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Abstract

Stable carbon and oxygen isotope ratios in mammalian tooth enamel are commonly used to understand the diets and
environments of modern and fossil animals. Isotope variation during the period of enamel formation can be recovered by
intra-tooth microsampling along the direction of growth. However, conventional sampling of the enamel surface provides
highly time-averaged records in part due to amelogenesis. We use backscattered electron imaging in the scanning electron
microscope (BSE-SEM) to evaluate enamel mineralization in developing teeth from one rodent and two ungulates. Gray levels
from BSE-SEM images suggest that the innermost enamel layer, <20 lm from the enamel–dentine junction, is highly
mineralized early in enamel maturation and therefore may record a less attenuated isotopic signal than other layers. We sam-
pled the right maxillary incisor from a woodrat subjected to an experimentally induced water-switch during the period of
tooth development, and demonstrate that secondary ion mass spectrometry (SIMS) can be used to obtain d18O values with
4–5-lm spots from mammalian tooth enamel. We also demonstrate that SIMS can be used to discretely sample the innermost
enamel layer, which is too narrow for conventional microdrilling or laser ablation. An abrupt d18O switch of 16.0& was
captured in breath CO2, a proxy for body water, while a laser ablation enamel surface intra-tooth profile of the left incisor
captured a d18O range of 12.1&. The innermost enamel profile captured a d18O range of 15.7&, which approaches the full
magnitude of d18O variation in the input signal. This approach will likely be most beneficial in taxa such as large mammalian
herbivores, whose teeth are characterized by less rapid mineralization and therefore greater attenuation of the enamel isotope
signal.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Stable isotope analysis of mammalian calcified tissues is
commonly used in geological, biological, and archaeological
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research, and is a powerful geochemical tool for reconstruct-
ing short-term variability in the diets and environments of
modern and fossil animals. Stable isotope ratios of carbon
(d13C) are related to the animal’s food source
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(DeNiro and Epstein, 1978; Cerling and Harris, 1999). Sta-
ble isotope ratios of oxygen (d18O) are related to available
water, mediated by physiology and drinking behavior, as
body water is a function of meteoric water ingested directly
by drinking and indirectly through water in food and in-
spired air (Longinelli, 1984; Luz et al., 1984; Bryant and
Froelich, 1995; Kohn et al., 1996; Podlesak et al., 2008). Iso-
tope time-series within the lifetimes of individual animals
can be recovered from incrementally growing tissues that
do not remodel after formation, such as dental tissues. In-
tra-tooth microsampling was first demonstrated using den-
tine (Koch et al., 1989), which preserves a high resolution
record of isotopic variability (Zazzo et al., 2006; Kirsanow
et al., 2008; Codron et al., 2012). However, tooth enamel
is more resistant to diagenetic alteration than is dentine;
therefore it is more reliable for paleobiological and paleo-
ecological applications (Ayliffe et al., 1994; Koch et al.,
1997; Zazzo et al., 2004). Variability in enamel isotope val-
ues within a tooth row (Bryant et al., 1996a; Fricke and
O’Neil, 1996) and within a single tooth (Fricke and O’Neil,
1996; Kohn et al., 1998; Sharp and Cerling, 1998) record a
chronological record of dietary and environmental input
throughout the period of enamel formation, which among
mammals ranges from weeks to years (Balasse, 2002; Kohn,
2004). Following this approach, intra-tooth variability in
enamel d13C and d18O values from modern and fossil ani-
mals has been used to address a wide range of problems
requiring intra-annual time resolution, including seasonality
of animal diet (Balasse, 2002; Fox and Fisher, 2004; Zazzo
et al., 2010; Metcalfe and Longstaffe, 2012), migration
(Britton et al., 2009; Julien et al., 2012), and birth (Balasse
et al., 2003, 2011; Chritz et al., 2009; Frémondeau et al.,
2012), as well as climate seasonality (Fricke et al., 1998;
Kohn et al., 1998, 2002; Sharp and Cerling, 1998; Fox and
Fisher, 2001; Nelson, 2005; Bernard et al., 2009; Higgins
and Macfadden, 2009; Stevens et al., 2011; Brookman and
Ambrose, 2012; Hallin et al., 2012) and movement patterns
of prehistoric human populations (Balasse et al., 2002).

Tooth enamel is a calcium phosphate bioapatite approx-
imating hydroxyapatite Ca10(PO4)6(OH)2 (Elliott, 2002).
Structural carbonate (CO3) groups are present as a substi-
tute for the phosphate (ca. 90%) and hydroxyl groups (ca.
10%) (LeGeros et al., 1969; Elliott et al., 1985; Shi et al.,
2005). Mature enamel is highly mineralized, approximately
95–98% by weight, with the remaining components com-
posed of organic matter and water (Glick, 1979; Elliott,
1997; Smith, 1998). Total water content includes the sum
of H2O in the organic phase, evolved at low temperatures
(approximately 110 �C), and constitutional H2O of the apa-
tite phase, which is stable to approximately 1400 �C (Elliott,
1997). Oxygen in enamel bioapatite is present in the PO4,
CO3, and OH�groups, with oxygen contents of 35%,
3.3%, and 1.6%, respectively (Cerling and Sharp, 1996).
Each component of tooth enamel with oxygen has a differ-
ent fractionation from body water. Enamel phosphate and
carbonate precipitate in equilibrium with each other, with
a fractionation of approximately 9& between oxygen in
PO4 (depleted) and CO3 (enriched) (Bryant et al., 1996a,b;
Cerling and Sharp, 1996; Iacumin et al., 1996; Pellegrini
et al., 2011). The d18O fractionation between OH� and
PO4 has been estimated indirectly to be �16.6& (Jones
et al., 1999). Therefore, analyses of different reservoirs of
oxygen in tooth enamel are expected to provide different
d18O values, with total oxygen in situ analysis representing
bulk enamel assuming complete mixing. The value for 18e*-

bulk-carbonate is predicted to range between �8& and �9&,
assuming some variability in CO3 content and more positive
actual fractionation between OH� and PO4 (Passey and
Cerling, 2006). The more positive measured enrichment val-
ues for modern enamel that range between �5.3& and
�7.6& may reflect incomplete mixing of oxygen-bearing
phases during in situ laser ablation and a bias towards oxy-
gen in CO3 (Passey and Cerling, 2006; Podlesak et al., 2008).

Enamel development (amelogenesis) is a multi-stage
process that starts with the deposition of an organic-rich
primary matrix and the appearance of incremental growth
features, which is followed by a prolonged period of matu-
ration associated with widening and thickening of bioapa-
tite crystals, the progressive removal of proteins and pore
fluid, and increasing mineralization (Allan, 1967; Suga
et al., 1970; Sakae and Hirai, 1982; Suga, 1982, 1983; Rob-
inson et al., 1995; Moss-Salentijn et al., 1997). Mineraliza-
tion is a spatially diffuse process, with multiple maturation
fronts following trajectories throughout the enamel layer
that do not all align with the incremental growth lines (Al-
lan, 1967; Suga, 1979, 1982; Tafforeau et al., 2007). There-
fore, these lines are a poor guide for understanding isotope
incorporation that occurs during the enamel maturation
stage and causes significant signal attenuation in intra-
tooth isotope profiles (Fisher and Fox, 1998; Passey and
Cerling, 2002; Balasse, 2003; Hoppe et al., 2004). Conven-
tionally, enamel has been sampled sequentially with a drill
or laser perpendicular to the growth axis. Typically sam-
pling extends partially or entirely through the thickness of
enamel, which introduces additional time-averaging by
integrating enamel from distinct appositional growth and
mineralization intervals (Passey and Cerling, 2002; Balasse,
2003; Hoppe et al., 2004; Zazzo et al., 2005). Therefore,
individual intra-tooth samples do not represent discrete
intervals of time, and establishing a precise chronology is
often difficult. Blurred intra-tooth isotope profiles are char-
acterized by the loss of both signal amplitude and structure,
such that sinusoidal and non-sinusoidal signals may be
indistinguishable, or at least significantly modified.

A forward model has been developed describing isotope
signal time-averaging in enamel intra-tooth profiles (Passey
and Cerling, 2002). Model parameters (Fig. 1) include ini-
tial mineral content of deposited enamel (fi), increase in en-
amel thickness over constant length of apposition (la)
(corresponding to the matrix deposition stage of amelogen-
esis), linear increase in mineralization over constant length
of maturation (corresponding to the maturation stage of
amelogenesis) (lm), and a constant growth rate such that
length along the tooth also reflects time. The model for sig-
nal attenuation during amelogenesis can be expressed math-
ematically as:

dei ¼ ðfi � dmiÞ þ ð1� fiÞ �

Xiþ1þlm

n¼iþ1

dmn

lm
ð1Þ
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Fig. 1. Schematic diagram of enamel maturation parameters. The length of apposition la is the length over which the highly organic initial
matrix is deposited, or the distance from where the appositional layer contacts the enamel-dentine junction to where it contacts the outer
surface; the length of maturation lm is the length over which enamel mineralizes; h is the thickness of the enamel layer. Small circles represent
schematic SIMS sample spots. Modified from Zazzo et al. (2012).
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where dei is the isotope value of fully mineralized enamel at
position i, oriented parallel to the appositional surface, and
dmi is the initial isotope value. This is summed with the
average isotope values of the input signal over length lm
weighted according to the remaining mineralization. Addi-
tional time-averaging occurs when sampling through the
thickness of enamel (h), which integrates enamel from mul-
tiple appositional layers. A column of enamel (ic), whose
thickness corresponds with volume i, drilled perpendicular
to the growth axis through its entire thickness, can be mod-
eled as:

dci ¼
1

la

Xi

n¼i�la

den ð2Þ

where dci is the isotope value for each column. Finally,
attenuation due to varying sample pit length (ls) that does
not extend through the entire thickness of enamel can be
modeled by the following:

ddi ¼
1

ls

Xi�1þ1
2ls

n¼i�1
2ls

dcn ð3Þ

This forward model was originally developed for
continuously-growing teeth, such as hippopotamus canines
or rodent incisors, but it has been used to describe time-
averaging in teeth with definite growth as well (Zazzo
et al., 2005, 2010, 2012). However, measurements of both
continuously and non-continuously growing teeth with
known inputs show some deviations from the model,
suggesting that assumptions of linear tooth growth and
mineralization may represent an oversimplification
(Podlesak et al., 2008; Zazzo et al., 2010, 2012). A mathe-
matical inverse model has also been developed, which can
be used to reconstruct input signals from attenuated
intra-tooth isotope profiles (Passey et al., 2005). While
tooth growth rates can be estimated in fossil animals using
histological analysis of incremental features and intra-tooth
isotope measurements, it is not possible to directly measure
mineralization patterns in fossil tooth germs due to diage-
netic re-mineralization of immature enamel (Tafforeau
et al., 2007; Metcalfe and Longstaffe, 2012). Therefore,
inverse models are difficult to extend to fossil taxa whose
maturation parameters are not fully known.

Modifying the sampling strategy can reduce signal atten-
uation in measured intra-tooth profiles. Decreasing surface
enamel sample spot size beyond the capacity of conventional
drilling (typically several mm3 of enamel) is not expected to
improve signal resolution, as individual intra-tooth samples
always represent isotope input blurred over the period of en-
amel maturation regardless of sample volume (Passey and
Cerling, 2002; Balasse, 2003). Modifying the direction and
placement of sampling to account for the spatial pattern of
enamel growth represents a more effective strategy. To ac-
count for the geometry of matrix deposition, sampling can
follow the incremental growth features on the enamel sur-
face or in cross section, oblique to the growth axis (i.e. par-
allel to the forming front of matrix deposition). While this
may reduce attenuation from sampling by preventing inte-
gration across different appositional growth layers, attenua-
tion from amelogenesis is unaltered (Passey and Cerling,
2002; Zazzo et al., 2005). Sampling strategies that account
for the geometry of mineralization, and target specific enam-
el regions characterized by high initial mineralization or
more rapid maturation, represent a more promising ap-
proach (Passey and Cerling, 2002; Balasse, 2003; Zazzo
et al., 2005, 2012; Tafforeau et al., 2007).

The innermost layer is a zone of aprismatic enamel
extending <20 lm from the enamel–dentine junction
(EDJ) (Allan, 1967; Suga, 1979, 1982, 1983, 1989; Tafforeau
et al., 2007). Previous studies suggest that the innermost
layer is more highly mineralized than other enamel layers
when the maturation stage begins (Allan, 1959; Glick,
1979; Suga, 1979, 1982, 1983, 1989; Tafforeau et al.,
2007); therefore, the innermost layer may retain an isotope
signal that is less attenuated than in other layers and more
closely follows the chronology of incremental features. In-
ner enamel can be sampled by microdrilling, and applica-
tions of this approach on steers fed an experimentally
controlled diet (Zazzo et al., 2005) and a fossil Columbian
mammoth (Metcalfe and Longstaffe, 2012) succeeded in
recovering less attenuated intra-tooth isotope time-series.
However, the effective spatial resolution of existing stable
isotope microsampling methods, including micromilling
(ca. 25–100 lm) (Zazzo et al., 2005) as well as laser ablation
(ca. 100–200 lm) (Passey and Cerling, 2006) or earlier
SIMS analysis (ca. 25 lm) (Aubert et al., 2012), is insuffi-
cient to discretely sample the innermost layer. Recent devel-
opments in secondary ion mass spectrometry (SIMS) allow
in situ d18O measurements with approximately 4–5 lm
beam spot size and an analytical precision of typically
<1.0& (spot-to-spot) (Kita et al., 2009, 2011). These spots
are small enough to allow in situ d18O measurements within
the innermost enamel layer and reduce or prevent mixing
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with adjacent layers. As with the in situ laser ablation tech-
nique, SIMS cannot discriminate between the oxygen in
PO4 (91.5%), CO3 (5.6%), and OH� (2.9%) of tooth enamel
bioapatite (Passey and Cerling, 2006; Aubert et al., 2012).
Therefore, in situ d18O analysis of tooth enamel with SIMS
should reflect bulk-mineral composition.

The aims of this study are to estimate the pattern of min-
eralization within the innermost layer of mammalian tooth
enamel, validate the use of SIMS for in situ d18O analysis of
tooth enamel, and evaluate the potential of in situ d18O
measurements by SIMS within the innermost enamel layer.
We use SIMS to analyze incisor enamel from a woodrat
(Neotoma cinera) (Fig. 2) included in a water-switch exper-
iment (Podlesak et al., 2008). Rodent incisors have been
used widely in studies of enamel development because they
are continuously growing, and therefore contain all stages
of enamel formation within individual specimens (Allan,
1967; Hiller et al., 1975; Glick, 1979; Suga, 1979; Smith,
1998). Rodent teeth form rapidly compared to other mam-
mals, and a growth rate of 0.7 mm/day was estimated indi-
rectly for this specimen based on best fit between predicted
and observed data using the forward model described
above (Podlesak et al., 2008). A number of techniques are
available for assessing the geometry and rate of enamel
mineralization, including microradiography (Hoppe et al.,
2004), conventional and synchrotron X-ray microtomogra-
phy (lCT) (Wong et al., 2000; Tafforeau et al., 2007), phos-
phorus concentration (Hiller et al., 1975; Lundgren et al.,
1998; Passey and Cerling, 2002), and backscattered electron
imaging in the scanning electron microscope (BSE-SEM)
(Boyde and Jones, 1983; Gomez and Boyde, 1994; Bloe-
baum et al., 1997). We use BSE-SEM imaging, which pro-
vides sufficient image resolution to identify innermost
enamel, to examine the pattern of enamel maturation
Fig. 2. BSE-SEM image of woodrat incisor. Inset: immature
enamel. The innermost enamel layer is visible as the whiter line
adjacent to dentine.
throughout the enamel layer in the woodrat incisor as well
as developing teeth from two wild ungulates, including a
horse (Equus ferus przewalskii) molar from Mongolia and
a hippopotamus (Hippopotamus amphibius) canine from
Arabuko-Sokoke National Park, Kenya. In a previously re-
ported study including the woodrat individual, a shift of
16.0& for d18O was measured during the water-switch in
the breath CO2, a proxy for body water that represents
the input signal for enamel oxygen (Podlesak et al., 2008).
We combine this natural label with measurements of enam-
el mineralization to test predictions of the forward model
and to evaluate alternative sampling strategies with a
comparison between intra-tooth SIMS d18O profiles from
discrete enamel layers within the right incisor and an
intra-tooth d18O profile from the enamel surface generated
previously by laser ablation of the left incisor (Podlesak
et al., 2008).
2. MATERIALS AND METHODS

2.1. Sample preparation and imaging

The right woodrat maxillary incisor was derived from a
previously described water-switch experiment using
18O-labeled water (individual #21 in Podlesak et al.,
2008). The animal was housed at the University of Utah’s
animal facilities after being trapped in Summit County,
Utah. The animal’s water source was switched from
15.0 ± 0.2& to �16.1 ± 0.2& while diet food was held con-
stant. The switch occurred after 127 days of drinking the
enriched drinking water. The animal was sacrificed 27 days
after drinking depleted water, and the incisors were subse-
quently extracted. Breath samples were collected during
the experiment for isotope analysis of d18O in CO2 by
injecting the sample into a gas chromatography column
attached to a Finnigan MAT 252 mass spectrometer.
Values of d18O of mature enamel from the left incisor have
been previously analyzed using a CO2 laser and conven-
tional H3PO4 methods. Additional details of these
procedures are available elsewhere (Podlesak et al., 2008).

The right upper woodrat incisor was embedded in the
center of a 25 mm round epoxy-mount along with grains
of UWA-1 fluorapatite standard (Fig. 2). To minimize
instrumental bias associated with sample position the tooth
and standard grains were placed within 5 mm of the center
of the mount (Kita et al., 2009). After polishing, surface
topography was assessed at a submicron scale with a Phase-
View� optical profilometer (Palaiseau, France). Due to the
presence of large cracks (>200 lm), additional epoxy
impregnation and polishing were required. This was neces-
sary because sample topography deforms ion trajectories
and significantly impacts the precision and accuracy of oxy-
gen isotope measurements with SIMS and must be reduced
to a few lm (Kita et al., 2009). After final polishing and
gold coating, the surface topography was again assessed
at a submicron scale with a Zygo optical profilometer (Mid-
dlefield, Connecticut). After ion microprobe analysis, sam-
ple spots were examined using a FEI Nova NanoSEM�

(Hillsboro, Oregon) at 4 kV 0.23 nA, and a 5.1–5.2 mm
working distance.
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For analysis of tooth growth and mineralization, speci-
mens were imaged embedded in epoxy and uncoated in var-
iable pressure mode (50 Pa) using a Zeiss EVO-50�

(Thornwood, New York) scanning electron microscope in
BSE-SEM imaging mode at 15 kV, 600 pA, and 8.5-mm
working distance. The woodrat specimen was imaged with
the fluorapatite standard, while the ungulate specimens
were imaged with two standards, including 99% pure alumi-
num (Al) with a mineral density similar to mature enamel
and an iodinated methacrylate standard (C22H25O10I) with
a mineral density between dentine and enamel (Boyde et al.,
1995; Howell et al., 1998). Image montages were acquired
automatically using Zeiss SmartStich� software. ImageJ
(NIH) was used to measure enamel thickness in immature
enamel. The length of apposition la is defined as the length
over which enamel reaches its maximum thickness, which
corresponds to the interval of matrix deposition. The inten-
sity (gray level) of individual pixels of BSE-SEM images of
hard tissues is related to the number of measured backscat-
tered electrons, which is proportional to the mean atomic
number of the material and to weight percent mineral
(Bloebaum et al., 1997).

ImageJ was used to measure gray levels of enamel tran-
sects parallel to the axis of growth through the innermost,
inner, middle, and outer enamel layers (Fig. 2). Gray levels
range from 0 for black (no mineral) and 255 for white (most
mineral), and these transects were used to assess the pattern
of mineralization after the completion of matrix deposition.
The maturation length lm is defined as the length over which
the outer enamel layer, the last to fully mature, reaches final
mineralization. Gray levels were also measured of mature
enamel and mature dentine at the incisal, or coronal, end
of the tooth to determine mineralization levels of each den-
tal tissue at full maturity. For the woodrat specimen, the flu-
orapatite standard was used to estimate proportional
mineralization from gray level measurements, with a gray le-
vel of 252 corresponding with 100% mineral and a gray level
of 0 (epoxy) representing 0% mineral. The breath CO2 input
signal and these maturation parameters were used to predict
intra-tooth enamel d18O values within discrete maturation
layers with the forward model. For ungulate specimens,
the Al standard was used to estimate mineralization from
gray levels. Gray levels of 222 and 252 correspond with
99% mineral in the horse and hippopotamus image, respec-
tively, and gray level of 0 (epoxy) represents 0% mineral.

The width of the innermost enamel layer was determined
by measuring the width of the zone of high gray values at
regular intervals (woodrat, 100 lm; horse, 500 lm; hippo-
potamus, 1000 lm) over the length of maturation. The
identification of non-innermost enamel layers follows previ-
ous descriptions of rodent and ungulate tooth enamel. Ro-
dent incisor enamel is divided into two primary groups,
containing decussating enamel (Portio Interna, PI) and ra-
dial enamel (Portio Externa, PE) (Boyde, 1978; Martin,
1997). Decussating enamel in Myomorph incisors is identi-
fied as the portion of enamel with alternating one-prism-
thick (uniserial) zones, which relate to periodic variation
in prism orientation and have a sigmoid curvature (Boyde,
1978; Hilson, 2005). These are called Hunter-Schreger
Bands when appearing as an optical phenomenon in
polarizing microscopy of thin sections. Therefore, for the
woodrat specimen the inner layer corresponds to the inner
portion of the PI with bands angled approximately 45� rel-
ative to the EDJ and which in immature enamel can appear
as oval prisms embedded in inter-prismatic enamel (Fig. 2).
The middle layer corresponds with the outer portion of the
PI with bands angled approximately 90� from the EDJ. The
outer layer corresponds with the PE, which lacks decussat-
ing enamel. These layers have previously been characterized
as following distinct maturation patterns (Suga, 1979). In
the ungulate specimens, the outer layer corresponds to a
previously described zone adjacent to the enamel surface
that mineralizes slowly, and is less mineralized than the
middle layer until the end of maturation (Suga, 1983).
The width of the outer layer was determined by measuring
the width of this zone of low gray values at regular intervals
(horse, 500 lm; hippopotamus, 1000 lm) over the length of
maturation. The inner and middle layers correspond to
equal portions of the remaining enamel between the inner-
most and outer layers.

2.2. Secondary ion mass spectrometry (SIMS)

Oxygen isotope analyses were performed with a Ametek
Cameca IMS-1280 (Paris, France) high resolution, multi-
collector ion microprobe at the WiscSIMS lab, University
of Wisconsin–Madison using a 133Cs+ primary ion beam
with an intensity of 35–40 pA, focused to approximately
4–5-lm beam-spot size (Kita et al., 2009, 2011; Valley
and Kita, 2009). Sample spots were placed within mature
enamel along the axis of growth moving from the incisal
(older) to apical (newer) enamel within the innermost, in-
ner, and middle/outer enamel layers (Fig. 3). The innermost
layer was identified visually during the analytical session as
a thin, aprismatic layer adjacent to the EDJ. Analytical
conditions were comparable to those previously reported
for work at WiscSIMS (Kozdon et al., 2009). The second-
ary O� ions were detected simultaneously by a Faraday
cup (16O�) and an electron multiplier (18O�). The count
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rates for 16O� were 3.5 to 4.2 � 107 cps. The total analytical
time per spot was about 7 min including pre-sputtering
(2 min), automatic centering of the secondary ion image
in the field aperture (ca. 2 min) and analysis (ca. 3 min).
Grains of UWA-1 were mounted with random orientations
in the center of the sample and were measured in at least
four spots before and after every 9–12 sample analyses.
The resulting average value bracketing the samples was
used for instrumental drift correction. Reproducibility of
the individual spot analyses of UWA-1 standard (bracket-
ing samples) is assigned as analytical precision of unknown
samples, with a mean of 0.80& varying from 0.56& to
1.3& (±2 SD). After analysis at WiscSIMS, analysis pits
were examined with SEM to ensure each pit does not over-
lap with dentine, surface discontinuities, or epoxy resin, as
the isotope measurements from such pits would be consid-
ered compromised. The distance from the EDJ to the near-
est edge of in situ SIMS analysis pits was measured to assign
each pit to innermost, inner, middle/outer enamel layers.
The residual sum of squares, or sum of squared errors of
prediction (SSE), is used to calculate discrepancy between
measured isotope data and forward model predictions.
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Fig. 4. Enamel thickness measurements from the beginning of
matrix deposition through the maturation stage. (A) Enamel
thickness measurements of the woodrat tooth. Measurements are
in 100 lm increments from 1 to 4 mm and 500 lm increments from
4 to 8 mm. (B) Enamel thickness measurements of the horse tooth.
Measurements are in 500 lm increments. Arrow indicates that
maturation extends in length beyond the limits of the specimen (C)
Enamel thickness measurements of the hippopotamus tooth.
Measurements are in 1000 lm increments. Arrow indicates that
maturation extends in length beyond the limits of the specimen.
3. RESULTS

3.1. Tooth growth and mineralization

3.1.1. Woodrat

Enamel thickness h increases to a maximum of 110 lm
over 2.8 mm, which corresponds to the length of apposition
la (Fig. 4). Given a growth rate of 0.7 mm/day, the rate of
growth in thickness can be estimated as 39 lm/day. There-
fore, at a given point along the length of the tooth, enamel
at the surface represents matrix deposited 4 days later than
enamel along the EDJ. Enamel thickness increases in a non-
linear pattern with alternating rapid and slow growth over
mean intervals of 0.2 and 0.5 mm, respectively (Fig. 4). At
the beginning of maturation, at maximum width, the width
of the inner, middle, and outer layers is approximately 25,
55, and 24 lm, respectively. The width of the innermost en-
amel layer is 6 lm and does not decrease throughout mat-
uration. Total enamel thickness decreases to
approximately 90 lm in fully mature enamel (Fig. 4). The
width of inner, middle, and outer layers in mature enamel
is approximately 14, 50, and 20 lm, respectively.

Gray levels of the innermost enamel layer are high at the
initiation of the maturation stage, quickly increasing be-
yond the level of mature dentine (Fig. 5). The other layers
begin at low gray levels, but in the inner and middle layers
gray levels increase rapidly and surpass mature dentine by
approximately 2 mm along the maturation stage. Gray lev-
els of the outer layer increase beyond mature dentine at
approximately 2.5 mm, remain lower than other layers for
the majority of maturation, and is the last layer to fully ma-
ture. The final gray level values for each layer were similar.
The maturation length lm for the entire layer of enamel is
5 mm, while the maturation length lm of only the innermost
layer is 2.8 mm (Fig. 5). The total time from initial matrix
formation for enamel to reach full maturity is estimated
at 11.1 days.
Fully mineralized enamel has a mean gray level of 239
(on a scale of 0–255) and fully mineralized dentine has a
mean gray level of 183. Comparison to the fluorapatite
standard representing 100% mineral provides mineraliza-
tion estimates of 95% and 73% for mature enamel and den-
tine, respectively (Fig. 5). These values provide a baseline
for estimating mineralization from gray levels of immature
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Fig. 5. BSE-SEM gray level transects through the length of
maturation of the innermost, inner, middle, and outer enamel
layers for the woodrat (A), horse (B), and hippopotamus (C). Gray
levels are recorded every 1.5 lm in (A), and every 0.9793 lm in (B)
and (C). Fifty-lm moving averages in (A) and 100-lm moving
averages in (B) and (C) are used to smooth variability reflecting
enamel immaturity as well as small cracks and other surface
discontinuities introduced by repeated grinding and polishing
procedures.
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enamel. Mineralization for the innermost enamel layer be-
gins at 48%, while the inner, middle, and outer layers begin
at 17%, 19% and 11%, respectively (Fig. 5). The mineraliza-
tion of all enamel except the innermost enamel layer
weighted by width contribution is 17%. The forward model
parameter fi (initial mineral content) is proportional to fully
mineralized enamel (95%), and is 51% for innermost enamel
and 18% for non-innermost enamel.

3.1.2. Horse

Enamel thickness h increases to 469 lm over 6 mm,
which corresponds to the length of apposition la. The width
of the innermost and outer enamel layers is 12 and 14 lm,
which does not change throughout maturation. At the
beginning of maturation, the width of the inner and middle
layers is 68 lm. The width of the inner and middle layers in
mature enamel is 237 lm. Enamel thickness varies between
314 and 490 lm throughout the maturation stage (Fig. 4).

Gray levels of the innermost enamel layer are high early
in the maturation stage, and quickly increase beyond the le-
vel of mature dentine (Fig. 5). The other layers begin at low
gray levels and exhibit a delay between the onset of matu-
ration and an increase in mineralization. The maturation
length lm of the innermost, inner, and middle layers is
28 mm. The mineralization of the outer layer increases
more gradually, and does not reach final maturity within
the length of enamel present in this specimen; therefore,
the length of maturation for the entire layer of enamel can-
not be estimated for this specimen.

Mature enamel, without the immature outer layer, has a
mean gray level of 221 and mature dentine has a mean gray
level of 132. Comparison to the Al standard representing
99% mineral provides mineralization estimates of 98%
and 59% for mature enamel and dentine, respectively
(Fig. 5). Mineralization for the innermost enamel layer be-
gins at 46%, while the inner, middle, and outer layers begin
at 26%, 19% and 13%, respectively (Fig. 5). The initial min-
eralization of all enamel except the innermost enamel layer
weighted by width contribution is 22%. The initial mineral
content fi, proportional to mature enamel is 47%, 27%, 19%
and 13% for the innermost, inner, middle, and outer layers,
respectively. The initial mineral content fi is 22% for all en-
amel except the innermost enamel layer, weighted by width
contribution.

3.1.3. Hippopotamus

Enamel thickness h increases to a maximum of 828 lm
over 24.0 mm, which corresponds to the length of apposi-
tion la. The width of the innermost and outer enamel layers
is 15 and 14 lm, which does not change throughout matura-
tion. At the beginning of maturation, the width of the inner
and middle layers is 399.5 lm. Total enamel thickness re-
mains relatively stable across the remaining length of the
tooth fragment, varying between 744 and 862 lm (Fig. 4).

Gray levels of the innermost enamel layer are higher
than other layers early in the maturation stage (Fig. 5).
Gray levels of the inner layer increases beyond the inner-
most layer at approximately 25 mm, while gray levels from
the middle and outer layers remain lower than both the
innermost and inner layers. The mineralization of the outer
layer increases slowly and remains <50% along the full
length of this specimen. The full maturation stage is not
represented, and no enamel layer reaches maturity; there-
fore, gray levels for mature enamel and dentine and the
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length of maturation lm cannot be estimated. Comparison
to the Al standard representing 99% mineral provides min-
eralization estimates of 39% for the innermost enamel layer,
and 27%, 19%, and 11% for inner, middle, and outer layers,
respectively, at the beginning of the maturation stage.

3.2. Oxygen isotopes

For comparison with tooth enamel d18O values, breath
CO2 d18O values are converted to equivalent laser enamel
values with known isotopic spacing first between breath
and conventional H3PO4 enamel analysis e*

enamel-breath

and second between conventional and laser ablation enamel
analysis e*

laser-conv. Time (h) of breath samples is converted
to equivalent length (mm) using the previously reported en-
amel growth rate for this individual (Podlesak et al., 2008).
While breath and laser d18O values are reported relative to
VSMOW, the fluorapatite standard UWA-1 is not yet cal-
ibrated relative to this international standard. SIMS values
require correction for instrumental mass fractionation
based on a calibrated standard that is similar in mineralogy
and composition. The raw SIMS values have been adjusted
by adding 2.7& to each analysis, which brings the SIMS
d18O values into approximate agreement with laser ablation
analyses in the pre-switch region of the tooth (<0.1 cm for
SIMS and <0.3 cm for laser). This is a reasonable value for
instrumental bias of oxygen isotope ratios measured with
the procedures of this study (Valley and Kita, 2009). The in-
tra-tooth d18O profile within the innermost enamel layer
represents analysis pits at distances of 0.4–2.8 lm
(mean = 1.9) from the EDJ, where all or a majority of en-
amel within each spot was derived from the innermost en-
amel layer (Fig. 6). The inner enamel profile represents
analysis pits 3.1–9.6 lm (mean = 4.3) from the EDJ, where
all or a majority of enamel within each spot was derived
from outside the innermost layer. The middle/outer enamel
layer profile represents analysis pits 58–76 lm (mean = 66)
from the EDJ, clustered near the boundary between these
layers. Laser ablation d18O values were obtained by sam-
pling the enamel surface with pits that extend partially
through the enamel layer, and represents the middle/outer
enamel layers.
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Fig. 6. (A) Distance measurements from the enamel-dentine junction (
innermost (closed circles), inner (open circles) and middle/outer (gray cir
circles) and innermost layers (closed circles).
The enamel of contralateral rodent incisors reach full
mineralization at different lengths from the apex (Wong
et al., 2000); therefore, the locations of in situ d18O SIMS
analyses on the right incisor must be adjusted for compar-
ison with in situ d18O laser ablation analyses on the left inci-
sor. Additionally, because enamel near the surface is
deposited later than enamel near the EDJ, an additional
adjustment is needed to compare d18O profiles from differ-
ent enamel layers. The alignment between laser and breath
CO2 d18O values is unchanged from previously reported
values (Podlesak et al., 2008). To account for differences
in growth between the left and right incisors, SIMS d18O
values analyses were aligned with laser d18O values by add-
ing 0.11 cm to the distance from incisal end of all SIMS val-
ues, which represents the difference in distance from incisial
tip to immature enamel. The middle/outer SIMS profile is
within the same appositional layers as integrated by laser
spots, but inner and innermost SIMS profiles were shifted
by an additional 0.14 mm (50% of apposition length) to ac-
count for their position near the EDJ. In situ SIMS d18O
values are summarized in Fig. 7, and reported in Fig. A.1
and Table A.1 in the Appendix.

The innermost enamel forward model reflects the dis-
tinct maturation parameters in that layer, while the inner
and middle/outer forward models are the same since the
maturation parameters outside the innermost layer are sim-
ilar. The forward model used to predict SIMS intra-tooth
profiles is computed using Eq. (1) and accounts only for
attenuation during amelogenesis, as analysis pits are small
enough to negate significant integration of multiple apposi-
tional layers. As previously reported, the forward model
used to predict the laser ablation intra-tooth profile is com-
puted using Eqs. (1), (2), and (3) and reflects attenuation
during amelogenesis as well as sampling, as laser pits extend
partially through the enamel layer and integrate multiple
apposition layers (Podlesak et al., 2008). In situ d18O pro-
files of the innermost, inner, and middle/outer enamel lay-
ers were generated with SIMS. The middle/outer profile
extends over a shorter length of enamel than the other pro-
files, and may have included a greater range in d18O values
if extended over greater length. Despite this discrepancy,
due to limited analytical time, there is a minor increase in
B. Right incisor, SIMS, inner enamel
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most mature enamel, with tooth growth to the right. For SIMS profiles, distances from incisal end that are displayed on the X-axis are
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inner enamel. SIMS data resemble forward model predictions, and the innermost layer records the most negative d18O values between 1.0 and
1.5 cm.
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the range in d18O values at precision ±0.8& (2SD) from the
middle/outer enamel (13.1&) and inner enamel (13.5&) in-
tra-tooth profiles generated with SIMS compared to laser
ablation of middle/outer enamel (12.1&). However, only
in the innermost enamel profile (15.7&) does the range in
d18O values match breath CO2 (16.0&).

The forward model used to predict the laser ablation in-
tra-tooth middle/outer enamel profile provides a better fit
(SSE = 18.4) than the model used to predict middle/outer
enamel SIMS profile (SSE = 26.4). The forward model used
to predict the innermost enamel profile generated with
SIMS, using innermost enamel maturation parameters, pro-
vides a better fit (SSE = 46.9) than the model using non-
innermost enamel maturation parameters (SSE = 86.7).
The forward model used to predict the middle/outer enamel
profile generated with SIMS, using non-innermost enamel
maturation parameters, provides a better fit (SSE = 8.3)
than the model using innermost enamel maturation param-
eters. The forward model using innermost enamel matura-
tion parameters provides a better fit (SSE = 63.7) to the
inner enamel profile generated with SIMS than the forward
model using non-innermost maturation parameters
(SSE = 76.4).

4. DISCUSSION

4.1. In situ oxygen isotope microsampling of enamel

Our results demonstrate that in situ SIMS analysis can
be used for stable isotope microsampling of mammalian en-
amel with sample spots <10 lm. We used this technique to
generate high-resolution intra-tooth d18O profiles within
discrete layers of rodent incisor enamel, which record the
d18O shift associated with the water switch and closely
resemble forward model predictions (Fig. 7). In situ d18O
values sampled with SIMS and laser ablation within mid-
dle/outer enamel reflect more gradual equilibration with
switched water values, as predicted by the forward model.
In situ d18O values sampled with SIMS within the inner
enamel layer more closely reflect the forward model using
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innermost, rather than non-innermost, enamel maturation
parameters. This may reflect the more gradual mineraliza-
tion of the outer layer (Fig. 5), which is incorporated in
the estimation of non-innermost enamel maturation param-
eters. Isotope profiles obtained from the inner and middle/
outer enamel layers with SIMS are moderately less attenu-
ated in amplitude than laser ablation, reflected as an in-
crease in range, but still fail to approach the predicted
signal amplitude of breath CO2 within the sampled interval
of enamel. These discrepancies between predicted and mea-
sured d18O values suggest that the forward model may inac-
curately estimate the rate and magnitude of isotopic
change, which is consistent with previous observations in
a comparison between breath CO2 and laser ablation inci-
sor enamel profiles from 5 additional woodrat individuals
subjected to the same experimentally induced water-switch
(Podlesak et al., 2008). The predicted and measured inner-
most enamel d18O values closely follow the input signal and
matches the full amplitude of breath CO2. This suggests
that less attenuated isotope time-series can be recovered
from the innermost enamel layer, and is consistent with
the expectation that increased initial mineralization of this
layer reduces signal attenuation from maturation (Zazzo
et al., 2005; Tafforeau et al., 2007). Our observations also
demonstrate that decreasing sample spot size beyond con-
ventional sampling, when sampling outside the innermost
enamel layer, may effectively remove attenuation from sam-
pling but minimally reduce overall signal time-average due
to amelogenesis.

The similarity between in situ laser ablation and SIMS
d18O values from the pre-switch region of enamel suggests
that SIMS represents bulk mineral composition. The d18O
offset of 2.7& between SIMS (depleted) and laser ablation
(enriched) is consistent with incomplete mixing of oxygen-
bearing phases of tooth enamel during in situ laser ablation
and a bias towards oxygen in CO3, which is the 18O-en-
riched phase (Passey and Cerling, 2006). Additionally,
while variation in crystal orientation may decrease preci-
sion of in situ SIMS d18O analyses of some oxides (Kita
et al., 2011), our analyses of multiple grains of UWA-1 flu-
orapatite standard that are mounted with random orienta-
tions demonstrates no measurable effect at precision of
±0.8& (2SD). Finally, uncorrected in situ SIMS d18O val-
ues are shifted toward the incisal end compared to in situ

laser ablation analyses, due to differences in sample integra-
tion of enamel layers and differences in tooth growth be-
tween the left and right incisors (Fig. A.1). Future
application of in situ SIMS analysis to tooth enamel will re-
quire similar corrections when making comparisons be-
tween intra-tooth profiles recovered with different
sampling techniques or from different teeth from an
individual.

4.2. ENAMEL GROWTH AND MINERALIZATION

Our BSE-SEM results demonstrate the effectiveness of
this technique for estimating maturation parameters of
mammalian tooth enamel needed to guide stable isotope
microsampling. The narrow (<20 lm) innermost layer
with high initial mineralization can be identified in teeth
that are both continuously growing (woodrat incisor and
hippopotamus canine) and non-continuously growing
(horse molar). In the woodrat, mineral content estimates
of mature enamel and dentine match expected values,
and previously reported lengths of apposition and matura-
tion estimated with lCT data from the contralateral inci-
sor are in close agreement with those presented here
(Podlesak et al., 2008). Our measured maximum width
of the enamel layer, and the slight decline in thickness
in fully mature enamel, agrees with previous measure-
ments of developing rodent incisor enamel (Glick, 1979;
Podlesak et al., 2008), as does the multi-stage, spatially
diffuse process of enamel mineralization with previous
microradiogram (Suga, 1979), lCT (Wong et al., 2000),
and BSE-SEM (Gomez and Boyde, 1994) analyses of ro-
dent incisors. Additionally, our description of high initial
mineralization within the innermost layer accords with
previous microradiogram analyses of developing rodent
incisor enamel (Suga, 1979).

Our analyses of developing horse and hippopotamus
teeth support previously reported details of ungulate tooth
enamel formation (Suga, 1982, 1983; Tafforeau et al.,
2007). Maturation occurs over a substantial length of
tooth, and therefore time, and is not synchronous across
the entire layer of enamel. Our estimate for the total min-
eralization interval (the combined length of apposition la
and maturation lm) of 34 mm in the horse tooth agrees
with previous estimates of 30–40 mm for horse cheek
teeth, and corresponds to a period of �1 year given verti-
cal tooth growth estimates of 30–40 mm/year Sharp and
Cerling, 1998; Hoppe et al., 2004). The mineralization
interval in this hippopotamus canine has been previously
estimated at 80 mm (Passey and Cerling, 2002), which cor-
responds to a period of approximately 2–6 years given
growth rate estimates of 13–39 mm/year (Passey et al.,
2005; Souron et al., 2012). Therefore, enamel maturation
is not instantaneous and results in time-averaging of iso-
tope profiles in teeth where individual intra-tooth samples
from large mammalian herbivores integrate several
months of input (Passey and Cerling, 2002; Balasse,
2003; Hoppe et al., 2004; Zazzo et al., 2005).

4.3. IMPLICATIONS FOR ENAMEL MODELING AND

MICROSAMPLING

Assessing enamel maturation parameters in other ani-
mals is necessary to improve sampling protocols and the
application of forward and inverse models to a wider range
of taxa. The forward model can be improved by incorporat-
ing non-linear appositional growth and mineralization, par-
ticularly for non-continuously growing teeth (Zazzo et al.,
2005, 2010, 2012). The presence of this narrow layer
(<20 lm) has now been documented in ungulates (bovids,
equids, rhinocerids, hippopotamids), canids, rodents, and
primates (Suga et al., 1970, 1977; Suga, 1979, 1982, 1983,
1989; Tafforeau et al., 2007; this study), which suggests that
in situ SIMS analysis of the innermost enamel layer can be
applied to a wide range of mammalian taxa. In situ SIMS
analysis also provides a means to empirically validate mod-
el predictions for discrete appositional or maturation layers
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of the enamel, which cannot always be sampled using other
techniques. Recovering less attenuated intra-tooth isotope
variation from the innermost enamel layer will be particu-
larly useful for validating the application of inverse models
to extinct taxa, as diagenetic alteration of immature enamel
precludes the direct estimation of maturation parameters in
fossil tooth germs. However, because our experimentally
controlled sample contained only a single, directional iso-
tope switch we were unable to assess the effectiveness of
sampling the innermost enamel layer for reducing attenua-
tion of signal structure. Additionally, this approach cannot
remove sources of signal attenuation that do not stem from
enamel maturation or sampling, such as body fluid reser-
voir effects; therefore, no enamel sampling method can re-
cover a truly unaltered environmental signal (Sharp and
Cerling, 1998).

The rapid growth rate of rodent incisor enamel means
that the intra-tooth profiles are subject to less extreme sig-
nal attenuation compared to large mammalian herbivores
characterized by more slowly mineralizing enamel (Kohn,
2004). This is illustrated by the similarity between the laser
ablation enamel profile and breath CO2 in the woodrat.
Therefore, the application of this technique to ungulates
will provide greater gains in intra-tooth signal amplitude,
relative to conventional sampling techniques. Spot-to-spot
reproducibility of in situ SIMS analysis may preclude
application to animals in some non-experimental settings,
where isotopic variability is limited. However, studies of
intra-tooth sampling on modern, archaeological, and/or
fossil large mammalian herbivores demonstrate that isoto-
pic variability of >3& in d13C and d18O can be recovered
with conventional sampling techniques (Balasse 2003; Hig-
gins and MacFadden, 2009; Balasse et al., 2005; Cerling
et al., 2008; Fraser et al., 2008; Bernard et al., 2009; Hallin
et al., 2012; Metcalfe and Longstaffe, 2012; Zhang et al.,
2012). Additionally, it is possible to achieve spot-to-spot
reproducibility of 0.3& with larger spots (10 to 15 lm)
than those used here (Kita et al., 2009, 2011). This beam
spot size may be used for sampling some larger mammals,
where the innermost enamel layer extends 10–20 lm from
the EDJ (Tafforeau et al., 2007; this study).

5. CONCLUSIONS

Our findings demonstrate that in situ analysis of tooth
enamel with SIMS can resolve isotopic variability on a fine
spatial scale. We successfully identify large variation in
d18O values within a single tooth that correlates well to
measured breath CO2, and corresponds to the water-switch
experienced by this individual. This technique is especially
powerful for sampling the innermost enamel layer, which
is characterized by different maturation parameters in both
continuously and non-continuously growing mammal teeth
and can provide less time-averaged signals compared to
conventional sampling. While micron-scale analysis spots
can effectively remove signal attenuation introduced by
sampling, time averaging from mineralization remains sig-
nificant when sampling gradually mineralizing enamel out-
side the innermost layer. Rodent incisor enamel mineralizes
rapidly compared to other mammals; therefore, signal
amplitude is only moderately attenuated regardless of sam-
pling strategy. Sampling the innermost enamel layer is ex-
pected to provide greater signal gains relative to
conventional sampling when analyzing large mammalian
herbivore teeth, which are characterized by more slowly
mineralizing enamel. These teeth record environmental in-
put over greater periods of time (months to years) and rep-
resent important proxies for reconstructing seasonal-scale
dietary and environmental variation.
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