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| INTRODUCTION

Obtaiming sound evidence of environmental pollution enimes 1s usually challenging in
covironments impacted by multiple sources. Thiz 1s particularly true when the situation
imvolves runming waters systems and the contaminants discharged by the suspect facility
must be scarched i stream-bed sediments, which are tvpicallv heterogencous in terms of
texture and composition. The heterogeneity reflects on the high varability of contaminant
content, which implies that a large number of samples must be analvzed in order 1o reduce
the uncertainty of the resulting daia o an acceplable level. In envirommental crimes
mvestigations, where the State or “People™ must provide the scientific proofl, resources as
laboratory analvses are few, and there are also me restraints, therefore, more effective amd
fit=-for-purpose methodologies must be developed and tested m order to provide the justee
operators reliable evidence in a feasible manner.

The present work introduces a case study of leachate discharge from a harardous
wasle landfill in a heavily polluted watercourse where the use of a multiparameter
approach using metals, stable isotope and organics analysis in stream-bed sediments was
performed as an exploratory means provide evidence of this possible crime. A briel review
of methods that explore mulliple vanables to add qualitative consistency For the results
obtamed 15 also presented.

Environmental crime is a somewhat new concept in intemational law. The notion of
the environment as being an assel so important for society that it must be protected by the
Penal Law is shll under construction worldwide, since different approaches are used to its
defimition and enforcement. According to the European Commission, it “covers acts thal
breach environmental legislation and canse significand harm or risk fo the emvironment
and feenran health” (Furopean Commission ', In Brazil, environmental crime definition is
no different than the definition for other erimes. It is defined as any aet that violates a
criminal statute, This is possible because, in 1998, a specific statute that defines the acts
subpect to cniminal litigation known as “Environmental Come Act” was promutlgated. The
crimes are divided, in this statute, in five sections: the first are crimes against the fauna; the
second, erimes agnnst ora; the third pollution related erimes: the fourth crimes against
public property (landscape, architectural, etc);, and the fifth are cnmes agamst the
environmental asdmimistration. those practiced by subjects within the framework of
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environmental permits system. This lactic 15, in some wavs, appropriate, because several
criminal conduets need to be defined by other technical legislations and regulations or
administrative provisions that can be more easily updated as required, onee environmental
law 15 a dynamic law, =0 new scientilic [indings, and expenence from existing
covironmental law are used to improve legislation. Other advantage 1s that enminal
conducts are well defined, so the prosecutor does not need 1o prove a criminal intent or if
the conduct was or nol a erime, just to prove that there was a cnime and who was the
responsible for it. Such a system of prosecution implies someone being charged as guilty
for the criminal offence, therefore a suspect must be found and investigated in order 1o
sustain @ enmunal htigation. The burden of prool imposed on the prosecution m the
cominal lavww means that the State must provide the evidence 1o support the charges and
convict the defendant bevond a reasonable doubt. Unlike the 1.5, where the environmental
crime mvestigation 1s usually performed by regulatory agencies, such as USEPA and state
agencies, in Brazil it 12 performed by the Police and the evidence 15 provided by the
CHTicial Forensic Agencies,

The unlawful discharge of effluenis i a watercourse, which 15 the theme of the
present work, is one of the pollution related crimes defined in Brazilian Environmental
Crime Act. The study case is about hazardous waste landfill whose manager was indicted
for discharging unireaied leachate in a small walercourse. The discharge occurred
systematically, but was nodiced after a massive fish die-off that occurred in drowght
conditions in Sines River, where the affected stream discharged its waters.

In order to search for evidence of the unlawiul leachate discharge from the landfll,
which received mostly residues from tanneries and shoemaking factonies, in the
watercourse, stream-bed sediment samples were collected in the affected watercourse and
analvsiz of metals were performed. These analvses did not provide a sound proof of the
leachate discharge since there were others tannerics that discharged its effluents upstream
the landfill. Further analvses were needed to distingumish the leachate from the other
pollution sources, therefore 1sotope ratio analyvses were performed in the samples.

The isotope analvses were selected because the consequence of the isolope
fractionation processes that eccur in the decomposiiion of organic waste 15 a distinctive
isolopic signature of carbon from landfill leachate that can be used to wentify leachate
contamination i groundwater (Bacdecker and Back 2) North et al * have emploved,
besides the carbon isotopes i Dissolved Inorganie Carbon {é”'(.:-DIC}, anumoni nlregen
1Eolope ratios (8N -NH") 1o detect the presence of leachate i watercourses associated
with landfills concluding that sotopic measurements have the potential o be used as a
tracer of leachate in surface waters.

The PAHs are one of the most important classes of anthropogenic persistent
organic contaminants. They are relevant in pollution crimes investigation because many of
these compounds are listed in group 2A (probable carcinogens) of the International Agency
for Research on Cancer (JARC) and beneo(a)pyrene 15 included in the group | meaning
that there is sufficient evidence of carcinogenieity in humans for the compound, PAHs are
amongst the contaminants foumd in landfll leachates (Katkeviduite ef af 1 Zakaria 9. To
ackd wp contaminant information to the previous data sel, these compounds were
determined in the stream sediments.

1.1 Study area

The watercourse that allegedly received the leachate discharges is Portdio Stream. Thas
walercourse runs through the urban area of two small cities, receving discharges of
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domestic sevwage and industrial effuents before the end of its course on the lefl bank of the
Sinos River, 20 km dovwnstream.

The study area encompasses approximately ten Kilometers of Portdo Stream, along
which seven sampling sites were located (Fig. 1), One of these sites (Pomnt 4) was located
downstream some leachate outfalls of a landfill that was cnmmally charged for releasing
untreated leachate directly into Portdo Stream. In this landfill confined about 1,000,000m*
of indusirial hazardous waste m the time of the fsh dic-off. The untreated cffluent
comained both particulate and dissolved phase contaminants

The geological substrate of the studied area is predominamly sandstone belonging
to the Pirambdia Formation of the S#e Bento group (Oliveira ct al.’, Machado and
Fretias'). The major mineral constituent i1s quarz and the predominant grain size in
sediments is sand (Robaina er af ®).

2 MATERIALS AND METHODS

2.1 Samipling sites

Sampling points were recorded referenced to Datum SADGY, in UTM Zone 22J, using a
Crarmun GPS (Global Positioming System) recerver unil, model Etrex Swmmat HC, with
estimated position error of less than Ove meters. Quantum GIS progeam, version 201,
Dufour (Quantum GIS Development Team q} was used to the geoprocessing of spatial data
and preparation of maps.

Seven sediment sampling sites were defined along Portdo Stream course. The
spatial distribution of the =ampling sites s shown in Fig. 1 (Points 1 o 7). Point 1 15
situated close to the headwaters of the stream. Nearby this site, there were no sigmificant
sources of pollution; therefore, this point was admitted as reference point for background
levels, The ponts 2 1o 7 are distnbuted downstream of the water course segment where
there are major sources of pollution, In these samples, bulk carbon and nitrogen isotope
ratios were determined as well as metals Cr, Cu, Pb and £n were analvzed by Atomic
Absorplion Spectrometry.

Another sampling compaign was performed and material was collected in mine
samphing sies, One of these sampling sies was Poant 1 from the previous campaign. Points
Ato € were located upsiream the landfill, Pomis D o F in the proximiiies of the landfill
and points G and H in another stream located to the south of the landill that was also
expecled to be affected by landfill discharges (Figure 2). This stream reaches Portdo
Stream downstream the mam ponts of leachate discharge of the landfill. Pomt C s
coincident with Point 2 from the previous campaign.

2.3 Metals

Sediment samples were analveed for chromium (Cr), copper (Cu), lead (Ph) and zing (#n)
concentrations  in the Laboratory  of  Chemical and  Isotopic  Characterization
(COMAWIPEN/USP. The drv sediment was acid digested using a Microwave Accelerated
Reaction Syvstem, Model MARS 38, according to recommendations of 30514 USEPA
method. Metal  concentrations  were  measured  using  Flame  Adomic  Absorplion
Spectrometer (F3-FAAS, Varan, model Spectr-AAS-220-F 3).

All glassware was cleaned in 10% HMOx (wiv) prior to ecach experiment.
Chemicals used for digestion and extraction expeniments were analytical reagent grades
The validation of this method was performed by analvzing certificate reference sediments
(SRM 2704 BufTalo River Sediment) in three replications



10 Environmenial Forensics: Proceedings af the 2004 INEF Conference

'=-“L

Figure 1 Sndfy nrm location depicting the sampling poinis spaital distribetion. Modified
Jrom Barbieri eral ™
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Figure 2. Study aren showimng the sampling points located nearby the landfll

The samples collected i the second campaign were freese dried and analyeed by
Wavelength-Dispersive X-ray Fluorescence (WID-XRF) at X-ray Fluorescence Iabors itory/
COMASMPEN/AISE, The results oblained were expressed m mean values and standard
d‘-.'m iations for a confidence nterval of %3%. The detection limit of this method was 50 pg
g ' for the metals Cr, Mn, Zn, Mi, Cu and 0,02% for the elements Si. Al, K, Fe, Mg, 5. MNa,
Ti, P and Ca

2.4 Carbon and Nitrogen lsotope Ratio

The isotopic compositions of total carbon (3"°C) and nitrogen (3°°M) in sediments were
determined min samples by on-hine automated combustion coupled to mass speetrometer
Finnigan MAT Delta-8. The B ratio s reported in relation to the VPDBE standard
carbon  dioxade |III-I'I'I caleium carbonate from the Pee Dee Belemnite lorma o, h?.
convention, in & C units per mil (%), The precision of lhl"'i analysis 15 0.3%0. The B T |
ratio is reported in relation to the stmospheric air in 8N umis per mil (%) and the
precizion of this analysis is 0.5%.

2.5 Polyveyclic aromatic hydrocarbons (16-PAH})

About 500 g of sediments were collected from 0 to 30 cm of depth in a core like device,
which was thorowghly rinsed with the stream water and after with distilled water prior 1o
cach sampling. The owter laver of the sediment was discarded and the inner pant was stored
i alumsimem foal fravs |'|:'|..:-|"u;:tl.|;|.|. 1o 300 I.H.\.:1:I'|:IEI'|1 and freexe stored until ill]u]}'hlﬁ The
samples where then freeze dried, a 20 fraction of the homogenized sample was added 1o a
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pre=exiracted cartridge and extracted in with dichloromethane in an Automated Soxhle
Systern (SOXTEC) for 4 h using the configurations provided by the equipment
manufacturer. The extract was concentraled in a rolary evaporator untl approsimately 1
ml.. passed through an activated copper column, concentrated o 1 mL and fractioned by
preparatory hquid chromatography m a silica column to obtam the aromatic fractions
following the Jaffé er af, "', method

The fractions obtained were analyzed using a gas chromatograph Agilent (model
GRIU) with mass detector (model $390), splitless injector and a capillary column (30 m X
25 mm X 25 pm) and stationary phase tvpe 3% phenvidimetilpohsiloxane.  Injecior
temperature; 290 °C; detector temperature: 300 °C; column starting temperature 40 °C,
isotherm for 1 min, heating rate of 6 °C fmin wntil a final temperature of 290 “C and
wotherm of 20 mun. The conditions applied were according to the Environmental
Protection Agency (EPA), using the technique of selective ion momitoring and electron
mmpact ot 70 eV for jomzation, based on the methodology EPA 8270C. The results
obtained for the 16 prionty PAH were qualitative and are shown in terms of presence or
absence of the detected compounds.

2.6 Descriptive and statistical treatment

Principal Components Analysis (PCA) was employed as an exploratory tool to distinguish
sampling sites based on the variations observed in the metals and carbon and nitrogen
1sotopie ratios analvses. The resulis obtamed in the first sampling campaign (points 1 1o 7)
were arfanged in corfelation matnices in wo sleps in each sampling campaign data. First,
the PCA was employved with metals concentrations and with isotope ratios separately, and
after, data from metals concentrations and 1sotope ratios was assembled in a single matnix
and the PCA was performed. The same method was used with the resulls metal
concentrations obtained [rom WD-XRF analyses im samples collected in the sceond
samphing campaign. The elements Al, 51, K, Fe, Mg, Na, I, Ca, Zr, Bb and Sr were not
used in the PCA analysis because it was assumed that some of these elements were mostly
associated with the sediments matnix or they were not detected in any of the sampling sites,
The statistical analyses were performed using the PAST package, version 3.0 (Hammer '3
amd the graphical ontputs obtamed were edited in the vector drawing program Inkscape ©,
version 0L.48

3 RESULTS AND DISCUSSION

The results ohtained in the twoe sampling campaigns will be presented separately and a
discussion of both approaches as well as a brief review of sirategies revealed by other
authors that could be apphied to additional discussion of the criminal environmental
forensic methodologies 1o be developed.

3.1 Metal Concentration (FS-AAS)

The results obamed i the analvsis of Cr, Cu, Pband Zn by FS-AAS m sediment samples
arce shown in Table 1. Point 4, in accordance to historical data from pollution monitoning of
the stream, presented in Barbien e al 1% chowed the highest concentrations for all metals
and very high concentrations of Cr. The metals analvzed did not exhibit inerease trend in
their concentrations along the watercourse, Relatively high Cr and Zn concentralions were
also determined in Point 2. Metal concentrations were relatively higher in the sampling site
located downstream the points of leachate discharge from the landfall (Poant 4), comparing
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Table 1 Metal concentration ebtained by AAS analvsis ard isofope rafios af C and N in the
sediment samples colfected in Poings 1o 7.

Cr Cu . Ik .ifL.I‘I LN e
pgg’ [FF é’-‘F PB B ) (%)

Sampling
Baint

1 30.40 1279 556 1942 06 3115

; 43761 1010 101 4300 Lo L
X 8585 1468 750 3274 .. 4.
i 953.89 17.87 2168 5087 oo Lo
3 6135 1079 726 2648 .0 o4gs
F 2246 929 U023 WBY L 5eus
; 1215 W3 839 3508 oo i

to the other samplings sites, so that the PCA analysis allowed to distinguish this Point from
the others (Fig. 3). Simece there 15 alzo other possible sources of these metals upstream this
point, the results per se could not point to a contamination specific from the suspect
sOUrce,
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Figure 3 Seawver plor obtained from Principal Component Amaleses of Cr Cu., Phoanrd Zi,
i e sempliong points § o 7, showing the contribution of variables for coch component,
PO explains 73% of the variawee i the data ad PC2 explains 7%,
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3.2 Concentration and isotopic ratios of carbon and nitrogen
A presented in Barbieri er af ', the results of the analyses of organie carbon isotope ratio
(5'°C %0} show a gradient of depletion in the heavier isotope from the source to the mouth
of the watercourse by ohserving a vanation of -22.2 % to -27.9 % from Pomt | 1o 7. Ths
trend s not maintained in Point 4, which displays a greater enrichment in the heavier
1solope in relation to previeus and subsequent points in terms of spatial distribution. This
carichment in the heavier 1solope noted im Point 4, could be explained by the inpuis of a
source enriched i 8°C in that region, such as landfill leachate which 8C values can vary
from -9.44% 1o 10.6%, like demonstrated by Mostapa ef of ' In the seatter plot oblained
from the PCA analvsis of these resulls (Fig 43, Pont 4 15 also distimguished from the
others. Pomnt 1, wsed as reference site regarding industrinl and domestic  sewage
contamination in the stream showed the values most enriched in "N and the least enriched
in "C. Thiz could explain why it loaded positively in PC1,

The 3N values of sediment samples showed a general trend similar to that observed
with carbon 1sotopes, that 15 fo say, depletton mn the heavier isotope from upstream 1o
downstream. This trend, similar to carbon, was discontinued in point 4, which showed a
relatively higher enrichment in the heavier isotope. Distinet and identifiable signatures of
&' "N were determined for fertilizers and sewage, allowing milrogen 1solopic ratios o be
successfully wsed in discnimination between these sources of contamnation of aquifers,
estuaries and oceanie environments (Andrews el af " Aravena et af ", Rogers
Wassenaar I'}. Sewage denved organie matler presents &N values in the range of 3 %o
{Morth ef af "}, which 15 compatible with those found in Points 2, 3, 5 6 and 7 (Table 1)

In the mineralization of orgamc matter that takes place in landfills organic nitrogen
15 eonverted o ammonia leading to a small change in the nitrogen sotope ratios
(Kendall™). The volatilization of the ammonia causes an isotopic fractionation, leaving the
remaining N highly enriched in PRLNH, (North ef af ). which could explain the values
found for the Poant 4. The hugh ennichment i the YRNH, of land (11 leachate could cause
the relative increase in the heavy sotope observed m Point 4, which lies in the area of
mfluence of the landfill suspect of leachate discharge.
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Figure 4 Scatter plor obtained frone Privcipal Component Analvsis of &0 %o andd 67N
in e sempling points { o 7, showing the contribution of variables for each component,
PO explains 89% of the varianee in the data avd PO 2 explains 1%,
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3.3 Metal Concentration (WD-XRF)

The results obtaaned from WD-XRF analysis on sediments samples are shown in Table 2.
In the displayed results, Points & and € show values above the detection lhimits for the
metals Cr, Mn, Zn, Ni and Cu; Points B and F lor Cr, Mn and Zn; Poni E for Zn. N1 and
Cu, Pomt G, that is located n the Boa Vista stream, for Cr, Ni and Cu. Pomnt H, also
situated in Hoa Vista stream, did not show any metal concentration above the detection
limit of the method. Pomnt 1, which was used as a reference because it was situated
upstream from industrial and domestic scwage discharges in the stream, presented the
highest concentration of Mn. This could be due to the extensive cattle breeding around the
sampling site, as livestock nutritional supplements usually contain Manganese (Madaska'")
Pomt 12, although positioned in the segmemt of the stream hkely (o be afTected by leachate
discharges, only exhibited Mn concentrations above the detection limit of the method.

This analytical methed was chosen because of the lower effort in sample
preparation, comparng to AAS or [ICP-MS, and to assess its usefulness in terms of fitness-
for purpose as discussed i Ramsey i this kind of situation. The low sensitivity of this
method 15 not expected o be a problem in the greatest pant of criminal environmental
pollution investigations once most minimum regulatory values for metal contamination in
sonls, the exception 15 N1 Brazilan regulation, are above the detection hmit of the
method. One limitation of the method used is that it did not melude the metals Pb and Cd
that have high capacity for :l.ocl.unu]alm:: in the environment, disturbung the biosphere
equilibrium (Mewinan and Clemenits . thus are elements of concern in pollition erimne
situations. The results of this analysis in the sediment samples were used to obtain the PCA
scatter plot presented in Fig. 5. In thas graph, Point C loaded positively on PC1 and PC2,
sinee it was the one that presented higher concentrations for most elements while Pomnts 1
and 7 loaded negatively in this axis. [n both sites only Mn was detected. Points D), E and F,
located 1n the arca of fluence of the landfill discharges showed different behaviors
regarding metal contamination, as well as Point G and H, that were located in another
watercourse that was also topographically related to the landfill. In the sample collected o
Pomt 1) only mangancse was determned above the detection limt and, in the sample
collected at Point H, none of the heavier metals detected was identified. Points A and C,
located upstream the landhGll, but m industnal ellluents pollueted area, showed high
concentrations of Cr, M, Zn, Ni, Cu. Among the ponts located i the area in the area of
influence of the landfill discharges, Pomnt F showed the higher concentrations of Cr and Zn

The PCA analysis scatter plot displaved n Fig 5 does not discriminate the sampling
points according to the inferred pollution sources based on XRF metal determination in
sediments, once Point 1 is upstream industrial effluents discharges, points A, B and C are
under indusinal effluents discharge influence, and points 13, E and F, under the landfill
effuents discharge, but downstream A, B, and C. Pointz G and H were also located nearby
cagh other ond under the same macro influences in terms of metal contamination
deposition.

3.4 Polyveyelic aromatic hydrocarbons (16-PAH)

PAH=z (Maphthalene. Phenanthrene.  Fluoranthene, Pvrene,  Chrysene, Benzo
[k]fMeoranthene, Benzo [a]pyrene, Benze |gh.ilperviene, Indeno |1.2.3-cd)pyvrene) were
detected in Points I3, E. F and H as seen in Table 3. The spatial disirbution of the sampling
sites where these compounds were detected is topographically associated wath the landfall.
In sampling sites that showed high levels of metal contamination related with industrial
elfluents, located upstream the landll, these compounds were not identified. Although
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Table 2 Metal comcerntration obimined by WD-XRF analviis wr the sediment samples
collected in Potis T and A 1o ff,

1 A [i] c D B F 0 H
(%) 2=l 3] 9] 371 Ly | 411 4l kel 4zl
Al(*)  5.520.]1 4,620, 1 5001 4. Exl 6,320,1 3,821 3.0¢] bR | 2.820,1
Ki%) 06e01 1, 72d,1 15, | [KiE%R ] 1,624,1 i 824, 1 S, b f,840.1 1.0k20,1
Fei(®) 4401 16520, 1501 2.0+000 15201 09201 1040, ) 06001 0,520,
Mg
(] Z.140.1 0.2340,08 020005 O02X:005 042:005 0172005 02005 Q10005 016005
Ste) 0282008 0302008 032:008 064:008 1,320 160,08 0294008 0042008 0082008
Ma
] =002 0,170,058 20,02 01480008 <002 <002 a2 <002 =002

Ti(*%) 0400005 0230005 0320005 0340005 0230005 0190005 00300058 00005 0108005
P %) 007000 0080,00 004008 033005 0032001 0148005 00740058 009001 006000

Caf®) 1,520 3640,08 0404008 OA47005 0572008 0284008 0884008 0194005 0068001

r g

B-1} =80 <840 L1 ] =30 L% <%0 <%0 B 1] =40
B (g

B=l} <50 <50 <5 <50 <50 <50 <5l <50 <50
51 g

g=1¥ ] <5 <5k 1] <80 ] <50 ] <3
Cr g

B-lF <50 24T P ] SaEL50 <50 <50 455450 T30 <50
iz

(g 8-

4] 13552100 15320 F&0+210 22130 20420 <40 154420 <50 <30
Zn {pg

B} <50 S30=50 4SEE50 13130 <50 3050 SE2E50 =50 =50
M g

B=1} <30 108 10 <l 194620 <30 Sdaln <&l Taeln <30
D (g

B-1} <30 Ll <50 199430 <30 33&10 =50 Tésla <30

these compounds were identified in points within the area impacted by the supposed
leachate discharge, in Point G, that was located near point H, none of the compounds were
detected. In Point I sample, which was collected close 1o Points E and F, only Perylene, a
nen-anthropogenic PAH (Ruffino er af =) was identified.

A5 Multiparameter approach

The presemted resulls of two sampling campaigns were wsed to illustrate a crimanal
environmental forensics procedure where budget and time restrans are frequently, if not
always, important issues 1o be dealt with, This implies that the forensic examiner must
make choices and seck alternatives in order 1o obtain relevant information within this
himited framework.

In the case studied, the momtonng of stream pellution was made wsing metal
concentration data which could be valuable for fingerprinting of sources (Yay ef af ™', Gu
et al ™. However, usually a high number of samples are needed lor these analyses 1o be
statistically sigmificant. The assemblage of data from additional parameters such as immpe
ratio, reporied as potential trackers of landfill leachate  (Morth er af } Morth er af =,
Mostapa e af ") and PAH analvses (Gade er al =, Sisinno e af 7). which are also used for
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Figure 5 Scatter plal obtained from Principal Component Analysis of efements (8, Cr An,
An, Ni, Cuj comcemtrations analyzed by WO-XREF in the sampling points § and A to 1,
showing the comtritwiion of variables for each component, PCT explains 4% of the
werianee i the data ard PO 2 explaing 23%,

Table 3 PAH presemce in the sediment samples collected in Poinis { and A fo 1.

Map Phe Flt  Pyr Chry Bkl Bap BghiP Ind

A . : s B B . . B B

B - s 2 s & . 3

D - . £ - PR~ . .

E - + o+ + - 5 E +
F oo+ + o+ + 4 + o+

G i i 2 F a a3 4 i i

I + + =+ + + + += + =

'+ detected and — not detected

Nap: Naphthalene, Phe: Phenanthrene, Flt Fluoranthene, Pyvr: Pyrene. Chry Chrvsene,
BEf: Benze [Klfluoranthene, Bap: Benzo [a]pyrene. Belal: Benzo [gha]perviene. Ind:
Indeno [1.2,3-cd]pyrene:
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fingerprinting and source identification, should be evaluated as a potential tool for
improving the reliability of pollution evidence and source wentification.

The forensic use of a multiparameter approach to wentify sources of contaminants
could lead to o more accurate wdentification a suspect source. In this work, a better
discnimimation of the sampling sies according to the suspect sources 15 shown n the PCA
scatter plot (Fig. 63 where metal concentrations and isotope ratio values for sediments were
dravwn together for the PCA analysis, using a correlation matrix 1o standardize the values
that are in different scales. In this graph, Point 4, related to the landfill discharges, loaded
positively i PC1 and was distinetly separated from other Pownts. Likewise, Point 1,
considered as reference site becouse it was posiioned upstream industnial and domestic
sewage releases, loaded posiively in PC2, distant from the others. Pomts 2, 3 and 5, that
were under the influence of similar multiple sources, grouped together along the PC1 axis
and Points 6 and 7, that were farther from the sources, also grouped, Even though the
graph seems to indicate a solid distinetion between points regarding the sources, this study
was merely exploratory and additional analyses, with larger datasets, are needed 1o validate
this approach as a forensic methodology.

The additional analyses performed in the sediments of the same stream and in
another stream that was also topographically related to the landfill in the second sampling
campaign, which included PAH and metals determinations, displaved fweoer data.
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FiFI.lm 6 Scatter plor ebfained from Principael Component Analvsis of Cr Cu., Phe Zn,
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The PCA scatter plot of the results oained in the metals analyses by WD=-XRI in the
samples collected does not diseriminate the sampling sites based on the inferred pollution
sources. This i1z probably due 1o the high detection limit of the method that excludes from
the analyses the variations in concentrations below 50 pg g, that are loaded in the dataset
as “reros”, making this determimative method not suitable for obtaimng metals levels o be
used in a PFCA analysis in this situation.

The qualitative PAH analvaiz added more information to the mvestigation because
these compounds were detected only im regions supposedly affected by the landfill
discharges, Companng the results of the PAH and metals analvses, in the sampling points
it ¢an be seen that Poant F 15 the only one that shows ligh levels of metals and all range of
PAFs that were detected in these analvses. Pout E also showed some metals and some
PAlls. Points G and 1, that were located nearby cach other and in a region apparently
affected by the same sources, instead | presented uneven results with Point G showing high
levels of some metals and no PAH detected and Poimt H showing some PAHs and no
metals,

It is noticeable that there are differences in metals concentrations and PAHs
detected even in samples collected in nearby points, such as G and H and [, E and F, for
The heterogeneity of the sediment compartment and small-scale patchiness of this media
(Chapman er al 3 us Ammy Corps of Engineers 21 ladley ef of * are the probable causes
of these apparently inconsistent results.

In criminal environmental siuations, it 15 essential to remember that the absence of
evidence 15 nol mecesserily evidence of absence. The geochemical spatal heterogeneity of
stream sediments can casily lead to a type 2 error, which, in this case, would be to reject
the pollution hypothesis, with a single or few samples analyses. This could be solved with
an cxtensive sampling plan reaching a sample size (n) capable 1o provide evidence that
there is indeed contamination on the suspect site and with fingerprinting methods that
allow the identification of the source (the author of the crime) with a reasonable accuracy.
The burden of proof 15 on the side of the State (people) in cnmunal litgation, therefore the
examiner must seek means 1o provide solid evidence, so that the law officers can condugt
the case effectively and the aciual offender be properly condemned

The development of evaluation methodologies o be applied in environmental data
that are able to mprove the significance of the lndings would md the environmental
crimes mvesthigations and verdicts,

One example of these methodologies 15 the Triad approach described by Chapman
et af * for evaluating and assessing pollution-induced degradation in sediments which 15
based on three components sediment chemistry, sediment hioassay, and in situ parameters
such as benthic community stmcture. The mformation provided by each component is
unigque and complementary and the components are combined fo provide comprehensive
information that cannot be obained by a single component analysis. Deleonte ef af M irsed
a multi-trecer  multi-isolope appmach o Jdcnllh and quantify mputs of MOy
proumdwater. Recently, Yang er al ¥ and Xue ™ used a Bayesian model that ran under the
Open source statistical software R, called stable 1s0lope .'m..'ll:csis in R (3IAR) to source
apportionment and estimation of proportional contnbutions of sources of mitrate,
respectively. These methods could be useful if explored because they could be applied 1o
Bayesian  interpretation  methods now commonly applied to evidence i courts
(Ehleringer™)
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4 CONMCLUSIONS

Iiv the presented study case, the assemblage of the metals analvses by EAA and
stable 1sotope ratie data i to perform a Pnncipal Components Analvsis, provided a better
disenmmation of sediment sampling points according to pollution sources comparng lo
the use of the same method in the separate datasets (metals and sotopes) and with the
results of metal analyses by XRF, The determination of metals by XRF and the qualitative
determination produced fuzey results requiring additional investigations,

These results were not it for PCA analysis in this case because of the non-
continuous character of the binary data generated by the qualitative PAH analyses and the
high number of undetected elements that resulted from the relative high level of detection
of the XEF analvses perlormed

The apparently nconsistent resulis of the XRF and PAH analvsis was probably
due to the high heterogeneity of the sediment and this brings a concern for environmental
crimes reports based on analyses in this compariment

The use of a multiparameter approach, meorporating quaniitative PAHs data to
the metals and isotope analvses results, should be further explored in situations as the case
presented o assess iz applicability to improve the rehallity of the enmunal evidence
This approach could be useful when there are few samples and the environmental forensics
experts need (o extract the higher amount of mformation of them. Addimionally. other
evaluation methodologies as well as methods that can reduce or nform the uncertainlies
generated by the sediments heterogeneaty ought to be developed in order to bring more
trustworthy pollution erime evidence to courts. This could aid the environmental pollution
crimes o aitam the importance they deserve mm the Crminal Law syvstem and not be
regarded as lesser crimes.
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