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Quantifying fish otolith mineralogy 
for trace‑element chemistry studies
R. Seth Wood1,2,6, Bryan C. Chakoumakos3, Allison M. Fortner1, Kat Gillies‑Rector4, 
Matthias D. Frontzek3, Ilia N. Ivanov5, Linda C. Kah2, Brian Kennedy4 & Brenda M. Pracheil1*

Otoliths are frequently used to infer environmental conditions or fish life history events based on 
trace-element concentrations. However, otoliths can be comprised of any one or combination of the 
three most common polymorphs of calcium carbonate—aragonite, calcite, and vaterite—which can 
affect the ecological interpretation of otolith trace-element results. Previous studies have reported 
heterogeneous calcium carbonate compositions between left and right otoliths but did not provide 
quantitative assessments of polymorph abundances. In this study, neutron diffraction and Raman 
spectroscopy were used to identify and quantify mineralogical compositions of Chinook salmon 
Oncorhynchus tshawytscha otolith pairs. We found mineralogical compositions frequently differed 
between otoliths in a pair and accurate calcium carbonate polymorph identification was rarely possible 
by visual inspection alone. The prevalence of multiple polymorphs in otoliths is not well-understood, 
and future research should focus on identifying otolith compositions and investigate how variations in 
mineralogy affect trace-element incorporation and potentially bias environmental interpretations.

Te calcifed structures of aquatic organisms such as otoliths (calcium carbonate CaCO3 ear stones), scales, 
shells, and fn rays are natural recorders of developmental history and environmental conditions. Tese struc-
tures incorporate trace-elements from ambient water into their CaCO3 matrix and permit temporally explicit 
environmental and ecological inferences about organismal migrations, habitat use, environmental contamina-
tion, and water temperature based on changes in trace-element concentrations among annular growth rings1–3. 
For example, large increases in otolith strontium (Sr) in diadromous fshes can be indicative of movement from 
freshwater to saltwater of the ocean and can be temporally contextualized based on their position relative to 
annular growth rings (e.g.4–6).

Otoliths are the most common calcifed structure from fsh used to reconstruct environmental conditions, 
and increased availability of analytical instruments has expanded the study of otolith microchemistry consider-
ably over the past decade2,7. Although a variety of calcifed structures from fsh (e.g., scales, fn rays, cleithra, 
vertebrae, operculum) incorporate trace-elements from water and contain discernable growth structures, otoliths 
are considered the most robust recorder of environmental histories because they are metabolically inert and once 
accreted, are generally thought not to be resorbed by fsh8. Nevertheless, a growing body of work suggests otolith 
mineralogy may need to be considered prior to assessment as they may contain any one or combination of the 
three most common CaCO3 polymorphs—aragonite (most common), vaterite, and calcite9,10. Although more 
extensive surveys of otolith compositions are needed, up to 48% of wild-produced fsh populations and 80–100% 
of captive-reared fsh populations may contain otoliths with non-aragonite polymorphs, excluding species like 
sturgeon and paddlefsh which regularly have non-aragonite otoliths9,10. Each of these CaCO3 polymorphs has 
a unique crystallographic structure and trace-element afnities, meaning that under identical environmental 
conditions, trace-element concentrations may vary due to mineralogy alone11,12. In magnitude, polymorph-
dependent changes in trace-element concentrations can mimic the changes associated with ecological events 
such as migrations. For instance, aragonite and vaterite portions of European eel (Anguilla anguilla) otoliths 
have difering strontium (Sr) concentrations that are like those associated with migrations between marine and 
freshwater systems13. Te frequency of otoliths comprised of multiple CaCO3 polymorphs is poorly described at 
both a species and individual level, but otoliths with multiple polymorphs do not appear restricted to specifc taxa 
or clades10 and have been linked to environmental factors14–17. Where multiple polymorphs have been reported 

OPEN

1Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN  37830, USA. 2Department of 
Earth and Planetary Sciences, University of Tennessee, Knoxville, TN  37916, USA. 3Neutron Scattering Division, 
Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA. 4Department of Fish and Wildlife Sciences, University 
of Idaho, Moscow, ID 83844, USA. 5Center for Nanophase Materials Science, Oak Ridge National Laboratory, Oak 
Ridge, TN 37830, USA. 6Present address: Department of Earth and Planetary Sciences, Washington University in 
St. Louis, St. Louis, MO 63130, USA. *email: pracheilbm@ornl.gov

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-06721-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2022) 12:2727  | https://doi.org/10.1038/s41598-022-06721-7

www.nature.com/scientificreports/

for a fsh species, it appears that any combination of CaCO3 polymorphs is possible within an individual otolith, 
otolith pair, and among populations (e.g.13,14,18–21).

Previous studies have shown that trace-element concentrations are similar between lef and right otoliths of a 
pair and are therefore unlikely to afect environmental interpretations22,23, but it is unclear how varying propor-
tions of CaCO3 polymorphs in otoliths of a pair may afect trace-element concentrations and, subsequently, afect 
environmental interpretations. Tis study has two primary objectives: (1) use neutron difraction to identify and 
quantify CaCO3 polymorph abundances in otolith pairs from wild Chinook salmon Oncorhynchus tshawytscha 
which visually classifed as non-aragonite (i.e., no otoliths in this study were identifed as “normal” and com-
prised entirely of aragonite); (2) summarize a range of analytical techniques that can be used to qualitatively and 
quantitatively identify calcium carbonate polymorphs and aid otolith trace-element chemistry studies.

Results
Wide-Angle Neutron Difraction (WAND) was used to determine the presence and weight percent of CaCO3 
polymorphs of bulk otoliths. Te Goodness-of-ft values (Χ2 values) of WAND Rietveld refnements were > 10 
for the otolith pair in fsh 2082 and otolith ’B’ for fsh 2087 and 5244, which was beyond our arbitrary threshold 
for a “good” ft (Χ2 < 10 were deemed ‘good’). Among the remainder of analyzed otoliths, the percent weight for 
aragonite, calcite, and vaterite ranged from 1–100%, < 1–53%, and 9–88%, respectively. Among otoliths, all three 
of the most common CaCO3 polymorphs were identifed, and 75% of the fsh had at least one calcite-bearing 
otolith (Table 1; Fig. 1). Seven otoliths contained all three polymorphs, four of which came from two otolith 
pairs (although fsh 2082 and 2087 had at least one otolith with poor goodness-of-ft for Rietveld refnements). 
In our sample set, calcite and vaterite always co-occurred in otoliths with more than one polymorph. Aragonite 
was the least common polymorph in the sample population but was also the only phase that comprised 100% 

Table 1.   Chi-squared goodness-of-ft information from Rietveld refnement of neutron difraction data 
(Χ2 < 10 is a good ft) and results of aragonite, calcite, and vaterite percent fractions from each otolith ± SD for a 
pair of otoliths. ‘A’ and ‘B’ are used to denote parts of a pair because information on otolith positioning (i.e., lef 
versus right) was not available.

Fish ID X2
A X2

B % Aragonite A % Aragonite B % Calcite A % Calcite B % Vaterite A % Vaterite B

1037 4 4.57 0 0 43 ± 2 50 ± 2 57 ± 2 50 ± 2

1084 4 7.08 0 0 12 ± 1 51 ± 2 88 ± 3 49 ± 2

2082 11.6 52.8 1 ± 2 4 ± 1 31 ± 2 40 ± 2 68 ± 4 56 ± 2

2087 2.97 16.6 30 ± 1 9 ± 2 31 ± 1 30 ± 2 39 ± 2 61 ± 4

4213 2.22 5.72 90 ± 2 0  < 1 ± 1 59 ± 3 9 ± 1 41 ± 3

4452 3.83 1.97 0 7 ± 2 52 ± 2 36 ± 3 48 ± 2 58 ± 4

5244 3.03 18.7 100 ± 2  < 1 ± 2 0 53 ± 4 0 47 ± 4

5294 2.39 2.07 100 ± 2 100 ± 2 0 0 0 0

Figure 1.   Ternary plot showing percentages of aragonite, calcite, and vaterite in each otolith pair. Otolith pairs 
can be identifed by the text having the same color and same ID number with an A or B.
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of any individual otolith; only three otoliths were exclusively composed of aragonite, two of which were part of 
a pair. Two pairs of otoliths and one individual otolith contained no aragonite.

Although there is a visual diference between slopes of regression lines constructed between the composition 
of otoliths in a pair and a 1:1 line, the slopes of these lines were not signifcantly diferent for any of the CaCO3 
polymorphs (Fig. 2). Among polymorphs, fractional vaterite abundance was most strongly correlated between 
otoliths in a pair, although it was not signifcant. Paired t-tests show signifcant diferences between composi-
tion of calcite (t = 2.73, p = 0.03, 7 d.f.) and vaterite (t = 3.52, p = 0.01, 7 d.f.) for otoliths in a pair. Tere was not 
a signifcant diference in the percentage of aragonite between otoliths in a pair.

Figure 2.   Scatterplot depicting the by-weight percentage of each polymorph in a pair of otoliths for aragonite 
(top panel), calcite (middle panel), and vaterite (bottom panel). Te solid line represents the least-squares 
regression line for the samples and the dashed line represents the 1:1 line that would depict the regression line 
for the samples if ‘A’ and ‘B’ otoliths had identical polymorph composition. Each panel also contains r2 and 
associated p-values values for regression between ‘A’ and ‘B’ otoliths for each polymorph.
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Discussion
Like some previous studies, WAND data suggest that one or both otoliths in a pair can contain aragonite, vaterite 
and/or calcite, but this is the frst study to quantify polymorph abundances of bulk otoliths in a pair10. Rietveld 
refnement—a technique for ftting structural models to XRD and neutron difraction data—is essential for 
quantifying the polymorphic composition of bulk otoliths. While previous studies have reported polymorph 
composition(s) for lef and right otoliths based on optical microscopy, Raman spectroscopy, and scanning elec-
tron microscope (SEM) analyses24 these techniques are superfcial, and polymorph identifcation via optical 
microscopy and SEM is qualitative and have not been validated10. Given the complex, 3-dimensional distribu-
tion of polymorphs in some otoliths, surfcial assessments, like Raman, may be inadequate for estimating phase 
abundances25–27. Other studies have employed X-ray difraction (XRD) to identify CaCO3 phases in otoliths, but 
none have collected XRD data from otolith pairs and used Rietveld refnement to quantify the relative abundances 
of CaCO3 polymorph10,23,25–27. Although XRD and Raman are quantitative techniques, inferences about bulk 
otolith mineralogy are qualitative and speculative unless Rietveld refnements of the data were completed, or, in 
the case of Raman, an entire otolith was assessed—which is impractical given the minute excitation volume of 
a Raman laser (typically a few microns in depth, see “Methods”).

While previous studies have given valuable insight into the mineralogic variability of otoliths, optical and 
spectroscopic analytical techniques can only characterize the exposed, uppermost portion of an otolith and are 
ofen qualitative. For example, Gauldie14 reported no diferences between the amount of vaterite replacement 
between lef and right otoliths of Chinook salmon based on visual inspection and qualitatively described degrees 
of vaterite replacements on a scale of 1—4. Similarly, Tomas and Gefen28 used micro-Raman and image analysis 
to identify polymorphs and calculate the surfcial abundance of vaterite in otoliths, respectively; XRD was also 
used in to confrm the presence of CaCO3 polymorphs, but Rietveld refnement was not used to quantify poly-
morph abundances for entire otoliths.

To highlight the potential frequency of mineralogically ‘aberrant’ otoliths and utility of bulk quantitative phase 
analyses, otoliths from 14 species of fsh have been assessed with either XRD or neutron difraction to quantify 
polymorph phase abundances (Rietveld refnement); among these studies, calcite was identifed in more than 
25% of species (lake sturgeon Acipenser fulvescens9, shovelnose sturgeon Scaphirhynchus platyrhynchus10, Chi-
nook salmon (this study), goldeye Hiodon alosoides25). Excluding the present study, none of the assessed otoliths 
were visually identifed as aberrant prior to assessment, and calcite was previously unreported for all four of 
these species. In contrast, when superfcial or qualitative analytical techniques (including XRD without Rietveld 
refnement) have been used, calcite was only identifed in otoliths from 11 of 94 fsh species10.

As non-aragonite otoliths are identifed in more species, the need to understand how trace elements are parti-
tioned between calcite and aragonite or calcite and vaterite becomes increasingly critical for interpreting micro-
chemistry data. Figure 3 illustrates diferences in the crystal structure and coordination numbers of Ca in CaCO3 
polymorphs will afect how readily cations substitute for Ca9,13,29. Moreover, controlled precipitation experiments 

Figure 3.   (Top) Crystal structures of calcite, vaterite, and aragonite unit cells39 in order of increasing 
apparent frequency in fsh otoliths. Blue, brown, and red colors polyhedra correspond to calcium, carbon, and 
oxygen atoms, respectivley. Cordination number (C.N.) of calcium are listed below each polymoprh; astrisk 
(*) beside the caclicum coordination numbers for vaterite correspond to the P6522 space group model26. 
Empirical covalent bond radii of cations (bottom) are relative to the covalent bond radius of calcium and 
shown for illustrative purposes40. Substitution of calcium with cations of larger or smaller radii will distort the 
crystalographic lattice of CaCO3 polymoprhs.
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indicate sulfate (SO4
2−) is more likely to substitute for carbonate (CO3

2−) in calcite than aragonite, even though 
high sulfate concentrations can promote vaterite precipitation30. Controlled precipitation experiments also sug-
gest trace element concentrations vary with calcite growth rate31, and within the optimal temperature range of 
a species, otolith accretion rates can double every 10 °C32,33. If trace element incorporation scales non-linearly 
as a function of growth rate among CaCO3 polymorphs, trace element measurements may need to be normal-
ized to both host mineralogy and growth rate for accurate environmental inferences. At this time, it is unclear if 
diferences in trace-element concentrations between calcite and aragonite or calcite and vaterite portions of an 
otolith are meaningful, but Sr concentrations in aragonite and vaterite could bias environmental inferences13.

Overall, the cause(s) and potential efects of calcite precipitation in otoliths are poorly resolved. To date, the 
most direct evidence for trace element partitioning between calcite, aragonite, and vaterite is from Pracheil et al.10 
who used simultaneous X-ray fuorescence and XRD to assess Chinook salmon otoliths; the assessed otolith was 
comprised of all three CaCO3 polymorphs, and Sr concentrations were measurably higher in calcite regions than 
in vaterite but seemingly lower than aragonite (note that aragonite and calcite regions may have precipitated 
asynchronously and therefore changes in Sr concentration may refect temporal changes in environmental condi-
tions and/or mineralogy). Some experimental studies indicate fsh growth rates15, ambient water temperature16,34, 
dissolved carbon dioxide35, protein expression36, and ontogeny17 afect CaCO3 polymorph expression in otoliths, 
but, in general, mechanistic associations between polymorph presence and environmental and genetic factors 
are not known. Unfortunately, due to the relatively small sample size of this study, we were unable to explore 
relationships between extrinsic factors, such as those shown in Table 2, and polymorph expression.

More focused investigations on otolith compositions are needed. Te literature suggests transmitted light 
microscopy may be sufcient for identifying vaterite in some otoliths10. However, otoliths comprised of multiple 
CaCO3 polymorphs, like those reported in this study, can have a complex 3-dimensional distribution of poly-
morphs that cross-cut growth rings (Fig. 4) and transmitted light microscopy may be inadequate for identifying 
vaterite and/or calcite inclusions. We fnd standard petrographic thin sections (30 μm thick) of otoliths can aid 
the identifcation of calcite inclusions when assessed with cross-polarized light (Fig. 4). When otolith microchem-
istry will be used to inform conservation or management decisions, the presence and location of vaterite and/or 
calcite within an otolith may be critical for interpreting trace element concentrations10. Considering the broad 
lack of understanding about the occurrence of CaCO3 polymorphs in otoliths, the factors infuencing polymorph 
expression, and the potential afects mineralogy may have on trace element concentrations, we conservatively 
recommend that all otoliths from individual fsh, species, and populations be screened for vaterite and calcite 
prior to trace-element analyses.

We recognize that some methods for polymorph determination may be unfamiliar to fsheries biologists, so 
we have created Fig. 5 to assist investigators in screening otoliths. Te choice of method may depend on what 
is most easily accessible. In this study polymorph abundances were quantifed from neutron difraction data, 
but micro-Raman can be used for superfcial polymorph identifcation and is non-destructive (see “Methods”). 
X-ray difraction and Rietveld refnement can be used to quantify the relative abundance of CaCO3 polymorphs 
in whole otoliths, but this technique requires an otolith be crushed and fully homogenized (thereby obscuring 
annual growth rings and limiting temporal inferences) or sufciently small that the X-ray beam encompass the 
entire otolith and be difracted from the interior. Tese instruments and petrographic microscopes are available 
at many universities in geology, chemistry, biochemistry, and materials science departments. Tese departments 
may also host LA-ICP-MS, TOF–SIMS, and other analytical instruments that can be used for spatially resolved 
microscale trace-element measurements. Te identifcation and quantifcation of polymorphs in otoliths can be 
time-consuming and costly, and for some studies transmitted light microscopy may sufce. However, until the 
prevalence of non-aragonite otoliths is better understood and/or how trace-element are partitioned between 
calcite and aragonite or calcite and vaterite is known, we encourage researchers to perform more rigorous min-
eralogic assessments to further the study of otolith microchemistry (Fig. 5).

Table 2.   Collection and life history information on Chinook salmon from which otoliths analyzed in this 
study were collected including date of fsh collection, back calculated (from otolith) year of hatch, fsh fork 
length at time of collection, age at time of collection, sex, and number of years the fsh lived in freshwater 
or ocean habitats as determined by otolith strontium concentrations. All fsh collected for this study were 
presumed to be of wild origin due to absence of hatchery-implanted coded wire tags (but see “Fish collection” 
in “Methods”).

Fish ID Collection date Hatch date Fork length (cm) Age Sex Yrs freshwater Yrs ocean

1037 10/27/2015 2013 75 2 F 0 2

1084 10/27/2015 2012 92 3 F 0 3

2082 11/03/2015 2012 87 3 F 0 3

2087 11/03/2015 2011 89 4 F 0 4

4213 11/17/2015 2011 87 4 F 0 4

4452 2012 2009 73 2 M NA NA

5244 11/09/2015 2012 83 3 M 1 2

5294 11/17/2015 2011 84 4 M 0 4
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Methods
Fish collection.  Otoliths used in this study were archival, and no live fsh were handled by the authors or 
expressly for the purpose of this study. However, we present fsh collection methods used by hatchery employees 
that collected otoliths used in this study as part of normal hatchery operations for environmental and ecological 
context of the sources of the otoliths used in this study. Sagittal otoliths from Chinook salmon (Fig. 4) were col-
lected during the 2012 and 2015 hatchery spawning operations at Lyon’s Ferry Hatchery, Washington, USA. Each 
year the hatchery captures a minor subset of the returning fall Chinook salmon population at Lower Granite 
Dam on the Snake River for propagation and subsequent restocking. Captured fsh were assumed to be natural in 
origin, but a subset of hatchery-raised Chinook salmon was intentionally released without hatchery-identifying 
markings to supplement the naturally spawning population. Otoliths were collected from Chinook salmon that 
had a mean fork length of 84 cm, a mean age of 3 (range, age 2–4), and fve of eight fsh were female (Table 2). 
One fsh was collected in 2012, and the remaining seven were collected in 2015. Fish spent 2–4 years in the ocean 
and 0–1 years in freshwater. Unfortunately, we do not have information on the prevalence of “abnormal” otoliths 
from the related study for which these otoliths were collected.

Otoliths recovered from captured fsh were cataloged and organized by spawn date each harvest-year. Otoliths 
with semi-transparent growth rings identifed in visual inspections were classifed as vateritic and separated from 
non-vaterite otoliths. A subset of these vaterite otoliths were analyzed and no otoliths identifed as “normal” 
(i.e., apparently made of aragonite only based on visual inspection) were included in this study. Information on 
whether otoliths came from the lef or right sides was not retained, but otoliths from a single fsh were stored 
together. Each otolith in a pair was arbitrarily labeled A or B for assessment purposes and do not necessarily 
correspond to the lef or right side of a fsh.

We focused on otoliths identifed as vateritic during visual inspection because little is known about the 
quantitative abundance of vaterite in otoliths or the mineralogical variability of otoliths in a pair when vaterite 
is present. While vaterite otoliths may be more common within and among species than previously thought, 
they still appear to be relatively rare overall9. Neutron difraction acquisition times averaged 2–3-h per otolith 
(although recent upgrades have reduced acquisition time to 45-min to 1-h) and limited the number of otolith 
pairs assessed during the allotted instrument time. Tus, only otoliths pairs suspected to contain vaterite were 
assessed in order to quantify vaterite abundances in individual otoliths and mineralogic heterogeneities within 
otolith pairs. Additionally, visual identifcation is commonly used as the only screen for vaterite in otoliths 
prior to a microchemistry study. Since neutron difraction is deeply penetrating, it is uniquely well suited for 

Figure 4.   Proximal (top) and distal (bottom) micrographs of Chinook salmon otoliths comprised of calcite 
and aragonite from fsh 1084 and 5244 and two all aragonite otolith from fsh 5294. Te polarized cross-section 
panel shows a prepared (30 μm thick) thin section of 5244-b Chinook salmon otolith under cross-polarized light 
microscopy showing areas of calcite (C) and vaterite (V). Te calcite is readily identifed by its uniaxial (−) optic 
sign and large grain-sizes relative to vaterite.
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quantifying bulk otolith mineralogy; data from neutron difraction can therefore be used to evaluate the efcacy 
of visual mineral identifcation in otoliths.

Neutron diffraction.  Te Wide-Angle Neutron Difractometer (WAND) instrument at Oak Ridge National 
Laboratory’s High-Flux Isotope Reactor (HFIR) was used to diferentiate and quantify CaCO3 polymorphs in 
each otolith of a pair (Fig. 6). WAND bombards the target otolith with neutrons of a known wavelength, and the 
angle and intensity of difracted neutrons are recorded by an arced detector bank. Unlike X-ray difraction or 
Raman spectroscopy, neutrons can penetrate an entire otolith, enabling bulk, quantitative mineralogic assess-
ment. In contrast to micro-Raman spectroscopy, neutron difraction does not provide information regarding the 
spatial distribution of polymorphs.

Otoliths were adhered to a short strand of monoflament fuorocarbon or an aluminum rod coated with 
neutron absorbing material using cyanoacrylate glue for WAND assessment. Once adhered, the aluminum road/
monoflament was attached to a motorized gimbal that slowly rotated the otolith in front of the neutron beam. 
Te motorized gimbal is used to mitigate potential crystal orientation afects—where crystals preferentially grow 
in a single direction. Each otolith was scanned four times with the WAND for a cumulative scan time greater than 
one hour. Two of the four scans measured difraction angles between 5 and 130 2θ and the other scans measured 
difraction angles between 35 and 160 2θ. Otolith masses were generally 50 to 100 mg, and in total, eight pairs 
of Chinook salmon otoliths (N = 16 otoliths) were assessed with the WAND.

Neutron diffraction data analysis.  Neutron difraction data sets (i.e., scans recording the same range 
of difraction angles on a single otolith) were combined, normalized to incident beam monitor counts, and 
binned in 0.1-degree intervals. Data for each otolith were exported in a format suitable for FullProf Suite 3.037, 
which was used to refne phase abundances by the Rietveld method. Te Automatic Background point tool in 

Figure 5.   Analytical techniques that have been previously used in the literature for otolith polymorph 
identifcation with a short description of what information each technique can provide in the far-right 
boxes. Techniques are oriented in descending order of commonality. For example, visible light microscopy 
is available in most laboratories while neutrons are only  available at a few locations worldwide. Gray boxes 
indicate techniques that provide spatially resolved polymorph identifcation where as hollow boxes indicate 
that techniques are not spatially resolved. However, please note discussion section for caveats associated with 
techniques presented in this fgure.
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WinPLOTR38 was used to identify and ft background scattering. Te Automatic Background tool consistently 
produced a background curve comprised of 15–20 points.

Crystallographic data for calcite, aragonite, and vaterite were taken from ICSD 73446, ICSD 15194, and 
Chakoumakos et al.23, respectively, and entered in EdPCR 2.0—a graphical editor in the FullProf Suite. During 
refnements, atomic positions and atomic displacement parameters were held fxed. Te linearly interpolated 
background points were refned along with peak shapes, lattice parameters, scale factors, phase fractions, and 
detector bank zero ofset.

Initially, otolith in a pair were presumed mineralogically homogenous, and identical refnement param-
eters were used for each otolith in a pair, excluding background points. Tis methodology frequently produced 
goodness-of-ft values indicative of poor model ft (χ2 > 10) and suggested CaCO3 abundances vary between 
otoliths in a pair. In this light, neutron difraction data were also refned with independent refnement param-
eters (i.e., refnement paraments for otoliths in a pair were independent). Independent refnement parameters 
frequently produced better goodness-of-ft values, indicating polymorph abundances are variable within otolith 
pairs. Difraction patterns for each otolith were refned using least squares regression, and Χ2 values less than 
ten were deemed a ‘good’ ft.

Polymorph phase fraction data analysis.  Paired t-tests were used to evaluate the diferences in poly-
morph abundances quantifed using neutron difraction between each pair of otoliths. We then ft a least-squares 
regression line between the percent composition of otoliths ‘A’ and ‘B’ and tested for diferences between the 
slope of experimental data and the slope of a 1:1 line (i.e., the line that would be expected if A and B otoliths were 
identical in polymorph composition). We did not attempt to make associations between fsh characteristics (i.e., 
time spent in ocean/ freshwater, length, sex) and percent polymorph composition due to the limited sample size. 
Tests were considered signifcant at α = 0.05 level.

Neutron diffraction validation with micro‑Raman spectroscopy.  Micro-Raman spectroscopy was 
used to help validate the presence of polymorphs indicated by neutron difraction. Unlike neutron difraction, 
Raman spectroscopy can provide information on the spatial distribution of CaCO3 polymorphs; however, it 
only provides information about surfcial mineralogy (while laser penetration depth is variable, peak position(s) 
and intensity will primarily refect the upper most portion of an otolith, ca. 1–3 µm depth) and cannot readily 
quantify mineral abundances. Raman scans were conducted with a 532 nm laser operating at 50% power. Te 
topography of bulk otoliths required a 50 × objective to ensure the assessed areas were in focus. Importantly, 
scan locations were selected based on sample topography, not inferred mineralogy, that is, we conducted Raman 
spectroscopy on otolith areas that ft the general descriptions in the literature of diferent polymorphs (e.g., 
vaterite is translucent, calcite is chalky). Tese regions were analyzed by sampling one point per 10 μm × 10 μm 
area across a user-defned grid or manual point selection. In either case, fve Raman spectra were acquired at 
each location.

Figure 6.   Typical Raman spectra depicting signatures of aragonite (top), vaterite (middle), and calcite (bottom).
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Raman spectra frequently exhibit broadened, split, or shifed peaks that may refect the presence of two or 
more polymorphs within the assessed region. Nondescript or broadened Raman peaks may result from the 
presence of multiple polymorphs within the interaction volume of the beam (i.e., within the diameter or penetra-
tion depth of the laser). Individual CaCO3 polymorphs were diferentiated by the identifcation of two or more 
prominent peaks that are diagnostic of a specifc CaCO3 polymorph (Fig. 6). If two or more sets of diagnostics 
peaks were identifed at an assessment site, the peak set with greater intensities was recorded; if diagnostic peak 
sets could not be identifed or confdently diferentiated from other peak sets, data for that location were dis-
carded. Te cyanoacrylate glue and neutron absorbing coating used to adhere otoliths to the motorized gimble 
during neutron difraction analysis were also assessed with micro-Raman to ensure residual amounts of these 
compounds did not interfere with peak identifcation. Neither material created Raman peaks resembling those 
of CaCO3 polymorphs.

Phase confirmation with polarized light microscopy.  Standard polished Sects. (30 um thick) were 
made for selected otoliths to show the microstructural and textural relations of the aragonite, vaterite and calcite 
(e.g., Fig. 4 bottom, sample 5244-b). If sufcient in grain size, aragonite, calcite and vaterite each have distinctive 
optical properties that allow them to be distinguished in polished thin sections using polarized light microscopy. 
Te large crystal size of the calcite allows optical interference fgures in conoscopic viewing and the character-
istic uniaxial (−) optic sign is confrmed. Te grain size was too small to confrm the optical properties of the 
vaterite (uniaxial +) and aragonite (biaxial −).
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