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Abstract

An innovative methodological approach has been developed for the prediction of the
mineral element composition of bone remains. It is based on the use of Fourier Transform
Near Infrared (FT-NIR) diffuse reflectance measurements. The method permits a fast,
cheap and green analytical way, to understand post-mortem degradation of bones caused
by the environment conditions on different skeletal parts and to select the best preserved
bone samples. Samples, from the Late Roman Necropolis of Virgen de la Misericordia
street and En Gil street located in Valencia (Spain), were employed to test the proposed
approach being determined calcium, magnesium and strontium in bone remains and
sediments. Coefficients of determination obtained between predicted values and
reference ones for Ca, Mg and Sr were 90.4, 97.3 and 97.4, with residual predictive
deviation of 3.2, 5.3 and 2.3, respectively, and relative root mean square error of
prediction between 10 and 37%. Results obtained evidenced that NIR spectra combined
with statistical analysis can help to predict bone mineral profiles suitable to evaluate bone

diagenesis.
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1. Introduction

Bone is composed of 50 to 70% mineral, 20 to 40% organic matrix, mainly collagen, 5 to
10% water, and less than 3% lipids. The mineral content of bone is mostly hydroxylapatite
[Ca10(P04)6(0OH),], with small amounts of carbonate, magnesium, and acid phosphate, with
missing hydroxyl groups that are normally present [1]. Under physiologic conditions,
hydroxylapatite is the only stable mineral in bones and is composed of 38% of calcium and
18% of phosphorous, with trace of sodium (0,6%), magnesium and small amount of other
elements [2]. The number of ionic substitutions possible in biological apatite is smaller
than in geologic apatites due to the limited number of available elements in the body.
Among the substituting ions that are known and/or reported in bone and tooth mineral
are F, CI, Na+, K", Fe*, zn*", sr**, Mg, citrate, and carbonate [3].

Minerals are ingested from food or involuntary absorbed from the environment. Chemical
composition of bones mineral is commonly employed to investigate pathologies, nutrition,
injuries and other bioarchaeological and forensic issues.

The mineral composition of bones can be post-mortem modified by post-depositional
processes, called as well diagenesis, and since many decades researchers have been
intensively studied these natural mechanisms. Some authors have evaluated post-mortem
soil contamination in bones [4-9]. Other authors have studied diagenesis and degradation

effects on bone matrix [10-13].
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Calcium, oxygen and hydrogen are major constituents of mineral bones as hydroxylapatite
[14]. Strontium is a non-essential trace element that competes to replace calcium[15]and
has been linked to food consumption habits [16]. The soil composition and environmental
conditions play a crucial role in diagenesis, affecting the element concentration of the
buried bones.

The general aims of this study has been to develop a low cost, clean and fast strategy to
understand how post-mortem degradation in bones caused by the environment could
affect different skeletal parts and define an approach to select the best preserved bone
samples. Therefore, a method for the determination of mineral elements in bone remains
has been developed employing Fourier Transform Near Infrared (FT-NIR) spectroscopy by
using chemometric tools as principal component analysis (PCA) and Partial Least Square
(PLS). Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) results have
been used as reference data to create prediction models.

ICP-OES has been commonly used as an accurate procedure to determine mineral
elements in soils and bones [17-21]. ICP-OES technique is very useful for multi-element
analysis. However it requires a previous sample digestion and dissolution, involving the
use of strong acids and providing non-degradable wastes. A green alternative to the
aforementioned technique could be infrared (IR) spectroscopy which provides fast
spectral acquisition, a cheap acquisition and maintenance cost and a sustainable method,
since it does not use reagents and can be employed directly on solid samples.

Combination of IR spectroscopy with chemometric data analysis could offer a significant
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tool for the determination of major components of bones and sediments including
mineral elements.

Fourier Transform infrared (FT-IR) spectroscopy of bones has been used for various
applications as collagen determination, bone crystal size, some carbonates and crystalline
structure [22-25], and geochemical taphonomy [26] and as screening tool for diagenetic
alteration [27, 28]. On the other hand, only few studies have employed NIR for soils [29]

and bones analysis [30] in archaeological contexts.

In the present study, two hundred seventy one samples obtained from at least 78
individuals, have been analyzed. Samples belong to adult and young individuals and are
from the Late Roman Necropolis of Virgen de la Misericordia Street [19] and en Gil Street
[31], both located in the city of Valencia (Spain). The Late Roman burial rite consisted in
inhumation. At this sites, the tombs belong to the period from the | century A.D. until the
beginning of the V century A.D.

Bone samples were collected from femur, tibia, humerus, radius and parietal bones, which
were classified as cortical bones, and ribs as spongy bones. Furthermore, bone samples
from the outer bone layer and soil samples were analyzed. Outer bone layer samples were
obtained from the external bone surface directly in contact with the sediments. Principal
Component Analysis (PCA) was applied to identify bone samples with a well preserved
elemental composition. Therefore for the first time Partial Least Square (PLS) regression
models were built to predict the concentration of calcium, magnesium and strontium in

skeletal remains by NIR spectra of the mineralized and homogenized solid samples.



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

2. Materials and methods

2.1. Sample collection

Bone samples were collected from 78 different individuals, sampling around 5 cm of each
bone and the weight of the collected sample ranged between 15 and 20 grams depending
on the type of bone. Bones as femur, tibia, humerus, radius and parietals, mainly
composed by a cortical matrix were classified as “cortical”, and ribs mainly composed by a
spongy matrix were grouped as “spongy”.  The first 2 mm of bone directly in contact
with the sediments was called external part of bones and was obtained employing a
bistoury to scrape. All bones were sampled avoiding the osteometric points, and the
sampling was carried out using a cutting toll and a micro spoon spatula.

To provide reproducible and comparable results compatible with the sensitivity of the
analytical methods employed and so appropriately relate NIR obtained data with the
reference method data all samples were previously mineralized in a muffle furnace,
(temperature programme employed: I. 30min at 150 °C; Il. 1° /min up to 450 °C; IIl. 24h at

450 °C; IV. 30 °C), and pulverized and homogenized with an agate mortar

A total of 243 samples from Virgen de la Misericordia were analysed. Bone samples were
divided in three groups: i) internal part of bones, composed by the internal part of cortical
and spongy ones (95 samples), ii) external part of bones, composed by the first external

layer of cortical bones and spongy ones (94 samples) and, iii) sediments that were directly
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in contact with the bones (54 samples). Additionally following the mentioned
classification, 28 samples from En Gil internal part of bones (8 samples), external part of

bones (10 samples) and sediments (10 samples) were also analyzed.

2.2. Apparatus and methods

For diffuse reflectance near infrared spectra acquisition, a Fourier transform near infrared
spectrometer, model Multipurpose Analyzer (MPA) from Bruker (Bremen, Germany),
equipped with an integrating sphere was employed. This instrument is equipped with a
NIR source, a quartz beamsplitter and PbS detector. For instrumental and measurement

control as well as for data acquisition, Opus 6.5 software from Bruker was used.

References values about the mineral composition of samples were determined by using an
Optima 5300 DV ICP-OES Perkin EImer (Norwalk, CT, USA) equipped with an autosampler
AS 93-plus and a cross flow nebuliser. Samples were previously calcinated inside a muffle
furnace Biometa Lenton ECF 12145A (Lanera, Espafia) and acid digested using a heating

plate lka C-Mag HS7.

2.3. Reference method

The digestion method was developed modifying the process described by Gallello et al.
2013 and 2014 [19] and consisted in addition to 0.5 g of mineralized sample of 1:1 HCl and
HNO3 (using 37 % HCl and 69 % HNOs high purity stock) and digested in a water bath at

100° C. This concentrated solution (A), was diluted 1:250 obtaining solution (B), to
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measure Mg and Sr. Solution (C) was obtained to analyze Ca by diluting 1:2000 solution
(A). Concentrations of HCl and HNO3z have been maintained constant in all solutions. A
multi-element stock solution containing Ca, Mg and Sr at a concentration of 100 pg ml™
was employed for the preparation of the calibration standards in 50 ml volumetric flasks.
To avoid the obstruction of the nebulizer system samples were filtered employing filter
paper (WhatmanTM N.1 of 70mm). Concentrations ranging between 0 and 20 pg ml™
were used for Ca, Mg and Sr. Standards were obtained from Sharlab S.L. (Barcelona,
Spain). The standard error of readings during the analysis ranged from 0 % to 2 % for the
major elements considered. Bone ash NIST 1400 and soil GBW07408 were used as
standard reference materials for evaluating the accuracy of the analytical method and Re
was used as internal standard. Mineral element content of studied samples, determined
by reference method, varied between 72 and 421 mg g'l for calcium, 998 and 10964 pg g'l

for magnesium and, 102 and 2100 pg g'1 for strontium.

2.4. NIR procedure

Pulverized mineralized samples were placed in clear glass vials of 11 mm internal diameter
and 25 mm height to directly obtain their NIR spectra by diffuse reflectance in Kubelka—
Munk units. Spectra were collected between 14000 and 4000 cm™ by averaging 50 scans
and using an optical resolution of 4 cm™. A background spectrum was acquired before
each series, from the closed integrating sphere using the same instrumental conditions
than those employed for samples measurement. Three measurements of each sample

were obtained by rotating the sample vial position between replicates in order to ensure a
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good reliability. The average of the triplicate spectra of each sample was employed for

data exploration and to build the chemometric models.

2.5. Chemometric data treatment

Data treatment was carried out using in-house written functions employing Matlab
8.3.0.532 (R2014a) from Mathworks (Natick, MA, USA) being employed for Principal
Analysis Components (PCA) and Partial least squares (PLS) regression model, the PLS
Toolbox 7.5.2 from Eigenvector Research Inc. (Wenatchee, WA, USA).

PCA applied to IR spectra was used as data exploration; based on the distance between
samples the evaluation of their similarity. PLS models were applied to spectral data to
develop prediction models for Ca, Mg and Sr. These calibration models were developed
based on the statistically inspired modification of the PLS method (SIMPLS) algorithm
[32]. To select the most appropriate sample calibration set, Kennard-Stone (KS)
algorithm [33] was used, thus selecting a representative subset to ensure training
samples spread evenly throughout the sample space. For building the best PLS models,
different spectral regions and spectra pre-treatments were tested as multiplicative
scatter correction (MSC), standard normal variation (SNV), a Savitzky-Golay first (FD) and
second derivative (SD), and mean center (MC) also combination of them. The
performance of PLS-NIR models was evaluated according to the root mean square error
of cross validation and prediction (RMSECV and RMSEP) values, the coefficient of
determination for prediction (R’pred), relative root mean square error of prediction

(RRMSEP) and residual predictive deviation (RPD), calculated this last parameter as the
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ratio between standard deviation (SD) of the prediction set and the RMSEP values [34].
Generally, RPD value greater than 3.0 is considered adequate for analytical purposes with
excellent prediction accuracy, between 2.5 and 3.0 implies that the model has a good
precision and between 2.0 and 2.5 indicates that the model has an approximate
precision. A value for the RPD between 1.5 and 2.0 reveals a possibility to distinguish
between high and low values and a RPD 1.5 indicates that the calibration is not usable
[35]. The optimum number of latent variables (LV’s) was determined by cross-validation

using leave one out sample in order to obtain the minimum value of RMSECV.

3. Results and discussion

3.1. FT-NIR spectra

Figure 1 shows, in Kubelka Munk units, the averaged NIR spectra of a) internal part, b)
external part of bones and c) sediment samples, considered in this study without any data
pre-treatment, in the region between 9000 and 4000 cm™. These sample spectra present
differences in the intensity and position of certain bands, but all show absorption bands
around 7200 and 5220 cm™* related to combination vibrations of H-O-H bend and O—H
stretch of water. The main difference which presents internal bones is the weak vibration
which appear near 4655 cm ™ (without a clear assignment) and the absorption near 6977
cm™ assigned to the first overtone of the stretching vibrations of OH group in
hydroxyapatite [36], thatis higher than in external part of bones. In the case of the
sediment samples, the aforementioned band is absent. Additionally, at 5278 cm™?, internal

part of bone and external part of bone in minor intensity, present an absorption band
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related to apatite [30]. On the other hand, in sediment samples it is present a band at
7070 cm ™ related to the first overtone of the O—H stretch vibration in metal-O-H [37].
Moreover, vibrations bands near of 4530 cm™ are due to clay minerals, like smectite and
illite, and the band at 4265 cm™ is associated with the contribution of calcite [37], which
decreases in intensity in external bone. In the case of internal part of bone samples, the
band located at 4265 cm * not appears and the band at 4530 cm™* is less intense than in
external part of bones. So that, in external part of bones appear typical bands of sediment
samples related with metal-OH (7070 cm™), calcite (4265 cm™) and clay minerals (4530
cm™), and lower bands of hydroxyapatite (6977 cm™) and apatite (5278 cm™).
Degradation of hydroxyapatite in external part of bones is a great indicator of diagenetic
process. Sediments around bones are crucial role to conservation of them, and sediments
analysis should be carried out in order to assess their contribution to the modification of

the bone chemical composition.

3.2. Data Exploration by PCA

Before building the calibration models, PCA was used for exploratory data analysis to
study the spectral differences between considered samples. Figure 2 presents the scores
plot for first and the second principal components obtained from PCA for Misericordia and
En Gil Necropolis, after a) FD and MC and b) MSC, FD and MC pre-treatment, being
selected the region from 9014 to 4000 cm™. In Figure 2a, the two first principal

components after spectra pretreatment by using FD and MC represent 86.07% of the

10
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explained variance, being 76.93 and 9.14% for PC1 and PC2, respectively. In the scores
plot, there is not a clear-cut grouping of samples, but it can be appreciated that sediment
samples spectra are clearly different from those of internal part of bone samples and that,
external part of bone samples are located between sediment and internal part of bone
ones in the direction of PC1. In Figure 2b, it can be seen that the scores plot for first and
the second principal components after MSC, FD and MC pretreatment, represent 85.72%
of the explained variance (PC1 corresponds to 80.49% and PC2 corresponds to 5.23% of
the variance). It can be seen that internal part of bone samples are located towards the
right of the PC1 and sediment samples are dispersed in the left. External part of bone
samples are situated between these two groups in the direction of PC1. Moreover, PCA
indicates that samples derived from En Gil are similar to Misericordia samples, and
because of that samples from Misericordia can be used as calibration set to predict
alkaline earth elements in En Gil samples.

The aforementioned PCAs were built using differentiated internal and external parts of
bones in both, spongy and cortical remains. Figure 2c presents the scores plot after FD and
MC and Figure2d after MSC, FD and MC pretreatment. No differences were detected
between internal parts of cortical and spongy bones. However if we look at the external
part of bones, spongy group is located near to sediment samples, and external part of
cortical bones are located close to internal part of bones because spongy tissues are more
susceptible to diagenesis than cortical [38] due to the fragility and porosity of their

structure. Wavenumbers responsible for the distinction of the samples in PCA can be

11
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identified in the corresponding loading plots (Figure 2e and 2f) with a clear identification

of bands around 7000 cm™ and between 5500 and 4000 cm™.

So, it can be concluded that PCA analysis using NIR spectra data provides a fast and green
tool to identify changes caused by the environment in bone samples. These results
indicate that external part of bones suffer an increased degradation produced by
diagenetic factors than internal part of bones, especially in the case of spongy bones
external part due to their high porosity. Consequently, conclusions about identification of
biogenetic signals using major element ratios could change depending of the bone class
evaluated. To avoid mistakes, the use of PCA analysis, as exploratory method, permits a
prior selection of samples, not affected by diagenetic processes, to be used in different
bioarchaeological and forensic studies involved in bone analyses. Additionally, PCA is a
good indicator to test if the calibration set contains the validation samples in order to be

used in PLS models without errors due to extrapolation of data.

3.3. PLS-NIR models

To build PLS models, Misericordia samples were divided into a calibration and a validation
subset with 183 and 60 objects, respectively, using K-S algorithm for the training set
selection, composed by 62 external part of bones, 70 internal part of bones and 51
sediment samples.

The main characteristics of calibration and validation sets selected for the three elements

determination by PLS-NIR are indicated in Table 1. Several regions and different pre-
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processing strategies were assayed to build the best models and to evaluate their
prediction capability. For all elements, regions selected were those between 9014 and
4000 cm™. To build PLS-NIR models using the selected spectral range, 3, 4 and 4 LVs were
employed for Ca, Mg and Sr, respectively, in order to minimize the RMSECV, explaining
89.1 %, 90.8 % and 88.5 % of the total variance of the X data block and 92.4%, 95.0% and
90.4% of the Y data block, respectively. For Ca and Mg, FD with a window of 11 points and
a second order polynomial, and MC treatment were adopted as signal pre-processing. For
strontium, MSC, FD and MC were chosen. Additionally, concentration data were mean
centered as well in all cases. Outliers can be identified by Q residual versus the Hotelling
T values, being removed 2 samples from the calibration set of Ca, Mg and Sr and 2
samples from the validation set of Ca and Sr and only one sample of Mg, prior to do the
calculations and validation of the final PLS models for those elements. Figure 3a shows the
regression between PLS-NIR predicted values for Ca, Mg and Sr and those obtained by the
reference ICP-OES method. It can be seen that calibration and validation sample points
were closely distributed near the optimum regression line between predicted and
measured values for the three elements, obtaining high coefficients of determination for
calibration (R’cal), cross validation (RCV) and prediction (R’pred) in all elements. The
prediction capability of PLS-NIR models were good for all elements, obtaining RRMSEP
values of 10%, 15% and 19% for calcium, magnesium and strontium, respectively. The
most important calibration and validation parameters of the developed PLS-NIR models

are summarized in Table 2.

13



288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

It can be seen that samples of internal part of bones contain higher calcium (368 + 24 mg
g™) and strontium (1306 + 235 pg g) levels and lower magnesium content (1393 + 175 pg
g) than external parts (with 261 + 47 mg gof Ca, 844 + 203 pg g™ of Srand 5599 + 1684
ug g’ of Mg) and sediment samples (with 133 + 17 mg g~ of Ca, 239 + 60 pg g of Sr and
8165 + 858 ug g of Mg). As aforementioned, in physiologic conditions, hydroxylapatite is
composed of 38 % Ca, with traces of Mg and small amounts of other elements like Sr,
indicating that internal part of bones are intact looking at Ca values that are around
the38%. Mg enrichment in external part of bones indicates that this element is probably
incorporated into the bones from sediments during diagenesis process.

External part of bones, especially in the case of spongy bone remains are more sensitive to
diagenetic processes caused by the environment indicating that degradation not affects in
the same extent different skeletal parts. Due to the fact that spongy bones have higher
porosity and thinner cortex than cortical bones, the first type is less resistant to diagenetic

factors suffering chemical changes.

Results obtained by PLS-NIR models indicated that NIR spectroscopy has a good potential
to predict alkaline earth elements content in bone remains. As mentioned this method has
many advantages over the conventional employed analytical techniques because it is
quick, inexpensive, non-destructive for pulverized samples and does not require the use of

chemical reagents nor solvents.

3.4. PLS-NIR prediction capability

14
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To evaluate the PLS-NIR prediction capability of models built to predict Ca, Mg and Sr
concentrations in bones and sediments, an independent validation set, not employed
during the calibration step, was used. For this propose external part, internal part of
bones and sediment samples of En Gil Necropolis were used as external set. The mean,
concentration range and standard deviation for the concentration of analysed elements
employed for prediction set are summarized in Table 1. Predicted values of the analytes
versus those obtained by the reference methods are shown in Figure 3b and the most
important calibration and prediction parameters of the developed NIR-PLS models are
summarized in Table 2. Acceptable RRMSEP values were obtained for calcium and
magnesium with 15% and 11%, respectively, and for strontium a value of 37% was
obtained, with correlation coefficients of 90.4, 97.4 and 97.4, and RPD values of 3.2, 5.33
and 2.3, respectively. These results demonstrate a good predictive capability of the PLS-
NIR models developed to evaluate alkaline earth elements in bones and sediment

samples.

Furthermore it must be indicated the PLS models were made from bone samples of
different origin, and date of those of the training set, confirming the feasibility of our
innovative methodological proposal for the evaluation of alkaline earth elements in

archaeological remains.

The obtained results indicate a good predictive capability for Mg in samples that not

belong to the same population while Ca were predicted with relative errors of 15% and Sr

15
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37%, respectively, being thus limited as a screening tool. Especially for Sr the high relative
error of 37% is probably due to the lower levels of this element found in some samples

not compatible with the sensitivity of NIR.

4. Conclusions

Fourier Transform Near Infrared (FT-NIR) provides a fast, cheap and green analytical
method for the prediction of the content of calcium, magnesium and strontium in buried
bone and sediment samples, and it could be very useful to understand post-mortem
changes of bones caused by the environment which can affects different skeletal parts
and for selecting bone samples with well preserved biogenetic signals. PCA has shown that
the alkaline earth element profile of bone and soil samples, as expected, is clearly
different. Furthermore the external surface of spongy bones is more similar to the soils
than to the surface of cortical bones. This confirm that the outer bone layer of spongy
bones is more altered than the cortical surface and the presence of Ca, Mg and Sr is
similar to that of soil samples of the studied sites. Therefore it can be concluded that
environmental factors have a main impact on spongy tissues, which are more susceptible
to diagenetic processes, than on the cortical bones. It is indicated in the NIR spectra by the
loss of apatite band (the main bone compound) and the presence of clay bands especially
on spongy bone surface.

A milestone in the study of bone remains is settled in this work by the development of

PLS-NIR models, indicating that FT-NIR spectroscopy can be employed to predict Ca, Mg
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and Sr contents in bones remains and soils samples. Ca and Sr contents were found to be
higher in the internal part of bone samples, opposite to Mg contents that were higher in
the external bone surface and soils, and lower in internal part of bones. Our developed
methodological approach combines NIR spectroscopy and statistical analysis and this
allowed us to predict bone alkaline earth mineral composition opening a new perspective
for the identification of better preserved samples in bioarchaeological studies and forensic
science investigations.

Regarding the limitations of the study it must be noticed that it was based only on the
mineral part of skeletal remains which were treated thermally and pulverized before
measurements thus losing information from the organic part of bones and soils.
Additionally, the lack of sensitivity of NIR spectroscopy seriously affected the capability of
these measurements to be employed for trace element determination and just important

elements present as major components of bones, like Ca, Mg and Sr could be determined.
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Table 1. Concentration ranges of determined mineral elements in calibration, validation and

prediction data sets

Analyte Set Samples Range Mean value SD
Calcium (mg g™ 181 96 - 421 260 100
Magnesium (pg g?) Calibration 181 1050 - 10500 4967 3091
Strontium (pug g?) 181 153 - 2100 823 486
Calcium (mgg™) 58 72 - 400 312 76
Magnesium (pg g™) Validation 59 1070 - 8500 3226 2545
Strontium (pg g™) 58 124 - 2010 1058 405
Calcium (mgg™) 26 112-421 233 114
Magnesium (pg g™) Prediction 26 998 - 10964 6723 3864
Strontium (pg g™) 26 102 - 1350 518 442

SD: Standard deviation



Table 2. Description of the best PLS-NIR models employed for the determination of Ca, Mg and Sr and their main figures of merit.

Misericordia samples en Gil samples

LV  RMSEC R®Cal RMSECV R®*CV RMSEP R?Pred RRMSEP (%) RPD  RMSEP R®Pred Slope Intercept  Bias RRMSEP (%) RPD

Element Pre-process

?f:;';‘.’f; FO,MC 3 275 924 290 916 317 834 102 24 356 904 08299 414 17 153 3.
M"’(‘ﬁgegs_i;'m FD,MC 4 683 950 7502 941 496.6 963 154 51 7237 973 09504 2462  -813 108 53
St(r:l’g":_‘l‘)m MSC,FD,MC 4 1501 904 169.8 87.7 1989 762 188 20 1989 974 09041 789 1550 373 23

LV: number of latent variables
RMSEC: Root mean square error of calibration; RMSECV: Root mean square error of cross validation; RMSEP: Root mean square error of

prediction; RRMSEP: Relative root mean square error of prediction; R’ Cal: coefficient of determination of calibration; R” CV: coefficient

of determination of cross validation; R? Pred: coefficient of determination of prediction.
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Figure 1. Averaged NIR spectra of mineralized bone and sediment samples comparing a) internal
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region between 9000 and 4000 cm™.
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Figure 2. PLS scores and loadings graphs obtained after different spectra treatments. Score plots
according Misericordia and En Gil Necropolis sample classification after: a) FD and MC, and b)
MSC, FD and MC pretreatment. Score plots on considering the bone parts after: ¢) FD and MC, and
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MC pretreatment.
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