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In this study the diagenetic pathways of archaeological human bones are investigated through Fourier transform
infrared spectroscopy in attenuated total reflection mode (ATR-FTIR). Archaeological excavations at Al Khiday
(16-D-4 site, Khartoum, Sudan) revealed a multi-stratified cemetery with distinct burial phases, chronologically
attributed to different periods spanning from the Early Holocene to the beginning of the 1stmillennium CE. ATR-
FTIR measurements are carried out on a set of 56 bone samples, representative of each burial phase. Parameters
related to collagen content and to bioapatite crystallinity and structural carbonate are calculated from infrared
spectra in order to monitor the types and extent of diagenetic alteration, to assess the preservation state of
bones and to define the alteration processes occurring during burial. A newmethod is here developed to quantify
the amount of secondary calcite and to remove its contribution to the infrared spectrum, when interfering with
the signal of structural carbonate from bioapatite.
Considering thewide span of time covered by the archaeological record, the variability of bones alteration among
burial phases is related to the climatic changes occurring in central Sudan during the Holocene. The more humid
environment occurring in the Early Holocene, characterised by higher precipitation rates, seasonal swamps and
palaeo-lakes, progressively changed towards drier conditions until the current arid climate of the Sub-Saharan
belt. The change of palaeoenvironmental and local burial conditions over time differently influenced the types
and extent of diagenetic processes affecting bones during burial.
In this research are also discussed advantages and disadvantages of ATR-FTIR spectroscopy with respect to the
more established FTIR spectroscopy in transmission mode.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Human bones are frequently foundwithin the archaeological record
and are studied at different levels in order to retrieve valuable informa-
tion for anthropological, cultural and palaeoenvironmental studies.
Bone is a composite material with a complex structure described in
terms of hierarchical levels of organization (Weiner and Wagner,
1998), constituted by the association of an organic matrix (mainly
type-I collagen) and a mineral phase. The latter is constituted by
nanocrystals of bioapatite, with a composition resembling that of hy-
droxyapatite (Ca10(PO4)6(OH)2) but considerably departing from stoi-
chiometry, as a number of elements enter the structure in minor and
trace quantity and ionic substitutions occur (Gómez-Morales et al.,
2013; Elliot, 2002; LeGeros, 1981). After the death of the individual,
so).
bones undergo several taphonomic and diagenetic processes,mainly in-
fluenced by environmental and burial conditions, that cause the alter-
ation of both their organic and mineral constituents at different
extent. Collagen deterioration, microbiological alteration, bioapatite
dissolution and recrystallization, ions depletion or uptake and second-
ary mineral phases precipitation can occur (Lee-Thorp, 2008; Hedges,
2002; Nielsen-Marsh and Hedges, 2000; Smith et al., 2007;
Sponheimer and Lee-Thorp, 1999; Weiner, 2010). The study of bone
diagenesis for a specific site aims to understand how, by which way
and at which extent these processes have altered archaeological
bones; moreover, if subsequent studies are addressing the recovery of
the pristine chemical composition or isotopic signature of bones, the
study of diagenetic alteration may contribute to assess the reliability
of retrieved information.

This research investigates the diagenetic alteration of human bones
from the archaeological site 16-D-4 at Al Khiday (Khartoum, Sudan),
where a multi-stratified cemetery was excavated, revealing four
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different burial phases, covering a wide span of time, from the pre-Me-
solithic to the Meroitic (Dal Sasso et al., 2014; Jakob, 2014; Usai et al.,
2010; Usai et al., 2014), namely from the early Holocene to the early
1st millennium CE. Since, profound climatic changes occurred during
the Holocene in North Africa, from humid environment towards drier
conditions more similar to the current arid climate of the Sub-Saharan
belt (Castaneda et al., 2009; Clarke et al., 2015; Gasse, 2000; Gatto and
Zerboni, 2015; Hoelzmann et al., 2001; Kröpelin et al., 2008; Nicoll,
2004; Talbot et al., 2007; Zerboni, 2013; Williams et al., 2015), this
case study investigates a set of bone samples that have been buried in
the same site but at different periods, thus experiencing different envi-
ronmental conditions. Moreover, since all burial phases share the simi-
lar ritual practise of burying the dead in pits, presumably shortly or even
immediately after death, environmental and local burial conditions play
a major role in determining different types of diagenetic alteration.

These boneswere analysed through Fourier transform infrared spec-
troscopy (FTIR). This analytical approach is widely used in bone diagen-
esis studies (Lebon et al., 2008, 2010; Nielsen-Marsh and Hedges, 2000;
Reiche et al., 2010; Roche et al., 2010; Smith et al., 2007; Trueman et al.,
2004;Weiner, 2010) as it requires a low amount of material (1mg) and
it is sensitive in investigating both the mineral and the organic phase.
Additionally, the fast and nearly inexpensive analytical procedure en-
ables one to investigate a large set of samples. A FTIR spectrum shows
which fraction of the incident infrared radiation is absorbed by the sam-
ple at a particular wavelength, thus providing information onmolecular
bonds and their chemical environment. Qualitative and semi-quantita-
tive analyses can be performed in order to investigate the nature as
well as the atomic order/disorder of mineral and organic matter in the
analysed samples. Therefore, FTIR spectroscopy can provide valuable in-
formation on the preservation state as well as on structural and chemi-
cal properties of archaeological bones (Grunenwald et al., 2014; Lebon
et al., 2010; Weiner and Bar-Yosef, 1990; Weiner, 2010).

Several analytical techniques coupled with FTIR spectroscopy are
currently applied to material characterisation, requiring different sam-
ple preparation methods. While the traditional transmission FTIR
mode, performed on pellets prepared with potassium bromide (KBr),
is extensively used to study bone material, only recently Attenuated
Total Reflection FTIR (ATR-FTIR) mode has been applied to provide
both qualitative and quantitative information on fossil bone composi-
tion and to investigate bone diagenesis (Beasley et al., 2014; Hollund
et al., 2012; Lebon et al., 2014, 2016; Salesse et al., 2014). The main ad-
vantage of applying FTIR spectroscopy in ATRmode rather than in trans-
mission mode is the minimal sample preparation that is required,
implying faster analysis and reducing the influence of sample prepara-
tion on the measurements. In fact, the use of different protocols to pre-
pare KBr pellets and even the same preparation procedure performed
by different operators can induce at least minimal differences in FTIR
spectrum,whichhowever heavily affect the determination of diagenetic
parameters calculated on the basis of peaks intensity ratio (Asscher et
al., 2011a, 2011b; Surovell and Stiner, 2001). Moreover, KBr is hygro-
scopic, thus an accurate and time consuming sample preparation is re-
quired in order to reduce at minimum the effects of atmospheric
moisture on the acquired spectra; conversely, these effects are more
easily removed when applying ATR-FTIR spectroscopy.

Taking into account all these aspects, this study aims to evaluate the
preservation state of the archaeological bones found at Al Khiday by ap-
plyingATR-FTIR spectroscopy, and to define the diagenetic processes af-
fecting bones, considering the changes of climatic and environmental
conditions during burial.

2. FTIR spectroscopy of bone

When analysing bone material, major absorption bands of the
organic matrix are located in the region from 1700 to 1300 cm−1,
where two peaks, at 1660 and 1550 cm−1 corresponding to the amide
I and amide II vibrational bands, respectively, can be detected.
Bioapatite shows several absorption bands relative to phosphate and
carbonate groups. In fact, among ionic substitutions in bioapatite crystal
structure, carbonate substitution is the most significant (4–7 wt.%) and
it is easily detectable by FTIR measurements.

Carbonate ions occur in the A and B crystallographic sites, substitut-
ing hydroxyl ions and phosphate ions, respectively, and are thought to
stabilize the surface of apatite nanocrystals. Thepresence of ionic substi-
tutions in the bioapatite structure influences the long-range atomic
order of crystals and therefore it plays amajor role in determining phys-
ical and chemical properties of bonemineral, such as solubility and crys-
tal size (LeGeros, 1981;Wopenka and Pasteris, 2005). The occurrence of
carbonate ions in the bioapatite structure produces, in the IR spectrum,
bands referred to the ν2(CO3) and ν3(CO3) vibrational modes, detected
in the range from 890 to 840 cm−1 and from 1600 to 1300 cm−1, re-
spectively (Fig. 1a, b). Amore detailed distinction is between vibrational
bands associated to carbonate ions occupying theA or B crystallographic
site: it is almost accepted the attribution of the ν3(CO3) vibrational
modes at ~1465 and ~1542 cm−1 to the A-type carbonate and at
~1462 and ~1415 cm−1 to the B-type carbonate, as well as the
ν2(CO3) at ~880 cm−1 to the A-type carbonate and at ~872 cm−1 to
the B-type carbonate (Rey et al., 2011). The possible presence of second-
ary calcite, frequently detected in archaeological bones as the result of
secondary mineral phases precipitation in bone micro-porosity during
diagenesis, can be monitored. In fact, while ν2(CO3) and ν3(CO3) vibra-
tionalmodes overlapwith those of carbonate ions in the bioapatite crys-
tal structure, ν4(CO3) at 712 cm−1 is characteristic for calcite (Fig. 1c).

As for phosphate group, the strongest absorption bands correspond
to ν3(PO4) and ν4(PO4) vibrational modes and range from 1200 to 900
cm−1 and from 700 to 500 cm−1, respectively; weaker bands, corre-
sponding to ν1(PO4) and ν2(PO4) are at 962 cm−1 and 472 cm−1, re-
spectively (Rey et al., 2011) (Fig. 1a, b). The ν4(PO4) vibrational mode
shows two bands at ~604 and ~565 cm−1 (and a shoulder at ~575
cm−1), whose separation is correlated to atomic disorder and/or crystal
size of bioapatite. Weiner and Bar-Yosef (1990) defined a crystallinity
parameter, named infrared splitting factor (IRSF), calculated as the
sum of peak intensities at 604 and 565 cm−1 divided by the intensity
of the valley between them, thus quantifying the splitting extent of
the two peaks. Since a good correlation between IRSF and the bioapatite
crystal size, assessed by other analytical techniques (Piga et al., 2011;
Stathopoulou et al., 2008; Trueman et al., 2004), was proved, the infra-
red splitting factor can be used as an effective parameter to monitor the
bioapatite recrystallization degree. A bioapatite sample characterised by
a more ordered crystal structure and larger crystals will show a higher
value of IRSF than a less crystalline sample.

FTIR spectroscopy can provide simultaneous information on colla-
gen preservation as well as on carbonate content and crystallinity of
the bonemineral fraction. These parameters will be monitored thought
the multiple burial phases at the Al Khiday site.

3. Materials and methods

3.1. Archaeological samples

The archaeological site 16-D-4 (or Al Khiday 2) is located in central
Sudan near Khartoum, on the western bank of the White Nile, at
3.5 km from the river course and 22 km south from the confluence
with the Blue Nile (Appendix A). Extensive archaeological excavation
(Salvatori and Usai, 2009; Salvatori et al., 2011, 2014; Usai and
Salvatori, 2005, 2007; Zerboni, 2011), carried out within the “El Salha
archaeological project” since 2005, brought to light 203 graves belong-
ing to at least three different burial phases: pre-Mesolithic, Neolithic
and Meroitic (Dal Sasso et al., 2014; Iacumin et al., 2016; Jakob, 2014;
Usai et al., 2010, 2014). Since the early Holocene, the same area has
been used as a burial ground in several periods.

The pre-Mesolithic phase (105 graves) is chronologically constrained
by the Mesolithic use of the site, whose features, cutting in some cases
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Fig. 1. FTIR spectra of an archaeological (black) bone sample (156F) and amodern (light grey) standard sample (2.5wt.% of calcite, used for calibration curves), acquired in transmission (a)
and ATR (b) modes, are reported. Bands are attributed to amide I, phosphate and carbonate vibrational modes. Peak intensities and baselines used to calculate Amide I/PO4, CO3/PO4, Cal/
PO4 and IRSF parameters are shown. c. ATR-FTIR spectra of calcite (black) and bone (light grey – archaeological bone sample 50F).
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the older burials, date to 6700–6300 cal. years BCE and provide a termi-
nus ante quem for this burial phase (Salvatori et al., 2011; Salvatori,
2012; Usai et al., 2010). The site was subsequently used as a cemetery
during the Neolithic period (30 graves; 4550–4250 cal. years BCE) and
later on during the Meroitic period (42 graves, 50 cal. years BCE–
250 cal. years CE) (Usai et al., 2010, 2014). The chronology of the burial
phases was assessed on the basis of radiocarbon ages obtained on ar-
chaeological materials and soils sediments stratigraphically related to
the graves (Salvatori et al., 2011; Usai et al., 2010; Williams et al.,
2015). A possible fourth burial phase (19 graves, identified within the
pre-Mesolithic group) was identified on the basis of both archaeologi-
cal evidences and the macroscopic bone preservation state (Usai et al.,
2010), coupled with histological analysis (Dal Sasso et al., 2014). How-
ever, the lack of grave goods and uncertainties on the relationship be-
tween graves and the archaeological stratigraphy make this burial
phase of uncertain chronological attribution and it is here tentatively
labelled as pre-Mesolithic-b.

In this research, 12 pre-Mesolithic, 3 pre-Mesolithic-b, 7 Neolithic
and 6 Meroitic graves were selected as representative of the burial
phases. From each grave a femur (F) and a humerus (H) were sampled,
hence a total number of 56 bone samples were here analysed by ATR-
FTIR spectroscopy (Table 1).

3.2. Standard samples for calibration curves

Significant variations among theburial phases, in termsof diagenetic
alteration, were observed at themicro-scale level and secondary calcite
was detected in pre-Mesolithic, pre-Mesolithic-b and Neolithic bone
samples (Dal Sasso et al., 2014). The ν2(CO3) and ν3(CO3) vibrational
bands of calcite overlap to those of structural carbonate of bioapatite,
thus affecting the assessment of the preservation state of bioapatite by
monitoring its carbonate content. Therefore, the following method has
been developed in order to remove the contribution of calcite to the car-
bonate vibrational bands of spectra and to retrieve that of the structural
carbonate of bioapatite.

A set of 8 standard samples were prepared adding ~1, 1.5, 2, 2.5, 5,
10, 15 and 20 wt.% (see Table 2 for exact wt.%) of calcium carbonate
(Merck) to a deproteinated modern ox bone (bone was deproteinated
by means of hydrazine hydrate 98% at room temperature for 2 h, then
at ~40 °C for 48 h; finally bone mineral was rinsed once in 98% ethanol
and in 100% ethanol for 3 times, then dried overnight at 45 °C). In this
case, as archaeological bones are totally deprived of collagen (Usai et
al., 2010), deproteinated bone was used as reference material. On the
basis of results obtained by FTIR measurements, calibration curves
were established in order to quantify secondary calcite in archaeological
bones and decouple the overlapped contribution to the ν3(CO3) vibra-
tional modes, generated by carbonate groups contained in calcite and
in bioapatite. Measurement of standard samples was carried out by
ATR-FTIR and FTIR in transmission mode; calibration curves obtained
from the two different analytical techniques were compared in order
to verify the reliability of results.

3.3. Sample preparation and measurement

Standard samples measured by ATR-FTIR spectroscopy were finely
hand-ground and homogenized in an agate mortar. As for FTIR mea-
surement in transmission mode using the KBr-pelleting technique, the
following protocol has been applied in order to reduce at minimum
the variations on spectra induced during sample preparation: about
10mg of sample powder were dispersed in acetone and further ground
for 30 min with an agate ball micro-mill, then 2.5 mg of ground sample
were mixed with 1 g of KBr and homogenized in an agate mortar for
1 min. Transparent pellets (13 mm in diameter) were created by
means of a vacuum hydraulic press, under 11 tons/cm2 pressure for
2.5 min. Pellets were then dried in oven at 110 °C overnight before
measurement.
Sample preparation of archaeological bones for ATR-FTIR measure-
ment was minimal: the external surface of each sample, encrusted by
soil sediments, was mechanically removed by means of low-speed
micro-drill equipped with an abrasive point. Attention was paid in
order to avoid over-heating of samples during the mechanical cleaning
process. Then, samples were finely hand-ground in an agate mortar for
about 1 min in order to homogenize their composition.

Spectra were collected with a Bruker Vector 22 spectrometer,
equipped with an ATR diamond accessory (Specac Standard Golden
Gate) for ATR-FTIR measurements; 64 scans for each spectrum
were acquired, in the range 4000–400 cm−1, with a spectral resolution
of 2 cm−1. Spectral analysis was performed using Omnic 9 software
(Thermo Scientific).

The following parameters were calculated for each spectrum:

• parameter related to the carbonate content of bioapatite (CO3/PO4):
calculated by dividing the intensity of the band at 1415 cm−1

(ν3(CO3) vibrational mode of B-type carbonate) by the peak intensity
at 1035 cm−1 assigned to the ν3(PO4) vibrational mode (Grunenwald
et al., 2014; Rink and Schwarcz, 1995); since B-type carbonate ismuch
more abundant than A-type, CO3/PO4 parameter calculated here is as-
sumed to produce reliable results inmonitoring the carbonate content
of bioapatite (LeGeros, 1981; Sponheimer and Lee-Thorp, 1999;
Wopenka and Pasteris, 2005);

• parameter related to the amount of secondary calcite precipitated
during diagenesis (Cal/PO4): calculated by dividing the peak intensity
at 712 cm−1 (ν4(CO3) vibrational mode characteristic for calcite) by
the peak intensity at 1035 cm−1 of phosphate;

• infrared splitting factor (IRSF): calculated by dividing the sum of
the peaks intensities at 604 and 565 cm−1 by the intensity of the
valley between them (Weiner and Bar-Yosef, 1990); it is related to
bioapatite crystallinity;

• collagen content parameter (Amide I/PO4): calculated by dividing the
peak intensity of the Amide I band at 1660 cm−1 by the peak intensity
of the phosphate band at 1035 cm−1; this parameter was determined
in order to check the actual collagen degradation.

The baseline used to calculate band intensities was defined by two
points calculated as the local minimum ranging in selected regions of
the spectrum (Table 3).

4. Results

The relative standard deviation (RSD), calculated on repeated mea-
surements of both standard and archaeological samples, is within 5%
for IRSF, Cal/PO4 and CO3/PO4 parameters. According to Lebon et al.
(2016), a good reproducibility of ATR-FTIR measurements can be
achieved by modulating the pressure on the ATR crystal in order to ob-
tain a raw maximum absorbance below 1.

4.1. Calibration curves

4.1.1. ATR-FTIR
Results obtained from ATR-FTIR on the 8 standard samples (Table 2)

show that the detection limit for calcite in bone-calcite mixture is ~
2.5 wt.% since the 712 cm−1 band was not detected when analysing
samples containing 1, 1.5 and 2 wt.% of calcite. Therefore, calibration
curveswere established considering just the results obtained from sam-
ples with 2.5, 5, 10, 15 and 20 wt.% of calcite. For each ATR-FTIR spec-
trum IRSF, Cal/PO4 and CO3/PO4, were calculated.

An excellent correlation between Cal/PO4 and calcite wt.% was ob-
served (Fig. 2a) and the following linear correlation function was deter-
mined by linear regression:

Cal=PO4½ �ATR ¼ 0:0017 calcite wt:%½ �−0:0020 ð1Þ



Table 1
Diagenetic parameters calculated from the ART-FTIR spectrum of each sample and referring to: bone crystallinity (IRSF); secondary calcite content (Cal/PO4); bioapatite carbonate content
as calculated from spectra (CO3/PO4) and corrected for secondary calcite contribution (CO3/PO4-corr); collagen preservation (Amide I/PO4). Calcite percentage (Calcite %) calculated from
Cal/PO4 values with Eq. (2) is also reported.

ATR-FTIR

Burial phase Grave number Bone type IRSF Cal/PO4 CO3/PO4 Amide I/PO4 Calcite% CO3/PO4-corr

Pre-Mesolithic Grave 24 Femur 4.284 0.0117 0.2583 0.0192 8.0 0.2168
Humerus 4.149 0.0115 0.2686 0.0255 7.9 0.2279

Grave 55 Femur 4.492 0.0058 0.2521 0.0261 4.6 0.2315
Humerus 4.161 0.0175 0.3002 0.0214 11.5 0.2378

Grave 69 Femur 4.793 0.0284 0.2619 0.0165 17.9 0.1610
Humerus 4.510 0.0271 0.3270 0.0185 17.1 0.2307

Grave 88 Femur 4.063 0.0326 0.3922 0.0162 20.3 0.2765
Humerus 4.037 0.0212 0.3386 0.0235 13.6 0.2634

Grave 132 Femur 4.674 0.0030 0.2306 0.0288 2.9 0.2200
Radius 4.247 0.0041 0.2468 0.0236 3.6 0.2323

Grave 156 Femur 4.302 0.0051 0.2471 0.0232 4.2 0.2290
Humerus 4.304 0.0048 0.2699 0.0243 4.0 0.2530

Grave 157 Femur 4.273 0.0059 0.2840 0.0257 4.7 0.2629
Humerus 4.112 0.0175 0.3438 0.0228 11.5 0.2816

Grave 160 Femur 4.690 0.0383 0.3583 0.0179 23.7 0.2224
Humerus 4.735 0.0241 0.2747 0.0176 15.4 0.1890

Grave 170 Femur 5.218 0.0012 0.1584 0.0271
Humerus 5.113 0.0000 0.1785 0.0303

Grave 172 Femur 4.949 0.0124 0.2394 0.0213 8.5 0.1954
Humerus 4.716 0.0037 0.2164 0.0281 3.3 0.2034

Grave 174 Femur 4.742 0.0019 0.2052 0.0269
Humerus 4.859 0.0018 0.1868 0.0270

Grave 177 Femur 4.625 0.0005 0.2139 0.0270
Humerus 4.413 0.0027 0.2235 0.0258 2.7 0.2140

Pre-Mesolithic-b Grave 31 Femur 5.160 0.0242 0.2329 0.0158 15.4 0.1467
Humerus 5.016 0.0142 0.2360 0.0218 9.5 0.1856

Grave 120 Femur 4.898 0.0120 0.2122 0.0215 8.2 0.1696
Humerus 5.202 0.0092 0.1790 0.0194 6.6 0.1464

Grave 128 Femur 4.804 0.0082 0.2379 0.0274 6.0 0.2088
Humerus 4.914 0.0232 0.2970 0.0228 14.8 0.2145

Neolithic Grave 3 Femur 4.838 0.0578 0.3660 0.0216 35.2 0.1604
Humerus 5.133 0.0016 0.1553 0.0223

Grave 4 Femur 4.367 0.0050 0.2623 0.0337 4.1 0.2446
Humerus 5.789 0.0038 0.1253 0.0196 3.4 0.1119

Grave 103 Femur 4.614 0.0063 0.2332 0.0301 4.9 0.2107
Humerus 4.508 0.0111 0.2533 0.0268 7.7 0.2139

Grave 107 Femur 5.473 0.0069 0.1683 0.0229 5.2 0.1437
Humerus 5.070 0.0197 0.2075 0.0197 12.8 0.1374

Grave 158 Femur 4.160 0.0045 0.2490 0.0274 3.8 0.2331
Humerus 5.628 0.0061 0.1364 0.0175 4.8 0.1146

Grave 163 Femur 5.499 0.0027 0.1420 0.0228 2.8 0.1325
Humerus 5.805 0.0026 0.1117 0.0169 2.7 0.1024

Grave 164 Femur 5.673 0.0019 0.1178 0.0187
Humerus 5.554 0.0041 0.1234 0.0165 3.6 0.1088

Meroitic Grave 50 Femur 5.639 0.0013 0.1235 0.0340
Humerus 6.134 0.0007 0.0933 0.0254

Grave 115 Femur 5.711 0.0008 0.1042 0.0267
Humerus 5.562 0.0000 0.1192 0.0282

Grave 136 Femur 6.220 0.0007 0.0851 0.0185
Humerus 5.632 0.0009 0.1171 0.0225

Grave 137 Femur 6.125 0.0002 0.0994 0.0226
Humerus 5.368 0.0001 0.1515 0.0297

Grave 159 Femur 5.667 0.0016 0.1416 0.0377
Humerus 5.592 0.0004 0.1349 0.0292

Grave 166 Femur 5.759 0.0010 0.0997 0.0246
Humerus 5.671 0.0000 0.1220 0.0258
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This equation can be used to calculate the secondary calcite content
in archaeological samples:

calcite wt:%½ � ¼ Cal=PO4½ �ATR þ 0:0020
� �

=0:0017 ð2Þ

As v3(CO3) vibrational bands of calcite overlap with those of struc-
tural carbonate in bioapatite, thus both contributing to the determina-
tion of CO3/PO4, a linear correlation between CO3/PO4 and Cal/PO4
(Fig. 2b) can be observed, and described by the function:

CO3=PO4½ �ATR ¼ 3:5541 Cal=PO4½ �ATR þ 0:2114 ð3Þ

This linear function shows that the slope is determined by the calcite
content in the mixture and the intercept corresponds to the contribu-
tion of the sole carbonate contained in deproteinated bone sample.
Therefore, this calibration curve can be used to obtain a correction
(named CO3/PO4-corr) for the CO3/PO4 parameter, when secondary



Table 2
IRSF, Cal/PO4 and CO3/PO4 calculated from ATR-FTIR and FTIR spectra of standard samples
(modern deproteinated bone and calcite mixed at known percentage) and used for cali-
bration curves.

ATR-FTIR FTIR

Calcite% IRSF Cal/PO4 CO3/PO4 IRSF Cal/PO4 CO3/PO4

20.57 (±0.01) 3.757 0.0325 0.3185 3.048 0.0301 0.7377
15.52 (±0.01) 3.774 0.0233 0.2907 3.238 0.0229 0.5557
10.46 (±0.01) 3.770 0.0162 0.2942 3.033 0.0125 0.4491
4.97 (±0.01) 4.090 0.0048 0.2183 3.253 0.0055 0.3091
2.37 (±0.01) 3.926 0.0029 0.2183 3.160 0.0020 0.2542
2.00 (±0.01) 4.085 0.0020 0.2216 – – –
1.50 (±0.01) 4.077 0.0002 0.2212 – – –
1.02 (±0.01) 3.976 0.0006 0.2135 – – –
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calcite is detected, using the function

CO3=PO4−corr½ �ATR ¼ CO3=PO4½ �ATR−3:5541 Cal=PO4½ �ATR ð4Þ

subtracting the contribution of calcite to the 1415 cm−1 band by calcu-
lating the intercept of this function, oncemeasured CO3/PO4 and Cal/PO4.

4.1.2. FTIR in transmission mode
Equivalent calibration curves were obtained from the measurement

of the same samples by transmission (Tr) FTIR (Fig. 2c and d, respective-
ly; Table 2) and linear functions were similarly obtained by linear re-
gression:

calcite wt:%½ � ¼ Cal=PO4½ �Tr þ 0:0024
� �

=0:0016 ð5Þ

CO3=PO4−corr½ �Tr ¼ CO3=PO4½ �Tr−16:3470 Cal=PO4½ �Tr ð6Þ

4.2. ATR-FTIR spectroscopy on archaeological samples

ATR-FTIR spectra do not show any appreciable band related to the
organic fraction of bones, i.e. bands at ~1660 and ~1550 cm−1 assigned
to amide I and amide II (Fig. 1b), respectively, proving an almost com-
plete collagen loss for all the samples, or at least a collagen content
under the detection limit of this technique (~3 wt.% of collagen; Lebon
et al., 2016). Therefore, Amide I/PO4 values calculated for the four burial
phases (Fig. 3a), ranging from0.0158 to 0.0377 (Table 1), donot provide
any measurement of the collagen content. This is furthermore proved
by the absence of any significant trend of Amide I/PO4 values among
burial phases (Fig. 3a), as well as by the lack of any correlation between
Amide I/PO4 and IRSF (Fig. 4a) or CO3/PO4-corr (Fig. 4b); conversely,
this was documented in other case studies for which collagen was par-
tially preserved (Lebon et al., 2010, 2014; Reiche et al., 2010).

IRSF, which is related to bioapatite crystallinity, ranges from 4.037 to
5.218, from 4.804 to 5.202, from 4.160 to 5.805 and from 5.368 to 6.220
for pre-Mesolithic, pre-Mesolithic-b, Neolithic and Meroitic bone sam-
ples, respectively (Fig. 3b, Table 1), showing a significant variation be-
tween pre-Mesolithic bones (with the lowest IRSF values), and the
Meroitic ones (with the highest IRSF values). Neolithic bones are those
Table 3
Peak positions and baselines of vibrational bands used to calculate diagenetic parameters.
Baseline is defined by two points calculated as the local minimum ranging within the in-
tervals here indicated.

Vibrational mode Maximum peak position (cm−1) Baseline (cm−1)

Amide I 1660 2000/1800–1400/1200
ν3(CO3) 1415 2000/1800–1400/1201
ν3(PO4) 1035 1400/1200–900–750
ν4(CO3) 712 730–700
ν4(PO4) 604 660/620–510/470
ν4(PO4) 565 660/620–510/471
with a wider range of IRSF values distribution, whereas pre-Mesolith-
ic-b ones have higher IRSF values than pre-Mesolithic bones. In any
case, the IRSF values of archaeological samples are always higher than
those obtained from the modern standard samples, ranging from
3.757 and 4.090.

Calcite to phosphate ratio ranges from 0.0000 to 0.0383 for pre-Me-
solithic, pre-Mesolithic-b and Neolithic bones (with the exception of
one Neolithic sample with Cal/PO4 of 0.0578, corresponding to an ex-
traordinary high calcite content), while in Meroitic bones the 712
cm−1 band, characteristic for calcite, was not detected and therefore
Cal/PO4 values do not exceed 0.0020 (Fig. 3c, Table 1). Calcite content
for pre-Mesolithic, pre-Mesolithic-b and Neolithic samples (Fig. 3d),
calculated according to the calibration curve previously established
(Eq. (2)), ranges from 2.5 to 23.7 wt.%, with the exception of the previ-
ously mentioned Neolithic sample (35.2 wt.% of calcite); no significant
variations were observed among burial phases. Few samples (7) have
Cal/PO4 ratio lower than 0.0020, corresponding to a calcite content
lower that the detection limit, established at 2.5 wt.% (Table 1).

Carbonate to phosphate ratio ranges from 0.1584 to 0.3922, from
0.1790 to 0.2970, from 0.1117 to 0.3660 and from 0.0851 to 0.1515 for
pre-Mesolithic, pre-Mesolithic-b, Neolithic and Meroitic samples, re-
spectively (Fig. 3e, Table 1). However, it is worth to remember that
this measure is affected by the occurrence of secondary calcite within
the bones microstructure, since the measured 1415 cm−1 band results
from the contribution of the ν3(CO3) vibrational modes of carbonate
groups contained in both calcite and bioapatite. This affects all the
bones with the exception of theMeroitic ones, lacking in secondary cal-
cite. The CO3/PO4-corr value was calculated for all those pre-Mesolithic,
pre-Mesolithic-b, Neolithic samples inwhich calcitewas detected, using
the function (4). Conversely, this correction was not applied to the few
(7) samples characterised by calcite content lower that 2.5 wt.%, thus
not detected, and to Meroitic bone samples; therefore CO3/PO4-corr
values reported for these samples are equal to CO3/PO4 values, as calcu-
lated from infrared spectra. Corrected carbonate to phosphate ratios
(CO3/PO4-corr) range from 0.1610 to 0.2816, from 0.1464 to 0.2145
and from 0.1024 to 0.2446 for pre-Mesolithic, pre-Mesolithic-b, Neo-
lithic bones, respectively (Fig. 3f), being still higher than those obtained
for Meroitic ones. Values ranging from 0.2014 to 0.2366 were obtained
for modern standard samples used for the calibration curves.

Carbonate to phosphate ratio shows a negative correlationwith IRSF
(R2 = 0.765) (Fig. 5a), which is furthermore improved when CO3/PO4-
corr is considered instead of CO3/PO4 (R2 = 0.921) (Fig. 5b). This good
correlation may also indicate that the contribution of calcite, occurring
in few samples but under the detection limit (2.5 wt.%), to the
ν3(CO3) can be assumed to be minimal. Meroitic bones have higher
IRSF and lower CO3/PO4-corr values than the pre-Mesolithic ones,
while intermediated values were measured for pre-Mesolithic-b and
Neolithic samples. Modern standard samples show carbonate content
comparable to some of the pre-Mesolithic samples, even if IRSF values
are lower. CO3/PO4-corr and IRSF values measured on humerus and
femur of the same individual generally show a good accordance, within
the accuracy of the measurement (Fig. 6). Only few cases show high
intra-skeletal variability in terms of IRSF and CO3/PO4-corr, themost ev-
ident of which are two Neolithic graves (grave 4 and grave 158, Fig. 6c).
No correlation was observed between Cal/PO4 and CO3/PO4-corr
(Fig. 7a), nor between Cal/PO4 and IRSF (Fig. 7b).

5. Discussion

5.1. Calibration curves from ATR-FTIR and Tr-FTIR spectra

Both calibration curves obtained from ATR-FTIR (Fig. 2a) and trans-
mission FTIR (Fig. 2c) spectra show an excellent correlation and almost
an equivalent trend between Cal/PO4 and calcite percentage, thus pro-
viding an effective tool to quantify the amount of secondary calcite in
archaeological bone samples. Slightly different is the situation for
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calibration curves referring to the linear correlation between CO3/PO4

and Cal/PO4 (Fig. 2b and d): CO3/PO4 ranges from 0.25 to 0.74 and
from 0.21 to 0.32 for FTIR and ATR-FTIR measurements, respectively,
implying a steeper slope for the FTIR calibration curve. This evidence
suggests a higher sensitivity of transmission FTIR spectroscopy to the
ν3(CO3) vibrational modes. This difference of sensitivity is typical and
it is due to different physical parameters and instrumental settings un-
derlying the two techniques and possibly related to different contribu-
tions to peak intensity from scattering and absorption effects.
Nevertheless, this should not be considered a discriminating criteria
for choosing one analytical technique rather than the other, at least for
this type of study, since in both cases a good correlation is observed be-
tween the two parameters. The evidence that equivalent results can be
obtained from ATR-FTIR and FTIR spectroscopy in transmission mode
furthermore supports the choice of ATR-FTIR spectroscopy as an effec-
tive technique to investigate bone diagenesis, with the advantage of a
simpler and more convenient sample preparation method.

The equations calculated from these calibration curves are not
intended to be outright applicable to other studies, as the CO3/PO4 and
Cal/PO4 values here measured may vary, depending on the instrument
or instrumental settings used for spectra acquisition. However, compa-
rable calibration curves can be easily established for a specific instru-
ment, according to the procedure here discussed, preparing and
measuring standard samples of bone and calcite mixed at known per-
centage. Moreover, even if in this specific case calibration curves were
obtained using deproteinated bone, chosen as a reference material for
the archaeological bones from 16-D-4 site, this method can be effective-
ly applied to other case studies. In fact, equivalent calibration curves
were also obtained formixtures of calcite and fresh bone containing col-
lagen (data are not shown here) using the same CO3/PO4 and Cal/PO4

parameters defined in this study.

5.2. Diagenetic trajectory

The previous histological and micro-morphological study on these
bones (Dal Sasso et al., 2014), focused on the investigation of bone
diagenesis at the micro-scale level, pointed out the occurrence of alter-
ation patterns due to microbial activity, secondary mineral phases pre-
cipitation and dissolution. All these features were related to local
burial and environmental conditions, compatibly with data obtained
from archaeological and geomorphological investigations at Al Khiday
(Cremaschi et al., 2007; Salvatori et al., 2011; Williams et al., 2015;
Zerboni, 2011) and with the palaeoenvironmental reconstruction at re-
gional level (Clarke et al., 2015; Gasse, 2000; Gatto and Zerboni, 2015;
Nicoll, 2004; Williams, 2009; Williams and Jacobsen, 2011; Williams
et al., 2015; Zerboni, 2013). Pre-Mesolithic and pre-Mesolithic-b
bones experienced a more humid burial environment with respect to
the subsequent burial phases, in accordance with palaeoenvironmental
records that indicate higher water availability, due to a more intense
monsoonal activity, leading to higher flooding levels of the White Nile
and to the formation of seasonal swamps in the area. By middle Holo-
cene, at the time of the Neolithic burial phase, climate gradually
changed towards drier conditions characterised by aweakermonsoonal
activity and by the progressive decrease of rainfall and water availabili-
ty. By the Meroitic period, and later on, a more arid climate was
established, and bones, consequently, underwent diagenetic processes
typical of arid or semi-arid environment.

Collagen preservation strictly depends on climatic and burial condi-
tions, in particular on temperature and pH of soil solutions (Collins et al.,
2002; Hedges et al., 1995; Smith et al., 2007). Collagen loss can be
caused by chemical hydrolysis, alteration of the bone mineral fraction
and/or microbial degradation (Collins et al., 2002). Chemical hydrolysis
is particularly effective when high temperature and extremes pH values
(alkaline in particular) occur in the burial environment. Microbial activ-
ity, detected by characteristic alteration patterns described as non-Wedl
microscopic focal destruction (non-WedlMFD) byHackett (1981), is re-
sponsible for the dissolution and reprecipitation of bioapatite; this leads
to the exposure of collagen to pore solutions and to microbial enzymes
causing its subsequent degradation. Collagen exposure to pore fluids
can also be related to bioapatite recrystallization. In this case study, col-
lagen loss was observed for all burial phases, whereas the microbial
activity was detected only in pre-Mesolithic, pre-Mesolithic-b and
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Neolithic bones, being totally absent in the Meroitic ones. Therefore, a
combined contribution of both chemical hydrolysis andmicrobial attack
may have been responsible for the collagen loss in the bones from theAl
Khiday site. In turn, collagen lossmay play a significant role in bioapatite
recrystallization, as nanocrystals turn out to be exposed to the burial
environment, thus being more susceptible to alteration (Collins et al.,
2002).
IRSF

A
m

id
e 

I/
PO

4

a)

0

0.01

0.02

0.03

0.04

3.5 4.0 4.5 5.0 5.5 6.0 6.5

Fig. 4. a. Amide I/PO4 plotted against IRSF and b. Amide I/PO4 plotted
Archaeological bones usually have higher IRSF values than modern
ones due to diagenetic alteration. Bioapatite nanocrystals tend to recrys-
tallize (presumably by Ostwald ripening process; Ostwald, 1897) into a
more thermodynamically stable structure, implying a more ordered
crystal structure, a larger crystal size and therefore a significant reduc-
tion of the specific surface area (Hedges et al., 1995; Nielsen-Marsh
and Hedges, 2000). In this case study, recrystallization degree of bones
A
m

id
e 

I/
PO

4

CO /PO -corr3 4

b)

0

0.01

0.02

0.03

0.04

0 0.05 0.1 0.15 0.2 0.25 0.3

against CO3/PO4-corr of archaeological bone samples (ATR-FTIR).



IRSF

0

0.1

0.2

0.3

0.4

4.0 5.0 6.0

C
O

 /P
O

3
4

R² = 0.765

6.54.5 5.5

Pre-Mesolithic
Pre-Mesolithic-b
Neolithic
Meroitic

a)

0

0.1

0.2

0.3

0.4

C
O

 /P
O

 -
co

rr
3

4

b)

Pre-Mesolithic
Pre-Mesolithic-b
Neolithic
Meroitic
Modern

IRSF
4.0 5.0 6.0 6.54.5 5.5

R² = 0.921

Fig. 5. a. CO3/PO4 plotted against IRSF of archaeological bone samples among the different burial phases (ATR-FTIR); b. CO3/PO4-corr plotted against IRSF of archaeological bone samples
among burial phases (ATR-FTIR); parameters obtained from modern samples (used for the calibration curves), are shown as reference.

176 G. Dal Sasso et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 463 (2016) 168–179
can be monitored by the correlation between crystallinity parameter
(IRSF) and carbonate content (CO3/PO4-corr) (Fig. 5b), where higher
IRSF values and lower carbonate content identify the more recrystal-
lized bones. Interesting to note is that the recrystallization process dif-
ferently behaved among burial phases as Meroitic bones result to be
the most altered, whereas the pre-Mesolithic ones show IRSF and CO3/
PO4-corr values closer to those of modern bones. These observations
suggest that recrystallization process is more influenced by burial and
environmental conditions rather than by the age of the burial. In fact, as-
suming the degree of recrystallization to be proportional with time,
without considering the changes of burial conditions, could lead tomis-
leading conclusions. Moreover, these results show that the environ-
mental conditions occurring in the last two millennia differently
affected bones of the Meroitic phase with respect to those of the more
ancient burials, which were already altered by several diagenetic pro-
cesses occurred in the previous millennia. Different local pH conditions
in the burial environment may also be responsible for these differences
observed among burial phases. According to the diachronic sequence of
diagenetic events (Dal Sasso et al., 2014) defined on the basis of textural
relationships between different types of diagenetic alterations, pre-Me-
solithic, pre-Mesolithic-b andNeolithic burials sufferedfirst ofmicrobial
attack, presumably shortly after burial; then secondary calcite precipi-
tated as a consequence of changes in the soil evapotranspiration condi-
tions during the alternation of wet and dry periods, which punctuated
the early and middle Holocene. Therefore, the precipitation of second-
ary calcite, meaning an alkaline burial environment, at a certain point
of the diagenetic history of these bonesmay be responsible for a low re-
crystallization rate for bioapatite, according to the model proposed by
Berna et al. (2004). Despite the occurrence of pedogenic calcium-car-
bonate-rich horizons at Al Khiday site (Zerboni, 2011), the complete
absence of secondary calcite in Meroitic bones suggests a limited circu-
lation of water within the sediments since bones deposition, in accor-
dance with the drier climatic conditions in which they were buried;
therefore the local burial environment was possibly less alkaline than
that experienced by bones of the previous burial phases. This would
have determined an increase in the recrystallization rate (Berna et al.,
2004) in the Meroitic bones. Despite these considerations, neither cor-
relations between the actual content of secondary calcite (determined
by Cal/PO4) and CO3/PO4-corr (Fig. 7a) or IRSF (Fig. 7b), nor appreciable
differences in secondary calcite content among pre-Mesolithic, pre-Me-
solithic-b and Neolithic burial phases are observed (Fig. 3d), thus sug-
gesting that recrystallization processes are more influenced by the
presence or absence of secondary calcite rather than by its amount
(Fig. 7b).

On the basis of the distribution of IRSF and CO3/PO4-corr values (Fig.
5b), despite being highly variable, pre-Mesolithic and Meroitic bone
samples are well distinguishable in two groups, while pre-Mesolithic-
b and Neolithic ones are spread within intermediate values. When the
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distribution of these values is considered within each burial phase (Fig.
6), a good accordance of IRSF and CO3/PO4-corr values obtained on hu-
merus and femur of the same individual can be observed (with few ex-
ceptions, such as Neolithic graves 4 and 158). High variability within a
single burial phase may be due to changes in local burial conditions;
this may also explain those few cases of high intra-skeletal variability,
supposing particularly localised changes in burial conditions.
6. Conclusions

This case study shows the effects of diagenetic processes along a
wide chronological period covering almost the entire Holocene, and in
particular describes the variability of diagenetic alteration of bones
due to climatic changes. These results, obtained from an extensive
FTIR spectroscopy investigation, suggest that differences in diagenetic
alteration observed between several burial phases are directly influ-
enced by palaeoenvironmental conditions and climatic changes occur-
ring at regional level. Moreover, variations of local burial conditions
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may contribute to increase the variability of bones alteration state with-
in a single burial phase.

The number of diagenetic parameters that can be obtained fromFTIR
spectra provides valuable information on chemical and structural alter-
ation of bone material. Moreover, under a methodological viewpoint,
ATR-FTIR spectroscopy, even if occasionally applied, results to be a con-
venient technique in the diagenetic study of bones, with the advantages
of a minimal sample preparation and faster analytical procedure with
respect to the transmission mode. Considering the inexpensive and
fast analytical procedure and the low amount of required material, the
micro-invasive ATR-FTIR measurements can be performed on a large
set of samples; this enables one to acquire detailed and statistically sig-
nificant information on the bones preservation state as well as on the
diagenetic processes involved. Moreover, ATR-FTIR spectroscopy can
be effectively applied as a screening method on large sets of samples
in order to select the better preserved bones potentially suitable for sub-
sequent analyses. Since both the degree of alteration and the occurrence
of secondary phases can influence the recovery of information regard-
ing the pristine composition of bone material, ATR-FTIR spectroscopy
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can suggest the more promising samples that could provide reliable re-
sults with further analyses.
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