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a b s t r a c t

An experiment was designed using human ribs placed in different environments to document how mois-
ture and temperature affect the bone mass according to the postmortem interval. The bones were
defleshed, weighed and partially buried, with some ribs being left unburied as controls. The ribs were
weighed daily, and the mass loss was monitored over a period of 90 days. The results showed that signif-
icant differences in bone mass loss exist between environments, where the bone mass loss was signifi-
cantly faster in an environment with low moisture content. This mass loss is thought to be primarily
associated with the desiccation of the body and then for a greater part, with the atmospheric moisture
content. However, the loss of bone mass can also be explained by early alterations in the organo-
mineral matrix which were highlighted by Raman spectroscopy method.

� 2016 Elsevier Ireland Ltd. All rights reserved.

The diagenesis of human remains is subject to many variables.
These variables are extrinsic, i.e., related to the environment where
the body is located, or intrinsic, i.e., related to the body itself. From
an ecological perspective, a cadaver is an organic resource that will
interact with its environment [1]. Gravesoil chemistry techniques
are therefore essential because the type of soil will impact the
decomposition process [2,3]. When skeletonized remains are dis-
covered outside, extrinsic factors are of major importance, and a
detailed analysis of the environment (moisture, pH, temperature,
activity of scavengers, etc.) is crucial for estimating the post-
mortem interval (PMI) [4–7].

The effects of temperature and moisture have been described in
previous studies. The relationship between temperature and cada-
ver decomposition is mainly due to the development of entomo-
logical activity on decomposing bodies because the majority of
bodies found are at the soil surface [8]. The impact of moisture
(and the microorganisms associated with it [9]) on the decompos-
ing corpse has classically been described for buried bodies (with
soft tissue present): a low moisture content promotes desiccation,
whereas in high moisture settings, the breakdown is slower and is
associated with the formation of adipocere [5–7]. In this study, we
used defleshed human bones to assess the impact of different envi-

ronments (i.e., these extrinsic parameters) and the length of time
after death.

The current techniques used to determine the PMI for skele-
tonized remains are based on methods related to the physical or
chemical reactivity between the bone and substrates [10–12],
physico-chemical analyses of the bone composition [13–16] or
radioisotope measurements [17–20]. These are often difficult to
interpret and can provide complex results that are difficult to
exploit in a forensic context. However, above all, these techniques
can be very expensive and difficult to use in daily practice. To over-
come these difficulties, the use of macroscopic methods to deter-
mine a PMI for skeletonized remains, especially those with a
simple design and a non-destructive nature, would be valuable
[21]. The macroscopic factors that are studied include the change
of the bone texture, its color, the number and size of cracks and
its mass. Our current study focuses on the changes in bone mass
over time because the variation of the bone mass loss in the post-
mortem period can provide information about bone diagenesis.
The results of this study will not only provide a quantitative under-
standing of bone diagenesis progress but will also provide informa-
tion about the early physico-chemical alterations of bones [4,22].
Bone is indeed an organo-mineral composite and during its diage-
nesis, each component undergoes changes. The organic phase,
which represents about 20% of bone structure, is mainly composed
of type I collagen, while mineral phase is composed with hydrox-
yapatite crystals. In order to study these early organo-mineral
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alterations, spectrometric methods have been developed [23,24],
including Raman spectroscopy (RS). In our study, we used this
method to highlight their impact in the loss of bone mass with
time. This theme is currently the subject of extensive work in
our research unit.

1. Materials and methods

1.1. Bones

Fresh human bones were used in this study. The bone mass was
tested as a macroscopic criterion over time and ribs were selected
for this purpose. To comply with ethical standards, the bones were
obtained from individuals who had ‘‘donated their bodies to scien-
ce” according to a specific French law, which allows anatomical
dissections and research to be performed on human cadavers.
The difficulty of performing taphonomic studies on non-
embalmed humans limited our work to three subjects (two men
aged 87 and 88 years old and one 80-year-old woman, without
known bone diseases). For each subject, four ribs were removed
the day of death (R1-R2-R3-R4) and were immediately completely
defleshed manually, weighed and placed in their environments.

1.2. Environments

To study how moisture and temperature affect the bone mass
over time, three ribs for each subject were placed on a soil surface
and covered by a 1–2 cm thin layer of topsoil and another rib was
placed in a controlled environment without soil (Table 1). So, R1
and R4 were placed outside (with a high environment moisture
content) in a clay soil at a pH = 6.8. This ‘‘grave” was covered with
a protective grid with very fine mesh to prevent access to scav-
engers and insects (not allowing the passage, and thus egg laying,
of flies) and were placed in a large container, under cover (pro-
tected from rain). R3 was placed on the soil surface in the same
clay (covered by a 1–2 cm thin layer of topsoil) under a hood at
20 �C (with a lower fixed gravimetric moisture content of 60%).
R2 was placed under the same hood without clay as a control.

1.3. Measurements of the bone mass and meteorological data

The ribs were weighed daily using a precision balance (Kern�
ALT310-4, d = 0.1 mg). The daily mass loss of the ribs from all three
subjects was studied over a period of 90 days (during the late
autumn and winter, from December 15, 2013, to March 15, 2014).
The experiment was performed in the north of France, so the bones
kept outside were subjected to temperate conditions. The temper-
ature, rainfall and humidity outside were recorded daily, and these
meteorological data were collected by Météo France�.

1.4. Bone diagenesis analysis by Raman spectroscopy

RS analysis was done throughout this work to evaluate the early
alterations of organo-mineral phases of the bone [23,24]. Bone

samples were taken on contralateral ribs of each of the subjects,
and placed in the same environment. Transversal slices of 5 mm
thickness were cut with a diamond disk saw. Before RS analysis,
samples were just polished three times with 30 lm, 3 lm and
0.3 lm abrasive discs, as RS requires a limited preparation prior
to sample processing. The same methodology was applied for com-
parison after 90 days.

Raman spectra were acquired with a Raman microspectrometer
LabRAM HR800 (HORIBA, Jobin-Yvon, France). The instrument is
equipped with a XYZ motorized stage and a diode laser at
785 nm. It was used by the DuoScan technology with an objective
50� on a 900 square micrometers area. A total of 40 spectral acqui-
sitions (each on 900 square micrometers) were performed for each
sample to be fully representative of this one [25]. The spectral
range was 300–1700 cm�1 with a resolution of 4 cm�1 (chosen to
assess the organic and inorganic phases of the bone) [26].

1.5. Statistical analysis

The statistical analysis on bone mass was carried out using
XLStat�, Addinsoft software. The different environments were
compared by studying the distributions of the bonemass loss, using
a Kolmogorov-Smirnov’s test. Then, combined comparison tests
were performed day-by-day per environment using a Chi-squared
test and Marascuilo’s post-hoc procedure. Finally, a z test was per-
formed on the mean mass loss according to time for the ribs.

2. Results

2.1. Bone mass progress

The daily record of outdoor temperatures (R1 and R4) showed
values ranging between 0.3 and 19.5 �C (Table 1 & Fig. 1). The
moisture content of the environment was slightly variable, with
a mean at 82.47% (SD ± 6.86). The humidity inside the hood
remained constant at 60%, and the temperature was constant at
20 �C (R2 and R3).

Visual observations in situ showed no entomological activity
and no fungal development, and no significant cracks were
observed during this period. The bones therefore presented a com-
parable macroscopic appearance over time (Fig. 2). The daily mass
of each bone was evaluated quantitatively (Table 2). Because the
initial mass of each bone was different depending on the initial
body sizes of the subjects and their bone density state, these
results have mainly been evaluated as the percentage of remaining
mass.

The results showed that on the first day for the bones in an
indoor environment, the mass loss was significant (z test), with a
mean of 20.38% (SD ± 11.04) under controlled conditions (without
topsoil buried environment) (p = 0.002) and 27.58% (SD ± 4.42)
with topsoil buried environment (p = 0.073). In contrast, in the
external environment, the bone mass loss was low and not signif-
icant (z test), with a mean of 2.94% (SD ± 3.96) for R1 (p = 0.143)
and 3.28% (SD ± 4.38) for R4 (p = 0.073).

Table 1
Ribs environments. To study how moisture and temperature affect the bone mass over time, three ribs (R1, R3, R4) for each subject were placed on a soil surface and covered by a
1–2 cm thin layer of topsoil. The other rib (R2) was placed in a controlled environment without soil.

R1 R2 R3 R4

Bone class First right rib Second right rib Third right rib Fourth right rib
Environment Outdoor Indoor Indoor Outdoor
Environmental conditions Under cover Under a hood Under a hood Under cover
Soil Clay – Clay Clay
Temperature T�max: mean 10.06 ± 3.02 �C

T�min: mean 3.98 ± 2.13 �C
Constant at 20 �C Constant at 20 �C T�max: mean 10.06 ± 3.02 �C

T�min: mean 3.98 ± 2.13 �C
Moisture 82.47 ± 6.86% Constant at 60% Constant at 60% 82.47 ± 6.86%
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