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Strontium speciation in archaeological otoliths

Phil K. Cook,**** Elise Dufour,© Marie-Angélique Languille,® Cristian Mocuta,” Solenn
Réguer,” and Loic Bertrand*/1

Fish otoliths (“ear stones”) are major environmental indicators used in ecology and fisheries sci-
ences. Otoliths consist of a biomineral material containing an organically-templated mineral cal-
cium carbonate, normally aragonite, in which strontium is incorporated at minor to trace levels
depending on water chemistry and individual physiology. Sr content and fluctuations inform on
the life histories of ancient specimens and provide data for palaeoenvironmental reconstructions.
Identifying the impact of post-mortem alteration is a critical question to assure the reliability of
such work. A central parameter for the reliability of Sr content as a palaeoenvironmental proxy
is whether the mode of incorporation can be considered as stable and homogenous at the mi-
croscale in otoliths over thousands of years. In addition, it is important to know whether a different
kind of speciation of Sr is observed, especially at the outer surface of the sample in contact with
the soil and local environment. Here, a novel combination of synchrotron microscale point anal-
yses and raster-scanning X-ray absorption spectroscopy is implemented and used for the first
time to study otolith at different length scales, spanning from millimetres down to micrometres.
Strontium is found in substitution for calcium in aragonite in all our analyses of five Holocene oto-
liths and their three modern counterparts; the first set of samples from the Peruvian coast, up to
11000 years old, are studied for their potential as palaeoenvironmental proxies. The chemical
environment of strontium in otoliths is independent of content of this element, location in the oto-
lith, species, and archaeological age. This is shown with a high lateral resolution (about 10 um)
over wide fields of view, as a way to consolidate macro-scale approaches. To our best knowl-
edge, this work is the first report of the chemical environment of strontium in ancient otoliths. Our
work opens the way to new approaches to validate palaeoenvironmental studies of biocarbonate
palaeoproxies.
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Teleost otoliths (“ear stones”) are biomineral accretions, three
pairs of which are found in the inner ear of fish.! An organic
template comprising 1-10 %wt of the otolith guides the deposi-
tion of the mineral phase.? The mineral phase, comprising the
remaining 90-99 %wt is composed of calcium carbonate (CaCO;)
with some minor and trace elements. The CaCOj; in living fish
otoliths is normally in the aragonite polymorph.? Calcite and va-
terite can be found in some species for one of the less-developed
otolith pairs# or in case of pathologies.>~” Otoliths grow in incre-
ments from the center to the core in periodic growth marks re-
ported at the macro or micro-scale.® Increments can be assumed
to be at the heart of otolith biomineralisation by analogy with
the morphology and role of nanogranules in molluscs.® Over the
past few decades, geochemical analyses — determination of el-
emental and isotopic compositions — of fish otoliths have pro-
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vided a wealth of information about the biology of fish and the
environments frequented over the life of an individual. During
accretional growth the otolith aragonite and the organic matter
can incorporate trace and minor elements. At least 27 such ele-
ments have been reported, of which Na, K, P, and Sr are typically
found in the highest concentrations. 1° Sr concentration (typically
up to 51umol-g~! (equivalent to 4.5mg-g~!), exceptionally up
to 137 umol - g1 (12mg- g~1) 1011; ysually normalised to Ca con-
tent) is the most widely used environmental tracer in fish and
fisheries sciences, while physiological effects and a possible im-
pact of diet can also be observed. 12 Incorporation of Sr into fish
otoliths is dependent primarily on water chemistry, and on the
ambient temperature !3-14 under physiological control.

The elemental and stable isotopic signals from ancient oto-
liths are being applied more frequently for various types of stud-
ies10-15: biological and environmental archives for the study of
past fish migration or metabolism 1017, palaecoenvironmental and
palaeoclimatic conditions from the Jurassic to the Holocene 18-22
and fishing practices of past human populations.22-2> The relia-
bility and permanence of the geochemical information encoded
within ancient otoliths is critical to their use as information
archives. Diagenesis might hamper such reconstructions from an-
cient samples, and the level of this alteration in the otoliths has
to be estimated. 2126 When Sr content is used as a palaeoenviro-
nmental proxy, its local mode of incorporation and stability within
the organic fraction of otoliths and/or in the aragonite biomin-
eral are likely of crucial influence on its long-term behaviour, and
therefore its reliability.2” No previous work reports on elemental
speciation in ancient fish otoliths. Working at the microscale is
necessary as alteration could occur not only in the whole otolith,
but also in localised zones.21:26 The outer zones of the otolith
are expected to be more susceptible to alteration as a result of
their direct contact with the surrounding environment28, includ-
ing fluids such as those from the decaying animal, although there
is evidence for some sort of pore network throughout otoliths,
making the entire object subject to potential alteration. 2°

Central questions are therefore whether: (a) Sr speciation in
otolith samples with no present evidence of alternate carbonate
polymorph can be considered as homogenous and stable at mi-
crometre scales, (b) sample areas with significant elemental or
isotopic excursions could show a specific mode of incorporation
of Sr, (c) outer surfaces of samples, possibly containing exoge-
nous ions, could show a distinct speciation of Sr. Information on
the chemical environment of Sr can be collected through X-ray
absorption spectroscopy. 3%-32 However, past works on corals il-
lustrate the difficulty of distinguishing between minerals such as
strontianite (SrCO;) and Sr-containing aragonite (noted below
‘Sr:aragonite’) due to their isostructural character. 33.34

This work is, to our best knowledge, the first determination of
the chemical environment of a major environmental proxy, stron-
tium, in ancient otolith specimens. An approach was developed
using synchrotron X-ray absorption spectroscopies (XAS) at dis-
tinct successive length scales (from mm down to um). A focused
X-ray beam permits analysis of a selected micrometer-scale sam-
ple volume. Synchrotron-based XAS is shown to be capable of
clearly elucidating Sr speciation, in particular by comparing the
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imaginary component of the Fourier-transform signals. The lat-
eral resolution (resolution in the plane of the sample surface)
afforded was used to select limited illumination areas with dif-
ferent Sr concentrations for analysis, such as the outer edge or a
significant excursion from average Sr concentration. A millimet-
ric area on an archaeological sample was examined to confirm
the homogeneity of Sr speciation, over a span in length scales of
several to several hundred micrometres. The Sr chemical envi-
ronment was universally confirmed to be Sr in aragonite, with no
evidence for the presence of other mineral phases on the scale of
these analyses, on five archaeological and three modern otoliths
from the Pacific coast of South America exhibiting a wide range of
Sr concentrations. We discuss the methodological and diagenetic
implications of these results.

2 Materials and methods

2.1 Archaeological and modern fish otoliths

Archaeological otoliths from excavations in northern Peru at
Pampa de los fésiles, Huaca Prieta, and Bayovar-1, were chosen
because of their potential for palaeoclimatic information.3>-37
They form part of a larger study of palaeoenvironmental condi-
tions and past human occupation in a region that lacks palaeo-
climatic proxies.3> Otolith specimens of five archaeological and
three modern fishes from the tropical Pacific coast of South Amer-
ica have been examined (Tab. 1). The specimens all come from
coastal marine species of Sciaenidae (Micropogonias sp., Microp-
ogonias altipinnis, Micropogonias manni) and Ariidae (Galeichthys
peruvianus, Cathorops sp.). In these two families the most-
developed otolith pair (of sagittae, lapilli, and asterisci) is dif-
ferent: Sciaenidae present more developed sagittae while Ariidae
present more developed lapilli.3% Sections were prepared from
otoliths embedded in resin. Details can be found in Supplemen-
tary Information SI.1. The section of otolith QCD could be re-
moved from the glass slide after polishing and analysed without
other support, while it was not attempted for the other sections
owing to their apparent fragility.

Preliminary examination

After preparation, the otolith sections were examined for obvi-
ous alteration using light microscopy (LM), scanning electron mi-
croscopy (SEM), Fourier transform infrared (FT-IR, not shown
here) spectroscopy, and X-ray diffraction (XRD, not shown here).
FT-IR spectra were collected in reflection mode with a spot size of
350 um (Paleoproxus, IRD, Bondy). XRD data were collected from
subsamples of otoliths with Cu Ku radiation. Local crystal order-
ing was also studied on some samples using synchrotron XRD. LM
and SEM examination of the samples (Figs. S1-S3) indicate that
none of them exhibit significant microstructural alteration. Sub-
samples of HP-11, HP-12, and GP-292 were confirmed to be arag-
onite by XRD. Samples QCD, Bayovar-1C, 111, and BH17 were
examined by FT-IR spectroscopy at 3—-11 points each, all of which
were identified as aragonitic.
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Table 1 Information on the uXAS analysis points on the five archaeological and three modern otolith samples. Geological sample ages in years before
present (BP) correspond to the age of the stratum in which an otolith was discovered. A pnEXAFS spectrum was recorded at the analysis points
marked with *. Letter annotations in the far right column correspond to points in Fig. 1

Section . ,
Name Species Sample age Origin thickness [Sr] ran%e; [Sr] at an 1a lysis points
G (umol-g=*)  (umol-g~")
wm)
. s L 36.6 (A), 35.0 (B), 39.7 (C)
. . Preceramic (Paijan) Pampa de los fosiles, P ) ’
QCD Micropogonias sp. 11000-8000 BP 38 Cupisnique Desert, Peru 710 27-51 36.2* (D), 27.2 (E), 50.7
(F), 40.4 (G)
Galeichthys . Huaca Prieta, Chicama 42.1 (A), 48.5 (B), 62.5 (C),
HP-11 peruvianus Preceramic 4140+40 BP Valley, Peru 150 21-185 58.5 (D). 53.1 (E)
. . . 60.0 (A), 79.5 (B), 93.3*
HP-12 Galeichthys Preceramic 6641:+49 P36 1iuaca Prieta, Chicama 44, 21-101 (C), 90.5 (D), 93.9 (E), 74.9
P % (F), 64.5 (G), 49.0 (H)
Early Intermediate Period
Bayovar- . . (200BC-600AD) - Bayovar-1, Sechura "
1C Micropogonias sp. beginning Middle Horizon  Desert, Peru 490 17-50 18.4,48.7
(600-1000 AD) %7
Preceramic (Paijan) Pampa de los fésiles, .
BH17 Cathorops sp. 11000-8000 BP38 Cupisnique Desert, Peru 260 17-60 4.1
424 Ir\rﬁ: Z[;ogonlas 17/11/2005 Budi, Chile 290 14-22 14.9, 15.7, 16.8, 21.5, 22.2*
111 Micropogonias 14/06/2000 Puerto Lopez, Ecuador 460 7-12 7.1,12.2%
altipinnis
GP-292 Galeichthys 26/03/2012 Chorillos, Peru 160 15-52 29.1,51.1%
peruvianus

2.2 Reference materials

Three reference compounds were selected for comparison to as-
sess the chemical environment of Sr in our samples: natural
aragonite (CaCO,, Alfa Aesar, batch I15T027), natural calcite
(CaCO,, Alfa Aesar, batch C08S004), and synthetic strontianite
(SrCO4, 99.994% pure, Alfa Aesar, batch 23669). All references
were prepared neat, except for strontianite, which was diluted
with synthetic calcite (VWR, lot DBJ 150004) and with 6.8 %wt
microcrystalline cellulose (Merck, batch K36832831 733) dur-
ing grinding to an equivalent 0.4 %wt in Sr in order to limit au-
toabsorption of fluoresced X-rays. Each material was prepared
by grinding into a fine, homogeneous powder in a clean agate
mortar and pestle for 5 minutes, then pressed into a pellet in
a 13mm die. The fundamental parameters for Sr quantification
were experimentally determined from processing the mean spec-
trum from a 1 x 1 mm? grid of 10 x 10 points on a pellet of fish
otolith Certified Reference Material no. 22 (CRM22, National In-
stitute for Environmental Studies, Tokyo, Japan).*0

2.3 Synchrotron methods

Synchrotron X-ray fluorescence and micro-X-ray absorption spec-
troscopy measurements using a microscopic beam (respectively
denominated yXRF and pXAS) were implemented at the Diff-
Abs beamline of the SOLEIL synchrotron.”! The beam was fo-
cussed using achromatic Kirkpatrick-Baez mirrors 42 to a spot size
of 6.0 x 11 um? full width at half maximum (FWHM, VxH) with
an on-sample flux of ca. 3 x 10° ph/s. The incident photon flux
(Iy) was recorded by a 10 wm-thick thin film Si diode (Hamamatsu

Photonics) in transmission. The samples were mounted in-air on
a goniometer at 45° to both the incident beam and detector, with
the growth axis parallel to the 6.0um axis of the beam to max-
imise the lateral resolution across isochronous increments. This
resulted in an effective spot size on the sample of 6.0 x 16 um?.
Sample fluorescence was recorded using a Vortex-EM monoele-
ment silicon drift fluorescence detector (50 mm? active area, Hi-
tachi) with a Digital Pulse Processor (Hitachi). The detector was
placed in the same horizontal plane at 90° from the beam to min-
imise X-ray scattering contribution. The sample—detector distance
was optimised for each sample to maximise the detected signal
while remaining within the detector’s range of linear response.

2.3.1 Synchrotron micro-X-ray fluorescence

Elemental pXRF maps were collected to identify areas of interest
for X-ray absorption measurements, and estimate Sr and Ca con-
centrations and distribution. Maps were collected using an inci-
dent beam energy of 16200-17200eV. Quantification was carried
out using PyMca“®? and the methodology described by Cook et
al.%” XRF maps additional to those in Fig. 1 are present in the
latter article. After determining the basic fitting parameters, the
photon flux was evaluated using the reference’s certified Sr mass
fraction. 40

2.3.2 Synchrotron X-ray absorption spectroscopy

All XAS data were collected around the Sr K-edge at
Ey ~16104.5eV. Xray absorption near edge spectroscopy
(XANES) spectra on reference materials were recorded in trans-
mission mode using a wide X-ray beam (on-sample spot size ca.
250 x 300 um? FWHM, flux ca. 5 x 10'2 photons/s) to limit the im-
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pact of microscale heterogeneity of the standards. Ionisation
chambers (N, gas, 200V operating voltage) provided photon flux
monitoring before and after the sample. Reference spectra were
recorded with a count time of 3 s/point in three ranges: 15902-
16030eV in 2eV steps, 16032-16132¢V in 1 eV steps, and 16 134—
16250eV in 2 eV steps.

X-ray absorption spectroscopy measurements with a micro-
scopic beam (uXAS) were performed with fluorescence yield de-
tection using the same configuration and detector as for uXRF.
The uXAS signal was calculated by numerically integrating a
600eV wide window centered on the Sr Ku fluorescence peak.
Total count rates up to ca. 130 and 115kcps were measured on
the white line and in the post-peak region, respectively, with the
Sr Ko peak contributing ca. 51 and 36 kcps. The integrated signal
was corrected for detector deadtime and normalised to Iy as mea-
sured by the thin film diode. Microscale XANES (uXANES) spectra
of otolith samples were recorded with a count time of 4 s/point in
the 16023-16083 eV energy range in 2eV steps, 16084-16134eV
in 1eV steps, and 16135-16373¢eV in 2eV steps. Microscale ex-
tended X-ray absorption fine structure (uEXAFS) spectra were re-
corded with a count time of 8s/point for 16023-16083 eV in 2eV
energy steps, 16084—16224 ¢V in 1eV steps, and 16225-16773 eV
in 2eV steps (Fig. 2 and 3). All spectra were processed using
the iXAFS suite version 2.2 including ATHENA (data extraction),
ARTEMIS (fitting of spectra), and IFEFFIT (ab initio multiple scat-
tering calculations). 44 Details on the extraction and treatment of
EXAFS spectra can be found in Supplementary Information SIL.2.

Ey was determined using the procedure discussed in Supple-
mentary Information SI.2 due to a complex edge with multiple
inflection points. In four spectra — archaeological specimens
Bayovar-1C ([Sr]=48.7 umol - g~!; Fig. 3b) and HP-12 ([Sr]=90.5
and 93.3umol-g~!; Supplementary Information Fig. S5), and
modern specimen 111 ([Sr]=12.2umol-g~!; Fig. 3b) — we ob-
served variations in the maximum intensity and position of the
white line. This is attributed to a flattening of the peak when
recording with a high count rate where the detector was oper-
ating at the limits of the linear range. The otolith aragonite is
also strongly textured with the c axis of the crystals showing a
preferential orientation along growth axis, which could lead to
noticeable change in the white line intensity with respect to the
beam polarisation.

uXANES mapping was performed using a reduced dataset on
the section of QCD. Four diagnostic energies were selected to
provide significant discrimination between aragonite and stron-
tianite based on the uXANES spectra of reference inorganic arag-
onite and strontianite (as identified in Fig. 3a: 16149, 16170,
16185 and 16201 eV). A pXRF map was recorded at each of these
four energies.*> A crack in the otolith was observed and was ex-
cluded from the analysis zone, leaving final map dimensions of
570 x 450 um? (VxH). Assuming that the chemical environment
of strontium is a mixture of aragonite and strontianite, fraction
aragonitic and fraction strontianitic environment were deduced
using procedures written under the ‘R’ statistical environment“6
on a per-pixel basis.
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Fig. 1 uXRF maps of strontium distribution in archaeological samples of
Micropogonias sp. (QCD, Pampa de los fésiles, Peru) and G.
peruvianus (HP-11 and HP-12, Huaca Prieta, Peru.). ¢ marks points
analysed by uXANES, except QCD (D) and HP-11 (C) which are
UEXAFS analysis points. Otolith cores are marked with asterisks.

3 Results

The methodological approach, applied to both ancient and mod-
ern otoliths, used in the determination and speciation Sr involves
a three step process: (1) single point uEXAFS analysis provides a
detailed overview of Sr speciation at specific locations on the sam-
ple, (2) collection of series of uXANES allows comparison of Sr
chemical environment intra- and inter-samples, and (3) uXANES
mapping allows checking and validating Sr speciation across large
areas of samples.

Spots where XAS was performed were identified from XRF
maps of archaeological otolith sections. Sr elemental maps show
both intra-individual and interspecific variability in Sr content
(Fig. 1). The total range of Sr concentration variation for the
eight specimens is 7-180umol - g~!. Note that the maximum con-
centration in Sr further extends the upper range reported for this
element. 27

3.1 EXAFS characterisation of strontium in archaeological
otoliths
Point uEXAFS at strontium K-edge spectra were recorded on 7
otolith sections (Tab. 1) to precisely compare and model X-ray
absorption features. A spectrum from QCD is presented in Fig. 2
and 3 as a general representative of that from the archaeolog-
ical otolith samples compared to the inorganic references. An
asymmetric peak just above 2A is present in the Fourier trans-
form (FT) magnitude of all three spectra. As discrimination be-
tween Sr:aragonite and strontianite is not straightforward, both
magnitude and imaginary parts of the FT of uEXAFS spectra were
compared. Qualitatively, the FT of QCD closely resembles that of
aragonite (Fig. 2). Fitting of the EXAFS was performed (Tab. S2)
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Fig. 2 Magnitude and imaginary part of the phase-corrected Fourier
transforms of LEXAFS spectra at Sr K-edge (beam size 6.0 x 16 um?
FWHM) of archaeological Micropogonias sp. otolith QCD (Pampa de los
fésiles, Peru, [Sr]=36.2 umol - g~') compared to those of inorganic
reference materials aragonite and strontianite, and the fitted spectrum.
The FT of QCD is typical for all otolith samples. Features in the section
of the bottom spectrum designated by a bar were not fitted (see text for
explanation).
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for both references and otolith samples. Reference natural arag-
onite and synthetic strontianite exhibit Sr—-M (M: metal, i.e. Ca
or Sr, resp.) lengths of 3.980 and 4.155 A, respectively. All oto-
liths exhibit Sr—M lengths in the range of 3.965-3.988 A, which
corresponds closely to that identified in the aragonite reference.
These distances are also coherent with those reported in previous
works on modern carbonate biominerals and strontianite chem-
istry. 31:32:3447 Fits of the distinct EXAFS spectra resulted in good
agreement to the experimental data for the first O, C, and Ca
shells up to 4.0A in aragonite and QCD, and to 4.5A in stron-
tianite. Inclusion of additional O shells and multiple scattering
paths was not attempted, which explains the deviation between
the data and fit in the 4-5 A range, also observed by other authors

for identical reasons. 47

3.2 XANES characterisation of strontium in archaeological
otoliths

Macro-XANES spectra at Sr K-edge on the archaeological oto-
lith sample QCD provide spectra with a high signal-to-noise ratio
while averaging possible microscopic fluctuations (Fig. 3a). The
spectrum of QCD exhibits the following features, where energies
are referred to as a shift relative to Ey (i.e. Eg+neV): (i) no
evident pre-edge features; (ii) Ey=16104.4¢eV; (iii) a white line
with several inflection points observable in the spectrum deriva-
tive (Fig. S4); (iv) a white line maximum at +7.3eV (16112¢V);
(v) a low intensity absorption feature at ca. +20.8¢eV; (vi) os-
cillations with a first significant maximum at +43.4eV preceded
by a shoulder at ca. +30eV; (vii) a shoulder at +65eV; and
(viii) a third somewhat sharp maximum at +94.1eV. All these
features are accurately shared by the inorganic aragonite refer-
ence. The spectrum of inorganic aragonite also exhibits some
similarity to that of the strontianite reference, with some differ-
ences: the low-intensity feature at +20.8 eV (iv) and the shoul-
der at ca. +30eV (vi) are absent, and the oscillation at +94.1eV
is very broad. To permit analysis of a wide variety of zones and
check for intra-sample homogeneity, between one and 8 pXANES
spectra at Sr K-edge per sample were collected for all samples
and compared to the macro-XANES spectra (Tab. 1). The char-
acteristic features, including the small oscillation at +20.8 €V, os-
cillation and shoulder at +43.4 and +65¢€V, and the oscillation
at +94.1eV are consistent for all otoliths (Fig. 3b). The rela-
tive intensity and sharpness of the white line does vary slightly in
some areas, as mentioned previously. Apart from the white line,
spectra all show superimposable features (Supplementary Infor-
mation Fig. S5). No variation is observed in the position of E
nor any of the characteristic oscillations. Point analyses cover an

overall Sr concentration range of 27-95umol - g~ 1.

3.3 uXANES mapping of strontium chemical environment in
the archaeological otolith QCD

To assess the representativeness of point X-ray absorption mea-
surements over large ‘spatial dynamics’,*® uXANES mapping was
carried out using four energies selected to correspond to charac-
teristic features observed in the XANES spectra at Sr K-edge of
the aragonite and strontianite standards (marked by the dashed

T 1-19 |5
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Fig. 3 (a) XANES spectrum at Sr K-edge of archaeological Micropogonias sp. sample QCD (Pampa de los fésiles, Peru) compared to inorganic
aragonite and strontianite references. Spectral features (i—vii) are described in the text. Vertical lines mark selected characteristic energies used for
uXANES mapping in Fig. 4. (b) Comparison of XANES spectra at Sr K-edge pof 8 otoliths from four species at three archaeological sites and three
modern locations with inorganic aragonite. Spectra have been shifted vertically. The Sr concentration at the point of analysis in umol - g~! is indicated

next to each sample name.

lines in Fig. 3a). uXRF maps were collected on archaeological
sample QCD at these energies across areas up to 570 x 500 um?
(Fig. 4). The Ca concentration map (Fig. 4c) shows limited varia-
tion aside from an enhancement at the outer edge. The Sr concen-
tration map (Fig. 4d) reveals a total range of 19-39 umol-g~! in
the mapped zone, with a maximum value close to the edge. The
map of aragonite fraction is shown in Fig. 4e. The map exhibits
high homogeneity with a standard deviation (SD) of 7.2% in a
unimodal distribution across the full mapped area, centered on
91 % aragonite (Fig. 4f). The SD along the growth axis (7.5 %) —
in the direction of Sr variations — is comparable to the SD within a
growth increment (7.2 %), and the per-increment median covers
a range of +8 %. Profiles along the growth axis can be calculated
from integration along isochronous increments (Fig. 4g). The
maximum Sr concentration at the sample edge (Fig. 4g, “Max”)
corresponds to the maximum observed on the entire otolith, while
the minimum (“Min”) is only a local minimum with lower concen-
trations elsewhere along the growth axis (Fig. 1). Some substruc-
ture can be seen in the transition between high and low Sr areas
(“SS”). Most interestingly, the fraction of aragonitic environment
determined through the processing of multi-energy XANES maps
shows no relation to variation in Sr content, nor distance to the
sample edge.

4 Discussion

Ancient biominerals recovered in archaeological and paleontolog-
ical contexts provide key evidence for reconstructing past human
activity, and climatic or environmental conditions. The poten-
tial to use the geochemistry of ancient otoliths as information

6| 119

archives has long been recognized and is now fostering significant
development in archaeology. Recently, geochemical analyses have
been used to reconstruct the ambient conditions experienced by
fish to then gain insight into the functioning of aquatic environ-
ments themselves as well as fish movements and adaptation to
these environments.21:22:49 Further, knowledge on fish palaeoe-
cology and palaeoenvironment can be used for reconstruction of
fishing practices (exploited aquatic habitats, season of fishing)
and site occupancy by past human populations. 22-24:35,36,50

Interpreting the geochemistry of ancient biominerals is, how-
ever, challenging, requiring an understanding of the physical and
biological processes of incorporation (element partitioning or iso-
topic fractionation) and interpretation of post-mortem changes
linked to pre- and post-burial environment. If a biomineral proxy
undergoes post-mortem alteration, this could lead to a significant
impact on the reliability of the biogenic geochemical information
encoded within. In this respect, otoliths have far less been stud-
ied than other biominerals such as bones28-°1-54 enamels>>56,
shells57-59 or corals.6%61 As a standard practice, altered oto-
lith specimens are distinguished from unaltered ones by detec-
tion of microstructural alteration and/or change in the identity of
calcium carbonate polymorph.2® An intact microstructure is de-
fined by the presence of growth marks typical of otoliths (daily
and yearly increments), 23 long needle-like (prismatic) aragonite
crystals, 26:62.63 and/or the absence of recrystallised or neoformed
minerals. 7-17-18:26.62 Aragonite is metastable and will tend to
transform to calcite over time.>® The absence of calcite and va-
terite is considered an indicator of geochemical preservation.
Transformation to another crystal polymorph can be detected
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Fig. 4 Homogeneity of the speciation of strontium in a zone from the archaeological Micropogonias sp. otolith QCD section (Pampa de los fosiles,
Peru). (a—b) Light microscopy images. (a) Image of sample with positions of analyses indicated. (b) Magnified image of the analysed zone
corresponding approximately to 1.5 years’ growth. The dashed line indicates the otolith edge. (c—g) Results from synchrotron speciation mapping.

(c) Concentration map of Ca in mmol-g~'. (d) Concentration map of Srin umol-g~!. (e) Map of the estimated fraction of aragonite. (f) Histogram of
aragonite fraction. The pixels outside of the otolith (black in map c) were excluded from the histogram. The values for pure strontianite and pure
aragonite are marked with vertical lines. (g) Profiles along the growth axis integrated along isochronous increments for elemental concentrations of Ca
and Sr, and aragonite fraction: median (solid line), +1 standard deviation (shaded areas). Arrows indicate features in the [Sr] curve discussed in the

text
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by X-ray diffraction’-18:26:63-65 " vibrational spectroscopy®2, or

cathodoluminescence.”-25% The quality of preservation of the
pristine geochemical signal measured in ancient otoliths can also
be assessed through comparison to the otoliths of modern individ-
uals of the same species or of a taxonomically close species which
are expected to exhibit similar geochemical signatures. 2627 Con-
versely, otoliths of taxa with different ecologies can be compared
in order to reveal expected contrasts in different geochemical sig-
natures. 2663

Although a limited number of works were dedicated to specific
aspects of diagenesis in ancient otoliths,26-27:62 no comprehen-
sive study of speciation in ancient otoliths has been conducted so
far. The present paper constitutes a first effort to determine the
chemical environment of Sr in archaeological otoliths to decipher
the long term behavior of this element. The ability to not only
detect alteration, but to potentially designate particular areas as
reliable or not, and correlate it to sample morphology and/or
other characteristics would be highly useful to ensure the reliabil-
ity and full exploitation of palaeo-environmental analyses. There
is therefore a need to identify whether Sr is present in substitu-
tion to Ca in aragonite, as strontianite SrCO5 domain, or in other
mineralogical forms, in ancient otoliths.

Incorporation of secondary elements into carbonate biomin-
erals can possibly be categorised into three main modes:
(1) intra-crystalline incorporation (substitution for Ca, incorpo-
ration as interstitials) and/or adsorption onto crystal surfaces,
(2) incorporation into the organic material, or (3) as discrete
phases of a secondary mineral. In aragonite, Ca is coordinated
to 9 oxygen ions while coordination number is 6 in calcite. Sr
is assumed to substitute isomorphously for Ca owing to the simi-
lar charge and ionic radius of the two ions: 118 pm for Ca®* and
131 pm for Sr2* in 9-fold coordination (Tab. S1).66-68 Sr (or any
other element) adsorbed on the surface or incorporated into the
organic material is expected to be less stable than in the crystal
lattice.%9 Sr is not significantly leached out during handling or
preparation (cleaning, sectioning, polishing, staining, and etch-
ing) of otoliths at the laboratory.®®72 Indeed, this has gener-
ally been interpreted as Sr incorporation into the aragonite lat-
tice7%71 but has alternatively been interpreted as the presence
of stable strontianite domains.®® Areas exposed to specific post-
mortem alteration mechanisms (e.g. surface) could lead to dis-
tinct modes of incorporation for Sr.

4.1 pXAS analyses ubiquitously indicate Sr in aragonite at
micrometric scales

We examined the chemical environment of Sr at the microscale in
5 archaeological otoliths from the Holocene, and 3 modern coun-
terparts. Our point X-ray absorption spectroscopy results globally
indicate Sr in an aragonitic environment within the limits of de-
tection:

(1) Distinction from calcite or vaterite environments is rela-
tively straightforward as both crystallize in a distinct mineralogi-
cal form (Tab. S1). Both polymorphs therefore exhibit a distinctly
different XANES spectrum at Sr K-edge from aragonite, with in
particular a double peak at the white line. 3173 Such a feature was
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never observed on spectra of the present work. We can therefore
rule out the presence of calcite or vaterite as a significant environ-
ment for Sr at any sample point studied. This observation fulfills
one of the common conditions for preservation of the geochem-
ical signal, absence of CaCO4 polymorphs other than aragonite,
while extending it to a micrometer scale.

(2) Distinction of aragonite from strontianite is a more chal-
lenging task.333% In the EXAFS Fourier transform (FT) magni-
tude of the strontianite reference, the Sr-Sr signal at 3.95A ap-
pears slightly removed from the inorganic aragonite Sr—Ca signal
at ca. 3.90A, which is shared by all otoliths (Fig. 2). A slight
difference in FT magnitude between strontianite and aragonite
occurs around 4.5 A, but the signal in this region is complex as
there are multiple oxygen shells which occur at similar distances.
The positions of these oxygen peaks are coherent with those
previously presented for Sr:aragonite.>**” Aragonite CaCO, and
strontianite SrCO4 are isostructural (orthorhombic crystal system,
Pmcn space group, Tab. S1). Sr—Ca distances in Sr:aragonite
and Sr-Sr distances in strontianite are expected to be close, at
3.98(0)+0.03(6) A and 4.15(5)+0.04(2) A, respectively. Here,
we additionally compared the imaginary parts of the FT between
the reference strontianite and aragonite (Fig. 2, dotted lines). In-
deed, the imaginary part of the EXAFS FT signal is expected to be
more sensitive to a change in neighbouring element than the mag-
nitude. The magnitude will reveal fine changes in radial distribu-
tion, while examination of the imaginary part permits a sensitive
detection of phase shifts resulting from the exchange of the neigh-
bouring atom Ca?* for Sr2* even associated to limited changes
in interatomic distances. As shown in Fig. 2, the imaginary com-
ponent of the FT for ancient otoliths is in very good agreement
with that of the Sr:aragonite reference, while it is significantly
different from strontianite.

We observed Sr as Sr:aragonite in all our archaeological and
modern otolith specimens. A similar random substitution of Sr
for Ca has been demonstrated in different species of corals, both

34,47,74-76 and ancient7%70, the shell of a modern bivalve

modern
species 77 and statoliths or cuttlebones of two modern cephalo-
pod species. 4’ However, Greegor et al. identified strontianite do-
mains within modern and ancient aragonitic corals33 by fitting
the FT magnitude of wide-beam EXAFS analyses with linear com-
binations of pure references (strontianite and Sr in aragonite).
Our results therefore strongly support the presence of Sr in sub-
stitution for Ca in aragonite, rather than into all possible CaCO4
mineral forms, in all ancient and modern samples studied. In to-
tal, four species from two families for a total of eight individuals
and two different types of otoliths (sagittae and lapilli) were stud-
ied in the present work and Sr in an aragonitic environment was
ubiquitously identified.

Focusing on modern samples, our results complement recent
works that identified the random substitution of Sr2* for Ca®* in
otoliths from ten modern individuals belonging to seven species
from Australia using wide-beam EXAFS (ca. 0.3 x 0.3 mm?).4’
With the addition of our results, the random substitution of Sr2*
for Ca?* in the otolith aragonite is now supported in a total of
6 teleost fish families for which either the sagittae or the lapilli
are the most developed otoliths. The environments of the species
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studied by Doubleday et al.#” ranged from freshwater to hyper-
saline estuarine. Our corpus of samples brings an even broader
diversity in fish ecology, as we have examined coastal marine
species that can enter freshwater systems such as estuaries and
lagoons.

4.2 Speciation in high Sr concentration features

The diversity in ecology of the fishes studied here and our
methodology (quantification of Sr concentrations with uXRF cou-
pled to XAS measurements) allowed a simultaneous extension of
the conditions of Sr speciation to an increased range in Sr content.
uXRF elemental mapping shows that the sections all have Sr dis-
tributed throughout their entirety with regular periodic variations
in concentration along the growth axis, as expected for otoliths of
individuals several years of age.27:78

Besides these periodic fluctuations, some individuals present
one or several localized excursions from the mean Sr concentra-
tion that lay consistently along some of the growth increments. In
HP-12 (Figs 1 and 5b) and HP -11 (Fig. 1), Sr excursions as high
as 93.9umol - g~ ! (8230ug-g~ ') and 101 umol - g~ ! (8848ug-g~ 1)
are measured, respectively. Growth features of high Sr concen-
trations may be located (a) in the bulk of the sample for QCD,
BH17, 424 (shown in Cook et al.?7), HP-11 (Fig. 1) and HP-12
(such as spots B, C, D, and E; Fig. 1), or (b) near the sample sur-
face (where spot G was performed; Fig. 1; see next section) and
at the edge for Bayovar-1C and 424 (shown in Cook et al.%7).

Even in these cases at such elevated concentration, in all
XANES spectra collected, all discriminating features universally
pointed to Sr:aragonite (Supplementary Information Fig. S5). We
therefore did not observe any change in Sr speciation in those
internal high Sr concentration features, even though very high
Sr contents — exceeding or equalling the maxima previously re-
ported (up to 137 umol-g~1)79:80
chaeological G. peruvianus samples.

— were measured in the ar-

At the length scale of the increment thickness and at the limit
in terms of attainable lateral resolution, an intriguing and yet un-
explained behavior was observed. The fluctuation in Sr concen-
tration appeared mostly anticorrelated to that in calcium. The Ca
content of the otoliths was observed to vary up to 3.5 % of the me-
dian in the core to edge profiles produced by uXRF as exemplified
for one archaeological and two modern individuals (Fig. 5). This
is particularly noticeable for the most extreme Sr concentration
features observed in the archaeological specimens QCD and HP-
12 (Fig. 5a,b), and in the modern GP-292 (Fig. 5¢). It is unlikely
that this anticorrelation results from improper XRF matrix correc-
tion as the attenuation length of the Ca signal is altered by no
more than 0.25 % across the range of Sr concentrations typically
found in otoliths (0.05-0.5 %at). The variation in Ca is too large
to be accounted for purely through increased substitution by Sr.
Ca-depleted regions are likely to correspond to zones richer in or-
ganic matter. In our samples, even in those zones, Sr therefore
appears to substitute randomly for Ca in an aragonitic chemical
environment, with no evidence of Sr in another chemical environ-
ment. If confirmed, this anticorrelation may go unnoticed as the
measured Sr concentration is usually normalised to Ca concentra-
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Fig. 5 Sr and Ca concentration profiles along the growth axis in
archaeological samples from the Pacific coast of Peru: QCD
(Micropogonias sp., Pampa de los fésiles, n=13, a) and HP-12 (G.
peruvianus, Huaca Prieta, n=11, b), and modern reference sample
GP-292 (G. peruvianus, n=11, c). Profiles were obtained by integrating
bands of n pixels perpendicular to the growth axis on splines defined
visually according to Sr fluctuations to conform to the otolith’s curvature
as previously described.?” Asterisks mark the presence of physical
cracks.
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tion even where techniques yield absolute values (e.g. *>-81), and
deserves further investigation.

4.3 Extending determination of speciation to millimetric
sample areas

Series of uXAS points can reveal Sr chemical environment at sev-
eral distinct locations across a sample. However, the overall rep-
resentativeness of microscale point analyses may be lower than
that at millimetre scale because selection of the points could have,
intentionally or not, avoided local singularities.

In order to validate the representativity of point analyses and
trace potential high resolution spatial variations, a multi-energy
uXANES mapping developed in this work examined a selected
zone of 570 x 450 um? of the archaeological sample QCD (Fig. 4).
Mapping on the edge of the sample was chosen because, dur-
ing burial, the outer surface of the otolith is expected to be the
most vulnerable to alteration by being in direct contact with the
decaying fish, as well as fluids and sediments from the environ-
ment. 28 The universal presence of Sr permitted microscale anal-
ysis at multiple points and at varying Sr concentrations. A map
of Sr:aragonite fraction was calculated from the assumption that
each XANES spectrum at Sr K-edge results from the linear combi-
nation of contributions from strontianite and aragonite domains.

The estimated aragonite fraction is largely homogeneous across
the map (mean=91 %, SD=7.2 %; Fig. 4f). Importantly, we did
not see any outlier hotspot of primarily strontianite on the whole
map at a 6.0 x 11 um? lateral resolution. The percentage of points
outside of this 91 % is similar to the observed noise, attributed
to the limited Sr XRF counts per pixel. A second calculation ex-
cluding the strontianite component (i.e. a pure aragonite system)
was performed and achieved a mean adjusted > of 0.992 for the
overall map. Without completely ruling out the possible presence
of strontianite domains as a (diluted) minor component of the
probed information volumes due to the relatively high noise lev-
els of the present measurement, a purely aragonite-type system
where Sr would randomly substitute for Ca is therefore sufficient
to explain the observed data. Based on simulated data derived
from the reference spectra, it may be possible to detect the pres-
ence of as little as a 10 % strontianitic environment, i.e. 11ng of
strontianite per 6.0 x 16 um? pixel. The presence of Sr-Sr neigh-
bours resulting from random substitution has been suggested as
a possible source for strontianite-type contributions to XAS spec-
tra in aragonite regions of higher Sr concentration.4’ However,
it appears relatively unlikely at our concentration. The expected
probability to find Sr atoms with more than another Sr neighbour
is very low — 1.6 x 1073 % for the highest Sr concentration, ob-
served on the sample border in the mapped zone. Contributions
from random Sr—Sr pairs would therefore be negligible in our ab-
sorption spectra. The majority of points fell within the expected
aragonite fraction range of O to 1, although no corresponding
constraint was applied to the model. Several outlier points (ca.
1.4 SD from the mean) occurred above 1.0, to a maximum of
1.18. This further supports the model’s accuracy by demonstrat-
ing that, even without constraining the fraction to the expected
interval, the majority of values fall within a reasonable range.

10] 1-19

Fast uXANES mapping at high resolution over a large area
offers for the first time the ability to study Sr speciation over
‘Jarge spatial dynamics’#® covering 2 orders of magnitude from
ca. 10 um to the millimetre range, in order to identify heterogene-
ity at any length scale. For all analyses, an effort was made to
maximise lateral resolution along the growth axis (see Fig. 4a).
Annual growth increments in fish otoliths are perpendicularly ori-
ented relative to the growth axis and were observed to be 70—
140 wm in width in QCD. 27 As a result, the QCD maps crossed two
sequential isochronous increments, and allowed measurements at
high resolution within a single increment. The information vol-
ume for this analysis is identical to that previously described for
point pXAS and is on the same order of size as the needle-like
crystalline units composing individual increments which are visi-
ble on etched sections under SEM (see Fig. 2 in Dauphin et al. 8).

uXRF mapping at the edge of the QCD sample showed that
the analysed zone exhibits significant variation in Sr content, in-
cluding the largest variation for the whole specimen. Increased
Sr concentration near to the surface could alternatively be inter-
preted as a specific event at the end of the life of the specimen
as a similar feature was observed in a modern Micropogonias sp.
specimen (424), or as resulting from post-mortem Sr deposition.
uXRF mapping of Fe, Cu and Zn revealed an increase of these ele-
ments no deeper than a few hundred micrometres in QCD. These
elements could be used as secondary markers of the uptake of
exogenous elements. A near to the edge increase of these ele-
ments was however also observed in 424 that was not in contact
with a burial environment. 2’ It was therefore not possible to con-
clude on the biogenic or post-mortem origin of the Sr localized
excursion in QCD. As our mapping approach demonstrates that
no other Sr speciation than the Sr:aragonite observed in the bulk
of the sample is present within the limits of detection close to the
sample surface, any possible Sr incorporated post-mortem must
have been integrated into an aragonitic environment. Caution is
therefore advised as exogenous Sr coming from the environment
might be incorporated in the same aragonitic environment as the
pristine signal from the life of the fish. However, as a markedly
monotonous decrease in Sr concentration is observed from the
surface to a depth of a few hundred micrometres2’, exogenous
Sr uptake, should it be the case, does not appear to extend fur-
ther into the bulk.

5 Conclusion

Ancient otoliths are increasingly used as environmental proxies
for palaeoenvironmental reconstructions and archaeological stud-
ies, yet very little is known on the chemistry of their alteration
and possible changes to the chemically-encoded information. The
Peruvian otoliths studied here are likely to have experienced lim-
ited exposure to fluids after their initial taphonomy, due to the
exceptional climatic conditions that prevail on the Pacific coast.
Coastal fogs that form during the austral winter are the main
source of humidity in the very arid environment while intense
precipitation is mostly limited to El Nifio events. Moreover, the
otoliths in the present work originate from two sandy surface
sites (Bayovar-1 and Pampa de los fésiles) deprived of pore wa-
ter and from one stratified mound (Huaca Prieta) not susceptible
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to significant ground water exposure. Prevailing climatic condi-
tions on the Peruvian and Chilean coasts have favored the conser-
vation of Holocene bivalve or gastropod shells2°>82, limiting the
diagenetic alteration, or on the contrary led to their rapid dia-
genesis, thereby precluding palaeoenvironmental reconstructions
based on geochemical analyses.83 In the latter case, the shells
originated from emerged marine terraces. Macroscopic examina-
tion showed that the aragonitic layer was frequently pulverulent.
Early diagenesis during marine immersion is evidenced by a ma-
rine uranium/thorium signal. Later contamination by sea spray
could be present as an agent of alteration, but the effects are
expected to be very limited compared to immersion.83 Samples
from marine sites may undergo significant alteration as a result of
the circulation of pore water in the surrounding sediment. Even
in the case of otoliths recovered from favourable deposition en-
vironments, actions by the ancient humans who consumed the
fish could produce alteration. Cooking and burning, for example,
have been shown to alter the mineralogy and elemental concen-
trations in otoliths.”? The minor and trace elements in otoliths
are often difficult to analyse due to their low concentrations. In
cases where there is no apparent structural alteration, the impact
of infiltrated or leached elements on the overall sample may go
unnoticed, making a targeted analysis of the potentially-altered
element necessary.

This work presents the first examination of the chemical en-
vironment of strontium in archaeological otoliths. Five archaeo-
logical and three modern otoliths of fish from two families (Sci-
aenidae and Ariidae) were examined using a newly developed
multiscale synchrotron-based approach. Elemental mapping by
synchrotron uXRF permitted a precise positioning of analyses on
the otolith sections in relation to the sub-annual fluctuations of
Sr. XAS is the optimal choice for targeted analyses of ion incor-
poration and speciation in heterogenous systems.®* The chem-
ical environment of Sr* in a set of archaeological and mod-
ern fish otoliths has been examined on the microscale using
LEXAFS and uXANES. uEXAFS proved very efficient to discrim-
inate Sr:aragonite against other possible mineral forms owing
to the contrast in phase shift between Ca and Sr. Multi-energy
uXANES mapping was developed to study the speciation homo-
geneity over a 480 x 550um? area in a reasonable time frame.
Sr?* was confirmed in all cases to substitute randomly for Ca®*
in the aragonite lattice, independent of location on the otolith,
Sr concentration — even in the case of extremely high content
noted along specific growth increments, or archaeological age of
the otolith. Some samples may contain exogenous Sr in the first
few hundreds of micrometers from their surface. If the extra Sr is
of exogenous origin, as no change in Sr speciation was observed,
caution is advised as Sr could actually incorporate in the same
aragonitic environment as the pristine palaeo-environmental sig-
nal with no known way to discriminate one from the other. Apart
from this word of caution, this work further supports the valid-
ity of fish otoliths as an invaluable biological and palaeoenviro-
nmental archive, as no microscale change of speciation is ob-
served across the bulk of archaeological otoliths over time that
could bias collection of the palaeo-environmental signal. The
combination of synchrotron-based X-ray spectroscopies demon-
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strated in the present work is shown to be a powerful and effi-
cient method for the examination of biominerals and elucidation
of incorporation mechanisms of trace elements.
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