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ABSTRACT
Dental enamel represents an important mineralized archive of an individual’s early life.
Previously, isotopic (Ca) or trace element ratios (Sr/Ca, Ba/Ca) have been used to reveal
dietary and weaning histories, although few studies have utilized both proxies to evaluate
the respective results. Here we report histologically-defined, spatially-resolved Ca-isotope
(laser-cut & TIMS) and trace element ratio (Sr/Ca, Ba/Ca; LA-ICPMS) profiles along the enamel-
dentine-junction in three deciduous dental crowns of three early twentieth century Italian
infants (Modern-22, 27, 29). Modern-27 and Modern-29 display overall similar patterns of Ca-
isotope variation and reflect an overall increase of >1.0‰ in δ44/40Ca across and after birth.
Whilst the Sr/Ca and Ba/Ca signals of Modern-27 suggest a mixed breast-formula feeding,
the two elemental proxies in Modern-29 hint at nearly exclusive breastfeeding until ∼4
months, followed by introduction of formula. A ∼0.5‰ δ44/40Ca decrease across and after
birth together with Sr/Ca ratios in Modern-22 suggest a dominant breastfeeding history for
the first ∼5–8 months. Enamel Ca-isotope data alone are not sufficient to distinguish
between breastfed or formula-fed infants. In addition, Ca-isotope profiles in deciduous
enamel suggest a connection between prominent physiological stress like birth and negative
Ca-isotope excursions, underlining the physiological overprint of Ca-isotope signatures.
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Introduction

Both isotopic and trace element ratios in dental enamel
have been used to reconstruct the feeding behaviour
and weaning practice of past human populations in
early life (Austin et al. 2013; Humphrey 2014; Hum-
phrey et al., 2008a, 2008b; Smith et al. 2018; Tacail
et al. 2017, 2019). Such studies are pivotal for our
understanding of health, fertility, demography, devel-
opmental biology and the evolution of life-history
strategies of human groups. Light isotopes (e.g. C, N
and S) in bone collagen are routinely used to trace
breastfeeding and weaning patterns in archaeological
populations (Beaumont et al. 2015; Fuller et al. 2006;
Jaouen and Pons 2017; Nehlich et al. 2011; Richards,
Mays, and Fuller 2002; Tsutaya 2017; Tsutaya and
Yoneda 2013, 2015; Wright and Schwarcz 1998),
based on the idea that the child is one trophic level
higher than the mother. However, collagen in bones
is not as durable as mineralised dental tissues, particu-
larly dental enamel, which is highly mineralised and
thus shows high resistance to post-mortem diagenetic
alteration (Hinz and Kohn 2010; Hoppe, Koch, and
Furutani 2003). What is more, due to the appositional

growth of dental enamel, it is possible to derive precise
chronologies at higher resolution compared to serial
sections of dentine (Beaumont 2020; Beaumont et al.
2015; Beaumont and Montgomery 2015; Müller et al.
2019).

Chu et al. (2006) suggested the use of Ca isotopes in
teeth (and bones) as a tracer to assess dairy consump-
tion in past human communities. This was based on
the finding that dairy products, though high in Ca con-
centration, have the lowest Ca isotope composition
among various food components. However, Reynard,
Henderson, and Hedges (2010) and Reynard, Hender-
son, and Hedges (2011) demonstrated larger Ca-iso-
tope variability but lower Ca isotope composition in
human bones relative to fauna at some archaeological
sites both pre- and post-dating animal domestication
and therefore both before and after a change in animal
milk availability to humans. This seemed to indicate
more complicated processes (e.g. Ca metabolism)
than milk consumption or trophic level effects only.
Tacail et al. (2017) reported an observable difference
in Ca isotope patterns in dental enamel differentiating
short breastfed/formula-fed and long-term breastfed
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infants. Specifically, the long-term breastfed individ-
uals maintained the same δ44/42Ca values pre- and
post-birth, up to a few months post-birth (no further
time points were available). The mostly formula-fed
infants showed an increase in δ44/42Ca after birth in
most cases (Tacail et al. 2017). The pattern is plausible
given the relatively low δCa in breast milk and higher
δCa in commercial formulas (Chu et al. 2006; Tacail
et al. 2017). An increase in δ44/42Ca after weaning has
also been observed in the Ca isotope compositions of
modern sheep tooth enamel (Wright 2014). Sequen-
tially microsampled enamel enabled Li, Thirlwall, and
Müller (2016) to identify the effect of physiological
change (e.g. menarche) on Ca isotope ratios in a mod-
ern female third molar, namely a negative excursion in
the Ca isotope composition likely related to physiologi-
cal change such as the start of menstruation, change in
oestrogen levels and bone accretion. Therefore, the
complexity of Ca isotopic data in dental enamel accu-
mulated so far argues that multiple proxies – both iso-
topic and elemental – may help in differentiating
metabolic from nutritional effects during biominerali-
zation. This is necessary before any reliable inferences
of dietary or environmental signals in past human
populations can be deduced.

Trace element ratios (e.g. Sr/Ca, Ba/Ca, Zn/Ca, Pb/
Ca) in tooth enamel have been investigated, together
with radiogenic Sr (87Sr/86Sr), to reveal information
on trophic levels, dietary transitions, weaning practice,
pollution exposure and mobility in modern, archaeolo-
gical and paleoanthropological samples (e.g. Austin
et al. 2013; Balter et al. 2012; Humphrey et al., 2008a;
Joannes-Boyau et al. 2019; Müller et al. 2003, 2019,
2009; Reynard and Balter 2014; Smith et al. 2018).
These elements were chosen because of their impor-
tance for biomineralization (Zn) and ability to substi-
tute Ca (e.g. Sr, Ba, Pb), and also because of their
systematic changes (in terms of El/Ca or X/Ca ratios)
through food chains (Balter et al. 2002; Burton, Price,
and Middleton 1999; Kohn, Morris, and Olin 2013).
Austin et al. (2013), Smith et al. (2017), and Smith
et al. (2018) have noted that Ba/Ca in teeth reflects diet-
ary history patterns in early life of humans and pri-
mates. In contrast, Müller et al. (2019) found no
systematic Ba/Ca patterns analogous to those observed
for Sr/Ca and Zn/Ca in the teeth of modern children
with different feeding histories, and furthermore
demonstrate cryptic diagenesis affecting Ba in soil-bur-
ied, otherwise well-preserved tooth enamel apatite.
They show that Sr/Ca in time-resolved profiles across
birth systematically decreases for breast-fed infants,
whereas it always increases in case of formula-fed
infants. These authors also highlighted the active bio-
logical control of Zn incorporation during biological
mineralisation. As a result, Zn/Ca cannot serve as a
reliable trophic level indicator. Ca is highly biopurified
in human milk. Relative to Sr, Ca is selectively

transferred across the mammary glands and the pla-
centa (Humphrey et al. 2008a, 2008b; Rossipal 2000).
Conversely, herbivore milk and derived formulae are
higher in Sr/Ca ratio, due to the lower initial trophic
position (Burton, Price, and Middleton 1999).

Here we present histologically-defined Ca isotope
and trace element (Sr/Ca and Ba/Ca) enamel profiles
of three twentieth century Italian deciduous canines.
We chose the enamel profiles along the enamel-dentine
junction (EDJ) and within 100 µm to minimise any
overprint from enamel maturation (Müller et al.
2019). Our primary aim is to better understand the bio-
logical/physiological control on Ca isotopic and
elemental proxies in enamel, and our second aim is
to retrieve reliable dietary transition and weaning
information using isotopic and elemental indicators
in tandem.

Materials and Analytical Methods

Samples, Sectioning and Enamel Histology

The dental sample consists of three early twentieth
century Italian deciduous canines (Modern 22, 27
and 29) belonging to a series of clinically extracted/
exfoliated teeth collected by a dental practitioner
operating in Rome at that time (courtesy of
A. Coppa, Department of Environmental Biology,
Sapienza University of Rome, from the reference col-
lection of his laboratory) and temporarily kept at the
Museo delle Civiltà of Rome. According to the known
standards of tooth development (AlQahtani, Hector,
and Liversidge 2010), the deciduous canine’s crown
formation time covers a period of the individual life
from the 30th week in utero to the 9th–10th month
of age.

Thin sections of the dental crowns were obtained
using the method by Caropreso et al. (2000) with
some modifications reported in Nava et al. (2017).
Each tooth was embedded in bi-component epoxy
resin (Epo Thin, Buehler) and cut by means of a dia-
mond blade microtome (mod. 1600, Leica AG). One
longitudinal section parallel to the bucco-lingual
plane and crossing the tip of the dentine horn was
obtained from each specimen. Thin sections were
ground to the final thickness of ∼150 µm− that is opti-
mal to perform, using the same sections, LA-ICPMS
chemical and histological analysis of the enamel micro-
structures besides laser microcutting−with a
motorised grinder (Minimet 1000 Automatic Polishing
Machine, Buehler) and water resistant abrasive paper,
and finally polished with micro-tissue and 1 µm dia-
mond suspension (DP-Suspension M, Struers).

The dental crowns were analysed using a trans-
mitted light microscope (Laborlux S, Leica AG)
under polarised light at 200x magnification. High res-
olution micrographs of the dental crowns were
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obtained with a digital camera (DFC 295, Leica AG)
connected to the microscope, by capturing overlapping
pictures and then assembling them using the software
ICE 2.0 (Image Composite Editor, Microsoft Research
Computational Photography Group). ImageJ software
(v.1.51k, National Institutes of Health, USA) was
used for digital image processing to perform histomor-
phometrical analysis and track length measurements.

Dental enamel is secreted in a rhythmical manner
(Hillson 2014), and its growth parameters are quantifi-
able in mammals through biological markers which are
visible in histological longitudinal thin sections. These
include daily cross striations along the enamel prisms
(Zheng et al. 2013) and the nearly-weekly (in humans
between 6 and 12 days) Retzius lines (Dean 2006).
The birth event is recorded in the forming enamel of
individuals surviving the perinatal stage as an accentu-
ated Retzius line, known as Neonatal Line (review in
Sabel et al. 2008; Zanolli et al. 2011). The individual
chronology of crown formation along the EDJ was
derived by calculating the enamel formation time
through the cross striations count across the enamel
thickness and by projecting it on the EDJ by means
of the isochronous Retzius lines (see Birch and Dean
2014; Guatelli-Steinberg et al. 2012; for details on the
method). This results in the construction of chrono-
logically-defined grids across the crown that allow
registration of each point of the compositional profiles
with the individual (secretion) chronology in days
before and after birth.

Laser Micro-Sampling of Enamel Apatite for
TIMS Ca Isotope Analysis

Laser microsampling or microcutting (i.e. not laser-
ablation) of enamel apatite was detailed in Li, Thirlwall,
and Müller (2016) and is only briefly summarised here.
Enamel microsamples were cut along the enamel-den-
tine junction (EDJ) of the deciduous tooth sections
(labial side) using the RESOlution M-50 prototype
193 nm laser-ablation system (Müller et al. 2009) at
Royal Holloway University of London (RHUL) oper-
ated as a micromachining tool. Thus, the laser operat-
ing conditions were optimised at a repetition rate of
20 Hz, ∼9 J/cm2 laser fluence, 20 μm spot size and 20
μm/s scan speed to ensure that ∼20 passes completely
cut through ∼150 µm thick enamel. Long parallel laser
tracks along the enamel-dentine junction (EDJ) and
Striae of Retzius (distinctive dark brown lines) with
120–250 μm spacing were placed, and short tracks
cross these lines parallel to the enamel prisms at 500,
750 and 1000 μm intervals depending on sample size
and surface conditions (Figure 1). This cutting strategy
optimises the retrieval of triangular and rectangular
shaped microsamples along isochronous growth lines
each containing ∼10–25 μg apatite. It also minimises
contamination or loss of powder through conventional

microdrilling and facilitates prior LA-ICPMS and his-
tomorphological analysis on the same section.

After laser microcutting, microsamples were
extracted from the sections under a binocular micro-
scope through mild heating of the Crystalbond
adhesive, cleaned ultrasonically in acetone and rinsed
with 18.2 MΩ·cm H2O several times before leaving to
dry in a clean hood. They were then dissolved in 300
μl concentrated HNO3 in new acid-cleaned PFA vials
and evaporated to dryness, and finally made into 1
μg/μl Ca solutions with a few μl 18.2 MΩ·cm H2O.
An aliquot of 2 μl solution (containing 2 μg Ca) was
mixed with 4.62 μl 42Ca-48Ca double-spike solution
(80.9 μg/ml Ca), evaporated to ∼2 µl and loaded onto
a single degassed Re-filament for TIMS analysis.

The chronological range in the individual life of
each microsample was calculated using the chronologi-
cal grids described previously.

TIMS Ca Isotopic Analysis

Ca isotopic data were obtained using an IsotopX Phoe-
nix X62 TIMS, equipped with a 1010 Ω resistor for
40Ca. TIMS collector configuration for measuring Ca
isotopes and monitoring interferences (e.g. 40K) was
given by Li, Thirlwall, and Müller (2016). No ion
exchange chromatography was performed for enamel
microsamples. 1–2 μg Ca was loaded onto a single
Re-filament with 1 μl of TaF5-H3PO4 emitter using
the parafilm-dam technique in an attempt to reduce
Ca reservoir mixing error (Hart and Zindler 1989).
The procedural blank was ∼1–2 ng Ca.

A 42Ca-48Ca double-spike (DS) was used to correct
mass fractionation of the measured isotope ratios.
The calibration of the DS Ca isotopic composition
and the DS fractionation correction model are
described in Li, Thirlwall, and Müller (2016). NIST
SRM 915b is used as the primary standard for delta
value calculation. The delta notation is expressed as
δ44/40Ca relative to SRM915a, using the conversion
equation δ44/40Casample

SRM915a = δ44/40Casample
SRM915b + δ44/

40CaSRM915b
SRM915a. The value of δ44/40CaSRM915b

SRM915a is 0.72‰
(Heuser and Eisenhauer 2008).

Trace Element Profiles by LA-ICPMS

Given that most labial enamel had been removed fol-
lowing laser microsampling, LA-ICPMS tracks were
analysed on the lingual aspect of the crowns, parallel
to the EDJ and less than 100 µm from the EDJ. Analyti-
cally, LA-ICPMS closely follows the procedures in
Müller et al. (2019), except that an Agilent 8900 ICP-
QQQ (ICP-MS/MS) was connected to the RESOlution
M-50 prototype LA system. Spot size, scan speed of
continuous LA tracks and laser repetition rate were
20 µm, 5 µm/s and 15 Hz, respectively. 43Ca was used
as an internal and NIST SRM612 glass as an external

ENVIRONMENTAL ARCHAEOLOGY 3



standard, and accuracy was monitored using STDPx
glasses (Klemme et al. 2008) with biases (much)
lower than 5% for the elements relevant here (Sr, Ba).
The time span of the Modern 22 lingual track is
much smaller (138 days after birth) than the time
range calculated for δ44/40Ca profile on the buccal
side (∼ 7.4 months after birth). This discrepancy is
due to the loss of enamel in the most cervical part of
the lingual aspect of the crown.

The compositional and Ca isotopic profiles were
smoothed with a locally weighted polynomial
regression fit (LOWESS), with its associated standard
error range (±2S.E.) for each predicted value (Cleve-
land, Grosse, and Shyu 1992). The statistical package
R (ver. 3.6.2) was used for all statistical computations
and generation of graphs (R-Core-Team 2019).

Results

δ44/40Ca Profiles of Modern Deciduous Teeth

Ca isotope data of the three analysed deciduous teeth
are plotted against histologically defined (secretion)
time in months in Figure 2. The δ44/40Ca ratio in the
deciduous canine of Modern 22 is almost invariant
(∼−2.0‰) in the prenatal enamel, drops to −2.7‰
just before birth, and rises again to −2.5‰ after birth
where it remains essentially invariant until the ∼7th
month after birth. The δ44/40Ca data of Modern 27

are on average ∼0.6‰ less negative and show a rapid
in-utero decrease of 1.0‰ just before birth, followed
by a gradual increase to −1.6‰, and a further increase
to −1.3‰ at the ∼2nd month after birth, from when
the δ44/40Ca decreases to −2‰ around 6 months of
life. The Ca-isotope profile of Modern 29 reveals a
broadly similar trend with the lowest δ44/40Ca values
just before birth, followed by a more pronounced
increase to −1‰ around the 4th month after birth,
and a final drop to −1.7‰ at ∼9 months. Overall Mod-
ern 29 shows the highest δ44/40Ca values. In all three
δ44/40Ca profiles, the lowest δ44/40Ca value occurs just
before birth. Interestingly, there is no consistent pre-
birth/post-birth δ44/40Ca offset among the three
samples, as δ44/40Ca after birth is lower in Modern
22, broadly invariant in Modern 27 and higher in Mod-
ern 29.

Trace Element Profiles of Modern Deciduous
Teeth

Figure 3 displays the time-resolved Sr/Ca and Ba/Ca
ratios of the three analysed deciduous teeth. The Sr/
Ca and Ba/Ca ratios of sample Modern 22 are 50%–
60% lower than those in Modern 27 & 29. The trace
element profile of Modern 22 is shorter after birth
(<4.6 months of life) relative to the respective Ca-iso-
tope profile due to sampling-related loss of enamel.
In Modern 22, Sr/Ca decreases by ∼30% from 3

Figure 1. Laser microcutting strategies of enamel (following Li, Thirlwall, and Müller 2016) from three early twentieth century Ita-
lian deciduous canines (Modern 22, 27, 29). The long laser cuts were made along the enamel-dentine-junction (EDJ) and the Retzius
lines with an offset of ∼150 micrometers. The short tracks were placed along the direction of enamel prisms with an interval of
∼500 micrometers. Enamel between two Retzius lines was secreted during the same time interval. Enamel microsamples closest
to the EDJ are characterised by less overprint during enamel maturation and thus show higher time resolution compared to those
further away from EDJ.
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months before birth to 1 month after birth. Later, Sr/Ca
increases slightly at ∼2 months and then remains
broadly invariant. In contrast, Ba/Ca increases between
−3 to ∼2 months and then fluctuates. Overall, relative
Ba/Ca variability is larger, and opposite to that of Sr/Ca
across large parts of Modern 22. In Modern 27, the EDJ
profiles of both Sr/Ca and Ba/Ca show increases from
birth to around the 3rd month, with steeper rises
between the 2nd and 3rd month. Sr/Ca then declines
monotonously towards the 6th month, whilst Ba/Ca
first decreases sharply between 3–5 months and then
increases again towards the end of the profile. Over
most of their respective profiles of Modern 29, Sr/Ca
and Ba/Ca display different patterns. Whilst Sr/Ca
decreases from −1 month before to ∼4 months after
birth, Ba/Ca increases throughout that interval, with
a further sharp rise to 7 µmol/mol until the 6th
month, and a final drop to near birth values at 9–10
months. Sr/Ca increases moderately from 4 to 10
months.

Discussion

The three analysed deciduous canines represent a time
interval from ∼30 weeks in-utero to 9–10 months after
birth (AlQahtani, Hector, and Liversidge 2010) for
each of three early twentieth century central Italian
infants. These infants could either have been breastfed
or formula-fed, given the introduction of milk formula

during the second half of the nineteenth century
(Schwab 1996; Stevens, Patrick, and Pickler 2009). Pre-
natal isotopic and trace elements compositions record
the mother’s diet during late pregnancy, whereas the
postnatal ones reflect the infant’s diet in the first few
months, i.e. breast milk, animal/formula milk, solid
food or the combination of all the three, depending
on the individual’s feeding/weaning history.

Ca Isotope Signatures in Modern Deciduous
Teeth

The composition of pre-and post-natal enamel seg-
ments, clearly delineated by the neonatal line, holds
vital clues on whether prominent physiological events
such as birth could cause significant variations in Ca
isotope ratios of tooth enamel (similar to Li, Thirlwall,
and Müller 2016) in addition to nutritional signals
(Tacail et al. 2017). Overall, the Ca isotope profiles of
our three investigated individuals are remarkably
different.

For Modern 22, the post-birth δ44/40Ca values are
consistently ∼0.5‰ lower than the pre-birth values
(Figure 2). This may be expected as a trophic level
effect for breastfed infants as the child is one trophic
level higher than the mother. The pre-birth signal
can be therefore interpreted to reflect the mother’s
diet/blood in her late pregnancy and the post-birth
values (0–8 months) reflect the mother’s milk, given

Figure 2. Ca isotope profiles (δ44/40Ca) of laser-cut microsamples from three modern Italian deciduous teeth (Modern 22, 27, and
29). The time scale refers to the chronological range of secretion of each microsample in the individual’s life, calculated using the
chronological grids. Error bars are 2SD for Ca isotope values (y-axis) and the time range of the enamel portions (x-axis).
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that human-milk is isotopically lighter than diet/blood
in Ca (Chu et al. 2006). The stability in δ44/40Ca during
pre-birth and after birth intervals (though at different
values) may also suggest the mother’s diet was constant
during the final stages of pregnancy and breast-feeding
period. The in-utero δ44/40Ca data of Modern 22
suggest a diet value of around −0.7‰ (or slightly
higher) of the mother before giving birth, given the
1.3‰ offset between diet and skeletal tissue (Skulan
and DePaolo 1999) and assuming negligible (or
small) Ca isotope fractionation in the placenta or
during enamel formation. This diet value would corre-
spond to the mother’s blood δ44/40Ca of ∼ −1.3‰
using a blood-diet difference of −0.6‰ (for δ44/40Ca;
Tacail et al. 2017). Assuming Modern 22 to have
been exclusively breastfed, we then estimate the infant
diet δ44/40Ca to be around −1.2‰ (and blood δ44/40Ca
of −1.8‰), based on the post-birth δ44/40Ca data and
the same assumptions above. This post-birth diet δ44/
40Ca value seems high for a breastmilk-exclusive diet.
Based on limited data, human milk values are
∼−2.3‰ (δ44/40Ca, converted from Chu et al., 2006).
On the other hand, long-term breast fed infants have

shown no measurable changes in δ44/40Ca in the first
5–10 months from Tacail et al. (2017), whereas Mod-
ern 22 reflects lower δ44/40Ca values after birth than
the majority of the pre-birth interval. The discrepancy
from enamel δ44/40Ca data of deciduous teeth hint at
the insufficiency of using exclusively Ca isotopes to
resolve the feeding patterns of infants. Further uncer-
tainty exists in the Ca isotopic relationship between
the infant’s pre-birth enamel and mother’s diet. It is
possible that this relationship is variable between indi-
viduals, or is modified by physiological factors.

On average, Modern 27 and Modern 29 show lower
pre-birth δ44/40Ca values (−2.4 to −1.4‰) than post-
birth δ44/40Ca values (−1.8 to −1.0‰). This is
especially valid for Modern 29, whose Ca-isotope
profile is opposite to that of Modern 22. From the
post-birth segments of Modern 27 and Modern 29
we thus calculate an infant diet δ44/40Ca of −0.5 to
+0.3‰, given the diet-skeletal tissue offset (Skulan
and DePaolo 1999) mentioned above. They appear to
be incompatible with human milk but at the upper
end of non-human dairy products (Chu et al. 2006).
This appears also to be in line with observations by

Figure 3. Trace element profiles (Sr/Ca and Ba/Ca) along the enamel-dentine-junction (EDJ) of three modern Italian deciduous
canines. The time scale refers to months after birth of each individual, calculated using chronological grids from enamel histomor-
phometry. The compositional profiles were smoothed with a locally weighted polynomial regression fit, shown with its associated
standard error (±2 S.E.).
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Tacail et al. (2017), who reported δ44/42Ca increases in
post-birth enamel of formula-fed or briefly breastfed
infants.

Despite these variable pre-/post-birth Ca isotope
shifts amongst the three individuals, all three δ44/40Ca
profiles consistently display the lowest δ44/40Ca values
just before birth. This hints at a relationship between
physiological change or stress and negative δ44/40Ca
excursions, which has also been reported for a third
molar in a modern female (Li, Thirlwall, and Müller
2016). Overall the Ca isotope data alone seem to record
prolonged breastfeeding in Modern 22, and may indi-
cate that Modern 27 and especially Modern 29 had a
predominantly formula-based diet.

Trace Element Signature in Modern Deciduous
Teeth

The focus in this section is on the variation of both Sr
and Ba (expressed as Sr/Ca and Ba/Ca) in deciduous
enamel and their relationships to feeding and weaning
practice (e.g. Humphrey et al., 2008a; Müller et al.
2019). Overall, Sr/Ca shows consistent and systematic
secular variation related to infant nutrition, in contrast
to Ba/Ca (see below). It has been noted (e.g. Humphrey
et al., 2008a; Müller et al. 2019) that enamel Sr/Ca
decreases at birth in a breastfed infant but increases
after birth in a formula-fed child. Accordingly, for an
exclusively breastfed individual, enamel Sr/Ca ratios
would be expected to decrease across birth until food
other than human milk – characterised by higher Sr/
Ca – is introduced. For a formula-fed infant, on the
other hand, the Sr/Ca signal increases after birth
owing to the higher Sr content in formula (from herbi-
vores) and the less well developed discrimination
against Sr due to the immature digestive system of
the infant. During weaning, Sr/Ca ratios can either
increase or decrease depending on the food com-
ponents consumed in this transition period.

For enamel Ba/Ca, Austin et al. (2013) reported an
increase after birth and during exclusive breastfeeding,
a further rise with introduction of formula milk, and
finally a decrease during weaning in a human decid-
uous tooth. Similar patterns, excluding formula milk
introduction, have also been observed in permanent
first molars (M1s) of naturally weaned macaques by
the same authors.

Combined δ44/40Ca – X/Ca Profiles of Three
Modern Italian Deciduous Teeth

With the assistance of the above observations and
explanations, we aim at reconstructing the individuals’
feeding pattern for the three Italian deciduous canines
based on combined Ca-isotope and trace element ratio
data (Figures 2 and 3). Given the more systematic Sr/
Ca patterns (see above), in the following we place

greater reliance on Sr/Ca relative to Ba/Ca. Considering
the nature of laser microsampling combined with
analytical requirements for precise Ca isotope analysis,
Ca isotope data unsurprisingly have lower time-resol-
ution than X/Ca-ratio data obtained by LA-ICPMS.

(1) Modern 22

The absolute Sr/Ca and Ba/Ca values are ∼50%–
60% lower than in Modern 27 & 29, which ties in
with the equally lower δ44/40Ca values for Modern 22.
This may indicate a different food source (e.g. more
meat) or different location for Modern 22 relative to
Modern 27 & 29. The pattern of decreasing Sr/Ca
across birth until the second month (while Ba/Ca
increases) suggests (exclusive) breastfeeding for the
first 1–1.5 months. In view of the Sr/Ca and Ba/Ca
increase and fluctuation from the 2nd month onwards,
limited introduction of formula-based food is likely.
The Ca isotope profile represents a longer time period
(−2–8 months) than the X/Ca-profile due to the loss of
lingual enamel, but no significant Ca isotopic vari-
ations is discernible for the final seven months.
Taken together, both Ca isotope and trace element sig-
nals suggest breastfeeding for this individual, with lim-
ited formula-addition from the 2nd month onwards.
The decrease in δ44/40Ca across birth is consistent
with this presumed trophic level effect, but not with
the Ca isotope variation reported for long-term
breastfed infants by Tacail et al. (2017).

(2) Modern 27

The nearly invariant Sr/Ca and Ba/Ca ratios across
birth and for the first two months suggest breastfeeding
with limited formula intake, as exclusive breastfeeding
would result in a more apparent Sr/Ca decrease over
this interval. The Sr/Ca and Ba/Ca ratio increase
from 2 to 3.5 months suggests predominant formula
intake, followed by exclusive breastfeeding until the
end of the profile at 5 months, given the sudden Sr/
Ca drop at ∼3.5 months. Interestingly, the post-birth
δ44/40Ca profile generally mirrors this X/Ca variation
and also argues for more non-human milk between
months 2–4. The final δ44/40Ca decrease is consistent
with human milk with its most negative δ44/40Ca com-
position. The Ca isotope signals for the first four
months seem to be consistent with Tacail et al.
(2017) who reported a systematic increase in δ44/42Ca
of non-breastfed individuals during the first few
months.

(3) Modern 29:

The decreasing Sr/Ca values across birth and the
first four months suggest predominant breastfeeding
during this interval, with limited formula intake hinted
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at by the small Sr/Ca peak in the 2nd month. Interest-
ingly, Ba/Ca shows antiphase behaviour during this
entire period, similar to that in Modern 22, but unlike
Modern 27, where both Sr/Ca and Ba/Ca essentially co-
vary. The nearly monotonous Sr/Ca increase for the
remaining six months (until month 10, while Ba/Ca
varies) suggest a switch to formula milk and/or solid
food from the 4th month onwards. The δ44/40Ca
profile of this infant suggests a non-breastfed (or only
very briefly breastfed) history for the first ∼6 months,
given the reconstructed δ44/40Ca diet-value (see 4.1)
and when applying the Tacail et al. (2017) model.
Even though the similarly decreasing δ44/40Ca-value
and Sr/Ca ratio at 8–9 months might hint at resumed
human-milk intake, this appears rather late and thus
could also have other, hitherto unknown physiological
reasons.

The δ44/40Ca profiles appear to demonstrate the
same inflection points due to putative diet change
suggested by Sr/Ca (and Ba/Ca) ratios at 3 months in
Modern 27 and 4 months in Modern 29, but the
decrease in δ44/40Ca values conflicts with the poten-
tially elevated δ44/40Ca in solids (weaning food) other
than milk.

Conclusions

Our application of the methodological advances
regarding controlled laser-microsampling for Ca iso-
tope analysis (Li, Thirlwall, and Müller 2016) enables
the study of secular Ca isotope variations in deciduous
human teeth. Ca isotope analysis together with trace
element ratios from laser-ablation mass spectrometry
(LA-ICPMS: Sr/Ca, Ba/Ca) represent combined inde-
pendent proxies for the reconstruction of past nursing
histories at high time resolution. This tandem
approach helps evaluate the strengths and weaknesses
of the respective geochemical dietary proxies.

For the investigated modern deciduous canines free
of diagenetic overprinting, we found contrasting secu-
lar Ca isotope patterns, namely both lower and higher
post-birth δ44/40Ca ratios relative to the respective pre-
birth values. While the former represents the expected
Ca isotope trophic level shift, it was not observed in the
larger sample by Tacail et al. (2017). All three modern
deciduous teeth revealed that enamel δ44/40Ca recorded
its lowest value (just) before birth, implying a control
by physiological stress events like birth, similar to the
observation on menarche by Li, Thirlwall, and Müller
(2016). This shows that physiological effects affecting
the Ca isotopic compositions need to be fully evaluated
before reliable nutritional information can be extracted
from fossil teeth from Ca isotopes only.

Sr/Ca (and Ba/Ca) measured along the enamel-den-
tine junction are consistent with the known trace
element behaviour. Enamel Ca isotope data only are
not sufficient to distinguish between breastfed or

mixed formula-breastfed infants. Examples are Mod-
ern 27 and Modern 29, which have similar Ca isotope
variation patterns but different nursing histories
according to trace element proxies, chiefly Sr/Ca. The
combination of highly time-resolved trace element
and laser-cut Ca isotope profiles in human enamel
are key to uncovering detailed Ca isotope behaviour
in mammals.
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