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The accurate measurement of polycyclic aromatic hydrocarbons (PAH), polycyclic aromatic
sulfur heterocycles (PASH), and their alkylated homologues is essential at all levels of risk
assessment and remedial decision-making. In the field of environmental forensics, diagnostic
ratios of these compounds are used to delineate fossil fuel-based sources from one another
and to assess the degree of weathering occurring on-site. Fresh and weathered coal tar and
crude oil samples from different locations were analysed by gas chromatography/mass
spectrometry. The same files were analysed by selected ion extraction of one-ion and two-
ion signals from full-scan data and compared to a new data analysis method using spectral
information from homologous isomers. Findings showed that using too few ions produced
false positives and concentrations much higher than those found using the homologous
isomer spectral method, which adversely affected the corresponding diagnostic ratios used
by forensic scientists.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAH) and their alkylated homologues are pervasive envir-
onmental pollutants. They exist as a result of fossil fuel combustion, natural oil seeps, asphalt
and shingle runoff, petroleum recovery, storage and transport activities, and from past actions at
manufactured gas plants (MGP). PAH are among the most-studied pollutants, with their source,
transport, plant and animal uptake, toxicity, and fate in the environment all of the utmost
importance. For example, the U.S. Environmental Protection Agency (EPA) measures the
concentration of 16 ‘parent’ PAH and 18 alkylated naphthalene, fluorene, phenanthrene, pyrene,
and chrysene homologues, known as the ΣPAH34, to estimate the toxic hazard of contaminated
soils and sediments [1,2]. In addition to PAH [3,4], polycyclic aromatic sulfur heterocycles
(PASH) such as dibenzothiophene (DBT) and its C1 to C4 alkylated homologues also serve as
indicators of persistence and damage to the environment [5].

Fossil fuel pollutants weather differently in the environment; how they weather determines
their immediate and eventual impact on local ecosystems [6]. At some sites, source material
pollutants have seeped into sediment for decades, with weathering processes partitioning some
components and transforming others. These processes include evaporation, dissolution, emul-
sification, adsorption, and microbial degradation, among others [7]. Volatility, solubility, adsorp-
tion, and resistance to environmental degradation vary dramatically from homologue to
homologue, even from isomer to isomer within the same homologue [8]. This variability
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makes it difficult to predict how PAH and PASH concentrations change in the environment;
understanding these processes is critical to site remediation strategies.

Chemical fingerprints of source materials (unweathered samples) and impacted (weath-
ered) samples play a major role in environmental forensics. For more than 30 years, investi-
gators have used diagnostic ratios, based on individual and homologue-specific PAH and
PASH concentrations, to support site investigation and cleanup projects and litigation [9]. For
example, forensic scientists use diagnostic ratios to identify and differentiate one source
material from another and to estimate the amount of weathering that has occurred [10].
These assessments rely on the principle that each source has a unique chemical composition
with a recognisable PAH/PASH distribution pattern, and that changes in concentration over
time, owing to physical, chemical, and biological processes, can affect ecosystem toxicity and,
thus, cleanup strategy [11]. PAH/PASH ratios that are constant over time are useful in
delineating source identity, and those that change substantially provide an estimate of how
much the source material has weathered. In 1999, Wang and coworkers published an author-
itative review in which they state that alkylated PAH homologues are the ‘backbone of
chemical characterisation and identification of oil spill assessments’ [10]. Forensic scientists
and toxicologists rely on accurate methods of PAH and PASH analysis, as errors in peak
assignments produce inaccurate concentration estimates, which, in turn, lead to incorrect
diagnostics and costly site remediation activities.

Gas chromatography/mass spectrometry (GC/MS) is the technique most often used to
quantify PAH and PASH [10,12,13]. To increase measurement sensitivity of low concentration
analytes, such as the C3 and C4 homologues, analysts typically operate the MS in selected ion
monitoring (SIM) mode [14]. SIM analysis is an acceptable alternative to full-scan mass
spectrometry when full-scan MS is incapable of detecting target compounds below the limits
of quantitation needed to answer site-specific questions. Because SIM methods typically
monitor one or two ions per homologue, they can provide a lower degree of confidence
owing to the loss of spectral information [15]. Thus, analysts rely on pattern recognition of
alkylated PAH and PASH ion chromatograms within specified retention windows, which can
result in overestimated concentrations owing to additive ion effects from the matrix. For
example, we showed that if m/z 208 is the only ion used to identify C3-fluorene isomers,
homologue concentrations will be overestimated because electron impact fragmentation of the
C2 and C3 three-ring alkylated PASH, among other homologues in crude oil, coal, and their
byproducts, also produce m/z 208 and elute in the same retention window as the C3-fluorene
homologue [16].

The scientific community, state and federal agencies, and the private sector rely heavily on
SIM data to draw conclusions on the impact of PAH and PASH in the environment. For
example, a search of the primary literature reveals nearly 75% of all research published over
the last 20 years employed SIM detection and that methods such as those published by ASTM
[17] and NOAA [18] prescribe one-ion detection. Recently, we analysed several coal tar and
crude oil samples and showed that, owing to incorrect peak assignments, SIM/1-ion analyses
overestimate alkylated PAH and PASH concentrations and produce an unacceptable number of
false positives compared to full-scan data analysis [19,20]. We also found that if one fragmenta-
tion pattern per homologue is used to quantify C2 to C4 alkylated PAH, concentrations are
underestimated compared to using three-to-five ions per isomer pattern and multiple fragmenta-
tion patterns per homologue (MFPPH) [21].

To determine the minimum number of spectral patterns needed to correctly identify all
isomers within each PAH and PASH homologue and to obtain their corresponding retention
windows, crude oil and coal tar samples from different geographic locations were analysed by
automated sequential GC-GC/MS. Once the retention windows and mass spectral libraries from
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actual samples were obtained, we confirmed findings by analysing 119 two-to-five-ring PASH
compounds [16] synthesised by Andersson [22] and Lee [23]. As a result, we developed a full-
scan method that employs multiple fragmentation patterns per homologue to quantify alkylated
PAH and PASH [19,20].

Environmental forensic studies rely on a multi-tiered analytical approach that includes GC/
FID and stable isotope ratio analyses in addition to compound-specific GC/MS analysis of PAH,
PASH and biomarkers. The objective of this study is to examine the effects of PAH and PASH
concentration differences produced by one- and two-ion detection or selected ion extraction
(SIE) methods versus analysis by MFPPH ions on the diagnostic ratios used in environmental
forensics. Results show that the use of too-few ions leads to inaccurate concentration estimates,
incorrect diagnostic ratios, and falsely considered assessments, and that meaningful forensic
studies should employ MFPPH analysis independent of MS detection mode. This paper is the
first comprehensive SIM/SIE vs. MFPPH assessment of the impact on the diagnostic ratios
commonly used by forensic chemists.

2. Experimental

2.1 Standards and reagents

The 16 EPA-priority pollutant PAH standards, internal standards (1,4-dichlorobenzene-d4,
naphthalene-d8, phenanthrene-d10, chrysene-d12, and perylene-d12), and activated copper were
purchased from Restek (Bellefonte, PA). Anhydrous sodium sulfate, neat dibenzothiophene
(DBT), and the base/neutral surrogate mixture (2-fluorobiphenyl, nitrobenzene-d5, p-terphenyl-
d14) were purchased from Sigma-Aldrich (St. Louis, MO). Airgas (Salem, NH) supplied the
ultra-high purity helium and nitrogen.

2.2 Samples

ONTA (Toronto, Ontario, Canada) supplied the Merey and Orinoco crude oils. Zhendi Wang
from Environment Canada (Ottawa, Ontario, Canada) provided the weathered Arabian crude oil
sample. We obtained unweathered coal tar from MGP sites in North Carolina and Illinois. Coal
tar contaminated soils were obtained from the same site in Illinois and from a site in Wisconsin,
and contaminated sediment from the Hudson River in New York. Environmental engineering
companies collected these samples and shipped them overnight on ice to the university, where
they were stored at 3°C until analysed.

2.3 Sample preparation full-scan

We followed the prescribed extraction procedure for soil and sediment samples as described in
EPA methods 3550C and 3660B. Briefly, borosilicate glass vials (Fisher Scientific, Pittsburgh,
PA) containing 15 g of soil or sediment spiked with base/neutral surrogate spike mix and 8 mL
of 50% toluene/50% dichloromethane (v/v) were sonicated for 10 min (Branson 2210, Danbury,
CT). After removing the extract and adding fresh solvent each time, the sonication procedure
was repeated 7-times to ensure maximum extraction efficiency. For soils, the filtered extract was
concentrated under a steam of nitrogen. For sediments, addition of activated copper and
anhydrous sodium sulfate to the filtered extract removed elemental sulfur and water before
concentration under a stream of nitrogen. A known quantity of the internal standard mixture was
added to the extract before it was analysed.
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2.4 Instrumentation

An Agilent Technologies (Santa Clara, CA) 6890/5973 GC/MS with a Gerstel (Mülheim an
der Ruhr, Germany) MPS2 autosampler and CIS6 PTV inlet and a Shimadzu (Columbia, MD)
GC2010/QP2010+ GC/MS, each with an RTX-5MS 30 m × 0.25 mm ID × 0.25 μm column
from Restek, were used in this study. Instrument operating conditions were as follows: for the
Shimadzu GC, 1 μL splitless sample injection, 1 mL/min constant helium flow, 60°C (1 min)
to 330°C at 5°C/min temperature programme, with MS conditions of 50–350 m/z scan range
at 8.3 Hz; and for the Agilent GC, 1 μL splitless injection, 268 kPa constant pressure helium
flow, 60°C (1 min) to 330°C at 5°C/min temperature programme, and MS of 50–400 m/z scan
range at 5 Hz.

2.5 Data analysis

Known concentrations of the 16 EPA-priority PAH and DBT standards were serially diluted and
analysed to obtain the method detection limit and average response factor (RF) over the
concentration range. The linear calibration range was based on a minimum of eight points
over the concentration range of 0.2–25 µg/mL for the 2- and 3-ring PAH and 0.4–25 µg/mL for
the larger PAH. Calculation of the RF at each concentration was AXCIS/AISCX, where CX is the
concentration of PAH injected, AX the observed signal for said injection, and CIS and AIS are the
corresponding internal standard concentration and signal response. The same average RF was
used for both SIM and MFPPH analyses. We found the average RF over the calibration range
for parent PAH was less than 15%, with these values used to calculate concentrations of the
corresponding alkylated homologues.

All samples were analysed by full-scan mass spectrometry, followed by extraction of 1-, 2-
and MFPPH ion signals from the same data file. For SIM/1-ion, the molecular ion, and for SIM/
2-ion, the molecular and most abundant confirming ions were used for C1 to C4 alkylated
naphthalene, fluorene, phenanthrene, pyrene, chrysene, and dibenzothiophene. Those peaks that
contained these ions found within the retention windows were integrated. For MFPPH, we used
the recently published PAH and PASH spectral patterns and retention windows [16,19,20]. In
this study, new spectral deconvolution data analysis software developed by Ion Analytics
(Andover, MA) was used to analyse the data. The deconvolution algorithms that form the
foundation of this software have been described previously [24]. The software’s compound
identification criterion is a three-fold confirmation process. First, detection of each homologue’s
spectral patterns, i.e., ions and relative abundances, must comaximise and be ≤ 20% at each scan
across the peak. This criterion ensures that the spectra are invariant across the peak. Second, the
Q-value must be ≥ 90. The Q-value is a measure of the deviation between the expected and
observed ion ratios for each ion across the peak and ranges between 1 and 100. The higher the
Q-value, the higher the certainty that sample and library spectra match one another. Finally, the
Q-ratio, the peak area ratio of the base and confirmation ions, must be ≤ 20% of the library
relative abundance for each spectral pattern to confirm compound identity. Only the molecular
ion signal from those scans that meet all three criteria are extracted from the peak are used to
quantify the homologues.

3. Results and discussion

Figure 1 shows the overlap in PAH and PASH retention windows from which analysts must
recognise homologue-specific peak patterns. Also shown are those homologues whose frag-
mentation ions interfere with the quantification ion of a specific homologue if a single ion is
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used to detect the homologue (SIM/1-ion) or is extracted from full-scan data (SIE/1-ion). For
purposes of constructing the figure, only fragment ions whose relative abundance is greater than
15% of the homologue’s molecular ion are considered. Note that both PAH and PASH interfere
with one another. Signal from non-target matrix compounds can also add to the total homologue
peak area when reliance on pattern recognition is employed.

Figures 2 and 3 illustrate an example of wrongly assigned peak patterns caused by the
detection of too few ions to unambiguously identify target compounds and its effect on homologue
concentrations. Figure 2 shows the ion current chromatogram at m/z 234, which is the molecular
ion for C4-phenanthrene. A total of four compounds elute within the retention window for this
homologue. Detection by SIM or extraction of this ion from full scan GC/MS data would result in
these peaks being identified as C4-phenanthrenes. Examination of this homologue’s fragmentation
ions, however, reveals that these peaks are the result of matrix interferences. Figure 3 shows the
fragmentation ion traces (m/z 235, 234, 219, 204, 203, and 189) for the 2,4,5,7- and 3,4,5,6-
tetramethylphenanthrenes and the 2,7,9,10-tetramethylphenanthrene isomers, see figure caption for
fragmentation pattern relative abundances. Although the reconstructed ion current chromatograms
maximise at the peak apexes for some ions, not all fragmentation ions are present; i.e. m/z 219,
whose relative abundance is 60% and should be evident in the chromatograms. Moreover, the
signals of the confirming ions based on their relative abundances should have been well-above
instrument noise and do not match those relative abundances listed in the figure caption for these
isomers. For example, the m/z 235 ion should have relative abundances similar to that of m/z 203 in
pattern A and m/z 204 in pattern B, but does not. As a result, the peaks in Figure 2 are rejected as
C4-phenanthrene compounds when the identification criterion described in the experimental section
is employed. In this example, relying solely on the molecular ion to measure C4-phenanthrene
produces a concentration of 220 μg/g. In contrast, MFPPH yields no measurable concentration.
According to the EPA equilibrium partitioning sediment benchmark model, 220 μg/mL of C4-
phenanthrene corresponds to 0.34 toxic units for a sample that contains 1% total organic carbon

Figure 2. m/z 234 ion trace from a coal tar contaminated soil, SOIL.
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[2]. As a toxic unit of 1 is the threshold for ascribing potential soil/sediment toxicity, the C4-
phenanthrene homologue concentration would have added one-third of the toxic equivalent to a
site contaminated with crude oil or coal tar when, in fact, the homologue should not have
contributed to site toxicity at all. This finding is problematic, because more than 50% of the
publications we reviewed relied on one-ion SIM detection, and is consistent with concerns
expressed by others [25,26].

Although inclusion of m/z 219 (the most abundant confirming ion) would proscribe inclu-
sion of these peak signals in the C4-phenanthrene concentration estimate, the addition of a single
qualifying ion will not always produce the correct concentration for all homologues. For
example, when examining C2-fluorene in the same sample, both SIM/1-ion at m/z 179 and
SIM/2-ion at m/z 179 and 194 identify several peaks revealed to be false positives by MFPPH
when other confirmation ions are included. Moreover, if the confirming ion (as opposed to the
molecular ion) is the base ion, as is the case for some isomers of C3-phenanthrene, concentra-
tions will be underestimated depending on which relative abundance is selected to determine
compound identity; see, for example, the trimethyl and methyl-ethyl PAH isomers in reference
20. Some analysts ignore ion ratios and assume that if the two ions comaximise as in the
example above, the peak is from a target compound. Still other methods rely on pattern
recognition of homologue peaks, which places a significant burden on the analyst to determine
which peaks should or should not be included. Such discretion can lead to unpredictable results
from one analyst to the next [20].

To examine the effects of this overestimation on environmental forensic diagnostic ratios,
we analysed coal tar and crude oil samples and extracted 1-, 2-, and MFPPH ion signals (as a
surrogate for SIM analysis) from the same GC/MS data file. Our purpose is to illustrate the
differences in the forensic data when too few ions are used; it is not aimed at comparing the
differences in measurement sensitivity between full-scan and SIM detection. Such an analysis
would introduce an additional error source, whereas using the same data file isolates the
differences between the two data analysis methods. Tables 1 and 2 list our findings, which
show that the standard SIM analysis biased the diagnostic ratios in every sample. Use of SIM/
SIE with too few ions consistently overestimated alkylated homologue concentrations, leading
to both positive and negative biases in the diagnostic ratios, which ranged from a few percent to

Figure 3. C4-phenanthrene fragmentation ions and their relative abundances; m/z 234 (100%); 219 (75);
204 (31%); 203 (23%); 235 (20%) for the 2,4,5,7- and 3,4,5,6-tetramethyl isomers (pattern A) and m/z 234
(100%); 219 (60%); 235 (21%); 204 (17%); 189 (13%) for the 2,7,9,10-tetramethyl isomer (pattern B).
Also shown are the reconstructed ion chromatograms from the sample in Figure 2.
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thousands of percent. These biases are dependent on whether the homologue is in the numerator
or denominator of the diagnostic. Examples of incorrect peak assignments for the alkylated 3-
ring PASH used in C1D/ΣD (ratio #13) in sample SOWI2 are provided in Figures S1–S3 in the
supplemental material available online at http://informahealthcare.com/doi/suppl/[10.1080/
03067319.2013.840886]. The figures display ion chromatograms m/z 198 (C1), 212 (C2), and
226 (C3) for correctly assigned peaks (green star) and those that failed to meet the criteria for
compound identity (red X). The non-homologue peaks contribute to the overestimation of the
C2 and C3 3-ring PASH, and, in turn, increase the concentrations in the denominator of the ratio.

Nearly 50% of the diagnostic ratios were affected by overestimated homologue concentra-
tions or false positives. In general, higher-order (C3 and C4) alkylated PAH and PASH homo-
logues were more affected than the lower order (C1 and C2) homologues. These results are
consistent with Figure 1. Diagnostic ratio differences were more prevalent in the weathered
(sediment) samples than non-weathered (oil) samples, but many false positives were seen in the
crude oil results. Nonetheless, no systematic error was observed in the diagnostic ratio differ-
ences; thus, we suspect that measurement bias is matrix-dependent. As errors are indiscriminate,
no simple correction factor is able to relate SIM to MFPPH results.

Table 2 lists the diagnostic ratio biases obtained from the SIM/2-ion and MFPPH measured
concentrations. Although in some cases the addition of a confirming ion to establish compound
identity dramatically improved results, see, for example, the alkylated phenanthrene to diben-
zothiophene ratio (ΣP/ΣD, ratio #5), which dropped from –479% to –92% for sediment SDNY1,
nearly three-quarters of the differences in diagnostic ratios are similar, if not identical, to those
of SIM/1-ion analyses. Notably, false positives did not decrease when only one confirming ion
was added to identify target compounds. As expected, the more complex the matrix, the higher
the likelihood that too few ions will lead to concentration overestimation and false positives.

Based on the analysis of 11 coal tar and crude oil samples, not a single diagnostic ratio was
unaffected; see minima and maxima in the tables. These altered diagnostic ratios can have
significant repercussions on site investigations, as seen in the following examples. As C1-
phenanthrene weathers more slowly than C2-naphthalene, the C2-naphthalene/C1-phenan-
threne ratio (ratio #16) is indicative of the extent of weathering between locations caused by
site-specific environmental factors. Selection of this ratio as an indicator of weathering was
made, in part, because the molecular ions for these homologues were believed to be less
affected by matrix interferences [26]. However, differences in the homologue concentration by
SIM compared to MFPPH produced increases in the ratio as high as 68%. The ratio of the
naphthalene homologue concentrations divided by the phenanthrene homologue concentra-
tions (ΣN/ΣP, ratio #14) is also used to determine the extent of weathering, as the former can
be influenced by the local environment faster than the latter. Six SIM/1-ion samples and five
SIM/2-ion samples produced larger increases in ΣN compared to ΣP concentrations than the
corresponding MFPPH results. This finding would lead to positively biased ratios and
incorrect conclusions that the samples are less weathered than they actually are. For the
remaining samples, the naphthalene to phenanthrene ratio decreased, suggesting the samples
are more weathered than they actually are. The former could lead to unnecessary cleanup, the
latter to a declaration the site is clean when it is not.

Investigators use double ratio plots to determine weathering and to differentiate source
materials [10,14,27,33]. An example of a double ratio plot used to assess source allocation is
(C2D/C2P)/(C3D/C3P). As the degradation rates of these homologues are similar, this diagnostic
ratio should be relatively constant over time. Of all diagnostics examined in this study, double
ratio plots were the most affected by SIM overestimation. Figure 4 shows the double ratio plot for
the samples. For three samples (Orinoco, Merey, SOWI2), the SIM and MFPPH data are located
closely to one another. For example, the Orinoco plot points are located within the dashed
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rectangle in the figure. In contrast, the other seven samples have much different SIM and MFPPH
plot coordinates, see rounded rectangle for illustration. These two coal tar contaminated sedi-
ments, although collected from the same site, have widely different x-axis coordinates when
calculated by SIM and MFPPH. The result is consistent with the finding that the two data analysis
methods produce greatly different C3 homologue concentrations. The MFPPH double ratio plot
points for the coal tar contaminated soils from the same site in Wisconsin cluster together as they
should, see oval in figure. In contrast, the SIM data are spread throughout the plot.

Relative distribution histograms are also used to ‘fingerprint’ oil spills and elucidate source
types [14]. Investigators draw conclusions based on the distribution of concentrations amongst
parent and alkylated homologues. For example, when homologue concentrations are
C1>C2>C3>C4, the source is pyrogenic. In contrast, a bell-shaped distribution is indicative of
a petrogenic source. Figure 5 depicts the PAH distribution for a coal tar contaminated sediment,
SDNY2. The top histogram, data calculated by MFPPH, exhibits a downward slope, indicating
homologue distributions characteristic of a pyrogenic tar. The bottom histogram, produced by
SIM, exhibits a change in the ‘fingerprint’ owing to overestimated homologue concentrations.
An example of this overestimation is seen in Figure S4, which shows the SIM ion traces for the
C1-C4 3-ring PASH for the same sample. As seen in the figure, the C3 and C4 homologues
(as depicted by their 1-ion traces) are more abundant than the C1 and C2 homologues, and as
such, more concentrated. However, many of these SIM peaks are attributable to matrix inter-
ferences, and as such, are eliminated by MFPPH analysis (see peaks marked by red Xs), leading
to lower concentrations and corresponding profile features that indicate a coal tar sample. The
SIM alkylated fluorene profile appears bell-shaped and the 2-ring and 3-ring PASH C3 and C4

homologue concentrations are higher than those found by MFPPH, so interpretation could
suggest the presence of a mixed plume.

Figure 4. C2D/C2P//C3D/C3P double ratio plot of samples analysed by SIM and MFPPH.
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The results of this study support our contention that analyses of alkylated PAH and PASH
homologues should require the same identification criteria, i.e., multiple ions and their
relative abundances, as is widely-accepted for PAH analysis. Employing too few ions
eliminates the two-dimensional information content inherent in GC/MS data. Full-scan or
SIM analysis using the MFPPH ions and abundances (SIM/MFPPH) eliminates the need to
recognise chromatographic patterns of the many isomers comprising each homologue, which
can dramatically change from one sample to the next owing to matrix effects. The preference
of SIM versus full-scan MS is centred on the question of sensitivity. However, increasing
sensitivity at the expense of accuracy is inconsistent with the science of chemical measure-
ments. The aim of this paper is not to critique SIM analysis, only the use of too-few ions to
provide unambiguous identification of target analytes. A forthcoming paper will demonstrate
that SIM using MFPPH ions is a logical next step toward providing selective, sensitive,
accurate, and precise data.

Figure 5. SIM and MFPPH relative distribution histograms of a coal tar contaminated sediment, SDNY2.
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