Recovering stable isotope time-series in tooth enamel: a new method
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Stable isotopes are non-radioactive elemental species
that differ by mass and widely used as an archive of
ecological information. Ratios of stable carbon 13C/12C
25
( 13C) and oxygen 18O/16O ( 18O) from tooth enamel are
commonly used to understand the diets and environments
of modern and fossil animals. Isotope variation within the
lifetime of individual animals can be recovered by
microsampling along the direction of growth (Fig 1a).
20
However, the prolonged nature of enamel development
results in significant signal attenuation (Fig 1b).
Sampling along the rapidly mineralized innermost
enamel layer (0.01-0.02 mm) may provide a less dampened
15
isotope signal. To test this hypothesis, secondary ion
mass spectrometry (SIMS) is used to sample the innermost
enamel layer of a woodrat (Neotoma cinera) incisor (Fig 2)
from a controlled water-switch experiment (drinking water
10
18O from 15.0‰ to -16.1‰; food constant at 24.0‰). SIMS
-0.50
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values are compared with 18O values sampled from the
enamel surface by laser ablation (attenuated signal) and
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This paper describes a linear system that relates input and
primary input signal
breath CO2 (primary signal).
measured isotope signals, and then outlines the inverse methods
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SIMS innermost Notation used throughout this paper is listed in Table 1. The maturation parameters lm (length of maturation) and la (length of apposition)
enamel sampling
are introduced and described in Passey and Cerling (2002), and are
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Fig. 1. Schematic representation of the relationship between the
original or primary input signal (a), the measured tooth enamel signal
(b), and the estimated input signal (c).
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3: Dentin contaminated (16.9‰)

d.

The averaging matrix A is an M x N matrix, the input isotope timeseries m is an M x 1 vector, and the measured isotope time-series d is
an N x 1 vector. The elements di that comprise d are the isotope delta
values of the measured isotope proﬁle, and the elements mi that make
up m are the isotope delta values of the input signal. The spatial and
temporal characteristics of A, m, and d, and special cases termed the
open-ended and closed-ended cases, are described and illustrated in
Appendix 1. Computation of the averaging matrix A is described and
illustrated in the electronic annex (EA1)

Figure 1b: Signal loss and
sampling technique (Passey and
2.2. Inversion of the Linear System Am
d
signal are increasingly time-averaged and attenuated in ampliCerling
2002)
The conditions under which inversion is carried out in this paper are
tude as the maturation length becomes longer (Fig. 1). The
model predicts that isotope amplitudes of measured isotope
proﬁles are as much a function of the environmental input
signal amplitude as they are of maturation length, and shows
that accounting for tooth enamel maturation and sampling
geometry is critical for meaningful
interpretation
of intra-tooth
133
+
isotope proﬁles.
In this paper, inverse methods are presented that allow for
reconstruction of input signals based on measured isotope
proﬁles. This inversion requires that the forward model describing sampling geometry and spatial-temporal averaging during
amelogenesis be embodied in the form of a matrix called the
averaging matrix. This matrix relates the input time series to the
measured isotope proﬁle and can be inverted to solve for the
input time series. The forward model used throughout this
paper is the constant growth rate, linear maturation model
described in Passey and Cerling (2002). It should be noted here
that by “input signal”, we refer to the isotopic composition of
ﬂuids in the animal’s body that are in isotopic equilibrium with
the measured phase in tooth enamel. The term “input signal”
does not refer to the instantaneous isotopic composition of, for
instance, diet or drinking water. Other types of models (e.g.,
Kohn, 1996; Ayliffe et al., 2004) relate these inputs to the body
ﬂuid composition.

22.3‰

illustrated in Figure A1.1.
The primary input signal and the measured isotope data are related
by a system of equations:

δ
enamel

Time since birth (weeks)

proximal

16.9‰

2.1. Description of the Linear System Am

brieﬂy outlined here and generally follow methods described by Menke
(1989). For detailed background reading on discrete inverse theory, the
reader is referred to Menke (1989). Linear systems for tooth enamel
have more unknown parameters M than measured data N. These systems are underdetermined, and there is an inﬁnite number of solutions
m that exactly predict d. Most of these solutions are impractical
because they have values that fall well outside of the expected isotope
range for ecological systems. Accordingly, we use the a priori constraints that the best solutions have minimal model length, and that all
parameters of a solution must fall within an isotope range acceptable
for the system being studied. We also require that the measured data are
not overpredicted or underpredicted by the estimated solution mest. A
solution that allows these constraints to be satisﬁed is a least squares
minimum model length solution, similar to Menke (1989), Eqn. 3.40:
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SIMS was performed with the WiscSIMS CAMECA ims-1280 high
resolution, multi-collector ion microprobe using a
Cs primary ion
beam focused to ~4 m beam-spot size. Analytical conditions were
similar to those previously reported for work at this facility (Kita et al.
2009). Reproducibility of the individual spot analyses of UWA-1
m
m
A [AA
I] [d
A m ].
(2)
standard generally varies from approximately 0.5 to 1.3 ‰ (± 2 SD). where m is an a priori M x 1 reference vector, is a damping factor,
I is an N x N identity matrix. The square of solution length is
After analysis at WiscSIMS, sample spots were examined with SEM to and
deﬁned by:
m ] [m
m ],
(3)
L [m
ensure each pit does not overlap with dentin, surface discontinuities,
or epoxy resin (Fig 3). SIMS values are reported raw, as the apatite and the prediction error by distal
[d
d ] [d
d ],
(4)
E
standard UWA-1 is not yet certified relative to VSMOW. Applying an where
time
d .
(5)
Am
offset of 2‰ brings SIMS values into rough alignment with laser
enamel values.
Figure 2: Woodrat incisor section; innermost enamel layer (inset)
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The range in 18OSIMS values is 15.9‰,
capturing the full abrupt shift in 18O recorded
in breath CO2 (a proxy for body water). 18OSIMS
values from sample spots in close proximity
exhibited idiosyncratic variability, which was
smoothed with a 5-point moving average (Fig
4). Enamel 18O values predicted with a forward
model based on breath correspond closely
with the SIMS profile. While 18Olaser values
obtained from the enamel surface recover an
attenuated signal, sampling the innermost
enamel layer captures the primary input signal
with high fidelity.

Conclusions

used to estimate the input signal. These methods are tested
using synthetic systems in which tooth enamel proﬁles are
18
generated from hypothetical input signals, random error is
added to the proﬁles to simulate measurement uncertainties,
and proﬁles are inverted to give an estimate of the original
hypothetical input signal. Comparison between the original and
conventional enamel
estimated input signals allows direct evaluation of the ability of
the inverse methods to correctly recover input signals. As an
surface sampling
important component of this paper, we evaluate the accuracy of
the forward and inverse models by studying a tooth from a
rabbit that underwent known dietary changes, and we estimate
the diets of two modern Hippopotamus individuals based on
carbon isotope proﬁles of lower canine teeth.
2. METHODS

Methods

breath CO2

Figure 4: SIMS enamel, laser enamel, modeled enamel, and breath CO2
O values (from Podelsak et al. 2008)

δbody

Figure 1a: Conventional enamel
incremental sampling (Kohn and
Cerling 2002)

Results and discussion

The rapidly mineralizing innermost enamel
layer records the most unaltered archive of
isotope variability in tooth enamel. This narrow
zone should be targeted in isotope studies
where recovering the full amplitude of
environmental input variability is critical. This
technique holds particular promise for efforts
directed at reconstructing seasonal shifts in
diet and climate.
Future work will focus on understanding
changes in seasonality characterizing the past
six million years of human evolution. Analyses
of enamel from modern animals derived from
habitats characterized by contrasting patterns
of rainfall seasonality will provide a framework
for interpreting oxygen isotope profiles from
fossil herbivores.
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