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Isotopic analysis is destructive and requires that a specimen retains its original (biogenic) chemical composition. A specimen's relative abundance of calcium and phosphorous (Ca/P) or carbonate and phosphate (CO3/PO4) is often used to assess preservation. If a specimen's Ca/P or CO3/PO4 is similar to modern specimens, a specimen's isotopic composition may be biogenic. However, most methods for measuring these proxies are destructive. Moreover the relationships between Ca/P, CO3/PO4 and isotopic preservation are poorly established. In this study, we assessed the ability of handheld X-ray fluorescence (hXRF) to non-destructively evaluate a specimen's preservation by characterizing the calcium to phosphorous ratio (Ca/P). We first established that surface Ca/P (Ca/Psurface) for modern specimens was consistent with expectations for unaltered bone (1.3–2.3). Several specimens had slightly larger ratios, suggesting the currently accepted range may need to be expanded. Second, we tested the ability of Ca/Psurface to detect alteration using twenty Quaternary mammal teeth from Big Bone Lick, Kentucky. Ten specimens had Ca/Psurface between 1.3 and 2.3 and ten had larger ratios, suggesting alteration. Because most methods measure Ca/P in powder (Ca/Ppowder), we compared Ca/Psurface, Ca/Ppowder, and the enamel subsurface (Ca/Psubsurface). With two exceptions, Ca/Psubsurface and Ca/Ppowder were below 2.3, regardless of Ca/Psurface, suggesting that Ca/Ppowder and Ca/Psubsurface underestimate alteration. We next compared Ca/Psurface, CO3/PO4, and carbon (δ13C) and oxygen (δ18O) isotope values for the fossil teeth. Fourteen specimens were identified as altered or unaltered by both proxies, but six specimens only had one altered proxy. Specimens with both proxies altered had lower, less variable δ13C values than specimens with both proxies unaltered. Median δ18O values were similar between these groups. Individuals with altered Ca/Psurface but unaltered CO3/PO4 isotopically resembled specimens with both proxies altered. Conversely, specimens with unaltered Ca/Psurface and altered CO3/PO4 were similar to specimens with both proxies unaltered. Notably, all individuals with both proxies altered had relatively low δ13C values, including a horse and mammoth, which are normally considered grazers (and therefore should have higher δ13C values). These and other altered specimens may be isotopically compromised. Overall, our results suggest that Ca/Psurface is effective at detecting alteration non-destructively, quickly, and affordably, making it an attractive approach for analyzing unique specimens.

KEYWORDS
 diagenesis, Ca/P, CO3/PO4, carbon isotopes, oxygen isotopes, bioapatite, X-ray fluorescence, enamel


1. Introduction

Isotopic and elemental analyses of the mineral matrix of bones and teeth (called bioapatite) can elucidate invaluable details about the life histories of animals and their environments (Wopenka and Pasteris, 2005). However, these analytical approaches require that specimens are chemically unaltered and retain biogenic values that reflect an animal's behavior at the time the tissue mineralized. Determining if values are biogenic or altered is particularly a concern for archeological and paleontological specimens that have been buried for long periods of time (Trueman and Benton, 1997; Pfretzschner, 2004; Kremer et al., 2012). Diagenesis, which includes both deposition of exogenous minerals and recrystallization of bioapatite, can irreversibly modify the isotopic or elemental composition of a specimen (Trueman et al., 2008). It is thus important to be able to assess if specimens have been altered, ideally prior to destructively sampling them for isotopic or elemental analysis.

There are several widely used methods for evaluating specimen preservation. These include: the isotope data themselves (Sponheimer and Lee-Thorp, 1999; Schoeninger et al., 2003; Trueman et al., 2003); concentration of rare earth elements and halides (Pate et al., 1994); relative abundances of calcium and phosphorous (Ca/P; Zaichick and Tzaphlidou, 2002; Roche et al., 2010; Sotiropoulou et al., 2015), or carbonate and phosphate (CO3/PO4; Sponheimer and Lee-Thorp, 1999; Roche et al., 2010; Piga et al., 2011); and carbonate crystallinity (e.g., Sponheimer and Lee-Thorp, 1999; Surovell and Stiner, 2001; Dal Sasso et al., 2018; however, see Trueman et al., 2008). The degree to which these proxies relate to each other has not been validated. Unfortunately, most of these methods also tend to be destructive, expensive, and time consuming. However, non-destructive handheld X-ray fluorescence (hXRF) has the unique ability to measure the abundances of elements from magnesium to uranium in the surface of a specimen, and may be able to non-destructively assess bioapatite preservation (Byrnes and Bush, 2016).

We conducted a two-part study examining the potential of hXRF for non-destructively assessing preservation of bioapatite in bones and teeth. First, we scanned a variety of modern skeletal elements from humans and other vertebrate taxa to confirm that the Ca/P of a specimen's surface (Ca/Psurface) measured by hXRF is consistent with expectations based on stoichiometry and previously published Ca/P for modern human femoral heads obtained with other methods (1.3–2.3; Zaichick and Tzaphlidou, 2002). Second, we evaluated the efficacy of Ca/Psurface and CO3/PO4 at detecting diagenetic alteration. While hXRF has the unusual ability to measure a specimen's surface, Ca/P is typically measured from powder, and it is unknown how sample form might impact Ca/P measurements. We compared Ca/Psurface, Ca/P in powdered enamel (Ca/Ppowder), and Ca/P of the enamel subsurface (Ca/Psubsurface) exposed by removing powdered sample for a selection of Quaternary mammal cheek teeth. After confirming that Ca/Psurface is better equipped for detecting alteration than either Ca/Ppowder or Ca/Psubsurface, we analyzed CO3/PO4, and carbon (δ13C), and oxygen (δ18O) stable isotope values for the Quaternary specimens and explored the degree to which Ca/Psurface and CO3/PO4 align in their identification of altered specimens.



2. Background


2.1. Diagenetic alteration and methods of detection

Although its composition can vary slightly, bioapatite is generally composed of calcium, phosphate, and a hydroxy group [Ca10(PO4)6(OH)2; Pate et al., 1994]. While an organism is alive, the compounds and elements of bioapatite are readily substituted by others (such as carbonates, strontium, barium, and magnesium), reflecting nutritional intake and conditions experienced by the individual as its bones and teeth matured (Pate et al., 1994; Pfretzschner, 2004; Wopenka and Pasteris, 2005; Kremer et al., 2012). Elements and compounds in bioapatite are also easily exchanged after burial (Wopenka and Pasteris, 2005; Keenan, 2016). The extent of diagenetic alteration to bones and teeth depends heavily on the timing and environment of burial (Trueman and Benton, 1997; Trueman et al., 2003; Piga et al., 2011). Biological alteration, generally caused by bacteria, leads to the loss of organics. Removal of organics leaves space for potential replacement and infilling by exogenous phosphates, carbonates, and other minerals (Shemesh, 1990; Smith et al., 2002; Kremer et al., 2012). Diagenesis also results from abiotic processes, such as the dissolution of bioapatite under acidic conditions.

As noted above, there are several widely used methods for evaluating specimen preservation. The amount of rare earth elements (e.g., uranium), or halogens (e.g., fluorine; chlorine) in bioapatite has been frequently used as an indicator of alteration (Pate et al., 1994; Trueman, 1999; Smith et al., 2002). These elements, which substitute for other elements in bioapatite, are only incorporated in enamel and bones in relatively small concentrations during life from diet and drinking water. However, they can be considerably more concentrated in archeological and paleontological specimens due to the replacement of biogenic material and the infilling of voids after the loss of organics (Alonzi et al., 2019). In some cases, researchers compare the elemental composition of a specimen to the surrounding sediment or rock. If the composition of a specimen closely resembles that of its matrix (and diverges from values observed in modern bones or teeth), then the specimen is likely altered (Roche et al., 2010).

Carbonates and phosphates precipitate into gaps left by the loss of organics. They readily replace compounds in bioapatite both in life and post-mortem (Wopenka and Pasteris, 2005). This can change both the relative abundance of calcium and phosphorous (Ca/P) and CO3 and PO4. Ca/P in unaltered bioapatite is 2.2 based on stoichiometry (Sotiropoulou et al., 2015), but values ranging from 1.3 to 2.3 have been measured for modern human femoral heads (Zaichick and Tzaphlidou, 2002). Researchers typically assume that altered specimens exhibit Ca/P outside of this expected range (Pate et al., 1994; Berna et al., 2004; Zaichick and Zaichick, 2010). Researchers also generally assume that CO3/PO4 for unaltered bioapatite will be lower than 0.5 based on stoichiometry and observation. A lower bound is not well established (Piga et al., 2011; Dal Sasso et al., 2018). In theory, Ca/P and CO3/PO4 for a specimen should covary. However, this expected relationship breaks down if a carbonate other than CaCO3 is precipitated (e.g., MgCO3, FeCO3). Further, the addition of secondary phosphate minerals, which generally also contain calcium, would lower CO3/PO4 while potentially maintaining or even increasing Ca/P.

Crystallinity measures the size of carbonate crystals within a specimen. Biogenic carbonate crystals are relatively small in comparison to the more stable diagenetic carbonates and apatites (e.g., fluorapatite) that can replace them (Posner, 1969; Shemesh, 1990; Surovell and Stiner, 2001).

Lastly, sometimes researchers use the δ13C or δ18O values of the specimens themselves to gauge if diagenetic alteration has occurred. The isotopic composition may be altered to reflect post-burial conditions (Zazzo et al., 2004b; Liu et al., 2008; Alonzi et al., 2019). In particular, extremely homogenous δ13C and δ18O values, or specimens with abnormally high or low isotope values, may be cause for concern (e.g., Koch et al., 1997; Sharp et al., 2000; Zazzo et al., 2004a). Carbon isotopes can be altered by deposition and replacement of carbonates (Koch et al., 1997; Lee-Thorp and Sponheimer, 2003; Trueman et al., 2003), and partial oxygen isotopic exchange can occur between bioapatite and groundwater early in diagenesis (Sharp et al., 2000; Zazzo et al., 2004a,b). Both of these processes are expected to decrease isotopic variability among specimens. However, because alteration may vary among specimens at a locality, some specimens may remain isotopically unaltered while others from the same locality may have abnormally high or low isotope values (Chillón et al., 1994; Zazzo et al., 2004a,b). Researchers typically rely on expected biology (diet and habitat) to determine if specimens with unusual δ13C or δ18O values have been isotopically altered (Zazzo et al., 2004b). It is also possible to use the offset in δ18O values between the carbonate and phosphate portions of bioapatite to assess preservation. The oxygen isotope composition of carbonate and phosphate can be impacted by different processes, leaving one of these compounds altered and the other untouched (Zazzo et al., 2004b; Martin et al., 2008).



2.2. Typical Instrumentation

All of the methods for checking preservation outlined above have some drawbacks due to the amount of sample required, the amount of time and training needed to conduct analyses, instrument availability, or the associated cost. Moreover, the instrumentation used to measure these preservation proxies is generally destructive to some degree. Researchers sometimes assess if specimens retain biogenic isotopic values by looking at the variability of the isotope values themselves using methods such as inductively coupled plasma mass spectrometry (ICP-MS). The most common analytical methods for measuring elemental abundance, including rare earth elements, halogens, and Ca/P, are benchtop XRF (bXRF), X-ray diffraction (XRD), and scanning electron microscopy (SEM). These methods, like hXRF, displace electrons and measure the energy difference that results to identify elements. Neutron activation analysis and flame atomic absorption spectroscopy were used to established the accepted range for unaltered Ca/P (Zaichick and Tzaphlidou, 2002; Roche et al., 2010; Sotiropoulou et al., 2015), but these methods are infrequently used in archeology and paleontology. Fourier Transfer Infrared spectroscopy (FTIR) is typically used to characterize CO3/PO4. This measures the intensities of carbonate and phosphate peaks. It can also characterize crystallinity because crystal size has a direct relationship with the relative intensities of peaks and valleys observed in FTIR spectra (Piga et al., 2011; Dal Sasso et al., 2018). These commonly used methods generally require powdered, homogenized samples or a small fragment of a specimen. FTIR can be used on whole specimens, but powdering samples aligns the orientation of the bioapatite crystals and gives considerably more accurate readings. Lastly, isotope ratio mass spectrometry (IRMS), which measures δ13C and δ18O values, also typically requires homogenization, and ultimately dissolution, of a sample. Laser ablation may also be able to measure elemental and isotopic composition. It is less destructive than other methods, but does cause a small amount of damage, takes a lot of time and resources, and has trouble accurately measuring some values, including oxygen isotopes (Passey and Cerling, 2006). It also only provides data about a tiny portion of a specimen, which will only capture a limited time window, and cannot remove any diagenetic material (Lewis et al., 2014; Limbeck et al., 2015; Willmes et al., 2016; Rey et al., 2022). To avoid sampling specimens with altered bioapatite, most researchers preferentially analyze tooth enamel (Cerling and Sharp, 1996; Lee-Thorp and Sponheimer, 2003). Enamel is more crystalline and has far less organic material than bone (roughly 5 vs. 30%), making it more resistant to alteration (Lear et al., 2008).

Benchtop XRF requires ~0.5 grams of homogenized sample pressed into a pellet with a binding agent such as cellulose powder, which prevents analyzing the same powdered sample for isotope data. Handheld XRF (hXRF) instead detects the composition of a specimen's surface (rather than homogenized powder; Byrnes and Bush, 2016) by exciting the specimen surface with primary X-rays and measuring the energy of the secondary X-rays emitted in approximately a minute. While FTIR does not have to be destructive, powdering sample randomizes the orientation of what is being measured. Unfortunately, even though only enough powder is needed to cover the detector eye (<10 mg) this powder can be difficult to recover without concern about contaminating samples prior to isotope analyses. In contrast to FTIR, the orientation of a specimen is not expected to matter with hXRF, giving hXRF the potential to assess the preservation of whole specimens without damaging their structural integrity. If there is a reason to measure powdered sample, hXRF also requires far less material than bXRF, and that powder is relatively easy to recover for further analyses, as we discuss below. The ability of hXRF to measure the surface of whole specimens, combined with the small size and portability of hXRF spectrometers, makes this method an attractive option for analyzing museum specimens that are rare or unique and may be difficult to move. Handheld XRF spectrometers also require minimal training and analytical time, and are inexpensive to use after initial purchase.

However, the capacity for hXRF to assess diagenetic alteration of fossil bones and teeth has not been previously tested. This tool was originally developed and used for in situ detection of the presence of uranium and other minerals in mining operations and other industries, but has also been used to identify metals and minerals and expanded into other arenas, including soil and waste analysis, art conservation, and food safety studies (Bosco, 2013). It has also been used to assess the burial history of modern human remains by measuring the composition of matrix on bone surfaces (Byrnes and Bush, 2016) and evaluate diet by measuring elemental abundance of tooth enamel (Hamilton et al., 2019, 2022). We suspect that it will be similarly useful for assessing alteration of fossil specimens. If Ca/Psurface (measured with hXRF) and other widely used methods, such as CO3/PO4 and δ13C and δ18O values, are comparable in their diagnoses of altered specimens, then measuring Ca/Psurface could reduce the time and cost associated with evaluating preservation and help prevent unnecessary damage to specimens that are too altered to have biogenic isotopic data.




3. Methods


3.1. Specimen selection and data collection
 
3.1.1. Part 1: Establishing Ca/Psurface for unaltered, modern skeletal elements using hXRF

To confirm that Ca/Psurface measured with hXRF is within the range established for human femoral heads using other methods (Zaichick and Tzaphlidou, 2002; Sotiropoulou et al., 2015), 30 points were measured on each of eight left modern human femora (Figure 1). For each specimen, we scanned a flat surface that covered as much of the hXRF window as possible. We then scanned 25 elements from each of three modern human skeletons to evaluate variability in Ca/Psurface among elements within the same individual. We also measured Ca/Psurface for a variety of single elements from modern non-human vertebrates, that represent two monotreme orders (Didelphimorphia, N = 2; and Macropoda, N = 1), four placental mammal orders (Artiodactyla, N = 16; Primates, N = 29; Carnivora, N = 16; and Rodentia, N = 4), and two reptile orders (Crocodilia, N = 1; Testudines, N = 1). Teeth and associated mandibles from a subset of these specimens (N = 20 teeth from eight mandibles) were also compared to verify that enamel has similar Ca/Psurface to bone. If the hXRF spectrometer could not measure a specimen, the measured abundance of calcium or phosphorous were below the detection limit or were too small relative to the margins of error (reported in Supplementary Tables 1–3), or values were outside of the expected range for Ca/P (1.3–2.3), the specimen was rotated and rescanned up to three times to ensure that the data reflected the composition of the bone, and not human or instrument error. All specimens were selected from the comparative osteology and zooarcheology teaching collections at the University of Cincinnati's Department of Anthropology.


[image: Figure 1]
FIGURE 1
 Diagram of a left modern human femur illustrating locations of scanned points on the anterior (left) and posterior (right) sides. Selected points are near recognizable landmarks for repeatability across femora, with an equal number of points on the anterior and posterior sides. In total, 30 points were measured: Ten on the proximal end, ten on the shaft, and ten on the distal end. Red lines indicate the locations of growth plates. Image adapted from Adams and Crabtree (2012).




3.1.2. Part 2: Evaluating relationships between Ca/P, CO3/PO4, and stable carbon and oxygen isotope values

We used hXRF to scan the surface of specimens housed at the Behringer-Crawford Museum in Covington, Kentucky, and selected 20 cheek teeth from large Quaternary herbivorous mammals from Big Bone Lick (BBL), Boone County, Kentucky (Bison, n = 12; Equus, n = 2; Mammuthus, n = 5; Mammut, n = 1) that had minimal consolidant or varnish coating. Ten of these specimens had Ca/Psurface between 1.3 and 2.3, and 10 had Ca/Psurface above 2.3. Because these specimens were collected between 1930 and 1950, the associated field notes are no longer available and stratigraphic context has been lost. However, based on published radiocarbon and optically stimulated luminescence dates for the deposits that yielded the specimens, the proboscidean and horse are likely 25,000 to 11,600 years old, while the bison teeth could date from that interval until 5,000 years ago or between 1,450 and the 1,800's CE (Tankersley et al., 2015).

Because hXRF can measure the elemental composition of a specimen's surface, and most methods for measuring Ca/P use powdered samples, we investigated potential differences in Ca/Psurface, Ca/P of enamel powder (Ca/Ppowder), and the enamel subsurface exposed by removal of powdered samples (Ca/Psubsurface). We first scanned a flat, non-occlusal enamel surface of each tooth before mechanically cleaning the enamel surface or removing powder. Using a handheld Dremel tool with a carbide dental bit, we then mechanically abraded a small area of the enamel surface (1 cm wide × 0.5 mm deep). After removing potentially contaminated surface enamel, we collected ~500 mg of homogenized, powdered enamel along a narrow (ca. 1 mm) strip between the crown and neck of each tooth. We scanned both the collected powder and the enamel subsurface exposed by sampling.

Next, we analyzed CO3/PO4 for the 20 cheek teeth and assigned each specimen to one of four alteration groups: (1) Altered Ca/Psurface and CO3/PO4; (2) Unaltered Ca/Psurface and altered CO3/PO4; (3) Altered Ca/Psurface and unaltered CO3/PO4; or (4) Unaltered Ca/Psurface and CO3/PO4. We then compared carbonate δ13C and δ18O values of chemically pretreated samples among these groups to look for possible similarities in average isotope values and isotopic variance among altered and unaltered specimens as defined by the two proxies. To chemically pretreat samples, we followed the standard method used in our lab (Crowley and Wheatley, 2014). Powdered samples were soaked in 0.5 mL of 30% H2O2 per 10 mg of sample for 24 hours at room temperature. Tube lids were left loose to release evolved gas, and samples were regularly agitated to ensure even reaction. Samples were rinsed five times with ultrapure water. They were then treated with 0.5 mL of 1M acetic acid buffered with calcium acetate (pH ~5) per 10 mg of sample at 4°C for 24 h with regular agitation. Samples were again rinsed five times with ultrapure water and freeze dried.




3.2. Instrumentation

We used a Bruker Tracer 5i hXRF spectrometer to measure Ca/Psurface, Ca/Psubsurface, and Ca/Ppowder in bones and teeth. The spectrometer was set to the mudrock duo calibration, and data were collected and viewed using the Bruker Instrument Tools program 1.7.0.128. For measuring Ca/Psurface, a flat surface of each specimen was scanned while in direct contact with the protective window over the detector of the hXRF spectrometer. When specimens were small enough to rest on the spectrometer's platform (4 inch-squared), the spectrometer was attached to a stand that directs the X-ray source and detector toward the ceiling. Specimens were placed directly on the platform over the detector window, and when possible, a lead cup was placed over them. If specimens were unable to be placed on top of the platform due to their large size or arrangement in a museum exhibit, they were set on a flat surface, and the hXRF spectrometer was removed from the stand and held by hand, directed downward.

Measuring Ca/Ppowder required some modifications to the setup described above (Figure 2). Powdered samples are generally measured with an hXRF spectrometer by placing them in plastic sample cups and scanning them through 4 μm-thick Prolene sample support windows. To reduce the amount of powdered enamel needed, we placed powdered sample between two Prolene sample support windows. This assemblage was then backed by a single, open-ended sample cup containing powdered cellulose (Figure 2). Having powdered cellulose behind the sample while scanning helped better cover the detector of the spectrometer, preventing the laser from scattering and allowing for more accurate measurements. The cellulose itself does not have heavy enough elements in high enough concentrations to be measured by hXRF, and thus did not interfere with measuring our samples. We found by iteratively measuring smaller amounts of an internal reference material (powdered bentonite) that spectrometer precision decreased for samples smaller than 250 mg. We therefore worked with 250 mg for powdered enamel samples.


[image: Figure 2]
FIGURE 2
 Diagram illustrating assembly of components for measuring powder with an hXRF instrument (A), and the final set up as it would appear after assembly (B). Numbered steps in (A) are as follows: (1) Powdered cellulose is placed in a single open-ended sample cup to provide a background to stop the laser from scattering and giving inaccurate results; (2) A 4 micron-thick Prolene® sample support window is placed over the powdered cellulose and cup to separate the powder from the sample; (3) The support window is secured to the cup with a rubber band to prevent loss of sample. The support window needs to be secure, but loose enough that the powder placed on it falls toward the center; (4) Powdered sample is placed on the sample support window; (5) A second support window is placed over the sample, which allows the sample to be recovered for future use; (6) A second rubber band is used to secure the second sample support window; and (7) Everything is secured with the sample cup's ring. The assembly is inverted and placed on the hXRF instrument (B). A lead cup (not pictured) would then be placed over the sample cup for safety.


We measured CO3/PO4 of untreated powder on a Nicolet™ iS™ 10 FTIR Spectrometer with OMNIC 9 software at the Chemistry Department at Northern Kentucky University. All values were measured relative to a baseline based on local minima for each peak, but additional spectra manipulation, such as peak deconvolution, was avoided (Supplementary Table 4). To characterize CO3/PO4, we divide the sum of the carbonate peaks at 1,400 and 1,500 nm−1 by the sum of the phosphate peaks at 1,000 and 604 nm−1. The 565 nm−1 phosphate peak is also frequently used to characterize CO3/PO4 (Dal Sasso et al., 2018); however, it was not considered in this analysis as the spectrometer was less accurate near and below 550 nm−1.

Lastly, we measured δ13C and δ18O values in pretreated enamel carbonate on a Finnigan-MAT 252 isotope ratio mass spectrometer (IRMS) equipped with a Thermo Scientific Kiel II carbonate device at the Light Stable Isotope Mass Spec Lab at the University of Florida. We report both δ13C and δ18O data relative to Vienna Pee Dee Belemnite (VPDB). Data were calibrated using the international standard NBS-19. Precision (based on 8 replicates of this standard), was 0.024‰ for carbon and 0.049‰ for oxygen. Accuracy was confirmed using NBS-18. Corrected values for δ13C (−5.01±0.02%) and δ18O (−23.08±0.02%) were very close to accepted values (−5.01% and −23.2%).



3.3. Data analysis

In Part 1, means and ranges for various groups were visually compared to the expected range for unaltered Ca/P. We used Wilcoxan matched pairs signed ranks test to compare Ca/Psurface for bone and associated teeth from individual mandibles.

In Part 2, we used Kruskal Wallis tests followed by Dunn Bonferonni post-hoc comparisons to compare Ca/Psurface, Ca/Psubsurface, and Ca/Ppowder for specimens identified as altered and unaltered based on Ca/Psurface, as well as δ13C and δ18O values among the four alteration groups (both altered Ca/Psurface and CO3/PO4, unaltered Ca/Psurface but altered CO3/PO4, altered Ca/Psurface but unaltered CO3/PO4, and both unaltered Ca/Psurface and CO3/PO4). We used linear regression to determine if a relationship exists between Ca/Psurface and CO3/PO4 and Levene's tests for homogeneity of variance to compare variances in δ13C and δ18O values among alteration groups. All statistical tests were run in SPSS 25 with significance set at a = 0.05.




4. Results


4.1. Part 1: Establishing Ca/P for modern human skeletal elements and modern taxa using hXRF

Most of the 30 points scanned on the modern human femora had Ca/Psurface within the expected range of 1.3–2.3 (Figure 3, Supplementary Table 1). Measurements taken using the Brucker Tracer 5i used in this study generally have a 3σ limit of < 1%, and reported values for calcium and phosphorous were always >20,000 ppm, with a margin of error below 800 ppm, in this study. However, several points had values ranging from 2.3 to 2.8, especially those that were near metaphyses. Among the other modern human skeletal elements scanned, one cranium and one talus had Ca/Psurface >2.3 (2.4 and 2.6, respectively). All of the non-human specimens (both bones and teeth) had Ca/Psurface between 1.3 and 2.3 (Figure 3, Supplementary Tables 2, 3). There were no differences in Ca/Psurface between mandibles and their associated teeth (N = 8 individuals, W = 326, DF = 15, p = 0.9; Supplementary Table 5).
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FIGURE 3
 Box plots summarizing Ca/Psurface for various points along modern human femora (A), and modern human skeletal elements (B). The blue shading represents values within the expected range of unaltered Ca/P (1.3–2.3). Raw data are provided in Supplementary Tables 1, 2.




4.2. Part 2: Evaluating relationships between Ca/P, CO3/PO4, and stable carbon and oxygen isotope values

Ca/Psurface was higher than Ca/Psubsurface or Ca/Ppowder for both altered and unaltered specimens (altered Ca/Psurface: χ2 = 22.2, df = 2, p < 0.001; unaltered Ca/Psurface: χ2 = 8.0, df = 2, p = 0.02). With the exception of two specimens (2022-1950-57b and 2022-1950-23), which had Ca/Psubsurface values of 2.5 and 2.4, respectively, all specimens had Ca/Psubsurface and Ca/Ppowder below 2.3, regardless of the original Ca/Psurface value (Figure 4, Table 1).


[image: Figure 4]
FIGURE 4
 Ca/P values measured with hXRF for fossil herbivore cheek teeth from Big Bone Lick, Kentucky. Box plots compare surfaces of whole teeth (Ca/Psurface), the enamel subsurface after sampling (Ca/Psubsurface), and powdered enamel (Ca/Ppowder). The blue shading represents values within the expected range of unaltered Ca/P (1.3–2.3).



TABLE 1 Ca/Psurface, Ca/Psubsurface, Ca/Ppowder, CO3/PO4, and isotope data for fossil teeth from Big Bone Lick. Ca/Psurface and CO3/PO4 values that are considered altered (Ca/Psurface>2.3, CO3/PO4≥0.5) are bolded and italicized. Specimens that could not be identified as a specific premolar or molar are labeled as cheek teeth (CT).

[image: Table 1]

The relationship between Ca/Psurface and CO3/PO4 was weak and insignificant (R2 = 0.1, p = 0.3; Figure 5). Of the twenty teeth scanned, eight were identified as altered and six as unaltered by both Ca/Psurface and CO3/PO4; four were identified as altered by CO3/PO4 despite being identified as unaltered by Ca/Psurface; and two were identified as altered by Ca/Psurface but unaltered by CO3/PO4 (Table 1, Figure 5). There were no significant differences in median δ13C or δ18O values among alteration groups (δ13C: χ2 = 5.7, df = 3, p = 0.1; δ18O: χ2 = 1.7, df = 3, p=0.6). There were also no differences in isotopic variance among these groups (Levene's test p > 0.05 for both isotopes). Nevertheless, there were apparent trends. Specimens identified as unaltered by both Ca/Psurface and CO3/PO4 had apparently higher, more variable δ13C values, and similar but apparently less variable δ18O values, than specimens identified as altered by both proxies. Specimens with altered Ca/Psurface but unaltered CO3/PO4 had a similar range in δ13C and δ18O values to specimens identified as altered by both proxies. Conversely, specimens identified as unaltered by Ca/Psurface but altered by CO3/PO4 had a similar range in δ13C and δ18O values to specimens that were identified as unaltered by both proxies (Figure 6).


[image: Figure 5]
FIGURE 5
 Bivariate scatter plot comparing Ca/Psurface and CO3/PO4 for fossil specimens from Big Bone Lick, Kentucky. Altered and unaltered ranges for each proxy are indicated by red and black bars, respectively. Specimens identified as altered by both proxies are outlined with a red box, and specimens identified as unaltered by both proxies are outlined with a black box. The diagonal gray line shows the apparent but insignificant relationship between Ca/Psurface and CO3/PO4 (R2 = 0.1, p = 0.3).
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FIGURE 6
 Box plots comparing δ13C and δ18O values for altered and unaltered pretreated powdered fossil enamel, with specimens defined as unaltered based on Ca/Psurface (1.3–2.3) or CO3/PO4 <0.5. Symbols for alteration categories and taxa are the same as in Figure 5.


To avoid the influence of taxon, we also compared isotope values among alteration groups for just bison. Using this smaller dataset (N = 12), isotope values among alteration groups remained statistically indistinguishable (δ13C: χ2 = 1.5, df = 3, p = 0.7; δ18O: χ2 = 3.6, df = 3, p = 0.3; Levene's test p > 0.05 for both isotopes). Apparent patterns in δ13C and δ18O values among the alteration groups were also somewhat similar to the whole dataset. Specimens identified as unaltered by both Ca/Psurface and CO3/PO4 had apparently more variable δ13C and less variable δ18O values than specimens identified as altered by both proxies (Figure 6). Specimens with unaltered Ca/Psurface and altered CO3/PO4 had similar trends in δ13C and δ18O values to specimens identified as unaltered by both proxies, but the range in δ13C values was higher. The single bison with altered Ca/Psurface but unaltered CO3/PO4 had a similar δ13C value to most of the specimens identified as altered by both proxies and a low δ18O value (comparable to one of the bison identified as altered by both proxies).




5. Discussion

We set out to test the capacity of hXRF to non-destructively measure Ca/Psurface of bones and teeth. Collectively, our results help substantiate the use of Ca/Psurface as an effective means of evaluating specimen preservation. Ca/Psurface appears to be at least as effective as CO3/PO4, and considerably more sensitive than Ca/Ppowder at identifying altered specimens. However, there are several caveats and interesting exceptions. Below we discuss some of our unexpected findings and note where additional work is warranted.

Based on previous work, we had anticipated that modern bones and teeth would exhibit Ca/Psurface between 1.3 and 2.3, and that this would be true regardless of element or taxon. Overall, Ca/Psurface for modern specimens was within this expected range. These results, though preliminary, help support that the commonly accepted (but untested) range for Ca/P is applicable beyond human femoral heads, and validate the use of hXRF for non-destructively evaluating Ca/Psurface. Several human elements had Ca/Psurface between 2.3 and 2.8. Most of these elevated measurements were for points near metaphyses in the human femora (Figure 2). These elevated readings may reflect bone that was still in the process of mineralizing, which would affect the chemical composition (Pate et al., 1994; Zaichick and Tzaphlidou, 2002; Zaichick and Zaichick, 2010). However, immature bioapatite and bone subjected to nutritional stress generally have lower calcium concentrations than mature bone, which would be expected to reduce Ca/P. Moreover, most of the individuals we analyzed were mature adults; the only sub-adult individual included (OL0364) had Ca/Psurface values consistently between 1.3 and 2.3. Instead, discrepancies in measurements near the metaphyses may result from these being regions having thinner, more porous bone (Byrnes and Bush, 2016). We caution other researchers to be aware of possible issues with measuring Ca/Psurface near metaphyses but suggest that a more likely explanation for elevated Ca/Psurface is that the currently accepted range for unaltered bioapatite needs to be updated. Given that the stoichiometry of bioapatite would require a Ca/P of 2.2, it is conceivable that the currently accepted upper boundary for unaltered Ca/P should be increased (possibly as high as 2.8).

We did not observe any Ca/Psurface values below 1.3 in either our modern or fossil datasets. To our knowledge, just one previous study reported values below 1.3 (Berna et al., 2004), and these authors experimentally evaluated the solubility of modern and fossil bone. We suspect that the conditions necessary to yield low Ca/P (e.g., acidic or anoxic) are rarer than those that result in elevated Ca/P, and more importantly, are less likely to preserve fossils.

We were surprised to find that nearly all of the fossil teeth we scanned had Ca/Psubsurface and Ca/Ppowder within the expected range for unaltered bioapatite (1.3–2.3), even when Ca/Psurface was much larger than 2.3 (Figure 4, Table 1). The two specimens with slightly elevated Ca/Psubsurface (2022-1950-57b and 2022-1950-23) were identified as altered based on their Ca/Psurface, but did not have particularly elevated values (Table 1). They also did not have unusual CO3/PO4 or isotopic values compared to other altered specimens (Table 1). It is possible that small cracks or microfractures in the enamel allowed alteration deeper in the enamel than for other specimens.

Because low Ca/Ppowder and Ca/Psubsurface were observed for specimens with high Ca/Psurface, it would be easy to conclude that the subsurface of specimens with altered Ca/Psurface were pristine and that removing the outer enamel surface before sampling a specimen is sufficient to avoid analyzing altered enamel. For example, elevated Ca/Psurface may be the result of calcium-rich minerals precipitating closer to the outside of the specimens, or the preferential dissolution of phosphates closer to the enamel surface (Berna et al., 2004). It would be interesting to be able to check Ca/P for the powder that was removed when we mechanically cleaned the surface of specimens, but unfortunately, there was not enough material to measure with our current methods.

However, isotope values and CO3/PO4 (which were both measured from powder) suggest that the interiors of teeth with altered Ca/Psurface were also compromised. There were clear apparent isotopic differences between specimens identified as altered and unaltered by Ca/Psurface, and most of the specimens identified as altered by Ca/Psurface also had elevated CO3/PO4. These results suggest that removing powder from a specimen compromises our ability to use Ca/P as a proxy for diagenesis, which may, in part, account for a lack of reported Ca/Ppowder values above 2.3 in the literature. We recommend scanning specimens before removing powdered sample or abrading the surface.

Twelve of the fossil cheek teeth from BBL were identified as altered or unaltered by both Ca/Psurface and CO3/PO4. However, we did not find a significant relationship between these two proxies. Roche et al. (2010) also found no relationship between Ca/Ppowder and CO3/PO4, although they were working with a powder, and the Ca/P values they reported were all between 1.3 and 2.3. As we have noted above, powdered enamel may yield Ca/P between 1.3 and 2.3 regardless of Ca/Psurface or CO3/PO4. The fossils we worked with were deposited in a salt lick with periodic fluvial input during the late Pleistocene and Holocene. All of them were exposed to CaCl2-rich water from springs and subsurface brine derived from the Middle Ordovician St. Peters Sandstone that sits below the Quaternary deposits at Big Bone Lick (McCartney et al., 2005; Tankersley et al., 2015). The lack of correlation between Ca/Psurface and CO3/PO4 may be explained by the precipitation of phosphate minerals (e.g., Ca5(PO4)Cl3), which would decrease CO3/PO4 while also increasing Ca/Psurface. There could also be an influence of non-calcium-bearing carbonates (e.g., BaCO3), which would only affect CO3/PO4 (Panno et al., 2022). However, given the prevalence of Ca2+ ions in the burial environment, this possibility seems less likely.

The degree to which altered Ca/P and CO3/PO4 relate to isotopic alteration is poorly understood. Chemical pretreatment is expected to remove exogenous carbonates (Verbruggen et al., 2010; Grimes and Pellegrini, 2013). However, it can only remove exogenous minerals that adsorbed onto crystal surfaces or infilled voids (Grimes and Pellegrini, 2013). If the chemical composition of bioapatite itself has been altered (e.g., via exchange or replacement of ions), then it is not possible to remove diagenetic material. Our results suggest that the interiors of specimens identified as altered with Ca/Psurface have been isotopically altered, even though their Ca/Ppowder and Ca/Psubsurface values are low (and in some cases even though they have low CO3/PO4). It is possible that Ca/Psurface and isotope values are affected earlier than other proxies during diagenesis, with isotopic exchange between the original bioapatite and burial environment also occurring before Ca/P or CO3/PO4 of the tooth interior are impacted. We had expected that altered specimens would have either less variable δ13C and δ18O values than unaltered specimens, or perhaps unusually high or low values that contradict expected foraging ecology. Specimens identified as unaltered by both proxies had a larger range in δ13C values (Figure 6), spanning expected values for both C4 and C3 consumers (>-2‰, and <-8‰, respectively; Cerling and Harris, 1999). However, all of the individuals identified as altered by both proxies had relatively low δ13C values (Figure 6). This included a horse and mammoth, which are normally considered grazers (and therefore would be expected to have higher δ13C values; Koch et al., 1998). Bison are often considered grazers. However, modern woodland bison (Bison bison athabascae) consume a mix of grass, C3 herbs, and woody vegetation (Blackburn et al., 2021). Tooth wear and previous isotopic analyses of BBL bison have also suggested that individuals from this locality had mixed diets of C3 and C4 foods (Widga, 2006; Tankersley et al., 2015). Thus, low δ13C values for some of the individuals we analyzed do not conflict with the expected foraging ecology for bison.

In contrast, the δ18O values for specimens identified as unaltered by both proxies were apparently more homogenous than specimens identified as altered by both proxies (Figure 6). The range in δ18O values for specimens with altered Ca/Psurface (ca. 4‰) was similar to has previously been reported for modern and recent co-occurring taxa within a community (Higgins and MacFadden, 2004; Crowley et al., 2008). Specimens with unaltered Ca/Psurface had a narrower range of δ18O (2‰). Stratigraphic information is unknown for these specimens. It is possible that only some of them have altered δ18O (i.e., the horse with an elevated δ18O value, 2022-1950-23, and the bison with low δ18O compared to other individuals, 2022-1950-59a), both of which had altered Ca/Psurface and CO3/PO4; Table 1). It is also possible that diagenetic δ18O was similar to biogenic δ18O in this particular burial environment, or that none of the specimens have altered δ18O, and that the apparent differences among groups reflect our limited sample size and shifts in meteoric δ18O over time (Baumann and Crowley, 2015). Further work in other taphonomic environments is needed. It would also be fruitful to evaluate if Ca/Psurface reflects alteration of δ18O values in hydroxyapatite phosphate. Future work assessing Ca/Psurface should include both hydroxyapatite carbonate and phosphate δ18O values to test this possibility.

In conclusion, we suggest that Ca/Psurface is considerably more effective than Ca/Ppowder, and at least as indicative as CO3/PO4 at identifying specimens with altered carbon or oxygen isotope data. In addition to its low cost, hXRF has the unique benefit of being able to measure Ca/Psurface quickly and non-destructively, possibly without even removing a specimen from a collection or display. Being able to non-destructively exclude specimens that are potentially too altered to be worth sampling would be invaluable to both researchers and institutions.

We emphasize the importance of following best recommended practices for using hXRF, including covering the X-ray beam as much as possible with a specimen for the most accurate measurement. Bones and teeth are not always ideal, simple shapes. Specimens that are too small, or curved in a way that prevents them from entirely covering the detector window, can scatter the x-ray beam and are less likely to be measured reliably. We stress that finding a flat surface on a specimen is important for being able to safely and accurately measure Ca/Psurface; if this is not possible the remaining portion of the spectrometer's detector needs to be covered with something that will block the x-ray beam and has a composition that will not interfere with sample measurement (e.g., cellulose powder).

While measuring Ca/Psurface with hXRF holds promise as a low-cost, non-destructive method for detecting alteration, we acknowledge that we only analyzed a limited number of fossil specimens from one locality and one taphonomic environment. More work is needed to test the efficacy of Ca/Psurface as an indicator of alteration in other depositional environments. We also suspect that the higher end of the range of Ca/Psurface needs to be expanded to include values >2.3. However, better constraining variability in unaltered Ca/Psurface will require additional work and is beyond the scope of this study. Nevertheless, our results demonstrate the potential of the method, and we recommend the inclusion of hXRF data in the process of specimen selection.
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Specimen ID Alteration Ca/Pgurface Ca/Pgupsurface Ca/Ppowder CO3/POy 313Cyppp (%)  3'8OyppB (%o)

category*
2022-1950-5% Bison M1 1 4.1 18 17 05 —121 -89
2022-1950-59b Bison M2 1 9.7 18 17 0.6 -133 —64
2022-1950-59¢ Bison M3 1 9.3 15 17 0.6 —13.1 —63
2022-1950-49 Bison M2 2 4.9 18 16 02 -133 -88
2022-1950-57a Bison M1 2 5.8 20 17 03 —152 -77
2022-1950-57b Bison M2 2 5.8 25 16 04 —137 -73
2022-1950-57¢ Bison M3 1 82 19 15 0.6 —129 —6.1
2022-1950-58a Bison M1 4 19 16 17 03 —88 —64
2022-1950-58b Bison M2 3 17 19 17 0.6 —52 —7.6
2022-1950-58¢ Bison M3 3 17 13 17 05 -47 -7.0
2022-1950-21a Bison M1 4 20 15 17 04 ~166 —62
2022-1950-21b Bison M2 3 19 17 17 0.6 —148 —66
2022-1950-55 Equus cr 4 17 13 17 03 —59 —63
2022-1950-23 Equus €T 1 2.9 2.4 17 0.6 122 —54
2022-1950-27 Mammut cr 2 57 18 21 02 —113 —5.1
2022-1950-05 Mammuthus cr 1 3.1 18 18 07 -128 -7.0
2022-1950-29 Mammuthus cT 4 17 17 18 02 -1 —62
2022-1950-09 Mammuthus €T 4 18 17 7 04 —-97 77
2022-1950-10 Mammuthus cr 3 20 14 17 0.6 —10.0 78
2022-1950-08 Mammuthus cr 4 22 22 17 02 —84 -7.0

* Alteration categories: 1, Altered based on both proxies; 2, Altered based on Ca/Pyuface, unaltered based on CO3/POy; 3, Unaltered based on Ca/Pyuface, altered based on CO3/POs; 4, Unaltered based on both proxies.
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