
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/113565                                 
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions. 
 
© 2019 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/. 
 

 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/113565
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wrap@warwick.ac.uk


Petroleomic Depth Profiling of Staten Island Salt Marsh Soil: 2 Detection FTICR MS 1 

Offers a New Solution for the Analysis of Environmental Contaminants 2 

 3 

Mary J. Thomasa,b, Emma Collingeb, Matthias Wittc, Diana Catalina Palacio Lozanob,d, 4 

Christopher H. Vanee, Vicky Moss-Hayese and Mark P. Barrowb* 5 

 6 

aMAS CDT, Senate House, University of Warwick, Coventry, CV4 7AL, UK 7 

bDepartment of Chemistry, University of Warwick, Coventry, CV4 7AL, UK  8 

cBruker Daltonik GmbH, Bremen, 28359, Germany 9 

dFacultad de Ciencias, Universidad Industrial de Santander, Bucaramanga, Colombia 10 

eBritish Geological Survey, Centre for Environmental Geochemistry, Keyworth, NG12 5GG, 11 

UK 12 

 13 

Email: m.thomas.6@warwick.ac.uk, E.Collinge@warwick.ac.uk, 14 

Matthias.Witt@bruker.com, D.Palacio-Lozano@warwick.ac.uk, chv@bgs.ac.uk, 15 

vmh@bgs.ac.uk, M.P.Barrow@warwick.ac.uk  16 

*Corresponding Author 17 

 18 

ABBREVIATIONS 19 

Atmospheric pressure chemical ionization (APCI) 20 

mailto:m.thomas.6@warwick.ac.uk
mailto:Collinge@warwick.ac.uk
mailto:Matthias.Witt@bruker.com
mailto:D.Palacio-Lozano@warwick.ac.uk
mailto:chv@bgs.ac.uk
mailto:vmh@bgs.ac.uk
mailto:M.P.Barrow@warwick.ac.uk


Atmospheric pressure photoionization (APPI) 21 

Direct infusion (DI) 22 

Double bond equivalents (DBE) 23 

Extracted ion chromatogram (EIC) 24 

Gas chromatography (GC) 25 

Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS) 26 

 27 

ABSTRACT 28 

Staten Island is located in one of the most densely populated regions of the US: the New 29 

York/New Jersey Estuary. Marine and industrial oil spills are commonplace in the area, causing 30 

the waterways and adjacent marshes to become polluted with a range of petroleum-related 31 

contaminants. Using Rock-Eval pyrolysis, the hydrocarbon impact on a salt marsh was 32 

assessed at regular intervals down to 90 cm, with several key sampling depths of interest 33 

identified for further analysis. Ultrahigh resolution data are obtained by direct infusion (DI) 34 

atmospheric pressure photoionization (APPI) on a 12 T solariX Fourier transform ion cyclotron 35 

resonance mass spectrometer (FTICR MS) allowing trends in the compositional profile with 36 

depth to be observed, such as changes in the relative hydrocarbon intensity and the relative 37 

contributions from oxygen- and sulfur-containing groups. These trends may correlate with the 38 

timing of major oil spills and leaks of petroleum and other industrial chemicals into the 39 

waterways. The use of gas chromatography (GC) coupled to a 7 T solariX 2XR FTICR MS 40 

equipped with an atmospheric pressure chemical ionization (APCI) ion source offers retention 41 

time resolved and extensive compositional information for the complex environmental samples 42 



complementary to that obtained by DI-APPI. The compositional profile observed using GC-43 

APCI FTICR MS includes contributions from phosphorous-containing groups, which may be 44 

indicative of contamination from other anthropogenic sources.  45 
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1. INTRODUCTION 54 

New York/New Jersey (NY/NJ) Estuary supports one the highest population densities in the 55 

United States, consequently the shores of one of its main shipping channels, the Arthur Kill, 56 

hosts numerous waste generating industries. The NY/NJ Estuary was ranked among the most 57 

chemically contaminated waterways in the United States based on surface sediment 58 

concentrations and frequency of accidental chemical discharge events (Gunster, 1993; Packer, 59 

1991). Elevated body burdens of toxic substances including heavy metals, petroleum 60 

hydrocarbons, and aromatic hydrocarbons have been detected in a wide range of aquatic 61 

wildlife (Packer 1991). Analysis of the spatial and down-core extent of contamination from 62 

anthropogenic sources including petroleum, industrial and agricultural chemicals, in estuarine 63 

and coastal regions is of rising importance due to increased demand on below ground space, 64 



which may contain historic pollution, as well as greater understanding of the long term impact 65 

on eco-system health (da Silva and Bicego, 2010; Langston et al., 2012; Oros and Ross, 2004; 66 

Vane et al., 2008; Vane et al., 2009; Vane et al., 2011; Vane et al., 2018). 67 

Environmental samples, particularly those contaminated with petroleum-related substances, 68 

are highly complex, containing many thousands of components (Alimi et al., 2003; Richardson 69 

and Ternes, 2018; Vane et al., 2018; White et al., 2013). The characterization of petroleum-70 

related samples using mass spectrometry has been termed ‘petroleomics’, with the molecular 71 

formulae of tens of thousands of components observed in a single spectrum (Barrow, 2010; 72 

Hsu et al., 2011). Petroleomics typically utilizes state-of-the-art, high field FTICR 73 

instrumentation  (Cho et al., 2015; Marshall et al., 2010) which offers ultrahigh resolution and 74 

sub-ppm mass accuracy. However, these instruments are typically expensive to obtain and 75 

maintain, as well as requiring expert operation. solariX 2XR FTICR MS instruments can 76 

operate in a mode where ion detection occurs using 4 cell plates, compared to the usual 2, and 77 

as such are able to detect at twice the usual frequency (Cho et al., 2017; Schweikhard et al., 78 

1990). 2 detection allows for significant improvements in performance compared to other 79 

FTICR instrumentation operating at the same field (Pan, 1988), specifically doubling 80 

resolution for a set acquisition time or else offering equivalent resolution in half the time 81 

(Schweikhard, 1991). The latter makes the technique well suited to hyphenated techniques, 82 

including gas chromatography (GC), where a fast scan rate is required to maintain pace with 83 

rapidly eluting components (Beens and Brinkman, 2000; Tessarolo et al., 2014; Wang et al., 84 

1997). 85 

7 T FTICR instrumentation equipped with the option of 2 detection has already demonstrated 86 

ultrahigh resolution analytical capabilities in the analysis of petroleum samples (Cho et al., 87 

2017), offering equivalent performance at a lower magnetic field than previously required. 88 



This, in turn, reduces the entry cost of FTICR MS for petroleomics and environmental analyses; 89 

a 7 T instrument equipped with 2 detection possesses performance capabilities comparable 90 

to a 15 T instrument operating under the traditional conditions of detection at . 2 detection 91 

affords the ability to operate an FTICR mass spectrometer at twice the speed for the same 92 

resolving power, which is useful for coupling with chromatography, or to operate at the same 93 

speed but double the resolving power. Orbitrap MS instrumentation has also been used for 94 

environmental analyses when coupled to prior chromatographic separation (Pereira and Martin, 95 

2015), however FTICR MS remains most capable when handling ultra-complex samples. One 96 

of the advantages of the ParaCell (Boldin and Nikolaev, 2011; Jertz et al., 2015) in solariX XR 97 

and 2XR instruments is the ability to excite ions to a larger orbit radius than the Infinity Cell 98 

design, which in turn yields greater signal-to-noise and reduction in space-charge effects (Cho 99 

et al., 2017). Here, the application is extended to environmental samples, where coupling GC 100 

can increase the scope of analysis to include the observation of multiple isomers for a single 101 

molecular formula (Blomberg et al., 2002; Lalli et al., 2017; Schwemer et al., 2015), and to 102 

provide an additional dimension of separation, aiding in the detection of low abundance species 103 

(Schwemer et al., 2015). 104 

Analyses of environmental samples including oil sands process-affected water (Barrow et al., 105 

2010; Headley et al., 2011),  and soil from coastal regions affected by the Deepwater Horizon 106 

spill (Chen et al., 2016) by direct infusion (DI) into FTICR MS instrumentation have been 107 

successful. Coupling of chromatographic methods with FTICR MS has also been successfully 108 

applied to the characterization of petroleum-contaminated soil (Zubair et al., 2015) and 109 

weathered crude oils (Rowland et al., 2014). A range of ionization methods are available, 110 

including electrospray ionization (ESI), laser desorption ionization (LDI), atmospheric 111 

pressure photoionization (APPI), and atmospheric pressure chemical ionization (APCI), the 112 

choice of which influences the observed profile (Barrow et al., 2010; Cho et al., 2013; Huba et 113 



al., 2016). APPI preferentially accesses non-polar, conjugated systems, and produces both 114 

protonated and radical ion species, adding to spectral complexity (Cho et al., 2015) while 115 

atmospheric pressure chemical ionization APCI accesses both non-polar and polar compounds 116 

(Andrade et al., 2008). Coupling prior separation techniques, including GC, has been shown to 117 

add a further dimension of separation and improve the range of compounds observed by FTICR 118 

methods and to provide information on the range of isomers for each unique molecular formula 119 

assigned (Benigni et al., 2016).  120 

In this study, the shallow salt marsh sediment core from Staten Island, New York, was sampled 121 

at 47 intervals to correlate the compositional fingerprints of the petroleum extracts with the 122 

history of oil spills this area. Rock-Eval(6) pyrolysis, a geochemical screening technique 123 

widely applied to the hydrocarbon bearing source rocks, was used as bulk geochemical 124 

reconnaissance method (Könitzer et al., 2016; Slowakiewicz et al., 2015). Rock-Eval generates 125 

parameters for total organic carbon (TOC), free hydrocarbons (S1), and bound (polymeric) 126 

hydrocarbons (S2). S1 describes the quantity and proportion of volatile hydrocarbons (free oil) 127 

S2 the bound hydrocarbons (biopolymers and kerogen). The production index is used as a 128 

benchmark for thermal maturity and calculated by dividing the amount of volatile 129 

hydrocarbons by total volatile and bound hydrocarbon (S1/S1+S2). In petroleum geochemistry 130 

resource assessment studies, immature rocks have a ratio of 0.1 or less, mature samples yield 131 

values of 0.1-0.4, and when expulsion occurs the S1 no longer rises (Pharaoh et al., 2018; 132 

Slowakiewicz et al., 2015). 133 

In parallel to Rock–Eval pyrolysis screening geochemistry, solvent extracts were profiled using 134 

two instruments in different laboratories: DI-APPI FTICR MS using a solariX and GC-APCI 135 

FTICR MS using a solariX 2XR. The GC-APCI experiments were performed to access 136 

additional species, particularly more volatile components, and provide insight on the isomeric 137 

complexity of the extracts. An ultrahigh resolution mass spectrometer coupled with GC affords 138 



the ability to accurately monitor signal intensities within very narrow m/z windows, including 139 

co-eluting components. By following the extracted ion chromatograms (EICs) in a manner not 140 

possible with lower resolution instrumentation including time-of-flight and quadrupole mass 141 

spectrometers, it is possible to obtain information about the range of isomers present for a 142 

single molecular formula (Barrow et al., 2014).  143 

The detailed molecular characterization obtained by DI-APPI FTICR MS (solariX) and GC-144 

APCI FTICR MS (solariX 2XR), along with the bulk information determined by Rock-Eval 145 

pyrolysis, allows a fingerprint of the anthropogenic contaminants of soil to be developed. 146 

Petroleomic profiles of soil as a function of depth can be used for correlating contamination 147 

with the site history, and may be developed as a tool for understanding the impact of oil and 148 

chemical spills in areas with a high concentration of industrial and shipping activity, for 149 

example.  150 

 151 

 152 

  153 



2. MATERIALS AND METHODS 154 

2.1 SEDIMENT SAMPLING 155 

A sediment core was collected using an Eijkelkamp peat sampler fitted with a stainless steel 156 

gauge (50 cm × 5.2 cm i.d.) at 40 36 27.87912 N, 74 11 27.50687 W (± 5 m) from intertidal 157 

zone of Saw Marsh Creek, Staten Island, New York, USA on June 10th 2013 (Figure 1). 158 

Recovered core sections were stored in pre-cut clean UPVC pipe and transported in a cool box 159 

at approximately 4 °C and then frozen at -18 °C. Each core was sectioned continuously at 2 cm 160 

intervals up to and including 46 cm depth and at 1 cm up to 51.5 cm depth and then at 2 cm 161 

intervals to core base at 90 cm. All sediment intervals were then freeze-dried for 72 h, sieved 162 

through a mesh aperture of 2 mm and the < 2 mm fraction ground to a fine powder (Beriro et 163 

al., 2014; Vane et al., 2007). 164 

 165 

Figure 1. Sampling location of Core.  166 

2.2 ROCK-EVAL(6) PYROLYSIS 167 

Forty seven depth increments from the Saw Marsh Creek core were analyzed using a Rock-168 

Eval(6) pyrolyser. Powdered samples (60 mg dry wt.) were heated from 300 °C to 650 °C  at 169 

25 °C min-1 in an inert atmosphere of N2 and the residual carbon then oxidised by the addition 170 

of a constant flow of clean compressed oxygen-containing air at 300 °C to 850 °C at 20 °C 171 



min-1 (hold 5 min) . Hydrocarbons released during the two-stage pyrolysis were measured using 172 

a flame ionization detector and CO and CO2 measured using an IR cell. The performance of 173 

the instrument was checked every 10 samples against the accepted values of the Institut 174 

Français du Pétrole (IFP) standard (IFP 160 000, S/N1 5-081840). Rock-Eval parameters were 175 

calculated by integration of the amounts of HC (thermally-vaporized free hydrocarbons) 176 

expressed in mg HC-1 g-1 rock (S1) and hydrocarbons released from cracking of bound organic 177 

matter (OM) expressed in mg HC-1 g-1 rock (S2). The production index is given by S1/S1+S2.  178 

2.3 SOXHLET EXTRACTION 179 

Environmental Protection Agency method 3540c was followed for 5 depth samples. 190 mL 180 

dichloromethane (DCM) (Fisher Scientific, Hemel Hempstead, Hertfordshire, UK) was added 181 

to each sample and heated at ~40 °C for 22 h to maximise the extraction of hydrophobic 182 

components including petroleum-related compounds. The extracts were then cooled before 183 

being evaporated under reduced pressure to 10 mL. 184 

2.4 DIRECT INFUSION (DI) APPI FTICR MS 185 

Extracts for 5 depths were diluted in dichloromethane (DCM) (Fisher Scientific, Hemel 186 

Hempstead, Hertfordshire, UK) before mass spectra were acquired using a 12 T solariX FTICR 187 

mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany), coupled to an APPI II source.  188 

The instrument was operated in positive-ion mode. Nitrogen was used as the drying gas at a 189 

temperature of 200 °C at a flow rate of 4 L min-1. The nebulizing gas was nitrogen and was 190 

maintained at a pressure of 1.0 bar. Samples were infused using a syringe pump at a rate of 750 191 

μL h-1 without the activation of in-source dissociation. 4 MW data sets were acquired using 192 

magnitude mode, with a detection range of m/z 98-3000. After acquiring 300 scans, the data 193 

were zero-filled once and apodized using a Sine-Bell function prior to applying a fast Fourier 194 

transform. For the apodized data, the measured resolving power at m/z 200 was 650,000. Data 195 



were internally calibrated using homologous series (Table S1) and analyzed using 196 

DataAnalysis 4.2 (Bruker Daltonik GmbH, Bremen, Germany). Assignments were made using  197 

Composer 1.5.7 (Sierra Analytics, Modesto, CA, USA), searching for homologous series 198 

within the elemental constraints C=0-200; H=0-1000; N=0-2; O=0-9; S=0-2; P=0-1 (Table S2). 199 

Aabel NG2 v.5.2 (Gigawiz Ltd. Co., Tulsa, Oklahoma, USA) was used for data visualization. 200 

2.5 GC-APCI FTICR MS 201 

Extracts for 4 depths were diluted in DCM (Sigma Aldrich Chemie GmbH, Munich, Bavaria, 202 

Germany). Mass spectra were acquired using a 7 T solariX 2XR FTICR mass spectrometer 203 

(Bruker Daltonik GmbH, Bremen, Germany), coupled to a GC 450 (Bruker Daltonik GmbH, 204 

Bremen, Germany) and GC-APCI II source.  1 μL injection volume onto a 30 m BR-5ms 205 

column was used with He as the carrier gas, with the temperature program as follows: 60 °C 206 

held for 1 min, ramping 6 °C min-1 up to 300 °C and held for 9 min. The instrument was 207 

operated in positive-ion mode. Nitrogen was used as the drying gas at a temperature of 240 °C 208 

at a flow rate of 4 L min-1. The nebulizing gas was nitrogen and was maintained at a pressure 209 

of 2.0 bar. 2 MW data sets were acquired using magnitude mode, with a detection range of m/z 210 

107-3000 and 95 % data profile reduction. 2 (quadrupolar) detection was used, affording high 211 

resolution at the rapid scan rate required for GC-APCI infusion.  The data were zero-filled once 212 

and apodized using a Sine-Bell function prior to applying a fast Fourier transform. A lock mass 213 

of m/z 223.06345 (a polysiloxane) was used for online calibration. For the apodized data, the 214 

measured resolving power at m/z 200 was 300,000. Data were analyzed using DataAnalysis 215 

4.2 (Bruker Daltonik GmbH, Bremen, Germany) in 10 minute time retention intervals with the 216 

first 10 minutes used for background subtraction. Assignments were made using  Composer 217 

1.5.7 (Sierra Analytics, Modesto, CA, USA), searching for homologous series within the 218 

elemental constraints C=0-200; H=0-1000; N=0-2; O=0-9; S=0-2; P=0-1 (Table S2). Aabel 219 

NG2 v.5.2 (Gigawiz Ltd. Co., Tulsa, Oklahoma, USA) was used for data visualization. 220 



 221 

 222 

  223 



3. RESULTS AND DISCUSSION 224 

3.1 ROCK-EVAL(6)PYROLYSIS  225 

Inspection of the TOC content and its two major components, S1 and S2, at each sampling 226 

interval (Figure 2) shows a rapid decrease from surface to 25 cm, which may be due to the 227 

presence of natural extractable free hydrocarbon compounds and structural biopolymers in the 228 

rooting zone of living marsh plants (Newell et al., 2016). Below 25 cm depth the hydrocarbon 229 

content (TOC, S1, S2) was low and invariant with exception of a broad concentration peak at 230 

47 - 49 cm and another at 79 - 81 cm (Figure 2). These were taken to indicate anthropogenic 231 

oil spills, possibly including the 1990 Exxon pipeline spill. Similarly, corresponding changes 232 

were also confirmed by the concentrations of residual carbon (RC %) (non-pyrolyzable) and 233 

production index (PI) (Figure 2). The latter parameter is a widely utilized by hydrocarbon 234 

explorationists to assess the amount of generated as compared to potential hydrocarbons. In 235 

this current work increasing PI values also appear to have considerable utility for the 236 

identification of possible hydrocarbon pollution events.   237 



 238 

Figure 2. TOC and RC analysis by Rock-Eval(6) Pyrolysis 239 

The key sampling depths carried forward for further analysis by FTICR MS methods are 240 

indicated by red markers in Figure 2, with 67.5 – 69.5 cm included as a sample with low PI for 241 

comparison.  242 

3.2 DI-APPI FTICR MS 243 

Broadband mass spectra were obtained for soil extracts, produced using soil samples 244 

originating from 5 depths, with the spectra shown in Figure 3. The mass distribution shifts 245 

between extract sampling depths, with 14 - 16 to 67.5 - 69.5 cm centred approximately on m/z 246 

350, while 79.5 - 81.5 cm is centred on a higher m/z of 500 and has greater spectral intensity 247 

over the entire distribution.  248 



 249 

Figure 3. DI-APPI FTICR mass spectra for 5 sampling depths 250 

MS data were analyzed by searching for homologous series of peaks separated by the CH2 251 

(14.01565 Da) repeat unit (Table S1). Homologous series of molecular formulae possess the 252 

same heteroatom content (compound class) and number of double bond equivalents (DBE) 253 

(McLafferty and Turecek, 1993) and increase incrementally with each CH2 repeat unit by one 254 

carbon number (Marshall and Rodgers, 2008). A compound class distribution, showing the 255 

total relative intensity of peaks assigned to each compound class, is shown for all sampling 256 

depths in Figure 4.  257 

 258 
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 259 

Figure 4. Compound class distribution for 5 sampling depths 260 

Several key compositional differences between sampling depths are seen in Figure 4, 261 

particularly a sharp increase in the relative contribution from high oxygen containing Ox and 262 

OxSy[H] compounds, when moving from the shallower samples to the deepest sample at 79.5 - 263 

81.5 cm. At the depths of 47.5 - 48.5 and 48.5 - 49.5 cm, there is a relatively strong contribution 264 

from the HC radical class, correlating well with the higher concentrations of free and bound 265 

hydrocarbons measured by Rock-Eval pyrolysis. The HC radical class most likely comprises 266 

polycyclic aromatic hydrocarbons (PAHs), as extensively condensed hydrocarbons can 267 

stabilise free radicals readily due to delocalisation throughout the aromatic framework (Creary 268 

et al., 1989). The depths of 47.5 - 48.5, 48.5 - 49.5 and 79.5 - 81.5 cm also have contributions 269 

from the N containing classes, commonly detected in petroleum-related mixtures, where the 270 

N[H] class typically corresponds to pyridinic species that protonate readily, while the N class 271 

often represents pyrrolic species that ionize by forming radical species (Tables S3 and S4).  272 



The relative contribution from oxygenated and sulfur-containing radical classes was found to 273 

be greater at the sampling depths associated with a spike in PI. Inspection of the plots of number 274 

of rings and double bonds, or double bond equivalents (DBE), against carbon number (Figures 275 

S1-S3) for individual compound classes can provide information on the likely molecular 276 

structures of these compounds (Purcell et al., 2007a; Purcell et al., 2007b, Purcell et al., 2007c). 277 

Figure S1 shows that the S radical class of 47.5 - 48.5, 48.5 - 49.5 and 79.5 – 81.5 cm starts at 278 

6 DBE and has higher intensities at DBEs of 9, 12, and 15, a pattern characteristic of thiophenic 279 

compounds (Hegazi et al., 2012; Hourani et al., 2013; Panda et al., 2007) that, due to their 280 

aromatic structure, form radical species during ionization. This is in contrast to the Sy[H] 281 

classes that comprise sulfur-containing groups that are more readily protonated during 282 

ionization, such as sulfides, which were detected at all depths and in the 79.5 – 81.5 cm sample 283 

at a relatively higher intensity. The differentiation between ion types for compositions with the 284 

same heteroatoms can be useful indications of differences in structure; the S[H] class begins at 285 

a lower DBE than the S radical class and does not have the characteristic pattern of higher 286 

intensities at DBE of 6, 9, 12, and 15 (Figure S2).   287 

The increase in contribution from highly oxygenated Ox and OxSy classes may be linked to 288 

ageing of petroleum compounds (Atlas, 1981; Chen et al., 2016; Wang et al., 1998), and may 289 

be used to provide information of the timing of contamination due to particular spills (Douglas 290 

et al., 1996). Although geochemical tools can be used to more accurately date samples collected 291 

in areas with minimal sediment mixing, the samples used in this were collected at a site close 292 

to an active creek channel which in turn connects to the main tidal Arthur Kill waterway (a 293 

view supported by the changing sedimentology), and are therefore unlikely to provide an 294 

interpretable classical chronology (Vane et al., 2010; Vane et al., 2011).  The DBE plots of the 295 

O2S1[H] class (Figure S3) show a higher DBE and carbon number range at two of the depths 296 

associated with a spike in PI, and greater relative intensities above DBE 5.5, which may be 297 



partly due to oxygenation of benzothiopenic species, that, due to the incorporation of a polar 298 

oxygen functionality, are more readily ionized by protonation (Fathalla, 2011; Griffiths et al., 299 

2014). OxSy[H] classes may represent sulfoxides, whereas the corresponding radical class 300 

(OxSy) may have oxygen incorporated as aldehyde or ketone moieties in the hydrocarbon 301 

backbone (Bobinger, 2009). 302 

3.3 GC-APCI FTICR MS 303 

The total ion chromatogram (TIC) is shown in Figure 5 for the 67.5 - 69.5 cm depth sample. 304 

The average spectra taken over 10 minute time intervals of the TIC, show a shift in petroleum 305 

distribution to higher m/z with increasing retention time. While 10 minute intervals represent a 306 

relatively long period with respect to chromatography, they have been used here simply for the 307 

purposes of data visualization to illustrate clear differences between the data corresponding to 308 

the time ranges. Furthermore, coupling of GC to FTICR generates large data sets, necessitating 309 

a trade-off between time resolved information and the amount of time required for data 310 

analysis.  It should be noted that the original, time-resolved information, such as extracted ion 311 

chromatograms of individual ions, is retained with an example provided. 312 



 313 

Figure 5. Total ion chromatogram for sampling depth 67.5 – 69.5 cm, which was found to have 314 

the lowest PI by Rock-Eval pyrolysis, and the mass spectra resulting from averaging the 315 

acquired scans over 10 minute intervals. 316 

The compound class distribution shown in Figure 6 demonstrates that several heteroatom 317 

containing compound classes were observed at greater relative intensity when using GC-APCI 318 

FTICR MS compared to DI-APPI FTICR MS.  The summed class distribution can be 319 

disseminated to the distributions observed over 10 minute intervals (Figure S4 – S7), further 320 

demonstrating that several classes were more readily observed by GC-APCI FTICR MS 321 

compared to DI-APPI FTICR MS measurements, including low intensity Ox and OxP classes. 322 



Although the N[H] class, typically comprising pyridinic species, is seen at a low relative 323 

intensity in all samples, in contrast to DI-APPI the N class, typically comprising pyrollic 324 

species (Purcell et al., 2007a; Purcell et al., 2007c), is not seen as readily, including in the 79.5 325 

– 81.5 cm sample (Figure S7). The two techniques offer complimentary access to sample 326 

composition, due both to the differences in the volatility of compounds accessed by DI and GC 327 

and the differences in preferential ionization.  While the differences in preferential ionization 328 

were not extensive when compared to methods such as ESI (Huba et al., 2016), APPI and APCI 329 

do offer some complementarity. 0.30 Da regions of mass spectra are shown in Figure S8, 330 

comparing a spectrum acquired using DI-APPI FTICR MS on a 12 T solariX instrument and a 331 

spectrum acquired using GC-APCI FTICR MS on a 7 T solariX 2XR instrument at the 40 - 50 332 

min retention interval. Figure S8 shows not only the ultrahigh resolution capabilities of the 12 333 

T and 7 T 2XR instruments, but also heteroatom class assignments common to both DI-APPI 334 

and GC-APCI methods, as well as unique molecular compositions in each case. DI-APPI 335 

provided a greater ionization response for polycyclic aromatic hydrocarbons and sulfur-336 

containing species, while GC-APCI afforded greater access to more highly oxygenated 337 

compounds.  338 

 339 

Notably, phosphorous-containing classes including O4P[H] also make a substantial 340 

contribution to the depths of 14 – 16 cm, 48.5 – 49.5 cm, and 67.5 - 69.5 cm (Figures S4 – S7), 341 

typically eluting early in the run. The O4P[H] class was also detected in DI-APPI FTICR MS 342 

experiments at 48.5 - 49.5 cm. Several possible sources of phosphorous contamination in the 343 

NY/NJ Estuary exist, including agricultural effluent, leaks from chemical plants and 344 

manufacturers, and leaching of materials dumped in the now closed Fresh Kills Landfill (Anon, 345 

2001). Example phosphorous compounds detected by GC-APCI FTICR MS include 346 

[C8H19O4P + H]+ and [C12H27O4P + H]+ which may be dibutyl and tributyl phosphate, 347 



substances that are used in multiple industrial processes and, in the latter case, in fungicides 348 

and herbicides (Thomas et al., 1997). It is of particular note that, in the initial screening 349 

provided by Rock-Eval pyrolysis, the sampling depth of 67.5 – 69.5 cm appeared to contain 350 

relatively low levels of both free volatile hydrocarbons and bound polymeric hydrocarbons, as 351 

indicated in Figure 2, but that DI-APPI and GC-APCI analyses show that soil at this depth 352 

contains a range of substances that may have an anthropogenic source, including shipping 353 

activity, refineries, industrial and agricultural chemicals, landfill leachate, and sewage which 354 

suggests that the NY/NJ Estuary is continually affected by contamination. Natural interferences 355 

in the analysis of an environmental complex mixture cannot be ruled out completely, although 356 

the extraction in DCM limits the hydrophilic substances, such as natural organic matter 357 

(Hertkorn et al., 2008), carried forward for FTICR MS. 358 

359 

Figure 6. Compound class distribution from GC-APCI FTICR MS analysis of four sampling 360 

depths, summed over all retention time intervals.  361 



Several compound classes elute preferentially at specific times, for example the relative 362 

contributions from the OxS[H] classes generally increase with retention time. NO[H] and S[H] 363 

have the greatest relative intensity at 30 - 40 min at both the 14 - 16 cm and 67.5 – 69.5 cm 364 

sampling depths. The OxP[H] classes have the greatest relative intensity at the early elution 365 

times of 10 - 20 and 20 - 30 min. A lower relative intensity of the S1 class was seen for all 366 

samples by GC-APCI compared to DI-APPI, which may be associated with the greater 367 

ionization efficiency of more aromatic compounds by APPI. Figure S4 – S7 show a high 368 

relative contribution from the HC[H] class, which increases from the first time interval, and 369 

this corresponds to an increase in the number of data points as seen in the DBE plots shown in 370 

Figure 7a for the 67.5 – 69.5 cm sampling depth. Figure 7a also shows the DBE plots shifting 371 

to higher carbon number over time, with the highest mass species eluting later in the GC run. 372 

While there was an increase in absolute intensity for all DBE between 20 – 30 min and 40 – 373 

50 min, Figure 7b shows the change in relative contribution from each DBE to the overall 374 

HC[H] class intensity. DBE of 2.5 and below, and 6.5 and above, make a greater relative 375 

contribution at 40 – 50 min, while those between 2.5 and 5.5 inclusive make a greater 376 

contribution at 20 – 30 min, suggesting that they have a lower boiling point due to weaker 377 

intermolecular attractions, and elute earlier as a result. An ion with DBE of 6.5 in the HC[H] 378 

class (neutral DBE of 7) corresponds to the threshold for two, fused, 6-membered, aromatic 379 

rings. By comparison, an ion DBE of 9.5 (neutral DBE of 10) corresponds to the threshold for 380 

the cata-condensed structure incorporating three, 6-membered, aromatic rings. As an additional 381 

example, the DBE plots for the O[H] class of the 14 – 16 cm sampling depth show a similar 382 

increase in carbon number and DBE over time (Figure S9a), but a more pronounced shift in 383 

the relative contribution from DBE of 6.5 and greater at 40 – 50 min compared to 20 - 30 min 384 

(Figure S9b). 385 



386 

Figure 7. a) Plots of DBE against carbon number for the HC[H] class of sample depth 67.5 - 387 

69.5 cm over 10 minute intervals of the GC-APCI FTICR MS experiment, where marker size 388 

scales with relative intensity and b) Change in relative abundance of each DBE comparing the 389 

40 - 50 min to the 20 - 30 min interval.  Possible structures are shown for selected DBE values, 390 

indicating where these specific structures would be found, if present. 391 

DI-APPI was able to access a greater DBE range for the HC[H] class than GC-APCI, with 392 

species detected up to a DBE of 25.5 (Figure S10). This can be explained by the preferential 393 

ionization of aromatic structures offered by APPI, allowing extensively condensed PAHs to be 394 

accessed more readily, as well as access to species with higher boiling points by DI. In contrast, 395 

species with higher carbon numbers were accessed at the later elution times of  GC-APCI, 396 

including numerous assignments for carbon numbers in excess of 45. 397 

Further adding to the complexity of the data, EICs can be used to visualise the number of 398 

isomers present for a single molecular composition (data point) within a DBE plot. Figure 8 399 



shows EICs for three individual molecular formulae, represented by three points on the DBE 400 

plot of the O[H] class (Figure S11). Figure 8 shows the additional depth and complexity of data 401 

offered by the coupled GC-APCI FTICR MS technique, with each molecular ion peak 402 

representative of multiple isomeric compounds, and increasing complexity when increasing 403 

both carbon number and DBE. The EICs span two or more of the 10 minute intervals over 404 

which averaged spectra were produced, demonstrating that information in the time dimension 405 

was not lost during data processing. By combining GC with the ultra-high resolving power of 406 

the FTICR MS instrumentation, the EICs are selected for a given molecular composition in a 407 

narrow window of  0.0005 Da, which would not be possible for an instrument operating at 408 

lower resolution. For instance, if the resolution at m/z 300 were 30,000 FWHM, this would 409 

limit the mass difference resolvable to 0.01 m/z, and selecting a peak with this window would 410 

result in the EICs for multiple molecular formulae detected in the study overlapping. In 411 

practice, peaks can be resolved to less than a  0.01 Da range within a GC-APCI mass spectrum 412 

in this study and, as a result, the EICs would overlap if this selection tolerance was used (Figure 413 

S12).  414 

 415 



 416 

Figure 8. Extracted ion chromatograms for three individual molecular formulae from the O[H] 417 

class at 67.5 – 69.5 cm sampling depth, demonstrating increasing complexity with increasing 418 

carbon number and DBE (see Figure S11). b) represents an increase in carbon number from a), 419 

while c) represents an increase in DBE from b).  420 



EICs can also be compared between sampling depths, providing an indication of the differences 421 

in isomeric complexity underlying relative class contributions and the range of structures 422 

possessing the same molecular formula (Figure 9). The EICs shown in Figures 8 and 9 423 

demonstrate greater isomeric complexity for individual compositions than oil sands process 424 

water samples also studied by GC-APCI FT-ICR MS (Ortiz et al., 2014; Barrow et al., 2014), 425 

for example, although greater complexity may be determined utilising a chromatographic 426 

method not limited by boiling point, such as supercritical fluid chromatography (SFC) (Pereira 427 

and Martin, 2015) or high pressure liquid chromatography HPLC (Hawkes et al., 2018). 428 

 429 



 430 

Figure 9. EICs for the molecular composition [C30H48 + H]+, demonstrating the differences in 431 

isomeric complexity and predominant retention times as a function of sampling depths. 432 

 433 

 434 



4. CONCLUSION 435 

Several sampling depths with relatively high PI were identified by bulk Rock-Eval pyrolysis, 436 

with key sampling depths that may be linked to major spills in the NY/NJ Estuary carried 437 

forward for further analysis. A sample with a relatively low PI was also included, as well as a 438 

sample representative of topsoil.  To complement the Rock-Eval data obtained for these soil 439 

depths, the selected samples were profiled more extensively by DI-APPI FTICR MS, plus GC-440 

APCI FTICR MS equipped with 2 detection. Several trends in the compositional profile were 441 

observed by DI-APPI FTICR MS, including relatively high HC and OxSy[H] contributions, at 442 

the sampling depths that corresponded to a spike in PI by Rock-Eval analysis. The range of 443 

oxygen- and sulfur-containing classes observed increased at these depths, which may be related 444 

to contamination from petroleum-related compounds.  445 

GC-APCI FTICR analysis identified additional groups and provided complementary 446 

information to DI-APPI data. Phosphorous-containing compounds with low retention times 447 

were detected, which may indicate contamination from other anthropogenic sources, including 448 

agricultural effluent and industrial chemicals, in the NY/NJ Estuary area. The sample that was 449 

found to have a relatively low PI by Rock-Eval pyrolysis was observed to contain many 450 

hydrocarbon and phosphorous-containing compounds by DI-APPI and GC-APCI FTICR MS, 451 

suggesting that there may have been continuous pollution from anthropogenic sources such as 452 

shipping, agricultural activity, refineries, and other industrial activity in the NY/NJ Estuary.  453 

Finally, the 7 T solariX 2XR instrument was shown to be capable of providing ultrahigh 454 

resolution data comparable to that obtained at the higher field of 12 T on sufficiently short 455 

timescales suitable for coupling with GC. Coupling GC with ultrahigh resolution mass 456 

spectrometry affords a unique capability to resolve a greater number of compounds, including 457 

co-eluting components, making it possible to resolve EICs fully and to detect isomeric 458 



components, even within highly complex mixtures.  This provides greater analytical 459 

capabilities for complex mixture analysis and reduces the risk of loss of information which 460 

would result from coupling GC with lower resolution instruments.  The viability of GC-APCI 461 

FTICR MS experiments on the 7 T 2XR instrument, using 2 mode for increased performance, 462 

has been demonstrated as an emerging tool for the analysis of complex samples, including 463 

petroleum and environmental samples.  464 
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