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a b s t r a c t

Obtaining precise and accurate dates for late Quaternary terrestrial sequences containing Middle Stone
Age or Middle Paleolithic archaeological materials (ca. 30e300 ka) can be challenging. Many such se-
quences lie beyond the limit of radiocarbon dating (~50 ka) and lack volcanic ashes suitable for 40Ar/39Ar
dating. We report a dating approach with about ten times the range of radiocarbon dating (~500 ka)
based on a novel protocol for 230Th/U dating of ostrich eggshell, a common component of African, Near
Eastern and Asian archaeological sequences. Uranium in ostrich eggshell, typically at levels of tens to
hundreds of ppb, is acquired after burial. However, accurate burial ages can be determined from
measured 230Th/U ages when corrected for uranium uptake via diffusion. Using ostrich eggshells from a
Pleistocene-Holocene east African site, we have: (1) characterized the spatial distribution of uranium and
common thorium (232Th) concentrations in ostrich eggshell by laser ablation ICP-MS, (2) determined
apparent 230Th/U ages on outer and inner layers of eggshells by solution ICP-MS analyses of selectively
abraded eggshells, and (3) calculated 230Th/U burial ages using a simple model for diffusive uptake of
uranium. We assess our method by comparing the 230Th/U burial ages (median uncertainty 2.3%, 1 SD)
with radiocarbon dates on carbonate from the same eggshells. We find good agreement in seven out of
nine eggshells, confirming the accuracy of their 230Th/U model ages. Eggshells that fail to yield reliable
230Th/U ages may be recognized by anomalous patterns of apparent 230Th/U ages, providing a reliability
criterion innate to the 230Th/U data. Ostrich eggshells are resistant to diagenesis simplifying 230Th/U
dating compared to bones and teeth. Eggshells of ostrich, emu, rhea and other living and extinct ratites
found on six continents share similar structure and composition, suggesting our new approach to 230Th/
U dating of eggshell may be applicable in diverse late Quaternary terrestrial settings.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Studies of human behavioral and biological evolution and its
paleoenvironmental context rely on accurate, precise dating of
Quaternary terrestrial clastic sediments. For example, such dating is
needed to: (1) assess the timing and tempo of cultural and biologic
change recorded in stratified sequences, (2) correlate among
stratigraphically discontinuous archaeological sequences, (3) eval-
uate relations among spatially separated paleoenvironmental,
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archaeological and fossil records, and (4) compare the timing of
human development inferred from studies of ancient DNA with
evidence from the archaeological or fossil records. Although many
geochronometers are applicable to Quaternary terrestrial clastic
sediments, as discussed below, dating at key archaeological sites
remains challenging, especially at ages beyond the ca. 45e50 ka
limit of radiocarbon (14C) dating.

Eggshells of ratites (large, flightless birds including ostrich, emu
and others) are common components of archaeological sequences
in Africa, the Near East, Australia and elsewhere (e.g., Jain et al.,
2016; McBrearty and Brooks, 2000; Miller et al., 1999; Miller
et al., 2016; Rink et al., 2003; Wang et al., 2009). In Africa, ostrich
eggshells brought back to human occupation sites may represent
food debris, but these materials were also selected for use as often-
decorated canteens (e.g., Diepkloof rockshelter, Texier et al., 2010)
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or as raw material for the production of disk-shaped beads used to
adorn items and people.

Ratite eggshells can be highly suitable for 230Th/U dating (Magee
et al., 2009). With favorable samples, 230Th/U dating is highly ac-
curate and has a useful range of circa 500,000 years; i.e., ten times
the range of 14C dating. The technique depends on simple mecha-
nisms of radioactive decay, the relevant decay constants are pre-
cisely known (±0.3%, Cheng et al., 2013), and precisemeasurements
(±1% or better) of 238U and its isotopic progeny 234U and 230Th are
readily made on small samples (~0.1 g or less) using modern mass
spectrometers. In contrast with luminescence techniques and
electron spin resonance dating that require environmental
dosimetry, 230Th/U dating requires measurements only of the
sample itself, making it readily applicable to archival materials such
as museum collections from prior excavations.

230Th/U dating of ostrich and emu eggshells has been carried out
for over 20 years (e.g., Magee et al., 1995; Miller et al., 1999; Rink
et al., 2003; Roberts et al., 1994; Schwarcz and Morawska, 1993),
however, previous studies have not taken into account that most
uranium in buried eggshell is secondary. As a result, the reliability
of 230Th/U ages on ratite eggshell has been uncertain. For example,
if U uptake is prolonged, conventional 230Th/U ages on eggshell will
be too young. If eggshells lose U after some has decayed to 230Th,
their 230Th/U ages will be too old.

In this paper, we describe a novel approach that explicitly rec-
ognizes the secondary nature of U in buried eggshells, provides a
means of correcting for prolonged U uptake, and aids in dis-
tinguishing between reliable and unreliable 230Th/U eggshells ages.
We test our approach by comparing the resulting model ages,
which we term “230Th/U burial ages”, with 14C ages on splits of the
same eggshells (all <45 ka), showing that the 230Th/U ages are
accurate.

1.1. Current limitations on dating late Quaternary terrestrial
sequences

Radiocarbon (14C) dating, though enormously useful, is limited
to the last ca. 50 ka, rendering most of African pre-history inac-
cessible to this technique. Moreover, despite AMS analyses and
improved sample preparation protocols (e.g., Bronk Ramsey, 2008),
the availability of specimens favorable for 14C dating is limited by
factors such as poor preservation of bone collagen in tropical cli-
mates and degradation of charcoal due to storage in museum col-
lections (Ambrose, 1998). Near the upper limit of its useful range of
ca. 45e50 ka, 14C dating becomes extremely vulnerable to the ef-
fects of contamination by modern carbon, raising the possibility of
obtaining misleading, finite 14C dates for samples that are actually
much older (e.g., Miller et al., 2016).

The 40Ar/39Ar dating technique is a bulwark of eastern African
paleoanthropology but volcanic ashes of appropriate composition
and mineralogy are commonly lacking at archaeological sites in
southern and northern Africa, at many rockshelter sequences in
Kenya and Tanzania ee e.g., Mumba (Gliganic et al., 2012) and
Nasera (Ranhorn and Tryon, 2018) ee and in some open-air se-
quences in eastern Africa (e.g., Blegen et al., 2015). Recently, cryp-
totephrad volcanic material that is too fine or dilute to be detected
by normal excavation techniques but can be correlated with dated
ashes (Lane et al., 2015) ee has been recognized in African con-
texts. For example, glass shards from the ~74 ka Toba Tuff have been
identified in cores from Lake Malawi (Lane et al., 2013) and at
Pinnacle Point Cave in South Africa (Smith et al., 2018). Such finds
provide highly precise tie points, however, the approach has been
successfully applied at single levels in only a few African sites.

Luminescence techniques, including optically stimulated lumi-
nescence and thermoluminescence (OSL and TL) have undergone
rapid development and widening application to archaeology in
recent years as reviewed by Roberts et al. (2015). For example,
luminescence dating has revolutionized our understanding of the
timing and tempo of archaeological change at several MSA sites in
South Africa and provided the age of the earliest reported remains
of H. sapiens (Jacobs et al., 2008; Richter et al., 2017). Like all
chronometers, luminescence techniques may be subject to sys-
tematic uncertainties arising from the depositional and lithological
complexities of a given site. These include post-depositional mixing
of grains across layers caused by plants, animals or hominids, the
effects of beta microdosimetry in heterogeneous sediments,
contamination by roof spall in rockshelters or caves, and other
forms of inhomogeneous bleaching. Analyses of single grains of
quartz accompanied by age modeling (e.g., Galbraith et al., 1999;
Galbraith and Roberts, 2012; Jacobs et al., 2013) and/or dating of
coexisting feldspar (e.g., Gliganic et al., 2012) can in many cases aid
in resolving such effects. While widely applicable, luminescence
techniques yield dates of relatively low external precision (gener-
ally, ± 5e10% at the 66% confidence level). As a result, luminescence
dates may not be precise enough to closely assess relations be-
tween archaeological change and fluctuations in paleoclimate on
timescales equal to or shorter than Earth's orbital precession cycles
(~23 ka; e.g., Skonieczny et al., 2019). Luminescence dating, like
other dosimetry techniques that requiremeasurements of radiation
fields in the vicinity of dating samples, are difficult or impossible to
apply to archival materials.

ESR (electron spin resonance) dating (Grün, 2007) can be useful
but precision is generally low (±10% or more at the 66% confidence
level) and internal reliability criteria are not well developed. AAR
(amino acid racemization) is also useful but is not a truly inde-
pendent dating technique since ages from other geochronometers
must be used to calibrate local temperature histories in order to
apply AAR.

230Th/U dating can provide precise and reliable ages for authi-
genic carbonates such as flowstones, stalagmites, buried soda
straws, tufa, and calcrete (e.g., Hellstrom and Pickering, 2015;
Marean et al., 2007; Sharp et al., 2016). However, suitable carbon-
ates are absent from many archaeological sites, and relations be-
tween datable carbonate and archaeological materials may not be
evident. Moreover, such ages commonly bracket, rather than
directly date, human occupation of caves because conditions
appropriate for abundant speleothem formation commonly alter-
nate with those favoring human occupation (e.g., Pickering et al.,
2019). 230Th/U dating of carbonate coatings on fossils and arti-
facts can provide a reliable minimum age for the coated object (e.g.,
Arsuaga et al., 2014; Hoffmann et al., 2018) if coatings are
geochemically suitable (cf. Sharp and Paces, 2018) but such coatings
are lacking in many archaeological contexts. 230Th/U dating of
bones and teeth require consideration of secondary Umobility that
is complicated by the highly reactive nature of bones and dentin in
the burial environment (e.g., Grün et al., 2008; Kohn, 2008; Pike
et al., 2002). Recent efforts to characterize U distribution in bones
and teeth have benefited from rapid, spatially resolved analyses
using laser ablation (e.g., Grün et al., 2014). However, convincing
ages require substantial efforts for each sample (e.g., Holen et al.,
2017).

We suggest that reliable 230Th/U dating of ostrich eggshells
complements other chronometers presently in use. Below, we
characterize the spatial distribution of U and common Th (232Th) in
modern and ancient ostrich eggshells, describe a protocol for 230Th/
U dating of eggshell that explicitly accounts for secondary uranium,
apply 230Th/U dating to Late Pleistocene-Holocene eggshells from
an archaeological site in eastern Africa, and compare the resulting
230Th/U ages with 14C dates on carbonate from the same eggshells.
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1.2. Site GvJm-22 at Lukenya Hill, Kenya

We have studied eggshells from a Middle to Later Stone Age
archaeological sequence at site GvJm-22 in Kenya. The site is one of
a number of rock shelters on an inselberg of Precambrian gneiss
known as Lukenya Hill that rises ~100e200m above the Athi-Kapiti
Plain near Nairobi (see Fig. 1). The site was discovered and exca-
vated in 1970e1973 by R. M. Gramly (Gramly, 1976) who recovered
>50,000 stone artifacts and >3000 well-preserved faunal remains,
including an H. sapiens partial calvaria (KNM-LH1). Materials from
GvJm-22 are now archived at the National Museum of Kenya. As
these are archival collections, recovery of in situ sediments for OSL
dating was not possible and no cryptotephra were detected in an-
alyses of sediment samples stored in Nairobi (McGuire, 2015).
Materials from GvJm-22 have recently been studied further by
Tryon et al. (2015), who described ostrich eggshell fragments,
finished ostrich eggshell beads, and ‘rough-outs’ discarded during
production. Those authors also provide a revised chronology for the
GvJm-22 sequence based on 26 AMS 14C dates on the carbonate
fraction of ostrich eggshell fragments. Splits from a subset of those
eggshell fragments were analyzed in this study as described below
under Methods. The eggshell fragments studied herein came from
depths of 1.2e1.5m below the present surface and are from the test
pit of the excavation, which is located ~2m from the shelter's rear
wall and straddles the drip line (see Supplementary Information).
See section 3.5 for 14C data from eggshells dated by 230Th/U in this
paper. Additional information on site GvJm-22 is available in Tryon
et al. (2015).

2. Methods

2.1. Laser ablation analyses

Spatial distributions of U and common Th (232Th, half-life
Fig. 1. Map of a region in eastern Africa showing location of Lukenya Hill, where site
GvJm-22 is located, and other nearby rockshelters (white dots) with ostrich eggshells
yielding ages near or beyond the 14C limit.
~14 Ga) in ostrich eggshells were determined via laser ablation
analyses using a Photon Machines Analyte II excimer laser and a
Thermo-Fisher NEPTUNE Plus multi-collector inductively coupled
plasma mass spectrometer.

2.1.1. 238U-232Th profiles
U and common Th concentrations in all eggshells were deter-

mined along profiles perpendicular and parallel to their surfaces
using eggshells that were cut, mounted in epoxy and polished. After
pre-ablation to remove surface contamination with a 110 mm spot,
5% laser energy, 5 Hz repetition rate and 50 mm/s scan speed, the
laser was operated in continuous scan mode using a 65 mm spot,
5 Hz repetition rate, 5 mm/s scan speed and 50% laser energy with
6.0mJ (mJ) set point. 238U, 232Th and 43Ca were measured
sequentially using magnetic field switching in cycles lasting ~7 s. U
and Th were measured on an ion counter and the large 43Ca signal
on a Faraday detector. We found that measuring the 238U/43Ca ratio
(rather than 238U intensity alone) provided more consistent results,
presumably because using the ratio tends to correct for short term
changes in ablation efficiency and instrumental sensitivity. U con-
centrations were determined by scaling the 238U/43Ca ratios of
eggshells to the 238U/43Ca ratios obtained for a carbonate standard
measured before and after each unknown; i.e. Grand Canyon
travertine LC 190.3, a homogeneous carbonate containing ~2.5 ppm
U (Mertz-Kraus et al., 2010).

2.1.2. 238U-232Th maps
238U and 232Th concentrations in selected eggshells were map-

ped using closely spaced scans perpendicular to eggshell surfaces.
Scans began and ended in epoxy to ensure coverage of the entire
eggshell. After pre-ablation to remove surface contamination, the
laser was operated in continuous scan mode, using a circular spot
110 mm in diameter, a 5 Hz repetition rate, 10 mm/s scan speed, and
100% laser energy with 6.0mJ set point. The laser recorded precise
x-y locations at 2-s increments during the main scan. 238U, 232Th
and 43Ca were measured using the same method as above. Since
peaks were measured sequentially, linear interpolationwas used to
associate 238U and 232Th intensities with 43Ca measurements.
Before and after each eggshell analysis, gas blanks and Faraday
baselines were measured and were subsequently averaged and
subtracted from all measured intensities of each isotope. Back-
grounds were generally less than 10 cps for 238U and 232Th and
Faraday noise was �35 mV/s for 43Ca.

43Ca intensity from each scan was used to determine when the
laser spot completely intersected the eggshell, as indicated by a
rapid rise and stabilization of signal intensity. A rapid decrease in
signal intensity was used to identify the opposite edge of each
eggshell. U concentrations were determined by scaling the
238U/43Ca ratios of eggshells to the 238U/43Ca ratios obtained for
carbonate standard Grand Canyon travertine LC 190.3 measured
before and after each unknown. Locations for each cycle are
determined by comparing each cycle's time stamp to those
collected every 2 s along each scan.

The result of this data reduction is a grid of concentrations that
we use to generate a 2-D map. We process the data using an or-
dinary kriging algorithm with an exponential model in MATLAB.
The data are interpolated at a mesh size of 1 mm� 1 mm and plotted
as contoured color ramp plots. With this method of interpolation, a
statistical model determines the spatial autocorrelation between
measured points and provides the weights as a function of distance
for the unknown locations (Matheron, 1973).

2.2. 230Th/U dating via ICP-MS analyses of solutions

Thin (~0.5 mm), tablet-shaped samples of eggshell located at
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known distances from the eggshell surface were prepared by
abrading with diamond and tool-steel dental burrs while using
a micrometer to measure thicknesses. After abrasion, samples
were coarsely crushed and pieces containing visible detritus,
mostly from through-going pores, were removed using twee-
zers under a binocular microscope. The cleaned eggshell was
then totally dissolved in 7N HNO3 and equilibrated with a
mixed spike containing 229Th, 233U, and 236U. The spike was
calibrated using New Brunswick National Lab CRM145 uranium
solution and solutions prepared from a 69Ma U ore from
Schwartzwalder Mine, Colorado, USA that has been demon-
strated to yield concordant U-Pb ages (Ludwig et al., 1985) and
sample-to-sample agreement of 234U/238U and 230Th/238U ra-
tios. U and Th were separated from sample matrix using two
stages of HNO3eHCl cation exchange chemistry followed by
reaction with HNO3 and HClO4 to remove any residual organic
material. Procedural backgrounds for U and Th were measured
with each batch of samples. U and 232Th from procedural
backgrounds were negligible relative to sample U and 232Th.
230Th blanks, which averaged 0.00028 fmol, were subtracted
from the measured 230Th.

Analyses were performed using a Thermo-Fisher NEPTUNE
Plus multi-collector inductively coupled plasma mass spec-
trometer and CETAC Aridus II desolvator. U and Th fractions
were analyzed simultaneously. Analyses were carried out in
automated sequences, with each analysis consisting of a pre-
analysis washout, an instrumental background measurement,
a sample measurement, and a measurement of peak-tails. All
measurements are normalized to simultaneous measurements
of 238U to help cancel intensity fluctuations. Instrumental
backgrounds at each U and Th mass, along with Faraday col-
lector baselines and ion counter dark noise, were measured
while aspirating the same dilute HNO3-HF solution used to
introduce samples. Sample measurements were carried out in
peak-jumping mode with all masses measured on Faraday
collectors except 230Th and 234U, which were measured with an
ion counter. Sample measurements incorporated within-run
mass bias corrections using the known 233U/236U ratio of the
spike. Faraday amplifier gains were calibrated weekly using the
Neptune's constant current source and switching system. Ion
counter yield (relative to Faraday collectors) were determined
during each sample measurement by cycling 229Th and 233U
between the ion counter and the L1 Faraday collector. Peak
tails were monitored at seven half-mass positions from m/
e¼ 229.5 to 241.5 while aspirating sample solution, and the
sum of tails from all peaks was modeled at each U and Th mass
position. Measured peak heights were corrected for Faraday
baselines/ion counter dark noise, instrumental backgrounds,
Faraday gains, ion counter yields, mass fractionation, peak-tails,
procedural blanks, and interfering spike isotopes. The external
reproducibility of 234U/238U and 230Th/238U ratios of
Schwartzwalder Mine solutions measured during analytical
sessions was better than 0.2% (2s).

Activity ratios and ages were calculated using the half-lives of
Jaffey et al. (1971) for 238U, Holden (1989) for 232Th, and Cheng
et al. (2013) for 230Th and 234U. Correction for U and Th from
detritus was made assuming detritus with activity ratios of
(232Th/238U)¼ 1.2± 0.6 and (230Th/238U) ¼ (234U/238U)¼ 1.0± 0.1
(Ludwig and Paces, 2002). Ages and uncertainties were calculated
with Isoplot 3.75 (Ludwig, 2010). Uncertainties of corrected ages
are reported at the 2s-level and include measurement error, pro-
cedural 230Th blanks, and uncertainties associated with detritus
corrections but not decay constants. Data and ages are reported in
Table 1.
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3. Results

3.1. Overview

Using laser ablation ICP-MS techniques, we have characterized
the distribution of U in a modern ostrich eggshell obtained from an
ostrich farm in southern California and in nine Late Pleistocene-
Holocene ostrich eggshells from Middle to Later Stone Age
archaeological deposits. The archaeological eggshells from site
GvJm-22 at Lukenya Hill (Kenya) have significantly higher U con-
centrations than themodern shell and reveal distinctive patterns of
238U and 232Th (i.e., the relatively abundant primordial isotope of Th
with half-life ~14 Ga) concentrations along profiles across the ~2-
mm-thick shells.

Using solution ICP-MS techniques, we have determined 230Th/U
ages of sub-samples from two positions in each of the archaeo-
logical eggshells. The sub-samples, which were prepared by se-
lective abrasion, show systematic differences in 230Th/U ages across
the thickness of the eggshells.

Using a simple model for diffusive uptake of U (Kohn, 2008), we
show that the measured ages of most eggshells can be used to es-
timate the time when U uptake was initiated. We find that such
“230Th/U burial ages” are in good agreement with independently
generated 14C dates on splits of the same eggshells.
3.2. Laser ablation profiling and mapping of 238U and 232Th in
eggshells

We carried out laser ablation analyses of 238U and 232Th in
eggshells in three configurations: (1) profiles normal to eggshell
surfaces and internal layers, (2) traverses parallel to eggshell layers
that cross relict eggshell pores, and (3) rectangular grids of closely-
spaced analyses (scans) that were used to construct compositional
maps of selected eggshells.

Laser ablation profiles normal to eggshell surfaces and internal
layers (Fig. 2) reveal that modern eggshell contains �1 ppb U and
that Holocene to Late Pleistocene archaeological eggshells from
Lukenya Hill contain tens to hundreds of ppb of U. We interpret
these relations to indicate that essentially all U in the archaeological
eggshells is secondary. We infer that the archaeological eggshells,
Fig. 2. U concentrations in ostrich eggshells versus distance from their outer surfaces; y-axis
archaeological eggshells, and characteristic U concentration profiles across eggshells.
once buried, acquired secondary U by interaction with pore waters
from surrounding sediments in a manner broadly similar to U up-
take in buried bones and teeth (e.g., Kohn, 2008).

Examination of Fig. 2 shows that U concentrations vary sys-
tematically across the archaeological eggshells and define a
strongly asymmetric pattern. Near the outer surfaces of eggshells, U
concentrations are relatively high. Inward, U levels fluctuate or
decrease smoothly for ~1100e1500 mm, plunge to the lowest levels
observed in each shell, and then rebound near the inner surfaces of
the shells. The pattern shows that Umoves into eggshells from both
outer and inner surfaces and suggests that uptake originating at the
outer surface controls U concentrations across about three-fourths
of the thickness of most shells; that is, from the outer surface to the
position of the minimum U concentration observed in each shell.

In most shells, a marked transition in U concentration gradient
occurs at about 1200e1500 mm from the outer surface. There,
approximately constant or gently declining U concentrations in the
outer shell give way to steeply dropping U values further inward.
The rapid drop in U concentration coincides with a transition in the
layered structure of ostrich eggshells; namely, the boundary be-
tween the palisade and mammillary cone layers (similar structures
are present in most avian eggshells; e.g., Mikhailov, 1997). The
palisade layer, which forms most of the outer part of the eggshell
(see Fig. 3), consists of a comb-like array of elongated calcite
crystals aligned parallel to each other and normal to the eggshell's
outer surface. Individual low-Mg calcite crystals tens to hundreds of
microns wide and ~1500 mm long extend across the entire palisade
layer. In contrast, the mammillary cone layer consists of radiating
clusters of prismatic or acicular calcite crystals originating from
point sources of nucleation (mammillary knobs) at the inner sur-
face of the mineral eggshell. During eggshell formation, the tran-
sition between the mammillary cone and palisade layers forms as
most crystals radiating from adjacent centers of nucleation collide,
leaving only those crystals oriented parallel to each other (and
normal to the eggshell's outer surface) free to continue to grow. The
strong parallel preferred orientation of calcite crystals in the pali-
sade layer evidently favors transport of secondary U, perhaps due to
enhanced fluid penetration along grain boundaries. We note that
primary structures of the archaeological eggshells that we have
studied and dated herein are readily visible in petrographic thin
is logarithmic scale. Note low U in modern eggshell, higher U in Pleistocene-Holocene



Fig. 3. Photomicrographs of thin sections of (upper) modern eggshell and (lower)
archaeological eggshell 140-150-D (14C age¼ 39.0e36.1 ka cal BP) with adhering
detritus-rich soil carbonate. Labels indicate: V¼ vertical crystal layer; P¼ palisade
layer; M¼mammillary cone layer.
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sections, indicating that such structure is preserved in eggshells
tens of thousands of years old (see Fig. 3).

Most eggshells also have relatively steep U concentration gra-
dients in the first 200e300 mm inward from the outer surface,
giving way to flatter gradients further inward. Ostrich eggshells
have a fine-grained layer at their outer surface, termed the vertical
crystal layer, which is generally ~50 mm thick and consists of small
(ca. 1e5 mm), randomly oriented equant crystals. In electron back-
scatter diffraction images of ostrich eggshell, such small, randomly
oriented crystals gradually increase in proportion to the large
crystals of the palisade layer in the outer ~300 mm of the ostrich
eggshell, coincident with rapid increases in Mg that probably result
from processes that lead to termination of formation of eggshell
carbonate (Dalbeck and Cusack, 2006).

The steeper U gradients in the outer few hundred microns of
eggshells suggest that the vertical crystal layer and the outermost
palisade layer are associated with less rapid U transport than the
remainder of the palisade layer. We speculate that the smaller,
more equant, randomly-oriented crystals in the outer ~300 mm of
the eggshell reduce the continuity of through-going fluid flow
paths relative to those in the palisade layer, thereby inhibiting fluid
(and U) uptake.

The laser ablation profiling of U shows that: 1) the transport of
secondary U into eggshells is controlled in part by their layered
structure, and 2) the relatively high and smoothly varying U con-
centrations found in carbonate from the palisade layer makes it
especially suitable for 230Th/U dating.

232Th/U ratios, which vary significantly across most eggshells,
must also be considered in order to determine the suitability of
eggshell carbonate for 230Th/U dating. 232Th/U ratios form U-sha-
ped patterns with elevated values near the outer and inner surfaces
of the archaeological eggshells (see Fig. 4). Elevated levels of 232Th
near the surfaces of eggshells are associated with visible, fine-
grained detritus that fills voids in eggshell carbonate. Such
detritus contains extraneous 230Th; that is, 230Th not produced by
decay of 238U in eggshell carbonate thatmust be subtracted in order
to accurately calculate a 230Th/U age. While several protocols are
available for doing so, for example, by using 232Th as an index and
estimating the 230Th/232Th or 238U/232Th ratios of the detritus (e.g.,
Edwards et al. (2003); Ludwig and Paces (2002); see Methods for
further details), uncertainties associated with these corrections
tend to degrade the precision and accuracy of 230Th/U ages,
especially if extraneous 230Th is a large fraction of the total 230Th
present. Accordingly, eggshell carbonate with low 232Th/U ratios is
most suitable for 230Th/U dating. For eggshells older than mid-
Holocene, eggshell carbonate with 232Th/U ratios of �10�2, as
found in carbonate from the palisade layers of most eggshells, is
optimal for 230Th/U dating. Considering the observed patterns of U
concentration (Fig. 2) and 232Th/U ratios versus distance from the
surface in the archaeological eggshells (Fig. 4), we find that eggshell
carbonate most suitable for 230Th/U dating occurs in the palisade
layer at distances from the outer surface of circa 500e1300 mmwith
some variation in the optimal position from shell to shell.

Macroscopic pores that provide paths for gas exchange during
development of ostrich embryos are present in modern and
archaeological eggshells (see Fig. 5). They form roughly circular
openings a few mm in diameter on the outer shell surface and
extend partly or completely through the eggshell carbonate, usually
at high angles to its layered structure (Mikhailov, 1997). In the
archaeological eggshells from Lukenya Hill, such pores are partially
or completely filled by secondary carbonate and detritus. Detritus
in relict pores, if not removed, will degrade the suitability of
eggshell carbonate for 230Th/U dating, and secondary carbonate in
relict pores may have formed diachronously relative to U uptake in
surrounding eggshell carbonate, complicating interpretation of
230Th/U dates (e.g., Loewy et al., 2017; Niespolo et al., 2017a).
Furthermore, pores may provide enhanced access to eggshells by
soil water, affecting U transport into the adjacent eggshell car-
bonate. Accordingly, to assess the effects of pores and relict pore
fillings on the U-Th systems of Lukenya Hill eggshells, wemeasured
U and 232Th/U ratios in selected samples along laser ablation tra-
verses parallel to eggshell surfaces (Fig. 5). These measurements
also help to evaluate the uniformity of U concentrations at constant
distances from the outer surface. Our results show that U concen-
trations and 232Th/U ratios remain nearly constant along each tra-
verse except where punctuated by higher U and 232Th/U ratios
associated with secondary carbonate and detritus that fill relict
eggshell pores. The elevated U and 232Th/U ratios of the detritus and
secondary carbonate filling relict pores confirms that these mate-
rials should be removed prior to analysis so they do not degrade
primary eggshell carbonate for 230Th/U dating. The higher U con-
centrations associated with relict pores are of limited extent,
however. They extend only about 0.5mm from the center of the
pores, indicating that the pores did not act as major conduits for U
enrichment of the surrounding primary eggshell carbonate. We
infer that secondary carbonate in relict pores may have formed
rapidly upon burial, sealing the pores from further fluid flow.

In subsequent work, we have adopted the practice of removing
visible pore fillings by selective abrasion and/or drilling followed by
hand cleaning of the abraded and crushed carbonate via inspection
under a low power microscope.

The laser traverses parallel to eggshell layers also confirm that U
concentrations and 232Th/U ratios are relatively uniform in the
layer-parallel direction (aside from the pores); that is, U decreases
uniformly with distance away from the eggshell's outer surface in
the eggshells shown in Fig. 5.

Fig. 6 shows laser ablation maps of U concentration and 232Th/U
ratios for regions of two eggshells 140e150-C (Fig. 6A) and
130e140-A (Fig. 6B). Fig. 6A shows that patterns of U concentration
and 232Th/U ratio in this shell are relatively continuous parallel to
the surface of the shell, while Fig. 6B shows a more complex dis-
tribution. For example, U concentrations near the outer surface of
130e140-A (Fig. 6B) are highly variable and other loci of high U
within the palisade layer form discontinuous “hotspots” unrelated
to the layered structure of the eggshell or its visible pores. We
interpret these features to indicate that 130e140-A (Fig. 6B) had a
more complex history of U mobility than 140e150-C (Fig. 6A). As



Fig. 4. 232Th/U ratios of ostrich eggshells versus distance from their outer surfaces. Note high 232Th/U ratios adjacent to eggshell surfaces and 232Th/U ratios <0.01 in their interiors,
making the latter favorable for 230Th/U dating.

Fig. 5. U concentrations and 232Th/U ratios measured along laser ablation traverses parallel to eggshell layers. A.(bottom panel) Photo shows archaeological eggshell 140-150-D cut
normal to internal layers, mounted in epoxy, and polished for laser ablation analysis. Dashed black lines show traverses along the outer, middle, and inner palisade layer of the
eggshell. Dashed white lines highlight relict eggshell pores. A.(upper and middle panels) U concentrations and 232Th/U ratios, respectively, measured along the three traverses.
Except across pores, U is relatively uniform along each traverse and decreases progressively with distance from the outer surface. High or erratic U concentrations and high 232Th/U
ratios coincide with relict pores at positions highlighted by vertical gray bands. B.(bottom panel) Photo of archaeological eggshell 120e130-A, prepared as above. Laser traverses are
visible as horizontal lines in photo and dashed white lines highlight relict eggshell pores. B.(upper and middle panels) U concentrations and 232Th/U ratios, respectively, measured
along the outer, middle and inner palisade layer. U is relatively uniform along each traverse and decreases progressively with distance from the outer surface except in the vicinity of
the large relict pore near 1mm. High U concentrations and high 232Th/U ratios coincide with the relict pore as highlighted by the vertical gray band. 232Th/U ratios also increase near
the right edge of the eggshell fragment that was exposed to soil during burial.
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discussed in section 3.3 below, the different distributions of U in
these two eggshells are associated with distinct apparent 230Th/U
age distributions and suitability for dating.
The map of 232Th/U ratios for 140e150-C (Fig. 6A, right panel)
shows that the region of low 232Th/U ratios that is most favorable
for 230Th/U dating lies within the central region of this eggshell



Fig. 6. Laser ablation maps of relative U concentrations and 232Th/U ratios for two archaeological eggshells with contrasting patterns of 230Th/U apparent ages (see text). Warm
colors indicate higher values; outer surfaces of eggshells are on the right. (A) Maps of relative U concentration and 232Th/U ratios (upper and middle panels, respectively) and photo
of analyzed area of eggshell 140e150-C (lower panel). Maximum U concentration in eggshell 140e150-C is ~0.95 ppm. (B) Maps of relative U concentration and 232Th/U ratios
(upper and middle panels, respectively) and photo of analyzed area of eggshell 130e140-A (lower panel). Maximum U concentration in eggshell 130e140-A is ~0.11 ppm.
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occupied by the palisade layer. That is, although the highest U
concentrations occur in the first few tens of microns from the
eggshell's outer surface, 232Th concentrations in that region are also
high, leading to elevated 232Th/U ratios unfavorable for dating. Both
eggshells show that carbonate near their inner surfaces can have
high 232Th/U ratios making it desirable to exclude such material
from 230Th/U dating samples.
3.3. 230Th/U dating

Carbonate from the palisade layers of eggshells from site GvJm
has U concentrations of ~170 ppb or less (Table 1); hence, the minor
isotopes of interest for 230Th/U dating (i.e., 234U and 230Th), which
are present at levels >104 and ~105 times lower that 238U, are too
low for precise measurement via laser ablation. Accordingly, solu-
tion ICP-MS techniques were applied to ca. 30e150mg samples
prepared by selective abrasion of the eggshells. Two fractions of
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carbonate were dated from each of nine archaeological eggshells.
Carbonate visibly contaminated by detritus near the eggshell's
outer surface and in the mammillary cone layer was first removed
by abrading with stainless steel dental burrs. Then tablets of
eggshell ~0.5mm in thickness from two positions within the pali-
sade layer of each eggshell were prepared by further abrasionwhile
using a micrometer to monitor the thickness of the material
removed. These carbonate fractions were centered, respectively, at
positions about 30% and 70% across the palisade layer measured
from the eggshell's outer surface. We term these “outer shell” and
“inner shell” fractions, respectively, but emphasize that both frac-
tions are derived from the palisade layer. The tablets were ultra-
sonically cleaned, gently crushed, further cleaned under a binocular
microscope by removing any remaining pieces of eggshell that
contained visible detritus, and then analyzed via ICP-MS. See
Methods for details of chemistry, mass spectrometry, and data
reduction.

Measured U concentrations in the archaeological eggshells
range from ~13 to 166 ppb (median, 33 ppb), 232Th concentrations
from ~0.21 to ~3.6 ppb (median, 1.1 ppb), and (230Th/232Th) activity
ratios from 5.6 to >200 (median, ~17), indicating that the carbonate
from most eggshells is compositionally suitable for U-Th dating
(See Table 1). As expected from the laser ablation results, the U
concentrations of outer shell fractions, which range from ~166 to
17 ppb (median, ~36 ppb), are consistently higher than those of
corresponding inner shell fractions, which range from ~139 to
13 ppb (median, ~29 ppb).

Detritus-corrected 230Th/U ages range from 5.69± 0.23 to
49.18± 0.60 ka BP (i.e., relative to A.D. 1950) and have a median
calculated error of ~3%while favorable samples have errors as small
as ±1% (all errors are 2s). Initial 234U/238U activity ratios (back
calculated from measured 234U/238U ratios and ages) vary from
~1.16 to 1.29. Such 234U/238U ratios, which are modestly enriched
relative to secular equilibrium, are similar to those observed for
some pedogenic carbonates, which also contain U derived from
vadose zone porewaters (e.g., Ludwig and Paces, 2002; Oerter et al.,
2016; Sharp et al., 2003).

The 230Th/U ages were determined on splits from the same
eggshell fragments dated by Tryon et al. (2015) using 14C on
eggshell carbonate. Radiocarbon dates for the carbonate fraction of
eggshells of ostriches and other ratites determined on acid-etched
samples via AMS are considered reliable (e.g., Bird et al. (2003);
Janz et al., 2009; Magee et al. (2009); Vogel et al., 2001) and
replicate analyses of eggshells from site GvJm-22 by two labs
(University of Arizona and Queen's University Belfast) yielded
indistinguishable results. See Table 2 for 14C ages of samples dated
in this paper. The 14C ages therefore provide robust ages of for-
mation for the archaeological eggshells with which our 230Th/U
ages may be compared. By mutual agreement, the 230Th/U ages of
the eggshells were determined without prior knowledge of their
14C ages. That is, 230Th/U dating of the eggshells constituted a “blind
experiment”.

230Th/U ages (both measured ages and “burial ages”, see dis-
cussion below) and 14C ages are plotted in Fig. 7. Most eggshells
(except 120e130-A and 130e140-A, discussed further below)
display a similar pattern of ages: 230Th/U ages of inner-shell frac-
tions are� 230Th/U ages of outer-shell fractions, which are� 14C
ages of eggshell carbonate. Such a pattern is expected if, upon burial
and exposure to U-bearing soil water, U entered the palisade layer
via the outer surface of the eggshell, became progressively enriched
in the interior with time, and, once fixed at a given position,
decayed in place to produce 230Th that remained where it formed
by radioactive decay.

Two (of nine) eggshells have 230Th/U inner shell ages> 230Th/U
outer shell ages, a relation inconsistent with a simple U uptake
history such as the one outlined above. Furthermore, the 230Th/U
ages of the inner shell of 120e130-A and both fractions of 130e140-
A are older than their 14C dates. Such anomalously old 230Th/U ages
could result if U uptake and ensuing decay to 230Th were followed
by later loss of U. As discussed above, laser ablation mapping of
130e140-A (Fig. 6b) reveals a U distribution that is more complex
than in 140e150-C, which yields ages and a spatial distribution of U
consistentwith single-stage U uptake.We suggest that the patchy U
distribution in 130e140-A seen in Fig. 6 may reflect complex or
multi-stage U transport that has rendered the eggshell unsuitable
for accurate 230Th/U dating. Alternatively, the anomalously old
230Th/U ages could result from inadequate correction for initial
230Th; however, we consider this explanation less likely. (See
Methods for a description of the 232Th-based model correction that
was applied.)

Considering the seven eggshells with inner shell 230Th/U
ages� 230Th/U outer shell ages, inspection of Fig. 7 shows that in all
cases the outer shell 230Th/U ages provide accurate minimum es-
timates of eggshell ages given by the 14C dates. The 230Th/U ages of
some eggshells closely approach or equal their 14C ages while in
other cases outer shell 230Th/U ages are distinctly younger than the
associated 14C ages. For example,130e140-B has outer shell 230Th/U
and 14C ages, respectively, of 23.43± 0.75 ka and 24.00 to 23.36 ka
cal BP (UBA-23929, Table 2), in good agreement. In contrast, 140-
150-D has outer shell 230Th/U and 14C ages of 35.01± 0.34 ka and
39.00 to 36.10 (UBA-23935, Table 2), respectively, indicating that it
is likely that the outer shell 230Th/U age underestimates the 14C age
of the eggshell by ca. 2 ka or more (about 5%).

3.4. Determining 230Th/U burial ages

In order to determine if improved estimates of eggshell ages
could be obtained from the 230Th/U data, we applied diffusion
modeling to correct for the effect of prolonged U uptake. We as-
sume that uptake of secondary U commences upon burial and
ensuing exposure to U in sediment pore waters, hence we term the
resulting model ages “230Th/U burial ages”.

The process of diffusion has been shown to provide a useful
physiochemical and mathematical framework for modeling U up-
take during diagenesis of biominerals such as bones and teeth (e.g.,
Kohn, 2008; Millard and Hedges, 1996; Pike et al., 2002; Sambridge
et al., 2012). To our knowledge, U uptake in ratite eggshell has not
previously been modeled. The mechanisms by which U is trans-
ported and fixed in eggshell are as yet unknown and may well be
distinct from the processes responsible for U uptake in bones and
teeth, given the differences in composition (Ca-phosphates in
bones and teeth versus carbonate in eggshells), primary organic
content (~20e40% in bone, ~20e33% in dentin, and ~4% in enamel
versus ~3% in eggshell), and crystal shape and size (nm-scale
platelets in bones and nm-to mm-scale rods in enamel versus
equant or acicular crystals tens to hundreds of mm in size in ratite
eggshell) (cf. Dalbeck and Cusack, 2006; Elliott, 2002; Mikhailov,
1997; Trueman and Tuross, 2002). We assess 230Th/U burial ages
by comparing them with 14C dates on splits of the same eggshells,
providing a robust test of our results.

The region of a biomineral near its surface will be first to
equilibrate with incoming U while interior regions will equilibrate
more slowly. It follows that dates measured near the surface of a
biomineral will most closely approximate its true age, assuming a
single stage of U uptake and no subsequent U loss (e.g., Pike et al.,
2002, Fig. 2A in Kohn, 2008). In ostrich eggshells that have been
buried, however, near-surface carbonate is generally unsuitable for
230Th/U dating because it is rich in detritus derived from the sur-
rounding sediments, leading to large, model dependent corrections
for initial 230Th. Accordingly, 230Th/U ages were measured in the



Table 2
14C dates and 230Th/U burial ages of ostrich eggshells from site GvJm-22.

Sample ID Lab ID 14C yr BP (±1s)a 14C yr cal BP (95%)b 14C ka cal BP (95%)c 230Th/U Burial Ages (ka BP)d (þ, ka, 95%) (-, ka, 95%)

120e130-A UBA-23927 4448± 32 5276e4872 5.28e4.87 na
130e140-A UBA-23928 12884± 59 15,593e15,157 15.6e15.2 na
130e140-B UBA-23929 19666± 120 23,996e23,355 24.0e23.4 23.9 2.7 1.2
130e140-C UBA-23930 19594± 119 23,924e23,226 23.9e23.2 23.6 2.6 2.6
130-140-D UBA-23931 19794± 127 24,118e23,488 24.1e23.5 23.4 2.7 1.8
140e150-B UBA-23933 19568± 119 23,888e23,180 23.9e23.2 21.44 1.2 0.87
140e150-Ce UBA-23934 28041± 320 32,792e31,247 32.8e31.3 31.12 1.0 0.63

AA102890 28230± 380 33,174e31,304 33.2e31.3
140-150-Df UBA-23935 33308± 612 39,002e36,103 39.0e36.1 37.9 1.6 1.6

AA102889 33140± 570 38,721e36,042 38.7e36.0
140e150-Ag UBA-23932 46710± 3852 50,000e45,201* 50.0e45.2 52.0 2.1 2.1

54,050e45,430 # 54.1e45.4

a 14C dates are from Tryon et al. (2015), are on the carbonate fraction of ostrich eggshells, and are reported asmean and 1 standard deviation. Laboratory codes: UBA, Queen's
University Belfast; AA, University of Arizona.

b 14C dates were calibrated using OxCal v.4.3.2 (Bronk Ramsey, 2017) and a combined IntCal13/SH13Cal13 calibration curve after Tryon et al. (2018) and are reported at
95.4% uncertainty, in years before A.D. 1950.

c Calibrated 14C dates expressed in ka and rounded to 3 figures for ease of comparison with 230Th/U burial ages.
d See text for calculation of 230Th/U burial ages and errors; ages are reported relative to A.D. 1950.
e 14C analyses of this specimen were obtained from two labs, UBA and AA.
f 14C analyses of this specimen were obtained from two labs, UBA and AA.
g The uncalibrated 14C date UBA-23932: 46,710 ± 3852 BP straddles the upper limit of the IntCal13/SH13Cal13 calibration, yielding a calibrated date with an upper limit

truncated at 50,000 yr cal BP, markedwith (*). A calibrated date determined using atmospheric 14C/12C data fromHulu Cave stalagmites (Cheng et al., 2018) is markedwith (#).

Fig. 7. 230Th/U ages of ostrich eggshells from site GvJm-22 compared with the calibrated 14C ages of carbonate fractions of the same eggshells; all ages are before present, where
present is 1950. Measured 230Th/U ages of inner and outer shells are shown in open and gray diamonds, respectively. 230Th/U burial ages (see text section 3.4) are shown in black
diamonds. 14C ages calibrated via IntCal13/SHCal13 are shown as probability density functions. An alternate calibration for sample 140e150-A, which straddles the upper age limit of
the IntCal13/SHCal13 calibration, uses the data of (Cheng et al., 2018) from Hulu Cave and is shown as a black square. All errors are ±95%. 14C dates are from Tryon et al. (2015).
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interior of the palisade layer where the eggshell is generally highly
suitable for 230Th/U dating. Conceptually then, the problem is to
extrapolate from ages measured at positions in the interior to the
age expected at the surface of the eggshell. Kohn (2008) has shown
that a variety of diffusion-limited mechanisms (e.g., diffusion-
adsorption, diffusion plus reaction or recrystallization, and
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double-medium diffusion) follow similar mathematical relations
that, in this case, relate (1) the measured 230Th/U ages, (2) their
positions, and (3) the model age at the eggshell's outer surface (i.e.,
the 230Th/U burial age). Kohn (2008) also has shown that if
measured ages are regressed with respect to normalized distance
squared (rather than distance), a linear relationship between
measured ages and their positions is expected (see Fig. 2C in Kohn,
2008). Thus, the age of initial U uptakemay be determined from the
regression intercept and age-errors may be determined using
straightforward linear regression diagnostics.

We determined 230Th/U burial ages for seven Lukenya Hill
eggshells with 230Th/U ages that become younger inward; i.e., that
are consistent with single-stage U uptake. To determine regression
intercepts (230Th/U burial ages), we regressed measured 230Th/U
ages versus normalized distance across the palisade layer, where
normalized distance¼ 1-X’2, X’¼X/L and L¼ edge-core distance
(see Fig. 8). We took the outer eggshell surface as the edge and the
minimum in U concentration near the boundary of the palisade and
mammillary cone layers as the core (Fig. 2). Errors in both positions
and measured ages of samples were propagated into the error in
the regression intercept. We assume that outer shell 230Th/U ages
provide a minimum age for the eggshells. Thus we have con-
strained errors on the young side of 230Th/U burial ages to coincide
with errors of the corresponding outer shell 230Th/U ages. As a
result, some 230Th/U burial ages have asymmetric errors. The
resulting 230Th/U burial ages are plotted in Fig. 7.
3.5. Comparing 230Th/U burial and 14C dates

We find good agreement between 230Th/U burial dates and 14C
ages in most eggshells (see Fig. 7, Table 2). Six eggshells have 230Th/
U burial dates that agree with their 14C ages within stated un-
certainties. The 230Th/U burial date of one eggshell (140e150-B)
underestimates the corresponding 14C age by ~2 ka although when
uncertainties are considered the underestimate is< 1 ka. We
interpret these relations to indicate that a diffusion-limited model
of U transport can be used to infer the timing of initial U uptake in
eggshells, and that 230Th/U burial dates provide improved esti-
mates for eggshell ages compared to measured 230Th/U ages.

It is useful to consider the relationship between 230Th/U burial
dates and the archaeological event that we wish to date; i.e., in the
present case, hominin use of the ostrich egg or eggshell. While time
clearly must elapse between eggshell formation, burial and ensuing
U uptake, that interval is evidently smaller than the uncertainties of
our ages for the Lukenya Hill eggshells. That is, hominin utilization
Fig. 8. Determining a230Th/U burial age from measured 230Th/U ages of outer and
inner shell fractions. Data shown are those for eggshell 140-150-D, which has replicate
radiocarbon ages of 39.0e36.1 and 38.7e36.0 ka cal BP (95%) determined at Queen's
University Belfast and U. of Arizona, respectively.
of the eggshells must have occurred between eggshell formation,
dated by 14C ages of eggshell carbonate, and onset of U uptake in
the burial environment, dated by the 230Th/U burial ages. Thus, the
good agreement between 14C and 230Th/U burial ages observed for
the Lukenya Hill eggshells indicates there is close coincidence be-
tween the “target event” (hominin eggshell usage) and the “dated
event” (the 230Th/U burial ages of the eggshells).

4. Discussion

Although we expect that 230Th/U dating of eggshell will be most
useful beyond the limit of 14C dating (ca. 45e50 ka), this study was
designed to test our new approach to 230Th/U dating of ostrich
eggshells in a context where the resulting 230Th/U ages could be
compared with reliable and precise independent ages from 14C
dating. The results are encouraging. We observed a relatively high
success rate with seven out of nine samples yielding 230Th/U burial
dates. Those ages are in good agreement with 14C dates on corre-
sponding eggshell carbonate. Uncertainties on the 230Th/U burial
ages have a median value of 5.6% (2s), facilitating a rigorous
assessment of concordance with the 14C dates. Older eggshells,
which tend to have higher (230Th/232Th) ratios due to greater
ingrowth of radiogenic 230Th, will tend to yield 230Th/U burial ages
with lower relative uncertainties. For example, the median uncer-
tainty of 230Th/U burial ages >30 ka reported herein is ~4%, making
themmore precise thanmany Quaternary chronometers applicable
to stratified archaeological contexts. The 230Th/U burial dating
technique also provides reliability criteria inherent to the results for
each eggshell, allowing inaccurate 230Th/U dates to be identified
using the 230Th/U data alone. That is, eggshells with 230Th/U inner
shell ages older than their 230Th/U outer shell ages have likely lost
U, making their 230Th/U inner shell ages unreliable.

To our knowledge, the spatial distribution of U in ostrich
eggshell has not previously been characterized and U uptake in
ostrich eggshell has not been studied. Nonetheless, it seems likely
that U uptake in ostrich eggshell is qualitatively similar to that in
bone, which takes place by some combination of adsorption onto
crystal surfaces, lattice substitution (both subject to charge bal-
ance), and incorporation into authigenic minerals filling porosity
(Trueman and Tuross, 2002). However, we suggest that significant
differences between eggshells and bones (and teeth) may influence
the duration and complexity of U uptake in each material. That is,
compared to bones and teeth e the terrestrial biogenic materials
most widely used for 230Th/U datinge ostrich eggshells are likely to
be compositionally and structurally far more stable during burial.
During burial, bones lose their large primary organic fraction (ca.
40%, mostly collagen) creating porosity and exposing original
nanometer-scale Ca-phosphate crystallites to diagenetic fluids.
Fossil bone commonly has low porosity and little residual collagen,
indicating that authigenic minerals must replace the lost collagen, a
process that likely continues until neomineralization closes down
intercrystalline porosity. Studies of archaeological bones indicate
that this may take from 103 to 105 years (Person et al., 1996). Bones
also commonly acquire U concentrations of tens of ppm or more
(e.g., Pike et al., 2002). As a result, U depletion haloes may form
around them and reactions involving U source minerals may
eventually limit U availability (rather than diffusive transport),
perhaps leading to variable U levels at the bone surface over time
(see Kohn and Moses, 2013).

Teeth consist of two highly contrasting materials, dentin and
enamel. Fine-grained, organic-rich dentin is somewhat similar to
bone and can become extremely rich in secondary U (up to
100,000 ppm), causing boundary conditions governing U uptake in
adjacent enamel to evolve radically over time, and leading to steep,
geometrically complex gradients in U concentrations in enamel as
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revealed by laser ablation mapping (e.g., Kohn, 2008; Grun et al.,
2008). Such factors likely promote extended and in some cases,
multi-stage U mobility in bones and tooth enamel, potentially
complicating their use for 230Th/U and ESR dating (e.g., Pike et al.,
2002).

In contrast, eggshells have much lower primary organic content
(~3%; Brooks et al., 1990; Miller et al., 2000). Furthermore, some
eggshell organics are in intracrystalline sites where they are
shielded by surrounding carbonate and remain protected on 106-
year timescales (Demarchi et al., 2016; Miller et al., 2016). It follows
that far less secondary porosity is created by hydrolization and loss
of collagen in eggshells than in bones and dentin. Eggshells are
relatively coarse-grained (with crystal sizes of tens to hundreds of
mm), and consist of low-Mg calcite (Dalbeck and Cusack, 2006) that
is relatively stable under vadose zone conditions in soils of arid to
semi-arid regions typical of ostrich habitats. Visible preservation of
primary features in eggshell carbonate tens of thousands of years
old is consistent with this expectation (e.g., Fig. 3). The much lower
U concentrations of archaeological eggshells (median U¼ 0.03 ppm
in this study) relative to bones and teeth are qualitatively consistent
with a smaller specific surface area of eggshell carbonate and/or
reduced degree of neomineralization inferred from the above
considerations. Such low secondary U concentrations likely reduce
or eliminate any U depletion halo effects, perhaps simplifying U
uptake. Eggshells are also geometrically simple with regard to both
external shape and internal layering, facilitating diffusion
modeling. We suggest that such differences tend to reduce the
duration and complexity of U uptake in eggshell and may
contribute to the relatively high success rate of 230Th/U burial
dating observed in this study.

Our study calls attention to two effects of diagenesis on ostrich
eggshells with possible consequences for other trace element and
isotopic systems in eggshells: 1) relatively pervasive uptake of
secondary elements (e.g., U), and 2) the presence of secondary
carbonate in macroscopic pores. Our laser ablation analyses
confirm that secondary carbonate is present in macroscopic pores
of eggshells (see Fig. 5), as inferred by Loewy et al. (2017) who
reported more consistent 230Th/U ages of eggshells after mechan-
ically removing carbonate in pores. Elevated U concentrations
spatially associated with such pores have limited extent, however,
suggesting the pores did not serve as important conduits for U
uptake in the surrounding eggshell. Nonetheless, the presence of
secondary carbonate in macroscopic pores, and perhaps also in
intercrystalline eggshell porosity, may have consequences not only
for 230Th/U dating but also for 14C dating and other trace element
and isotopic studies of ratite eggshells. For example, it is unclear if
conventional acid pretreatment of eggshells for 14C dating is suc-
cessful in removing such secondary carbonate. If not, such car-
bonate could cause 14C dates on in eggshells to be “too young” (e.g.,
Miller et al., 1999). Likewise, the primary Sr isotopic composition of
eggshell, which may be useful in determining its geographic origin
(e.g., Beard and Johnson, 2000), may be subject to modification by
isotopically distinct Sr contained in secondary carbonate.

The techniques and results of this study may be pertinent to
230Th/U dating of eggshells of other ratites given their similar
structure and composition (Dalbeck and Cusack, 2006; Mikhailov,
1997; Nys et al., 2004; Szczerbi�nska and Wierci�nska, 2014). Rat-
ites including the ostrich, emu, rhea, the extinct Genyornis, and
others were common during the late Quaternary in arid to semi-
arid environments in Africa, the Near East, the rest of Asia (prior
to their Holocene extirpation), South America, Australia and else-
where. Moreover, C, N, and O isotopes of ratite eggshells can pro-
vide paleoenvironmental proxy records of vegetation,
precipitation, and other parameters (e.g., Johnson et al., 1997,
Johnson et al., 1998; Miller and Fogel, 2016; Newsome et al., 2011;
Niespolo et al., 2017b; Niespolo et al., 2018; Von Schirnding et al.,
1982). Thus, 230Th/U dating of ratite eggshell is potentially appli-
cable to Middle Pleistocene to Holocene archaeological and pale-
oenvironmental studies over a broad geographic range. We suggest
that the wide distribution of ratite eggshells, the relatively high
success rate of 230Th/U burial dating observed in this study, and the
tractable effort required to produce 230Th/U burial dates make it
attractive to use 230Th/U dating of eggshells to provide robust time
axes for diverse Quaternary terrestrial stratigraphic sequences.

5. Conclusions

We have studied U-Th systems in a modern ostrich eggshell and
in nine eggshells from a Pleistocene-Holocene archaeological site in
east Africa. Petrographic study indicates that ancient eggshells
preserve primary structures similar to those of modern eggshell,
consisting of layers of low-Mg calcite crystals of varying size and
orientation. Proceeding inward, the ~2-mm thick eggshells consist
of the vertical crystal layer (~0.1mm), the palisade layer (~1.4mm),
and the mammillary cone layer (~0.5mm).

U is very low in the modern eggshell (<1 ppb), with higher
levels in the analyzed archaeological eggshells (median¼ 33 ppb),
consistent with secondary uptake of U in archaeological eggshells.
Laser ablation profiles and maps of eggshells reveal that secondary
U concentrations vary by ca. 100-fold across the ~2-mm thick
eggshells. All eggshells studied show U concentration profiles with
broadly similar, asymmetric shapes. Changes in U concentration
and gradient are spatially correlated with transitions in the layered
eggshell structure indicating that U uptake is structurally
modulated.

Laser ablation analyses reveal that common Th d i.e., 232Th,
which serves as an index of extraneous 230Th from detritus ee

occurs at high levels adjacent to eggshell surfaces and along
macroscopic pores. 232Th occurs at much lower levels in eggshell
interiors, making such carbonate highly suitable for 230Th/U dating.
Guided by the U and 232Th profiles of each eggshell, selective
abrasion can be used to isolate eggshell carbonate with optimal U
and Th levels for 230Th/U dating.

Analyses of eggshell carbonate via solution ICP-MS techniques
show thatmost eggshells (seven out of nine) yield 230Th/U ages that
become younger with increasing distance from the eggshell's outer
surface. Such a pattern is consistent with progressive inward
transport of secondary U, followed by fixation and decay to 230Th,
yielding 230Th/U inner shell ages � 230Th/U outer shell ages.

Two of nine eggshells fail to conform to the above patternd i.e.,
their 230Th/U inner shell ages are older than their 230Th/U outer
shell ages. These two eggshells also have 230Th/U inner shell ages
that are older than the 14C dates of corresponding eggshell car-
bonate. The anomalously old 230Th/U ages likely result from loss of
U after a period of decay to 230Th and indicate that in some cases U
can be redistributed or lost from eggshells. Determining 230Th/U
ages of at least two fractions of carbonate therefore provides a
criterion for assessing the reliability of individual 230Th/U eggshell
ages.

Improved estimates of eggshell age were obtained by using a
diffusion model to correct measured 230Th/U ages for the effect of
prolonged U uptake. We term such model ages “230Th/U burial
ages”. Good agreement between 230Th/U burial ages and 14C ages of
Lukenya Hill eggshells indicates that 230Th/U burial ages are reliable
estimates of eggshell age.

We are conducting ongoing studies to determine if favorable
properties of ostrich eggshells for 230Th/U dating persist in egg-
shells older than those of this study. If so, then 230Th/U dating of
eggshells will be particularly useful beyond the limit of 14C dating
(ca. 50 ka) andmay be useful to the limit of the 230Th/U system itself
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at ca. 500 ka.
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