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A B S T R A C T   

Isotope ratio analyses of trace elements are applied to tooth enamel, ostrich eggshell, and other archaeological 
hard tissues to infer mobility and other aspects of hominin and animal paleoecology. It has been assumed that 
these highly mineralized tissues are resistant to diagenetic alteration, but this is seldom tested and some studies 
document diagenetic alteration over brief time spans. Here, we build on existing research on Maximum 
Threshold Concentrations (MTCs) to develop screening tools for diagenesis that can inform heavy isotopic an-
alyses. The premise of the MTC approach is that archaeological tissues are likely contaminated and unsuitable for 
isotope ratio analysis when they exceed characteristic modern concentration ranges of trace elements. 
Furthermore, we propose a new metric called the Maximum Threshold Ratio (MTR) of 85Rb/88Sr or whole 
element Rb/Sr, which can be measured simultaneously with 87Sr/86Sr during laser ablation (LA) MC-ICP-MS or 
applied during post hoc screening of specimens. We analyzed 56 enamel samples from modern Kenyan mammals 
and 34 modern ostrich eggshells from South Africa, Namibia, and the United States by solution ICP-MS, as well as 
a subset of shells using LA-MC-ICP-MS. Our results indicate that thresholds are consistent across taxa at a single 
location, but likely vary across locations. Therefore, MTCs and MTRs need to be tissue and locality specific, but 
not necessarily taxon-specific. Other important differences are observed between the inner and outer surfaces of 
the eggshells and between LA and solution ICP-MS. This exploratory study provides guidelines for building 
reference thresholds to screen enamel and eggshell for diagenesis potentially impacting biogenic isotope ratios.   

1. Introduction 

Isotopic analysis of trace elements (e.g., Sr, Pb, Zn, Cu, Mg) of tooth 
enamel is an increasingly common strategy to reconstruct diet, mobility, 
ecology and physiology of ancient organisms (Bentley, 2006; Jaouen 
et al., 2016; Martin et al., 2017; Samuelsen and Potra, 2020). The key 
prerequisite to such studies is that fossil tissues must preserve biogenic 
chemical signals without post-depositional contamination or alteration. 
Rapid (months to years) diagenetic alteration leading to the overwriting 
of biological signals with the geogenic ones from the depositional 
environment is well documented for bone and dentin (Keenan and 
Engel, 2017; Nelson et al., 1986; Reynard and Balter, 2014; Trueman 

et al., 2004). The main process responsible for the uptake of trace ele-
ments in deposited hard tissues is the flow of soil pore-water through the 
tissue, leading to the dissolution of the smaller crystallites and the 
redeposition of calcium carbonate onto the larger crystallites (a process 
known as Ostwald ripening), thus incorporating trace elements present 
in the pore-water (Trueman et al., 2004). This process is favored by the 
decay of the organic matrix that opens new spaces for the flow of pore- 
water. Therefore, the highly mineralized tooth enamel (<1% organic 
material; Hillson, 2005) is assumed to be resistant to diagenetic alter-
ation (Lee-Thorp and van der Merwe, 1991; MacFadden et al., 2010), 
especially if appropriate pretreatment is enacted (Wathen et al., 2022). 
However, a handful of studies have shown that enamel can be 
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diagenetically altered and, critically, this does not appear to be simply a 
consequence of time spent in the burial environment (Chiaradia et al., 
2003; Giovas et al., 2016; Hinz and Kohn, 2010; Kohn et al., 1999). The 
outermost ~100 μm of enamel in contact with the environment as well 
as the enamel in direct contact with the dentin are particularly prone to 
diagenetic alteration (Bourgon et al., 2020; Weber et al., 2021). The 
implications of these studies are far-reaching because a vast corpus of 
work rests on the assumption that tooth enamel is resistant to diagenetic 
transformations and faithfully preserves biogenic elemental and isotopic 
signals. Similarly, heavy isotope analysis of ostrich eggshell (OES) is an 
emerging area of archaeometric research for provenience determination 
and chronometric dating (e.g., Hodgkins et al., 2018; Loewy et al., 2020; 
Sharp et al., 2019; Stewart et al., 2020). However, OES can be altered 
through uptake of elements from the burial environment (e.g., uranium; 
Sharp et al., 2019) and measurements can be affected by the accumu-
lation of microscopic detritus in pore spaces (Loewy et al., 2020). 
Therefore, developing reliable methods for detecting post-depositional 
diagenetic alteration to the elemental composition of OES is of critical 
importance for future studies. 

Our approach to developing diagenesis detection methods for 
enamel and OES was two-fold. First, we sought to calculate Maximum 
Threshold Concentrations (MTCs) for trace elements measured by 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), directly 
following Grimstead et al. (2018) and Kamenov et al. (2018), and earlier 
work by Reynard and Balter (2014). Secondly, we used data collected 
during strontium isotope ratio analysis by Laser Ablation-Multi Collector 
(LA-MC)-ICP-MS, the 85Rb/88Sr ratio, to determine if this represents a 
viable additional proxy for diagenesis. The rationale underlying the 
MTC approach is that by measuring the concentrations of various ele-
ments in modern specimens that are ostensibly free of diagenetic alter-
ation, we can generate expectations for the concentrations of these same 
elements in ancient specimens. Many of these elements are rare in 
biogenic apatite (or calcite for OES), but common in the burial envi-
ronment. If these thresholds are exceeded, the specimen has probably 
taken up geogenic contaminants and may be unsuitable for isotope 
analysis (Kamenov et al., 2018). Thus, this approach differs from the 
monitoring of trace element concentrations in fossil enamel alone (i.e., 
without comparison to a modern reference set) which is already part of 
some analytical protocols (e.g., Kowalik et al., 2020, 2023; Kubat et al., 
2023, Rey et al., 2022). 

The premise of the rubidium-strontium ratio approach is as follows. 
While strontium readily substitutes for calcium in biogenic apatite and 
calcite due to their similar ionic radii (Pollard et al., 2007), rubidium 
similarly substitutes for potassium. In a Ca-dominated matrix like 
enamel or OES, rubidium concentrations are thus expected to be small in 
comparison to strontium. Isobaric interference by calcium and rubidium 
during radiogenic strontium ratio measurement is a routinely encoun-
tered issue but sample preparation (ion chromatography) and data 
processing (interference corrections including considerations for 
instrumental mass fractionation) procedures take this into account 
(Horsky et al., 2016; Irrgeher et al., 2013). Mass-to-charge ratio (m/z) 85 
is typically monitored in order to use the measured 85Rb signal and the 
natural 85Rb/87Rb ratio to correct for interference on m/z 87 (e.g., 
Copeland et al., 2016). M/z 88, the most abundant isotope of strontium, 
is measured as an indicator signal strength during instrument tuning and 
data collection. In light of the expected low concentration of rubidium 
relative to strontium in enamel and OES, and the already routine 
collection of m/z 85 and 88 data, it occurred to us that elevated 
85Rb/88Sr ratios in archaeological specimens could serve as an addi-
tional proxy for diagenesis. This approach is applicable to LA-MC-ICP- 
MS of solid samples that have not been subjected to ion chromatog-
raphy to remove calcium, rubidium, barium and other interfering ele-
ments prior to analysis, or to solution MC-ICP-MS samples prior to ion 
chromatography. If effective, the 85Rb/88Sr diagenesis proxy has the 
potential to permit identification of post-depositional alteration without 
separate solution ICP-MS or LA-ICP-MS analysis specifically for this 
purpose. For samples measured by ICP-MS, we calculated whole element 
Rb/Sr instead, following the same logic. 

2. Materials and methods 

2.1. Measuring elemental concentrations in modern enamel 

Our modern sample of ostensibly unaltered enamel includes 56 in-
dividual mammals from several localities in southern Kenya, housed at 
the Yale Peabody Museum of Natural History (New Haven, CT, USA). 
The sample (see Supplementary Online Materials [SOM] 1) includes 6 
dietary categories (grazers = 15, browsers = 26, mixed feeders = 4, 
frugivorous bovids = 1 [hereafter grouped with the browsers], carni-
vores = 6, omnivorous suids = 4; bovid dietary categories after Gagnon 
and Chew, 2000, as amended by Cerling et al., 2003; Sponheimer et al., 
2003) and 25 different species. We hypothesized that dietary category 
might influence trace element concentrations in enamel (Balter et al., 
2002, 2012; Kubat et al., 2023). 

Teeth were drilled along the crown using diamond-coated tungsten 

Table 1 
Representative instrument parameters used during LA-MC-ICP-MS data 
collection.  

ESL193 Laser Ablation System Neptune MC-ICP-MS 
Pattern Scan line Plasma power 1270 W 
Spot size 65 µm Sample gas 0.751 L/ 

min 
Scan line length ~1200 µm (1.2 

mm) 
Auxiliary gas 0.85 L/min 

Fluence 2.15 J/cm2 Cool gas 17 L/min 
Scan speed 10 µm/sec Resolution Low 
Repetition rate 20 Hz Dwell time per 

channel 
~0.1 sec 

Carrier gas flow 
rate 

0.5 L/min He Integration time ~1.0 sec 

Gas blank duration ~30 s Cycle time ~10 s 
Ablation duration ~120 s Cycles/block 12 cycles  

Table 2 
MTCs calculated from enamel of 56 modern Kenyan mammals. *Provided MTC 
is the reporting limit because there were no > RL observations.   

n >
RL 

Max 
(ppm) 

Mean 
(ppm) 

St Dev 
(ppm) 

MTC1 
(ppm) 

MTC2 
(ppm) 

Al 56 325.8 55.7 59.5  444.8 174.7 
Ca 56 598,740 290,547 122675.6  844091.6 535898.4 
Ti 55 249.5 7 33.5  316.5 74 
V 53 1.2 0.3 0.3  1.8 0.9 
Cr 40 261.8 10.6 45.3  352.4 101.2 
Fe 55 1825 185 342.3  2509.6 869.9 
Rb 51 1.3 0.2 0.2  1.7 0.6 
Sr 56 1036 417 284  1603.6 985 
Y 29 1.4 0.2 0.2  1.8 0.6 
Ba 56 609.9 60.9 96.4  802.7 253.7 
La 29 1.3 0.2 0.3  1.9 0.8 
Ce 38 5.8 0.6 1  7.8 2.6 
Pr 6 0.2 0.1 0.1  0.4 0.3 
Nd 27 0.8 0.2 0.2  1.2 0.6 
Sm 4 0.2 0.2 0.1  0.4 0.4 
Eu 2 0.1 0.1 0  0.1 0.1 
Gd 3 0.2 0.1 0.1  0.4 0.3 
Dy 3 0.2 0.1 0.1  0.4 0.3 
Ho 0 <RL NA NA  0.1* 0.1* 
Er 1 0.1 0.1 NA  0.1 0.1 
Tm 0 <RL NA NA  0.1* 0.1* 
Yb 1 0.1 0.1 NA  0.1 0.1 
Lu 0 <RL NA NA  0.1* 0.1* 
Hf 1 0.1 0.1 NA  0.1 0.1 
Tl 0 <RL NA NA  0.1* 0.1* 
Th 7 0.1 0.1 0  0.1 0.1 
U 3 0.1 0.1 0  0.1 0.1  
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burrs mounted on a Manipro™ tool. Before each sampling event, the 
burr was immersed in 0.1 M HCl for a few seconds to remove residues 
from previous samples, then sonicated in ultrapure water. Here and 
throughout, when we refer to ultrapure water, we refer to Milli-Q Direct 
Type 1 water with >18.0 MΩ•cm resistivity. At least 2 mg of powdered 
enamel (free of any dentine) from each sample were transferred to an 
acid-cleaned PFA beaker (Savillex™), capped and dissolved overnight in 
1 ml 6.2 M double distilled HCl at 120 ◦C. After the addition of two drops 
of 30% H2O2 the samples were dried down and acidified in 1.5 ml 5% 
HNO3 spiked with indium for instrumental normalization. Here and 
throughout, when we refer to HNO3 we refer to acid that has been 
double distilled in-house. We measured several isotopes (m/z ratios; see 
SOM 2) on a magnetic sector ThermoScientific Element XR ICP-MS at 
the Yale Metal Geochemistry Center and hereafter report whole element 
concentrations of Al, Ca, Ti, V, Cr, Fe, Rb, Sr, Y, Ba, La, Ce, Pr, Nd, Sm, 
Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf, Tl, Th and U. Since the goal is to 
measure trace element uptake, samples did not undergo ion chroma-
tography (the same applies to OES below). Calibration is based on a 
series of dilutions of a primary in-house carbonate reference material. 
Quality control/quality assurance was maintained through analyses of 
secondary reference materials BHVO-2, SBC-1, COQ-1 and an in-house 
matrix-matched modern cow (Bos taurus) enamel reference material. 

2.1.1. Measuring elemental concentrations in modern ostrich eggshell 
(OES) 

Our sample of modern ostrich eggshell specimens is composed of 
three assemblages: 20 eggshells collected as fragments from abandoned 
wild ostrich nests in the Namibian Kalahari Desert, 12 eggs collected as 
fragments from abandoned wild nests on the south coast of South Africa, 
and 3 eggs provided as large fragments by the Rooster Cogburn Ostrich 
Ranch in Picacho, Arizona, USA. All specimens were from the ostrich 
subspecies Struthio camelus australis (Gurney 1868). These assemblages 
were acquired as part of a separate method development project about in 
situ radiogenic strontium isotope ratio analysis of OES using LA-MC-ICP- 
MS and were repurposed after that work was completed. 

Data collection for the first approach, measurement of multiple trace 
elements in OES to calculate MTCs, was done using solution quadrupole 
ICP-MS with a ThermoScientific iCAP Q instrument at the Arizona State 
University (ASU) Metals, Environmental, and Terrestrial Analytical 
Laboratory (METAL). Initial sample preparation was undertaken in the 
School of Human Evolution and Social Change (SHESC) Archaeological 
Chemistry Laboratory. Each OES specimen for analysis was manually 
cleaned of organic debris (e.g., soil, plant matter, and shell membrane, if 
present) and subjected to two 30-minute periods of ultrasonic cleaning 
in acid-cleaned glassware filled with ultrapure water. Water in each 

Fig. 1. MTC1 and MTC2 calculated for enamel from modern Kenyan mammals (ThermoScientific Element XR measurements). Missing data points denote elements 
for which no MTCs could be calculated because all measurements were below reporting limits. Elemental abundances are normalized to CI chondrite. Note that the y- 
axis is base10 logarithmic. The tight values and small variation in Ca and Sr are driven by stochiometric constraints in carbonate-substituted hydroxyapatite. 
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vessel was replaced between consecutive cleaning periods and OES 
specimens were then air dried in a 40 ◦C drying oven. After drying, 
material for digestion and analysis was removed separately from the 
inner and outer surface of each shell specimen using a diamond-coated 
burr mounted on a Dremel™ rotary tool. Different burrs were used for 
the inner and outer surface and all burrs were sonicated in ultrapure 
water followed by a final methanol rinse between uses. For the outer 
surface, we took care to avoid drilling in or near shell pores visible to the 
unaided eye. For the inner surface, the specimen was abraded indis-
criminately. Between 50 and 90 mg of powdered shell were collected 
from each specimen surface. 

Each powder sample was digested in 4 ml 2 M HNO3 in acid-cleaned, 
capped, PFA beakers (Savillex™) at 120 ◦C for four hours to yield a 4 ml 
stock solution. Shell sample and reagent mass were recorded to 0.0001 g 
and used to calculate a dilution factor for the stock solution. A 0.53 ml 
aliquot of stock solution was pipetted into a metal-free centrifuge tube 
and diluted to 15 ml using 0.32 M HNO3. Aliquot and acid mass were 
again recorded and used to calculate a second dilution factor. The final, 
overall dilution factor for each specimen ranged from 4400 to 5400×. 

Each dilute aliquot was analyzed for trace elements using a Ther-
moScientific iCAP Q (single quadrupole) ICP-MS in Kinetic Energy 
Discrimination (helium KED) mode. This configuration attenuates the 
high-intensity calcium signal of the matrix and mitigates polyatomic 

interferences. Prior to beginning analysis of OES solutions, a 500 ppm 
calcium solution was run for ~30 min to condition the instrument and 
mitigate fluctuations in plasma suppression during the subsequent an-
alyses. Calibration used a multi-element external calibration solution 
formulated from single element, NIST-traceable, solution reference 
materials spiked with calcium to matrix-match the OES solutions. Spikes 
for normalization included 45Sc, 72Ge, 89Y, 115In, and 209Bi and were 
introduced online during analysis. These methods are common to all 
three OES assemblages. However, the analytes measured differ because 
this part of the project evolved from routine quality control measure-
ments undertaken as part of the ASU METAL standard operating pro-
cedure for 87Sr/86Sr measurement. For analyte lists see SOM 3. 
Hereafter, concentrations are reported for whole elements. External 

Fig. 2. Whole element Rb/Sr in enamel from modern Kenyan mammals (ThermoScientific Element XR measurements).  

Table 3 
Elemental MTCs calculated from 20 wild-collected Namibian Kalahari ostrich 
eggshells (40 sub-samples total). *Provided MTC is the reporting limit because 
there were no > RL observation.  

Element n >
RL 

Max 
(ppm) 

Mean 
(ppm) 

St Dev 
(ppm) 

MTC1 
(ppm) 

MTC2 
(ppm) 

V 2 0.1 0.08 0.01 0.12 0.11 
Mn 10 45 17 14 74 46 
Fe 40 67 9 12 92 34 
Ce 5 0.23 0.11 0.07 0.37 0.24 
Nd 2 0.1 0.1 0 0.1 0.1 
Dy 1 0.01 0.01 0 0.01 0.01 
Yb 0 <RL <RL NA 0.05* 0.05* 
Th 24 0.52 0.04 0.1 0.72 0.24 
U 6 0.051 0.025 0.016 0.083 0.057  

Table 4 
Elemental MTCs calculated from 12 wild-collected South African ostrich egg-
shells (24 sub-samples total). *Provided MTC is the reporting limit because there 
were no > RL observations.  

Element n >
RL 

Maximum 
(ppm) 

Mean 
(ppm) 

St Dev 
(ppm) 

MTC1 
(ppm) 

MTC2 
(ppm) 

V 1 0.06 0.06 0 0.06 0.06 
Mn 0 <RL <RL NA 5* 5* 
Fe 24 46 8 10 66 27 
La 2 0.06 0.05 0.01 0.07 0.06 
Ce 3 0.1 0.09 0.01 0.11 0.1 
Pr 2 0.013 0.011 0.002 0.016 0.015 
Nd 0 <RL <RL NA 0.1* 0.1* 
Sm 3 0.01 0.01 0 0.01 0.01 
Eu 0 <RL <RL NA 0.005* 0.005* 
Gd 3 0.01 0.01 0 0.01 0.01 
Tb 0 <RL <RL NA 0.005* 0.005* 
Dy 2 0.01 0.01 0 0.01 0.01 
Ho 0 <RL <RL NA 0.005* 0.005* 
Er 0 <RL <RL NA 0.05* 0.05* 
Tm 0 <RL <RL NA 0.005* 0.005* 
Yb 0 <RL <RL NA 0.05* 0.05* 
Lu 0 <RL <RL NA 0.005* 0.005* 
Hf 24 0.49 0.05 0.1 0.68 0.24 
Pb 7 0.17 0.08 0.04 0.25 0.16 
Th 3 0.01 0.01 0 0.02 0.01 
U 6 0.021 0.013 0.006 0.033 0.025  
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calibration and internal standardization (normalization) were carried 
out using the ThermoScientific Qtegra software. 

2.1.2. Measuring Rb/Sr ratios by LA-MC-ICP-MS in modern OES 
In all three OES assemblages, Rb/Sr was calculated from the 

elemental concentrations measured in dilute aliquots by quadrupole 
ICP-MS as described above (see Section 2.1.1). Additionally, the isotopic 
signal intensity ratio 85Rb/88Sr was measured by LA-MC-ICP-MS only for 
the Namibian modern OES assemblage. After washing and drying (see 
Section 2.1.1), one fragment per shell was mounted with double-sided 
pressure sensitive adhesive tape on a glass microscope slide. Laser 
ablation was carried out with an Elemental Scientific NWR193UC (i.e., 
ESL193) 193 nm Excimer laser ablation system coupled to a Thermo-
Finnigan Neptune MC-ICP-MS. Prior to undertaking this project, optimal 
laser parameters were determined through several measurements of 
silicate glass (e.g., NIST SRM 610 and 612), matrix-matched calcium 
carbonate reference materials including USGS MACS-3 (Weber et al., 
2018), NanoSr (Weber et al., 2020), and JCp-1-NP (Jochum et al., 2019), 
as well as additional modern OES samples not reported in this manu-
script. These reference materials were not employed as calibrants for 
data reduction; rather, they only were used to determine the most 
effective laser settings for ablating OES and measuring Rb and Sr signals 
with low instrumental uncertainty. Ultimately, ablation and measure-
ment of OES specimens were carried out using the parameters in Table 1. 
Processing of raw signal intensity data was carried out using the Iolite v4 
(Elemental Scientific Lasers) software application, with the Baseline 
Subtract data reduction scheme. This simply calculates the average pre- 
ablation “gas blank” signal intensity for each analyte and subtracts it 
from average signal intensity calculated during the ablation period. The 

85Rb/88Sr signal intensity ratios from LA-MC-ICP-MS reported here are 
thus only corrected for background signal and not for mass 
fractionation. 

2.2. Calculation of maximum threshold concentrations and ratios 

In the following section we refer to two variations of the maximum 
threshold concentration and the maximum threshold ratio (MTR). As 
mentioned above, MTRs are most relevant to LA analyses of solid sam-
ples, but are applicable to solution samples as well. MTC1 and MTR1 are 
calculated with the approach used by Kamenov et al. (2018): for each 
element the threshold is defined as the maximum value (elemental 
concentration or ratio) measured in a set of modern, unaltered samples, 
plus two times the standard deviation in the applicable data set: 
MTC(orMTR)1 = ModernMax+ 2xModernSTDEV 

Additionally, we propose the use of a more conservative threshold: 
MTC2 and MTR2. 
MTC(orMTR)2 = ModernMean+ 2xModernSTDEV 

By replacing the maximum concentration or ratio observed in the 
data set with the mean concentration or ratio, the resulting threshold 
value is based on a measure of central tendency rather than a single, 
potentially outlier, datum. We recommend the calculation of both 
thresholds to highlight cases where substantial disparities exist and 
require further investigation. 

For elemental MTCs, calculation of the threshold sometimes required 
the exclusion of individual results below the applicable Limit of Detec-
tion (LOD). LODs vary between instruments and even between analyt-
ical sessions with the same instruments. Therefore, to facilitate 
comparisons we adopt a more conservative Reporting Limit (RL), spec-
ified in SOM 2 and 3. MTCs were calculated using only >RL concen-
trations (counts are included in the tables). In all figures, MTCs have 
been normalized by dividing the concentration of each element by the 
concentration of the corresponding element in the CI chondrite (Lod-
ders, 2003) to account for the natural abundance of different elements in 
the environment and mitigate the confounding effect of the Oddo- 
Harkins rule (i.e., higher abundance of elements with even number of 
protons; Harkins, 1917). 

3. Results 

3.1. MTCs and MTRs in modern enamel 

Enamel MTCs determined from modern Kenyan mammals are re-
ported in Table 2 and Fig. 1 (complete results and descriptive statistics in 
SOM 2). A single sample (ABM 38) is an outlier with very low concen-
trations of all measured elements. Calcium content averages ~29% by 
weight (~33.6% in the cow enamel standard), which is within the 
~20–40% range reported for miscellaneous non-human mammals 
(Buddhachat et al., 2016; de Dios Teruel et al., 2015; Sato et al., 1995). 
No measurements were above the applicable RL for the elements hol-
mium, thulium, lutetium and thallium. In several cases, MTC1s are one 
order of magnitude higher than the more conservative MTC2s. When 

Table 5 
Elemental MTCs calculated from 3 farm-raised Arizona (USA) ostrich eggshells 
(6 sub-samples total). *Provided MTC is the reporting limit because there were 
no > RL observations.  

Element n >
RL 

Maximum 
(ppm) 

Mean 
(ppm) 

St Dev 
(ppm) 

MTC1 
(ppm) 

MTC2 
(ppm) 

V 0 <RL <RL NA 0.05* 0.05* 
Mn 2 10 8 3 15 13 
Fe 6 17 10.5 3 23 17 
La 0 <RL <RL NA 0.05* 0.05* 
Ce 2 0.07 0.06 0.01 0.09 0.08 
Pr 1 0.005 0.005 0 0.005 0.005 
Nd 0 <RL <RL NA 0.1* 0.1* 
Sm 0 <RL <RL NA 0.01* 0.01* 
Eu 0 <RL <RL NA 0.005* 0.005* 
Gd 0 <RL <RL NA 0.01* 0.01* 
Tb 0 <RL <RL NA 0.005* 0.005* 
Dy 0 <RL <RL NA 0.01* 0.01* 
Ho 0 <RL <RL NA 0.005* 0.005* 
Er 0 <RL <RL NA 0.05* 0.05* 
Tm 0 <RL <RL NA 0.005* 0.005* 
Yb 0 <RL <RL NA 0.05* 0.05* 
Lu 0 <RL <RL NA 0.005* 0.005* 
Hf 6 0.19 0.09 0.05 0.3 0.2 
Pb 6 0.21 0.13 0.05 0.31 0.22 
Th 6 0.06 0.03 0.02 0.1 0.07 
U 6 0.031 0.01 0.009 0.05 0.03  

Table 6 
Summary of the Rb/Sr measurements.   

Enamel Pooled OES Inner OES Outer OES 
Rb/Sr 85Rb/88Sr Rb/Sr 85Rb/88Sr Rb/Sr 85Rb/88Sr Rb/Sr 

n > RL 51 28 20 14 6 14 14 
Max 0.0034 0.0030 0.0020 0.0004 0.0014 0.0030 0.0020 
Mean 0.0006 0.0005 0.0005 0.0001 0.0003 0.0009 0.0006 
St Dev 0.0006 0.0007 0.0006 0.0001 0.0005 0.0008 0.0006 
MTR1 0.0047 0.0044 0.0031 0.0006 0.0024 0.0045 0.0031 
MTR2 0.0019 0.0019 0.0016 0.0003 0.0013 0.0025 0.0017  
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calculating MTCs for specific dietary categories, many elements are 
found in concentrations below the RL and therefore these more specific 
MTCs might be overly conservative until larger samples of modern 
enamel are included. Comparisons between dietary groups and with the 
pooled sample of modern Kenyan mammals clearly shows that 
elemental concentrations follow similar patterns across groups, with 
only minor differences in absolute concentrations and virtually no dif-
ferences in trends (Fig. 1). The only highly variable element is chro-
mium, which is elevated in browsers and might signal exposure to 
industrial pollutants (cf. Kamenov et al., 2018). As expected, Rb/Sr is 
consistently low at 10e−4 and 10e−5 (Fig. 2, Table 6). 

3.2. MTCs in modern OES 

We report elemental MTCs for the three modern OES assemblages in 
Tables 3–5 and Fig. 3 below (complete results and descriptive statistics 
in SOM 3). In the tables, we pool inner and outer shell measurements 
(reported separately in SOM 3). In the Namibian Kalahari assemblage 
(Table 3), most elements have a low fraction of significant (>RL) ob-
servations; consequently, the MTCs for these elements should be 
considered informational only. Only two measured elements in the 

Kalahari data set, iron and thorium, have greater than 50 % associated 
>RL observations. 

The South African and Arizona data sets, which were generated after 
the Kalahari data set, expanded the list of analyzed analytes from nine to 
21, predominantly through the addition of further Rare Earth Elements 
(REE). For the South African OES data set (Table 4), iron and hafnium 
have MTCs calculated from 100% >RL observations. All other elements 
yielded less than 50% >RL observations. Thorium only yielded 3 >RL 
observations (12.5%), in contrast to the Kalahari data set in which 
thorium yielded 60% >RL observations. Manganese is an additional 
contrast, with no >RL observations for South Africa versus 25% for the 
Kalahari data set. The Arizona OES data set (Table 5) is very small but 
can be used as a comparison to the wild-collected OES data sets. 
Consistently with the other assemblages, the Arizona OES showed no or 
very few >RL observations for most of the REEs measured. Iron, 
hafnium, lead, thorium and uranium yielded 100% >RL observations. In 
all data sets, iron is the element with the most >RL observations. 
Hafnium exhibited 100% >RL observations in the South African and 
Arizona data sets but was not measured in the Namibian assemblage. 
The proportion of >RL observations for thorium and uranium is incon-
sistent across data sets. 

Fig. 3. MTC1 and MTC2 calculated for modern OES from Arizona, Namibia and South Africa (ThermoScientific iCAP ICP-MS measurements). Missing data points 
denote elements for which no MTCs could be calculated because all measurements were below reporting limit or the corresponding analyte was not measured. 
Elemental abundances are normalized to the CI chondrite. Note that the analyzed elements are the same for the South Africa and Arizona data sets, while the Namibia 
Kalahari data set only includes nine of the 21 elements measured for the other data sets. 
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The difference between MTC1 and MTC2 varies across measured 
elements, from no difference to MTC1 being three times higher than 
MTC2. When comparing MTCs calculated for the inside and the outside 
of the OES (SOM 3), there is no pattern in which sub-sample type ex-
hibits higher concentrations of trace elements. 

In Fig. 4 and Table 6, we compare whole element Rb/Sr measured by 
solution ICP-MS and 85Rb/88Sr measured by LA-MC-ICP-MS for the 
Namibian OES assemblage (full results in SOM 3). As noted in the 
methods, the solution ICP-MS measurements are in the form of exter-
nally calibrated elemental concentrations calculated from the intensity 
signal for m/z 85 and 88, while the LA-MC-ICP-MS results are back-
ground corrected signal intensity ratios for m/z 85 and 88. Despite being 
an imperfect comparison, we chose to present the results in this format 
because they represent the way such data are likely to be collected in the 
context of 87Sr/86Sr analyses in an archaeological study. 

Both solution and laser ablation approaches yield similar results, 
although eight inner shell measurements by solution ICP-MS were below 
RL. Both techniques also yielded large standard deviations caused by 
outliers. MTR2 is about half of MTR1 in each sub-sample and in the 
pooled sample. 

4. Discussion 

This study implemented Kamenov and colleagues’ (2018) MTC1 
(modern max + 2 * STDEV) approach to a taxonomically diverse 
assemblage. We also explored the calculation of a more conservative 
MTC2 (modern mean + 2 * STDEV) which should not inevitably increase 
with increasing size of the modern sample from which the MTC is 
calculated. Each type of MTC has its strengths and weaknesses and we 
suggest considering both. MTC2 is less susceptible to outliers, but is 
limited by measurements below RL, while MTC1 is minimally affected 
by the latter but highly susceptible to outliers. Which MTC is best suited 
for any particular study also depends on how reasonable is the 
assumption that all modern reference specimens are in fact free of 
contaminants (e.g., industrial pollutants, museum conservation prod-
ucts). Furthermore, we developed MTCs specific to certain dietary cat-
egories and taxonomic groups, although at present their use is limited by 
small sample sizes. 

Overall, our results suggest that MTCs are consistent across taxa at a 
single locality (Fig. 1). Therefore, we propose that, when possible, re-
searchers measuring heavy isotope ratios in archaeological enamel or 
eggshell should consider analyzing modern specimens from the same 
locality to provide trace element threshold values for unaltered tissues. 

Locality-specific trace element baselines have been observed in the 

Fig. 4. 85Rb/88Sr and Rb/Sr measured on the inner and outer surfaces of the same ostrich eggshell fragments from Namibia by LA-MC-ICP-MS (ThermoFinnigan 
Neptune) and solution ICP-MS (ThermoScientific iCAP), respectively. Note that eight of the inner shell solution measurements were below detection level. 
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fossil record before. For instance, MacFadden et al. (2010) observed 
statistically distinct REE baselines across Late Cenozoic fossil sites in 
Florida and proposed that the locally-distinct chemistry of pore-waters 
had an effect on the uptake of REE in fossil specimens. Our results 
suggest that differences across localities may be recorded in-vivo as well. 
The modern sample need not be of the same taxa analyzed, which may 
be impractical or require special permits for studies that deal with wild 
taxa. We argue that it is desirable to develop more taxon-specific MTCs, 
but also maintain that our preliminary data suggest that understanding 
the spatial variability in trace element baselines has a larger impact than 
inter-taxonomic variation in trace element uptake. 

REE (i.e., the lanthanides: lanthanum [Z = 57] to lutetium [Z = 71]; 
as well as scandium [Z = 21] and yttrium [Z = 39]) are particularly 
scarce in biological hard tissues in vivo, but are quickly up-taken after 
deposition (Trueman et al., 2004). For this reason, they are considered 
indicators of diagenetic alteration (e.g., MacFadden et al., 2010, 
Kamenov et al., 2018). Our results support this, especially for the middle 
and heavy REE (from samarium [Z = 62] to lutetium), whose concen-
trations in modern specimens are often below RL. High concentrations of 
these elements in fossil specimens may signal important diagenetic 
alteration even in absence of formal MTCs. For heavily altered fossil 
bone, ΣREE are reported in the range of 10e2–10e5 ppm (e.g., Kocsis 
et al., 2010). In our set, ΣREELa-Lu did not exceed 10e1 ppm for enamel 
and 10e0 ppm for OES (Fig. 5). However, available case studies suggest 
that measuring multiple elements in addition to REE is warranted. For 
instance, Gatti et al. (2022) observed that a diagenetically altered bone 
had unusually low REE concentrations, perhaps because the burial 
environment was depleted in those, but the altered status of the spec-
imen was still reflected in high concentrations of uranium and stron-
tium. In some cases spikes in trace element concentrations in fossil 
enamel are not reflected in changes in 87Sr/86Sr (e.g., up to 1.3 ppm 
uranium in Kowalik et al., 2023). Therefore, exclusion of individual 

samples needs to be carefully considered on a case-by-case basis. 
Therefore, we argue that several trace elements should be measured 

in archaeological specimens prior to heavy isotope analysis even in the 
absence of formal MTCs. Thus, the specimens can be screened for 
diagenetic alteration post-hoc once formal MTCs become available. One 
further reason to build site-level databases of trace element concentra-
tions is that the preservation of the mineral fraction of skeletal elements 
is a viable proxy for the preservation of the organic fraction (Gatti et al., 
2022). This is now relevant to enamel as mineral-bound nitrogen is 
measured in fossil material (Leichliter et al., 2021). 

MTRs in enamel and OES are comparably low at 10e−4, suggesting 
that these levels may be typical of unaltered, biogenic hard tissues. 
These values are consistent with, and stricter than, conventional cutoffs 
adopted in the literature (e.g., Rb/Sr 0.02 in Irrgeher et al., 2016). The 
concentrations of strontium and rubidium should however be consid-
ered, otherwise a sample with low biogenic strontium may be mis-
interpreted as an outlier with high diagenetic rubidium. Concentrations 
of both strontium and rubidium relative to calcium vary with trophic 
level and feeding strategy through biopurification (Balter et al., 2002, 
2012; Kubat et al., 2023), but we observe unexpected highly consistent 
Rb/Sr across dietary categories in the enamel set (Fig. 2). MTRs 
measured in OES show greater dispersion and maximum values when 
measured in the outer shell than in the inner shell. One interpretation is 
that despite the premise that modern OES is unlikely to have been 
affected by chemical exchange with the environment after the eggs were 
laid, the outer surface has been impacted by diagenesis before the 
specimens were collected for study. This may be due to the outer shell 
having been in contact with soil immediately after the egg was laid, 
providing greater opportunity for chemical exchange relative to the 
inner shell. Additionally, the inner shell is covered by a membrane that 
may have shielded the calcium carbonate from direct contact with soil 
and other sources of rubidium after the egg hatched. It cannot be 

Fig. 5. ΣREELa-Lu (ppm) in modern enamel and OES. Specimens that yielded no observations > RL are not plotted.  
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discounted, however, that a process occurring during eggshell formation 
could have led to a greater biogenic rubidium concentration in the outer 
versus the inner shell. It seems therefore appropriate to generate MTRs 
(and MTCs) specific to the outer and the inner aspects of OES. Given our 
limited sample, it is not clear whether the method used to generate the 
reference set (solution ICP-MS vs. LA-MC-ICP-MS) has an ultimate 
impact on the applicability of the reference set, but the fact that several 
solution ICP-MS measurements were below detection limit warrants 
caution. A final factor to consider is the magnitude of sample and 
reference material dilution, which affects the LOD and should therefore 
be appropriately reported. Otherwise, differences across localities 
studied by different laboratories could be erroneously interpreted as 
baseline differences, while in reality they are artefacts driven by sys-
tematic differences in the way samples were diluted. 

5. Conclusions 

In this exploratory study, we assessed typical biogenic values for 
unaltered enamel and OES to determine markers of diagenetic alteration 
for use in isotopic analyses. We reached the following conclusions: 

1) Based on the OES assemblages we conclude that trace element con-
centrations vary depending on the provenience of the specimen; 
therefore, reference sets should be locality-specific. This is likely true 
for enamel as well. Taxon-specific reference sets, while desirable, are 
of secondary importance.  

2) In absence of formal MTCs, ΣREE in the order of 10e1 may serve 
tentatively as a cutoff for unaltered enamel and OES if other diage-
netic markers (e.g., uranium) are also low.  

3) MTRs in the order of 10e−4 seem typical of unaltered enamel and 
OES. For OES, it is appropriate to generate reference sets specific to 
the aspect (inner or outer) being measured. 
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