components in 
HAp, such as Fe and Mn, are more likely to track secondary mineral 
precipitation (Kohn et al., 1999; Parker and Toots, 1970; Trueman and 
Tuross, 2002). Benchtop and synchrotron chemical images show that Fe 
enrichments trace rims of solution-enlarged pores and borings in bones 
and follow early fractures in bones and teeth (Fig. 7C; Fig. 8A and B; 
Fig. 9A). Thus, authigenic oxides and clays were incorporated into all 
samples after initial scavenging, dissolution of the mandible during 
surface exposure and soil development, and initial compaction associ-
ated with burial that cracked the fossils (Fig. 11). Tooth enamel samples 
host less of these elements than the other biomineral samples, which 
may be due to the more porous structure and lower HAp content of 
bones and dentin. Among dentin and bone samples, Mn tends to be 
lower in samples from F26222 than from F25787–F25966, suggesting 
that pore- and fracture-filling diagenesis at F26222 occurred under 
different redox conditions than the lake margin environment at 
F25787–F25966 (Supplemental Fig. 3). 

Barite (Figs. 5 and 7) was found in a subsequent suite of fractures that 
cross-cuts earlier cracks and was found coating the KNM-ER 64060 teeth 
and KNM-ER 64061 bones. Together, this demonstrates a shared 
diagenetic history by the time sediments were exposed to sulfate-rich 
fluids following burial compaction and exhumation (Fig. 11). Barium 
enrichment was associated both with Mn-oxide coatings and with sulfate 
as barite (Fig. 7C), suggesting that later oxidizing fluids were variably 
sulfur-rich. In low-sulfate conditions (i.e., sulfidic or low total sulfur), Ba 
may concentrate in suitable habitats for microorganisms created by the 
increased sorption of water and nutrients by clays (Brock-Hon et al., 
2012; Clarke et al., 2016), or the microbial reduction of sulfate under 
anaerobic conditions (e.g., McCready and Krouse, 1980). Taken 
together, the teeth and bones at F25787–F25966 appear to have shared 
aluminous contaminants from a generally similar depositional and 
burial environment, experienced similar authigenic clay precipitation 
following early bone dissolution and fracturing during burial compac-
tion, and then a younger period of specimen cracking was followed by 
barite enrichment in all samples (Fig. 11). 

Strontium is present in low amounts (0.02–0.04 wt %, Cacciotti, 
2016) in pristine biominerals and U is metabolically excluded due to its 
toxicity to most fauna. Strontium (Fig. 7D) and U(VI) (Fig. 9B) can 
replace Ca in apatite (e.g., Clarke and Altschuler, 1958; Rakovan et al., 
2002) and these should increase with increased alteration of primary 
material (Millard and Hedges, 1996; Nelson et al., 1986). Yttrium and 

other rare earth elements behave similarly (Kohn et al., 1999; Parker 
and Toots, 1980; Trueman and Tuross, 2002; Tütken et al., 2008). As 
expected, dentin is the most enriched in these trace elements (Fig. 7D 
and Fig. 8C). Enrichment of Sr, Y, and U in both dentin and fractures in 
the teeth suggest that dentin alteration is related to the chemical 
composition of the fluids infiltrating fractures (Fig. 7D), and that uptake 
of these elements was coincident with sample breakage during early 
burial and compaction at F25787 (Fig. 11). Enamel is the least altered 
and the least enriched in these elements. In addition, Sr, U, and Y clearly 
are incorporated into exterior mandibular bone material from F26222, 
but not into broken bone faces or dentin exposed by breakage. This in-
dicates that physical damage and breakage of samples from F26222 
postdated uptake of these elements from the paleosol or burial envi-
ronment; this integration of physical and chemical taphonomies reveals 
a clear distinction between samples from different localities and time 
periods (Fig. 11). 

The differences in sample alteration discussed above are closely 
related to primary biomineral composition, but samples derived from 
excavated or surface fossils of the upper Burgi Member at 
F25787–F25966 share parts of their taphonomic histories that are 
distinct from samples derived from the KBS Member at F26222 (Fig. 11). 
Specifically, following pre-burial and pedogenic dissolution of bone 
material, differences in altered biomineral composition between the 
KNM-ER 64060 teeth and the KNM-ER 64061 postcranial bones are 
better attributed to differences in the primary biomineral composition 
than to different diagenetic histories after burial. 

5.4. Differential preservation of remains of single hominin individuals 

The fact that the dental elements of KNM-ER 64060 are well pre-
served and largely lack associated mandibular bone indicates that the 
latter was largely dissolved, resulting in periradicular alveolar bone loss 
that would have enabled the tooth roots to become dislodged. This de-
gree of mandibular osteolysis stands in contrast to the well-preserved 
cortical and trabecular bone of the KNM-ER 64061 postcranial ele-
ments. If these remains are from the same individual, as we infer, this 
means that the mandible and postcranial remains experienced different 
early post-mortem and/or post-burial diagenetic pathways. In the pre-
ceding discussion, we conclude that the primary difference was early 
burial of postcranial bones in marginal lacustrine sandy silt, but longer 
exposure of mandibular bone to surficial and pedogenic processes in 
nearby clayey silt. If KNM-ER 64060 and KNM-ER 64061 represent teeth 
and postcranial bones from the same associated partial skeleton, then 
this is only the fourth such skeleton with affinities to H. habilis (Fig. 12). 

The association of isolated teeth with postcranial bones attributed to 
the same individual is unusual but not unknown in the Pleistocene 
hominin fossil record of eastern Africa. An important example includes 
the OH 80 teeth and postcranial remains attributed to Paranthropus boisei 
that were recovered in situ in the BK site of Olduvai Gorge (Domí-
nguez-Rodrigo et al., 2013). Eight dental elements—two of which are 
attached to small fragments of mandibular alveolar bone—were exca-
vated along with the relatively unweathered diaphysis of the right 
femur, the distal portion of the left humerus shaft, the proximal half of 
the right radius, and a fragment of tibial midshaft (Domínguez-Rodrigo 
et al., 2013). Another such association is provided by dentate, intact 
right mandibular corpus and isolated left mandibular teeth of specimen 
SAM-AP 6223 from the Middle Stone Age deposits of Klasies River Main 
Site, South Africa. The right corpus of this jaw preserves RP4-M2 in place, 
while the LP4, LM2 and LM3 are isolated teeth with fully intact roots and 
no alveolar bone. The isolated LM1 has a tiny fragment of alveolar bone 
adhering to the buccal surface of the roots (Grine, 2012; Grine et al., 
2021). Like OH 80 and SAM-AP 6223, some of the dental elements of 
KNM-ER 64060 include adherent mandibular alveolar bone (Fig. 2B). 
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6. Conclusions 

Nano-CT, micro-CT, and benchtop and synchrotron XRF were used 
here to examine the cross-cutting relationships between chemical sig-
natures and ordinate the diagenetic taphonomic history of hominin 
fossils, an approach infrequently applied to hominin fossils (Dal Sasso 
et al., 2014; Kinyua et al., 1991; Trueman et al., 2006). A key advantage 
of these X-ray techniques is the ability to obtain chemical information 
non-destructively, without suffering beam damage or necessitating 
invasive sample preparation required for laser ablation, electron mi-
croscopy, or other potentially destructive microanalyses. The data were 
related to bulk characterization of sediment composition in the 
F25787–F25966 and F26222 localities. However, key differences in the 
sediment composition and detailed understanding of mineralogical 
controls on chemical uptake on fossils were limited by the X-ray tech-
niques, which have 10 μm-scale or larger spatial resolution and fail to 
identify light elements such as carbon, nitrogen, oxygen, and sodium 
important in carbonate and nitrate minerals in the sediment. 

Microstratigraphic relationships at the F25787–F25966 site indicate 
that the hominin postcranial (KNM-ER 64061) and the teeth with af-
finity to H. habilis (KNM-ER 64060) were preserved in slightly different 
but closely related, contemporaneous lake margin lithofacies. Lake 
transgression near the time of the individual’s demise preserved the 
postcranial bones in lake margin sandy siltstone, while pedogenic pro-
cesses dissolved nearly all mandibular bone and mixed the teeth through 
nearby clayey siltstones. Geochemical characteristics of sediments, 
paleosol, and fossil teeth and postcranial bones are consistent with their 
primary association as a single individual, representing only the fourth 
such specimen that is attributable to the species Homo habilis (Fig. 12). 
Verification that the teeth and postcranial bones are derived from a 
single individual is important because it permits unique insights about 
hominin morphology and ontogeny and broadens understanding of 
early hominin evolution. 
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10.1016/j.palaeo.2014.06.034. 

Domínguez-Rodrigo, M., Pickering, T.R., Baquedano, E., Mabulla, A., Mark, D.F., 
Musiba, C., Bunn, H.T., Uribelarrea, D., Smith, V., Diez-Martin, F., Pérez- 
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