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Soil analysis has played an impor

tant role in criminal investigations
[t hus been vsed succesafully for pur

poses ranging from the recovery of
atolen artifncts to definitive conclu

sions in murnder cages.

Federal land in the United States
aften includes ancient sites formerly
inhabited by Mative Americans. Ar-
tifacts from these sites are valusble
and are sometimes removed by oot
ara who, when caught, claim that the
items were obtained legally on pri-
vate land, Elemental *fingerpring-
ing" of public and private land, and
comparison with soil samples ob-
tained from the artifacts, has led to
succaseful prosecution of artiface
thieves (1,

I'he analysiz of soil has frequently
been used to assist in other criminal
cages, One incident involved an odd
st of circumstances in two different
gtates geparated by thousands of

Tlldes 2y, URTICLAES weire St wakh Tew
clues involving & homicide in Morei
gon, UL, and had to piece together =
sarigs of wnconnected and unlikely
EveriiE,

It began much iitke o mystery
novel. A police officer driving along
the highway spotted & car beside the
read with o driver. Walking toward
the car, the officer realized that the
enging was running. Peering inside
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the car, he found bioodstains and a
pair of glasses. The owner's fate and
whersabouts were unknown

Later, across the country in Atlan
tie City, N, & seemingly anrelated
event sceurred. A car was lound
burning at & salvage dump. The ve-
hicle was bdentified ne the same sua-
pect car in the Colorado murder
myatery, which was no longer in po-
lice custody, How the vehicle got
trom Colorado to Mew Jersey is un-
B,

Analyesiz of 201l from the car re-

NearlR — %
Spectral

wipled Towr distinet soll layers. Three
layers contained mineral grams in-
dicative of the Rocky Mountain ares
near Denver, More than 360 soil
samplies from Morrison wers gath-
#red and compared with the sobl
fpund on the burnt autemchile

Avthuorities were able t0 maks =
cunnection between the murder
seene and the asaal L's attempt bo
destroy evidence, Soil samples were
analywed and used o find the body of
the victim, buried 27 miles souwth of
Denver. Further analysis revesled
that the soil type was the same as
that found on the victim's ranch. The
aasailant was convicted of murde;
and kKidnapping.

Until recemtly, the ceat of suphusti
cated goil tests-—which include
X-ray diffriection and electron micrs
soppic technigues —has been prohilb -
give, The eguipment has been Lo
cumbsgrsome to permit extensive on
gite soil sampling. Thess “tradition-
al” methods concentrate largely on
norganic constitusnts of the soil as 8
way to make a positive identifica
tion, However, inorganic salts some-
times digsolve in water and travel
significant distances from their
poantes of origin.

Near-TR spectromeiry of sodl aam-
ples makes it possible to include or-
ganic conatituents in the “finger -
print” of the sample. In this REPORT,
wi describe the extended guantile
BEST {bootstrap error-adjusted
single-sample technigue), which was
used for the first time on an IBM
PC-compatible computer to identify
organic and inorganic constituents in
goil samples from different sources,
U'mtil now, this algerithm has bheen
available for use only on mainframes
and supereomputers.

Theory

A population P in a hyperspace R
represents the universe of posaible
spectrometric samples (the rows of P
are the individual samples, and the
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eolumne are the independent infor-
mation vecbors such ns wavelengths
o energieel, P* iz 8 discrete realize-
tion of P based on a calibration set
T, chosen only once from P to repre-
sent as nearly as possible all the
variations in P,

P* 15 calculated wsing s bootstrap
procesa by an sperntion xiT). P* has
parameters B and C. where C = E(P)
ithe group mean of P and B is the
Muonte Carle approximation to the
bootstrap distribution 1.3).

Given two calibration set= PT and
P¥ with an wqual number of gle
menks & it is possible to determine
whether PY and P4 are drawn from
the same population even if the dis-
tance between them is < 3 3Dk (atan
dard deviations) Quantile—gquantil:
Qe plots and & simple vorrelation
test statistic are used ()

Al Al =t U =),

A traelatrap wethed 12 e pivved o
set confidence limits on p, the curre
lation coefficient. The central 8%
venfidence interval on p is alse wsed
to calculate o, a distance in S0s
that s senaitive to small differenees
in boention and scale between PP and
P

This approwuch to spectral analysis
nas significant advantages. More
wavelengths can be used in the cali-
bration than there are samples in
the calibration set, without degrad-
ing the results, Full spectra can be
usid without down-weighting some
of the formation at certain wave-
lengths, reducing the possibility of
mizssing something new that may ap-
pear in future samples. Also, the
method is completely nonparametric.
and the shape, seale, and skew of the
soil sample distributions do not af-
fect the quality of the results,

The analysis

Bamples. In one experiment, 50 1-g
#oil samples were collected from five
different locations (10 samples at
each location). All samples were col-
lected within Fayette County, KY.
Group 1 gamples were collected
within 3 m of highway 68. Group 2
samples were collected within 3 m of
& creek, Group 3 samples were cal-
lected within a 20-m circle an a hill-
top. Group 4 samples were collected
within a 20-m circle on a suburban
lawn around & house, and group 5
gamples were collected within a 3-m
circle in a cultivated garden, The
samples were stored in capped glass
scintillation viala.

The samples wore then uncapped
and dried in an oven at 40 "0 until
their evaporative mass lose in auc-
ceasive weighings was < 1% of the
sample mass, a process that required
12 h. Drying the samples prevented
differences in water content alone
from separating the different aoil

Py

iypes. The samples were crughed
inte amall particles in the vials witk
a glass rod and mixed by shaking,
then scanned directly in the glass vi-
als using the near-1R spectrometer,
Instrumentation. The samples
were scanned on & Bran+Luebhbe
near- IR spectrometer. Snmple spec-

;; ;E E E_

Figure 1. Frve averaged specira ol 10 sof samples from sach of five focations.
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tra were analyzed on a battery-
powered [BEM PC-compatible note-
book computer with an 804860X
CPU and 12 Mb BAM. All software
was written in an alpha-test version

of Speakeasy IV Eta for the PC
{Bpeakeasy Computing Corp., Chi-
cago, 1L

Figure 1 shows the mesn near-[H
specira of the five types of soil sam-
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Figure 3. QG plot showing that the vanagbility in spactra of sof samples from mnear
thi road and from the hillop is very similar.
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Samakes.

ples. These spectra indicate chemical
differences among the soils from dif-
ferent sources. Soil samples from the
hilltep and the suburban lown pro-
duced diffuse-reflectance spectra
with ithe lowest number of seatlering
svents per unit volume and the larg-
eat peaks in the raw data.

Table 1 shows the distance in Sls
betwesn each soil group and every
sther soil group, The caleulation of
sach distance (in 56 of the correla-
tion coefficient) requived 1.3 & on the
M, Distances in 80 are always
measured with reference to a cali-
bration set of spectra. When two sets
have different locations, scales, and
dhews in speciral hyperspace, the
distance between the two spectral
aets will differ—depending on which
specizal set is selecied as the calibra-
tinn sel

I Table [, wach set ol sl spectrs
sprvies g both & calibration set and &
teat set. In routine use, however. the
algorithm reporis only the largest of
the two valwes {shown 1o bold type in
the tablel for the comparison of teo
sample groups—in effect producing
vily one triangis of the rectangular
table as outpul. Both the upper and
the lower triangles must be taken
o account, because bwo smil grooaps
are considered o be drawn from the
same population only when their
mutunl correlntion coefficient is
greater than beth bootetrap confi-
dence limites on the individual ealh
oration groups.

The confidence lunit vn p for each
gl group at the 985% level is shoesm
in Table 1I. The calculation of each
confidence imit regqured 30 & on the
PC, This time frame is not & large
burden, because a confidence limit is
caleulated only once for sach training
sef and can be used repeatedly to an-
alyze subsequent new samples. The
biggest difference in 5Ds exists be-
tween groap 2 ifrom soils near the
creek) and group 5 (from & garden),
which has a small eorrelation coeffi-
clent [(LTA5L The smallest differenoe
im #3lks exiets between group 1 (from
a road) and group 3 (from a hilltop),
which has o large corvelation coeffi-
cient (08330 On inspection, the hill-
top sotl and the sail from beside the
highway contained the largest
amounts of inorganic matter in the
form of gravel and sand

The differences among aoil iypes
are visualized i QO plots (see Fig-
ures 2 and 3). The intercepts of the
lime: segments in QO plota provide in-
formation on the location of spectral
seta in hyperapace, and the slope of
the line segments provides informa-
tion about the scale of the groups.



The @& plot in Figure 2 shows
that the speetra of soil samples ob-
tained near the road have greater
variability than those of samples ob-
tained from the garden. The Q& plot
in Figure 3 shows that the variahil-
ity in spectra of soil samples from

near the road and from the hilltop
are very similar.

Figure 4 shows how p from Equa-
tion 1 drops ae the test zample apec-
tral cluster increases i scale with
respect to the calibration cluster.
The calibration specira were the ac-
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Flgure 4. Plot ehowing how p from Equation 1 drops a5 the 1es] sampla speciral
cluster increases in scale with respec 10 the calibwation cusier.
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Flgure §. Plod showing that p from Equation 1 drops much more rapidly 8z the
test sample speciral cluster decraasas in scale with respact 1o the calibration
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tunl spectra of the first group of zoil
samplea—thoese obtained near the
road. The best spectra were formed
simply by increasing the acale of the
calibration spectra in hyperspace by
o certain amount {a multiplicative
factor of 2, 8, 5, ar 10} at 1% wawve-
lengths. The center of the test spec-
tra wae the same as the calibration
spectra i hyperspace; thus, no loca-
tien change occurred (both groups
had the same average spectrum)
The algorithm is thus quite sensitive
fo changes in speciral group acale,
mdependent of any locstion change
(whick would indicate & chanpge in
the average speclrum)

Figure & shows how p from Equa-
ston I dropa as the test sample apec-
tral cluster decrenses in scale with
regpect to the calibration cluster. As
in Figure 4, the calibration spectrs
ware the sctusl spectra of the group
of aoil aamplea obtained near the
rusd. The test spectra were formed
by dividing the scale of the calibra-
tion spectra in hyperspoece by a cer-
toin amount (2 factor of 2, 3. &, or 10}
at 19 wavelengths. The center of the
test speetTa was the same as the cal-
ibration spectra in hyperapace, so no
lpcation change occurred (both
groups had the same average apec-
Erum).

The slgorithm is therefore ex-
iremely sensitive to a reduction in
the scale of the tost spectra—even
moTe sensitive than it is to an in-
creage in the scale of the test spectra.
The difference in sensitivity of the
algorithm to size relationships is the
reason the algorithm ealeulates a
dietanee in S50k of p in the twoe ways
shown in Table I Using the largest
group of spectra ae the theoretical
cumulative distribution funetion
{TCDF) in the empirical QQ plot
puats the benda in the line in the can-
ter of the plol instead of ot the ends,
producing & greater effect on the cor-
ralation ceeflicient p (3. When the
colibration spectra and the test spec-
ira have nearly the same acale in hy-
perspace, both distances in 805 are
spproximately equal. However, when
the two spectral groups have dra-
matically different scales, as in the
case of the road and eresk samples in
Table I, the two distances in SDs are
extremely differant.

One final case, the Haygood in-
vestigation, exemplifies the signifi-
cance of this methed. Mary Jane
Haygood left for school one Sepbem -
ber morning with her sister and her
boyfriend, setting in metion events
that would lead to the discovery of
her death only days later ().

Her mother had forbidden the re-



lationship between Haygood, 15, and
Gerald Pate, 22, Pate decided to get
even with her mother for her inter-
ference. He took Haygoad to his
secluded barn, izolated from the
farm community’s only road, and
talked of marriage, When the twe
had o disagreement, she threatencd
to tell authorities about the numer-
pus robberies Pate had committed
Pate choked her o death; he later
bragged about weing & hold he had
learned in the Marvines. He buried
her naked body with her school note-
haok. Later, when Haygood was re.
ported missing, the police went to
Pate's Tarm, where they found him
hiding in & closet.

Although Pake contessed be Lhe
arime, his mental state prevented
him from remembering where he had
disposed of the bedy. During the in-
vestigation, s shovel was discovered
in the barn among seme blenkets
and Pates Marine pack. Upon exam-
ination, authorities found fresh soil
on the shovel; results from the soil
analysis led searchers divectly to &
ditch cloge to the river bottom where
a volunteer fownd a depreseipn near
a large tree and where Havgood's
body was uncovered.

Despite his mental siate, Pate
eventually may have been able to
lead authorities to Marv'e body, With
the soil analysis, however, authori-
tios were able to find the body in
time to perform an autopsy and cor-
roborate hie confession. Pate was
later gonvicted in Oklahoma State
Ciourt.

Ax demonstrated by these exam-
ples, near- i spectrometers have be-
come sufficiently rugged, portable,
and inexpensive to be used in fiald
investigations. The newest notebook -
gized porsonal computers with B0056

and B04E6 CPUs provide an abun- |

dance of computing power b perform
sophisticated spectral identification
tazka. More widespread spplication
of near-TR spectrometry will likely
fallowr.
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