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Burned human remains, suggesting the presence of different burning processes, have been
reported from Late Jomon period sites in Japan. Compared with Western countries, however,
experimental research in Japan aimed at clarifying the causal relationship between burning
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conditions and bone alterations remains limited. Consequently, determining which specific
burning conditions account for the morphological variations observed in archaeologically
burned human bones continues to pose a challenge. This study conducted four controlled
burning experiments to compare the effects of different burning conditions on bone
alterations, using animal carcasses with soft tissue as well as defleshed and defatted bones.
The results demonstrate that the presence or absence of soft tissue, body position, and flame
exposure direction affect bone alteration. Particularly regarding discolouration and shrinkage,
the combination of body position and flame exposure direction plays an important role in
determining heat distribution. Furthermore, the effect of soft tissue varies depending on
interactions with other burning conditions. These findings provide practical observational
criteria for reconstructing the formation processes of burned bones and offer baseline data
that will contribute to the design of future comparative experiments, and the interpretation
of burned human remains in an archaeological context.

Introduction

This study During the Jomon period, funerary practices involving the use
experimentally of fire were present, and burned human remains have been
examined how burning identified at 91 archaeological sites to date (Kato, 2025). These
conditions - including materials, however, have been regarded as lacking in
the presence or anthropological information and have not been fully analysed.
absence of soft tissue, The frequency of such finds increases particularly during the
body position, flame Late to Final Jomon period (4,000-2,300 BP; uncalibrated),
exposure direction, yet there is ongoing debate as to whether they represent
burning temperature, cremation shortly after death or secondary burning following
and burning duration - primary burial (Nara, 2026). In this study, the term “burning” is
affect bone alteration. used in a broad sense to encompass both processes. Although

they are distinguished in the literature, they are considered
together here for analytical purposes.

In recent years, burned human remains from the Late Jomon period (circa 4,000-3,000 BP)
have been discovered at the Dobashi and Kamino sites in Niigata Prefecture (See Figure 1,
top). At the Dobashi site, burned human remains representing a single individual were
recovered from Pit C316, with the burned bones arranged in a distinctive spatial configuration
(See Figure 1, bottom left) (Nara, Saeki and Furusawa, 2023). At the Kamino site, five pits filled
with burned human remains were identified, the largest of which, SK439, contained multiple
individuals (Kato and Kato, 2025, pp.17-22) (See Figure 1, bottom right).

Macroscopic observation revealed marked shrinkage, deformation and characteristic fracture
patterns in the Dobashi material, suggesting cremation shortly after death while soft tissue
was still present (Furusawa and Nara, 2025). In contrast, the Kamino assemblage included
materials that shared these features alongside others that indicated different burning



processes. Furthermore, histological analysis showed no evidence of bioerosion caused by
soil bacteria in the Dobashi material, whereas both the presence and absence of bioerosion
were observed at the Kamino site (Osaka and Yoneda, 2025). These findings suggest that at
least two distinct burning processes may have coexisted within the funerary practices of the
Late Jomon period. The specific burning conditions that produced these differences, however,
have not yet been experimentally verified.

During the process of burning, bone undergoes histological and physicochemical changes,
resulting in macroscopic changes such as discolouration, shrinkage and fracture formation
(Correia, 1997, pp.262-263; Thompson, 2004). Understanding the relationship between
burning conditions and bone alterations is, therefore, essential for reconstructing the
formation processes of burned bones.

In Europe and the United States, experimental studies using animal carcasses and bones
have significantly advanced our understanding of how different burning conditions affect
bone (Shipman, et al., 1984; Thompson, 2005; Snoeck and Schulting, 2013;
Chatzikonstantinou, 2022; Chatzikonstantinou, et al., 2025). In contrast, experimental
research aimed at clarifying these causal relationships remains limited in Japan (Abe, 2009,
pp.46-49; Tomioka, et al., 2014, pp.81-82), and the amount of systematic data is still
insufficient.

In this context, the present study formulates three hypotheses to clarify the influence of
burning conditions on bone alterations, based on burning experiments using animal
carcasses and bones, comparing fleshed bones (that is, bones with soft tissue) with defleshed
and defatted bones:

1. Hypothesis 1 : The presence or absence of soft tissue significantly affects bone
alterations.

2. Hypothesis 2 : Body position and flame exposure direction affect heat distribution and
subsequent bone alterations.

3. Hypothesis 3: Burning temperature and duration produce quantitatively different
patterns of bone alteration.

By experimentally testing these three hypotheses, this study aims to systematically clarify the
causal relationship between burning conditions and bone alterations, thereby providing a
methodological foundation for future comparative experiments and the interpretation of
burned human remains in an archaeological context.

Materials and Methods

Materials



This study used the carcasses of roadkilled raccoon dogs (Nyctereutes procyonoides) and
selected bones of pigs (Sus scrofa domesticus) and deer (Cervus nippon) (See Table 1).
Although a direct comparison between raccoon dogs and humans has limitations, the former
were selected as the primary material because they are readily obtainable in Japan, are
medium-sized mammals that can be fully burned in a cremation furnace and are thus
suitable for observing bone alterations associated with whole-body burning. Pig and deer
specimens were included as supplementary materials to examine differences related to bone
size and structural characteristics.

The raccoon dog carcasses were stored frozen at -18°C until the experiments were
conducted. Sample 1 was thawed prior to burning to allow placement in a prone extended
position. In contrast, Samples 3 and 4 were burned without prior thawing, as they could be
placed in lateral extended positions while still frozen. Samples 1, 3 and 4 were burned with
soft tissues intact. Sample 2, as well as the pig and deer bones, were defleshed, boiled for
approximately four hours and then air-dried to produce defleshed and defatted bones. In the
deer ankle joint (tibia, talus and calcaneus), however, articulation was intentionally preserved
to evaluate the effect of residual soft tissue in defleshed and defatted bones (See Figure 2). A
strict comparison with archaeological burned human remains would ideally require dry bones
that have undergone a period of burial; however, due to time constraints, defleshed and
defatted bones were used as a proxy. This limitation should be considered when interpreting
the results.

All specimens were derived from roadkill, natural deaths, or commercially distributed
carcasses. No animals were euthanised or killed for the purpose of this study.

Specimens Skeletal
Experiment Date Conditions Notes
Species ID elements
23 Sex: female; Body
. Raccoon = Sample Complete
Experiment 1 January Fleshed length: 50 cm; Body
dog 1(T1) skeleton
2024 mass: 5.5 kg
Sex: female; Body
_ 10 July Raccoon @ Sample Complete
Experiment 2 Fleshed length: 60 cm; Body
2024 dog 3(T3) skeleton
mass: 4.4 kg
Sex: unknown; Body
, 24 July Raccoon = Sample Complete
Experiment 3 Fleshed length: 40 cm; Body
2024 dog 4 (T4) skeleton
mass: 2.3 kg
Experiment 4 25 April Sex: male; Body length:
Raccoon @ Sample Defleshed Selected
2025 65 cm; Body mass:
dog 2(T2) and defatted bones
unknown
Pig Sample Defleshed Selected Sex: unknown; Body

13 and defatted bones length: unknown; Body



mass: unknown

Sex: unknown; Body
_ Sample Defleshed Selected
Pig length: unknown; Body
14 and defatted bones
mass: unknown

Sex: unknown; Body
Sample Defleshed Selected

15 and defatted bones

Deer length: unknown; Body

mass: unknown

TABLE 1. EXPERIMENTAL SCHEDULE AND SPECIMENS. BODY LENGTH REFERS TO HEAD—-BODY LENGTH, EXCLUDING
THE TAIL, AND WAS MEASURED AT THE TIME OF COLLECTION ALONG WITH BODY MASS. PIG (SAMPLE 14) INCLUDES
LIMB BONES THAT MAY DERIVE FROM A JUVENILE INDIVIDUAL, AS INDICATED BY UNFUSED EPIPHYSES, WHICH MAY
HAVE INFLUENCED THE SHRINKAGE PATTERNS. PREPARED BY YASUSHI FURUSAWA.

Methods

The experimental variables included the presence or absence of soft tissue, body position,
flame exposure direction, burning temperature, and burning duration. Other burning
conditions, including furnace type, fuel, temperature control conditions, and observation
intervals, were kept as constant as possible. Bone alterations were recorded and evaluated in
terms of discolouration, deformation, fracture formation, shrinkage, and weight loss.

A total of four burning experiments were conducted (See Table 1). The number of
experiments (n = 4) was designed to allow a preliminary assessment of reproducibility and
general patterns of bone alteration, as well as to enable comparison between fleshed and
defleshed/defatted bones. Prior to burning, the raccoon dog samples (1-4) were subjected to
CT scanning. The CT data were analysed using the open-source software 3D Slicer to verify
the post-mortem skeletal condition and to obtain baseline measurements prior to burning
(See Figure 3).

The burning experiments were carried out in a medium-sized cremation furnace at an animal
cremation facility (See Figure 4). The interior of the furnace consisted of a sealed combustion
chamber measuring 65 x 145 cm in width and depth, and 42 cm in height. The inner walls of
the chamber were lined with refractory bricks. The furnace was equipped with a kerosene-
fired oil burner which automatically regulated both the air supply and fuel flow, allowing the
experiments to be conducted under stable combustion conditions. The burner nozzle was
located on the wall opposite the furnace entrance/exit, directing the flame into the
combustion chamber. The distance between the burner nozzle and the experimental
specimens was approximately 70 cm. An observation window was located on one side of the
furnace, and an exhaust outlet in the ceiling. The oxidation-reduction conditions within the
furnace atmosphere were not directly measured in the present study.

The furnace temperature was measured using a thermocouple installed approximately 1.3 m
above the specimens, and the temperature displayed on the external panel was recorded.



The recorded values represent the ambient furnace temperature and do not necessarily
correspond to the effective temperature at the bone surface or within the bone. As a
reference, measurements of temperature distribution in open-fire conditions indicate that,
while the maximum temperature at the firebed (0 cm) reached 895°C, temperatures at the
centre of the flame (15 cm above) reached 910°C, and those in the space directly above (50
cm above) reached 728°C (Japan Takibi Society, 2021). Considering these observations, the
temperature at the bone surface and within the bone may have been higher than the
recorded furnace temperature. Elapsed time and furnace temperature were recorded at 5-
10-minute intervals. As rapid changes were observed in the early stages of burning,
observations were made every five minutes, and every ten minutes in later stages, when
changes became less pronounced. Changes in body position, combustion of soft tissues,
bone discolouration, and fracture formation were recorded through an observation window.

After each experiment, the presence and types of discolouration, deformation and fractures
were recorded. Measurable bones were subjected to osteometric analysis, and shrinkage
rates were calculated by comparison with pre-burning values. Principal measurements
included cranium and mandible (greatest cranial length and mandibular length) and limb
bones (greatest length, mid-shaft transverse and sagittal diameters, and maximum breadth of
the proximal and distal epiphyses). Measurement criteria followed established osteometric
standards (von den Driesch, 1976; Murakami, et al., 1987; 1988; Nara Bunkazai Kenkyujo
Maizo Bunkazai Senta, 2006; Gomi, 2013; 2025). In the fourth experiment, pre- and post-
burning weights were recorded, and weight loss rates were calculated.

Results

Progress of Each Experiment
The progress of each experiment is shown in Appendix 1 and Table 2.

In the first experiment, a raccoon dog placed in a prone extended position (Sample 1) was
burned from the caudal side. Carbonisation began in the early stage of burning, followed by
the exposure of the hindlimb bones, until eventually only bones remained. In the first
experiment, however, the carcass and bones were moved during burning, and therefore an
accurate record of bone alterations could not be obtained. In the subsequent experiments,
the specimens were not moved during burning.

In the second experiment, a raccoon dog placed in a right lateral extended position (Sample
3) was burned from the caudal side, and in the third experiment, a raccoon dog in a left
lateral extended position (Sample 4) was burned from the cranial side. In both cases,
carbonisation and bone exposure progressed from the side directly exposed to the flame. In
the third experiment, carbonised soft tissue remained in the abdomen and hindlimbs facing



away from the flame, and regional differences in bone discolouration were still evident at the
end of burning.

In the fourth experiment, defleshed and defatted bones from several animal species (raccoon
dog: Sample 2; pig: Samples 13 and 14; deer: Sample 15) were burned. Black discolouration
first appeared in the bones closest to the flame, progressing to grey and white discolouration.
Most of the bones turned white relatively early during burning. Although the temperature
continued to increase after this stage, no marked change in bone colour was observed.

Furnace temperature (°C) and observed changes in the carcass and bones

Experiment 1 Experiment 2 Experiment 3 Experiment 4

Elapsed time (min after ignition)

Specimen placed in
the furnace;
ignition initiated.

Specimen Specimen _ .
) ) Specimen placed Immediately after
placed in the placed in the _ S _
0 50 L 0 L 160 inthe furnace; 115 ignition, the pig
furnace; ignition furnace; ignition o ,
o o ignition initiated. cranium and the
initiated. initiated.

epiphyses directly
exposed to the
flames blackened.

Almost all bones
The skin burned

The skin burned blackened.
and became )
, ) and became No deformation
The skin burned carbonised. i
_ carbonised. was observed, but
5 556 and became 359 Partial 430 ) 380
) Partial exposure fractures
carbonised. exposure of ) )
f ti of soft tissue were seen in part
soft tissue
observed. of the deer femoral
observed.
shaft.
10 683 Theentire body 446 The entire body 498 The entire body
became became became
carbonised. carbonised. carbonised.
Skeletal The hindlimb Some bones

elements bones became became visible.

directly exposed;
exposed to the fractures were

observed.



15

20 576
25 558
30 533
35 487
40 500

flames became
visible.

The hindlimb
bones became
exposed.

More bones
became
exposed.

Almost nothing
but bones was
left.

Some
carbonised soft
tissue remained
in places.

Only bones
remained.

509

538

559

Exposure of the
ribs and
forelimb bones
began.

The fore- and
hindlimb bones
were almost
fully exposed.
The cranium
and mandible
exposure
began.
Some
carbonised soft
tissue
remained.

The cranium

and mandible
were almost

fully exposed.
Mainly just

507

Bones from the
cranial to the
forelimbs
became
551 exposed. 515
The abdomen
and hindlimbs
remained
carbonised.

527

Deformation and
fractures were
observed in the

cranial and
578 forelimb bones. 536
The abdomen
and hindlimbs
remained
carbonised.

545

590 Only bones 553
remained of the
cranial and
upper abdomen.

The lower

Almost all bones
turned grey to
white.
The deer tibial
shaft fragmented.
Fractures were
observed in all
bones.
Flames erupted
from the deer
femur.

All bones became
white.



bones abdomen and
remained. hindlimbs
remained
carbonized.
Distal hindlimb
bones became
exposed and

showed
deformation and
fractures.
45 510 559
Burning Burning
completed; completed;
p‘ Only bones p‘
50 483 specimen 575 _ 602 specimen 565
remained.
removed from removed from
the furnace. the furnace.
55 572
Burning
completed;
60 580 578 _
specimen removed
from the furnace.
65
Burning
completed;
70 586 specimen

removed from
the furnace.

TABLE 2. EXPERIMENTAL PROGRESS AND OBSERVATIONS. SEE APPENDIX 1 FOR THE CORRESPONDING PHOTOGRAPHS.
FOR EACH EXPERIMENT (EXP. 1-4), ELAPSED TIME AND FURNACE TEMPERATURE WERE RECORDED, AND CHANGES IN
THE CARCASS AND BONES DURING THE BURNING PROCESS WERE OBSERVED. THE EXPERIMENTS WERE CONDUCTED
USING A MODERN CREMATORIUM FURNACE. THE TEMPERATURE VALUES, MEASURED WITH A THERMOCOUPLE,
REPRESENT THE AMBIENT FURNACE TEMPERATURE AND NOT THE BONE SURFACE TEMPERATURE (SEE FIGURE 4).
PREPARED BY YASUSHI FURUSAWA.

Discolouration
As burning progressed, bone discolouration occurred stepwise.

In the first experiment, the recorded furnace temperature reached 683°C. Owing partly to
movement during burning, all bones eventually turned white. By contrast, in the second and
third experiments, the furnace temperature remained below 600°C, yet clear regional
differences in bone colour were observed. In the second experiment, the bones on the right
side directly exposed to the flame turned white, whereas grey to black discolouration



persisted in the cranium, mandible and scapula on the unexposed left side (See Appendix 3:
a-c). In the third experiment, the cranium, mandible and limb bones on the left side that were
exposed to the flame turned white.

In contrast, bones in the abdominal and hindlimb regions where carbonised soft tissue
remained showed brown to black discolouration (See Appendix 2: d). In the fourth
experiment, bones turned white despite furnace temperatures remaining below 600°C (See
Appendix 4).

Deformation and Fractures

The burned bones exhibited deformation, including warping, as well as several types of
fractures reported in previous studies. Fractures were described following the classification
proposed by Symes et al. (2015), and bending angles were roughly measured using a
protractor with reference to the long axis of the bone shaft.

In the first three experiments, warping inconsistent with the original anatomical shape was
repeatedly observed in the shafts of limb bones (See Appendix 2, 3). The bending angles
generally ranged from approximately 20° to 40°, and the direction varied depending on bone
element and side (See Appendix 2: ¢, f; Appendix 3: e). In the second experiment, pronounced
deformation was observed in the cranium and mandible on the side exposed to the flame
(See Appendix 3: a, b), while in the third experiment, marked warping occurred in the tibial
shaft (See Appendix 2: h).

Fractures observed in the mandible and limb bones included longitudinal, transverse, and
curved transverse fractures (See Appendix 2: a, b, enlarged view; See Appendix 3: h, enlarged
view). In addition, patina fractures formed on the articular surfaces of the limb bones (See
Appendix 3: h, enlarged view), while concentric ring fractures were observed on the scapula
and hip bone (See Appendix 3: ¢, g).

The fourth experiment, meanwhile, showed different patterns. In the raccoon dog bones
(Sample 2), marked warping was observed in the mandible and limb bones (See Appendix 4:
a-d, f), whereas fractures were limited. In the pig bones, both deformation and fractures were
minor (See Appendix 4: g-k). In the deer bones, clear warping and extensive longitudinal
fractures were observed in the shafts of limb bones (See Appendix 4: |, m). Furthermore,
concentric ring and curved transverse fractures formed on the articular surfaces of the tibia
and calcaneus where some soft tissue remained (See Appendix 4: m, enlarged view; n).

Shrinkage

Measurement variables and Shrinkage rate of fleshed Shrinkage rate of defleshed
landmarks bones (%) and defatted bones (%)



Skeletal
element

Cranium
and
mandible

Humerus

Radius

Ulna

Measurement
variables
(abbreviations)

Greatest cranial
length (GL)

Mandibular length
(id-C.m.)

Mandibular length
(id-goc)

Greatest length
(GL)

Maximum breadth
of the proximal
epiphysis (Bp)
Mid-shaft
transverse
diameter

Mid-shaft Sagittal
diameter

Maximum breadth
of the distal
epiphysis (Bd)

Greatest length
(GL)

Maximum breadth
of the proximal
epiphysis (Bp)
Mid-shaft
transverse
diameter

Mid-shaft Sagittal
diameter

Maximum breadth
of the distal
epiphysis (Bd)

Greatest length
(GL)

RL

r o — Z

— X

Sample Sample Sample

1

10,6

10,3

19,8

8,1
12,2

15,5

17,7

18,9

37,3

16,7
204

Raccoon dog

3

4,7

10,4
6,0
9,1
6,5
8,9
8,3

8,2
12,3
22,3

21,9

20,0
22,2

15,7
14,2

58
52

18,5
15,4
17,2

15,2

33,9
32,4

4

8,1
6,4
6,6

11,3
13,6
29,7

25,8

22,1
22,8

15,1
10,5

7,4
7,0

18,2

21,3

25,7

31,3

38,6
29,8

6,8

Raccoon

Pi
dog g
Sample
Sample 2
13-14
9,0
17,8
17,5
14,4
14,8
12,8
21,6
7.4
9,8
18,6
18,8 52
16,8
1,4
-13,4
20,6
24,2 53

Deer

Sample
15

6,4
9,5



Femur

Tibia

Fibula

Mid-shaft
transverse
diameter

Mid-shaft Sagittal
diameter

Distal breadth of
the articular
surface (DPA)

Greatest length
(GL)

Maximum breadth
of the proximal
epiphysis (Bp)
Mid-shaft
transverse
diameter

Mid-shaft Sagittal
diameter

Maximum breadth
of the distal
epiphysis (Bd)

Greatest length
(GL)

Maximum breadth
of the proximal
epiphysis (Bp)
Mid-shaft
transverse
diameter

Mid-shaft Sagittal
diameter

Maximum breadth
of the distal
epiphysis (Bd)
Maximum breadth
of the proximal
epiphysis (Bp)
Maximum breadth
of the distal
epiphysis (Bd)

26,2

15,6

12,4

8,5

14,9

14,0

14,5

19,9

19,9

26,8

17,3
4,5

6,8

2,3

4,3

6,7
7,8

13,8

17,0
14,0

29,1
19,0

14,7

24,5

24,5

-3,6
20,8

41,0

34,5

16,1

-19,5

16,7

11,1
8,9

12,5
3,1
25,6

30,9

15,0
-5,5

19,7

22,2

6,8

7,6
7.7

16,8

12,8

18,8

10,4

15,0

4,0
6,3

93

4,9

0,4
8,2

3,9

12,7

0,9

0,5
7.1
2,9
18,4
14,6
63

1,8 7.0

6.2 7.8
19,7
19,5

5.6 18,3

4,4

2,5



TABLE 3. SHRINKAGE RATES BY MEASUREMENT VARIABLE. SHRINKAGE RATES WERE CALCULATED BY COMPARING
MEASUREMENTS OBTAINED FROM 3D MODELS PRIOR TO BURNING (SEE FIGURE 3) WITH THOSE MEASURED AFTER
BURNING. SHRINKAGE RATES ARE EXPRESSED AS PERCENTAGES. MEASUREMENT DEFINITIONS FOLLOW THE
OSTEOMETRIC METHODS OF VON DEN DRIESCH (1976), MURAKAMI ET AL. (1987; 1988), NARA BUNKAZAI KENKYUJO
MAIZO BUNKAZAI SENTA (2006), AND GOMI (2013; 2025). ABBREVIATIONS: ID = INFRADENTALE; GOC = GONION
CAUDALE; C.M. = CONDYLION MEDIALE. MID-SHAFT TRANSVERSE AND SAGITTAL DIAMETERS WERE MEASURED AT THE
MIDPOINT OF THE GREATEST LENGTH. WHEN MEASUREMENT AT THIS POINT WAS NOT POSSIBLE DUE TO
DEFORMATION, MEASUREMENTS WERE TAKEN AS CLOSE AS POSSIBLE TO THE MIDPOINT. RL INDICATES RIGHT (R) AND
LEFT (L). PREPARED BY YASUSHI FURUSAWA.

Shrinkage rates for each measurement are shown in Table 3. In both fleshed and
defleshed/defatted bones, shrinkage was not uniform but varied depending on anatomical
region and skeletal element.

In fleshed bones, shrinkage was greater in the fore- and hindlimb bones than in the cranial
bones (See Table 4, upper section). In the limb bones, shrinkage in greatest length was
relatively small, whereas higher shrinkage rates were recorded for the maximum breadth of
the proximal and distal epiphyses and the mid-shaft diameters, particularly in the transverse
and sagittal diameters (See Table 5, upper section).

In contrast, defleshed and defatted bones showed little variation between anatomical regions
(See Table 4, lower section). Shrinkage rates for each measurement item were generally
uniform, and the marked regional differences observed in fleshed bones were not present
(See Table 5, lower section). Interspecies differences were observed, however, in the mid-
shaft transverse and sagittal diameters (See Table 3). Raccoon dog and deer showed lower
values than fleshed bones, while the pig showed even lower values. Variation based on
species was also observed in the greatest length shrinkage.

Condition Region M SD n
Cranial bones 7,8 2,0 7

Fleshed bones Forelimb bones 16,3 10,0 54
Hindlimb bones 15,4 9,2 42

Cranial bones 12,8 4,1 7

Defleshed and defatted bones Forelimb bones 9,8 9,7 16
Hindlimb bones 9,9 5,8 35

TABLE 4. COMPARISON OF SHRINKAGE RATES IN CRANIAL, FORELIMB, AND HINDLIMB BONES. BASED ON THE DATA
PRESENTED IN TABLE 3. UPPER SECTION: FLESHED BONES (SAMPLE 1, 3, AND 4), LOWER SECTION: DEFLESHED AND
DEFATTED BONES (SAMPLE 2, PIG, AND DEER). VALUES ARE GIVEN AS MEAN (M) AND STANDARD DEVIATION (SD), AND
N INDICATES THE NUMBER OF MEASURED SPECIMENS. SHRINKAGE RATES ARE EXPRESSED AS PERCENTAGES.
CRANIAL BONES INCLUDE THE MANDIBLE. PREPARED BY YASUSHI FURUSAWA.

Condition Region Measurement variables (abbreviations) M SD n



Greatest length 87 24 19

Maximum breadth of the proximal

, . 13,8 45 20
epiphysis (Bp)
Limb . . : .
Fleshed bones Maximum breadth of the distal epiphysis
bones 172 90 16
(Bd)
Mid-shaft transverse diameter 240 6,1 17
Mid-shaft sagittal diameter 200 11,2 18
Greatest length 90 62 12
Maximum breadth of the proximal
: . 11,0 57 10
epiphysis (Bp)
Defleshed and defatted Limb
Maximum breadth of the distal epiphysis
bones bones 11,4 6,3 10
(Bd)
Mid-shaft transverse diameter 97 67 9
Mid-shaft sagittal diameter 88 10,7 9

TABLE 5. COMPARISON OF SHRINKAGE RATES OF LIMB BONES. BASED ON THE DATA PRESENTED IN TABLE 3. UPPER
SECTION: FLESHED BONES (SAMPLE 1, 3, AND 4), LOWER SECTION: DEFLESHED AND DEFATTED BONES (SAMPLE 2, PIG,
AND DEER). VALUES ARE GIVEN AS MEAN (M) AND STANDARD DEVIATION (SD), AND N INDICATES THE NUMBER OF
MEASURED SPECIMENS. SHRINKAGE RATES ARE EXPRESSED AS PERCENTAGES. PREPARED BY YASUSHI FURUSAWA.

Weight Loss

In the fourth experiment, pre- and post-burning weights of defleshed and defatted bones
were compared (See Table 6). Weight loss generally ranged between 40-50%, with pig bones
showing the highest values, followed by raccoon dog and deer. The mean weight loss (+
standard deviation) by species was 42.7 + 5.4% in raccoon dogs, 48.7 + 6.4% in pigs, and 40.1
+ 6.5% in deer.

By skeletal element, relatively low values were observed in the mandibles of raccoon dogs
and deer, whereas higher weight loss was recorded in the scapula of raccoon dogs and in the
ulna, radius, and tibia of pigs; however, the number of specimens for pigs and deer was

limited.
Weight loss (%)
Element RL
Raccoon dog (Sample 2) Pig (Sample 13-14) Deer (Sample 15)
Cranium — 38,4
Mandible — 30,8 31,9
R 39,6
Humerus
L
R 43,5 56,9
Radius
L



R 42,8 52,5

Ulna
L
Scapula R 52,2
Sacrum — 45,0
R 47,4
Hip bone
L 34,1
R 43,4 40,6
Femur
L 44.6
R 43,9
Tibia
L 45,2 50,8 47,7
R
Fibula
L 45,1
M 42,7 48,7 40,1
SD 5,4 6,4 6,5
n 12 5 3

TABLE 6. WEIGHT LOSS RATES OF DEFLESHED AND DEFATTED BONES. WEIGHT LOSS WAS CALCULATED AS THE
PERCENTAGE REDUCTION FROM PRE-BURNING TO POST-BURNING WEIGHT. WEIGHT LOSS RATES ARE EXPRESSED AS
PERCENTAGES. VALUES ARE GIVEN AS MEAN (M) AND STANDARD DEVIATION (SD); N INDICATES THE NUMBER OF
MEASURED SPECIMENS. RL INDICATES RIGHT (R) AND LEFT (L). PREPARED BY YASUSHI FURUSAWA.

Discussion

Overview of the Experimental Results

This study examined how differences in burning conditions influence bone discolouration,
deformation and fracture formation, shrinkage, and weight loss through burning experiments
using a modern cremation furnace. The results confirmed that the presence or absence of
soft tissue, the body position and the flame exposure direction affect bone alteration. They
additionally suggested that burning temperature and duration have a certain influence on
bone discolouration and shrinkage. These findings provide basic data for assessing burning
conditions based on the observation of burned bones. The results are discussed in detail
below.

Presence or Absence of Soft Tissue and Bone Alteration

Effects on Discolouration

Bone discolouration during burning has traditionally been understood mainly in relation to
burning temperature (Shipman, et al,, 1984). Recent studies, however, have indicated that the
relationship between temperature and discolouration is not necessarily straightforward
(Ellingham, et al., 2015; Rosa, et al., 2023; Galloway, et al., 2024). Furthermore, it has been



reported that prolonged burning at relatively low temperatures may produce discolouration
and chemical alterations similar to those observed at higher temperatures (Gallo, et al.,
2023).

In the second and third experiments of the present study, in which the recorded furnace
temperature remained below 600°C, only the areas directly exposed to the flame showed
whitening, whereas grey, brown and black colouration persisted in non-exposed areas. By
contrast, in the fourth experiment, where defleshed and defatted bones were burned, almost
all bones turned white despite furnace temperatures also remaining below 600°C. These
results indicate that discolouration is determined not only by temperature and burning
duration but also by multiple additional factors, including flame exposure conditions and the
presence or absence of soft tissue. In particular, soft tissue has been suggested to delay
whitening by partially shielding bone surfaces from heat (Symes, et al., 2015; Gongalves,
2025), and the results of the present study are consistent with this interpretation.

Effects on Deformation and Fracture Formation

In the experimental burning of carcasses, both deformation and fractures were pronounced.
Differences in body position and flame exposure direction produced regional and lateral
differences in the degree and direction of bending, suggesting that heat distribution
contributes to the formation of bending. The observed fractures were mainly longitudinal and
transverse fractures, although curved transverse fractures were found around muscle
attachment areas of the limb bones, as well as the scapula and hip bone. In burned human
bodies, heat-induced muscle contraction is known to cause flexion of the limbs (the so-called
pugilistic posture) and the formation of curved transverse fractures (Symes, et al,, 2015, pp.
34-36). Similar phenomena have also been reported in animals (Wohlsein, et al., 2016,
pp.1009-1010; Carroll and Smith, 2018). The present results also support the possibility that
thermal muscle contraction contributes to the formation of curved transverse fractures. On
the other hand, damage to joint regions, which are generally considered vulnerable to
thermal destruction, was not frequently observed in the present experiments.

In contrast, defleshed and defatted bones showed relatively limited fracture formation but
exhibited pronounced deformation and extensive longitudinal fractures. This pattern does
not necessarily correspond with previous studies, which suggest that deformation rarely
occurs in dry bones (Whyte, 2001). Yet, the experimental conditions of the present study
resulted in the observation of a different tendency, possibly influenced by the degree of
defleshing and defatting, bone tissue structure and heating conditions.

Effects on Shrinkage

Previous studies have reported that shrinkage tends to be greater in cross-sectional
diameters and epiphyseal breadths than in bone length (Hummel and Schutkowski, 1986;
Thompson, 2005). In the present experiments involving fleshed bones, shrinkage was



similarly greater in the mid-shaft transverse and sagittal diameters, and in the maximum
breadth of the proximal and distal epiphyses than in the greatest length. This result is
consistent with the authors’ hypothesis regarding the radius from Pit C316 at the Dobashi
site, interpreted to be the result of cremation, in which shrinkage in the mid-shaft diameters
was greater than in the greatest length (Furusawa and Nara, 2025).

In comparison, no marked differences were observed between the shrinkage rates of
greatest length, mid-shaft diameters and epiphyseal breadths in defleshed and defatted
bones. This may be related to the prior loss of organic components, although the result does
not directly correspond to the weight-loss results discussed below. Furthermore, the pig
samples included limb bones that may derive from a juvenile individual, as indicated by
unfused epiphyses. It is known that limb bones of juvenile individuals exhibit bone structures
different from those of adults (Konig and Liebich, 2016, pp.36-44), and the observed
differences in shrinkage rates may reflect the developmental stage. The defleshed and
defatted bones used in this study, moreover, may differ in properties from archaeological dry
bones that have undergone burial, and this factor should be taken into account when
interpreting the results.

These results indicate that the presence or absence of soft tissue has a significant influence
on bone alteration, and that it can be assessed to a certain extent through macroscopic
observation. At the same time, the experiments also suggest that these effects vary
depending on combinations with other factors, including burning temperature and duration,
body condition, anatomical region, bone tissue structure, animal species and development
stage. Further investigation is therefore required to clarify these interrelations.

Effects of Body Position and Flame Exposure Direction

In the second and third experiments, the combination of body position and flame exposure
direction produced clear regional and lateral differences in both discolouration and
shrinkage.

In the second experiment, in which the body was placed in a right lateral position and
exposed to flame from the caudal side, whitening occurred on the right side, while black
colouration persisted on the left side. Conversely, when, in the third experiment, the body
was placed in a left lateral position and exposed to flame from the cranial side, the flame-
exposed left side whitened earlier. In contrast, the thick, soft tissues of the abdomen acted as
a thermal shield, delaying whitening in the abdominal and hindlimb regions. A similar trend
was observed in shrinkage rates, with higher shrinkage recorded on the side directly exposed
to the flame (See Table 7). Additionally, in the measurements of fore- and hindlimb bones
(See Table 3), many variables showed higher shrinkage values on the right side in the second
experiment and on the left side in the third experiment, confirming lateral differences
corresponding to body position.



Cranial bones Forelimb bones Hindlimb bones

Sample 1 — 17,6 14,2
Sample 3 7.3 15,2 16,7
Sample 4 9,0 16,5 14,6

TABLE 7. DIFFERENCES IN SHRINKAGE RATES DEPENDING ON THE FLAME EXPOSURE DIRECTION. BASED ON THE DATA
PRESENTED IN TABLE 3. CRANIAL BONES INCLUDE THE MANDIBLE. THE NUMBER OF MEASUREMENTS USED FOR THE
CALCULATIONS WAS N =7 FOR CRANIAL BONES, 54 FOR FORELIMB BONES, AND 42 FOR HINDLIMB BONES. SHRINKAGE
RATES ARE EXPRESSED AS PERCENTAGES. THE FLAME EXPOSURE DIRECTION VARIED BETWEEN SPECIMENS (CAUDAL-
SIDE EXPOSURE IN SAMPLE 3 AND CRANIAL-SIDE EXPOSURE IN SAMPLE 4). SAMPLE 1 IS INCLUDED FOR REFERENCE.
PREPARED BY YASUSHI FURUSAWA.

Chatzikonstantinou (2022) has reported that direct flame exposure enhances bone
fragmentation, while Garriga (2023) has noted that skeletal elements located closer to the fire
source tend to show lower survival rates. These studies indicate that the spatial relationship
between bones and fire source influences heat distribution. The results of the present
experiments further suggest that the combination of body position and flame exposure
direction also plays a major role in determining heat distribution.

Burning Temperature, Burning Duration, and Bone Alteration

Although the present experiments could not establish a clear quantitative relationship
between effective bone surface temperature and burning duration, they did confirm the
influence of relative thermal load, whereby bones directly exposed to higher-temperature
flames showed greater shrinkage. It should be noted, however, that the temperatures
recorded in this study represent the ambient temperature inside the furnace and may not
necessarily correspond to the effective temperature at the bone surface or within the bone.

The rate of weight loss in the defleshed and defatted bones was higher than that reported in
previous studies (Trotter and Peterson, 1962). Because flames were observed erupting from
within the bones during burning, it is possible that a certain amount of organic components,
particularly moisture and lipids, remained within the bones. The degree of defatting and air-
drying treatment may therefore have influenced the results. These results are generally
consistent with existing models in which the weight of burned bones decreases through
stages of moisture loss and loss of organic components (Imaizumi, et al., 2014, van Hoesel, et
al,, 2019), although the relationship between weight loss and shrinkage still requires further
investigation.

Implications for Archaeological Burned Bones

The results of this study provide important insights for interpreting the burning process of
the human remains from Pit C316 at the Dobashi site and Pit SK439 at the Kamino site.



The shrinkage, deformation, and characteristic fracture patterns observed in the burned
human bones from Pit C316 at the Dobashi site are most consistent with Hypothesis 1,
suggesting that they were cremated at a high temperature within a relatively short period
after death. In addition, the lateral and regional differences observed in discolouration and
deformation may reflect variations in thermal load that different parts of the skeleton were
exposed to and may be explained by variations in body position and flame exposure direction
as proposed in Hypothesis 2.

By contrast, the burned human bones from the Kamino site’s Pit SK439 show mixed patterns
of discolouration, deformation and fractures, and differences in the presence or absence of
bioerosion have also been observed. These characteristics may be explained by a
combination of Hypotheses 1-3. In other words, the evidence suggests that at least two
different burning processes may have been practiced: cremation carried out shortly after
death, and secondary burning of bones following primary burial.

The results of this study provide a new perspective for understanding the diversity of burning
practices in Jomon funerary systems, and present experimental baseline data for estimating
burning conditions based on combinations of bone discolouration, deformation, fractures
and shrinkage.

Limitations of the Experiment and Future Research

This study is a preliminary experiment conducted using a modern crematorium furnace, and
the furnace structure as well as the burning conditions do not necessarily correspond to
those of prehistoric open-air burning. In addition, there were certain limitations regarding the
condition of the specimens, temperature measurement, and sample size.

In future research, it will be necessary to verify the present results in open and
heterogeneous thermal environments, such as through open-air burning experiments, to
directly measure the temperature distribution within and around the bones, incorporate a
wider variety of skeletal materials, and integrate these approaches with histological analyses,
in order to test and supplement the findings of this study and improve the accuracy of
reconstructing burning processes.

Conclusion

This study experimentally examined how burning conditions - including the presence or
absence of soft tissue, body position, flame exposure direction, burning temperature, and
burning duration - affect bone alteration. Although the experimental conditions do not
account for all possible variables, the results nevertheless demonstrate that these factors
influence bone alteration and help to clarify the relationships between burning conditions
and patterns of discolouration, deformation, fractures, shrinkage, and weight loss. These



patterns provide useful observational criteria and analytical indicators for investigating
burning processes.

The findings of this study provide baseline data for designing future comparative burning
experiments and refining interpretative models of archaeological burned human remains. In
particular, they offer a useful reference framework for examining differences between
burned human remains from the Dobashi and Kamino sites.
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FIG 1. OCCURRENCE OF BURNED HUMAN REMAINS FROM PIT C316 AT THE DOBASHI SITE AND PIT SK439 AT THE
KAMINO SITE, NORTHERN NIIGATA PREFECTURE, JAPAN. LOCATIONS OF THE DOBASHI AND KAMINO SITES (TOP),
PIT C316 AT THE DOBASHI SITE (BOTTOM LEFT), AND PIT SK439 AT THE KAMINO SITE (BOTTOM RIGHT). TOP LEFT:
PREPARED BY HIROKI TSURUTA AND SATOKO KUMAKI, BASED ON AN ILLUSTRATION. TOP RIGHT AND BOTTOM LEFT:
ADAPTED FROM FURUSAWA AND NARA (2025). BOTTOM RIGHT: COURTESY OF THE NIIGATA PREFECTURE

ARCHEOLOGICAL RESEARCH CORPORATION.

FIG 2. ANKLE JOINT OF A DEER HINDLIMB BONES (DEER: SAMPLE 15). (A) ANTERIOR VIEW; (B) POSTERIOR VIEW. TO
EXAMINE BONE ALTERATIONS UNDER CONDITIONS IN WHICH PORTIONS OF MUSCLES, TENDONS AND LIGAMENTS
REMAINED, THE ANKLE JOINT - COMPRISING THE TIBIA, TALUS AND CALCANEUS - WAS BURNED WHILE
MAINTAINING ITS ANATOMICAL ARTICULATION. PHOTOS BY YASUSHI FURUSAWA.
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FIG 3. 3D MODELS PRIOR TO BURNING. (A) A 3D MODEL OF THE COMPLETE SKELETON OF A RACCOON DOG
(SAMPLE 1); (B) A 3D MODEL INDICATING THE MEASUREMENT INTERVALS ESTABLISHED FOR CALCULATING THE
SHRINKAGE RATE. PREPARED BY YOSHIE WATABE, AKIHISA MURAKAMI, AYUMI FURUSAWA.
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FIG 4. CREMATION FURNACE USED IN THE EXPERIMENT. (A) MEDIUM-SIZED CREMATION FURNACE; (B)
OBSERVATION WINDOW; (C) TEMPERATURE DISPLAY PANEL; (D) THERMOCOUPLE (CHINO SLIDPAK, K CLASS 2); (E)
FURNACE ENTRANCE/EXIT; (F) FURNACE INTERIOR, SHOWING THE BURNER NOZZLE AT THE REAR (GPN-10WE OIL
BURNER, KATO IRON WORKS BURNER MANUFACTURING CO.). PHOTOGRAPHS BY YASUSHI FURUSAWA, TAKEN WITH
PERMISSION FROM THE PET FUNERAL SERVICE CENTRE.
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