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Abstract: In 1950 on Mount Zlatý kůň (‘Golden Horse’) in modern-day Czech Republic a system of caves 
was discovered. During many years of research in this area, human and animal osteological remains have 
been excavated, among which the most interesting ones were nine fragments of a female skull, now dated 
to ca. 43,000 yrs BP which are one of the earliest known anatomically modern humans in Eurasia. The 
aim of this research was to use purely digital techniques to: (1) to reconstruct the skull based on the 3D 
data of preserved fragments, (2) to approximate the probable appearance of the female it belonged to, and 
(3) to analyze the calculated shape of the reconstructed mandible and volume of the neurocranium in the 
context of similarities and differences with other representatives of the genus Homo. Computer techniques 
used in this research constitute a new, original approach to the problem of 3D analyses and may be useful 
primarily in bioarchaeological sciences, where metric analyses of the most valuable bone artifacts are often 
severely limited due to the incompleteness of the material available for research. The digital techniques 
presented here may also contribute significantly to the field of surgery, with the possibility of being adapted 
for applications in cranial prosthetics and post-traumatic reconstructive surgery.
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Introduction

In 1950, during the works on the ex-
plosion of a  large limestone rock on 
Mount Zlatý kůň (‘Golden Horse’), the 
Kone ̌prusy cave system (in modern-day 
Czech Republic) was discovered by con-
struction workers. Its exploration over 
the following years revealed the pres-
ence of human and animal remains, as 
well as stone- and bone-made artifacts 
attributed to the early Upper Palaeolith-
ic period. Attention was paid to the pres-
ence of what initially appeared to be two 
separate skulls, but later, when the piec-
es of bone were assembled, were argued 
to belong to a single individual. Con-
tradictory studies continued to emerge, 
as, given the structural robustness, the 
remains were firstly attributed to a male 
although subsequent analyses indicated 
an adult female. A similar problem arose 
in the case of assessing the antiquity of 
the remains: initially, estimated to be 
ca. 30,000 years old by the archaeologi-
cal stratigraphic method and then, using 
radiocarbon dating, reconsidered to be 
much younger, ca. 15,000 before pres-
ent (BP). However, a craniometric anal-
ysis found the remains compatible with 
a chronology anterior to the Last Glacial 
Maximum (LGM, ca. 20,000 years ago). 
Later 14C tests dated the remains back to 
ca. 34,000 years BP, but it was believed 
that the skeleton was too contaminated 
by an animal glue found on the skele-
tal elements to yield a reliable absolute 
dating. Genomic analyses carried out 
on the remains and Bayesian tip dating 
suggested a much earlier chronology of 
ca. 43,000 years ago, making the Zlatý 
kůň 1 woman one of the earliest known 
anatomically modern humans preserved 
from the stock of the first Eurasian in-
habitants (Posth 2021; Prüfer et  al. 

2021; Rmoutilová et al. 2018; Svoboda 
2000). Palaeogenetically, this female in-
dividual’s genome was shown to have 
a  limited amount of Neanderthal ad-
mixture and it is worth underlining how 
the lineage she belonged to did not con-
tribute genetically to later generations 
of people in Europe or Asia (Churchill 
et al. 2022; Prüfer et al. 2021). In this 
article, a 3D facial approximation based 
on an anatomical analysis is offered us-
ing novel digital techniques.

Materials and methods

A. Concepts, software and hardware
Forensic facial reconstruction (FFR) 
or forensic facial approximation (FFA) 
(Stephan 2015) is an auxiliary recog-
nition technique that predicts facial 
appearance and is used when little in-
formation is available to identify an in-
dividual based on their remains (Pereira 
et  al. 2017). It should be stressed that 
this technique is not about making an 
exact identification, such as those pro-
vided by DNA tests or comparative 
analysis of teeth, but, rather, it relies 
on the recognition of the facial aspects 
that may indirectly lead to individual’s 
identification. As previously noted, for 
the FFA process to be feasible, it is nec-
essary to first obtain the appearance of 
the skull itself.

This skull image was acquired in 
a purely digital process, based on pre-
viously published methodology, an 
approach which will be described in 
further detail later. Facial approxima-
tion followed the same approach de-
scribed in Abdullah et  al. (2022) and 
Moraes (2023), although with small 
modifications. The modeling process 
was carried out in the Blender 3D soft-
ware, running the add-on OrtogOn-
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Blender (http://www.ciceromoraes.com.
br/doc/pt_br/OrtogOnBlender/index.
html) and its submodule ForensicOn-
Blender. The program and add-on are 
free, open source and multiplatform. 
They can run on Windows (>=10),  
MacOS (>=BigSur) and Linux (=Ubun-
tu 20.04). 

In the present work, a desktop com-
puter with the following characteristics 
was used:
	– Intel Core I9 9900K 3.6 GHZ/16M 

processor; 
	– 64 GB of RAM memory;
	– GeForce 8 GB GDDR6 256-bit RTX 

2070 GPU;
	– Gigabyte 1151 Z390 motherboard;
	– SSD SATA III 960 GB 2.5”;
	– SSD SATA III 480 GB 2.5”;
	– Water Cooler Masterliquid 240V;

like in the list above Linux 3DCS 
(https://github.com/cogitas3d/Linux-
3DCS), based on Ubuntu 20.04.

B. Three-dimensional skull 
reconstruction

The skull known as Zlatý kůň 1 consists 
of nine fragments (codes: AP2, AP3, AP9, 
AP10, AP12, AP15, AP18, AP18 and 
AP21), which are stored at the Anthro-
pology Department of the National Mu-
seum, located in Prague, Czech Republic. 
Despite covering a  considerable part of 
the surface of a composite skull (cranium 
and mandible), the structure has some 
missing regions, such as the nasal bone, 
part of the maxilla, the left orbit, and 
the left part of the frontal bone. In 2018, 
a multinational team of researchers car-
ried out the work of three-dimensional 
reconstruction of the missing regions, us-
ing statistical data extracted from a group 
made up of 31 skulls: 30 modern ones 
(15 males and 15 females, scanned us-
ing computed tomography at the Center 

Hospitalier Universitaire, CHU, in Bor-
deaux, France) and one of the Moča skull, 
found in Slovakia, dated to 13,100 years 
BP. The researchers initially mirrored the 
3D mesh to reconstruct the missing re-
gions, using the original anatomy of the 
skull. Since the image obtained using 
this method still had some empty areas, 
it was then complemented basing on sta-
tistical data extracted from the aforemen-
tioned tomography and fossils, which led 
to obtaining an image of a complete skull 
(Rmoutilová et al. 2018). Unfortunately, 
the authors of this study did not have 
direct access to the Zlatý kůň 1 fossils, 
therefore they decided to reconstruct the 
skull based on data available in scientif-
ic publications (Posth 2021; Prüfer et al. 
2021; Rmoutilová et  al. 2018; Svoboda 
2000).

This study uses the approach of 
Moraes et  al. (2023), previously used, 
among others, in the reconstruction of 
the skull of Pharaoh Tutankhamun. The 
facial approximation discussed in this 
research used as a reference the skull re-
constructed by Rmoutilová et al. (2018), 
based on the images available in the 
publication (open access under the Cre-
ative Commons license) in order to de-
form the skull of a virtual donor over the 
spatial references, thus correcting the 
structure with the measurement data 
present in the same material (Rmou-
tilová et  al. 2018), and reinforcing the 
precision of the scale with data collect-
ed from Prüfer et  al. (2021). The ana-
tomical deformation resulted in a skull 
closely approximating the fossil Zlatý 
kůň 1 (Fig. 1A). At first, the structure 
of the zygomatic arch, close to the pori-
um, seemed to differ from the expected 
anatomical pattern. Aiming to compare 
with modern individuals, a series of 30 
skulls of different population affinities 

http://www.ciceromoraes.com.br/doc/pt_br/OrtogOnBlender/index.html
http://www.ciceromoraes.com.br/doc/pt_br/OrtogOnBlender/index.html
http://www.ciceromoraes.com.br/doc/pt_br/OrtogOnBlender/index.html
https://translate.google.com/website?sl=pt&tl=en&hl=pt-BR&client=webapp&u=https://github.com/cogitas3d/Linux3DCS
https://translate.google.com/website?sl=pt&tl=en&hl=pt-BR&client=webapp&u=https://github.com/cogitas3d/Linux3DCS
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and sexes received a  two-dimensional 
tracing with orthographic observation 
along the X axis in order to establish 
a lateral pattern of the region (Fig. 1 B). 
Two other fossils received the same 
graphic treatment and, at the end, the 
set of 30 modern samples (in gray) were 
compared to the fossils Zlatý kůň 1 (in 
green), Mladeč 1 (in red, Moraes et  al. 
2022) and Nazlet Khater 2 (in blue, Mo-
raes and Santos 2023). This comparison 
indicates a  similar initial elevation of 
the zygomatic arch in the three fossils, 
which clearly differs from the group of 
modern skulls (Fig. 1C). With the issue 
related to the zygomatic arch overcome, 
attention turned to other regions, with 
the projection of lines and limits ex-
pected for the skull and soft tissue (Mo-
raes et al. 2022a; Moraes and Suharschi 
2022; two classes on this approach are 
available online, 1 of 2: https://youtu.
be/U6oYkEmfyWo, 2 of 2: https://youtu.
be/Vcz2e5uSFX8). The projection of the 
lines was compatible with the skull re-
constructed by Rmoutilová et al. (2018), 
except the orbital frontomalar distance 
(fmo-fmo) and the projection of other 
measurements based on the fmo-fmo 
ratio. According to the fmo-fmo propor-
tion, the limit of the incisors would be 
below the reconstructed skull, as well as 
below the chin (Fig. 1D, in blue). How-
ever, when taking into account the ex-
pected mean for such regions, the lines 
are close and within one standard devi-
ation (Fig. 1E). The difference between 
the fmo-fmo ratio and the average can 
be  explained by the distance between 
the gonions, generally compatible with 
the fmo-fmo distance, but which, in this 
case, was significantly smaller. While 
the fmo-fmo distance was ca. 102 mm, 
compared to the general average of ca. 
97 mm (https://bit.ly/3NRw2KW), the 

go-go distance was ~94 mm, compared 
to an average of ca. 97 mm. Therefore, 
the mandible proportion is more appro-
priate to the average than the proportion 
expected by the fmo-fmo distance. The 
data reinforces the statistical coherence 
of the reconstruction carried out by the 
multinational team in 2018 (Rmouti-
lová et al. 2018).

Fig. 1. Three-dimensional reconstruction of the 
skull

C. Forensic facial approximation
Since the human skull discussed in this 
work has poorly understood context of 
population affinities (apparently the pop-
ulation to which this individual belonged 
did not genetically contribute to either 
Europeans or modern Asians, Prüfer 
et  al. 2021), this work disregarded the 
use of thickness markers of soft tissues 
and the authors chose to use only the 
anatomical deformation on the fossil. 
This approach proved to be very com-
patible with the parameters coming from 
the soft tissue thickness tables, keep-

https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#figzlaty1
https://youtu.be/U6oYkEmfyWo
https://youtu.be/U6oYkEmfyWo
https://youtu.be/Vcz2e5uSFX8
https://youtu.be/Vcz2e5uSFX8
https://bit.ly/3NRw2KW
https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#e2
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ing the limits within the SD in other  
approaches that used the technique (vd. 
OrtogOnLineMag #5: https://ortogonline.
com/doc/pt_br/OrtogOnLineMag/5/ and 
OrtogOn-LineMag #6: https://ortogon-
line.com/doc/pt_br/OrtogOnLineMag/6/).. 
To reinforce volumetric precision, two 
3D meshes from virtual donors were im-
ported, including the skull, endocranium 
and soft tissue of a  man and a  woman, 
both adults (class available on anatomical 
deformation: https://youtube /xig5_EcIF-
WA). The deformed meshes received a line 
indicating the profile of the face, interpo-
lating the two limits of the skin resulting 
from the anatomical deformation (Fig. 2 
A, B), which were compatible with the 
nasal projection based on statistical data 
collected in computed tomography scans 
of living individuals belonging to different 
population affinities (Moraes et al. 2021; 
Moraes and Suharschi 2022). The limits 
projected from the skull were compared 
with the deformed mesh and adapted to 
the expected parameters, including the 
size of the nose on the X axis, the size of 
the eyes on the X axis, the position of the 
eyeball on the X, Y and Z axes, the size 
of the ears on the Z axis and the size of 
the lips on the X axis (Fig. 2C). Thanks to 
the pre-segmented structure, it was possi-
ble to adjust the mesh so that it resulted 
in the volume of the endocranium, whose 
data will be detailed later (Fig. 2D). Fol-
lowing the approach exposed in Abdullah 
et  al. (2022) and Moraes (2023), a  bust 
from another facial approximation was 
imported and adjusted to provide a mesh 
composed of four-sided faces and with 
a  previously configured texture (Fig. 2E). 
Unlike the approaches mentioned above 
where a version with eyes open was avail-
able, the present work only has a version 
with eyes closed, in order to reduce the 
subjective elements of the structure, as 

will be explained in the Results. The mesh 
underwent detailing via digital sculpting, 
texture adjustment and scene lighting 
configuration so that the final images 
could be generated (Fig. 2. F, G).

Fig. 2. Steps of the digital facial approximation

Results

The final images were generated using 
Blender 3D’s Cycles renderer (https://
www.blender.org/) and consisted of views 
of the bust composed to show the most 
objective elements of the face, focusing 
on the general structure. For the images 
with objective elements, the eyes were 
closed, the image was converted to gray 
scale, and the head did not have hair 
(Figs. 3–6). For images with speculative 
elements, the eyes were opened, the 
hair was configured, and the colors were 
maintained (Figs. 7–9).

https://youtube /xig5_EcIFWA
https://youtube /xig5_EcIFWA
https://www.blender.org/
https://www.blender.org/
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Fig. 3. 3/4 image of the face approximated 
with objective elements

Fig. 4. Side image of the face approximated  
with objective elements

Fig. 5. Profile image of the approximate face  
with objective elements

Fig. 6. Frontal image of the face approximated  
with objective elements

Fig. 7. 3/4 image of the face approximated  
with speculative elements

Fig. 8. Side image of the face approximated  
with speculative elements
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Fig. 9. Frontal image of the face approximated with speculative elements

Discussion

The 3D approximation of the exam-
ined specimen, obtained according to the 
adopted methodologies, makes it possible 
to make inferences on the morphology of 
the mandible and the endocranium vol-
ume between different species of Homo. 
An attempt to understand the differences 
between the mandibles of fossils dating 
from 32,000 to 45,000 BP, the bones of 30 
modern individuals and the fossils Zlatý 
kůň 1, Oase 1 (Crevecoeur 2012) and Na-
zlet Khater 2 (Moraes and Santos 2023) 
were measured at two distances, sch-scp 
and pch-acp (Fig. 10), both only on the 
Y axis, with sch being point on superior 
margin of the condyle head, scp – point on 
superior margin of the coronoid process, 
pch – point on the posterior margin of 
the condyle head and acp – most anterior 
point on the anterior aspect of the ramus 
border (Lestrel et al. 2013). A graph (Fig. 
11) created on the base of pch-acp meas-
urements compares three fossils: Oase 1 
(approx. 40,000 years ago), Nazlet Khat-

er 2 (32,000–44,000 years ago) and Zlatý 
kůň 1 (approx. 43,000 years ago), as well 
as broad group of modern human mandi-
bles. As can be seen, Zlatý kůň 1 is char-
acterised by the significantly most robust 
mandible structure. By adding data for four 
mandibles belonging, according to Rosas et 
al. 2019, to H. neanderthalensis (Atapuer-
ca-605, Atapuerca-905, Mauer and Arago 
2), three distinct groups can be created (Fig. 
12). First, a broader one, consists of the H. 
neanderthalensis individuals, which slight-
ly intersects with second group – modern 
humans. This group is characterised by 
the smallest mandibles. The third group 
is formed by H. sapiens, which compris-
es fossils aged from 32,000 to 45,000 yrs 
BP.  It is clearly visible that this group is 
distant from modern humans but inter-
sects with H. neanderthalensis. Something 
similar happens with the data related to 
the endocranium volume (X axis) and head 
circumference (Y axis, see Fig. 13). Points 
representing fossils of individuals living 
between 31,000 and 45,000 yrs BP, for the 
most part, touch the ellipse composed of 
H. neanderthalensis, H. rhodesiensis and 

https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#e15
https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#figzlaty7
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H. heidelbergensis. The volume of Zlatý 
kůň 1’s endocranium resulted in ca.1590 
cm³, a  value above one SD from the av-

erage of current female. In relation to the 
head circumference, with 59.08 cm, also 
above one SD from the average. 

Fig. 10. Measurements taken on the mandible (Y axis)

Fig. 11. Distribution of pch-acp measurements on the X axis and sch-scp on the Y axis, the diameter of the 
spheres is proportional to the sum of the two measurements (pch-acp)+(sch-scp). The colors represent 
sex, with male blue, female red and undefined yellow
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Fig. 12. Distribution of pch-acp measurements on the X axis and sch-scp on the Y axis, with the addition 
of the H. neanderthalensis group

The endocranium volume and circum-
ference graph was generated based on data 
for a group of 50 H. sapiens endocrania, 
31 male and 19 female (Fig.  13). When 
comparing this data to outcomes based on 
noticeably larger numbers (up to 2750 for 
each sex, da Costa et al. 2022; Neubauer 
et  al. 2018; Ritchie et  al. 2018), similar 
sample’s distribution is still visible (Fig. 
14). When applying the factor of -9.81% 
to convert the volume of the Zlatý kůň 1 
endocranium into brain volume (Moraes 
et  al. 2023), 1434 cm³ is reached, that 
is, 318 cm³ above the average, which is 
1116 cm³. Therefore, when using data 
from Ritchie et al. (2018), Zlatý kůň 1’s 
brain is 3.53 SD above the average for 
females. Even if compared to males, the 
brain would be 2.0 SD above the average, 
which is 1234 cm³. The head circumfer-

ence, which in Zlatý kůň 1 individual re-
sulted in 59.08 cm, is 2.08 SD above the 
female average according to Costa et  al. 
(2022). When taking into account the 
group of both sexes of H. sapiens, the en-
docranium (not the brain) of Zlatý kůň 1 
is also 1.6 SD above the general average, 
according to Neubauer et al. (2018). The 
volumetric and linear data measured on 
the fossil Zlatý kůň 1 are based on the in-
formation provided by Prüfer et al. (2021) 
and Rmoutilová et al. (2018). Zlatý kůň 
1’s encephalic size is compatible with 
evolutionary trends affecting anatomical-
ly modern H. sapiens in that during the 
Holocene period (last 10,000 years, hence 
much later than the time in which this 
individual lived) brain size shrunk by ap-
proximately 10% (Ruff et al. 1997; Hen-
neberg 1988; Neubauer et al. 2018).

https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#figzlaty11
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Fig. 13. Endocranium volume vs head circumference

Fig. 14. Comparison between different studies
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Conclusion

The rapidly developing visualisation and 
measurement techniques using 3D mod-
els are increasingly applied not only in 
engineering sciences, but also in medical 
ones, especially surgery, and scientific re-
search, including physical anthropology. 
This study aimed to present a new, orig-
inal method used in morphometric ana-
lyzes of bone remains and approximation 
of the real appearance of a  face of the 
Zlatý kůň 1 woman, one of the earliest 
known Eurasian individuals. Due to the 
lack of access to the original remains, this 
study was based purely on digital data 
published in the scientific press. Based 
on digital data, the spatial arrangement 
of the preserved bone fragments was de-
termined, and then the missing elements 
were reconstructed, ultimately obtaining 
an image of a complete skull and an ap-
proximation of the probable life appear-
ance of the woman it belonged to. The 
obtained results were compared to those 
published in previous works that dealt 
with the reconstruction of the appear-
ance of the Zlatý kůň 1 woman. Finally, 
the shape of the mandible reconstructed 
using digital methods and the volumes of 
the endocranium (1590 cm³) and brain 
(1434 cm3) were discussed, and then 
a  comparison was made with currently 
known representatives of other species of 
the genus Homo. The calculated dimen-
sions place the examined individual in 
the group of other examples of H. sapiens 
living between 45,000–32,000 years BP, 
which is consistent with the C14 dating 
of the material performed by independent 
researchers (43,000 years BP) and com-
patible with the described evolutionary 
trends of decreasing brain dimensions 
and decline massiveness of the mandible 
of our species. These studies show that 

the use of modern research methods can 
significantly increase knowledge in the 
field of morphometric research, which is 
particularly valuable in the case of often 
fragmentarily preserved bone remains 
representing the ancestors of modern hu-
mans. 
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