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Abstract Bone provides an important source of forensic
evidence. The storage conditions of bone have been
recognised as a factor in maintaining the integrity of such
evidence. Thermogravimetric analysis (TG) has been
employed to examine the effects of storage environments
and preparation methods on the structural properties of pig
bones. A comparison of oven and freeze drying has been
made to study the effect of storage conditions. A com-
parison has also been made of ground bone specimens with
cut specimens. Freeze-dried hand ground specimens pro-
vided the most consistent results and, thus, this is the
recommended method of preparation of bone specimens
for TG analysis.
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Introduction

Bone is an important form of evidence for forensic
examiners. The age and state of bone fragments or
decomposed skeletal remains can provide valuable infor-
mation about the manner of death. However, the structural
nature of bone and the complex nature of the interaction of
the material with the environment provide a challenge for
those seeking such information [1-3].
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As forensic bone specimens are archived as evidence, a
question arises as to whether the means of preservation and
the storage environment may have an effect on the infor-
mation provided by the bones at a later time. There are
alternative approaches to the preparation of bones for long
term storage, including techniques such as oven drying,
freeze drying or freezing. Little work has been reported on
the effect of storage conditions on the structure of bones.
One reported study has examined the effect of freezing
bones on the histology of bones using microscopic tech-
niques and reported minimal change [4]. However, no
studies have been carried out on the changes to the
molecular structure of bone as a result of storage conditions.

Another factor to be considered when examining the
structure of bones is the physical form. Different analytical
techniques may require the sample to be in a particular state.
For instance, examination of bone specimens by X-ray
diffraction [5] or infrared spectroscopy [6, 7] requires the
bone to be in powdered form, while a technique such as
electron microscopy involves studying the specimen in bulk
form [6, 8]. There is the possibility that transforming bone
from its natural structural form into a powder may affect the
interpretation of data.

Thermogravimetric analysis (TG) has been successfully
employed as a technique for forensic bone characterisation
[9-18]. Some success has been achieved in the correlation
of TG data with the age of pig bone specimens up to
5 years of age through mass loss determination [11]. The
mechanisms of decomposition of the pig bone have also
been found to be sensitive to the type of burial environment
(e.g. soil burial, surface deposit) [10]. The storage envi-
ronment and preservation methods are predicted to be
observed as artefacts in the thermal data, especially given
the sensitivity of thermal methods to sample type and
geometry.
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For this study, the effect of storage conditions and
preparation methods on the TG data of forensic bones was
investigated. In particular, the effect of drying conditions
and the sample state (cut segments versus hand ground
bone) have been investigated.

Materials and methods

Bone specimens with post-mortem ages ranging from 3 to
20 months were obtained from pigs. All samples were flat
rib bones from female pigs (Sus scrofa) sourced from the
same farm with an identical diet and weighing 40-45 kg.
The carcasses were buried in soil at 60 cm below the
surface for the designated amount of time. The average
ambient temperature was 25 °C and a soil pH 5. After
exhumation the bones were stored in sealed plastic bags at
4 °C prior to analysis. The bones were mechanically sliced
using a Buehler IsoMet low speed diamond saw and the
cortical bone was chosen for analysis.

Four sample preparation methods were used for the bone
specimens:

1. Oven dried in a vacuum oven at 50 °C for 2.5 h in
lump form (OD-L);

2. Oven dried in a vacuum oven at 50 °C for 2.5 h
and ground using a ring mill (Rocklab) for 3045 s
(OD-R-P);

3. Freeze dried (Christ Alpha 2-4 LD Plus) at —90 °C
and a vacuum of 0.0010 mbar for 24 h and hand
ground in an agate mortar and pestle (FD-H-P);

4. Freeze dried at —90 °C and a vacuum of 0.0010 mbar
for 24 h and ground using a ring mill for 30-45 s
(FD-R-P).

TG was carried out on a TA Instruments SDT 2960.
Samples (3-5 mg; determined by the bulk density of the
sample) were placed in a platinum crucible, using an empty
platinum crucible as a reference and heated in a flowing air
atmosphere (20 mL min~") from 30 to 1000 °C at a rate of
10 °C min~".

Results and discussion

The TG measurements reveal that the manner in which the
bone specimens were prepared does affect the results
obtained. The TG data for 3-month samples prepared by
four sampling methods and heated in an air atmosphere are
shown in Fig. 1. Significant differences are observed in the
mass loss data that can be attributed to the method of
sample preparation. The water loss region (30-200 °C) is
grouped into oven-dried and freeze-dried specimens, where
the freeze drying process is observed to have removed less
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Fig. 1 TG data for 3 month samples in an air atmosphere

of the total water. Oven drying removed more water and
this was not significantly affected by the state of the sample
(lump or powder).

Differences were also observed in the organic decom-
position region (200-600 °C). In this region, the differ-
ences were based on whether or not the specimens were
ring ground. A greater mass loss was observed for the oven
dried lumps than the ring ground oven dried powder.
Similarly, a greater mass loss in this region was observed
for the hand ground than the ring ground freeze-dried
specimens. These observations suggest that ring grinding
imparts a significant amount of energy into the sample
resulting in some degradation and volatilisation of the
organic phase.

As little control of the amount of water in the specimen
during drying was possible, the water content (Fig. 2) and
organic component content (Fig. 3) of the bones, plotted as
a function of the burial time were examined in terms of the
residue mass. The water content was observed to vary sig-
nificantly for all the different sample preparation methods,
making water content an unreliable method of ageing. The
data obtained for the region associated with loss of organic
matter also show a significant degree of variability with age.
The hand ground freeze-dried bone samples, however,
showed a consistent reduction of approximately 0.6% per
month in organic content with ageing time. This correlation
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Fig. 2 Water loss as a percentage of final mass versus bone age
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Fig. 3 Organic mass loss as a percentage of final mass versus bone
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Fig. 4 Residue as a percentage of initial mass versus bone age

may be due to the minimal amount of damage applied to the
sample during sample preparation for analysis.

Figure 4 shows the residue as a percentage of the initial
mass versus bone age. The residue appears fairly variable,
except for the hand ground freeze-dried bone samples. This
is due to the fact that any variation in mass loss due to
water content is small in comparison to the change in mass
loss due to the organic content. As a consequence, the
residue mass shows a relationship with the burial age.

Conclusions

This investigation of bone specimens has demonstrated the
importance of careful sample handling techniques in data
acquisition using thermal methods. For the case of the bone
specimens, which contain both water and organic material,
the method of removal of water and the energy imparted
during the preparation of a homogeneous powder specimen
significantly influences the TG data. 11l considered prepa-
ration methods, therefore, introduce artefacts. These arte-
facts may be introduced from a lack of sample preparation,
such as in the case of the lump specimens, or from the

transfer of excessive amounts of energy (ring grinding) in
the preparation of more homogeneous powder specimens,
resulting in sample degradation. The conditions of freeze
drying followed by the minimal energy imparted to the
specimens by hand grinding were the only conditions that
produced consistent change in the mass loss with burial age.
It is these preparation conditions that are recommended for
the analysis of bone specimens by TG, allowing this tech-
nique to be applied to the determination of burial duration.

References

1. Franklin D. Forensic age estimation in human skeletal remains:
current concepts and future directions. Legal Med. 2010;12:1-7.

2. Cunha E, Baccino E, Martrille L, Ramsthaler F, Prieto J, Schuliar
Y, et al. The problem of aging human remains and living indi-
viduals: a review. Forensic Sci Int. 2009;1-3:1-13.

3. Bell LS, Skinner MF, Jones SJ. The speed of post mortem change
to the human skeleton and its taphonomic significance. Forensic
Sci Int. 1996;82:129-40.

4. Tersigni MTA. Frozen human bone: a microscopic investigation.
J Forensic Sci. 2007;52:16-20.

5. Bartsiokas A, Middleton AP. Characterisation and dating of
recent and fossil bone by X-ray diffraction. J Archaeol Sci.
1992;19:63-72.

6. Trueman CNG, Behrensmeyer AK, Tuross N, Weiner S. Miner-
alogical and compositional changes in bones exposed on soil
surfaces in Amboseli National Park, Kenya: diagenetic mecha-
nisms and the role of sediment pore fluids. J Archaeol Sci.
2004;31:721-309.

7. Very JM, Gibert R, Guilhot B, Debout M, Alexandre C. Effect of
ageing on the amide group of bone matrix, measured by FTIR
spectrophotometry in adult subjects deceased as a result of vio-
lent death. Calcif Tissue Int. 1997;60:271-5.

8. Yoshino M. Microscopic and chemical examinations for esti-
mating the time since death of skeletal remains—its application
to forensic cases. Jap J Leg Med. 1991;45:379-92.

9. Onishi A, Thomas PS, Stuart BH, Guerbois JP, Forbes S. TG-MS
characterisation of pig bone in an inert atmosphere. J Therm Anal
Calorim. 2007;88:405-9.

10. Onishi A, Thomas PS, Stuart BH, Guerbois JP, Forbes SL.
TG-MS analysis of the thermal decomposition of pig bone for
forensic applications. J Therm Anal Calorim. 2008;92:87-90.

11. Raja S, Stuart BH, Thomas PS, Guerbois JP, O’Brien C. The
estimation of pig bone age for forensic application using
thermogravimetric analysis. J Therm Anal Calorim. 2009;98:
173-6.

12. Fantner GE, Bikedal H, Kindt JH, Hassenkam T, Weaver JC,
Cutroni JA, et al. Influence of the degradation of the organic
matrix on the microscopic fracture behaviour of trabecular bone.
Bone. 2004;35:1013-22.

13. Okamoto Y, Hidaka S, Yamada Y, Ouchi K, Miyazaki K, Liu SY.
Thermal analysis of bones from ovariectomized rats. J Biomed
Mater Res. 1998;41:221-6.

14. Utech M, Vuwono D, De Luca P, Nastro A. Correlation of
physical-chemical properties of healthy and pathologic human
bones. J Therm Anal Calorim. 2005;80:435-8.

15. Mkukuma LD, Skakle JMS, Gibson IR, Imrie CT, Aspden RM,
Hukins DWL. Effect of the proportion of organic material in bone
on thermal decomposition of bone mineral. Calcif Tissue Int.
2004;75:321-8.

@ Springer



872 S. Raja et al.

16. Peters F, Schwarz K, Epple M. The structure of bone studied 18. Villanueva E, Girela F, Castellanos M. The application of
with synchrotron X-ray diffraction absorption spectroscopy and differential thermal analysis and thermogravimetric analysis to
thermal analysis. Thermochim Acta. 2000;361:131-8. dating bone remains. J Forensic Sci. 1976;21:822-30.

17. Ooi CY, Hamdi M, Ramesh S. Properties of hydroxyapatite
produced by annealing of bovine bone. Ceram Int. 2007;33:

1171-7.

@ Springer



	A study of storage conditions and treatments for forensic bone specimens using thermogravimetric analysis
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


