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Abstract

Staten Island is located in one of the most densely populated regions of the US: the New York/New lJersey
Estuary. Marine and industrial oil spills are commonplace in the area, causing the waterways and adjacent
marshes to become polluted with a range of petroleum-related contaminants. Using Rock-Eval pyrolysis, the
hydrocarbon impact on a salt marsh was assessed at regular intervals down to 1 m, with several key sampling
depths of interest identified for further analysis. Ultrahigh resolution data is obtained by direct infusion
atmospheric pressure photoionization (APPI) on a 12 T solariX Fourier transform ion cyclotron resonance mass
spectrometer (FTICR MS) allows trends in the compositional profile with depth to be observed, such as changes
in the relative hydrocarbon intensity and the relative contributions from oxygen- and sulfur-containing groups.
These trends may correlate with the timing of major oil spills and leaks of petroleum and other industrial
chemicals into the waterways. The use of GC coupled to a 7 T solariX 2XR FTICR MS equipped with an
atmospheric pressure chemical ionization (APCI) ion source offers time resolved and extensive compositional
information for the complex environmental samples complementary to that obtained by direct infusion APPI.
The compositional profile observed using GC-APCI FTICR MS includes contributions from phosphorous
containing groups, which may be indicative of contamination from agrochemicals and the impact of agricultural
effluent upon Staten Island soil quality.
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Introduction

New York/New Jersey (NY/NJ) Estuary supports one the highest population densities in the United States,
consequently the shores of one of its main shipping channels, the Arthur Kill, hosts numerous waste generating
industries. The NY/NJ Estuary was ranked among the most chemically contaminated waterways in the United
States based on surface sediment concentrations and frequency of accidental chemical discharge events.'?
Elevated body burdens of toxic substances including heavy metals, petroleum hydrocarbons, and aromatic
hydrocarbons have been detected in a wide range of aquatic wildlife.® Analysis of the spatial and down-core
extent of contamination by petroleum-related compounds in estuarine and coastal regions is of rising
importance due to increased demand on below ground space, which may contain historic pollution, as well as
greater understanding of the long term impact on eco-system health.3®

Environmental samples, particularly those contaminated with petroleum-related products, are highly complex,
containing many thousands of components.®1%1! The characterization of petroleum-related samples using mass
spectrometry has been termed ‘petroleomics’, with the molecular formulae of tens of thousands of components
observed in a single spectrum.'?!3 Petroleomics typically utilizes state-of-the-art, high field FTICR
instrumentation!**> which offers ultrahigh resolution and sub-ppm mass accuracy. However, these instruments
are typically expensive to obtain and maintain, as well as requiring expert operation. solariX 2XR FTICR MS
instruments can operate in a mode where ion detection occurs using 4 cell plates, compared to the usual 2, and
as such are able to detect at twice the usual frequency.'®!” 2o detection allows for significant improvements in
performance compared to other FTICR instrumentation operating at the same field,'® specifically doubling
resolution for a set acquisition time or else offering equivalent resolution in half the time.!® The latter makes the
technique well suited to hyphenated techniques, including gas chromatography (GC), where a fast scan rate is
required to maintain pace with rapidly eluting components.20-22

7 T FTICR instrumentation equipped with the option of 2® detection has already demonstrated ultrahigh
resolution analytical capabilities in the analysis of petroleum samples,*® offering equivalent performance at a
lower magnetic field than previously required. This, in turn, reduces the entry cost for FTICR MS for petroleomics
and environmental analyses. One of the advantages of the ParaCell in solariX XR and 2XR instruments is the
ability to excite ions to a larger orbit radius than the Infinity Cell design, which in turn yields greater signal-to-
noise and reduction in space-charge effects.'® Here, the application is extended to environmental samples,
where coupling GC can increase the scope of analysis to include the observation of multiple isomers for a single
molecular formula,?*?> and to provide an additional dimension of separation, aiding in the detection of low
abundance species.?’

Analyses of environmental samples including oil sands process-affected water,?®?° and soil from coastal regions
affected by the Deepwater Horizon spill®® by direct infusion into FTICR MS instrumentation have been successful.
Coupling of chromatographic methods with FTICR MS has also been successfully applied to the characterization
of petroleum-contaminated soil*! and weathered crude oils.3? The choice of ionization method can influence the
observed profile. Atmospheric pressure photoionization (APPI) preferentially accesses non-polar, conjugated
systems, and produces both protonated and radical ion species, adding to spectral complexity’* while
atmospheric pressure chemical ionization (APCI) accesses both non-polar and polar compounds.33 Coupling prior
separation techniques, including GC, has been shown to add a further dimension of separation and improve the
range of compounds observed by FTICR methods and to provide information on the range of isomers for each
unique molecular formula assigned.3*

In this study, the shallow salt marsh sediment core from Staten Island, New York, was sampled at 47 intervals to
correlate the compositional fingerprints of the petroleum extracts with the history of oil spills the area. Rock-
Eval(6) pyrolysis, a geochemical screening technique widely applied to the hydrocarbon bearing source rocks,
was used as bulk geochemical reconnaissance method.?®?” Rock-Eval generates parameters for total organic
carbon (TOC), free hydrocarbons (S1), and bound (polymeric) hydrocarbons (S2). S1 describes the quantity and



proportion of volatile hydrocarbons (free oil) S2 the bound hydrocarbons (biopolymers and kerogen). The
production index is used as a benchmark for thermal maturity.

In parallel to Rock—Eval pyrolysis screening geochemistry, solvent extracts were profiled by a combination of
direct infusion APPI FTICR MS Fourier transform ion cyclotron resonance mass spectrometry experiments, plus
GC-APCI FTICR MS experiments to access additional, low abundance species. The coupling of GC with ultrahigh
resolution mass spectrometry affords the ability to accurately monitor signal intensities within very narrow m/z
windows; by following the extracted ion chromatograms (EICs) in a manner not possible with lower resolution
instrumentation, it is possible to obtain information about the range of isomers for a molecular formula.

The detailed molecular characterization obtained by APPI-FTICR MS (solariX) and GC-APPI FTICR MS (solariX
2XR), along with the bulk information determined by Rock-Eval pyrolysis, allows a fingerprint of the petroleum-
based contaminants of the soil to be developed. Petroleomic profiles of soil as a function of depth allow
contamination to be correlated with the site history, and aid in understanding of the aging of petroleum-based
compounds over time.



Experimental Section
Sediment sampling

A sediment core was collected using a Eijkelkamp peat sampler fitted with a stainless steel gauge (50 cm x 5.2
cmi.d.) at 40 36 27.87912 N, 74 11 27.50687 W (+ 5 m) from intertidal zone of Saw Marsh Creek, Staten Island,
New York, USA on June 10t 2013 (Figure 1). Recovered core sections were stored in pre-cut clean UPVC pipe
and transported in a cool box at approximately 4 °C and then frozen at -18 °C. Each core was sectioned
continuously at 2 cm intervals up to and including 46 cm depth and at 1 cm up to 51.5 cm depth and then at 2
cm intervals to core base at 90 cm. All sediment intervals were then freeze-dried for 72 h, sieved through a mesh
aperture of 2 mm and the <2 mm fraction ground to a fine powder. 3536
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Figure 1. Sampling location of Core.
Rock-Eval(6) Pyrolysis

Forty seven depth increments from the Saw Marsh Creek core were analyzed using a Rock-Eval(6) pyrolyser.
Powdered samples (60 mg dry wt.) were heated from 300 °C to 6502C at 25 °C min™ in an inert atmosphere of
N, and the residual carbon then oxidised at 300 °C to 850 °C at 20 °C min! (hold 5 min). Hydrocarbons released
during the two-stage pyrolysis were measured using a flame ionization detector and CO and CO, measured using
an IR cell. The performance of the instrument was checked every 10 samples against the accepted values of the
Institut Frangais du Pétrole (IFP) standard (IFP 160 000, S/N1 5-081840). Rock-Eval parameters were calculated
by integration of the amounts of HC (thermally-vaporized free hydrocarbons) expressed in mg HC g rock (S1)
and hydrocarbons released from cracking of bound organic matter (OM) expressed in mg HC g* rock (S2). The
production index is given by S1/S1+52.

Soxhlet Extraction

Environmental Protection Agency method 3540c3” was followed for 5 depth samples. 190 mL dichloromethane
(DCM) (Fisher Scientific, Hemel Hempstead, Hertfordshire, UK) was added to each sample and heated at ~40 °C
for 22 h. Extracts then cooled before being evaporated under reduced pressure to 10 mL.

Direct Infusion APPI FTICR

Extracts for 5 depths were diluted in dichloromethane (DCM) (Fisher Scientific, Hemel Hempstead,
Hertfordshire, UK) before mass spectra were acquired using a 12 T solariX FTICR mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany), coupled to an APPI Il source. The instrument was operated in positive-ion
mode. Nitrogen was used as the drying gas at a temperature of 200 °C at a flow rate of 4 L minl. The nebulizing
gas was nitrogen and was maintained at a pressure of 1.0 bar. Samples were infused using a syringe pump at a



rate of 750 pL h? without the activation of in-source dissociation. 4 MW data sets were acquired using
magnitude mode, with a detection range of m/z 98-3000. After acquiring 300 scans, the data were zero-filled
once and apodized using a Sine-Bell function prior to applying a fast Fourier transform. For the apodized data,
the measured resolving power at m/z 200 was 650,000. Data were internally calibrated using homologous series
and analyzed using DataAnalysis 4.2 (Bruker Daltonik GmbH, Bremen, Germany), prior to the data being
imported into Composer 1.5.7 (Sierra Analytics, Modesto, CA, USA) for compositional analysis; Aabel NG2 v.5.2
(Gigawiz Ltd. Co., Tulsa, Oklahoma, USA) was used for data visualization.

GC-APCI FTICR

Extracts for 4 depths were diluted in DCM (Sigma Aldrich Chemie GmbH, Munich, Bavaria, Germany). Mass
spectra were acquired using a 7 T solariX 2XR FTICR mass spectrometer (Bruker Daltonik GmbH, Bremen,
Germany), coupled to a 450 GC and APCI Il source. 1 plL injection volume onto a 30 m BR-5ms column was used
with He as the carrier gas, with the temperature program as follows: 60 °C held for 1 min, ramping 6 °C min't up
to 300 °C and held for 9 min. The instrument was operated in positive-ion mode. Nitrogen was used as the drying
gas at a temperature of 240 °C at a flow rate of 4 L min™l. The nebulizing gas was nitrogen and was maintained
at a pressure of 2.0 bar. Samples were infused using a syringe pump at a rate of 2 uL h* without the activation
of in-source dissociation. 2 MW data sets were acquired using magnitude mode, with a detection range of m/z
107-3000 and 95 % data reduction. 2w detection was used, affording high resolution at the rapid scan rate
required for GC-APCI infusion. The data were zero-filled once and apodized using a Sine-Bell function prior to
applying a fast Fourier transform. A lock mass of m/z 223.06345 (a polysiloxane) was used for calibration. For
the apodized data, the measured resolving power at m/z 200 was 300,000. Data were analyzed using
DataAnalysis 4.2 (Bruker Daltonik GmbH, Bremen, Germany) in 10 minute time retention intervals with the first
10 minutes used for background subtraction, prior to the data being imported into Composer 1.5.7 (Sierra
Analytics, Modesto, CA, USA) for compositional analysis; Aabel NG2 v.5.2 (Gigawiz Ltd. Co., Tulsa, Oklahoma,
USA) was used for data visualization.



Results and Discussion
Rock-Eval(6)Pyrolysis

Inspection of the TOC content and its two major components, S1 and S2, at each sampling interval (Figure 2)
shows a rapid decrease from surface to 25 cm, which may be due to the presence of natural extractable free
hydrocarbon compounds and structural biopolymers in the rooting zone of living marsh plants.® Below 25 cm
depth the hydrocarbon content (TOC, S1, S2) was low and invariant with exception of a broad concentration
peak at 47 - 49 cm and another at 79 - 81 cm (Figure 2). These were taken to indicate anthropogenic oil spills,
including the possible 1990 Exxon pipeline spill. Similarly corresponding changes were also confirmed by the
concentrations of residual carbon (RC %) (non-pyrolyzable) and production index (Pl) (Figure 2). The latter
parameter is a widely utilized by hydrocarbon explorationists to assess the amount of generated as compared
to potential hydrocarbons. In this current work increasing Pl values also appear to have considerable utility for
the identification of possible hydrocarbon pollution events.
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Figure 2. TOC and RC analysis by Rock-Eval(6) Pyrolysis

The key sampling depths carried forward for further analysis by FTICR MS methods are indicated by red markers
in Figure 2, with 67.5 — 69.5 cm included as a background sample.

Direct Infusion APPI FTICR MS

Broadband mass spectra were obtained for soil extracts, produced using soil samples originating from 5 depths,
with the spectra shown in Figure 3. The mass distribution shifts between extract sampling depths, with 14 - 16



to 67.5 - 69.5 cm centred approximately on m/z 350, while 79.5 - 81.5 cm is centred on a higher m/z of 500 and
has greater spectral intensity over the entire distribution.
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Figure 3. Direct infusion APPI FTICR mass spectra for 5 sampling depths

Direct infusion MS data were analyzed by searching for homologous series of peaks separated by the CH,
(14.01565 Da) repeat unit. Homologous series of molecular formulae possess the same heteroatom content
(compound class) and number of double bond equivalents (DBE)*, and increase incrementally with each CH,
repeat unit by one carbon number.*® A compound class distribution, showing the total relative intensity of peaks
assigned to each compound class, is shown for all sampling depths in Figure 4.



W14 -16
47.5-48.5
20 I 48.5-49.5
67.5 - 69.5
79.5-81.5

154

10 4

Relative Intensity / %

LAl M g ol AL, 1o BB,
Oemw&e&&&&&%’»&&%ﬁ&&&&& SOOD DS P2 &e\\\\‘?nﬁ? S
Q
ORI @P:xo"':\ 'ls'::é’ "'\\\"-";rs'”\ oS8 oS3 cbog,\o'\ '@ &% \ '@ "3‘ & g c}és@

Compound Class
Figure 4. Compound class distribution for 5 sampling depths

Several key compositional differences between sampling depths are seen in Figure 4, particularly a sharp
increase in the relative contribution from Oy and O[H], and O,S, compounds with a high oxygen content, when
moving from the shallower samples to the deepest sample at 79.5-81.5 cm. At the depths of 47.5 - 48.5 and 48.5
- 49.5 cm, there is a relatively strong contribution from the HC class, correlating well with the higher
concentrations of free and bound hydrocarbons measured by Rock-Eval pyrolysis. The depths of 47.5 - 48.5, 48.5
-49.5 and 79.5 - 81.5 cm also have contributions from the N[H], S, and O, classes.

The relative contribution from oxygenated organic compounds was found to increase at the key sampling
depths, with corresponding trends in the contributions from sulfur-containing classes also being observed. The
increase in contribution from highly oxygenated Ox and OS, classes may be linked to ageing of petroleum

30,41,42

compounds, and may be used to provide information of the timing of contamination due to particular

spills.®3
GC-APCI FTICR MS

The total ion chromatogram (TIC) is shown in Figure 5 for the 67.5 - 69.5 cm depth sample. The average spectra
taken over 10 minute time intervals of the TIC, show a shift in petroleum distribution to higher m/z with
increasing retention time.
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Figure 5. Total ion chromatogram for sampling depth 67.5 — 69.5 cm with the mass spectra resulting from

averaging the acquired scans over 10 minute intervals.

Several heteroatom containing compound classes were observed at greater relative intensity when using GC-
APCI FTICR MS compared to direct infusion APPI FTICR MS. The compound class analysis shown in Figure 6 for
67.5 - 69.5 cm demonstrates that several classes were more readily observed by GC-APCI FTICR MS experiments
compared to direct infusion APPI FTICR MS measurements, including low intensity Ox and OxP classes. Notably,
phosphorous containing classes including O4P[H] also make a contribution to the depths of 14 — 16 cm and 48.5
—49.5 cm (Sl Figures 1 and 2), typically eluting early in the run. The O4P[H] class was also detected in the APPI
FTICR MS experiments at 48.5 - 49.5 cm. Several possible sources of phosphorous contamination in the NY/NJ
Estuary exist, including agricultural effluent, leaks from chemical plants producing agrochemicals including
fertilisers, or leaching of materials dumped in the now closed Fresh Kills Landfill.** It is of particular note that
the sampling depth of 67.5 — 69.5 cm appeared to contain background levels of free volatile hydrocarbons and
bound polymeric hydrocarbons, as indicated in Figure 2. Direct infusion APPI and GC-APCI analyses both show
that soil at this depth contains a range of petroleum-related compounds as well as other industrial chemicals,
which suggests that the NY/NJ Estuary is continually affected by contamination.
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Figure 6. Change in compound class distribution over time from GC-APCI FTICR MS analysis of sampling depth
67.5—69.5 cm. An enlarged region showing contributions from the phosphorous containing classes is inset.

Several key components of the soil extract appear to elute preferentially at specific times, most notably the
relative contributions from the OS[H] classes increase with retention time. NO[H] and S[H] have the greatest
relative intensity at 30 - 40 min. The OxP[H] classes have the greatest relative intensity at the early elution times
of 10 - 20 and 20 - 30 min.

Each compound class can be broken down further into a plot of carbon number against number of rings and
double bonds, or double bond equivalents (DBE), for each constituent. Figure 6 shows that the relative
contribution from the HC[H] class increases with time, and this corresponds to an increase in the number of data
points as seen in the DBE plots shown in Figure 7a. Figure 7a also shows the DBE plots shifting to higher carbon
number over time, with the highest mass species eluting later in the GC run. While there was an increase in
absolute intensity for all DBE between 20 — 30 min and 40 — 50 min, Figure 7b shows the change in relative
contribution from each DBE to the overall HC[H] class intensity. DBE of 2.5 and below, and 6.5 and above, make
a greater relative contribution at 40 — 50 min, while those between 2.5 and 5.5 inclusive make a greater
contribution at 20 — 30 min, suggesting that they have a lower boiling point due to weaker intermolecular
attractions, elute earlier as a result. A DBE of 6.5 in the HC[H] class corresponds to a neutral DBE of 7, the
threshold for two fused benzene rings.
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Figure 7. a) Plots of DBE against carbon number for the HC[H] class of sample depth 67.5 - 69.5 cm over 10
minute intervals of the GC run and b) Change in relative abundance of each DBE comparing the 40 - 50 min to
the 20 - 30 min interval.

Further adding to the complexity of the data, EICs for a single data point within a DBE plot show that each
molecular formula has a number of isomers associated with it. Figure 8 shows the EICs for the molecular
formulae of three consecutive carbon numbers (24, 25, and 26), all with a DBE value of 6.5. Figure 8 shows the
additional depth and complexity of data offered by the coupled GC-APCI FTICR MS technique, with each data
point in the DBE against carbon number plots (Figure 7a) representative of multiple isomeric compounds.
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An enlargement of a 0.30 Da region is shown in Figure 9, comparing a spectrum acquired using direct infusion
APPI FTICR MS on a 12 T solariX instrument and a spectrum acquired using GC-APCI-FTICR MS on a 7 T solariX



2XR instrument. Figure 9 shows not only the ultrahigh resolution capabilities of the 7 T 2XR instrument,
comparable to that of the 12 T instrument, but also heteroatom class assignments only observed using the
combined chromatographic separation and chemical ionization steps.
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Figure 9. Enlarged 0.30 Da regions of the mass spectra obtained using a 12 T FTICR instrument equipped with
an APPlion source (top) and a 7 T FTICR instrument equipped with a GC-APCI source and 2 detection (bottom)
for the 67.5 - 69.5 cm sampling depth at 40 - 50 min retention time. A shift in the mass defect contribution as
well as assignments unique to each spectrum are exemplified.



Figure 9 demonstrates the complementarity between the two techniques, with APPI ionizing hydrocarbon and
S- containing species, and GC-APCI providing greater access to more highly oxygenated compounds. The
differences in the preferential ionization of the two techniques is evidenced more generally by the higher
relative intensity at lower mass defect for APCl, compared to greater relative intensity at higher mass defect in
the APPI spectral window.

Conclusion

Several sampling depths with high hydrocarbon content were identified by bulk Rock-Eval pyrolysis, with key
sampling depths that may be linked to major spills in the NY/NJ Estuary carried forward for further analysis. A
sample that appeared to contain background levels of hydrocarbon compounds was also included. To
complement the Rock-Eval data obtained for these soil depths, the key samples were profiled more extensively
by direct infusion APPI FTICR MS, plus GC-APCI FTICR MS equipped with 2w detection. Several trends in the
compositional profile with were observed by direct infusion APPI-FTICR MS, including relatively high HC and
O,Sy[H] contributions at the sampling depths that corresponded to a spike in TOC and RC content by GC analyses.
In general, the contribution from O, and O4[H] classes increased at these depths, which may be related to the
aging of petroleum-related compounds. GC-APCI FTICR analysis identified additional groups more readily,
including phosphorous containing compounds with low retention times, which may provide an indication of
contamination by agrochemicals in the Estuary area. The sample that appeared to contain background levels of
free and bound hydrocarbon by Rock-Eval pyrolysis was observed to contain many hydrocarbon and
phosphorous compounds by APPI and GC-APCI FTICR MS, suggesting continuous pollution from petroleum and
other industrial chemicals in the NY/NJ Estuary. Finally, the 7 T solariX 2XR instrument was shown to be capable
of providing ultrahigh resolution data comparable to that obtained at the higher field of 12 T on sufficiently short
timescales suitable for coupling with GC, demonstrating its viability as an emerging tool for the analysis of
complex samples including petroleum and environmental samples.

Sl
Full Compound Class Distribution Data (with time) — GC-APCI 2XR FTICR MS
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