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Abstract

Oxygen isotopes were analyzed in human teeth dating to approximately 1250 BC
from a Bronze Age battlefield along the Tollense River in northwestern Germany.
Tooth enamel was sectioned, prepared, and analyzed using Secondary lon Mass
Spectrometry (SIMS) and Confocal Laser Fluorescence Microscopy (CLFM). The
results of the study indicate that diagenesis has locally altered the tooth enamel.
Brightly luminescing domains seen by confocal laser fluorescent microscopy are
chemically changed in oxygen isotope ratios and elemental [Cl] concentrations.
Values of 5'80 are up to 2.7%. lower in altered domains. Thus, diagenetic
changes are observed in enamel that is 3250 years old and has been
waterlogged for most of its depositional history. We recommend studies of

enamel in human teeth routinely evaluate the possibility of diagenesis.
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Introduction

This study concerns questions about the preservation and alteration of stable
isotope ratios and chemical composition in tooth enamel. We first introduce the
issues of enamel formation, diagenesis, and oxygen isotopes in apatite. Next, we
describe the archaeological site at Tollense, discuss the distinctive nature of the
deposits, and the original oxygen isotope investigation of tooth enamel from the
site. We then outline new procedures for the analysis of oxygen isotopes in
human tooth enamel. A brief description of the instruments that were used in the
investigation of the samples follows. Next we describe the samples used in this
study and the preparation procedures that were employed. The results of the
instrumental investigation are presented in narrative, photographic and graphic
form to document changes in the samples over time that we believe are related
to diagenesis. Our study concludes with a discussion of the significance of the

results and some suggestions for future research.
Tooth Enamel Formation

Human tooth enamel formation and growth follows known or predictable patterns
with appositional layers deposited in onion-like fashion (Fincham et al. 1999,
Kang et al. 2004). Enamel development and mineralization is carried out by cells
called ameloblasts that form a single cell layer that covers the developing enamel
and is responsible for enamel composition. These ameloblast cells move
together to lay down a protein-rich matrix that provides a blueprint for crystal
growth (Lacruz et al. 2017). This process begins at the tip of the tooth cusp and
continues to the cervix at the enamel-root junction. Thus, the earliest enamel to
form is at the cusp and the latest at the root. This layer of ameloblasts obtains
nutrients and building materials from the blood stream in the dentine and builds
lines of hydroxyapatite (Ca1o(PO4)s(OH)2) on the enamel surface. Enamel is
largely composed of hydroxyapatite (with minor substitution of F-, CI- and CO3%)
and contains no collagen. Once formed it is devoid of any cells, so it cannot
remodel (Lacruz et al. 2017). Formation times for various teeth in human

dentition are well documented in the literature of oral biology (e.g., Nanci 2008,



Hillson 2005, Manjunatha and Soni 2014, Schour and Massler 1941).

The finished enamel has a characteristic prismatic appearance composed of rods
(or prisms), each formed by a single ameloblast, running parallel to the length of
the tooth (Nanci 2008, Raue et al. 2012). The process of formation leaves
regular, incremental microscopic bands in the tissue, perpendicular to the
elongated axis of the prisms, that are probably due to metabolic variation in the
secretion of ameloblasts (Boyde 1976, Boyde et al 1988, Dean 2000, Risnes
1986). These variations produce short- and long-period incremental (growth)
lines in the enamel (Mahoney 2008). Long-period growth lines are known as the
striae of Retzius and form every 6-12 days during human enamel formation
(Schwartz et al. 2001, Reid and Ferrell 2006). Smith (2006, 2008) has provided
new evidence for the periodicity of these incremental structures. Antoine et al.
(2009) presented convincing evidence that the short-term growth bands (cross-
striations) reflect a circadian pattern of daily formation. Counts of these bands
provide a chronology for reconstructing development in archaeological human
dentition. Many studies rely on the periodicity of this cross-banding. Le Cabec et
al. (2015), for example, utilized this information to determine crown formation
time and age at death in juvenile fossil Australopithicine hominins from South

Africa dating to more than 1 mya.

One of the challenging aspects of enamel formation in humans involves sampling
strategies for obtaining information on life history, especially diet and mobility.
Although age of formation and development of the enamel can be determined,
there are a number of problems remaining regarding the location of enamel of
specific age that can be used to estimate a particular point in the early life of an
individual. For example, determination of seasonal variation in diet or migration
would be very useful information, but to date attempts to isolate enamel from
such specific episodes of time have not yet been successful in humans. One
problem lies in the technology necessary to locate and sample such minute
areas of enamel; another major problem involves the appositional growth

process whereby thin layers of enamel are deposited one on top of another over



time with intergrowth between the layers. Nevertheless, seasonality has been
resolved in §'80 of tooth enamel from large mammals (Kohn et al., 1998) and
time-averaging was minimized by in situ SIMS analysis of aprismatic enamel <
20 um from the enamel-dentine junction in a laboratory-reared rat (Blumenthal et
al., 2014).

Tooth Enamel Diagenesis

There are also potential problems due to diagenesis (e.g., Budd et al. 2000,
Nelson et al. 1986, Pollard 2011, Schoeninger et al. 2003, Sharp et al. 2000,
Shin and Hedges 2012), although little agreement on their scope. Renewed
interest in the subject has followed the increasing number of isotopic studies of
human remains (e.g., Balter and Zazzo 2014, Kendell et al. 2018). Most
discussions have focused on carbon and strontium isotopes with relatively little
attention to oxygen. There has been a general assumption that the hardness and
impermeable nature of enamel retards or prevents contamination. Studies have
produced various pro and con arguments. Enamel is clearly denser and more
crystalline than bone or dentine and more resistant to post-mortem alteration
(e.g., Hoppe et al. 2003, Lee-Thorp and van der Merwe 1991, Lee-Thorp and
Sponheimer 2003, Sponheimer and Lee-Thorp 1999), but enamel does not
always escape diagenetic change. Most examples of diagenetic alteration occur
in enamel from ancient sites, greater than 1 m.y. in age, in contexts where
skeletal remains were in the process of fossilization. Whether more recent
human teeth undergo such significant change is unknown; diagenesis is rarely

reported in such cases.

A variety of chemical, instrumental, and imaging techniques have been applied to
the question of diagenesis in human remains without firm answers. There are two
general groups of such studies, one focused on modern teeth with an orientation
toward dental issues and a second concerned with past dentition and aimed at
archaeological questions. Most of these studies employ bone or enamel powder
in the analysis rather than whole tissue. Rink et al. (1995) used Electron Spin
Resonance to examine carbonate in tooth enamel and found limited evidence of
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diagenesis (2 of 11 samples). Zazzo (2014) using radiocarbon to compare
materials concluded that the §'3C record measured in bone apatite is probably as

reliable as that in enamel for at least the past 40,000 years.

More recently, sampling has been done in three dimensions to try and resolve
questions regarding diagenesis in tooth and bone. These studies focus on:
micro-sampling or direct analyses using micro-ablation to study the distribution of
elemental or isotopic values (e.g., Aubert et al. 2012, Brady et al. 2008, Cerling
and Sharp 1996, Duval et al. 2011, Olivares et al. 2008, Reiche et al. 1999,
2002, Thomas et al. 2011). Al-Jawad et al. (2007) used micro CT scanning to
look at enamel formation and lattice parameters. Similar techniques have been
applied to archaeological teeth (Montgomery et al. 2012). Simmons et al. (2011,
2013) have used synchrotron X-ray diffraction to map the process of
biomineralization and X-ray microtomography to study mineral content
distribution in the formation of human enamel. Aubert et al. (2012), Blumenthal et
al. (2014), and Beasley et al. (2017) used SIMS (Secondary-lon Mass
Spectrometer) to make high spatial-resolution in situ micro-analyses of oxygen
isotopes in teeth and other materials. Lebon et al. (2014) utilized Attenuated
Total Reflection - Fourier-Transform Infrared Spectroscopy (ATR-FTIR) mapping
of bone to document better preservation in the center of cortical bone and
taphonomical uptake of carbonate in the most external part of the bone. Ségalen
et al. (2008) used cathodoluminescence to map trace element distribution in
fossil remains. These studies demonstrated that different mineralized tissues
(enamel vs. bone, dentine and cement) and their structure influence the uptake
of trace elements during diagenesis (Gaschen et al. 2008, Hinz and Kohn 2010).
In general, the range of variation observed in tooth enamel was much smaller

than in other materials and argued for less diagenesis in the enamel.

According to Balter and Zazzo (2014), the molecular and structural properties of
the mineral fraction in fossil bone have been widely investigated by means of
scanning and transmission electron microscopy (SEM/TEM), X-ray diffraction

(XRD) and small angle X-ray scattering (SAXS) as well as infrared (FTIR) and



Raman spectroscopy (Person et al. 1995, Reiche et al. 2002, Turner-Walker and
Syversen 2002, Hiller et al. 2003, Pucéat et al. 2004). These studies document
the impact of recrystallization processes in creating an increase in apatite

crystallinity and a decrease in carbonate content.
Oxygen Isotopes in Apatite

Oxygen isotope ratios vary geographically and seasonally in surface water and
rainfall. The oxygen isotope ratio in the human skeleton reflects that of body
water, and ultimately of drinking water (Kohn 1996, Kohn et al. 1998, Luz et al.
1984, Luz and Kolodny 1985), which in turn predominantly reflects local rainfall.
Isotopes in rainfall are greatly affected by enrichment or depletion of the heavy
isotope ('80) relative to the lighter 80 in water due to evaporation and
precipitation (e.g., Dansgaard 1964). Major geographic factors affecting rainfall
isotope ratios then are latitude, elevation, amount of precipitation, and distance
from the source (e.g., an ocean). Rainwater (H20) contains five stable isotopes,
including "0 and '80. Molecules of H2'80 have a greater mass than H2'60 and
require more energy to evaporate and to stay in the atmosphere. As moisture
moves over land, the first precipitation contains more of the heavy isotope and as
clouds move inland, to cooler regions, and to higher elevations, the rain becomes
more depleted in the heavier isotope (lower in §'80, Bowen and Wilkinson 2002).
Thus, oxygen isotope ratios in teeth vary geographically and have potential to
provide information on past human movement by comparing place of tooth

formation (childhood) and place of death (Bowen and Revenaugh 2003).

Oxygen isotopes in ancient human skeletal remains have been analyzed from
both tooth enamel and bone (France and Owsley 2015). Oxygen is incorporated
into dental enamel during the early life of an individual and should remain
unchanged in that enamel through adulthood. Oxygen has three stable isotopes,
160 (99.762% in nature), 7O (0.038%), and ®0 (0.2%), all of which are stable
and non-radiogenic. Oxygen isotopes are conventionally reported as the per mil
difference (%o) in the ratio of 80 to 'O between a sample and a standard. This

value is designated as §'80. This value can be measured either from isolated



carbonate (CO3)2 or phosphate (PO4)2 components in apatite in tooth and bone,
or in both components together. The standards used are commonly VSMOW
(Vienna Standard Mean Ocean Water) for phosphate oxygen, water (and
sometimes carbonate oxygen) and VPDB (Vienna PeeDee Belemnite) for
carbonate oxygen (O’Neil 1986). Samples are typically ground or drilled to form
powder for analysis at mm-scale; less sample is needed for analysis of the
carbonate component, preparation is less demanding, and results between
laboratories are more comparable (e.g., Bryant and Froelich 1995, Sponheimer
and Lee-Thorp 1999). However, there is a significant oxygen isotope
fractionation between the carbonate and phosphate sites in apatite (Aufort et al.
2017). The phosphate component is less labile and may preserve original
compositions more faithfully, although this issue is also subject to debate. There
is also substantial discussion of appropriate preparation methods for both
carbonate and phosphate §'80 analyses (Vennemann et al. 2002, Grimes and
Pellegrini 2013, Koch et al. 1997, Pellegrini and Snoeck 2016).

The &'80 values for carbonate and phosphate oxygen in enamel vs. §'80 of
water can be estimated assuming equilibration at body temperature and
converting for different standards (VSMOW vs. VPDB). Chenery et al. (2012)
compared §'80 values of phosphate and carbonate for 51 archeological samples
and derived a relationship between the §'®Ovsmow value of drinking water (DW)
and §'®0vsmow in enamel carbonate (EC) as §'80(EC) = (6'80(DW) + 48.63)
/1.59. Measurements reported relative to the VPDB can be converted to the
VSMOW scale: §'80vpps = (0.97001 x §'80Osmow) -29.99%. (Kim et al., 2015).
Thus, as an example, a drinking water §'®0 vsmow value of -6.0 %o yields an
estimated enamel carbonate §'80(EC)vsmow value of approximately 26.8%o. The
exact formula for correlating water to tooth enamel, and methods of oxygen
isotope ratio measurement are still debated (lacumin et al. 1996, Pollard et al.
2011, Pryor et al. 2014).

There are other difficulties in the application of oxygen isotope ratios to human

proveniencing (e.g., Daux et al. 2008, Knudson and Price 2007, White et al.



2004). Many of these issues are raised in a recent essay by Lightfoot and
O’Connell (2016). In our own studies, unexplained variation on the order of +2%o
in 8'80 values among individuals from the same location has been observed (c.f.,
Evans et al. 2012, Huertas et al. 1995, Lightfoot and O’Connell 2016). Oxygen
isotope ratios of meteoric water vary with latitude, but variation is most
pronounced in the polar regions. Many places in the temperate and tropical
zones have similar §'80 values, ranging broadly from approximately -2.0%o to -
8.0%. VSMOW, so that finding meaningful differences in these regions can be
difficult (Bowen and Revenaugh 2003, Lightfoot and O’Connell 2016 ). Rainfall
5'80 values vary from season to season, year to year, and over time in the same
area (e.g., Rozanski et al. 1993) and such variation can be recorded within a
single tooth (Kohn et al. 1998). This variability is undoubtedly a major contributor
to the broad range of 5'®0O(EC) values seen at a given site (Lightfoot and
O’Connell 2016).

Moreover, the 8'80 of human tissue may differ from that of rain falling in the
same landscape. Several different factors appear to affect the final values
measured in the human skeleton. There are reservoir effects. Water in lakes,
ponds, and storage vessels can have higher §'80 values due to evaporation of
the lighter isotope. Through-flowing rivers can have §'80 that differs from local
rainfall values. Sources of drinking water may vary locally and result in greater
variation in the human population. Cultural practices, such as long-term water
storage, cooking, diet, and beverage preparation can influence the 5'80 of
human skeletal tissues (e.g., Brettell et al. 2012, Evans et al. 2012, Knudson and
Stojanowski 2008, White et al. 2007). There is fractionation of oxygen isotopes
during lactation that results in an observable change in 5’80 (EC) (e.g., Britton et
al. 2015, Wright and Schwarcz 1999).

The Present Study: §'0 in Tooth Enamel

Oxygen isotopes can help resolve questions regarding human mobility. However,

in spite of decades of research on the nature and extent of diagenesis in tooth



enamel, it is still not clear how pervasive alteration of the original biogenic signal
may be. Because of unexplained variation in oxygen isotope ratios, the
application of this method for provenience studies must be done with caution and
remains experimental in many regions. In the following pages we report on our
CLFM/SIMS investigation of enamel composition and formation. CLFM/SIMS is a
powerful new approach that combines detailed confocal laser fluorescence
microscopy (CLFM) with in situ analysis of oxygen isotope ratios by secondary
ion mass spectrometry (SIMS; Orland et al. 2009). Samples came from the
human remains at the Bronze Age battlefield site of Tollense in eastern
Germany. There was substantial variation in oxygen isotope ratios reported from
this site (Price et al. 2017). In this section we describe the archaeological context
of the samples, the results of bulk sample oxygen isotope analysis, the methods
used in the present study including the instrumentation, the preparation of
samples, and the results we obtained. The study concludes with some
interpretations of the results and their meaning for the use of oxygen isotope

ratios in human proveniencing.

The Archaeological Context

The Tollense River in northeast Germany (Fig. 1) flows gently through a low,
rolling landscape typical of the North European Plain, flattened by the passage of
glaciers during the Ice Age and covered with glacial moraine and sand at the
close of the Pleistocene. Since the 1980s there have been occasional finds of
bronze artifacts and human remains both in and along several kilometers of the
river. The distribution of finds in the river valley is complex: there are in situ finds
in the river itself as well as on land, but prehistoric materials were also
discovered in secondary position in sediments that had been dredged from the

river decades ago.
Fig. 1. The Tollense Valley in northeast Germany and the distribution of Bronze Age finds.

Archaeological excavations and surveys along the valley bottom and in the river
itself since 2009 have uncovered significant quantities of materials from the
Bronze Age, dated to approximately 1250 BC (Janzen et al. 2011, 2014, Lidke et
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al. 2018). More than 400 m? of the find layer, containing substantial human
remains, were excavated on the valley bottom at the main site of Weltzin 20 (Fig.
2), while skeletal material from other localities came mostly from underwater
surveys. Human remains are abundant and include a skull cap with an
arrowhead deeply buried in the occipital bone. The remains of horses associated
with the battle have been found. Metal finds have come largely from detector
surveys and include tools and weapons such as knives, arrowheads,
spearheads, adzes, daggers and sword fragments. Wooden clubs and other

organic materials have also been preserved in the wet deposits of the site.
Fig. 2. Find layer with human skeletal remains during excavation at site of Weltzin 20.

The find layer is best documented at the locality designated as Weltzin 20,
situated on an alluvial fan where materials are preserved approximately 1-1.5 m
below present ground level. Here, the bodies of those that perished were
apparently looted after the battle and left in a swampy environment. During
decomposition processes in shallow water, some skeletal elements were moved
slightly by the current. Some of the skeletal remains are more completely
preserved in the Bronze Age river bed, more than 2.5 m below present ground
level. Partly articulated skeletal elements and the presence of small bones

indicate that fluvial transport of bones was limited.

The remains at Tollense would appear to be the result of a large battle. The vast
majority of the dead are young adult males and there are a substantial number of
perimortem wounds and trauma that must be a result of conflict. The presence of
many weapons also would seem to confirm the battlefield nature of the finds. It is
important to reiterate the waterlogged conditions in which these materials were
found. The human remains were found in the stream and at depth along the
banks. These bodies would likely have decomposed on or near the surface of the
ground and then gradually have been incorporated in the deposits of the stream.
It seems likely that these remains have been in close association with
groundwater and/or the waters of the river until they were removed during the

archaeological investigations. This continual exposure to water over several
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millennia may help to explain the results of this study. The pH values of the
Tollense River show strong influences from regional ground water, which is rich
in carbonates, and the Lake Tollense where the river originates. The values vary
between pH 6.5-8.0 depending on the season (decreasing CO:2 saturation during
summer), the influence of organic acids in surrounding mires as well as the
sedimentary configuration of the river channel (peat, till, sand) (Sebastian

Lorenz, personal communication, 2018).

Original Oxygen Isotope Analysis at Tollense

We originally sampled 52 teeth from the Tollense valley sites (Weltzin 9, 13, 20,
and 32) that are associated with the Bronze Age battle. The analyzed human
teeth were largely premolars, but molars or canine teeth were used when
premolars were not available. Approximately 20 mg of enamel was collected from
each tooth after lightly scouring the outer surface of the enamel in order to
remove potential contaminants. Strontium, carbon, oxygen, lead isotope ratios,
and Pb concentrations were measured on many of these samples and are
described elsewhere (Price et al. 2014, 2017). Strontium and §'®O(EC)vsmow
data from those studies are provided for comparison in Table 1 in this study.
Values of 3'80(EC) are also reported relative to the VPDB scale in Table 1 to

ease comparison with studies that use this standard.

Oxygen was measured by acid dissolution and gas-source mass spectrometry in
the carbonate-apatite component of tooth enamel (enamel carbonate, EC) from a
bulk sample of apatite from the enamel of 52 individuals (Price et al. 2017). Teeth
for the simultaneous analysis of 3'3C and §'80 were chemically cleaned using a
standard procedure (Balasse et al. 2002). Enamel samples were placed in
approximately 2 mL of 2-3% (v/v) solution of bleach for 8 hours and rinsed three
times with deionized water, centrifuging the tubes between each aliquot. Then,
0.1 ml/mg of 0.1 M acetic acid was added to each tube for exactly 4 hours at
room temperature, and the samples were rinsed again with three aliquots of
deionized water before being freeze-dried for analysis. Analysis of stable light

isotopes was performed in the Environmental Isotope Laboratory (Department of
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Geosciences, University of Arizona) using a Kiel device attached to a Finnigan
MAT252 gas-source mass spectrometer. Samples are converted to CO2 with
concentrated phosphoric acid at 70°C. External precision, as calculated from
repeated measurements of standard reference materials (NBS-18 & NBS-19) is
+0.08%o for 3'3C and +0.1%o for 5'80.

The oxygen isotope ratios measured by gas-source mass spectrometry for the 23
samples in this study range from 24.7 to 27.9%., VSMOW and the average
5'80O(EC) value is +25.8 £1.5%0 (2 s.d., n=23, Price et al., 2017). These §'®0
values are for enamel carbonate with a VSMOW standard. Subsequent
calculation of the rainwater §'80 via the empirical relationship described earlier
(Chenery et al., 2012) produces a mean value for the samples from the Tollense
Valley of approximately -7.6%0 VSMOW, which matches inferred values from the
isoscape map of modern rainfall §'80 in northwest Germany in Figure 3 (Tutken
et al. 2004). However, the range of §'®O(EC) values from 24.7 to 27.9%o
represents significant differences in the childhood homes of these warriors. The
map indicates that values of 5'80O(rain water) in the Tollense Valley area should
be on the order of -7.5 to -8.1, or around 25.5 to 25.9% for §'8O(EC)vsmow.

Fig. 3. An isoscape for 1991 annual average rainfall 5'8Ovswow values in Germany (Tiitken et al.
2004). The map also shows the location of the Tollense sites in northeast Germany.

Methods

In preparation for CLFM and SIMS, small pieces of tooth enamel from 23
samples previously studied by Price et al. (2017) were cast in epoxy along with
UWA-1 apatite standard (metamorphic fluorapatite, Blumenthal et al. 2014) within
5 mm of the center of 25 mm diameter mounts, ground, and polished to a smooth
planar surface with polishing relief <2 um. Typically, the exposed and polished
surfaces of each sample measure 1-2 mm in length. These samples were
imaged by confocal laser scanning fluorescence microscopy prior to analysis by
SIMS, and by SEM after analysis. For SIMS analysis, the sample surface was
thinly coated with gold, which was subsequently removed, and a thin carbon coat
applied before SEM imaging.
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Confocal Laser Fluorescence Microscopy

Confocal laser scanning fluorescence microscopy (CLFM) uses pinhole
apertures and optical filters to select and constrain laser-excited fluorescence
(Carlsson et al. 1985). The pinholes are configured to select the sample-emitted
fluorescence so that only in-focus emission reaches the detector, rejecting the
majority of the out-of-focus light. The depth-discriminating property of confocal
microscopy can be used to carry out optical slicing of specimens in order to
generate a three-dimensional raster covering a volume of the specimen (e.g.
Schopf and Kudryavtsev, 2009). The brightness and contrast of the fluorescence
images can be enhanced digitally. The instrument used in this study was a Bio-
Rad MRC-1024 scanning confocal microscope at the University of Wisconsin-
Madison Keck Bioimaging Laboratory using settings detailed by Orland et al.
(2009). A laser with 488 nm wavelength excited fluorescence in the samples, and

the emitted light was filtered to permit wavelengths between 505 and 539 nm.

Secondary ion mass spectrometry (SIMS)

Secondary lon Mass Spectrometry is used to analyze the composition of solids
by sputtering shallow pits into the surface of the specimen with a focused primary
ion beam and collecting and analyzing ejected secondary ions. The mass/charge
ratios of these secondary ions are measured with a mass spectrometer to
determine the elemental, isotopic, or molecular composition. SIMS is a very
sensitive analysis technique, with elemental detection limits ranging from parts

per million to parts per billion.

Oxygen isotope analyses were performed with a CAMECA (Paris, France) IMS-
1280 large radius, multi-collector ion microprobe at the WiscSIMS Laboratory,
Department of Geoscience, University of Wisconsin—Madison using a '33Cs*
primary ion beam with an accelerating voltage of 10 kV, impact energy of 20 keV
and a beam current of ~1.8 nA, focused to a 10-uym beam-spot size (Kita et al.
2009, 2011, Valley and Kita 2009). Charge neutralization was assisted by a low-
energy electron gun and a coating of gold on the sample surface. Sample spots

were placed within tooth enamel, guided by CLFM images (Fig. 4). Analytical
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conditions were comparable to those previously reported at WiscSIMS (Kozdon
et al., 2009, Orland et al. 2009) with the addition of simultaneous OH

measurement; secondary ions were detected simultaneously by three Faraday

cups (160', 16O1H', 18O'). The count rates for 160 were ~2.3 11x 10° cps. The

total analytical time per spot was 3 minutes including pre-sputtering, automatic

centering of the secondary ion image in the field aperture and analysis (4 s x 20

cycles = 80 s). Grains of UWA-1 were mounted with random orientations in the

center of the sample and were measured as a running standard in at least four
spots before and four spots after every 12-16 sample analyses. The resulting
average §'80 value of UWA-1 measurements bracketing the samples was used
for instrumental bias and drift correction. Reproducibility of the bracketing UWA-1
standard measurements is assigned as analytical precision of unknown samples;
the mean spot-to-spot reproducibility is 0.28%o. 2 SD (varying from 0.14%o to

0.41%o0). All measured SIMS data are reported in App. 1 of the Supplementary

Material and summarized in Table 1. Images of analyzed samples are shown in

App. 2.

Fig. 4. Matching images by SEM-SE (scanning electron microscopy- secondary electrons) and
CLFM (confocal laser fluorescent microscopy) of five samples of tooth enamel from Tollense
showing oxygen isotope values (VSMOW) measured in situ from 10 um spots (red dots) by
SIMS (secondary ion mass spectrometry). Open black circles are irregular SIMS pits (see
text). Black dots are spots from SEM-EDS. The bright domains by CLFM contain elevated
[CI]. Note that some areas covered by epoxy fluoresce by CLFM and are outlined in white in

SE images. Chips and cracks in SE are sometimes white due to charging. (a,b) Sample
F6811. (c,d) Sample F9380. (e,f) Sample 9382. (g,h) Sample F9386. (i,j) Sample F6794.

Due to the large variation in matrix effects among different materials, accurate
SIMS analysis requires the use of comparison standards. The authors do not
know of a homogeneous sample of tooth enamel that is calibrated and suitable
for use as a SIMS standard for §'80. They have investigated many potential
samples and are still searching. In this study, UWA-1 is used both as a running
standard and for calibration. It is assigned a value of §'80 = +12.7 +0.4 %, VPDB
(2SD, n = 2) that was determined for laser fluorination of two untreated chips (T.
Vennemann, pers. comm., 2013). This value represents all oxygen in the

standard. Because UWA-1 is a metamorphic fluorapatite, the hydrous and
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carbonate components are thought to be negligible, which is verified by six TC-
EA analyses of AgsPQO4 prepared from UWA-1 that yielded 5’80 = 12.8 £0.4 %o
VSMOW (2SD, Vennemann, pers. comm., 2013). However, tooth enamel
contains a small component of carbonate- and OH-apatite and thus its
composition differs from UWA-1. There is no better way to make this correction
at present and the SIMS §'80 values may show a small systematic error as a
result. It is important to recognize that if an error exists in calibration, it will be the
same for all of the SIMS data reported in this study. Measurements of the

magnitude of differences between different samples or across zoning are robust.
Scanning Electron Microscopy

After SIMS analysis, gold coating was removed, and sample mount was coated
with carbon and imaged for secondary electrons (SE), backscattered electrons
(BSE), and cathodoluminescence (CL) by scanning electron microscopy (SEM)
using a Hitachi S-3400N variable-pressure SEM equipped with a Gatan CL
system (PanaCL) in high vacuum mode. Enamel in this study had very weak or
no CL response. Sample F6811 was also analyzed for differences in elemental
composition by semi-quantitative energy dispersive X-ray spectrometry (EDS,
Oxford x-act). Ten spots (five in CLFM-bright and five in CLFM-dark areas) were

counted for a total of 30 s/each with an accelerating voltage of 15 kV.

Results

For the present study we selected a total of 23 teeth for CLFM imaging and SIMS
analysis in order to image internal zoning and obtain detailed spot measurements
of oxygen isotope ratios within the enamel. Values for §'80 obtained with the
SIMS are plotted on CLFM images for selected samples in Figure 4. Photos of all
samples are shown with labeled SIMS pits in App. 2 of Supplementary
Information. We will present the results in three parts: a description of some of
the zonation observed by CLFM, graphical and statistical comparison of the
darker and lighter areas in the photos, and comparison of conventional bulk-

analysis vs. in situ SIMS for §'80 values.
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The tooth enamel samples examined in this study all show variable patterns of
luminescence by CLFM from dark to bright green due to subtle differences in
chemistry (Fig. 4, App. 2). EDS analyses of CLFM bright and dark areas in
F6811 (Figure 4a) indicate a small but detectable elevated level of ~0.4 wt. %
chlorine in bright (altered) enamel. However, the most likely cause of bright
luminescence is the presence of humic and other organic acids that can be
added to water-logged samples by interaction with soil water (Senesi et al. 1991;
Orland et al. 2009). The bright domains of this study are concentrated near the
edges of enamel exposed to groundwater. The boundaries between bright and
dark domains are sometimes sharp, but often gradational. Some samples are
also rimmed by thin bright lines on both natural surfaces and surfaces broken
during sample preparation. We interpret these thin edge-effects to result from
surface contamination during preparation and reflections around the sides of
sample chips, and not necessarily to result from intrinsic chemical differences of
the enamel itself. This interpretation of thin edge effects is supported by artifacts
in the SEM-SE images that show enhanced emission of secondary electrons on
edges and cracks causing them to be highlighted by white lines in the SE
images. The percentage of brightly luminescing enamel in CLFM varies from
approximately 10 to 30%, but some samples have diffuse bright zones
throughout the areas imaged. Many samples reveal distinct growth banding in
the darker domains that becomes less distinct or disappears in bright domains. In
some samples the bright domains clearly cut across this banding and locally the

bright domains are seen to follow micro-cracks in enamel.

A total of 116 in situ SIMS analyses were made with an average of four spot-
analyses per sample (Table 1, App. 1). Post analysis imaging revealed
irregularities for 13 analysis pits (identified in App. 1) and 103 analyses are
deemed reliable. For comparison, the previously published values of §'80, §'3C
and 8Sr/%8Sr are also reported in Table 1. It is important to keep the scale of the
photos in mind. The samples analyzed by SIMS were sputtered from pits

measuring ~10 um in diameter by 1 um deep; the sputtered enamel weighed ~1
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ng. In contrast, the published acid-extraction §'80 values came from samples
more than 107 times larger; powdered volumes of tooth enamel were greater
than a few mm?3 and weighed 10-100 mg. The values of §'80 measured by both
techniques are shown in figures 5 and 6. The in situ SIMS analysis spots
targeted both bright- and dark-CLFM domains in each tooth. The §'80 values of
bright-luminescing domains average +16.6%. VSMOW and are consistently lower
than values for the dark domains that average +17.4%o (Fig. 5a). On average this
difference is 0.8%o, but the difference is significantly greater, up to 2.7%., for

some domains.

Fig. 5. Oxygen isotope ratios measured in 23 samples of tooth enamel by acid extraction of
powder and in situ by SIMS (secondary ion mass spectrometry). (a) In situ analyses of
altered domains fluorescing brightly vs. those with dark or growth-zoned fluorescence. (b) In
situ analyses of dark domains vs. data measured by acid-extraction of the carbonate apatite
component of enamel.

The 5'80 values for the dark-CLFM domains by SIMS average 9.2%o lower than
the acid-extraction analyses because the in situ analyses include all sources of
oxygen from each pit, which includes the phosphate, carbonate, and hydrous
components of enamel, while the acid analyses only sample oxygen bonded as
COs3?% in carbonate-apatite, which typically amounts to only a few wt.% of the total
oxygen. It is important to remember that the SIMS §'80 data are not expected to
match the 5’80 of the acid-extracted COs, which is different than bulk O
(measured by SIMS) due to a different bonding environment of POs* vs. CO3%

and possibly due to different rates of alteration.
Discussion

The primary goal of this study is to image tooth enamel samples from Tollense at
high magnification and use in situ oxygen isotope analysis by SIMS to determine
if the enamel is homogeneous in oxygen isotope ratio and, if not, the cause(s) of
variability. Next, we discuss five representative samples (Figure 4). Each sample
is shown with matching images by SEM-SE and by CLFM. The locations of SIMS
pits are illustrated with solid red ovals. A few irregular analysis pits are shown
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with open black ovals.

Sample F6811. Figure 4b shows a dramatic contrast between the bright and dark
areas in enamel fragments. There is no comparable difference in the SE image
(4a), except that there are more small cracks in the bright-CLFM domain (white
lines) in 4a than in 4b (dark lines). Semi-quantitative SEM-EDS analysis of
elemental composition (black dots, Fig 4a) consistently shows that [Cl] is below
detection in the dark domains and ~0.4 wt.% ClI in the bright domains. A number
of SIMS measurements were made on this piece, both in the bright area and in
the dark, presumably unaltered, zone. Four SIMS measurements of §'80 in the
bright zone average 18.0 %0 VSMOW, while the five measurements in the dark
zone average 19.7 %o0. Two analyses are on a visible crack rimmed by bright
luminescence (black ovals in Fig. 4b); one gave an unusually low §'80 value of
13.2 %o. It is not certain if this value represents extreme alteration or if the
analysis is biased by the irregular location. These two low values are not

included in subsequent discussion.

Sample F9380. Figures 4c,d. The brightly luminescing domain cuts across
growth bands. A portion of the left side of the sample in Fig. 4c is covered by a
thin layer of epoxy that is darker by SE; this dark feature is not seen in the
matching CLFM image (Fig. 4d) because the epoxy is transparent to visible light.
Small white spots in the SE image are caused by charging at chips in the
surface. Two SIMS measurements of 3'80 in the bright zone average 14.9 %o

VSMOW, while the two measurements in the dark zone average 16.0 %eo.

Sample F9382. Figures 4e,f. Two SIMS measurements of 5'80 in the cross-
cutting bright zone average 16.4 % VSMOW, while the two measurements in the

dark zone average 16.6 %o.

Sample F9386. Figures 4g,h have three values in the bright area that surrounds
the growth-zoned dark domain that was analyzed twice. Irregularly shaped white
areas in the SE image are residual gold coat. The pits from two other analyses in

the bright domain are irregular in appearance and these data are considered
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unreliable (black ovals in Fig. 4h). The three values in the bright area are variable
and average 5'80 = 14.8 %o.. The two values in the dark zone are the same within

uncertainty and average 15.7 %o.

Sample F6794. Figures 4i,j show two measurements in the bright area and two in
the dark zone. The bright areas that are seen around the outer-edges of the
enamel in CLFM are thicker than the thin white lines seen in SE that result from
edge-effects. The boundaries between light and dark in CLFM are diffuse and
extend along cracks into the interior of the sample. Values for §'®0 are similar in
the dark zone (average = 15.7 %o) vs. the bright zone (average = 15.5 %o). The

small sphere on the left of this photo is an air bubble in the epoxy.

The outer portions of enamel in all of these examples and others in Appendix 2
are brighter by CLFM. The bright domains correlate to lower §'®0 by SIMS and
increased [CI] in the one sample that was analyzed. They contain more fine
cracks and appear to cut into dark domains along cracks. The cross-cutting
relations revealed by CLFM clearly show that the bright domains formed after the
growth banding in tooth enamel. We interpret these results to demonstrate that
the bright-CLFM domains were altered post-mortem while the samples were
exposed to the organic-acid-rich groundwaters or stream water at Tollense. The
evidence of this alteration and if it affects the isotopic or chemical composition of
enamel was not known at the start of the study. We emphasize that alteration
affects the phosphate components of the enamel and not just carbonate.
Samples of tooth enamel from the last 100,000 years have typically been
assumed to be pristine. Similar altered textures were observed in significantly
older (4 Ma) teeth from Allia Bay, Kenya by SEM-CL (Schoeninger et al. 2003)
and by CLFM (Beasley 2016). To our knowledge, this is the first report of such

alteration in younger samples.

It is tempting to calculate the conditions of alteration based on the new SIMS
data. If enamel reached isotopic equilibrium with groundwater, then the

temperatures of exchange and the §'0 of the water would be constrained.
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However, the irregular variability of SIMS §'80 values measured in bright
domains shows that isotope equilibrium was not attained during the post-mortem
alteration. Furthermore, it's not presently known if the alteration is homogeneous
within the 10-um domains analyzed by SIMS, concentrated along grain
boundaries of apatite crystallites or possibly involves precipitation of new nm-size
phases (Gordon et al. 2015). Thus, while it's likely that water had a value near
average rainwater and that temperatures were in the range of 20°C, any

quantitative calculation of the process of alteration is speculative.

Plots of measured 580 values are enlightening. Figure 5a shows the relation of
average §'®0 for the dark domain of each sample vs. for the bright domain for the
20 samples that have data for both domains. Although some samples show little
difference, 50% of the samples differ significantly, and bright domains are
systematically lower in §'80 by up to 2.7%.. Clearly, the alteration of 5'80 has
heterogeneously lowered the §'80 of bright domains in tooth enamel. It is likely
that the intensity of alteration is affected by the local environment of burial,
including depth, soil type, saturation of sediments, mixture of soil water vs. river
water, and temperature. The values of §'80 for apparently unaltered dark
domains correlate well with the values of carbonate-apatite measured by acid
extraction of bulk powders (Fig. 5b). However, the slope of this correlation is not
one to one. The dark domains show a greater range (4.6 %o) than the range of
bulk analyses (3.1 %o). Presumably the conventional analysis of large powdered
samples has averaged the altered and the pristine domains and the in situ SIMS

analysis reveals a more accurate value for the pre-mortem tooth.

Figure 6 plots 580 vs. 87Sr/88Sr in three graphs. Fig. 6a shows §'80(EC) for bulk
samples of tooth enamel reacted with phosphoric acid (Price et al. 2017). Figures
6b and 6¢ show the in situ SIMS data for the unaltered dark and the altered
bright domains, respectively. The SIMS data for unaltered spots show the largest
range and tightest fit to a line. The SIMS data for altered spots show more
scatter. Both the conventional acid extraction data and the unaltered SIMS data

from tiny spots indicate a correlation between §'80 and the strontium isotope
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ratios which fits with a more northerly origin for some of the participants in the

battle at Tollense.

Fig. 6. Values of 5'%0 measured in bulk by acid dissolution and in situ by SIMS, plotted against
87Sr/B8Sr ratios for the same samples: (a) conventional measurement using phosphoric acid

and gas-source mass spectrometry, (b) SIMS measurement of dark-CLFM, unaltered areas
in enamel, (¢) SIMS measurement of bright-CLFM, altered areas in human tooth enamel.

Conclusions

It is clear that the tooth enamel in this study was diagenetically altered as
chemical changes can be seen in the prepared, polished samples. Domains that
luminesce brightly by CLFM are concentrated in the outer parts of enamel that
were exposed to groundwater, are chemically changed and have systematically
lower oxygen isotope ratios than the darker interior enamel, which appears
unchanged or less altered. Thus, diagenetic alteration can be documented in
phosphate portions of enamel that is less than 4000 years old and has been
waterlogged for most of its depositional history. Only the in situ 5'80 data for the
dark CLFM domains are truly accurate for proveniencing. It is important to note
that these diagenetic changes are relatively small in the samples examined from
Tollense and may contribute less than half of the overall variability that is
witnessed in oxygen isotope proveniencing by bulk analysis. It is also important
to remember that preparation of sample powder has the effect of mixing altered
and unaltered domains prior to analysis. It is the case that diagenesis would not
have affected our conclusions in the original investigation of Tollense. However,
other samples from other localities may experience more substantial alteration. It
cannot be assumed that the carbonate or the phosphate components of tooth

enamel are pristine in buried samples without independent verification.
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Table 1. Values measured for §'3C and §'®0 for the human enamel samples
from Tollense using both conventional and SIMS methods. Carbon and oxygen
isotope ratios from the original study (Price et al. 2017) were measured using
conventional methods, described earlier.

Fig. 1. The Tollense Valley in northeast Germany and the distribution of Bronze
Age finds.

Fig. 2. Find layer with human skeletal remains during excavation at site of
Weltzin 20.

Fig. 3. An isoscape for 1991 average annual rainfall '®Ovsmow values in
Germany (Tutken et al. 2004). The map also shows the location of the Tollense
sites in northeast Germany.

Fig. 4. Matching images by SEM-SE (scanning electron microscopy- secondary
electrons) and CLFM (confocal laser fluorescent microscopy) of five samples of
tooth enamel from Tollense showing oxygen isotope values (VSMOW) measured
in situ from 10 um spots (red dots) by SIMS (secondary ion mass spectrometry).
Open black circles are irregular SIMS pits (see text). Black dots are spots from
SEM-EDS. The bright domains by CLFM contain elevated [CI]. Note that some
areas covered by epoxy fluoresce by CLFM and are outlined in white in SE
images. Chips and cracks in SE are sometimes white due to charging. (a,b)
Sample F6811. (c,d) Sample F9380. (e,f) Sample 9382. (g,h) Sample F9386.
(i,j) Sample F6794.

Fig. 5. Oxygen isotope ratios measured in 23 samples of tooth enamel by acid-
extraction of powder (bulk carbonate) and in situ by SIMS (secondary ion mass
spectrometry). (a) In situ analyses of altered domains fluorescing brightly vs.
those with dark or growth-zoned fluorescence. (b) /n situ analyses of dark
domains vs. data measured by acid-extraction of the carbonate apatite
component of enamel.

Fig. 6. Values of 5'80 measured in bulk by acid dissolution and in situ by SIMS,
plotted against 8Sr/%Sr ratios for the same samples: (a) conventional
measurement using phosphoric acid and gas-source mass spectrometry, (b)
SIMS measurement of dark-CLFM, unaltered areas in enamel, (¢) SIMS
measurement of bright-CLFM, altered areas in human tooth enamel.
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Figure 4

Red spots are SIMS analysis spots (pits are only ~10um diameter)
Black dots are damage from EDS. Bright domain contains elevated Chlorine















TABLE 1: Sr, C, and O-isotope data for Tollense tooth enamel
Sample # ¥Sr/%sr 813C(ca rb) Ave. 8180(carb) Ave. SIMS §'%0 Ave. SIMS &*
Phosphoric Phosphoric dark CLFM zones bright CLF
Price 2017 Price 2017 Price 2017 This Study This S
%o PDB %0 SMOW %0 PDB %0 SMOW %0 PDB n %o SMOW
F6794 0.707422 -7.74 25.40 -5.34 15.7 -14.1 2 155
F6796 0.710968 -8.19 26.57 -4.21 16.7 -13.1 2 16.1
F6797 0.708580 -8.85 25.31 -5.43 16.1 -13.7 3 15.6
F6798 0.715014 -5.77 26.06 -4.70 17.7 -12.1 7 16.7
F6802 0.709184 -9.02 26.08 -4.69 17.0 -12.8 2 14.3
F6805 0.711513 -10.81 26.08 -4.68 16.9 -12.9 2 16.0
F6806 0.709464 -11.61 25.95 -4.81 16.1 -13.6 1 15.3
F6808 0.713669 -5.80 26.90 -3.88 17.8 -12.1 3
F6809 0.709786 -10.58 25.21 -5.52 16.0 -13.7 3 15.2
F6810 0.711619 -10.69 25.47 -5.28 16.4 -13.3 3 15.9
F6811 0.712930 -13.48 27.90 -2.92 19.7 -10.2 5 18.0
F6812 0.708356 -10.25 25.53 -5.21 16.6 -13.2 2
F6813 0.710909 -9.60 24.66 -6.06 14.9 -14.8 3 14.5
F8412 0.712860 -6.23 25.85 -4.91 16.7 -13.1 2 16.7
F8414 0.712859 -7.78 26.10 -4.66 17.1 -12.7 2
F9374 0.710681 -9.86 25.02 -5.71 16.3 -13.4 2 16.3
F9376 0.710759 -9.87 25.50 -5.24 16.4 -134 2 16.1
F9377 0.709724 -9.14 25.22 -5.52 16.5 -13.3 2 16.6
F9378 0.710162 -12.38 26.57 -4.21 17.5 -12.3 2 17.4
F9380 0.709325 -7.85 25.10 -5.64 16.0 -13.7 2 14.9
F9382 0.708125 -7.59 25.99 -4.77 16.6 -13.2 2 16.4
F9385 0.709516 -9.89 25.26 -5.48 16.2 -13.6 3 14.9
F9386 0.708254 -9.27 24.85 -5.87 15.7 -14.0 2 14.8

Sample #'s are the same as in Price et al., 2017.
CLFM = Confocal laser fluorescence microscopy
Phosphoric = Conventional analysis of carbonate component of bulk apatite in enamel by acid digestion.

(from Price et al., 2017)
SIMS 60 spot analysis (~10um spot) reflects oxygen in phosphate, OH and carbonate component of a
n = number of spot analyses
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