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Abstract

During the Upper Paleolithic of southwestern France, the working of mammoth ivory
is widely documented, but the use of mammoth bone has not been identified except
for one possible Gravettian case. Here we report six worked objects made of mammoth
bone from five sites in southwestern France, which have been identified taxonomically by
proteomics using ZooMS. They were radiocarbon dated and their chronological distribution
spans the Upper Paleolithic: Aurignacian (Sous-le-Roc, 35.5-34.6 ka cal BP), Gravettian
(Brassempouy, 28.6-27.6 ka cal BP), Solutrean (Laugerie-Haute and Harpons, 26.3-23.4 and
24.2-23.7 ka cal BP), and Magdalenian (La Madeleine, 15.9-15.5 ka cal BP). Additionally,
the technical use of unworked flakes from mammoth bones was identified at another
site (Isturitz) and dated to the Gravettian (33.8-31.9 ka cal BP). We argue that in the
Upper Paleolithic of southwestern Europe, the use of mammoth bone, while infrequent,
is more common than previously documented, and identification biases account for its
under-recognition. More systematic research is necessary to assess the extent of this
phenomenon. This contribution highlights the research potential in collections from ancient
excavations, provided that they are approached with a combination of complementary
analytical methods.

Keywords: bone tool; mammoth; paleoproteomics; radiocarbon dating; southwestern
Europe; Upper Paleolithic; ZooMS
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1. Introduction

Prehistoric people manufactured implements using diverse osseous tissues sourced
from a wide range of species. The choice of these species was determined by a number
of factors—morphological and mechanical properties, workability, availability, symbolic
meaning, etc. [1-3]. Identifying the species exploited in the bone industry is therefore
key to understanding how the prehistoric groups interacted with their animal environ-
ment. However, several limitations can make species identification difficult, sometimes
up to the point that the technical use of the bones from a certain taxon will go unnoticed
(Figure 1). On formal bone tools, extensive shaping can erase all anatomical landmarks,
making characterization impossible beyond tissue level (i.e., bone, antler, or ivory) unless
using methods such as ZooMS [4-7], aDNA [8], or X-ray micro-tomography coupled with
SVM classifiers [9]. Pieces of manufacturing waste of these formal bone tools are often
key elements in the taxonomic identification of raw materials since they display both
anatomical features and traces of working; but these pieces are not always present in the
archaeological assemblage, because the first stages of bone processing can be carried out
offsite, which is especially frequent in the case of very large species, such as whales [10-12].
On “expedient” informal bone tools with little or no shaping, anatomical landmarks might
be better preserved, but the tools have an increased risk of being misclassified as unmodi-
fied faunal remains [13-15]. And finally, the poor quality of excavation methods can also
play a role: objects deprived of a precise stratigraphic context are difficult to ascribe to a
specific period and will often be excluded from assemblage analyses for this reason, unless
they are directly dated by radiocarbon.

Formal tools:
extensive shaping
Ly Anatomical Informal tools:
landmarks little or no shaping
erased
Visual identification Misclassification 4J
to species level as faunal
impossible remains only

L} Invisible 4-’
practice
nd a9

Objects excluded Manufacturing waste
r} from analysis not in site 41
Objects not ascribed First stages of
rP to a specific period bone processing 4-‘
. done offsite

Poor quality Very large
of excavation species:

methods bulky bones

Figure 1. Bone tool technology: factors contributing to invisibilizing the technical use of the bones
from a certain taxon.

Here we present a case where all these factors contributed to making a technical
practice invisible: the use of mammoth bones for the manufacture of objects in the Upper
Paleolithic of southwestern France (Figure 2). We show that in this particularly unfavorable
case, identifying the “invisible” practice and putting it back in context required the combi-
nation of several analytical methods: visual examination of the osseous tissue, technological
analysis, paleoproteomics (i.e., ZooMS), and radiocarbon dating.
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Figure 2. Location of the sites mentioned in the text. The stars indicate the sites that provided the
objects studied, and the dots indicate other sites cited in this article. 1: Isturitz. 2: Brassempouy.
3: Harpons. 4: Rochereil. 5: La Gravette. 6: Laugerie-Haute Est and Combarelles. 7: La Madeleine.
8: Sous-le-Roc. 9: Badegoule. 10: Arcy-sur-Cure (Trilobite and Grotte du Renne). 11: Etiolles.

The spatial distribution of mammoth localities dated to the Marine Isotope Stages
(MIS) 3 and 2, between ca. 50 and 12 ka cal BP, encompasses most of Eurasia north
of 43-45° N; southwestern France is therefore close to the southwestern limit of that
species’ range at continental scale [16]. Despite this marginal location, the presence of
the mammoth is documented in this area throughout the MIS3 and MIS2, even though
it is never very frequent in the faunal assemblages [17]. In southwestern France, for the
last part of the Upper Paleolithic, between ca. 24 and 14 ka cal BP (corresponding to the
Solutrean, Badegoulian, and Magdalenian cultures), P. Fosse and collaborators [18] mention
40 different sites with mammoth evidence: while the number of remains at each site is
usually low, there are thirteen sites with paleontological mammoth remains, eight other
sites with artifacts made of mammoth ivory, twelve other sites with mammoth depictions
in cave art and/or portable art, and, finally, seven sites that yielded several of these types
of evidence.
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However, the exploitation of mammoths by humans in southwestern France is
markedly different from that in Central and Eastern Europe. While the depiction of mam-
moths and the use of their ivory are both well documented [19-22], evidence of mammoth
butchery is limited to two possible cases, from Combarelles and Badegoule [18]. There is
no evidence of active hunting of the species (compared, for example, with [23-25]). The use
of mammoth bones for the construction of structures is also not documented (for example,
as compared with [26,27]). And finally, the use of mammoth bones as raw material for
tools, while documented in Central Europe [28-30], is known in southwestern France from
a single case: an assemblage of 10 objects from the Gravettian levels of the eponymous
site of La Gravette [31]. Nevertheless, when this assemblage was re-examined, two of the
objects could not be located again [32], and the taxonomic identification of the eight others
remained uncertain beyond the category of “very large land mammal” [32]. Thus, this case
should thus be considered as only a possibility.

Together, this evidence suggests that in southwestern France during the Upper Pale-
olithic, mammoths were present, known to humans and repeatedly depicted in cave art
and portable art, but were not actively sought, nor used as a source of raw materials, apart
from the use of ivory. The objects analyzed herein, however, show that the bones of this
species were actually used in this context for the manufacture of both formal and informal
bone tools.

2. Material and Methods
2.1. Material

The results presented here are secondary results of several projects not originally
intended to assess the use of mammoth bone for tool-making, and stem from the analysis
of two different assemblages of bone artifacts.

The first assemblage (Figure 3) is a subsample of the material analyzed in the PaleoCet,
HumAntler, and Whalebone projects, devoted to the identification of whale-bone use in
the European Upper Paleolithic [11]. In the PaleoCet project, 83 worked bone objects from
26 Upper Paleolithic cave and rockshelter sites in the Cantabrian region and southwestern
France were subjected to ZooMS analysis (see below). These objects had all been previously
identified visually as being made of whale bone because of the distinctive porosity of the
osseous tissue [33,34]. Of the 83 objects, 71 were confirmed as cetaceans, while four did
not yield a ZooMS identification and eight were identified as large terrestrial mammals.
Among these are four objects made of mammoth bone, from the sites of Sous-le-Roc
(Dordogne), Brassempouy (Landes), and Harpons in Lespugue (Haute-Garonne). As part
of the HumAntler and Whalebone projects, bone industry assemblages from 49 Paleolithic
sites—including caves and rockshelters—across Spain, Portugal, and southern France
were (re)examined. This work led to the identification of several whale-bone artifacts
(currently under study), as well as two mammoth-bone objects identified through ZooMS
analysis. The latter originate from the sites of La Madeleine and Laugerie-Haute Est, both
in Dordogne.

The second assemblage (Figure 4) is from the cave site of Isturitz. It includes three
very large and thick bone flakes, identified as mammoth on a visual basis, and showing
traces of use. One was found during modern excavations at this site (see Text S1), and
the two others were identified during an assessment of a faunal collection from ancient
excavations at Isturitz (“Laugitea collection”, see Text S1), alongside three similar flakes
without traces of use.

Archaeological context for all sites is provided in the Supplementary Text S1.
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Figure 3. Worked objects made of mammoth bone. (1): Sous-le-Roc SLR16_IV/V_7d, indeterminate
object (wedge?). (2): Brassempouy 566, wedge. (3): Brassempouy 1224, indeterminate object (point?).
(4): Harpons C 52, blunt tool. (5): La Madeleine MNP-1928-7-487, projectile point or foreshaft with
pyramidal base. (6): Laugerie-Haute Est ND, blunt tool. Pictures A.L., J-M.P, E.T.

2.2. Study and Sampling

All objects were examined under low magnification (x10-x40) and measured. Before
any sampling, digital photographs were taken from all sides of each specimen. Additionally,
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for the six worked objects, photogrammetry was used to produce a 3D model of each object
in its entirety. This was done for conservation reasons, in order to preserve a digital copy of
the specimens before they were morphologically altered by the sampling (details in [11]).
Depending on the shape of each element, sampling was done either by drilling with a
Proxxon® Colt 2 pocket drill (Wecker Biwer, Luxembourg) or by coring using homemade
diamond-coated core drills, 4-6mm in diameter, mounted on a Moviluty® Minyflex® rotary
tool (Neuilly-sur-Marne, France).

Figure 4. Flakes of mammoth long bones from Isturitz, with detail of the traces of technical use.
(1): Ist 98 S7 Dc bjln 41. (2): Laugitea 30. (3): Laugitea 28.
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2.3. ZooMS

Detailed ZooMS methods for the four samples identified through the PaleoCet project
(those from Harpons, Brassempouy, and Sous-le-Roc) can be found in [11]. All additional
samples (those from La Madeleine, Laugerie-Haute Est, and Isturitz) were also analyzed
following the same method. In brief, bone powder was demineralized in 250 puL of 0.6 M
hydrochloric acid (HCl) and the acid discarded. The bone powder was rinsed three times
with 200 pL of 50 mM ammonium bicarbonate (NH4HCO3;, AmBic, Osaka, Japan, pH 8.0),
then a final 100 pL of AmBic was added and the samples were gelatinized at 65 °C for
1 h. Then 0.4 pg of trypsin was added and incubated overnight at 37 °C, after which the
trypsin activity was stopped with the addition of 1 uL of 5% trifluoroacetic acid (TFA). The
collagen peptides were desalted using C18 ZipTip® pipette tips (Pierce™) (Thermo Fisher
Scientific, Waltham, MA, USA) and eluted in 50 pL of conditioning solution. An amount
of 1 uL of peptides was mixed with 1 pL of x-cyano-4-hydroxycinnamic acid matrix and
spotted in triplicate, along with calibration standards, onto a Bruker ground steel MTP
target plate. Samples were analyzed on a Bruker Ultraflex IIl MALDI-TOF-MS (Billerica,
MA, USA), and resultant spectra were averaged and visualized using mMass [35], then
compared to a database of published collagen peptide markers [36—40].

2.4. Radiocarbon Dating

Bone samples intended for radiocarbon dating were processed for collagen extraction
in the radiocarbon laboratory in the Muséum national d’Histoire naturelle in Paris, France
(MUSE numbers), or in the Higham laboratory in Vienna, Austria (VIE numbers). In both
laboratories, collagen extraction followed standardized protocols [41] based on ABA chem-
ical pretreatment, followed by mechanical filtering and, where possible, ultrafiltration or
XAD resin treatment [42]. MUSE samples processed in Paris were subsequently combusted
at 900 °C on the CO, extraction line, followed by graphitization on a H; reduction line
using iron as a catalyst. Graphite samples were pressed and measured on the same day
with the ECHo-MICADAS at the Laboratoire des Sciences du Climat et de I’Environnement
(LSCE) in Saclay, France. VIE samples chemically pretreated in Vienna were combusted
and graphitized using an AGE3 graphitization system, and measured at the VERA (Vienna
Environmental Research Accelerator) AMS facility, University of Vienna. For details on as-
pects of target preparation and AMS measurement, see refs. [43,44]. One sample (VIE-2020)
was measured at the Keck AMS facility, University of California at Irvine. For details on
aspects of target preparation and AMS measurement, see refs. [45,46]. For more details on
the specific laboratory processes we refer to, see [11]. Radiocarbon ages were calibrated in
Oxcal 4.4.4 [47] using IntCal20 [48].

2.5. Stable Isotope Analysis

Bone collagen from MUSE samples processed in Paris were weighed out (320-380 ug)
into tin capsules (5 x 8 mm) for the analysis of isotope ratios of carbon and nitrogen
with a Thermo Scientific EA Flash 2000 coupled to a Delta V Advantage isotopic mass
spectrometer in the Service de Spectrométrie de Masse Isotopique (SSMIM) in the Muséum
national d’Histoire naturelle, Paris, France. Isotopic values of all samples were measured
relative to the laboratory standard alanine, which has a reproducibility of 0.3 wt% for N
and 0.6 wt% for C. The §'3C and §!°N values are reported relative to the VPDB and AIR,
respectively. Bone collagen samples from VIE samples processed in Vienna were weighed
out (0.2-0.3 mg) and analyzed by elemental analyzer—isotope ratio mass spectrometry
(EA-IRMS; Thermo Scientific EA-Isolink with a Flash 2000 coupled to a Delta V Advantage
isotope ratio mass spectrometer) in the Silver Laboratory (Large-Instrument Facility for
Advanced Isotope Research) at the Center of Microbiology and Environmental Systems
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Science of the University of Vienna. Stable isotope values of all samples are measured
relative to the laboratory standard alanine, which has a reproducibility of 0.07 wt% for N
and 0.1 wt% for C. The 5'*C and 5!°N values are measured with an analytical precision of
40.1%o for both §'3C and 5'°N values. Acceptable stable isotope ratios have an atomic C:N
ratio that falls between 2.9 and 3.6 [49].

3. Results
3.1. Description of the Objects

The six worked objects are made from osseous tissues that show a structure intermedi-
ate between that of compact and cancellous bone, with compact bone enclosing relatively
sparse trabeculae. These can be seen on all sides of the objects and across their entire length.
This feature resulted in their original, visual classification as whale bone [33,34,50]. All the
objects are fragmented (Table 1) and shaped by scraping.

Table 1. Dimensions of the worked bone objects and the bone flakes, in millimeters.

Site Object Number Length (mm) Width (mm) Thickness (mm)
Sous-le-Roc SLR16_IV/V_7d 58 17 12
Brassempouy 566 76 10 10
Brassempouy 1224 60 22 12
Laugerie-Haute Est ~ ND 47 17 10
Harpons Harp. C 52 121 15 12
La Madeleine MNP-1928-7-487 79 18 10
Isturitz Laugitea 28 239 100 92
Isturitz Laugitea 30 163 78 48
Isturitz Ist 98 S7 Dc bjln 41 152 72 39

The specimen from Sous-le-Roc (Figure 3(1)), a mesial rod fragment with an oval
cross-section and slightly converging edges, was entirely shaped by fine scraping. The
absence of the proximal and distal ends precludes any typological or functional attribution.
Both fractured ends display features characteristic of fresh bone breakage (saw-toothed
and tongue-shaped morphologies), suggesting high-impact loading and possibly the use of
the piece as an intermediate tool in indirect percussion (e.g., wedge or chisel).

The first piece from Brassempouy (Figure 3(3)) is a mesial fragment of an elongated
object, with a circular cross-section that tends to become triangular near its narrowest
(distal) end. The proximal break is post-depositional, while the distal break is of uncertain
origin (use-related or post-depositional?). The shape and dimensions of this object are
compatible with an identification as a projectile point, but this typological attribution is
only tentative.

The second piece from Brassempouy (Figure 3(2)) is a mesial-proximal fragment of an
object with an oval cross-section. The distal break is post-depositional, while the proximal
(in this case narrowest) end shows traces of crushing and chipping of the bone tissue,
resulting from percussion actions, allowing the identification of the tool as a wedge.

The piece from Laugerie-Haute Est (Figure 3(6)) consists of a mesio-distal fragment of
an object with a flat, quadrangular cross-section. The proximal break appears to result from
post-depositional processes, whereas a fracture observed along the distal end is consistent
with use-related damage. The active end, which has been shaped into a blunt form, also
shows crushing of the bone tissue, indicating compressive forces during use. Together,
these features support its interpretation as a potential pressure-flaking tool (sensu [51]).
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The piece from Harpons shelter (Figure 3(4)) is a mesial-distal fragment of an object
with an oval cross-section. The proximal break is a bending fracture related to use. The
distal end is blunt and shows a slight crushing of the osseous tissue, indicating compressive
work (possible pressure flaking tool [51]).

The artifact from La Madeleine (Figure 3(5)) consists of a mesio-proximal fragment of
an object manufactured from a rod with a quadrangular cross-section. While the distal end
is broken as a result of post-depositional processes, the proximal end has been intentionally
shaped into a pyramidal base. Owing to its fragmented condition and the parallel sides
of the preserved portion, it is not possible to determine whether the piece represents a
foreshaft or a proximal fragment of a projectile point. Nevertheless, it can be confidently
identified as a component of a projectile head.

The three bone flakes from Isturitz show fracture planes indicative of fracturing by
percussion, similar to the flakes produced during marrow extraction. They show no sign of
intentional shaping. Flake “Ist 98 S7 Dc bjln 41” (Figure 4(1)) has a straight, flat extremity
with traces of crushing of the bone tissue, as well as bone chipping and incipient splitting
originating from that extremity. These traces indicate that, once detached from the bone,
the flake was subject to percussion along its longitudinal axis, most likely during use as a
wedge-like implement. Traces of chipping and crushing on one extremity of each of the two
other flakes (Figure 4(2,3) might also indicate their use as tools for working hard materials.

3.2. ZooMS Results

All of the samples provided MALDI-TOF spectra consistent with belonging to the
Elephantidae family. While a few peptide markers have been identified as being able to
distinguish between different members of the Elephantidae family [40], for example, to
separate mammoths from modern elephants, these peptides tend to have poor resolution
and often do not appear in ZooMS spectra. These peptides could not be reliably identified
in any of the analyzed samples. Geographic and chronological context, however, could
be used in this case to rule out all modern elephant species, leaving the mammoth (Mam-
muthus primigenius) as the most likely species. As such, all taxonomic identifications of
Elephantidae are assumed to be mammoth. Peptide markers used to make the ZooMS
identifications are listed in Supplementary Table S1, and all MALDI data are provided in
Supplementary File S1.

3.3. Radiocarbon Dating Results

The object from Sous-le-Roc was dated to 30,660 £ 220 BP (VIE-2151, 35,457-34,562 cal
BP), while the two objects from Brassempouy were, respectively, dated to 23,760 & 170 BP
(MUSE20132, 28,471-276,453 cal BP) and 24,030 £ 1780 BP (MUSE20133, 28,642-27,805 cal
BP), the object from Laugerie-Haute Est to 20,650 £ 600 BP (VIE-2020, 26,262-23,409 cal BP),
the object from Harpons to 19,870 £ 110 BP (MUSE21037, 24,208-23,744 cal BP), and the
one from La Madeleine to 13,105 + 60 BP (VIE-1681, 15,930-15,520 cal BP). The two flakes
from Isturitz in the Laugitea collection gave dates of 28,000 £ 240 BP (32,946-31,416 cal BP)
and 28,460 + 170 BP (VIE-2153, 33,220-31,983 cal BP). The third flake from Isturitz, found
in test pit S7, was not dated in this study, but a bone sample from the same test pit and
layer yielded a date of 28,590 =+ 330 BP (Lyon17330(SacA59787), 33,831-31,863 cal BP).

Upon combustion, several samples turned out smaller than expected (aim 1 mgC).
Two samples in particular were quite small (VIE-2020 0.13 mgC and VIE-1681 0.169 mgC),
the results of which should therefore be interpreted as minimum ages (26,262-23,409 cal BP
and 15,930-15,520 cal BP, respectively). One sample (MUSE20133) produced collagen
with an atomic C:N ratio of 4.5, which falls outside the range (2.9-3.6) that is used to
indicate well preserved collagen [49]. The stable isotope ratios of this sample should
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therefore not be used, as they might be unreliable. However, this could also be related to
the very small nitrogen peak produced during the IRMS analysis. The radiocarbon age
(28,642-27,805 cal BP) was not compromised, as the collagen received further chemical
pretreatment with XAD resin, which is expected to remove any contamination that might
have led to this high atomic C:N ratio.

When examining the calibrated radiocarbon ages (Table 2, Figure 5), these nine samples
range in age between circa 20 ka and 30 ka BP (calibrated age ranges between 23,409 cal BP
and 35,457 cal BP). In this regard, sample VIE-1681 stands out, as it is considerably younger
than the other samples (*C age = 13,105 4 60 BP and 15,930-15,520 cal BP). However, as this
was such a small sample, there is potentially a size dependency affecting the radiocarbon
age and this result should be interpreted as a minimum age (i.e., the sample might be older).
Sample VIE-2020 was similarly small but appears to overlap in age with another full-sized
sample (MUSE21037). We still warrant caution and suggest a minimum age for this sample.

OxCal v4 4.4 Bronk Ramsey (2021); -5 Atmospheric data from Reimer et al (2020)

Vi

E-2151 -
MUSE20132 Jl_._,f
MUSE20133 %
VIE-2020 . el
MUSE21037 A,_,A

VIE-1681

o

VIE-2152 .
VIE-2153 A

Lyon17330 A

|||||||||||||||||||||||||||||||||||||||||||||

Calibrated date (calBP)

Figure 5. Calibrated radiocarbon dates of the worked bone objects and the bone flakes. Calibration:
OxCal 4.4.4 [47], IntCal20 curve [48], 2 sigma range.

The 5'3C value for these eight samples averaged at —21.3 & 0.4%o, and 7.7 + 1.5%o for
the 5!°N value. This indicates a terrestrial C3 plant-based diet evidenced by the low §'3C
values combined with quite high §'5N values, which is not unusual for mammoths. The
stable isotope values found for these eight individuals are similar to previously published
data [52], consisting of three mammoth samples from southwestern France (—21.6 = 0.5%o
for §13C and 7.0 + 1.0%0 for §'N). Within a larger European framework, these stable
isotopic values also overlap [53], with the exception of two individuals in our dataset that
are characterized by lower §'3C values combined with lower §!°N values (5.5%0 and 6.1%o).
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Table 2. Results of the radiocarbon dating. Calibration: OxCal 4.4.4 [47], IntCal20 curve [48], 2 sigma range. * Atomic C:N ratios should fall between 2.9-3.6 to
indicate well preserved collagen [49]. The stable isotope ratios of this sample should not be used, as they can be unreliable, although it could also be due to the small
N peak. However, the radiocarbon date is reliable, as the collagen was further pretreated with XAD resin, while the stable isotope analysis was performed on the
extracted collagen.

14 H .
Site Object Number Lab Number Pretreatment F14C Error CAge + 14C cal BP 20 COI.I agen 8§13C (%o) 815N (%o) Atomuf CN Remark
BP (yr) Yield Ratio
Sousle-Roc  SLR16.IV/V_7d VIE-2151 XAD 0.022 0.00058 30,660 220 045734562 37 210 94 3.14 small sample
cal BP (0.596mgC)
Brassempouy 566 MUSE20132 XAD 0.0519 0.0011 w760 170 PHALZION 126 216 5.5 3.22
Brassempouy 1224 MUSE20133 XAD 0.0502 0.0011 24030 180  28642°27.805 49 214 83 452+ nitrogen peak
cal BP 343 mV
Laugerie- 26,262-23,409 small sample
oo ND VIE-2020 ABA 0.0767 0.0059 20,650 600 1 BD 1.1 22,0 6.1 3.18 013mg0)
Harpons Harp. C 52 MUSE21037 XAD 0.0843 0.0012 19,870 110 24'2&81‘ 53,744 55 212 9.2 3.24
LaMadeleine ~ MNP-1928-7-487 VIE-1681 ABA 0.19561 0.00149 13,105 60 15,930-15,520 7.1 214 8.7 3.42 small sample
cal BP (0.169mgC)
sample has a
low collagen
yield (still
Isturitz Laugitea 28 VIE-2152 XAD 0.03065 0.00091 28,000 240  32946-31416 02 211 7.4 3.08 3.3mg coll)
cal BP and was
small upon
combustion
(0.353mgC).
. . 33,220-31,983 small sample
Isturitz Laugitea 30 VIE-2153 XAD 0.02892 0.00059 28,460 170 AL BP 08 -20.9 7.4 3.28 (0585mgl)
contextual
Rk . Lyon17330 B B 33,831-31,863 _ 3 _ _ date (bone
Isturitz Ist 98 S7 Dc bjln 41 (SacA59787) UF 28,590 330 cal BP sample from

same layer)
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4. Discussion

The six worked objects presented here were initially identified as whale bone because
of the porosity of their osseous tissue. The result of their paleoproteomic analysis shows
that this porous feature can also be indicative of the histology of mammoth bone. This is
likely due to the fact that the diaphysis of the long bones from proboscideans lacks a true
medullary cavity, and instead consists of dense three-dimensional networks of hard tissue
(“trabeculae” or “substantia spongiosa”). These structures are anchored to the endosteal
surfaces and enclose marrow within small interstices [54-56], thus giving a thoroughly
porous aspect to objects shaped from these anatomical elements.

This result suggests that several objects from the Western European Upper Paleolithic
that were tentatively classified as whale bone only on a macroscopic, visual basis war-
rant renewed analysis. This is especially the case when the chronology of these objects
falls outside the range of 20-16 cal ka BP, which has been shown to be the period when
whale-bone tools circulated in Europe [11]. For example, we suggest mammoth bone
as a possibility in the case of a worked object from the Gravettian levels of Isturitz and
of typically Gravettian typology, whose visual identification as sea mammal bone [57]
was questioned by micro-PIXE/PIGE analysis and micro-CT [58,59]. Another potential
candidate for reanalysis includes one object from Rochereil [60], found in a context dated
to 15-12 cal ka BP [61,62]. These objects are from ancient excavations and were found in
assemblages of worked bone that had not been the subject of raw material analysis. The
reassessment of more collections might thus yield new specimens.

Chronologically, the tools dated in this study span a large part of the Upper Paleolithic.
The object from Sous-le-Roc is coeval with the Recent Aurignacian [63,64]. The bone flakes
from Isturitz can be ascribed to the Early Gravettian, while the dates of the two objects
from Brassempouy are more consistent with the Recent Gravettian [65]. The objects from
Laugerie-Haute Est and Harpons C fall within the chronological range of the Solutrean [66].
Finally, the object from La Madeleine has a minimum age corresponding to the beginning
of the Upper Magdalenian [67]. This chronological distribution shows that the use of
mammoth bone for tools, although not frequent, is a recurrent behavior of Upper Paleolithic
groups. Although quantitatively limited, our data suggest that the Gravettian period, taken
as a whole, is when this exploitation of mammoth bone occurred most often. This is
consistent with the possible use of mammoth bone documented at the eponymous site of
La Gravette (see introduction above) [31], and with the fact that, in this region, the use
of mammoth ivory also seems to be more frequent in the Gravettian than during other
periods [19].

Geographically, the use of mammoth bone is identified throughout southwestern
France, from northern Aquitaine (Sous-le-Roc, Laugerie-Haute Est) to the central Pyre-
nees (Harpons) and the western part of the range (Isturitz, Brassempouy). Conversely,
mammoth-bone tools seem absent from the Iberian Peninsula, despite the fact that col-
lections of bone tools from this region have been specifically investigated for whale-bone
(and mammoth-bone) objects (Lefebvre et al. in progress), and despite the fact that
mammoth was present in Iberia during most of the Upper Paleolithic (ca. 43-30 and
28-18 cal ka BP) [68]. It thus seems that the practice of occasionally using mammoth bone
for tools was not adopted in Paleolithic Iberia.

Our results show that the tools made of mammoth bone include points (La Madeleine,
maybe Brassempouy), wedges (Brassempouy, Isturitz, maybe Sous-le-Roc) and blunt tools
(Harpons, Laugerie-Haute Est). Similar tools are commonly manufactured from antler and
bone from smaller species. Mammoth bone therefore does not seem devoted to a specific
type of tool production, but rather appears as a substitute for other osseous materials,
versatile enough to be adapted to a number of different tool types. A detailed use-wear
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analysis may reveal what these specimens were used for. This analysis should include the
specimens themselves, experimental material, and unused pieces for comparison; such a
program was beyond the scope of the present study, but stands as a stimulating perspective.

The three artifacts from Isturitz are flakes detached by percussion from mammoth
long bones, then used as tools without further modification. In the Laugitea collection,
they are associated with three similar flakes without traces of use. All six flakes are most
likely the result of marrow extraction activities. To our knowledge, this marrow extraction
behavior on mammoth bones was previously undocumented in southwest Europe: in this
region, mammoth remains are never very numerous, and are evidenced mostly by cranial
elements (including teeth and tusks), as well as rib fragments and long bone fragments
without traces of knapping [18,68]. At Isturitz specifically, only a few mammoth remains
were previously mentioned in the faunal assemblages [69-74], scattered throughout the
stratigraphy, including two from the Gravettian [75,76]. The objects identified at Isturitz
are a further call to the re-examination of ancient collections, both at this site and beyond.

Geographically and chronologically, the closest parallels to the Isturitz flake tools are
two possible wedges on fragments of mammoth bone, from the Gravettian of Trilobite
cave in Arcy-sur-Cure, southeastern Paris Basin. They are associated with four unmodified
fragments of mammoth innominate and scapula with traces of use as passive tools (anvils,
cutting boards) [77]. Also at Arcy-sur-Cure, the Grotte du Renne yielded a blunt tool shaped
on a mammoth-sized rib (Gravettian layer IV) [77] and the Chatelperronian occupation of
the same site (layer X) yielded 15 tools made on mammoth ribs and diaphysis (“smoothers”,
“burnishers”, knapped tools, and a cutting board) [78]. The probable use of unmodified
mammoth bones (an ilium and a scapula) as architectural elements is also documented
further north in the Paris Basin, at the Magdalenian site of Etiolles [79].

We argue that, in the Upper Paleolithic of southwestern Europe, the use of mammoth
bone, while not very frequent, is more common than previously documented, and identi-
fication biases account for its under-recognition: the worked objects are too modified to
be taxonomically identified and would not have been attributed to mammoth on a visual
basis; the unworked flakes used as tools would have been identified as mammoth but
not necessarily classified in the bone industry. More systematic research is necessary to
assess the extent of this phenomenon. This contribution highlights the research potential in
collections from ancient excavations, provided that they are approached with a combination
of complementary analytical methods.
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mdpi.com/article/10.3390/heritage9080330/s1. Text S1: Archaeological context for the objects analyzed.
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