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A B S T R A C T

The forensic interpretation of environmental analytical data is usually challenging due to the high
geospatial variability of these data. The measurements’ uncertainty includes contributions from the
sampling and from the sample handling and preparation processes. These contributions are often
disregarded in analytical techniques results’ quality assurance. A pollution crime investigation case was
used to carry out a methodology able to address these uncertainties in two different environmental
compartments, freshwater sediments and landfill leachate. The methodology used to estimate the
uncertainty was the duplicate method (that replicates predefined steps of the measurement procedure in
order to assess its precision) and the parameters used to investigate the pollution were metals (Cr, Cu, Ni,
and Zn) in the leachate, the suspect source, and in the sediment, the possible sink. The metal analysis
results were compared to statutory limits and it was demonstrated that Cr and Ni concentrations in
sediment samples exceeded the threshold levels at all sites downstream the pollution sources,
considering the expanded uncertainty U of the measurements and a probability of contamination
>0.975, at most sites. Cu and Zn concentrations were above the statutory limits at two sites, but the
classification was inconclusive considering the uncertainties of the measurements. Metal analyses in
leachate revealed that Cr concentrations were above the statutory limits with a probability of
contamination >0.975 in all leachate ponds while the Cu, Ni and Zn probability of contamination was
below 0.025. The results demonstrated that the estimation of the sampling uncertainty, which was the
dominant component of the combined uncertainty, is required for a comprehensive interpretation of the
environmental analyses results, particularly in forensic cases.
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1. Introduction

The interpretation of environmental analytical data is often a
hard task since these data usually demonstrate great variability.
This variability implies that a thorough assessment of the
contamination with high statistical significance is difficult to
achieve in most environmental investigations [1]. For this reason,
metrology tools were adopted in this environmental forensics case
study to estimate the uncertainties, including those inherent to the
sampling process, and its impact in the interpretation of the data
obtained from environmental samples analysis. Recently, espe-
cially around the turn of the past century, there has been an
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increasing concern with the quality of analytical techniques
results. The publication of the “Guide to the Expression of
Uncertainty in Measurement” by the International Standards
Organization (ISO) [2] updated in JCGM 100 (2008) Evaluation
of measurement data — Guide to the Expression of Uncertainty in
Measurement (GUM 2008) by the Joint Committee for Guides in
Metrology (Sèvres Cedex), and the following “Guidelines for
Evaluating and Expressing the Uncertainty of NIST Measurement
Results” [3] demonstrate this concern.

Although the International Standard ISO/IEC 17025, first issued
in 1999, reports that the uncertainty of sampling is a factor to be
considered as a contributor to the total uncertainty of measure-
ment [4], the focus of the quality control procedures was more
directed towards the analytical methodologies, and the uncer-
tainties associated with sampling and sample preparation were
still not fully taken into consideration [5]. This is particularly
troublesome when dealing with environmental samples where
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systematic and standardized procedures are more difficult to be
carried on and, for this, require more research efforts. Before that,
there were some articles on the subject of sampling uncertainty,
mostly in the field of applied geochemistry (e.g. [6–10] until 2007,
when two major publications were released, the NORDTEST
Handbook “Uncertainty from sampling — A Nordtest handbook for
sampling planners on sampling quality assurance and uncertainty
estimation” [11] and the guidance upon which this is based, the
EURACHEM/CITAC Guide “Measurement uncertainty arising from
sampling: a guide to methods and approaches” [12]. After that, there
were few publications addressing the topic of uncertainty of
sampling in environmental investigations (e.g. [1,13–18]).

The forensic science community also experienced a paradigm
shift with the Supreme Court decision admitting the uncertainty in
scientific testimony in Daubert v. Merrell Dow Pharmaceuticals, Inc.,
509 US 579, 589 (1US 579, 589 (1993). Pyrek [19] further explored
the ‘post-Daubert’ challenges to forensic science. Later, in 2009, the
National Research Council of the National Academies released the
report Strengthening Forensic Science in the United States: A Path
Forward pushing farther the boundaries of uncertainties acknowl-
edgement in experts’ testimony [56]. This report triggered changes
in the forensic science scenario in the United States and around the
world with the development and validation of new and more
accurate methods to help criminal investigations including
quantifiable measures of uncertainty in the conclusions of forensic
analyses [20].

The main purpose of most measurements is to support
decisions based on them [11]. For this, the awareness of the
‘range of certainty’ where the true value of the analyte lie is
essential for environmental investigations. To obtain this ‘range of
certainty’ or ‘reliance interval’ as proposed by Thompson [21], the
assessment of the uncertainty of the measurement, including the
sampling uncertainty is required, particularly in pollution inves-
tigations where sampling is the first step of the measurement
process that will determine the concentrations of pollutants in the
affected media. Environmental systems studies have shown that
effects between samplers and between protocols are sometimes
much smaller than are those derived from the spatial heterogene-
ity [10]. Ramsey and Ellison [12] propose that quantitative
evidence of the quality of sampling can be obtained with the
duplicate methods and this is more reliable than the assumption
that the samples are representative if they are collected following a
conventional protocol.

Solid waste landfills generate leachate, a significant source of
contamination of groundwater and surface water [22,23]. The
composition of the leachate is highly variable among different
landfill sites [24]. In general, landfill leachate is enriched in metals
[25,26] and this particular hazardous waste landfill metal contami-
nation in groundwater and soils has been the subject of previous
studies [23,27]. Sediments are particularly useful in identifying and
monitoring pollution sources since they can accumulate and
integrate contaminants present in the water column even at low
concentrations [28,29]. Several studies have recorded high levels of
metals in fluvial sediments caused by industrial sources [30–33]. In
addition, unlike organic compounds, for example, metals are not
subject to degradation, so their associations/correlations can be used
to obtainthe signature or ‘fingerprint’ of the contamination andtrack
it to its probable origin [34].

The definition of acceptable levels of uncertainty is a balance
between the need of quality assurance and how much one is
willing to pay for it, as the reduction of these levels implies,
necessarily, increased operational costs. Skøien and Blöschl [35]
point that the number of samples often rely on the budget available
rather than on scientific analyses of what would be needed to
sample the variable of interest accurately. This highlights the
importance of studying methods to estimate the sampling
uncertainties to achieve the best cost-benefit relationship possible.
Several studies [36–38] report spatial variation of sediments’
geochemical features, as is intuitively expected, so the question is
how to deal with this spatial variability in the context of the
limitations on the number of samples to be taken to assess the
mean value of the studied parameters. Since the uncertainty of
measurements of many systems is dominated by the intrinsic
heterogeneity of sampling target [12,39], the use of simple
duplicate methods can provide a reliable estimate of uncertainty
both in the small and large scale.

Therefore, the objectives of this work were: (a) to determine the
levels of metals in freshwater sediments of a stream impacted by
landfill leachate discharge and in the leachate itself; (b) to compare
the concentrations of metals in sediments and leachate with
statutory limits to verify if the suspected pollution was above those
values; (c) to assess the uncertainty generated by sampling and
analytical procedures of these measurements and its impact on the
interpretation of the results, within the environmental forensics
framework.

2. Material and methods

2.1. Study area

This study area is located in the Sinos River Watershed (South
Brazil) that is densely populated and industrialized with an
important presence of the leather and shoemaking industries, in
the southern part of Brazil. The studied watercourse, Portão stream,
is severely impacted by industrial effluents and sewage. In addition
tothe tanneries’ effluents, leachate from the hazardous waste landfill
was allegedly discharged directly in the Portão stream.

The study area comprised a stretch of Portão stream where the
sediment was sampled, and also the hazardous waste landfill
where the leachate was taken from leachate ponds (Fig. 1). This
landfill started its operation in the early 1990s, receiving hazardous
industrial waste, predominantly chromium-tanned leather resi-
dues, from tanneries and shoe-making factories, and the volume of
residues disposed on this site was estimated in 2,000,000 m3.

2.2. Sampling

The sampling points were georeferenced in geographic
coordinates system and geodetic datum SIRGAS 2000 using a
Garmin brand, Etrex Vista HCX model handheld navigation GPS
receiver. The spatial data was processed for the elaboration of the
map in Fig. 1 using the GIS software QGIS, version 2.12 — Lyon [40].

Sediments were sampled at eight locations, identified as S1
through S8, for at least eight targets are needed to get a reliable
estimate of uncertainty from sampling [11,41]. Although the higher
the number of replicates the better the estimated standard
deviation will be, budget limitations are often a restraint in
environmental forensic investigations, making this minimum
sample design a practical strategy. The sampling points were
located around the headwaters of the stream (S1), used as a
reference for background values, upstream from the leachate
discharge sites (S2), near the discharge sites (S3 through S7) and
about 50 m downstream the discharges (S8). At each sampling
point, two 20–30 cm depth cores of sediment were taken, using a
different tubular device made of PVC with a 40 mm diameter inner
tube. Each sediment core was considered a sampling target
duplicate and they were spaced 10–30 cm one from each other for
this was the minimum practicable distance between the sampling
spots. The 16 sediment samples obtained were pre-homogenized
and stored in plastic containers.

A total of 16 leachate grab samples were taken from eight
leachate ponds (L1 through L8) at the landfill leachate treatment



Fig. 1. Study area showing sediment and leachate sampling points locations.
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system facilities. At each pond, a stainless steel water sampler was
submerged and its content, approximately 1 L, was transferred to a
plastic bottle. This procedure was performed twice in each pond to
obtain the sampling duplicates.

All samples (sediment and leachate) were refrigerated during
transportation to the laboratory and stored frozen in previously
acid washed containers as described in CETESB [42] until analysis.

2.3. Sample preparation and analysis

Sediment samples were freeze-dried and passed through a
2 mm nylon sieve to homogenize and remove debris and larger
stones and after that, through a 63 mm nylon sieve. Metal analysis
was carried on the <63 mm fraction as a homogenizing and
normalization procedure to allow comparison among sampling
sites since there is a preferential association of pollutants with fine
grain sized particles [43,28]. The samples were digested using a
Microwave Accelerated Reaction System, Model Mars 6 (CEM
Corporation). The acid extraction solution was a mixture contain-
ing 9 mL of HNO3 and 3 mL of HCl sub-boiling, according to
recommendations of 3051A USEPA method. This mixture was
added to microwave tubes Xpress containing 0.5–1.0 g of sediment
sample or the certified reference material. The digestion was
performed according to the following parameters: power of 850–
1800 W, ramp time of 5 min 3 s up to 175 �C and hold time of 4 min
30 s. After cooling, the contents of the tube were transferred to a
50 ml centrifuge vial and completed up to 40 g with high purity
water (Milli-Q) with a resistivity of 18 MV cm�1 at 25 �C. Metal
analysis was performed after decanting the residues of the vial. The
validation of this method was performed by analyzing certified
reference material (SRM 2704 Buffalo River Sediment) three times.
The analysis steps were replicated for each sample.

The leachate samples were acid extracted according to EPA
3015a method adapted [44] adding 3 mL of HNO3 sub-boiling and
1 mL of HCl sub-boiling to a subsample of 20 g previously
homogenized by vigorous shaking and weighed into Xpress
microwave tubes. The samples were digested using a Microwave
Accelerated Reaction System, Model Mars 6 (CEM Corporation).
The digestion was performed according to the following param-
eters: power of 1030–1800 W, ramp time of 20 min up to 120 �C and
hold time of 5 min. After cooling, the contents of the tube were
transferred to a 50 mL centrifuge vial and completed up to 30 g
with high purity water (Milli-Q) with a resistivity of 18 MV cm-1 at
25 �C.

Metal analysis (Cr, Cu, Ni, Zn) was performed after decanting
the residues of the vial.

Metal concentrations in leachate and sediment extracts were
measured using Flame Atomic Absorption Spectrometer (FS-FAAS,
Varian, model Spectr-AAS-220-FS). All glassware was cleaned in
10% HNO3 (w/v) prior to each experiment. Chemicals used for
digestion and extraction experiments were analytical reagent
grades. The validation of this method was performed by analyzing
the spiked matrix in three replications. The analysis steps were
duplicated for each sample.

2.4. Uncertainty estimation

The empirical approach described by GrØn et al. [11] was
employed to assess the uncertainties of the measurements. In this
study, relative range statistics with duplicate measurements in a



Fig. 2. Scheme of the two level balanced design applied to leachate and sediment
samples.
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balanced design with eight different targets (sampling sites S1 to
S8 for sediments and L1 to L8 for leachate) were applied. This
method of calculation using range statistics was chosen for it is
easily implemented using spreadsheet applications and the results
obtained provides statistical estimates only slightly different from
those obtained with ANOVA and RANOVA methods [12]. The metal
analyses in sediment and leachate were implemented with double
split design (duplicate method), replicating the sampling target
and the analytical procedures (Fig. 2).

The Relative Standard Deviation (RSD) of the measurement
represents the uncertainty of the whole measurement, which
includes the process of sampling and analysis of each variable/
parameter. The measurement RSD corresponds to the combined
standard uncertainty u for the purposes of this study and,
according to GrØn et al. [11], the confidence interval to report a
sampling uncertainty based directly on one standard deviation
(X = x � u) corresponds to �67%. The authors indicate that the
expanded uncertainty, U (U = 2 u), would increase the confidence
interval to �95%, as expected in a normal distribution when two
Fig. 3. Range statistics calculations in double split design investigation for sampling targe
site (target) and each sample was divided into two subsamples (1 and 2) for analysis. The c
three sampling targets. Adapted from GrØn et al. [11].
standard deviations (s) are considered. Fig. 3 shows the equations
used to calculate the Relative Standard Deviations of the
measurement, and its components, which are the sampling and
analysis RSDs. The relative standard deviation, RSD, for measure-
ment is calculated using a statistical factor of 1.128 because
duplicates are being analyzed [11,45].

3. Results and discussion

3.1. Sediment analysis

The results of the Buffalo River Sediment analysis can be viewed
in Supplementary material 1, as well as the Detection Limits for
each metal. Zn displayed the highest recovery rate (94%) and Cr the
lowest (55%). The relatively low recovery values for Cr are possibly
because the USEPA 3051a Method is not intended to accomplish
total decomposition of the sample and the Buffalo River Sediment
is certified for total extraction of metals. Furthermore, this study’s
recoveries were in accordance with the ones reported in USEPA
3051a and the results of other authors [46–48]. The determinations
of the studied metals in the Buffalo River Sediment were suitable
for the validation of the methodology, but not for the analytical
bias estimation. This is because the chromium predominantly
present in the matrix analyzed in this work may be in a different
form of that in the SRM, so the bias would not be applicable.

The results of Cr, Cu, Ni, and Zn determinations in sediment
samples are shown in Fig. 4. The results presented for each
sampling target duplicate (sample A and B) are the mean values of
the analysis duplicates (A1, A2 and B1, B2). Thus, sample xA is, in fact,
the mean value of subsamples’ xA1 and xA2 determinations. The
complete dataset of the metals’ determinations in sediment can be
found in Supplementary material 2. Data reveals an important
metal enrichment in the stream sediments (sites S2 to S8) in
comparison to the site near the headwaters (S1).

Metal concentrations in sediments were compared to statutory
limits established by CONAMA Resolution n� 454/2012 [49] which
are based on the levels defined by Canadian Sediment Quality
Guidelines for the Protection of Aquatic Life [50] and known as TEL
(Threshold Effect Level) and PEL (Probable Effect Level) levels. Cr,
Cu, Ni, and Zn were found in concentrations above these limits in
most sampling sites downstream of S1. As shown in Fig. 4, Cr and Ni
values were above the PEL at all impacted sites as well as Cu in sites
S5 (Sample A) and S8 and Zn in sites S5, S7 (sample B) and S8. The
other sites exhibited Cu and Zn concentrations predominantly
between TEL and PEL.
ts (i). To obtain the replicates, two samples (A and B) were collected at each sampling
alculation of the RSD for measurement, analysis, and sampling is demonstrated with



Fig. 4. Cr, Cu, Ni and Zn concentrations in sediment samples (sites S1–S8) in double split design showing the mean values of the analysis split for each sampling replicate
identified as A and B compared to sediment legislation based on Canadian Sediment Quality Guidelines (TEL and PEL).
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3.2. Leachate analysis

The recoveries of spiked samples and Detection Limits for metal
analysis in leachate can be found in Supplementary material 1 and
complete dataset of the metals’ determinations in leachate is
displayed in Supplementary material 3. The results presented for
each sampling target duplicate (sample A and B) are the mean
valuneveres of the analysis duplicates as the sediments were. The
metals’ concentrations exhibited variations among the leachate
ponds, revealing the compositional differences between them
(Fig. 5). These differences were probably a consequence of the
distinct types of waste contained in the various cells of the landfill
in which the leachate directed to these ponds was produced. The
most abundant metal, detected in all samples, was chromium, and
its levels ranged from 2.91 mg/L in sample 1A to 31.6 mg/L in
sample 2B, with an average of 16.08 mg/L and a standard deviation
of 10.58 mg/L. This high Cr content was expected since the landfill
cells are predominantly filled with chromium-tanned leather
residues that contains roughly 3% chrome on a dry matter basis
[51].

The leachate was considered wastewater from the studied
Hazardous Waste Landfill since it was released in the watercourse,
therefore the statutory limits for metal concentrations in it are
given by CONAMA Resolution n� 430/2011 [52]. The concentration
limit for Cr on this Resolution is 0.5 mg/L, so this makes the
maximum value found in one sample from pond L2 more than 60
times higher than the regulation allowance. This highlights the
pollution potential of the landfill leachate. Cu was identified in
ponds L2, L5, L7, L8 and L6 and, in the latter, only in one of the
analysis duplicates and at levels near the detection limit of the
method. The Cu maximum concentration was 0.33 mg/L, which is
below the statutory limits for this metal, set at 1 mg/L. Ni was
detected in all samples in levels from 0.11 mg/L (L1) to 0.87 g/L in
L2, with a mean value of 0.44 mg/L. Zn was detected in L2, L5, L7,
and L8 and in one sample from pond L6 with concentrations
ranging from 0.12 mg/L in sample L4 to 1.61 mg/L in L8. The latter
metals (Ni and Zn) showed concentrations below the statutory
limits for effluents (2 mg/L for Ni and 5 mg/L for Zn).

3.3. Uncertainty estimation

The double split design performed with the metal analysis in
leachate and sediment allowed the discrimination of the
components of the uncertainty from the measurement. In this
case, these components were the analytical process and the
sampling. The calculations of the RSD representing the uncertainty
for each determination were performed according to the equations
presented in Fig. 3 and the results are shown in Table 1.

The total expanded uncertainty U (k = 2) of the measurement for
metals in sediments ranged from 56% for Ni to 63% for Cr. The
highest value of the analytical component of the uncertainty was
registered for Cu (4.5%) and the smallest for Zn (3.2%) in the same
environmental compartment. The sampling component of uncer-
tainty was higher for Cr (63%) and lower for Ni (56%). The total
expanded uncertainty U (k = 2) of the measurement, obtained with
the results of metal determinations in leachate samples, ranged
from 17% for Cr to 41% for Zn. The highest value of the analytical
component of the uncertainty in leachate was registered for Cu



Fig. 5. Cr, Cu, Ni and Zn concentrations in leachate samples (ponds L1–L8) in double split design showing the mean values of the analysis split for each sampling replicate
identified as A and B compared to wastewater legislation limit.
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(26%) and the lowest for Cr (7.8%). The highest uncertainty from
sampling in leachate was found for Zn determinations (38%) and
the lowest for Cr (16%). The uncertainty of measurement was
overall lower in the matrix leachate, which could be considered a
type of wastewater. This is expected since the leachate, as an
aqueous matrix, exhibits greater uniformity in the distribution of
its components compared to particulate substances as the
sediments [57].

Leachate analyses showed a relatively larger interval of
uncertainty among the parameters determined, ranging from
17% for Cr to 41% for Zn. In general, the uncertainties of the
analytical process were relatively higher in the analysis of leachate
in comparison to the sediments.

The duplicate method is applied to estimate the uncertainties
(standard/random error) introduced by the sampling (sampling
precision). The dominant factor for this error is the spatial
Table 1
Expanded measurement uncertainty U (k = 2, i.e. 95% confidence) estimates for the
double split design performed with the results of metals (Cr, Cu, Ni, and Zn) in
sediment and leachate samples from eight sampling points (targets).

Sediment Leachate

Analysis Sampling Total Analysis Sampling Total
(%) (%) (%) (%) (%) (%)

Cr 4.1 63 63 7.8 16 17
Cu 4.5 59 59 26 34 39
Ni 3.6 56 56 17 18 22
Zn 3.2 61 61 23 38 41
heterogeneity [10]. The heterogeneity of particulate samples was
studied by Gy, who divided it into two classes: heterogeneity of
constitution and heterogeneity of the distribution [53–55]. The
heterogeneity of the constitution refers to the fact that natural
materials are heterogeneous because they consist of aggregates of
different types of particles (e.g. molecules, ions, grains). On the
other hand, the heterogeneity of distribution occurs because
particles of the analyte are not evenly distributed in the sample
target, but rather forming clusters. This is particularly important in
the case of solids, powders or other particulate materials like the
sediments studied. Unlike those, fluids, as either gases or liquids,
tend to display a more homogeneous distribution of components.

Addressing of uncertainty of measurements is critical for proper
decision making in any field of activity in which they are used [12].
In environmental forensics, these are of particular significance,
since in many circumstances these measures may define a
situation as an environmental crime or another legislation breach,
with its implications of associated penalties. In this study, the
uncertainty of the measurement lied around 30% in sediment,
leading to an expanded uncertainty (k = 2) to achieve 95%
confidence of around 60%. This implies that information about
the uncertainty from the measurement is essential for the
interpretation of the analyses’ results. Taking as an example the
results of Cu determination at samples from site S5 of 230 mg/kg in
replicate 5A and 177 mg/kg in 5B (Table 2), knowing the legislation
guidelines for this metal in sediment (197 mg/kg) and the
calculated expanded uncertainty of Cu measurements in sediment
of 59%, the range of certainty in the results of sample 5A, with a
confidence interval of 95%, would lie from 94 mg/kg to 367 mg/kg



Table 2
Cr, Cu, Ni, and Zn concentrations in sediment and leachate reporting the expanded measurement uncertainty U (95% confidence).

Sediment Leachate

Cr (mg/kg) Cu (mg/kg) Ni (mg/kg) Zn (mg/kg) Cr (mg/L) Cu (mg/L) Ni (mg/L) Zn (mg/L)

1A 30.2 � 19.1 19.5 � 11.6 4.6 � 2.6 31.1 � 19.1 2.95 � 0.5 <0.05 0.11 � 0.0 <0.04
1B 38.5 � 24.3 30.4 � 18.0 8.5 � 4.8 48.2 � 297 4.36 � 0.7 <0.05 0.15 � 0.0 <0.04
2A 529.3 � 334.5 137.4 � 81.5 143.3 � 80.7 173.3 � 106.6 29.9 � 5.0 0.14 � 0.1 0.85 � 0.2 0.7 � 0.3
2B 256.5 � 162.1 79.4 � 47.1 118.5 � 66.7 112.6 � 69.3 30.8 � 5.1 0.16 � 0.1 0.86 � 0.2 0.7 � 0.3
3A 324.1 � 204.8 83.6 � 49.6 183.9 � 103.5 161.7 � 99.4 3.25 � 0.5 <0.05 0.17 � 0.0 <0.04
3B 364.2 � 230.1 79.2 � 47.0 153.4 � 86.3 139.3 � 85.7 3.49 � 0.6 <0.05 0.20 � 00 <0.04
4A 449.8 � 284.3 75.8 � 44.9 185.2 � 104.3 156.6 � 96.3 29.1 � 4.9 <0.05 0.65 � 0.1 0.1 � 0.0
4B 594.9 � 376.0 65.3 � 38.7 152.2 � 85.7 137.0 � 84.2 26.9 � 4.5 <0.05 0.63 � 0.1 0.1 � 0.0
5A 515.0 � 325.5 230.7 � 136.8 221.9 � 124.9 327.5 � 201.4 16.1 � 2.7 0.18 � 0.1 0.50 � 0.1 0.2 � � 0.1
5B 377.8 � 238.8 177.3 � 105.2 218.5 � 123.0 324.7 � 199.7 14.6 � 2.4 0.11 � 0.0 0.48 � 0.1 0.2 � 0.1
6A 202.4 � 127.9 124.0 � 73.5 146.4 � 82.4 170.9 � 105.1 5.87 � 1.0 <0.05 0.43 � 0.1 <0.04
6B 174.5 � 110.3 70.6 � 41.8 77.6 � 43.7 83.0 � 51.1 5.74 � 1.0 <0.05 0.56 � 0.1 0.2 � 0.1
7A 264.2 � 167.0 89.9 � 53.3 152.9 � 86.1 175.4 � 107.9 16.7 � 2.8 0.12 � 0.0 0.60 � 0.1 0.3 � 0.1
7B 743.1 � 469.7 172.7 � 102.4 338.4 � 190.5 467.5 � 287.5 16.8 � 2.8 0.10 � 0.0 0.59 � 0.1 0.3 � 0.1
8A 391.0 � 247.1 259.2 � 153.7 273.6 � 154.1 393.2 � 241.8 24.5 � 4.1 0.28 � 0.1 0.13 � 0.0 1.4 � 0.6
8B 441.5 � 279.0 270.4 � 160.4 298.8 � 168.2 383.0 � 235.5 26.3 � 4.4 0.28 � 0.1 0.14 � 0.0 1.5 � 0.6
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and in sample 5 B from 72 mg/kg to 282 mg/kg. As absolute values,
sample 5A would classify the sediment above the legislation
threshold and sample 5B, which was collected at the ‘same’
sampling site, would be considered below it. Nevertheless,
acknowledging this reliance interval, it is evident that each single
result alone would not be able to classify the sediment according to
the statutory limits and this expresses the importance of this
approach to the interpretation of environmental analysis results in
the forensic context. Therefore, if this were the only evidence of an
alleged pollution crime it would be difficult to sustain a judgment
of conviction or acquittal of the author. On the other hand, if a
measure with a degree of uncertainty so high was used as an
absolute value and integrated a piece of evidence like an expert
report, this could lead a Justice to a decision based on speculative
premises. This corroborates the importance of incorporating this
uncertainty from sampling assessment in environmental studies to
inform the extent of the focused parameter variability in the
domain of the studied environment.

To deal with the uncertainty, Ramsey and Argyraki [10]
proposed the probabilistic classification for contaminated land.
Summarizing, this classification defines four probabilistic catego-
ries, which are: uncontaminated (when the measured value plus
the uncertainty is below a certain threshold), possibly contaminated
(when the measured value is below the threshold, but the
Table 3
Probabilistic classification [10] applied to sediment and leachate determinations regar

Sediment 

Cr Cu Ni Zn 

1A Uncont. Uncont. Uncont. Unc
1B Uncont. Uncont. Uncont. Unc
2A Cont. Poss. Cont. Cont. Unc
2B Cont. Uncont. Cont. Unc
3A Cont. Uncont. Cont. Unc
3B Cont. Uncont. Cont. Unc
4A Cont. Uncont. Cont. Unc
4B Cont. Uncont. Cont. Unc
5A Cont. Prob. Cont. Cont. Pro
5B Cont. Poss. Cont. Cont. Pro
6A Prob. Cont. Poss. Cont. Cont. Unc
6B Prob. Cont. Uncont. Prob. Cont. Unc
7A Cont. Uncont. Cont. Unc
7B Cont. Poss. Cont. Cont. Pro
8A Cont. Prob. Cont. Cont. Pro
8B Cont. Prob. Cont. Cont. Pro

Uncont.: Uncontaminated (P(C) < 0.025), Poss. Cont.: Possibly Contaminated (P(C) = 0
Contaminated (P(C) > 0.975).
measured value plus the uncertainty is over this threshold),
probably contaminated (when the measured value is above the
threshold, but the measured value minus the uncertainty is below
this threshold) and contaminated (when the measured value minus
the uncertainty is over this threshold). The probability of
contamination (P(C)) assigned to these categories using the
expanded uncertainty is then <0.025 for uncontaminated, 0.025–
0.500 for possibly contaminated, 0.500–0.975 for probably contami-
nated and >0.975 for contaminated. The classification of the
sediment and leachate samples regarding the respective statutory
thresholds for the metals analyzed in these environmental
compartments using the probabilistic approach is depicted in
Table 3. The classification of the targets’ duplicates according to
this method demonstrates that sampling site S5 results for Cu
determinations, that were discussed above, are indeed not
conclusive as sample 5A is Probably Contaminated (probability
of contamination from 0.500 to 0.975) and sample 5B Possibly
Contaminated (probability of contamination from 0.025 to 0.500).
Such results would clearly demand further investigations in that
sampling site, or, if not possible, caution on the decisions regarding
its Cu contamination. The values displayed visually in Fig. 4,
suggest that even though the sampling uncertainty at some
locations (e.g. locations 2 and 7) is very high, overall it is small
enough to ensure that the Cr concentration in sediments exceeds
ding the statutory limits.

Leachate

Cr Cu Ni Zn

ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
b. Cont. Cont. Uncont. Uncont. Uncont.
b. Cont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
ont. Cont. Uncont. Uncont. Uncont.
b. Cont. Cont. Uncont. Uncont. Uncont.
b. Cont. Cont. Uncont. Uncont. Uncont.
b. Cont. Cont. Uncont. Uncont. Uncont.

.025 � 0.500), Prob. Cont.: Probably Contaminated (P(C) = 0.500 � 0.975), Cont.:
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the PEL at most locations, with a probability above 0.975, thus
indicating that the sampled targets could be considered polluted
with this metal.

Regarding the sediment sampling targets, it is noted that site S8
was revealed as the most consistently contaminated by all the
metals determined. It is worth mentioning that this site was the
one downstream the landfill, consequently receiving the total
contribution of leachate emissions. The classification of leachate
was able to characterize all sampling targets as contaminated with
Cr and uncontaminated regarding Cu, Ni, and Zn.

These uncertainties estimates are specific to this study’s
parameters and matrices as well as analysis methodology and
cannot be directly applied to other cases, even similar ones.
Nevertheless, they can be regarded as a reference of the
uncertainty comprised in metal analyses in sediments and leachate
using this methodology.

The duplicate method could be further explored in environ-
mental forensics and also applied to estimate the uncertainties in
other forensic fields in order to comply with the recommendations
of the Committee on Identifying the Needs of the Forensic Sciences
Community, National Research Council [56] that require quantifi-
able measures of uncertainty in the conclusions of forensic
analyses.

4. Conclusions

The metal determination in sediment samples demonstrated
that Cr and Ni concentrations exceeded the statutory limits (PEL) at
all sites downstream from the pollutions sources (S2–S8). This can
be stated considering the expanded uncertainty U (k = 2) of the
measurements and with P(C) > 0.975 at most sites. Cu and Zn
concentrations were above the Probable Effect Level (PEL) at site S8
and S5, but the classification was inconclusive due to the
uncertainties of the measurements.

Metal analyses in leachate, considering the expandeduncertainty
U (k = 2) of the measurements, revealed that Cr concentrations were
above the statutory limits with P(C)> 0.975 in all leachateponds and
that the leachate, despite containing Cu, Ni, and Zn, could be
classified as uncontaminated by these metals with P(C) < 0.025.

The uncertainty from sampling was the most important
component of the combined uncertainty that also included the
uncertainty originating from the analysis. The sampling uncer-
tainty estimates indicate that it is a function of the environmental
matrix and on the parameters analyzed. The uncertainties of
metals’ determinations were higher in sediment samples, howev-
er, the variation of the parameters was relatively low, unlike the
leachate, where the measurement uncertainties were relatively
lower, on the other hand, greater variation was observed among
the parameters. This sampling uncertainty estimation approach
also allows inter-site comparison, and it was noticed that the
pristine site S1 showed lower variations between the replicates.
The relatively higher heterogeneity of sediments in polluted sites
emphasizes the importance of the uncertainty estimation in sites
affected by anthropogenic inputs.

The approach demonstrated the importance of metrology tools
in addressing the heterogeneity of the environmental media,
which is often ignored in most assessments. The awareness of the
uncertainties, including those derived from sampling that usually
reflects the small-scale patchiness of the contaminants’ distribu-
tion, may be crucial to the interpretation of environmental
assessments’ results in forensic investigations. This is of special
relevance since the uncertainties comprised in the environmental
analysis results can modify the interpretation of these data and
could lead to inaccurate decisions and/or understandings if not
taken into account.
The probabilistic classification is a valuable benchmark and
deserves further discussions in order to be applied to sediments
and wastewater for regulatory and liability purposes, as this study
demonstrated. This, along with the duplicate method that provides
an uncertainty estimation tailored to the projects/studies context
covering the geospatial, the matrix, the analyte and the analytical
method variabilities, are noteworthy tools in environmental
pollution investigations’ experimental design and in the con-
clusions of environmental forensic analyses.
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