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AUTOMATED MINERAL ANALYSIS

aliquots were prepared from all of the footwear and
clothing exhibits for (a) soil mineralogy and (b)
palynology, although only the soil mineralogy is
considered further in this paper. The soil samples
collected from the access lane and car park area
were subdivided with separate subsamples for paly-
nology and mineralogy. The leaf litter samples were
washed at the University of Gloucestershire, and the
resultant debris was recovered and separate aliquots
retained for palynology and mineralogy.

Mineralogical analysis

In total, 39 samples were prepared for mineral
analysis. The samples were dried and then placed
into clean 30 mm-diameter moulds. The samples
were mixed with Epofix resin and then left in a
pressure vessel overnight. The samples were then
coded, and the moulds backfilled with resin and
cured in an oven overnight. Samples were then cut
and polished to a 1 mm finish and carbon-coated
prior to analysis. Procedures for avoiding cross-
contamination were followed throughout the prep-
aration process. The samples were analysed at
the University of Exeter, Cornwall Campus,

QEMSCAN® facility. They were measured using
the QEMSCAN® particle mineral analysis (PMA)
mode using a 6 Mm beam stepping interval (see
Pirrie et al. 2004). Typically, in excess of 6000
mineral grains were measured in each sample and
the resultant raw dataset was processed using the
iDiscover v.4.2 software package. The data were
processed and reported in two different ways, (a)
modal mineralogy and (b) lithotypes. Initially, the
dataset was reported as individual mineral cat-
egories (modal mineralogy). In this way the data
are processed such that any area analysed with the
same, or very similar, chemistry is grouped either
as a specific mineral species (e.g. quartz) or as a
chemical grouping (e.g. CaAl silicate). The resul-
tant modal mineralogical data are comparable
with a traditional point-counting technique widely
used in the measurement of, for example, sandstone
petrography. When the data are reported purely
as modal mineralogy, it is not documented as to
whether the minerals are occurring as discrete
grains of a single composition (e.g. a grain com-
posed entirely of quartz or feldspar) or whether the
grains are, in fact, polyminerallic (e.g. either natu-
rally occurring small rock fragments or as fragments

Fig. 4. Representative QEMSCAN® particle images arranged by area for one of the soil samples analysed. Note
that the QEMSCAN® image shows that there are both particles composed of individual mineral grains (e.g. quartz,
plagioclase, schorl) and composite particles composed of different mineral grains (i.e. rock fragments), such as grains
composed of quartz and biotite with a well-defined fabric interpreted as metasedimentary rock fragments and
coarse-grained quartz + orthoclase + plagioclase interpreted to be granite. Particles interpreted to be man-made

also occur.
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of aggregate). It is, however, possible to visualize
this with the output of QEMSCAN® false-colour
particle images (Fig. 4). It is also possible to quan-
tify the mineral association data for the sample,
which reflects the number of transitions between
one mineral group and another between adjacent
measured pixels (i.e. what is touching what).

The dataset was also reported as ‘lithotypes’. A
lithotype can either be a grain composed of a sin-
gle mineral (e.g. a quartz lithotype) or polymineral-
lic grains can be identified and assigned a rock
name based on, for example, the observed mineral-
ogy or grain size (e.g. a granite lithotype). Lithotyp-
ing effectively allows the dataset to be re-reported
as discrete mineral grains, rock fragments or
anthropogenic components. Lithotyping was first
developed as an application tool for automated
mineralogy in the analysis of oilfield drill cuttings
(e.g. Moscariello et al. 2010; Haberlah et al. 2012)
but can be equally applicable in any study where

the mineral particles present may be polyminerallic.
The lithotype groupings are based on the standard
geological definitions for rock types based on
mineralogy, texture and grain or crystal size. As
such, lithotyping is a means of generating auto-
mated quantitative petrographic data.

Results

The modal mineralogical data based on the QEMS-
CAN® analyses are presented first (a) as the overall
sample modal mineralogy and then (b) grouped into
lithotypes. The data from the concealment site are
subdivided into three groupings: (a) soil from the
car park area; (b) soil from the track; and (c) leaf
litter washing samples collected along the offender
approach path to the concealment site. The data
from the two items of footwear are then considered.
However, no more than 65 mineral grains were

Table 1. Modal mineralogical data for soil samples collected from the car parking area*

Sample name OF/37 OF/38 OF/39 OF/40 OF/41 OF/42 OF/43
No. of analysis 280 157 172 664 131225 402 341 296 281 511828 813423
points
No. of particles 7447 7024 7345 7353 7710 7583 6492
Quartz 29.49 18.01 27.06 30.86 28.45 32.39 34.11
Plagioclase 15.80 12.30 11.86 12.87 13.77 9.94 10.15
Orthoclase 20.92 17.69 12.00 17.57 17.30 16.44 18.68
Muscovite 11.03 12.98 9.80 10.11 9.32 8.57 9.10
Biotite 8.54 17.75 16.70 14.55 14.03 15.84 16.77
Kaolinite 448 4.77 3.50 1.93 2.58 1.35 0.85
FeCaAl silicates 0.29 0.51 0.82 0.44 0.73 0.81 0.31
MgFeAl silicates 4.17 6.90 11.35 4.83 5.27 4.33 3.61
MgFe silicates 0.89 0.77 0.73 0.85 2.16 0.81 0.93
CaAl silicates 0.93 0.87 1.38 0.67 1.22 1.44 0.41
Schorl 1.35 4.81 1.11 2.52 1.37 2.54 1.70
Andalusite 0.07 0.11 0.14 0.04 0.06 0.03 0.08
Mn silicates 0.01 0.03 0.09 0.03 0.04 0.01 0.02
Ferroan calcite 0.12 0.17 0.16 0.21 0.47 0.55 0.17
Mg calcite 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Calcite 0.28 0.13 0.49 0.71 1.58 2.95 1.76
Ti phases 0.43 0.36 0.62 0.36 0.34 0.38 0.29
Fe sulphides 0.01 0.05 0.04 0.01 0.07 0.09 0.04
FeO,/CO; 0.65 1.35 1.56 1.03 0.64 0.80 0.62
Ca sulphates 0.03 0.01 0.05 0.02 0.03 0.03 0.01
Barite 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Apatite 0.25 0.16 0.26 0.06 0.12 0.05 0.06
Zircon 0.06 0.10 0.09 0.05 0.09 0.06 0.03
Monazite 0.00 0.01 0.02 0.02 0.02 0.01 0.04
Cassiterite 0.01 0.01 0.00 0.04 0.01 0.14 0.05
Zn, Pb, Cu phases 0.00 0.01 0.00 0.01 0.01 0.01 0.00
Al oxides 0.11 0.08 0.06 0.11 0.08 0.08 0.08
Co mineral 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glass 0.02 0.02 0.03 0.05 0.19 0.30 0.09
Others 0.03 0.03 0.05 0.04 0.03 0.06 0.03

*Values shown as 0.00 may have the mineral present at an abundance of <0.01%.
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identified in any of the washing samples recovered
from the clothing samples. The low abundance of
mineral grains on the clothing reflects the visual
appearance of the clothing, which, other than sev-
eral mud splash marks on one item, appeared clean,
although Ruffell & Sandiford (2011) have sug-
gested an improved method for soil recovery from
clothing. The very low numbers of mineral parti-
cles located means that these samples are not
considered further in this paper. Here, ‘major’ min-
erals are those forming >10% of the sample,
‘minor’ minerals are those between 1 and 10%,
and ‘trace’ are <1%.

Modal mineralogy

The modal mineralogy of the soil samples collected
from the car parking area is shown in Table 1.
Between 6492 and 7710 individual mineral grains
were characterized in the samples analysed. Major
minerals present in these samples are quartz, plagi-
oclase and orthoclase, along with major/minor

biotite, muscovite and MgFeAl silicates. Other
minor phases present are kaolinite and schorl (tour-
maline), along with minor/trace MgFe silicates,
CaAl silicates, calcite and FeO,/CO;. Trace min-
erals present in some or all of the samples measured
are FeCaAl silicates, andalusite, Mn silicates,
ferroan calcite, Mg calcite, Ti phases, Fe sulphides,
Ca sulphates, barite, apatite, zircon, monazite, cassi-
terite, Zn, Pb, Cu phases, Al oxides, glass and
‘others’.

The modal mineralogical data for the track
are presented in Table 2. Eight soil samples were
collected along the track between the car parking
area and the location where the offender approach
path entered the woodland. Within these samples
between 6399 and 8485 discrete mineral grains
were identified per sample. The samples are domi-
nated by major quartz, plagioclase and orthoclase,
and minor muscovite, biotite and MgFeAl silicates,
along with minor/trace kaolinite, schorl (tour-
maline) and FeO,/COs. A wide range of trace min-
eral phases also occur in some, or all, of the samples

Table 2. Modal mineralogical data for soil samples collected from the access track*

Sample name OF/10 OF/30 OF/31 OF32 OF/33 OF/34 OF/35 OF/36
No. of analysis points 257 450 369 800 190 266 609 214 606 331 318 649 432906 437 876
No. of particles 8485 6950 6399 6975 6897 6574 7108 6924
Quartz 37.67 39.63 38.16 41.88 42.56 40.01 38.60 32.79
Plagioclase 18.94 20.02 17.30 18.24 16.89 16.72 20.60 19.61
Orthoclase 14.04 21.87 17.55 24.90 22.05 22.98 21.73 23.81
Muscovite 9.42 8.46 10.31 7.59 8.85 7.68 9.22 10.48
Biotite 6.98 3.28 6.43 2.98 3.88 4.63 4.29 4.99
Kaolinite 2.08 1.37 1.71 0.77 0.79 1.29 1.57 2.53
FeCaAl silicates 0.21 0.10 0.16 0.14 0.09 0.11 0.08 0.15
MgFeAl silicates 6.10 1.66 2.81 0.79 1.34 2.11 1.27 1.35
MgFe silicates 0.65 0.20 0.29 0.40 0.22 0.49 0.45 0.56
CaAl silicates 0.53 0.30 0.85 0.24 0.28 0.32 0.37 0.52
Schorl 0.55 1.19 2.48 0.86 2.10 1.65 0.54 1.29
Andalusite 0.03 0.17 0.05 0.13 0.09 0.08 0.17 0.21
Mn silicates 0.08 0.01 0.04 0.00 0.01 0.02 0.01 0.01
Ferroan calcite 0.02 0.03 0.06 0.09 0.03 0.14 0.03 0.06
Mg calcite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcite 0.09 0.04 0.30 0.10 0.07 0.10 0.09 0.15
Ti phases 0.55 0.32 0.36 0.21 0.31 0.67 0.18 0.60
Fe sulphides 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01
FeO,/CO; 1.58 0.57 0.87 0.33 0.29 0.54 0.38 0.53
Ca sulphates 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.02
Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apatite 0.20 0.44 0.07 0.23 0.05 0.19 0.23 0.19
Zircon 0.07 0.13 0.07 0.05 0.03 0.15 0.08 0.06
Monazite 0.11 0.03 0.02 0.01 0.03 0.04 0.01 0.03
Cassiterite 0.01 0.14 0.01 0.01 0.00 0.00 0.00 0.01
Zn, Pb, Cu phases 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Al oxides 0.03 0.02 0.03 0.02 0.01 0.03 0.06 0.03
Co mineral 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glass 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02
Others 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.02

*Values shown as 0.00 may have the mineral present at an abundance of <0.01%.
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Table 3. Modal mineralogical data for the washing samples recovered from the leaf litter samples *

Sample name OF/11  OF/12 OF/13 OF/14 OF/15 OF/16 OF/17 OF/18
No. of analysis points 14 500 4372 1068 3321 2992 2477 386 51236
No. of particles 644 253 80 170 194 163 31 1619

Quartz 43.84 45.14 43.83 28.33 33.80 40.95 43.42 27.23

Plagioclase 14.71 14.80 5.71 6.94 13.60 13.60 0.77 16.20
Orthoclase 14.29 14.23 8.53 13.00 9.64 13.25 8.88 29.38
Muscovite 13.55 10.13 10.71 25.99 10.96 10.53 11.95 9.44
Biotite 6.60 291 10.62 3.22 6.00 4.55 1.29 5.18
Kaolinite 0.95 1.13 0.78 2.71 1.11 3.05 0.00 0.93

FeCaAl silicates 0.11 0.21 1.02 0.77 0.28 0.62 0.00 0.19
MgFeAl silicates 1.56 2.41 1.79 1.31 3.53 3.90 0.86 4.57
MgFe silicates 0.54 0.23 1.79 1.05 0.95 1.51 0.00 0.29
CaAl silicates 0.36 0.87 0.67 0.83 2.84 0.64 0.00 0.56
Schorl 0.36 0.64 0.84 0.00 0.12 1.17 0.00 2.01

Andalusite 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Mn silicates 0.09 0.09 0.38 1.11 0.26 0.16 0.00 0.02
Ferroan calcite 0.16 0.03 0.00 0.03 0.26 0.00 0.00 0.82
Mg calcite 0.00 0.07 0.00 0.00 0.03 0.00 0.00 0.00
Calcite 0.68 291 0.00 1.09 4.85 0.81 30.55 0.16
Ti phases 0.24 1.10 0.27 0.13 0.39 0.89 0.00 0.68
Fe sulphides 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

FeO,/CO; 1.41 2.22 13.07 6.72 7.45 3.84 0.81 1.05

Ca sulphates 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.75

Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apatite 0.00 0.00 0.00 5.92 0.00 0.00 0.00 0.01

Zircon 0.11 0.04 0.00 0.10 0.34 0.14 0.90 0.05

Monazite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cassiterite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn, Pb, Cu phases 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.00
Al oxides 0.01 0.00 0.00 0.09 0.43 0.16 0.00 0.27
Co mineral 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glass 0.21 0.02 0.00 0.03 0.10 0.12 0.00 0.00
Others 0.03 0.81 0.00 0.60 2.95 0.12 0.56 0.18

*Values shown as 0.00 may have the mineral present at an abundance of <0.01%.

including FeCaAl silicates, MgFe silicates, CaAl
silicates, andalusite, Mn silicates, ferroan calcite,
calcite, Ti phases, Fe sulphides, Ca sulphates,
apatite, zircon, monazite, cassiterite, Zn, Pb, Cu
phases, Al oxides and glass.

Eight samples of leaf litter were collected along
the offender approach path from the track to the con-
cealment site. Along this route there were no
exposed soils. The leaf litter samples were washed
to recover mineral grains and pollen. The number
of mineral grains present in the samples analysed
is very variable, ranging between 31 and 1619 dis-
crete mineral grains. In most quantitative mineralo-
gical studies a minimum of 300 grains is usually
considered to be required for a data set to be con-
sidered to be statistically robust. In this case, only
two samples had >300 mineral grains. It is, how-
ever, interesting to note that the modal mineralogi-
cal data for some of the samples with <300 grains
are not dissimilar to the results for the samples
with >300 grains. Although all of the data are

presented in Table 3, only those data for samples
OF/11 and OF/18 are considered further. These
two samples comprise major quartz, plagioclase
and orthoclase, along with major/minor muscovite
and minor biotite, MgFeAl silicates and FeO,/
COj;. Schorl (tourmaline) and MgFe silicates are
present as minor/trace phases in these two
samples, along with trace kaolinite, FeCaAl sili-
cates, CaAl silicates, andalusite, Mn silicates,
ferroan calcite, calcite, Ti phases, Fe sulphides, Ca
sulphates, apatite, zircon, Al oxides, glass and
‘others’.

Soil samples were recovered from both the soles
and uppers of both the left and right shoe of the two
items of footwear. The modal mineralogical data for
these eight samples are shown in Table 4. Between
5961 and 6522 mineral grains were identified in the
four samples from the soles of the items of foot-
wear, whilst between 1003 and 1810 were recov-
ered from the washing samples recovered from the
uppers of the two items of footwear, despite them
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Table 4. Modal mineralogical data for the samples recovered from the two items of footwear*

Sample Sole left Uppers left Sole right Uppers right Sole left Uppers left Sole right Upper right
shoe A shoe A shoe A shoe A trainer B trainer B trainer B trainer B

Sample name OF/1/1 OF/1/2 OF/2/1 OF/2/2 OF/4/1 OF/4/2 OF5/1 OF/5/2
No. of analysis points 142 670 23 109 221 063 20 786 302 574 39001 473132 23 185
No. of particles 6522 1003 6215 1412 6278 1810 5961 1104
Quartz 34.36 21.28 35.15 26.96 36.67 33.45 34.54 27.45
Plagioclase 16.43 22.06 16.28 15.35 19.60 17.06 17.39 10.96
Orthoclase 12.26 12.47 20.18 10.04 20.11 15.03 23.44 8.45
Muscovite 13.06 13.75 13.55 16.15 10.24 13.45 9.27 9.38
Biotite 9.13 14.22 6.24 12.38 5.45 7.86 6.82 11.00
Kaolinite 227 2.78 2.18 2.81 2.68 2.93 1.97 1.90
FeCaAl silicates 0.33 0.64 0.20 0.43 0.19 0.24 0.18 0.16
MgFeAl silicates 4.75 3.26 2.10 5.36 1.29 2.61 1.81 2.63
MgFe silicates 0.59 1.90 0.56 2.37 0.60 0.85 0.82 0.93
CaAl silicates 1.51 1.74 0.68 1.61 0.60 0.88 0.30 0.68
Schorl 1.37 0.37 0.49 0.57 1.05 0.53 1.48 0.14
Andalusite 0.17 0.16 0.08 0.03 0.12 0.83 0.44 0.10
Mn silicates 0.01 0.01 0.02 0.00 0.01 0.07 0.00 0.00
Ferroan calcite 0.34 0.35 0.33 0.11 0.06 0.09 0.07 0.11
Mg calcite 0.00 0.07 0.00 0.00 0.00 0.22 0.00 0.30
Calcite 1.02 1.12 0.37 0.18 0.13 0.38 0.41 2.31
Ti phases 0.52 0.82 0.59 0.54 0.29 1.20 0.25 5.17
Fe sulphides 0.01 0.04 0.01 0.15 0.01 0.02 0.03 0.03
FeO,/CO; 1.33 1.62 0.75 3.03 0.49 1.39 0.36 1.11
Ca sulphates 0.04 0.16 0.02 0.08 0.03 0.01 0.01 0.04
Barite 0.00 0.19 0.00 0.00 0.00 0.38 0.00 15.94
Apatite 0.13 0.02 0.08 0.31 0.16 0.19 0.18 0.24
Zircon 0.08 0.35 0.05 0.41 0.09 0.04 0.04 0.34
Monazite 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.03
Cassiterite 0.07 0.03 0.00 0.02 0.00 0.00 0.08 0.02
Zn, Pb, Cu phases 0.01 0.14 0.00 0.49 0.01 0.03 0.01 0.14
Al oxides 0.13 0.23 0.04 0.23 0.03 0.14 0.04 0.30
Co mineral 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glass 0.03 0.09 0.02 0.12 0.05 0.05 0.02 0.08
Others 0.04 0.13 0.02 0.26 0.01 0.04 0.01 0.06

*Values shown as 0.00 may have the mineral present at an abundance of <0.01%.
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Fig. 5. Comparison of the overall modal mineralogy of: (a) the soil samples collected from the car parking area
(OF/37, OF/38, OF/39, OF /40, OF /41, OF/42 and OF/43); and (b) soil samples from the access track (OF/10,
OF/30, OF/31, OF/32, OF/33, OF /34, OF/35 and OF/36) and leaf litter (OF/11 and OF/18) with the mineralogy of
the soil samples recovered from the soles of both items of footwear (OF/1/1, OF/2/1, OF/4/1 and OF/5/1).
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Table 5. Definitions for the lithotype groupings used in this study*

Lithotype grouping

Definition

Quartz grains
Orthoclase grains
Tourmaline grains
Plagioclase grains
Muscovite grains
Biotite grains
Calcite grains
Granite grains

Metasediment

Chlorite

Kaolinite
Tourmalinized granite

Cassiterite-bearing grains
Al silicate grains
Mafic grains

Glass

Ti minerals

Barium phases

Apatite

Zircon/monazite

Fe oxides and sulphides
Gypsum

Calcareous sandstone
CaAl silicate (glass/slag)
Metal particles

Aggregates of grains

Area % of quartz >75%

Area % of orthoclase >75%

Area % of schorl >50%

Area % of plagioclase >75%

Area % of muscovite >50%

Area % of biotite >50%

Area % of calcite >50%

Area % of feldspar >10% and size >40% or area % of feldspar >5% and area
% of mica >5% and area % of feldspar 4 area % of mica >5% and area %
of feldspar + area % of mica >75% or area % of quartz >5% and area % of
mica >5% and area % of quartz + area % of mica >75% or area % of
feldspar >75% or area % of quartz >5% and area % of feldspar >10%

Area % of quartz >20% and area % of mica >10% or area % of quartz >50%
or area % of kaolinite >10%

Area % of MgFeAl silicates >5% and area % of quartz >5% and area %
of MgFeAl silicates 4 area % of quartz >50% or area % of MgFeAl
silicates >75%

Area % of kaolinite >50%

Area % of schorl >5% and area % of quartz >5% and area % of quartz and
area % of schorl >50% or area % of schorl and area % of biotite >5% and
area % of biotite and area % of schorl >50%

Area % of cassiterite >0.5%

Area % of andalusite >50%

Area % of MgFe silicate >50% or area % of plagioclase >5% and area % of
MgFe silicate >5% and area % of plagioclase and area % of MgFe silicate
0.50%

Area % of glass >75%

Area % of Ti phases >50%

Area % of barite >25%

Area % of apatite >50%

Area % of zircon >50% or area % of monazite >50%

Area % of FeOx/CO3 >50 or area % of Fe sulphides >50%

Area % of Ca sulphate >50%

Area % of quartz >4% and area % of calcite >4%

Area % of CaAl silicate >50% or area % of FeCaAl silicate >50%

Area % of Al oxide >50% or area % metal-bearing particles >50% or area
5 Co mineral >50%

Area % silicates >5%

*The expression of the definitions are as used in the iDiscover v 4.2 software.

appearing visually quite clean during examination.
The samples are composed of major quartz, plagio-
clase and orthoclase, along with major/minor mus-
covite and biotite. Minor phases present in these
samples are kaolinite and MgFeAl silicates, along
with minor/trace MgFe silicates, CaAl silicates,
schorl, calcite, Ti phases and FeO,/COj;. Trace
phases present in all, or some, of these samples are
FeCaAl silicates, andalusite, Mn silicates, ferroan
calcite, Mg calcite, Fe sulphides, Cu sulphates,
apatite, zircon, monazite, cassiterite, ZnPbCu
phases, Al oxides, glass and ‘others’. An anomaly
that is discussed in greater detail below is that the
soil sample recovered from the uppers of the right
trainer is markedly different to the other footwear
samples in that it also contained 15.94% of

spherical Ba—Sb particles. These particles are inter-
preted to be anthropogenic.

The modal mineralogical data for the soil
samples collected from the soles of the two items
of footwear are compared with the soil samples
from (1) the car parking area (Fig. 5a) and (2) the
track and the leaf litter samples (Fig. 5b). Based
on the modal mineralogical data the soil samples
from footwear item B (samples OF/4/1 and OF/
5/1) are directly comparable with the modal miner-
alogical data for the soil samples collected along the
access track, and would support a hypothesis that the
soils present on footwear item B were derived
through contact with the exposed soils present
along the track. However, although the data for the
right shoe from footwear item A (sample OF/2/1)
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are comparable with the soil samples present from
the access track, the data for the left shoe of foot-
wear item A (sample OF/1/1) are more consistent
with the data from the car parking area. Thus, the
mineralogical data could be used to suggest that
the individual wearing footwear item A did not
enter the track leading to the concealment site.
Where more than one individual is involved in a
body deposition, it is not an unusual defence prop-
osition that one or other of the individuals might
have been present in an area but not directly
involved in the victim deposition.

Thus, based on the modal mineralogical data
alone, whilst the data are consistent with the hypoth-
esis that footwear item B had contacted soils along
the track leading to the body deposition site, the
data are not entirely conclusive regarding whether
or not footwear item A was only in contact with
the soils in the car parking area, or whether the foot-
wear also contacted exposed soils along the track.

Lithotype data

To test this hypothesis further the QEMSCAN®
mineralogical data were reprocessed and exported

as lithotype groupings. The lithotype groupings
used are shown in Table 5, and include: (a) grains
that are composed of a single mineral type (e.g. pla-
gioclase grains); (b) naturally occurring rock types
(e.g. granite grains or tourmalinized granite); and
(c) anthropogenic particle types (e.g. CaAl silicates
(glass/slag)). The lithotype groupings are rigor-
ously defined based on mineralogy and other par-
ameters, and, once defined, all data can be output
directly within these lithotype ‘classes’ and com-
pared. Within a QEMSCAN® particle mineral
analysis, false-colour maps of all particles are gen-
erated and these display the textures of the particles
being measured in each sample. Effectively, the
lithotype data enable the textural data displayed in
the QEMSCAN® particle images to be quantified.
The lithotype data are presented in Tables 6—8,
and are shown graphically in Figure 6a, b. In Figure
6a, b only the major/minor lithotype groups are
plotted. As can be seen in Figure 6a, when the
data for both items of footwear are compared with
the data from the car parking area, although there
are some similarities with some of the samples,
the majority of the samples from the car parking
area are distinctly different to the samples from

Table 6. Lithotype data for the soil samples collected from the car parking area*

OF/37 OF/38 OF/39 OF/40 OF/41 OF/42 OF/43
Quartz grains 25.66 13.53 18.48 27.57 2547 28.21 31.38
Orthoclase grains 18.80 13.08 6.77 14.70 14.10 13.55 15.41
Tourmaline grains 0.71 3.88 0.22 1.91 0.80 2.05 1.20
Plagioclase grains 10.71 8.15 6.25 10.30 9.33 6.39 7.13
Muscovite grains 6.14 8.17 3.56 541 3.37 3.70 4.22
Biotite grains 421 12.78 6.31 11.77 9.32 13.33 18.13
Calcite grains 0.24 0.17 0.31 0.74 1.67 3.14 1.67
Granite grains 19.96 20.52 29.64 16.27 20.03 17.56 13.84
Metasediment 3.54 4.87 4.84 1.42 3.02 1.50 1.03
Chlorite 0.87 1.81 5.13 1.03 1.12 1.75 0.40
Kaolinite 2.69 3.13 2.13 1.14 1.53 0.81 0.52
Tourmalinized granite 0.42 0.52 0.86 1.47 0.48 0.94 1.36
Cassiterite-bearing grains 0.00 0.04 0.02 0.20 0.09 0.89 0.15
Al silicate grains 0.01 0.05 0.11 0.01 0.03 0.00 0.05
Mafic grains 1.55 0.70 0.45 1.09 2.12 0.28 0.92
Glass 0.00 0.00 0.00 0.00 0.08 0.00 0.00
Ti minerals 0.17 0.07 0.19 0.03 0.04 0.05 0.01
Barium phases 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Apatite 0.21 0.12 0.21 0.02 0.10 0.01 0.00
Zircon/monazite 0.02 0.01 0.00 0.02 0.01 0.01 0.02
Fe oxides and sulphides 0.06 0.48 0.23 0.16 0.07 0.14 0.16
Gypsum 0.03 0.01 0.00 0.00 0.00 0.01 0.00
Calcareous sandstone 0.32 0.30 0.84 0.62 0.82 1.21 0.65
CaAl silicate (glass/slag?) 0.03 0.05 0.07 0.09 0.05 0.09 0.14
Metal particles 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Aggregates of grains 0.12 0.34 1.06 0.47 0.40 0.22 0.10
Undifferentiated 3.52 7.22 12.34 3.57 5.93 4.18 1.49

*Values shown as 0.00 may have the lithotype present at an abundance of <0.01%.
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the footwear. Thus, if one was testing the hypoth-
esis that the soil on both footwear items was
derived through contact with the exposed soils/sur-
faces in the car parking area, then the lithotype data
for both sets of footwear would not support this
hypothesis. If, however, the degree of similarity
between the lithotype data for the footwear and
the soil samples collected from the track leading
towards the deposition site are considered (Fig.
6b), then the lithotype data would support a hypoth-
esis that the soil on both items of footwear was con-
sistent with contact between the footwear and the
exposed soils along the track leading to the deposi-
tion site.

Discussion

Once a sample has been measured using automated
mineralogy, the raw data can be output in a variety

of different formats. In this study, the data presented
allow the overall modal mineralogy and the litho-
type data to be compared, which, whilst based on
the modal mineralogy, also identifies whether
mineral particles are present as discrete mineral
grains or as polyminerallic grains (e.g. rock frag-
ments). Thus, the lithotype data combine the miner-
alogical and textural data in exactly the same way as
a geologist defines a rock type. Whilst there should
be a broad correspondence between the two data-
sets, the lithotype data should allow the similarity
or otherwise between two samples to be assessed
more robustly than that based entirely on the
modal mineralogical data. Indeed, this has been
what has been done during forensic casework
where, in addition to the overall modal mineralogy,
the textural data contained within the QEMSCAN®
particle images are also considered (see Fig. 4). The
advantage of lithotyping is that this allows the
mineralogical and textural data to be quantified.

Table 7. Lithotype data for soil samples collected from the access track and also the leaf litter samples that
comprised >300 grains*

OF/10 OF/11 OF/18 OF/30 OF/31 OF/32 OF/33 OF/34 OF/35 OF/36
Quartz grains 3043 4220 2254 3590 3424 4052 4156 38.18 36.28 30.24
Orthoclase grains 10.01 1030 2831 19.76 13.88 2275 18.61 21.74 1896 21.17
Tourmaline grains 0.34 0.12 2.39 0.83 2.33 0.79 1.84 1.34 0.34 0.87
Plagioclase grains 1439 1426 12.12 1571 1236 1419 1211 1331 16.08 1545
Muscovite grains 429 1146 5.53 4.68 6.28 5.06 5.59 4.12 5.93 6.16
Biotite grains 1.86 5.40 2.37 1.22 3.16 1.74 2.37 2.68 2.74 3.08
Calcite grains 0.01 0.81 0.59 0.03 0.23 0.14 0.06 0.19 0.08 0.11
Granite grains 27.39 1041 14.14 17.08 20.72 1231 1530 1235 15.11 1598
Metasediment 1.50 0.59 0.74 0.58 1.48 0.31 0.41 0.77 0.71 1.13
Chlorite 2.30 0.26 4.63 0.48 0.89 0.35 0.27 0.82 0.86 0.22
Kaolinite 1.24 0.75 0.36 0.60 0.63 0.17 0.27 0.63 0.84 1.91
Tourmalinized 0.17 0.10 0.09 0.44 0.08 0.06 0.03 0.60 0.25 0.20
granite
Cassiterite-bearing 0.01 0.00 0.00 0.51 0.01 0.01 0.00 0.00 0.00 0.00
grains
Al silicate grains 0.01 0.15 0.00 0.16 0.04 0.09 0.08 0.08 0.07 0.03
Mafic grains 0.65 0.65 0.20 0.16 0.24 0.48 0.23 0.55 0.69 0.89
Glass 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti minerals 0.07 0.00 0.30 0.06 0.11 0.08 0.15 0.34 0.07 0.29
Barium phases 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apatite 0.18 0.00 0.00 0.37 0.06 0.19 0.04 0.16 0.19 0.13
Zircon/monazite 0.10 0.00 0.00 0.04 0.02 0.02 0.02 0.09 0.03 0.02
Fe oxides and 0.30 0.71 0.14 0.05 0.03 0.05 0.02 0.05 0.03 0.05
sulphides
Gypsum 0.00 0.00 0.63 0.00 0.03 0.00 0.00 0.00 0.00 0.02
Calcareous 0.11 0.06 0.14 0.07 0.24 0.09 0.06 0.08 0.06 0.11
sandstone
CaAl silicate (glass/  0.01 0.06 0.58 0.05 0.02 0.01 0.01 0.01 0.01 0.02
slag?)
Metal particles 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Aggregates of grains 0.37 0.00 0.25 0.02 0.08 0.02 0.07 0.02 0.01 0.06
Undifferentiated 4.26 1.51 3.95 1.20 2.85 0.56 0.89 1.87 0.65 1.86

*Values shown as 0.00 may have the lithotype present at an abundance of <0.01%.
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Table 8. Lithotype data for the samples recovered from the two items of footwear*

OF/1/1 OF/1/2 OF/2/1 OF/2/2 OF/4/1 OF/4/2 OF/5/1 OF/5/2
Quartz grains 30.49 18.03 32.96 21.92 34.96 30.98 33.16 27.96
Orthoclase grains 9.40 9.10 16.98 4.71 17.74 10.55 22.41 5.82
Tourmaline grains 0.97 0.00 0.19 0.30 0.76 0.18 0.88 0.00
Plagioclase grains 12.28 15.88 12.52 10.12 17.68 10.42 13.58 9.07
Muscovite grains 791 8.01 10.31 9.84 6.44 10.06 6.38 5.94
Biotite grains 4.70 12.17 3.89 8.02 4.22 4.99 6.06 9.86
Calcite grains 1.19 1.08 0.57 0.21 0.14 0.52 0.43 2.98
Granite grains 19.65 17.83 15.37 25.44 11.87 20.51 10.77 13.64
Metasediment 2.77 3.63 1.47 3.47 1.35 1.96 0.81 1.08
Chlorite 1.41 1.05 0.45 0.96 0.24 1.39 0.59 1.12
Kaolinite 0.95 0.86 1.18 1.65 1.92 1.88 1.19 1.45
Tourmalinized granite 0.21 0.13 0.26 0.24 0.05 0.24 0.60 0.00
Cassiterite-bearing grains 0.00 0.20 0.00 0.22 0.00 0.00 0.31 0.20
Al silicate grains 0.06 0.12 0.04 0.00 0.07 0.74 0.47 0.00
Mafic grains 0.60 4.57 1.19 225 0.57 0.86 0.88 1.17
Glass 0.00 0.06 0.00 0.06 0.01 0.00 0.00 0.01
Ti Minerals 0.19 0.50 0.13 0.25 0.10 0.65 0.07 0.81
Barium phases 0.00 0.14 0.00 0.00 0.00 0.23 0.00 14.66
Apatite 0.10 0.00 0.05 0.28 0.11 0.18 0.07 0.23
Zircon/monazite 0.02 0.06 0.00 0.09 0.07 0.00 0.02 0.05
Fe oxides and sulphides 0.18 0.45 0.09 0.43 0.12 0.27 0.02 0.33
Gypsum 0.00 0.05 0.01 0.13 0.04 0.06 0.01 0.00
Calcareous sandstone 0.68 0.73 0.26 0.17 0.08 0.37 0.08 0.19
CaAl silicate (glass/slag?) 0.03 0.03 0.06 0.23 0.35 0.08 0.05 0.19
Metal particles 0.00 0.12 0.01 0.38 0.00 0.11 0.00 0.25
Aggregates of grains 0.38 0.35 0.01 0.61 0.01 0.00 0.00 0.00
Undifferentiated 5.85 4.85 2.00 8.03 1.11 2.78 1.18 297

*Values shown as 0.00 may have the lithotype present at an abundance of <0.01%.

In the case study presented in this paper, the
modal mineralogical data alone supported the
hypothesis that footwear item B had come into
contact with the exposed soils along the track
leading to the deposition site. However, the modal
mineralogy data alone for footwear item A indicated
that one of the pair of shoes had contacted the
exposed soils, yet the data for the other item were
ambiguous. In court, the data could be used to
argue that the footwear could not be proven to
have contacted the exposed soils, and that the data
may have suggested that the footwear was only in
contact with the exposed surfaces in the car park
area. However, the lithotype data not only indicate
that both items of footwear have contacted the
exposed soils from the track leading to the depo-
sition site but also indicate that the soils were not
derived from contact with the exposed surfaces in
the car park area. Thus, if this had been a real foren-
sic case, then the lithotyping data would have been
crucial in terms of testing alternative scenarios put
forward as a defence.

Traditional mineralogical techniques such as
polarizing light microscopy provide mineralogical
data in a textural context. This is, however, difficult

to quantify, and, more significantly, from a forensic
context, it is rare to have a sample of sufficient size
to allow optical microscopy. Automated mineralogy
with the ability to ‘lithotype’ the data set allows
mineralogy and texture to be quantified. This is
not possible based on other commonly used
mineral analysis methods such as XRD. Similarly,
whilst manual SEM of either sectioned and polished
mineral grains, or the analysis of grain surface tex-
tures, can provide valuable data from a forensic
context, it is difficult to rigorously quantify data
from manual SEM.

Potential limitations to the application of litho-
typing are that whilst data collection during auto-
mated mineralogy is operator independent, the
processing of the data is not (Pirrie & Rollinson
2011). With lithotyping, the individual processing
the raw data defines the mineralogical groupings
used, as shown for this study in Table 5. Thus, the
groups defined will, in part, be based on the expe-
rience and skill of the individual processing the
data, and would need to be adapted on a case-by-
case basis. From a forensic viewpoint, a dataset in
which the lithotype groupings are defined too
widely could potentially provide an inaccurate
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Fig. 6. Comparison of the relative abundance of the major/minor lithotypes present in: (a) the soil samples collected
from the car parking area (OF/37, OF/38, OF/39, OF/40, OF/41, OF /42 and OF/43); and (b) soil samples

from the access track (OF/10, OF/30, OF/31, OF/32, OF/33, OF/34, OF/35 and OF/36) and leaf litter (OF/11
and OF/18) with the soil samples recovered from the soles of both items of footwear (OF/1/1, OF/2/1, OF/4/1

and OF/5/1).

degree of similarity between different samples. In
contrast, a lithotyping study in which the groupings
were very tightly defined would provide a robust
test of the level of similarity between different
samples. If lithotyping were to become widely
adopted in criminal soil forensics, clearly defined
protocols for the lithotype groupings could be

defined and adhered to. However, no two studies
are identical as a result of the wide variability of
soils and, as such, the lithotype groupings would
still have to be adapted on a case-by-case basis.
Finally, an additional advantage of an automated
mineralogy approach to soil forensics, whether
with the reporting of the results as overall modal
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Fig. 7. QEMSCAN® particle images for a spherical Ba—Sb phase present on the uppers of footwear item (b). The

source of these particles is unknown.

mineralogy or as lithotypes, is that all particle types
present are characterized. In this study, a surprising
result was that in the sample recovered by wash-
ing the uppers of the right white trainer (footwear
item B), 15.94% of the particles present reported
to the mineral category ‘barite’. However, these
particles, which are characteristically spherical in
shape (Fig. 7), are a Ba—Sb phase and are inter-
preted as anthropogenic particulates. Similar par-
ticle types were not recovered in the soil samples
from the car parking area, access lane or conceal-
ment site, although two spherical Ba—Sb particles
were present in the washing sample from the
uppers of the left white trainer (footwear item B).
Whilst Sb—Ba particles are considered to be con-
sistent with particles formed during the discharge
of a firearm (ASTM 2010), spherical particles of
Ba—Sb are known from, for example, the use of
fireworks (Grima et al. 2012) and are also known
to occur from motor vehicle disk brakes, although
in this case the particles are not typically spheri-
cal in shape (Garofano et al. 1999). The source of
the Ba—Sb particles in this study is not known.
Although the shoes were pre-worn prior to this
field trial, the owner denies: (a) discharging a
firearm whilst wearing the footwear or being close
to a firearm when being discharged; (b) being in
close proximity to fireworks whilst wearing the
footwear; or (c) having come into contact with
motor vehicle brake shoes. It is, however, interest-
ing to note that the area used for the concealment
of the item is occasionally used by individuals
for shooting, and also a sculptor who works using
metal frequently stores items in, and around, the
car parking area. It should, however, be noted that
no spherical Ba—Sb particles were recovered in
any of the soil samples analysed and there were no
Ba—Sb particles present on the other item of
footwear.

Conclusions

One of the key reasons why soil is an important and
useful class of trace evidence is because of its

complexity and variability (e.g. Fitzpatrick et al.
2009). Its complexity also brings with it an inherent
issue in that, whilst ideally in a forensic context one
would wish to examine several different parame-
ters within the soil, there is no standard protocol
as to what aspects of a soil should be examined.
Whilst numerous papers have advocated the use of
grain size, colour and bulk chemistry as a means
of discriminating between different soils, all of
these attributes have inherent problems when
viewed from a forensic context. For instance, it is
widely recognized that there may be differential
transfer and retention of different particle sizes on,
for example, different types of clothing, such that
a direct comparison between the grain size of soil
on clothing v. the grain size of a soil at a scene
may provide a false negative response (although
see Morgan & Bull 2007). Colour can at best be
used to exclude the possibility of a similar origin
of two questioned soils of different colours but a
similarity in colour does not provide sufficient evi-
dence to indicate an association between two soils.
Bulk chemistry is not only destructive but may
also provide either false positive or false negative
interpretations. Characterizing the mineralogy of
soils is the most important way in our opinion to
discriminate between samples based on the inor-
ganic components present. If through automated
mineralogy this can be combined with particle tex-
ture and mineralogical associations, then it allows
even the typically very small samples encountered
in forensic casework to be fully characterized geo-
logically. This allows a greater degree of precision
when evaluating whether or not an unknown sam-
ple could have been derived through contact with
soils at a known location. However, lithotyping is
potentially also very significant as a means of pro-
viding critical provenance and geolocation data
where a soil sample is being examined to try to
identify the potential location(s) from where that
soil may have been derived. The data in this study
are consistent with the dominant soils in the area
being derived from a granitic bedrock geology.
In particular, the underlying geology is composed
of the coarse-grained granite comprising alkali
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feldspar, plagioclase, quartz, biotite white mica and
tourmaline (Leveridge et al. 1990). The reason why
the soil samples present in the car parking area were
distinctive when compared with the track is because
this surface had been dressed with metasediment-
ary rock fragments, predominantly slates, as a hard-
core, and this is reflected in the lithotype data set.
It is this introduced material that made the car
parking area distinctive from the track and the
concealment site.
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