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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Post-Roman human bones (ribs, long 
bones, crania) from A Lanzada were 
analysed by FTIR.

• The MIR indices and the study of the 
whole spectra (by PCA) give new in
sights into ante- and post-mortem 
alteration of bone.

• Ribs were more altered than cranial 
bones.

• Chemical composition of bones was 
influenced not only by the post-mortem 
processes but also the ante-mortem 
conditions.

• The widely used Am/P index may be not 
as useful for the assessment of diagen
esis degree in bone as previously 
conceived.
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A B S T R A C T

Several studies have used Fourier Transform Infrared Spectroscopy (FTIR) to assess chemical and structural 
changes caused by diagenesis in archaeological human bone, whereas other factors such as individual’s bio
logical profile (sex and age) or the type of bone have seldom been considered. In this study transmission FTIR was 
applied to 51 bone samples from 19 post-Roman individuals of A Lanzada necropolis (NW Spain). Mid-infrared 
(MIR) indices (IRSF, MMI, C/P, C/C, Am/P, BPI, API, AmI/AmII) were also calculated and principal component 
analysis (PCA) was used to explore peak ratios and differences across the whole spectrum. PCA components 
showed correlation to the C/P and Am/P indices, as well as differences in the Amide III absorbance trends versus 
Amide A, B, I and II. Signals related to soil material (silicates and aliphatic organic matter) were also revealed by 
the PCA in some samples. No significant differences in bone composition per sex were found, but cranial car
bonate content was significantly higher in non-adults than in adults, and ribs presented a higher amide-to- 
phosphate ratio (Am/P) than femora and crania. Ribs showed the most altered bioapatite, in agreement with 
a previous study based on the elemental composition of the samples analysed here. Bioapatite alteration may be 
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responsible for the higher amide content relative to phosphate (i.e., preferential preservation of collagen) in ribs. 
Thus, caution is advisable when using the Am/P index to assess collagen preservation.

1. Introduction

The preserved materiality of human bodies through time is usually 
composed of bones and teeth, i.e., skeletons. Many of those skeletons 
were inhumated and bone composition after the exhumation is the result 
of the combination of bone ante-mortem composition with bone post- 
mortem modifications, mainly related to soil-body interaction. Bone is 
a biological tissue, characteristic of vertebrates, formed by a mineral 
phase, bioapatite, consisting of carbonated hydroxyapatite crystals 
(Ca10(PO4)6(OH)2) (approximately 60 % of total weight), an organic 
matrix mainly composed by type I collagen, non-collagenous proteins 
and lipids (approximately 30 % of the total weight), and water (around 
10 % of bone weight) (among many others [1–4]). Diagenesis, when 
referred to human remains, encompasses the chemical, physical, 
mineralogical, and histological changes in the skeleton due to their 
interaction with the soil [5,6]. Hedges [7] proposed that bone diagenesis 
implies collagen loss, and mineral transformations (i.e., increase in 
crystallinity and dissolution and uptake of ions), which are mainly 
determined by the hydrology of the site [4]. Chemical degradation of 
collagen is influenced by a variety of factors. The most important ones 
are temperature (the higher the temperature, the more the collagen 
decays), soil acidity/alkalinity (highly acidic and highly alkaline soils 
favour collagen degradation), the presence of cracks by the action of 
weathering or gnawing (that leave the bone more exposed to external 
agents), and presence of water (increase in collagen loss) [8,9]. For 
bioapatite, diagenetic change results in an increase in crystallinity and 
apatite recrystallization (i.e., increase in crystal length and lattice order, 
as well as changes in crystal shape) [10]. Recrystallization is, in part, 
triggered by collagen loss, since the crystals get more exposed to water 
and ion incorporation [7,8], during the earliest diagenetic stages [11]. 
These changes are also influenced by soil acidity/alkalinity. Between pH 
between 7–9 bioapatite is more stable, and therefore less prone to 
dissolution [8,12]. The degradation of the organic matrix of the bone 
and the alteration of the mineral lattice are highly related. Whether it is 
the collagen that prevents the dissolution of the bioapatite, or the 
dissolution of bioapatite that triggers collagen degradation by leaving it 
exposed to microorganism action is still debated, and it seems to depend 
on the conditions of the burial environment [10].

Human skeletons are studied from different approaches – archae
ology, biological anthropology, medicine, etc. Archaeology aims to 
distinguish both – ante- and post-mortem phases – to reconstruct ante- 
mortem features of bone and link them with the lifestyle conditions of 
the individual, and the socio-cultural background. Biological anthro
pology aims to better understand the human species, especially focusing 
on post-natal growth and features determined by the biological profile 
(i.e., sex, age, population background). Medical disciplines aim to obtain 
information about the human skeleton physiology and histology by 
performing invasive analyses (not feasible in vivo) and cover a greater 
number of life conditions. In all cases, studies are focussed on skeletons 
from archaeological and/or forensic contexts. The analysis of archaeo
logical bones often involve destructive biogeochemical analyses (e.g., 
DNA, stable isotopes, proteomics studies). It is of paramount importance 
to promote methods that minimize the destruction of the skeletons to 
preserve our cultural heritage, and still allow the study of bone devel
opment during growth, renewing processes, and remodelling. Fourier 
transformed infrared (FTIR) spectroscopy is one such technique to 
characterize of the organic and inorganic molecular structure of a wide 
range of materials (in liquid or solid state) by measuring the vibrational 
modes of the molecules within the material in response to mid-IR radi
ation [13]. This technique is also a powerful tool for evaluating the 
composition of archaeological materials, including human bone. Mid 

infrared FTIR covers a wavelength range (4000 and 400 cm− 1) that 
makes it ideal to trace molecular features and diagenesis of both 
collagen and bioapatite. Molecular changes in collagen composition can 
be detected by variations in the absorbance of the amide A and B region 
(3600–3200, ~3070 cm− 1), the amide I, II, and III regions (1650–1600, 
1550–1500, 1310–1175 cm− 1), as well as the presence of aliphatic 
compounds (~2930, ~2850 cm− 1). Changes in bioapatite content and 
structure can be traced, for example, by variations in carbonate sub
stitutions (1450–1400 cm− 1), and crystallinity (~600, ~557 cm− 1) 
[14–19]. ATR-FTIR has now become the predominant infrared spec
troscopy technique in archaeological studies, because of the fast and 
easy nature of sample preparation and that it is as reliable as trans
mission FTIR [9,14,18]. However, transmission FTIR with KBr pellets 
was the technique of choice in the present study since it allows a more 
reliable replication of the measures – the pellets are re-measurable, 
when compared with ATR-FTIR in which the surface of the sample is 
different every time that is measured. In addition, transmission FTIR 
only needs a small amount of sample, and the sample can be recovered 
by diluting the exogenous components.

During the last decade, applications of FTIR spectroscopy in the 
study of human bone had largely increased. This technique has been 
employed with medical purposes, such as detecting pathogens in bone 
grafts (e.g., [20]), characterise bone repair after surgery (e.g., [21]) or 
for pathology diagnosis (e.g., [22]). Also, it has been tested in forensics 
as a tool for post-mortem interval estimation (e.g., [23]). In archae
ology, FTIR has been used in several studies to address bone diagenesis 
(e.g., [9,24–26]). Many of them apply FTIR as a quick prior to or as a 
subsequent step to destructive analyses, such as those employed in 
paleogenetics, paleodiet, or paleomobility [27,28]. Others tried to 
establish a relationship between sex or age-at-death and diagenesis 
[3,4,24–26,29] as well as type of bone and degree of diagenesis 
[9,25,29–33] to improve our understanding of diagenetic patterns be
tween bone types in order to select the most suitable bone before per
forming destructive analyses [9,25]. New perspectives include the study 
of decaying patterns in adult and non-adult individuals [24], or the 
prediction of long-term preservation of bone [34]. Those studies mainly 
calculate MIR indices to assess bone crystallinity, collagen content 
relative to phosphate, and the ratio of carbonate-to-phosphate. They do 
not consider the full spectrum, and they focus only on specific absor
bance regions, losing valuable information on the molecular features 
and diagenesis of the bones (with some exceptions, [2,25,35,36]).

Although diagenesis has been widely studied, the ante-mortem 
characteristics of bone have been largely ignored, despite being 
crucial to understanding bone degradation processes but also aspects of 
bone growth, turnover, and physiological alterations. Although some 
medical studies of fresh bone were performed on this issue (e.g., 
[37–39]). Thus, FTIR spectroscopy has been used to understand post- 
mortem alterations, without considering the fact that the starting 
point for diagenetic changes may be different among individuals or even 
for different bones within the same skeleton. In the present study, we 
aim to assess the role of ante-mortem features such as biological profile 
(i.e., age and sex) and bone type on bone composition as well as 
diagenetic alteration. To this end, we analysed by transmission FTIR a 
collection of archaeological skeletons of different age-at-death and sex, 
considering three types of bone (ribs, long bones, and crania) that pre
sent different formation patterns and turnover rates. The skeletons were 
buried for a sufficient length of time (~1,500 years) for soil-induced 
changes to take place, but not too old to expect fossilization. For the 
selected collection (A Lanzada post-Roman individuals), paleodiet and 
diagenesis (from an elemental composition perspective) were previously 
studied [40,41]. Combined with FTIR, these data are key to try to 
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differentiate the ante-mortem from the post-mortem processes. In the 
present study, FTIR was combined with multivariate analysis of the 
spectrum together with the analysis of the well-established MIR indices 
applied in diagenesis studies during the last few years to prove how 
these two perspectives can provide a more integrated knowledge of the 
molecular profile of the samples.

2. Material and methods

2.1. Archaeological context and sample collection

Human bones from A Lanzada (Noalla, Sanxenxo; Pontevedra) 
archaeological site (Fig. 1) were analysed. The site contains archaeo
logical remains dated from the Bronze Age to Medieval times [42–48]. 
The most relevant finding for this study is a large necropolis with two 
funerary areas. One was dated in Roman times (AD 1st–4th centuries) 
and is located at the North side of the site [42,43,49]. This area was 
excavated during the 1940s and 1950s, with a deficient recovery of 
skeletons (no non-adult skeletons or short bones were recovered), so the 
skeletal assemblage is comprised of adult crania and long bones. Infor
mation about the burial typology of all skeletons is also poor. A post- 
Roman funerary area (AD 4th–7th centuries) located South, that was 
excavated during the 1970s and in 2016 [44,45,49]. Despite the lack of 
archaeological reports, photographs taken during the 1970s campaigns 
provided detailed archaeological information. A detailed description of 
these funerary areas and additional information about radiocarbon 
dating can be found elsewhere [49–51].

Samples of finely milled cortical bone belonging to individuals of the 
post-Roman (AD 4th–7th centuries) funerary area were analysed. Since 

samples were obtained from previous studies [40,52] and transmission 
FTIR is non-destructive, we consider that the present study meets the 
ethical standards for analysing archaeological bone, given that the 
questions proposed here cannot be solved without employing chemical 
analyses that require sampling [53]. A total of 51 samples from 19 in
dividuals were studied: 6 males (15 samples), 6 females (17 samples), 
and 7 non adults (19 samples). The age profile (following Vallois clas
sification [54]) comprised 8 young adults (20–39 years), 3 middle adults 
(39–60 years), 1 old adult (>60 years), 3 juveniles (12–19 years), 3 
children (4–11 years) and 1 infant (<3 years). For every individual, 
three bone types were analysed: thoracic (19, mainly ribs but also 
vertebrae when rib was not available), crania (14, including mandible), 
and long bones (18, mainly femur, but also humerus when femur was 
not available) (see Supplementary Table 1.) Published data previous 
investigations on the same skeletons or skeletons from the same site, 
were also used [40,41,49,51,52,55,56].

2.2. Methods

Transmission FTIR spectroscopy was performed at the IR-RAMAN 
unit of RIAIDT (Universidade de Santiago de Compostela, Spain) using 
a Bruker IFS-66 V FTIR spectrometer. One milligram of homogenized 
(milled) raw sample was mixed thoroughly with 100 mg of KBr (FTIR 
grade) and a pellet was prepared using a press. Pellets were prepared by 
the same person, an (she) IR-expert of the RIAIDT unit, during the same 
month to minimize possible bias related to sample preparation. Spectral 
resolution was set to 4 cm− 1 and 32 scans per sample were recorded in 
the mid-infrared range (4000–400 cm− 1). A background was collected 
before analysing every sample. To avoid differences in absorbance 

Fig. 1. A Lanzada and its location in Europe (A), Galicia (B) and an aerial view of the site (C), with the Roman and post-Roman areas of the necropolis highlighted in 
white and red, respectively. (A) is a modified template from QGIS.38.2, and (B) and (C) were modified from Plan Nacional de Ortofotografía Aérea (PNOA) map from 
Instituto Geográfico Nacional.
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related to sample preparation and detection, the R routine {andurinha} 
[57] was applied to normalize the spectra and make them comparable. 
Second derivative spectra were also obtained with {andurinha} and used 
to locate the main absorbances/peaks (i.e., wavenumber) of all the 
samples. Peak assignment to the different functionalities was done based 
on literature [15,16,56,58–61]. Baseline correction, using the R package 
{baseline} [62], was applied to the whole spectrum (from 4000 to 400 
cm− 1), so the distortions caused by optical scattering effects are amen
ded [63]. The following MIR indices that are frequently used in bone 
research to assess bone composition and structural changes were also 
calculated: 

– Infrared Splitting Factor, IRSF (604 + 563)/590 cm− 1), following 
France et al. [17] recommendations for raw samples. This index in
dicates the crystallization degree of bone bioapatite, that means, the 
size/strain [64].

– Mineral Maturity Index, MMI (1034/1105 cm− 1), which is related to 
the transformation of the non-apatitic domains into apatitic domains 
[65].

– Ratio between ν3(CO3
2− ) and ν1ν3(PO4

3− ), C/P (1420/1034 cm− 1) 
[58] ν3(CO3

2− ) was selected for the measurement of the carbonate-to- 
phosphate ratio since this vibration mode is clearly separated from 
the main phosphate bands [58].

– Ratio of B-type carbonates to phosphates, BPI (1420/604 cm− 1) [17], 
related to the extent of carbonate substituting for phosphate

– Ratio of A-type carbonate-to-phosphate, API (1540/604 cm− 1) [17], 
related to the extent of carbonate substituting for hydroxyl.

– A-type carbonate to B-type carbonate ratio, C/C, (1452/1420 cm− 1) 
[17], to assess the relative dominance of carbonate substitution.

– Amide I/phosphate ratio, Am/P (1638/1034 cm− 1), which indicates 
the collagen/mineral content of bone [66].

– Amide I to Amide II ratio, AmI/AmII (1663/1549 cm− 1), to trace 
collagen denaturalization [67].

All indices were calculated using maximum peak absorbance in
tensity of the selected bands. Recommendations on analytical quality 
proposed by Smith et al. [63] for the study of bone diagenesis by FTIR 
spectroscopy were applied. The symbol ν refers to vibrational modes 
((ν1 = symmetric stretching, ν2 = symmetric bending, ν3 = asymmetric 
stretching, ν4 = asymmetric bending) [68]. We use this nomenclature 
because it is widely used in vibrational spectroscopy of archaeological 
bone.

2.3. Statistical analyses

Principal Component Analysis (PCA) was performed by applying 
varimax rotation on correlation mode. For statistical comparison be
tween groups of samples (i.e., bone type, sex, age-at-death) and due to 
the relatively small sample size of the groups, a non-parametric Mann- 
Whitney U test (α = 0.05) was performed. The test was applied to the IR 
variables (principal components and MIR indices) to check for signifi
cant differences. Since 3 types of bone were taken from each individual, 
when possible, the data were analysed separately in order to avoid 
overrepresentation. For correlation analysis, the Spearman correlation 
coefficient was performed as some variables do not follow a normal 
distribution. Correlation was also performed between data obtained in 
this study and that obtained in previously [41] as well as between the 
Am/P index and collagen quality and quantification parameters. PCA, 
Mann-Whitney U test and correlation analysis were executed using IBM 
SPSS Statistics 29 Software.

3. Results

Large absorbance is observed in the 1150–970 cm− 1 region, ν3(PO4
3− ) 

asymmetric stretching, which is the main absorbance band of phosphate 
from the bioapatite (Table 1; Fig. 2). Moderate absorbance is observed in 

the regions between 3600–3200 cm− 1 (Amide A: that is, NH stretching), 
1700–1600 cm− 1 (Amide I: C=O stretching), 1500–1400 cm− 1 (ν3CO3

2− , 
main absorbance of carbonate), and 604 together with 563 cm− 1 (the 
ν4(PO4

3− ) doublet which corresponds mainly to bending vibrations). Low 
absorbance is also shown between 3130–3010 cm− 1 (Amide B: NH 
stretching), 3000–2831 cm− 1 (CH2 stretching, mainly attributed to 
aliphatic compounds), as well as the bands at 961 cm− 1 (symmetric 
stretching of ν1(PO4

3− )), 876 cm− 1 (ν2CO3
2− bending), and 471 cm− 1 

(attributed to phosphate [59]). In addition, some of the samples pre
sented bands at 3697 and 3622 cm− 1 (clay), 1597–1514 cm− 1 (Amide II, 
CH stretching and NH bending), 1317 cm− 1, 1283, 1236 and 1204 cm− 1 

(Amide III: CN stretching and NH bending), 1165, 799, 777 and 694 
cm− 1 (quartz), as it can be seen in Fig. 2-A. A summary of the absorbance 
regions and band assignment can be found in Table 1. The second de
rivative spectrum (Fig. 2-C) enabled the identification of phosphates 
(1034, 961, 604, 563 and 471 cm− 1), carbonates (1452, 1420, 876 
cm− 1), amides (3427, 3061, 1663, 1638 cm− 1), aliphatic compounds 
(2926 cm− 1), as well as quartz (799, 777, 694 cm− 1) and clay (3697, 
3622, 669 cm− 1).

The standard deviation spectra (Fig. 2-B) show that the largest 
variability between samples occurs in the amide A (3600–3200 cm− 1), 
Amide I (1690–1640 cm− 1), carbonate (1470–1420 cm− 1), and 
1180–1100 cm− 1 (ν3(PO4

3− )) regions, as well as the peaks at 1034 cm− 1 

ν3(PO4
3− ), the 997 cm− 1 (ν3(PO4

3− )), the 604–563 cm− 1 doublet ν4(PO4
3− ) 

and 471 cm− 1 (phosphate – some silicates also absorb in this region). 
The maximum intensity at 1030 cm− 1 (ν3(PO4

3− )) indicates a high degree 
of maturation of the apatite i.e., a well-crystallized mineral bioapatite 
[69] Despite the overall similarity, there is some variation between the 
bone types. Ribs show higher variation at Amide I, II and III regions. 
Long bones have the lowest variation between samples, except for the 
carbonate region (1500–1400 cm− 1). Cranium samples show the highest 
variation at 3600–3150 (Amide A, OH), 1497–1398 (ν2CO3

2− ), 
1069–991(ν3(PO4

3− )), 876 (carbonate), 604 and 563 cm− 1 (ν4(PO4
3− ) 

doublet).
As for the MIR indices, the obtained results were: IRSF 3.16 ± 0.18 

avg ± std; MMI 1.65 ± 0.08; C/P 0.35 ± 0.07; C/C 1.07 ± 0.06; Am/P 
0.14 ± 0.05; BPI 1.10 ± 0.27; API 0.43 ± 0.12; AmI/AmII 1.03 ± 0.13 
(Fig. 3). As a reference for well-preserved bone we followed the ranges 
proposed by France et al. [17] for the indices these authors worked with. 
Values presented here exceed those proposed in [17], but this result 
must be treated with care since diagenetic changes in bone are site- 
specific [5,7,25,67]. Furthermore, the ranges proposed by these au
thors were obtained by ATR-FTIR, and the values for IRSF and C/P have 
been demonstrated to differ between ATR-FTIR and transmission FTIR 
[14,18,70]. API was calculated following France et al. [17], 

Table 1 
Main absorbance bands from bone and their assignation to bone compounds.

WN (cm¡1) Vibrational mode Comments References

3600–3200 NH st + OH st Amide A + OH [15,16,56,59]
3130–3010 NH st Amide B [15,16]
3000–2831 CH2 st Aliphatics [15,16,59]
1700–1600 C = O st Amide I [15,16,56,59–61]
1597–1514 CH st 

NH bd
Amide II [15,16,59–61]

1500–1400 CO3
2− asym st+

CH2 wg + bd
Carbonate + organic [16,58,59,61]

1320–1200 CN st 
NH bd

Amide III [15,16,56,59–61]

1150–970 (PO4
3− ) asym st Phosphate [15,58,59–61]

961 (PO4
3− ) sym st Phosphate [15,59–61]

876 (CO3
2− ) sym bd Carbonate [15,58,59–61]

604 (PO4
3− ) asym bd Phosphate doublet [15,56,59–61]

563 (PO4
3− ) asym bd Phosphate doublet [15,56,59–61]

471 (PO4
3− ) sym bd Phosphate [59–61]

Referred to vibration types = St: stretching (sym: symmetric, asym: asym
metric); bd: bending; wg: wagging.
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nevertheless, this index was not considered in further detail as Amide II 
from collagen also absorbs at 1540 cm− 1 and it can mask the A-type 
carbonate signal.

Principal Component Analysis (PCA) extracted six components (PCs) 
that accounted for ~94 % of the total variance. Bands associates to each 
PC and their loadings are shown in Table 2 and in Supplementary Fig. 1. 
PC1 (31.1 % of the total variance) shows high positive loadings (>0.7) 
for Amide I (1663, 1638, 1609 cm− 1), Amide II (1585, 1568, 1549, 
1508 cm− 1) and B (3061 cm− 1), as well as one band characteristic of 
aliphatics (2964 cm− 1). PC2 (20.0 % of the total variance) presents high 
positive loadings for carbonates (1472, 1452, 1420, 876 cm− 1) and 
moderate (− 0.69 to − 0.3) negative loadings for phosphates (1034, 604, 
563 cm− 1). PC3 (17.1 % of the total variance) shows high and moderate 
positive loadings for Amide III absorbances (1317, 1283, 1263, 1236, 
1204, 1165 cm− 1) and moderate positive loadings for phosphate ab
sorbances (1105, 961 cm− 1). PC4 (12.8 %) presents high positive 
loadings for Amide A (3574, 3427, 3341 cm− 1). PC5 (9.5 % of the total 
variance) shows high and moderate positive loadings for aliphatic ab
sorbances (2926, 2874, 2855 cm− 1). PC6 (3.4 % of the total variance) 
shows a high positive loading for the peak at 471 cm− 1, attributed to 
phosphate – but also to silicates. The scores of the principal components 
are projected in Fig. 4. Rib samples show general positive PC1 scores, 
and four rib samples show high positive scores for PC3 (240_1, 247_1, 

252_1, 271_1). Cranium samples show negative scores for PC3 and PC6, 
but positive scores for PC5. Whereas long bone samples show general 
negative scores for PC3, PC4 and PC6, and positive scores for PC5. No 
patterns were found for PC2.

Mann-Whitney test for bone type showed significant differences (p <
0.05) for PC1 between ribs and cranium (p = 0.004); for Am/P between 
ribs and long bones (p = 0.024) and ribs and cranium (p = 0.021); for 
API between ribs and cranium (p = 0.05); and for C/C between ribs and 
cranium (p = <0.001) and long bones and cranium (p = 0.003). 
Regarding sex as the grouping variable, only ribs from male individuals 
showed statistically lower PC2 values (p = 0.041) than females. As for 
the age as grouping variable, individuals were grouped into two cate
gories: adults and non-adults. Significant higher values in non-adults 
when compared with adults were detected for cranium bones for PC2 
(p = 0.019), C/P (p = 0.029), and BPI (p = 0.019). On the other hand, 
significant higher MMI values for adult individuals in cranium bones 
were detected (p = 0.042). As for the Spearman correlation analysis, 
PC1 is correlated with Am/P (rs = 0.778; p = <0.001), while PC2 is 
correlated with C/P (rs = 0.878; p = <0.001), and BPI (rs = 0.888; p =
<0.001). C/P is correlated with BPI (rs = 0.911; p = <0.001), Am/P is 
correlated with AmI/AmII (rs = 0.789; p =<0.001). Furthermore, Am/P 
index, and PC1 scores of rib samples are correlated with collagen yield 
values (rs = 0.717, p = 0.003, and rs = 0.817, p =<0.001, respectively). 

Fig. 2. (A) Normalized spectra for ribs (up), long bones (middle) and cranium (below) from 4000 to 2600 cm− 1 and 1800 to 400 cm− 1. (B) Standard deviation 
spectra for ribs (green), long bones (brown) and cranium (pink). (C) Second derivative spectra for ribs (green), long bones (brown) and cranium (pink). Second 
derivative values are reversed to match the absorbance peaks.
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Moderate correlations were found between IRSF-C/P (rs = -0.596; p =
<0.001), C/P-Am/P (rs = 0.607; p = <0.001), PC2-IRSF (rs = -0.419; p 
= 0.002) and PC1-AmI/AmII (rs = 0.500; p = <0.001) (Fig. 5).

4. Discussion

The PCA identified six main FTIR signals related to the bone com
ponents’ variations: collagen content (PC1), bioapatite carbonate sub
stitution (PC2), Amide III content (PC3), Amide A content (PC4), the 
content of aliphatics (PC5), and a mixed phosphate/silicate signal (PC6). 
PCA results are in good agreement with the FTIR indices and, provide 
additional information (i.e., differences in collagen composition and 
decay patterns between samples). This is in line with previous studies 
that recommended the use of multivariate statistical techniques when 
studying diagenetic processes in skeletal remains [71]. The only index 
that shows no correlation to the principal components is the IRSF. 
Below, we discuss the results of the chemometric indices and the PCA in 
four sections: bone mineral components, bone organic components, 
differences between bone types, and the relationship to age-at-death and 
sex.

4.1. Bone mineral components

Average IRSF for our samples is 3.16 ± 0.18 and can be considered 

low according to Smith et al. [63]. Values are lower than the ones 
observed by Álvarez-Fernández et al. [56] for the three post-Roman 
individuals (L01 = 4.3 ± 0.3; L06 = 3.9 ± 0.9; L07 = 4.1 ± 0.5) from 
A Lanzada site (excavated in 2016). The range of IRSF values 
(2.86–3.66) also corresponds to values characteristic of well-preserved 
skeletal tissue according to France et al. [17] although, these authors 
did not use the same FTIR technique, a fact that can introduce bias. The 
IRSF values presented here are consistent (or lower, see [25]) with 
values reported in investigations that used transmission FTIR in 
archaeological human bones [10,14,18,19,24,72,73].

C/P values (0.35 ± 0.07) are higher than those reported by France 
et al. [17], based on ATR-FTIR, for well-preserved human archaeological 
bones, but they fall within the range of results obtained with trans
mission FTIR both on modern human bone (0.110–0.253; [24,74]), and 
on archaeological bone (0.18–0.53) [18,19]. Nevertheless, other authors 
have reported higher C/P (0.4–0.7, [75]) and lower C/P values 
(0.165–0.302, [74]; 0.04–0.35, [14]; 0.04 ± 0.01, [25]). According to 
Smith et al. [63], C/P values higher than 0.19 indicate high carbonate 
content, which is the case for the samples analysed in the present study. 
However, that differences in C/P regarding modern bones (either higher 
or lower) are interpreted as diagenetic alteration [14].

In our samples, IRSF is negatively correlated with C/P (rs = − 0.596, 
p = <0.001), as also reported in previous investigations 
[9,10,25,26,76,77] It has been suggested that carbonate substitution of 

Fig. 3. IR indices (average and standard deviation). Samples are displayed in three different series depending on bone type: rib = Rb; long bone = Lb; cranium = Cr. 
Letters (a, ab, b) indicate statistical significance, i.e., groups with the same letter showed no statistically significant differences.
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phosphate ions inhibits in vivo bioapatite crystal maturation. The 
presence of biogenic carbonates (i.e., molluscs shells) at the studied site 
[55], may have led to the incorporation of secondary carbonates in the 
bones and, therefore, creating a more stable bioapatite and an increased 
recrystallization rate [9,12]. This hypothesis is supported by the pres
ence of a subtle band at 714 cm− 1 in some of the samples that is most 
likely indicative of calcite precipitation [4,9,35,58,74,76,78]., Konto
poulos et al. [76] observed that crystal order increases with calcite up
take, since IRSF was higher in samples in which this calcite band was 
present. In our study the IRSF and the band at 714 cm− 1 correlate 
negatively (rs = − 0.633; p = <0.001), indicating that changes in bio
apatite crystallinity are not related to secondary carbonates. The IRSF 
values are within the range established by France et al. [17] for good 
bone preservation and agrees with the macroscopic study of the skele
tons [49]. However, IRSF values are higher than those of reference for 
modern samples [24,74]. The negative correlation of IRSF with C/P 
suggest that the post-Roman skeletons from A Lanzada have been sub
jected to diagenetic alteration. This is consistent with research on 
chemical elemental composition of the studied bones, which also indi
cated bioapatite alteration [40]. Thus, both high IRSF values, and low 
carbonate-to-phosphate ratio values are indicative of bioapatite alter
ation by dissolution and recrystallisation [79] – the loss of carbonate 
ions enable the apatite crystals to grow and get more organized 
[18,26,63,69].

Our results support the recommendation made by Beasley et al. 
[10,14] about the usefulness of comparing IRSF and C/P to assess bone 
diagenetic processes. Here, correlating IRSF with the 714 cm− 1 band 
also helped to refute possible alteration by secondary carbonates. 

Therefore, we advise to not only calculate the FTIR indices but examine 
the whole spectrum, to obtain a more accurate understanding of 
diagenesis of bone– as recommended by Leskovar et al. [36].

4.2. Bone organic components

Some authors have proposed the Am/P index as a good predictor of 
collagen content [28,77] Am/P values for A Lanzada samples (0.14 ±
0.05) are lower than those reported for modern human bone (0.29–0.35) 
[69] and consistent with values reported for archaeological human bone 
(0.08–0.52) [18,24,69]. Scaggion et al. [67] proposed values of Am/P 
higher than 0.1 to be indicative of good collagen quality and quantity. 
Taking this value as reference, the average collagen preservation of our 
samples is good; however, Scaggion et al. [67] employed a different 
FTIR technique (ATR) and may not be an appropriate reference for 
transmission FTIR. Furthermore, Am/P index as well as PC1 scores of the 
rib samples correlate with collagen yield (rs = 0.717, p = 0.003; rs =

0.817, p = <0.001), confirming a relationship between the relative 
amount of extracted collagen and the intensity of absorbance of the 
Amide I band relative to phosphate absorbance intensity. However, 
there was no significant correlation between Am/P and collagen %C, % 
N and C:N (rs = 0.46, p = 0.213; rs = 0.417, p = 0.265; rs = − 0.458, p =
0.215, respectively) (for more information on these parameters and diet 
reconstruction, see[80]). This indicates that Am/P and PC1 are more 
connected to bone collagen content than to collagen structural/ 
compositional integrity.

PC3 also accounts for collagen content and denaturalization pro
cesses (amide III and the CH2 wagging bands, located between 1400 and 

Table 2 
Loadings of the principal components and compound assignment.

Compound Bands WN (cm¡1) PC1 PC2 PC3 PC4 PC5 PC6

​ Amide II 1568 0,950 0,050 0,239 0,029 0,099 − 0,060
​ Amide II 1549 0,947 0,081 0,278 0,005 0,108 − 0,050
​ Amide II 1585 0,925 0,089 0,185 0,070 0,104 − 0,040
Collagen Amide I 1609 0,917 0,196 0,150 0,204 0,174 0,049
​ Amide I 1663 0,908 0,067 0,312 0,168 0,111 − 0,010
​ Amide I 1638 0,890 0,126 0,268 0,259 0,148 0,028
​ Amide II 1508 0,818 0,433 0,188 − 0,040 0,164 0,146
​ Amide B 3061 0,810 − 0,125 0,200 0,179 0,440 − 0,010
​ Aliphatics 2964 0,722 0,084 0,246 0,297 0,557 0,054

​ Carbonates 1420 0,214 0,946 − 0,030 0,140 0,123 0,056
​ Carbonates 1452 0,017 0,939 − 0,010 0,271 0,131 0,033
Carbonate-to-phosphate Carbonates 1472 0,148 0,926 0,051 0,253 0,141 0,076
​ Carbonates 876 0,216 0,903 0,240 0,081 0,058 − 0,120
​ Phosphate 563 0,552 ¡0,620 0,091 − 0,350 − 0,105 − 0,350
​ Phosphate 604 0,423 ¡0,634 − 0,170 − 0,360 − 0,142 − 0,400
​ Phosphate 1034 − 0,200 ¡0,658 − 0,300 − 0,450 − 0,168 − 0,050

​ Amide III 1165 0,233 0,158 0,920 0,174 0,125 0,086
​ Amide III 1204 0,396 0,015 0,888 − 0,010 0,093 0,132
Amide III Amide III 1236 0,553 0,090 0,757 0,049 0,218 0,159
​ Amide III 1263 0,533 0,226 0,696 0,159 0,271 0,100
​ Phosphate 961 0,619 − 0,321 0,624 − 0,220 0,067 − 0,120
​ Phosphate 1105 0,107 − 0,395 0,573 − 0,390 − 0,172 0,173
​ Amide III 1283 0,514 0,167 0,559 0,105 0,256 0,072
​ Amide III 1317 0,334 0,453 0,549 0,276 0,391 0,053
​ Phosphate 1057 − 0,516 − 0,453 ¡0,534 − 0,386 − 0,112 0,001

​ Amide A – OH 3574 0,303 0,235 0,072 0,881 0,212 0,044
Amide A Amide A – OH 3427 − 0,017 0,419 − 0,010 0,853 0,280 0,064
​ Amide A – OH 3341 0,189 0,399 0,104 0,811 0,343 0,029

​ Aliphatics 2855 0,301 0,243 0,163 0,370 0,823 0,031
Aliphatics Aliphatics 2874 0,362 0,278 0,260 0,438 0,722 0,025
​ Aliphatics 2926 0,404 0,337 0,174 0,463 0,661 0,009

Phosphate/silicate signal Phosphates 471 0,040 0,127 0,573 0,072 0,029 0,796
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1100 cm− 1 [81,82]). Amide III band is considered to be a good indicator 
of changes in collagen structure; while the CH2 wagging band is indic
ative of collagen proline side chain [81] and changes in collagen 
structure (its intensity decreases with protein denaturalization). In our 
samples, Amide III bands are not grouped in the same PC as the other 
amide bands, meaning that these collagen bonds may have been altered 
in a different way – note that no difference according to bone type was 
found for PC3 scores. Similar results were found by Leskovar et al. [83]
as they detected that absorbance in the Amide III region was higher for 
diaphysis compared with epiphysis in metacarpals and metatarsals, 
while Amide I absorbance was higher for epiphysis.

Collagen decays through bacterial attack and hydrolysis is assumed 
to be key in triggering bioapatite alteration and recrystallization 
[5,67,84]. In our samples, the relative collagen content (reflected by 
Am/P) is not correlated with the bioapatite crystallinity indicators (IRSF 
and MMI). This lack of correlation has been reported before 
[17,24,25,64,77,85] and attributed to differences in the rate of pro
cesses like dissolution, recrystallization and bioerosion [25]. Konto
poulos et al. [76] also suggested that bioapatite recrystallization can 
occur even if collagen content is high. In previous investigations in 
which we extracted collagen and bioapatite from the same bone sample, 
we observed that high-quality collagen is not indicative of good bio
apatite preservation and the other way round [86,87]. Thereby, collagen 
quality indicators such as C:N, %C and %N, should not be used as 

indicators of bioapatite preservation and vice versa [10,17].

4.3. Differences in bone type

There are statistically significant differences in collagen content 
(PC1, Am/P) between ribs and crania, and between ribs and femur (Am/ 
P), being higher in ribs. This is not surprising, since Álvarez-Fernández 
et al. [56] also identified significant differences in Am/P between bone 
types (rib/spine/ilium vs long bones/crania) for three post-Roman in
dividuals excavated in 2016 in A Lanzada. This may imply structural 
pre-mortem differences in bone composition, in turnover rates, 
diagenesis, or a combination of both. Collagen content in human bone 
was found to be slightly higher in ribs than in femora and attributed to 
ante-mortem differences [88]. We did not find any in vivo data to 
interpret the observed differences between cranial bones, ribs, and 
femora. However, cranial bones are formed by intramembranous ossi
fication, while ribs and femora are formed by endochondral ossification. 
Thus, ossification type and rates may play a role in the ante-mortem 
differences in bone collagen. Regarding in vivo turnover rates, ribs are 
assumed to have a slightly higher turnover rate [89] than other bones 
such as femora [90]. As far as we know, there are no specific data for 
turnover rates for crania, rather than the lack of bone turnover in 
petrous bone [91].

Regarding bone diagenesis, a previous study on bone elemental 

Fig. 4. Principal component scores for samples displayed in separate groups by bone type. Rib (green); long bone (brown); cranium (pink).
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composition developed by our team [40] on skeletons from A Lanzada 
showed significant differences between ribs and the other two bone 
types considered. Ribs showed significant lower concentrations of bone 
constituent elements (Ca, P, Sr) but higher concentrations of chemical 
elements representative of soil contamination (Fe, Al, Si) and Ca/P 
values. The authors concluded that ribs were more prone to diagenesis 
than femora and cranial bones. Thus, the relatively higher content of 
collagen in ribs may be explained by a preferential loss of the inorganic 
component, i.e., the preferential alteration of bioapatite could have 
caused a relative (indirect) enrichment of collagen. In contrast, in a 
recent study on early bone diagenesis, Maurer et al. [25] detected lower 
and more heterogenous crystallinity in ribs than in femora and tibia and 
interpreted it as a better preservation of ribs in their collection. How
ever, these authors [25] focussed their approach on mineralogy and 
molecular composition of collagen + bioapatite (FTIR/XRD) and, in our 
opinion, did not consider possible ante-mortem differences between 
bones (except for the differences in bone composition due to age-at- 
death).

Significantly higher values of C/C are displayed in A Lanzada cranial 
bones when compared with ribs, suggesting that the proportion of A- 
type carbonate versus B-type carbonate is higher in crania; the latter 
being the more abundant carbonate substitution [31] Three explana
tions are possible: i) first, pre-mortem A-type carbonate substitutions 
could have been higher in cranium than in ribs – although, data on fresh 
bone is not available as far as we are aware; ii) second, post-mortem 
differential precipitation of secondary carbonates in crania and ribs 
may have occurred, mainly because of the more porous nature of the 
ribs. France et al. [17] observed that secondary precipitation affects 
both carbonate substitutions (A-type and B-type carbonate); and iii) 
third, the occurrence of post-mortem differences in diagenetic carbonate 

substitution patterns between bone types. Leskovar et al. [36] found that 
the older the bone sample the lower the A-type carbonate content, due to 
incorporation of exogenous carbonate, carbonate reorganization, or by 
preferential elimination of A-type carbonate ions. Other authors suggest 
that B-type carbonate is more susceptible to substitution by exogenous 
phosphate and other ions [77]. Thereby, a higher C/C index may be 
interpreted as lower carbonate substitution and, therefore, better pre
served bone, and thus carbonate in cranium is less altered than car
bonate in ribs in the studied individuals, although the spectroscopic 
signal may be influenced by the lipidic content, which also absorbs in 
the B-type carbonate region [30].

A combination of ante-mortem features and bone diagenesis are the 
most likely explanation for the observed differences between bones. 
However, other aspects related to the burial environment should also be 
considered. For example, Dal Sasso et al. [9] suggested that intraskeletal 
differences in FTIR indices may be related with localised changes in 
burial conditions. This is consistent with what was found by Martínez 
Cortizas and López-Costas [16] for bone collagen. They analysed 
collagen from different archaeological sites from NW Spain, including A 
Lanzada, and found that collagen decays differently even at microscale 
within the same site. Gonçalves et al. [30] also found evidence of dif
ferences in FTIR indices depending on the bone, which they attributed to 
the different number of samples analysed for each bone type, although 
they did not discard different remodelling rates or structural changes as 
possible causes. Consequently, these authors advise to select the same 
bone type when comparing FTIR indices between individuals. Leskovar 
et al. [33] found not only differences in some FTIR indices depending on 
bone type but also on body region, with higher relative carbonate con
tent in bones from upper limbs and torso. Thus, differences in bone 
chemistry may also be affected by body region.

Fig. 5. Spearman correlation analysis between principal components and IR indices. Rib samples = circles; long bone samples = squares; crosses = cranium samples. 
PC1 = principal component 1; PC2 = principal component 2; Am/P = Amide I/phosphate; AmI/AmII = amide I/amide II; BPI = B-type carbonate/phosphate; IRSF =
infrared splitting factor; C/P = carbonate/phosphate.
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4.4. Differences per age-at-death and sex

As for the age-at-death, the carbonate-to-phosphate indicators (C/P, 
BPI, PC2) for cranial bones are significantly higher in non-adults than in 
adults, but no difference regarding age was found for ribs or femora. In 
addition, PC2 scores of cranial bones are positive (i.e., higher carbonate 
content) in non-adult individuals and negative (i.e., higher phosphate 
content) in most adult individuals. These results agree with previous 
research which compare carbonate content in foetal and/or non-adult 
individuals versus that of adult individuals [3,25,92], changes (i.e., in
crease) in the BPI index with age [29], and changes (i.e., decrease) in the 
carbonate-to-phosphate ratio with age [93]. Other studies have reported 
opposite results. Caruso et al. [24] found higher carbonate content in 
adults than in non-adults and attributed it to an enrichment in carbonate 
in the bone mineral lattice during growth of the skeleton. Akkus et al. 
[94] found that C/P decreased until the mid-third decade, then 
increased until 44-year-old and remained unchanged for older in
dividuals. Similar results were obtained by Yerramshety et al. [95], who 
observed an increase in B-type carbonate with age in cortical femoral 
bone of male individuals of 52–85 years old. Leskovar et al. [92] found 
that the relative carbonate content in tarsals was higher in old adults 
than in young and middle-aged adults. Considering the demographic 
profile of our collection (the adult group dominated by young adults), 
our study is consistent with a decrease in carbonate content during life, 
at least until young/middle age adulthood. Also, in our samples, C/P, 
BPI and PC2 for cranium are slightly higher in middle-aged adults and 
the old adult individual compared with the young adults. Thus, we hy
pothesize a non-linear trend in the change in bone carbonate content 
with age, with a general decrease until the fourth/fifth decade of life and 
an increase at greater age.

A possible explanation for the decrease in carbonate content may be 
the release of calcium carbonate to correct metabolic acidosis, which is 
known to increase with age [96]. Other alternatives are related to 
diagenesis: i) a differential incorporation of secondary carbonate ions 
(higher in bones from non-adult individuals), or ii) higher degradation 
of non-adult bones. In a previous soil study of two post-Roman burials 
from A Lanzada abundant primary carbonates (biogenic, i.e., shells) 
were found [55] and their chemical alteration may have released car
bonate ions that could have been preferentially uptaken by the most 
porous bones of non-adults. Alternatively, non-adult skeletons are often 
reported as more susceptible to diagenesis than those of adults due to the 
poorly organized bone matrix, rich in collagen, and the highly porous 
mineral structure [24,26,35,97]. Differences in the histological struc
ture in cortical bone between non-adult and adult individuals were also 
observed [24] and were related to different deterioration rates for 
skeletal tissues of juvenile and adult individuals.

We found no significant changes related to age-at-death in collagen 
content, Am/P or IRSF; and regarding sex, no FTIR index or PC showed 
significant differences between males and females, with the exception of 
PC2 for ribs. We interpret this later significance as a statistical bias, since 
they are likely related to two female samples with extremely high 
values. No significant correlations between collagen content (neither in 
spectroscopic signal neither in collagen C/N, %C, %N) and age-at-death 
were found. The lack of correlation may be due to the ante-mortem 
collagen content in bone, that is higher in non-adults, and for the A 
Lanzada individuals it may be hidden by a differential diagenetic 
alteration of collagen in non-adults, balancing the content and causing 
the lack of statistical differences. Despite our dataset being one of the 
largest generated up to now, the number of samples analysed here and in 
previous studies is still low and, when they are divided into groups can 
introduce biases in the interpretation due to the sample size effect.

5. Conclusions

The aim of this study was to infer ante-mortem differences and trace 
diagenetic changes in skeletons of the post-Roman population of A 

Lanzada archaeological site, paying special attention to bone type, sex 
and age-at-death. A Lanzada post-Roman individuals present a relatively 
low crystallinity index, which is negatively correlated with carbonate- 
to-phosphate index. Furthermore, the bones show a high carbonate 
content, probably due to secondary calcite precipitation, as a result of 
the weathering of the abundant biogenic carbonates in the soil of the 
site. Am/P is not correlated with IRSF, and the Amide III signal decays 
differently than that of Amide I, II, A and B in the A Lanzada samples. 
The lack of correlation was also observed in previous investigations and 
supports the hypothesis that collagen and bioapatite degradation are not 
as intertwined as previously thought. Bioapatite can be exposed to 
diagenesis regardless of collagen alteration and vice versa. Furthermore, 
the Am/P index shows a relationship between collagen and phosphate, 
but a high value for this index does not necessarily indicates good 
collagen preservation, but it may indicate that bioapatite is highly 
altered instead. Since this index is not correlated with collagen quality 
parameters (%N, %C, C/N), it may not be a good indicator to assess 
collagen preservation but only collagen relative content. Thus, the use of 
this index must be carefully considered. Statistical differences in PC1, 
Am/P and C/C between rib and cranium were found. Collagen relative 
content was higher in ribs and A-type carbonate relative to B-type car
bonate was higher in cranium. No differences were observed between 
males and females. Furthermore, carbonate-to-phosphate ratio was 
significantly higher for non-adults than for adults, which may indicate a 
decrease of carbonate ions in bone with age, perhaps due to a metabolic 
mechanism to compensate (i.e., buffer) acidosis in older individuals. 
However, more studies with a statistically representative number of 
individuals of different age groups are needed to find out how the C/P 
changes with age-at-death. We highly recommend using the same bone 
type when possible. Notwithstanding these challenges FTIR is a useful 
tool to get insights into the ante-mortem chemical composition and post- 
mortem diagenetic alterations of different bone types. We advocate the 
adoption of a whole spectrum approach in future studies.
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[35] S.H. Bayarı, K. Özdemir, E.H. Sen, C. Araujo-Andrade, Y.S. Erdal, Application of 
ATR-FTIR spectroscopy and chemometrics for the discrimination of human bone 
remains from different archaeological sites in Turkey, Spectrochim. Acta A Mol. 
Biomol. Spectrosc. 237 (2020) 118311, https://doi.org/10.1016/j. 
saa.2020.118311.
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de La Lanzada (Noalla, Pontevedra), I, Cuadernos De Estudios Gallegos 16 (1961) 
141–158.
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