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Forensic Soil Science: An Overview with Reference to Case Investigations and
Challenges

R.W Fitzpatrick', Mark Raven® and Mike McLaughlin®

'Centre for Australian Forensic Soil Science, CSIRO Land and Water, Private Bag No 2, Glen
Osmond, South Australia, 5064.

Environmental and forensic agencies in Australia do not have the capability to establish and
maintain the expertise and infrastructure in soils and analytical soil science due to the focus
on molecular forensic techniques. Hence, valuable evidence was often not collected and/or
analysed, and new techniques in soil forensics were not being developed. At the request of
the Australian forensic community the Centre for Australian Forensic Soil Science (CAFSS)
was established to develop new techniques in soil forensics, and to provide a centre of
expertise in soil forensics that could be used by Australian and International forensic
communities. These communities also include environmental agencies and regulators, where
sources and fate of contaminants in the environment could also be assessed using advanced
analytical techniques.

We have developed and applied the following new systematic approach to discriminate soils
using advanced soil morphology (e.g. colour, organic matter, diatoms), mineralogy,
geochemistry (e.g. spectroscopy, magnetic susceptibility analyses) and wet chemical
techniques:

Soil morphology — ALL SAMPLES
®  Soil Munsell colour, Structure, Texture, Consistence
® Stereo binocular microscopy

Whole Soil

Mineral and organic composition — ALL SAMPLES
* Mid IR spectroscopy (450 - 8000 cm'l) DRIFTS
Diffuse Reflectance Infrared Fourier Transform
Spectral analyses
Magnetic susceptibility
X-ray powder diffraction (XRD)

Sieved smaller
sized fractions
<100um sieves

SELECTED SAMPLES - Depending upon individual circumstances |

¢ {

I < 2um I I Heavy mineral fractionation I IMagnetic fractionation I

» Powder XRD, Petrographic microscopy

 Scanning electron microscopy (SEM), Transmission electron microscopy (TEM)
 X-ray fluorescence (XRF), ICP-MS, Gandolfi or Debye Scherrer XRD

* FTIR, Mass Spectrometry, NMR, Thermal analysis (DTA, TGA, DSC)

* pH, electrical conductivity, exchangeable cations, CEC, organic carbon, charcoal
* Synchrotron analysis, others




New rapid spectroscopic methods, coupled with chemometrics, are being developed to
rapidly screen and compare crime scene samples.

The following criminal and environmental forensic case investigations demonstrate how
CAFSS has successfully used soil properties to both discriminate between and match soils for
critical evidence in:

e Solving a double murder case by identifying the similarities between mineral
assemblages in soils on a shovel and also from a quarry. The soils had a common
provenance and revealed the location of two buried bodies.

e Identifying the locality of stolen ferns from a conservation park.

Identifying provenance of soil removed from a site containing aboriginal artifacts.
Sexual assault and kidnapping cases in which comparisons were made between soil
minerals on clothing and a vehicle, with samples from the crime scene.

e Identifying the provenance of an industrial dust settling on parked vehicles. The
mineralogy of these dusts identified them as coming from a cement works.

e Identifying the possible overseas and/or Australian provenance of soil on boots,
rakes, shovels and mattocks belonging to suspected terrorists.

e Comparing dinosaur nest soil-like materials from imported samples and samples
provided by Australian museums sourced from Henan Province, China.

CAFSS has been commissioned by national and international museums/ institutions to
develop and supply interactive exhibits for visitors and the public to view how soil information
can be used to interpret soil evidence to solve a crime.

While these advances described above have set new benchmarks in forensic soil science, the
future will require still better understanding and linking of soil science, geophysics,
mineralogy, chemistry and molecular biology information because these techniques will have
a major future role to play in forensic searching- either to locate buried anomalies, blast
residue or eliminate areas from searches.
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The use of heavy mineral analysis to establish the provenance of suspect shellfish
Richard Clarke' and Graeme Bremner®

! Chemistry Centre (WA), 125 Hay Street, EAST PERTH, Western Australia 6004
2 Ministry of Fisheries, Private Bag 1926, DUNEDIN, New Zealand

Shellfish are sedentary, vulnerable to localized depletion, and often very valuable. Poaching
is lucrative, and frequently attracts organized and transnational crime. Commercial fishing is
usually constrained by catch or effort limits which are constrained by area; and straying into
marine reserves or other closed areas is very profitable. The defence of closed areas against
poaching is a difficult task and, unless a fisherman is observed in the act, the only means of
detection is to establish the source of the catch after the event. This is possible if the animal
in question was sedentary and acquired some characteristic mark of the environment in which
it lived, a condition fulfilled by the abalone. Indicators of abalone provenance that have been
used previously include population studies of encrusting organisms (e.g. seaweeds, corals)
and heavy metal signatures obtained from chemical analysis of the soft tissue.

In a recently investigated case, mineralogical analysis of entrapped sediment has been used
to locate the origin of a large catch of suspect abalone, landed by a commercial fishing boat in
Nelson province, near the northern tip of the south island of New Zealand. The procedure
involved the recovery of sand from worm tubes and other recesses on the shells,
concentration and identification of the heavy minerals, and semi-quantitative analysis of the
same fraction using X-ray powder diffraction. Comparison with sand recovered from abalone
taken from a series of nine control sites over a 40 kilometre stretch of coast enabled the
majority of suspect shells to be assigned unambiguously to a prohibited area of the fishery. A
smaller number of animals were shown to be legally obtained. Interpretation of the data was
based on visual pattern recognition using 2-D scatter plots, graphs and bar histograms,
combined with simple logical deduction.
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Soil as Evidence in a Southern California Forensic Case and the Development of a
Searchable Soil Profile Database

Marianne Stam
California Department of Justice, Riverside Criminalistics Laboratory

Few California crime laboratories have analysts who are proficient in forensic soil analyses
largely due to the perception that soil casework is too difficult, time consuming and provides
little valuable information for the time spent to work the cases. Consequently, few attempts
even the most rudimentary examinations and soils are often not collected or considered as
valuable evidence at crime scenes.

This paper illustrates a Southern California soils case in which a detailed forensic soil profile
database would have been useful in adding significance to the analytical results, and
discusses the development of a searchable soil profile database that would make soil
evidence more valuable as an investigative tool.

In the soils case, a suspect in San Diego County, California murdered two female
acquaintances and buried them within 5 miles of each other in northern San Diego County.
One victim was buried along a creek bed; and the other was buried in a citrus grove adjacent
to a landscaped park. Investigators collected two shovels and a hoe from the suspect's
garage. Soil from the shovels and hoe were examined and compared to soil from the two
burial sites using basic analytical methods available in most crime laboratories. The soil on
the shovels was similar to the soil from the citrus grove site, and dissimilar to the soil from the
creek bed. The soil on the hoe was dissimilar to both burial sites.

The region where the burials were located is part of an extensive geomorphic province called
the “Peninsular Range Batholith”. This batholith includes Cretaceous granites, granodiorites,
and gabbros, Mesozoic metasedimentary rocks, and Quaternary alluvial deposits. Results of
the soil analyses on the shovels and at the citrus grove site showed the presence of quartz,
plagioclase feldspars, alkali feldspars, a few zircons, biotite, hornblende, and a few
pyroxenes; all quite common to batholithic environments. Consequently, although the soils
on the shovels and at the citrus grove site were similar, the extent of the batholithic rocks, the
lack of a detailed soil profile database, and the lack of better discriminatory analytical
methods made it impossible to attach significance to this “match”.

To improve the discriminatory abilities in California forensic soil cases, a University of
California Soil Mineralogist was contacted about the idea of developing a searchable forensic
soils database that would involve not only using the basic methods of soil analyses as
discussed in the San Diego County case, but also more advanced analytical techniques, such
as SEM/EDX. The concept and development of such a database will be discussed.
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Overview of X-ray diffraction methods and application to forensic examinations
Mark D Raven® and R.W Fitzpatrick*

'Centre for Australian Forensic Soil Science, CSIRO Land and Water, Private Bag No 2, Glen
Osmond, South Australia, 5064.

The application of sophisticated analytical methods to forensic investigations is gaining
increased importance due to advances in instrumentation and sampling techniques. Whilst X-
ray diffraction (XRD) is a relatively old technique it is still of great importance due to its non-
destructive nature; allowing further investigations of the original intact specimens. The major
strength of XRD is its ability to identify and interpret crystalline components “directly”. This is
because XRD patterns are obtained from the interaction of the X-ray beam with the crystal
structure of each component, and not “indirectly” derived from other information such as
elemental analysis or chemical functional groups. XRD can be used to analyse all manner of
crystalline materials from crime scenes such as; explosive residues, soil materials, paint
chips, adhesive tapes, building materials, minerals, alloys, ceramics, gemstones and drugs.
Various sample preparation techniques are employed depending on the quality and quantity
of evidence available. Materials can either be analysed undisturbed on the carrier object or
removed and analysed separately. Mounting the specimen in the instrument is also
dependent on the size and shape of the items being investigated.

Several case studies will be presented outlining different aspects of XRD analysis applied to
both criminal and environmental forensics. These will include; identifying the location of
bodies from evidence taken from a suspect’s vehicle, identifying the source of industrial dust
recovered from parked vehicles, and analysis of burnt bone fragments.

Recent advances in X-ray diffraction instrumentation with direct application to forensics will

also be covered along with advances in computer software for rapidly matching powder
diffraction patterns of materials from crime scenes with databases of know materials.

13



Mineral identification using the AutoGeoSEM
Michael Verrall

CSIRO Electron Beam and X-ray Laboratories - ARRC (Australian Resource Research
Centre) Michael.Verrall @CSIRO.au

The AutoGeoSEM consists of a Philips XL40 Controlled Pressure SEM (Scanning Electron
Microscope) fitted with an EDAX X-ray Spectrometer and custom written software for
automation of the microscope and data processing. The SEM is operated in controlled
pressure mode with a chamber pressure of between 0.1 to 0.7mBar. This reduces sample
charging and allows non-conductive samples to be examined without a conductive coating.
This is ideal for examining geological samples as well as other samples where coating the
sample is undesirable or further optical work is required. The AutoGeoSEM technique has
been used for applications including exploration for mineral sands, diamonds and oil.
Samples used include polished sections of mineral grains and rough grains mounted on
adhesive tape.

Samples to be analysed are typically mounted in resin, sectioned and polished. The polished
sections are then placed in the SEM and the operator defines the area to be analysed and the
parameters to be used for each sample. The AutoGeoSEM software will then drive the SEM
stage to the first field of view, collect a BSE image and use image processing to distinguish
the grains from the resin and to separate touching grains. Image analysis is then used to
calculate grain attributes such as: area, width, equivalent circular diameter, perimeter,
elongation, location of the centroid. Once the individual grains have been located a spectrum
is collected from an included square within each grain. The spectra and images for each field
of view are then stored and the process repeated for the next field of view.

For one sample, about 3000 grains are usually analysed and the total analysis time is just
under an hour. The image acquisition time is usually about 5 seconds at a magnification of
between x100 and x400 (depending on the grain size and detail required) and typically
contain between 100 to 200 grains per field of view. The spectra acquisition time used varies
from about 0.5 - 1 second.

The spectra collected are used to classify the grains into groups and determine the elemental
composition of the grain. Each spectrum is compared to a database of standard spectra and a
“Match Factor” from 0 to 100 is generated (100 indicates a perfect match). For most minerals
Match Factors of 90-95 are typical. If a measured spectrum doesn’t match any spectra in the
database then a new group is created and any similar spectra will be assigned to this group.
Typically anything with a match factor of less than 85 is considered not to match and will be
assigned to a new group.

Once the grains have been classified the data is output in a text format that can be opened
with standard spreadsheet programs such as Excel for further processing and presentation.
These steps usually involve combining groups that are not of interest (such as the various
minor silicate groups) and splitting the groups of interest in order to show more detail.
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Mid—Infrared (MIR) spectroscopy: Overview of methods for rapid soil analyses in
forensic soil examinations

Sean Forrester*, R.W Fitzpatrick', Mike McLaughlin‘and Les Janik®

Centre for Australian Forensic Soil Science, 2CSIRO Land and Water, Private Bag No 2,
Glen Osmond, South Australia, 5064.

Mid-infrared (MIR) spectroscopy involves the acquisition of characteristic infrared spectra
from an irradiated sample using an infrared spectrometer. The absorptions from fundamental
and overtone vibrations of covalent bonding observed between various elements such as,
carbon, oxygen, hydrogen, nitrogen, sulphur, phosphorus and silicon; allow for the
identification of compounds by their spectra. The characteristic peaks in an infrared spectrum
of soil can be related to specific soil physiochemical properties. Using partial least-squares
(PLS), calibration sets may be built which relate soil spectra to laboratory data for these soils.
The calibrations can then be used to predict soil characteristics for unknown samples.

This technique was initially developed at CSIRO to allow for the rapid investigation of soil
mineralogy and carbon pools, utilising over twenty years of expertise in infrared soil analysis.
The possible qualitative and quantitative applications of soil infrared spectra, led to a project
to collate soil libraries and laboratory data into state-wide predictive datasets, and determine
suitability for routine soil analysis. Work is continuing at present to combine state models into
an Australia-wide calibration set, for the prediction of selected soil chemical and physical
attributes.

The main advantages of the MIR-PLS technique over traditional laboratory analyses are
speed, small sample requirements for an extensive suite of analytical results, also the
procedure is sample non-destructive. Samples are analysed in minutes and all properties are
predicted simultaneously, reducing the cost of the analysis. Hence, intensive sampling,
analysis and soil mapping can be accomplished over large areas where this may have been
time and cost prohibitive in the past.

MIR-PLS due to its rapid nature can be used as a “first-screening” for forensic soil sample
analysis, typically predicting carbon pools, particle size distribution, CEC (cation exchange
capacity), bulk density and pH. This gives an initial scan to determine samples that may
require further analysis by other techniques (e.g. XRF, XRD, and ICP-MS). Soil spectra may
also be analysed by PCA (principal components analysis), a reductionist statistical technique,
to determine soil similarity.

15



Forensic Taphonomy and Decomposition Processes in Gravesoils
Mark Tibbett

'Centre Land Rehabilitation, School of Earth and Geographical Sciences, University of
Western Australia. Crawley, WA 6009.

Taphonomy was originally a branch of palaeontology and is literally the study of graves. From
these historical roots, based in ancient graves (older than millennia), a new discipline of
forensic taphonomy has emerged that relates to more recent graves (from days to millennia)
and overlaps strongly with forensic archaeology and soil science. Forensic taphonomy today
deals with the deterioration of cadavers, components of cadavers, and other materials of
forensic importance. This is often with a view to determine the identity of the corpse or
material, the manner and cause of death, or most commonly the residence time of the corpse
(post-mortem interval) or material that has been buried (post-burial interval). To this end, this
presentation will focus on the principles of forensic taphonomy and will review the recent
advances in the science behind forensic taphonomy. The talk will develop a better
understanding of the interface between the nature and properties of the burial environment
and forensic materials that decompose within it with a particular reference to human remains
and common mammalian analogues.

Clandestine burials of a cadavers introduce a high quality resource (high water content,
narrow C:N ratio) that releases an intense, localised pulse of carbon and nutrients into the soil
upon decomposition. This can have a marked affect on the physiochemical and biological
properties on the surrounding soil commonly characterised by an increase in pH and the
evolution of anaerobic gasses. Cadaveric materials are rapidly utilised by belowground floral
and faunal communities and aboveground insect and scavenger communities. This results in
the formation of a highly concentrated island of fertility, or Cadaver Decomposition Island
(CDI). Each CDI is an ephemeral disturbance that, in addition to releasing water, carbon and
nutrients to the wider ecosystem, acts as a hub by receiving these materials in the form of
dead insects, insect exuvia and puparia, faecal matter (from scavengers, grazers and
predators) and feathers (from avian scavengers and predators). Furthermore, CDIs are a
specialised habitat for a number of flies, beetles, fungi and pioneer vegetation, which
enhances biodiversity in terrestrial ecosystems. As we begin to understand the nature and
succession physical, chemical and biological changes that occur in the CDI we can begin to
estimate the residence time of cadavers and related materials in gravesoils.
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Clay vs Silt vs Sand: Does geophysical surveying of burials work all the time?
David C. Nobes

Department of Geological Sciences, University of Canterbury, Private Bag 4800, Christchurch
8020, New Zealand

In the search for unmarked graves, we can eliminate methods, for example gravity and
seismic, that lack the resolution (detail) to “see” the target graves. Infrared scanning can be
used to detect the thermal anomaly of a burial, but the exponential decay of the thermal signal
generally allows only younger graves to be detected. Electrical methods may work, but have
practical limitations that may preclude their use. We have the greatest likelihood for detecting
burials using magnetic field, electromagnetic (EM) and ground penetrating radar (GPR)
methods.

Surveys of Maori ancestral burial sites, with both marked and unmarked graves, have allowed
us to test when and where geophysical surveys are most likely to succeed. Results from five
sites in three coastal settings along the east coast of the South Island of New Zealand show
that burials in clay (Nobes, 1999) and silt (loess) (Bateman, 2003; Nobes et al., 2006) can be
identified using geophysical techniques, but burials in sand do not always yield anomalous
responses (Nobes et al., 2006).

Clay and loess are usually deposited as layers or massive beds so any disturbance due to
burial is relatively clear. In contrast, near-shore, fluvial and dune sands contain sedimentary
structures that can be difficult to distinguish from burials, and can mask the geophysical
responses of the graves.
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Geophysical surveying was used in an attempt to define the location of the alleged Woolgar
massacre site, northwest Queensland. The general location of a burial site (known as "Skull
Camp") is well known among the locals, since Aboriginal skeletal remains were uncovered
and reburied at the site during fencing operations in 1952. Oral histories from both the
contempora