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Graphical abstract
Public summary

- Unsystematic recovery of the Harbin fossil cranium and a long history since the discovery impede its accurate dating

- Geochemical analyses, including non-destructive X-ray fluorescence, rare earth elements, and the strontium isotopes,
suggest that the fossil craniumwas fromabed of lacustrine sediments aged between 138 and 309 thousand years ago in
the Harbin region

- Uranium-series disequilibrium dating directly on the cranium suggests that the cranium is older than 146 thousand years
ll www.cell.com/the-innovation
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As one of the most complete archaic human fossils, the Harbin cranium
provides critical evidence for studying the diversification of the Homo
genus and the origin ofHomo sapiens. However, the unsystematic recov-
ery of this cranium and a long and confused history since the discovery
impede its accurate dating. Here, we carried out a series of geochemical
analyses, including non-destructive X-ray fluorescence (XRF), rare earth
elements (REE), and the Sr isotopes, to test the reported provenance of
the Harbin cranium and get better stratigraphic constraints. The results
show that the Harbin cranium has very similar XRF element distribution
patterns, REE concentration patterns, and Sr isotopic compositions to
those of the Middle Pleistocene-Holocene mammalian and human fos-
sils recently recovered from the Harbin area. The sediments adhered
in the nasal cavity of the Harbin cranium have a 87Sr/86Sr ratio of
0.711898, falling in the variation range measured in a core drilled near
the Dongjiang Bridge, where the cranium was discovered during its
reconstruction. The regional stratigraphic correlations indicate that the
Harbin cranium was probably from the upper part of the Upper Huang-
shan Formation of the Harbin area, which has an optically stimulated
luminescence dating constraint between 138 and 309 ka. U-series
disequilibrium dating (n = 10) directly on the cranium suggests that
the cranium is older than 146 ka. The multiple lines of evidence from
our experiments consistently support the theory that the Harbin cranium
is from the late Middle Pleistocene of the Harbin area. Our study also
shows that geochemical approaches can provide reliable evidence for
locating and dating unsystematically recovered human fossils, and
potentially can be applied to other human fossils without clear prove-
nance and stratigraphy records.

Keywords: human fossil provenancing; non-destructive X-ray fluores-
cence; rare earth elements; strontium (Sr) isotopic composition; ura-
nium-series disequilibrium (U-series) dating
INTRODUCTION
TheMiddle PleistoceneHarbin humancranium (HBSM2018-000018(A)) is

one of the best-preserved of all archaic human fossils, and has great signif-
icance for understanding the diversification of theHomo genus and the origin
of Homo sapiens.1 It represents a new human lineage evolving in East Asia,
and is placed as a member of the sister group of H. sapiens.1 A combination
of primitive and derived features in theHarbin craniumestablishes a good set
ll
of diagnostic features that were used to define a new Homo species.2 The
Harbin cranium was reportedly discovered in 1933 during construction
work when a bridge (Dongjiang Bridge) was built over the Songhua River in
Harbin City in Northeastern China3 (Figure 1). Because of a long, difficult,
and confused history since the discovery, the information about the exact
geographic origin and stratigraphical context of the cranium has been lost,
impeding its accurate dating.1 Here, we tested the concentrations of rare
earth elements (REEs) and the Sr isotopic composition of the human fossil,
and a range of mammalian fossils collected from deposits of the Songhua
River near the supposed locality (DongjiangBridge), and used non-destructive
X-ray fluorescence (XRF) analyses to examine the element distributions of
these humanandmammalian fossils.Wealso directly dated theHarbin fossil
cranium by the uranium-series disequilibrium (U-series) method. The results
of these analyses provided consistent evidence for the theory that the Harbin
cranium is from the late Middle Pleistocene of the Harbin area.

RESULTS
Non-destructive XRF analyses

The non-destructive XRF analyses were conducted on the Harbin cranium
and a range ofmammalian fossils collected from the Pleistocene deposits of
the Songhua River in Harbin area, Jiangsu Province andGuangxi Province. All
the tested samples, including the two control rhinoceros fossils, have a
similar XRF pattern in terms of major elements, such as Ca, P, Fe, and Mn,
with various concentrations among different samples. The XRF pattern for
minor elements, such as Sr, Y, and Zr are obviously different between the
tested samples and the control samples (Figure 2A). Zr is undetectable
from the two control samples. The Harbin cranium and the mammalian fos-
sils from the Harbin area show almost identical XRF patterns in term of the
relative amount of Sr, Y, and Zr (Figure 2A). The XRF analyses support that
the Harbin cranium and the collected Harbin mammalian fossils were prob-
ably buried and fossilized in the same environment.

REE concentration pattern
The REE concentration pattern has been proved to be an effective tool for

tracing the origins of the fossils and living creatures.7–10 Small bone pieces
from the nasal cavity of the Harbin cranium were carefully collected for
REE analyses. For comparison, fossil fragments from seven mammals and
two human individuals recovered from the deposits of the Songhua River
in the Harbin area were also analyzed (Figures S1 and S2). The ages of these
The Innovation 2, 100131, August 28, 2021 1
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Figure 1. The proposed location of the Harbin fossil cranium (A) DEM image of China, with a rectangle indicating the study area. (B) Geological map of the Harbin area.
Revised from the Wang and other workers.4–6
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comparative specimens range from the Middle Pleistocene to Holocene, as
indicated by their U-series apparent ages (Table S1).

The REE concentrations were determined using an HR-ICP-MS (high res-
olution inductively coupled plasma mass spectrometer). The REE results for
the Harbin cranium and those for human/mammalian fossils with a com-
mon geographic origin for comparison are listed in Table S1, and shown
as REE patterns normalized to PAAS (Post Archean Australian Shale) in a
spider diagram in Figure 2B. Both the Harbin cranium and these analyzed
fossils exhibit similar REE concentration patterns (Figure 2B). The light
REE to heavy REE (LREE/HREE) ratio of the Harbin cranium is 3.668,
following the range of these analyzed fossils (3.463–5.514). This range,
including that of the Harbin cranium, is much lower than the LREE/HREE
of PAAS (9.491), indicating that all these fossils show relatively low fraction-
ation and HREE depletion. The total REE (SREE) value of the Harbin cranium
is about 234.6 mg/g, higher than those of the fossil specimens analyzed for
comparison (with a range from 4.6 to 149.5 mg/g). The high SREE value of
the Harbin cranium is probably due to its greater age, which results in longer
and more complex diagenesis processes. The REE concentration patterns
and the LREE/HREE values of the Harbin cranium and the Middle Pleisto-
cene-Holocene human/mammalian fossils suggest that they probably
have the same geographical origins.

Strontium isotopic composition
Strontium (Sr) isotopic ratio is widely used as a petrogenetic tracer for

determining the source of rock/sediment formations (e.g., Faure11). In
anthropological and archeological researches, the technique is used to inves-
tigate prehistoric human migration,12–14 ancient animal movements,15,16 or
special events of animal resources use.17 Sr isotopic analyses were per-
formed on the Harbin cranium (n = 1), and the mammalian fossils (n = 7)
and human fossils (n = 2) recovered from the deposits of the Songhua River
2 The Innovation 2, 100131, August 28, 2021
in the Harbin area, using an MC-ICPMS (multi-collector inductively coupled
plasma mass spectrometer, Thermo Fisher Neptune). Moreover, the sedi-
ment samples adhering in the nasal cavity of the Harbin cranium (n = 1)
and froma core (n = 45) drilled near the Dongjiang Bridge (DJ core, Figure 1B)
were also analyzed.

The 87Sr/86Sr ratio of the Harbin cranium shows a value of 0.709423 ±

0.000009, comparable with that of the analyzed human/mammalian fossils,
ranging from 0.709066 to 0.709574 (Table S2; Figure 3). The Sr isotopic ra-
tios of these fossils all fall in the variation range of the bioavailable Sr in the
Harbin areas (0.7070–0.7110, Figure S3). The bioavailable Sr in the Harbin
and the nearby areas has the lowest 87Sr/86Sr ratios (<0.711) in China (Fig-
ure S3), which is thought to be related to themafic-ultramafic silicate rocksof
the Xing’an-Mongolian orogenic belt.18 These Sr isotopic data strongly sug-
gest that they shared a common geological environment and bioavailable
Sr source. The sediments adhered in the nasal cavity of the Harbin cranium
consist of dark gray sandstone, most similar to those from the layer between
6.6 and 12.5 m of the DJ core. They yielded a 87Sr/86Sr isotopic ratio of
0.711898 ± 0.000003, which falls in the variation ranges measured in the
DJ core (from 0.709765 to 0.714884) and is close to the values of the sedi-
ments at the depths of �12 m of the DJ core (Figure 4).

Lithostratigraphic correlation
The sedimentary sequence of the DJ core from the top to the unconfor-

mitywith theMesozoic includes nine layers (Figure 4). These layers are corre-
lated with the Huangshan section (Figures 1 and 4), which is a standard sec-
tion of the regional Quaternary stratigraphy, approximately 15 km from theDJ
core.4 The Huangshan section (HS section) and a core drilled at the Huang-
shan section (HS core) are well dated by magnetostratigraphic and
optically stimulated luminescence (OSL) methods.4,5 The HS core also has
Sr isotopic ratios.5 The second and third layers from top of the DJ core are
www.cell.com/the-innovation
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Figure 2. Provenance analyses on the Harbin cranium and
the fossil specimens analyzed for comparison (A) XRF
element spectra.
(B) REEs. Each XRF spectrumwas normalized with the signal
of the Rh-La peak, which is generated by a Rh X-ray source.
The rhinoceros maxilla and mandible from different sites
were taken as control samples. The concentration patterns
of the REEs were normalized by Post Archean Australian
Shale (PAAS).
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set of yellowish-brown, alluvial fine muddy silt, alluvial silt, about 6.2 m thick.
These two layers can be correlated to the Guxiangtun Formation/Harbin For-
mation of theHS section/HS core. The fourth to the sixth layers of theDJ core
are characterized by gray to dark gray static water deposition of sludge-like
mudand alluvial fine silt, about 5.9m thick. These layers can be roughly corre-
lated with the upper part of the Upper Huangshan Formation of the HS sec-
tion/HS core, in which there are also more gray to dark gray muddy sedi-
ments than in other layers. The seventh and eighth layers of the DJ core
include grayish-brown, fluvial sand and alluvial medium-grained sandy silt,
about 29 m thick. The two layers should be correlated with the sandier lower
ll
part of the Upper Huangshan Formation and the Lower Huangshan Forma-
tion of the HS section/HS core.

The Harbin area is one of the most fossiliferous areas in China.
More than 70 species have been reported from this area.19–25 Fossils
collected from the deposits in the Songhua River near the Dongjiang
Bridge are mainly from the upper yellowish-brown muddy silt layers
(�Guxiangtun Formation/Harbin Formation), and the grayish mud
and silt (�upper part of the Upper Huangshan Formation). The U-se-
ries dating on the fossil samples from seven mammals and two hu-
man individuals (Figures S1 and S2) yielded two groups of apparent
Figure 3. Sr isotopic composition on the Harbin cranium
and the Middle Pleistocene-Early Holocene mammalian
and human fossils

The Innovation 2, 100131, August 28, 2021 3
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Figure 4. Stratigraphic correlations and the Sr isotopic ratios of the sediments from the Huangshan section, Huangshan core, and Dongjiang core (A and B) Lithos-
tratigraphy and Paleomagnetic polarities from the Huangshan section, based on the data from Wang et al.4 (C) Sr isotopic ratios from the Huangshan core, data from Wei
et al.5 (D and E) Lithostratigraphy and Sr isotopic ratios from the Dongjiang core, data are from this research. The Dongjiang Bridge core was drilled at 45�5002800N,
126�3602700E. The sedimentary sequence of the Dongjiang core from the top to the unconformity with the Mesozoic includes nine layers: (1) modern sediments, 0.4 m; (2)
yellowish-brown, alluvial fine muddy silt, 0.9 m; (3) yellowish-brown alluvial silt, 5.3 m; (4) gray to dark gray, static water deposition, sludge-like mud, 1.2 m; (5) dark gray
alluvial fine silt, 0.9m; (6) dark gray, static water deposition, sludge-likemud, 3.8m; (7) grayish-brown, fluvial sand, including ~3%of gravels, gravel diameter ~3mm, 8m; (8)
grayish-brown alluvial medium grained sandy silt, 21m; and (9) grayish-brown, mudstone, with parallel bedding, 3.5m. The unconformity is between layer 8 and layer 9. The
age in red is the OSL date. The red dashed lines indicate the Sr isotope ratio of the sediments adhering in the Harbin cranium.
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ages, ranging from 9 ± 4 to 34.6 ± 0.3 ka, and from 132.6 ± 0.4 to
201 ± 1 ka (Table S3). The age of the Guxiangtun Formation/Harbin
Formation is known as �12–138 ka old, and the upper part of the Up-
per Huangshan Formation has an OSL dating constraints between 138
and 309 ka.4 The two groups of direct U-series apparent ages of the
mammalian/human fossils from the Harbin area fall in the age range
of the two formations and are consistent with the stratigraphic
correlations.

When the Sr isotopic ratios from the HS core5 are compared with the DJ
core (Figure 4), the fourth to sixth layers between 6.6 and 12.5 m of the DJ
core show a similar gradual increase as the upper part of the Upper Huang-
shan Formation of the HS core at depths of�30m, which also yielded Sr iso-
topic ratios around 0.711898 (Figure 4). This result is also consistent with the
stratigraphic correlations.
4 The Innovation 2, 100131, August 28, 2021
U-series dating
Owing to the poor provenance, weattempted to directly date this fossil cra-

nium using a U-series method. Fossil bones are less desirable than carbon-
ates for U-series dating, because fossil bones readily take up uranium from
groundwater after deposition. However, if the incorporated uranium has
not been leached out at some time after bone deposition, the U-series
apparent age can provide the minimum age of the fossil.26

Tominimizedestructionon theHarbin fossil cranium, thesamples (n=10)
forU-seriesdatingwerehanddrilledon thebrokensurfacesof theboneswith
0.3mmcarbide-tipped drill bits, and the powdered sample size was kept be-
tween 0.1 and 0.5mg (Figure 5). The U and Th isotopicmeasurementswere
performed on an MC-ICPMS (Thermo Fisher Neptune). The U-series dating
results are summarized in Table S3. All samples lie within a narrow
234U/238U activity ratio range (1.481–1.576), but show large variations in
www.cell.com/the-innovation
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Figure 5. Sampling locations on the Harbin cranium for U-
series dating analyses
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230Th/234U activity ratio (0.474–1.039). The corrected U-series apparent
ages are highly scattered, ranging from 62 ± 3 to 296 ± 8 ka, and the back-
calculated initial 234U/238U activity ratio (234U/238Ui) ranged from 1.652 to
2.161 (Table S3).

The results can roughly be divided into two groups. The first group in-
cludes five samples that have relatively younger U-series apparent ages
(from 62 ± 3 to 148 ± 2 ka), red data points in the isotope evolution diagram
(Figure 6). Their isotopic data randomly scatter around the U-series evolution
curve for an initial 234U/238Ui of 1.70 (Figure 6). This pattern suggests that the
source of uranium in these samples remained the same, but U-uptake took
place over different time intervals without obvious evidence for post-burial
U-leaching. The two youngest U-series apparent ages are 62 ± 3 and 85 ±

4 ka (HH19-1, 2), both obtained on the exposed dentine from the tooth roots
of the survivingmolar (M2). The youngages are probably causedby adelayed
U-uptake, because the cementum and dentine of the tooth roots are much
denser than the bones and probably obstructed uranium migration into the
dentine. The other three U-series apparent ages, 106 ± 1, 129 ± 1, and
148± 2 ka, were obtained onHH19-6, 20-2, and 19-4, respectively. This group
of data has no obvious evidence for U-leaching and is reasonable for esti-
mating the minimum age of the Harbin cranium. The best minimum age es-
timate derived from this data group is themaximum value of the data group:
that is 148 ± 2 ka.

The second group (green data points in Figure 6) includes five samples
with relatively older U-series apparent ages (185 ± 2 to 296 ± 8 ka). This older
age group shows higher 230Th/234U isotope ratios andmorewidely scattered
initial 234U/238Ui ratios than the younger age group. It can be expected that,
for a bone that experienced continuous U-uptake process, its 230Th/234U ac-
tivity ratio should be less than1, but the occurrence of U-leaching can result in
a shift of the 230Th/234U activity ratio to higher values, even beyond isotopic
equilibrium.27 The subsample HH19-3 shows the oldest apparent U-series
age of �296 ka, but it has 230Th activities in excess of 234U (230Th/234U =
1.031 ± 0.006), suggesting that this old age is very likely the result of U-leach-
ing. The other four subsampleswitholder ages (HH19-5, 19-7, 20-1, and 20-3)
have 230Th/234U ratios close to isotopic equilibrium (0.943 on average), sug-
ll
gesting that a slight U-leaching has occurred to these samples. Leached
samples do not provide any useful age information, we therefore regard
the age of 146 ka from the younger age group as the most conservative
age (minimum age) estimate for the Harbin cranium.

The U-series apparent ages of the mammalian/human fossils from the
Harbin area (Figures S1 and S2; Table S3) can be seen as the minimum
ages of the corresponding fossil samples, except for the samples V23288
and F12, because their 230Th activities are in excess of 234U, and thus the
occurrence of U-leaching cannot be excluded. All these samples show initial
234U/238Ui (1.467–2.063) comparablewith the valuesmeasured in theHarbin
cranium (1.652–2.161), which provide another line of evidence that the Har-
bin cranium was probably from a similar burial environment as these fossils
analyzed for comparison.

DISCUSSION AND CONCLUSIONS
Our analyses reveal that the Harbin cranium has XRF element distribution

patterns and REE concentration patterns like those of the mammalian and
human fossils recovered from the Pleistocene sediments in the Harbin
area. The 87Sr/86Sr ratio of the Harbin cranium (0.709423) also falls in the
range of these mammalian and human fossils for comparison (ranging
from 0.709066 to 0.709574). All these 87Sr/86Sr ratios are within the range
of the regional bioavailable Sr isotope ratio values in the Harbin areas. The
sediments adhered in the nasal cavity of the Harbin cranium show a
87Sr/86Sr ratio of 0.711898, very close to the values measured at the upper
part of the DJ core at a depth of �12 m. The regional stratigraphic correla-
tions based on Sr isotopic data and lithostratigraphic characters indicate
that the Harbin cranium probably was recovered from the upper part of the
Upper Huangshan Formation. Direct U-series dating on the cranium (n =
10) suggests that one group of the samples suffered U-leaching, and one
group of the samples experienced continuous or delayed U-uptake without
obvious evidence of U-leaching. The group without U-leaching yielded an
apparent age of �146 ka as the most conservative age (minimum age) es-
timate for the Harbin cranium. This minimum age is consistent with the
regional stratigraphic correlation. While the multiple lines of evidence from
The Innovation 2, 100131, August 28, 2021 5



Figure 6. U-series evolution diagram showing the activity
ratios observed on the Harbin cranium Light blue lines
show U-series evolution in closed-system for selected initial
234U/238U values. Red data points randomly scattered
around the evolution curve with initial 234U/238U of 1.70 are
considered to be the results of U-uptake processes without
the effect of U-leaching. Green data points are probably the
results of U-uptake followed by U-leaching.
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our experiments cannot pin the Harbin cranium to an exact site and layer,
they consistently support the conclusion that this human specimen is from
the late Middle Pleistocene of the Harbin area.

The late Middle Pleistocene Harbin archaic human (>146 ka) is roughly
contemporaneous with some other Middle Pleistocene archaic humans
from China, such as Xiahe (R160 ka),28 Jinniushan (R200 ka),29 Dali
(327–240 ka),30,31 and Hualongdong (345–265 ka).32 This age span also
overlaps with the early H. sapiens from Africa and the Mideast. If these
East Asian archaic humans indeed belong to a monophyletic evolutionary
lineage sister to the H. sapiens lineage,1 this human lineage must have
been as successful as the earlyH. sapiens populations in Africa and the Mid-
east, because they distributed in a very large area, including some extreme
environments (high altitude and high latitude).
MATERIAL AND METHODS
Provenance test

We used non-destructive XRF analyses, following the procedures of Li et al.,33 to
examine the element distribution of the Harbin cranium and a range of mammalian
fossils (n = 6) collected from submerged sediments near the Dongjiang Bridge (Fig-
ure 1). The mammalian fossils are Middle-Late Pleistocene in age. Two mammalian
fossils from sites in southern China were used as control samples. All the fossil spec-
imens are under the oversight of the institutional review board of the Hebei GEO Uni-
versity or the Institute of Vertebrate Paleontology and Paleoanthropology. XRF ana-
lyses were performed on the M4 TORADO PLUS Micro-SRF analyzer at the Institute
of Geology and Geophysics, Chinese Academy of Sciences. One area of about �1–
2 cm2 for each sample was randomly selected for collecting the XRF signals.
Measuring parameters were set at 50 kV of high voltage and 40 mm of pixel size.
For semi-quantitative comparisons, each XRF spectrum was normalized with the
signal of the Rh-La peak, which is generated by a Rh X-ray source.

Small bone pieces (�100 mg) from the nasal cavity of the Harbin cranium were
carefully collected for REE and Sr isotopic analyses. For comparison, fossil fragments
from mammals (Figure S1, n = 6) and late Pleistocene-Holocene human individuals
(Figures S2 and S3, n = 2) recovered from the Dongjiang Bridge area were analyzed.
The sediment samples adhering in the nasal cavity of the Harbin cranium (n = 1)
and fromacore (n = 45) drilled near theDongjiangBridgewere also used for Sr isotopic
analyses.

REE analyses were performed at the State Key Laboratory for Mineral De-
posits Research, Nanjing University. A Thermo Fisher Element XR HR-ICP-MS
was used for the REE analyses. The samples were processed using the method
in Trueman et al.34 The rhodium solution (10 ppb) was dropped into the sample
solutions for instrument drift correction. Analytical precision was <5% for each
6 The Innovation 2, 100131, August 28, 2021
element. An MC-ICPMS (multiple collector inductively coupled plasma mass
spectrometer, Thermo Fisher Neptune) in Nanjing Normal University was used
for the Sr isotopic analyses. Sample preparation and measurement methods
followed that of Lei et al.35 The measured 87Sr/86Sr ratio was corrected for
mass fractionation by normalization to a constant 86Sr/88Sr ratio of 0.1194 us-
ing an exponential law. The isobaric interference of 87Rb on 87Sr was corrected
using a natural 87Rb/85Rb ratio of 0.3857. Replicate measurements of the NIST
SRM 987 standard yielded a mean value of 87Sr/86Sr = 0.710263 ± 0.000014
(2s, n = 11) during the analytical period.

U-series analysis
We carried out the U-series analysis directly on the Harbin cranium. Sample prepa-

ration followed that of Shao et al.36 The U and Th isotopic measurements were per-
formed on an MC-ICPMS (Thermo Fisher Neptune) in Nanjing Normal University. It
is equipped with nine Faraday cups and a secondary electron multiplier (SEM). A re-
tarding potential quadrupole energy filter was positioned in front of the SEM. An Ari-
dus-II desolvator system (Cetac) couple with an ESI-50 nebulizer and an AutoSampler
(ASX-520)was used for sample introduction. TheU-series analysis results are summa-
rized in Table S3. The isotopic variation and age distribution indicate that the U-uptake
histories are heterogeneous in theHarbin cranium. A group of samples showing no ev-
idence of U-leaching26 had a U-series apparent age range of 62 ± 3 to 148 ± 2 ka. We
consider that the oldest U-series apparent age (148± 2 ka) is aminimumage estimate
for the Harbin cranium.
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