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Galería site is located in the Sierra de Atapuerca (Burgos, Spain) and comprises five

lithostratigraphic units (GI–GV). Subunits GIIa, GIIb, GIIIa, GIIIb, and GIV correspond

to the allochthonous infill containing abundant faunal and lithic remains,

chronologically framed within the Middle Pleistocene (MIS10–MIS7) [1-3].

The site is interpreted as a natural trap, where hominins and carnivores exploited

animals that fell into the cavity. In the 1970s, a human mandible, later attributed to

Homo heidelbergensis [4], was recovered from the trench slope. However, its original

stratigraphic context remains unknown, preventing further interpretation for decades.

In this work, we investigate diagenetic trajectories to assess preservation differences

across the stratigraphic units [5]. Based on these results, we developed a machine

learning model using diagenetic parameters to recontextualize the human mandible

of Galería site.
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The human mandible is assigned to unit GIIa with a probability of

0.9. This level dates to around 400 ka, making it contemporaneous

with the Sima de los Huesos population (Burgos, Spain).

The main differences between units result from the adaptation of

phosphate minerals to the burial environment. Dissolution–

(re)precipitation processes modify nanocrystals along two main

paths: one towards fluorine-containing apatites, and the other

towards hydroxylapatites.

Thus, we propose a fossil recontextualization model based on

bone diagenesis, stratigraphy, and machine learning, which is

applicable to other archaeological sites.

Burial history overview

Then… Where are you from?

We analyzed 150 cortical fossil bone samples from Galería (30 per stratigraphic unit,

GIIa to GIV). FTIR provided eleven diagenetic parameters: phosphate indices (IRSF,

FWHMν₃PO₄, 1118 and 1145 cm⁻¹ in the deconvoluted spectra attributed to HPO₄;

1030 cm⁻¹ and 960 cm⁻¹ in the deconvoluted spectra attributed to highly and poorly

crystalline phosphate, HCP and PCP; OH/PO₄ at 630/605) and carbonate indices

(C/P at 1415/1010, C/C at 1455/1410, calcite/PO₄ at 712/1010). XRD yielded apatite

unit cell parameters and cell volume, while TEM provided information of crystal sizes

and morphologies. Assemblage differences were statistically assessed, and PCA

with correlation analyses reduced multicollinearity. Selected variables trained

machine learning models in R, enabling stratigraphic recontextualization of the

human mandible.

Crystalline phases evolved by dissolution–(re)precipitation processes. In the GII unit, acidic and wet

conditions prevailed. In GIIa (A), leaching caused severe bone loss and authigenic phosphate

minerals formation, with remains showing hydroxylapatite depleted in carbonate. In GIIb (B), drier

conditions and CaCO₃ precipitation buffered pH, stabilizing carbonate hydroxylapatite and improving

preservation. In the GIII–GIV units (MIS 9c–7e), environments became slightly alkaline, favoring

calcite precipitation and fluorine substitution into bone apatite. From GIIIa (C) dissolution–

(re)precipitation intensified, producing fluorine-rich apatite phases. The close diagenetic trajectories of

GIIIb and GIV (D) suggest rapid sedimentation, leading to the final infilling of the cave.

Results & Discussion 

NNET SVM KNN RF MDA NB LDA PLS DTC5.0

Accuracy 0.89 0.84 0.80 0.82 0.87 0.84 0.82 0.69 0.76

Kappa 0.86 0.81 0.75 0.78 0.83 0.81 0.78 0.61 0.69

acc lower 0.76 0.71 0.65 0.68 0.73 0.71 0.68 0.53 0.61

acc upper 0.96 0.94 0.90 0.92 0.95 0.94 0.92 0.82 0.87

Hydroxylapatite path Fluorine replacement paths

GIIa GIIb GIIIa
GIIIb

& GIV

5
parameters 

showed 
statistically 
significant 
differences 

without 
collinearity

Εὕρηκα!, NNET shows the 
best performance with five 

parameters.

1.FTIR 2.XRD 3. Back-calculated Parameters & Statistics

4. TEM

3.2 Machine learning

 1 

 GIIa GIIb GIIIa GIIIb GIV 

IRSF 4.803 ± 0.386 4.362 ±0.281 4.242 ± 0.209 4.186 ±0.144 4.161 ± 0.134 

FWHMν₃PO₄ 69.437 ± 4.111 72.962 ± 2.889 70.788 ± 4.052 68.850 ± 2.719 66.318 ± 2.768 

PCP 0.028 ± 0.007 0.034 ± 0.008 0.028 ± 0.009 0.022 ± 0.007 0.018 ± 0.007 

OH/PO4 0.125 ± 0.078 0.019 ± 0.051 - - - 

HPO41118 0.017 ± 0.002 0.017 ± 0.002 0.020 ± 0.002 0.021 ± 0.001 0.024 ± 0.002 

HPO41145 0.270 ± 0.065 0.136 ± 0.043 0.082 ± 0.040 0.117 ± 0.020 0.066 ± 0.028 

HCP 0.170 ± 0.018 0.148 ± 0.009 0.151 ± 0.006 0170 ± 0.010 0.181 ± 0.011 

Calcite/PO4 - 0.002 ± 0.005 0.003 ± 0.007 0.003 ± 0.008 0.013 ± 0.002 

C/C 0.977 ± 0.093 0.843 ± 0.052 0.764 ± 0.048 0.785 ± 0.060 0.725 ± 0.048 

C/P 0.138 ± 0.024 0.188 ± 0.027 0.194 ± 0.026 0.204 ± 0.022 0.226 ± 0.056 

Amide I/PO4 0.009 ± 0.002 0.010 ± 0.002 0.010 ±0.001 0.011 ± 0.001 0.013 ± 0.002 

Cell volume (A3) 530.9±0.7 529.7±0.5 528.5±0.9 527.1±0.5 527.4 ±0.6 

a-axis (Å) 9.431±0.007 9.417±0.006 9.405±0.008 9.393±0.005 9.394 ± 0.004 

c-axis (Å) 6.892±0.003 6.897 ±0.003 6.899±0.003 6.899±0.002 6.900 ± 0.002 

3.1 PCA
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• FTIR: In GII, bones exhibited higher crystallinity (IRSF, HCP). Carbonate indices

showed strong depletion in GIIa (low C/P), followed by an increase towards GIV. The

C/C ratio decreased, indicating higher B-CO3 in the upper units. Calcite was absent in

GIIa but appeared clearly in GIV.

• XRD: There is a progressive reduction in the apatite unit cell volume from the oldest to

the youngest levels. This trend reflects increasing F⁻ incorporation into the apatite lattice

up-sequence, with GII closer to HAp/CHAp and GIII–GIV approaching fluorine-

containing apatites.

• TEM: Apatite nanocrystals are elongated and splintered in the lower units, but compact

and thicker in the upper levels where fluorine is present.

• Statistical analyses: : There are significant differences between units. PCA and ML

showed that the most important parameters for discrimination are related to phosphates

and unit cell volume. The best-performing models were NNET and MDA.

GIIa

data for NNET

Cell volume [A3] = 530.53±0.08

HPO41118 = 0.02±0.00

HPO41145 = 0.32±0.04

PCP = 0.04±0.00

HCP = 0.14±0.01

other data 

IRSF = 4.75±0.06

C/P = 0.14±0.01
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