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Figure 13: Comparison of fluorene and alkyl fluorenes in 2010 and 2011 surficial 
sediments (0-1 cm). 
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Phenanthrenes/Anthracenes 

Alkyl phenanthrenes/anthracenes were generally much higher in concentration than the 

summed parent analytes in 2010, but had a smaller range, lower median, and average 

than the parent analytes in 2011.  Furthermore, phenanthrene was the most abundant 

analyte detected in 2011 sediments, comprising as much as 44 % (average = 24 %; 

median = 24 %) of the TPAH distribution, while only comprising as much as 12 % of the 

TPAH distribution in 2010.   

In 2010 sediments, alkylated phenanthrenes/anthracenes concentrations were between 

6.75-2,846 ng/g dry weight (average = 294.86 ng/g; median = 63.77 ng/g) while parent 

phenanthrenes/anthrancenes were at much lower concentrations, between 5.58-96.85 ng/g 

dry weight (average = 26.01; median = 16.60 ng/g; Fig. 14). 

In 2011 sediments, alkylated phenanthrenes/anthracenes were found at a much larger 

concentration range than 2010, between 1.16-11,917.00 ng/g dry weight (average = 

264.35ng/g; median = 26.91 ng/g; average decreases to 44.21 ng/g dry weight with GIP 

13 (0-1 cm) removed).  The parent phenanthrene/anthracenes in 2011 sediments were at 

concentrations of between 7.50-107.47 ng/gdry weight (average = 53.44 ng/g; median = 

42.08 ng/g; Fig. 14). 
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Figure 14: Comparison of phenanthrene, anthracene, and summed alkyl phenanthrene and 
anthracenes in 2010 and 2011 surficial sediments (0-1 cm).  GIP 13 is removed due to 
scaling (concentrations of phenanthrene, anthracene, and alkyl phenanthrenes and 
anthracenes at this station are 107.47, 2.55, and 11,917 ng/g dry weight, respectively). 
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Dibenzothiophenes 

Dibenzothiophenes were a minor constituent of TPAHs in both 2010 and 2011, with the 

exception of some slope stations (such as GIP 15 in 2010, and GIP 13 in 2011), which 

had elevated concentrations of alkylated dibenzothiophenes, contributing to a large range 

in both years.  In 2010, concentrations of alkyl dibenzothiophenes were between ND-

731.54 ng/g dry weight (average = 78.01 ng/g; median = 17.29  ng/g) and between ND-

1,048.00 ng/g dry weight (average = 28.56  ng/g; median = 0 ng/g) in 2011 (as most of 

the stations were 0 ng/g).   

Parent dibenzothiophene comprised an even smaller portion of the TPAH in continental 

shelf and slope sediments, only as much as 13.90 ng/g dry weight (average = 2.33 ng/g; 

median = 1.24 ng/g) in 2010, and a maximum of 4.90 ng/g dry weight (average =  0.15 

ng/g; median = 0) in 2011.   

Fluoranthenes/Pyrenes 

Fluoranthenes/Pyrenes were enriched in alkyl homologues, relative to the parent 

compound, further indicating a petrogenic source.  Despite having a lower range in 2010, 

the average and medianfor alkyl homologues were higher than in 2011.  Concentrations 

were between 2.4 and 646.82 ng/g dry weight (average = 82.47 ng/g; median = 27.81 

ng/g) in 2010, and between ND-2,639.63 ng/g dry weight (average = 73.00 ng/g; median 

= 0) in 2011 (Fig. 15). 

Parent fluoranthene and pyrene concentrations summed together in 2010 were between 

10.69-111.38 ng/g dry weight (average = 36.75 ng/g; median = 27.65 ng/g) and ND-

548.44 ng/g dry weight (average = 24.14 ng/g; median = 7.8 ng/g; Fig. 15). 
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It should be noted that for 2011 samples, fluoranthene/pyrene peaks could only be 

resolved for C1 and C2 substitutedalkyl groups.     



59 
 

 

Figure 15: Comparison of fluoranthene and pyrene for 2010 and 2011 surficial 
sediments(0-1 cm).  Alkyl fluoranthenes and pyrenes are only displayed from 2010 
samples, since these analytes were mostly below detection from 2011 samples. 
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Chrysenes 

Despite only contributing 2.7 % of the TPAH distribution in the Macondo oil, alkyl 

chrysenes were often the most abundant PAH comprising TPAH in 2010 continental 

slope stations, accounting for as much as 43 % of the TPAH distribution.  The 2010 

sample concentrations ranged from ND-1,219.48 ng/g dry weight (average = 185.26 ng/g; 

median = 40.41 ng/g), while 2011 sample concentrations dropped to ND-175.29 ng/g dry 

weight(average = 13.26 ng/g; median = 6.80 ng/g) (Fig. 16).  It should be noted that most 

C4 chrysenes could not be resolved for 2011 samples so ranges of alkylated chrysenes in 

this year reflect only C1-C3 chrysenes (except GIP 4, which contained resolvable C4 

Chrysenes).   

Parent chrysene concentrations also dropped dramatically between 2010 and 2011.  In 

2010 samples, parent chrysene was ND-158.87 ng/g dry weight (average = 35.25 ng/g; 

15.30 ng/g),whichdecreased to ND-9.31 ng/g dry weight (average = 2.48 ng/g; median = 

1.82 ng/g; Fig. 16) in 2011 samples. 
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Figure 16: Comparison of benz[a]anthracene, chrysene and alkyl chrysenes for 2010 and 
2011 surficial sediments. 
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4.2.3 Selected Molecular Ratios of Polycyclic Aromatic Hydrocarbons 

Naphthalene/ΣNaphthalenes 

The range of Naphthalene/ΣNaphthalenes (Nap/ΣNaps) was similar between 2010 and 

2011 (Fig. 17), but the spatial distribution of these values varied.  In 2010, the only 

stations that had values of Nap/ΣNaps near within  + 0.0 5of the Macondo oil value 

(Nap/ΣNaps = 0.08) were GIP 15 (0-1 and 1-2 cm intervals), and GIP 18 (0-1 cm 

interval).  Station GIP 18, located closest to the well, had the closest value of Nap/ΣNaps 

(0.05) to the Macondo oil of all the samples from 2010.  In 2011, the stations that had 

Nap/ΣNaps values within  + 0.05 of the Macondo oil were GIP 2  (0.12, 0- 1 cm and 

0.11, 1-2 cm) and GIP 4 (0.04, 2- 3 cm) on the continental shelf, and GIP 13 (0.12, 0- 1 

cm and 0.13, 1-2 cm), 20 (0.13, 0-1 cm) and 6 (0.13, 2- 3 cm) on the continental slope. 
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Figure 17: Comparison of Naphthalene/ΣNaphthalenes for (a) 2010 and (b) 2011 in top 3 
cm sediment horizons.  Dashed line indicates value of pure Macondo oil. 
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Phenanthrene and Anthracene Ratios (mass 178) 

Phenanthrene/Anthracene 

Phenanthrene/Anthracene (Phen/Anth) ratios for 2010 samples were generally much 

lower than those in 2011 samples due to the much higher abundance of phenanthrene 

relative to anthracene in 2011 (Fig. 18).  Only one 2010 sample, GIP 18 (0-1cm interval) 

had a value (13.02) above what is considered the threshold for petroleum related 

materials (Phen/Anth> 10), while most sample values fell above this in 2011.  Similarly, 

the value at GIP 18 (0-1 cm interval) was significantly higher (phen/anth = 354) than the 

rest of the 2011 samples.   
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Figure 18: Comparison of Phenanthrene/Anthracene for (a) 2010 and (b) 2011 in top 3 
cm sediment horizons.  Dashed line indicates value for pure Macondo oil.  Solid line 
indicates transition zone from petrogenic to pyrogenic values. 
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Anthracene/178 

Similar to the phen/anth ratio, all of the 2010 samples plotted within the combustion 

range (Fig. 19), except for GIP 18 (0-1 cm interval) which had a value remarkably close 

to the Macondo oil (an/178 = 0.08).  In 2011, sample results were again spilt between 

combustion and petroleum related signatures.  All of the 2011 continental slope stations 

within 5 km of the well had an/178 values at the surface (0-1 cm interval) that were 

consistent with pyrogenic materials, and all slope stations between 15-150 km away from 

the well(GIP 11, 13, 23, and 25; 0-1 cm intervals) had an/178 values that indicated 

petrogenic materials (among non-zero values). Also in the 2011 samples, in the 1-2 cm 

interval, stations GIP 13, E, F, and H had petrogenic an/178 signatures (among non-zero 

values), while GIP E and H were the only stations with values within this range in the 2-3 

cm interval.   
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Figure 19: Comparison of An/178 for (a) 2010 and (b) 2011 in top 3 cm sediment 
horizons.  Dashed line indicates value for pure Macondo oil.  Solid line indicates 
transition zone from petrogenic to pyrogenic values. 
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C0phen+anth/(C0+C1phen+anth) Ratio 

The C0phen+anth/(C0+C1phen+anth) ratio provided much different results than the other 

two mass 178 ratios (Fig. 20).  In both years, samples consistent with petrogenic 

signatures only occurred within the first two centimeters of sediment at a subset of 

stations.  Generally, the 2010 continental slope stations that had petrogenic signatures 

were located relatively close to the well (GIP 15, 16, 17, 18; 19.8 km, 4.9 km, 19.8 km, 

and 2.1 km, respectively) with the exception of GIP 13, which is 51.3 km from the well. 

Additionally, all of these locations are located west of the well, except for GIP 18, which 

is just 2.1 km due east of the well.  The 2010 stations GIP 15, 16, 17, and 18 also had the 

highest TPAH concentrations.In 2011, only one continental slope station had a value that 

was consistent with a petrogenic source signature, which was GIP 13 with a value of 0.23 

(which was also the site with the highest TPAH in 2011).The only continental shelf 

samples that fell within the petrogenic range were at the 2011 stations GIP 2 (0-1 cm 

interval) with a value of 0.33, and GIP 4 (1-2 cm interval) with a value of 0.38.       
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Figure 20: Comparison of C0phen+anth/(C0+C1phen+anth) for (a) 2010 and (b) 2011 in 
top 3 cm sediment horizons.  Dashed line indicates value for pure Macondo oil.  Solid 
line indicates transition zone from petrogenic to pyrogenic values 
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Fluoranthene and Pyrene Ratios (mass 202) 

Fluoranthene/Pyrene (Fl/Py) ratios from stations in 2010 dominantly indicated petroleum 

sources, whereas those from stations in 2011 dominantly indicated combustion sources 

(Fig. 21), which is nearly the opposite of what the phen/anth ratios displayed.  In 2010, 

the only stations that had a Fl/Py pyrogenic signature were GIP 20 and 25, which are 

located to the east and north of the well, respectively.  GIP 25 also had the lowest TPAH 

concentration (72.88 ng/g)in 2010, which was below the meanTPAH background 

concentration(140 ng/g; Wade et al., 2008).  2011 showed a much wider range of Fl/Py 

ratios, and only one station displayed a petrogenic signature, which was GIP 13(0-1 cm 

and 1-2 cm intervals, at 0.37 and 0.81, respectively).Fluoranthene/Fluoranthene+Pyrene 

ratios showed similar distributions of samples in the petroleum and combustion fields in 

2010 and 2011 (Fig. 22).   
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Figure 21:  Comparison of fluoranthene/pyrene for (a) 2010 and (b) 2011 in top 3 cm 
sediment horizons.  Dashed line indicates value for pure Macondo oil.  Solid line 
indicates transition zone from petrogenic to pyrogenic values. 
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Figure 22: Comparison of fluoranthene/202 for (a) 2010 and (b) 2011 in top 3 cm 
sediment horizons.  Dashed line indicates value for pure Macondo oil.  Solid line 
indicates transition zone from petrogenic to pyrogenic values. 
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Benz[a]Anthracene and Chrysene (mass 228) 

Benz[a]Anthracene/228 (BaA/228) values could only be quantitated for 2010 since most 

of the concentrations in 2011 were below the detection limit.  The values of BaA/228 that 

fell within the petrogenic window all occurred within the 0-1 cm interval of sediment 

with the exception of station GIP 15 (1-2 cm interval).  Stations GIP 15, 17, 18, 20, 23, 

24, and 25 all had BaA/228 values that were consistent with petroleum source materials ( 

BaA/228 = 0.20).  All of the stationswith values within the petrogenic range, except for 

GIP 15 and 17, were located east or north of the well (Fig. 23).  The Macondo oil had a 

signature that actually fell into the combustion range (BaA/228 = 0.55) which suggests 

that the literature defined values don't necessarily hold true in this case.   

 

 

Figure 23: Benz[a]anthracene/228 for 2010 samples in top 3 cm sediment horizons.  
Dashed line indicates value for pure Macondo oil.  Solid line indicates transition zone 
from petrogenic to pyrogenic values. 
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Pyrogenic Index 

For the 2010 stations, most of the pyrogenic index petroleum related signatures were 

contained within the surficial sediment (0-1 cm interval; with the exception of GIP 16, 

18, and 25), while the combustion related signatures were dominantly found down-core 

(1-2 cm and 2-3 cm intervals; Fig. 24).  In the 1-2 cm and 2-3 cm intervals, the stations 

that had a combustion related signature as compared to the 0-1 cm interval were GIP 2, 6, 

11, 18, 24 in the 1-2 cm interval, and GIP 16, 18, 24 in the 2-3 cm interval at 2010 

stations.  In 2011 the combustion related signatures were found at GIP E and 24 in the 1-

2 cm interval, and GIP 2, 13, 25, F, L in the 2-3 cm interval.  Stations that have a varying 

signature down core reflect a difference in source, which seems to be more apparent in 

2010.  The stations that had pyrogenic index values closest to the pyrogenic index values 

of the Macondo oil endmember (0.02) were GIP 15 (0.06) in 2010 and GIP 13 (0.05), in 

2011 which are also the stations with the highest TPAH in both years.     
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Figure 24: Comparison of pyrogenic index for (a) 2010 and (b) 2011 in top 3 cm 
sediment horizons.  Dashed line indicates value for pure Macondo oil.  Solid lines 
indicate transition zones between petroleum, combustion, and burned residual. 
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3.2.4 Selected Molecular Ratio Cross Plots 

Since the 178 and 202 molecular ratio plots did not corroborate with each other, cross-

plots of selected molecular ratios were constructed to further analyze the source of the 

PAHs.  The cross-plots shown here are for the ratios that have greater integrity in their 

source-delineation capacity (see section 1.3.2; Yunker et al., 2000; Yunker et al., 2002; 

Fatima et al., 2001).  The C0phen+anth/(C0+C1phen+anth) vs. 

fluoranthene/fluoranthene+pyrene suggests that in 2010, the majority of the GoMx 

samples were comprised of PAHs from mixed sources.  In 2011, the samples at all depths 

plotted dominantly in the pyrogenic window 2011 (Fig. 25). Similarly, the pyrogenic 

index vs. fluoranthene/fluoranthene+pyrene also suggested mixed sources for both years 

(Fig. 26).  The major difference is that this ratio suggests more of a petroleum influence 

in the source signature for 2011.   

Between both of these plots, it is clear that most of the 2010 samples that plot within the 

petrogenicwindow (or right on the transition line) occur within the surficial sediment (0-1 

cm interval).  Stations GIP 25 and 11 were the two stations that plotted consistently in the 

pure pyrogenic window in 2010, and were also the stations that had the lowest TPAH 

concentrations in this year.  Station GIP 13 was the only station that plotted consistently 

in the petrogenic window in 2011, and had the highest TPAH concentration in this year.    
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Figure 25: Double ratio cross-plot of C0phen+anth/C0+C1phen+anth vs. fluoranthene/202 
for (a) 2010 and (b) 2011, in the top 3 cm sediment horizons. 
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Figure 26: Double ratio cross-plot of pyrogenic index vs. 
fluoranthene/fluoranthene+pyrene for (a) 2010 and (b) 2011 in top 3 cm sediment 
horizons. 
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3.3 Polycyclic Aromatic Hydrocarbon QA/QC 

Surrogate recovery of 1-Fluorobiphenyl ranged between 37.50-80.40 % (average = 62.90 

%; median = 62.70%), and for p-Terphenyl ranged between 37.0 and 105.0 % (average = 

68.50 %; median = 68.20 %).  Recoveries of corrected matrix spikes (Matrix spike 

concentration-corresponding sample concentration) ranged between 24 and 120.8 % 

(Table 3).   

Table 3: Matrix spike recoveries for station GIP 2, 1-2cm MS and GIP 24, 1-2 cm MS. 

 

 

Duplicates exhibited extreme heterogeneity within stations (Table 4).  Since duplicate 

samples were taken from different cores, it is expected that some level of patchiness will 

occur.  Station GIP D had a difference in TPAH of 403.30 ng/g dry weight, while GIP 13 

Analyte
GIP 2-

2cm MS
GIP 24-2 
cm MS

(%) (%)
Naphthalene 53.58 67.97

   C1-Naphthalenes 56.36 67.46
Biphenyl 112.69 128.01

Acenaphthylene 59.74 24.00
Acenaphthene 54.15 63.23

Fluorene 63.13 77.14
Phenanthrene 71.01 87.65
Anthracene 71.22 49.62

Dibenzothiophene 51.86 28.06
Fluoranthene 69.65 80.69

Pyrene 65.38 73.33
Benz(a)anthracene 56.92 82.42

Chrysene 67.36 78.81
Benzo(k)fluoranthene 64.51 77.97

Benzo(a)pyrene 65.39 75.15
Indeno(1,2,3-c,d)pyrene 80.87 88.52
Dibenzo(a,h)anthracene 74.26 82.85

Benzo(g,h,i)perylene 82.96 60.53
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was 2 orders of magnitude different (16,267 ng/g).  The GIP 13 high point was verified 

by multiple injections and was not run after any pure standards or calibration verification 

extracts.  No lab duplicates (duplicates on the same core) were analyzed, as there was not 

enough sediment for the extraction process. 

Table 4: Comparison of duplicate samples GIP 13, 0-1 cm, and GIP D, 0-1 cm. 

Analyte 
GIP D 

(0-1 
cm) 

GIP D  
(0-1 cm) 

DUP 

GIP 13 
(0-1cm) 

GIP 13 
(0-1 cm) 

DUP 
TPAH sans Perylene 156.34 559.64 16,582.77 315.29 

Naphthalene 3.43 3.49 11.50 9.19 
   C1-Naphthalenes 7.59 4.76 18.85 9.74 
   C2-Naphthalenes 4.46 53.25 21.50 17.34 
   C3-Naphthalenes 4.02 111.44 39.85 23.93 
   C4-Naphthalenes 0.86 70.96 15.91 15.73 

Biphenyl 3.88 2.43 7.07 3.53 
Acenaphthylene ND ND 1.13 1.58 
Acenaphthene ND ND ND 0.37 

Fluorene 3.07 1.59 13.29 4.18 
   C1-Fluorenes ND 17.74 9.31 3.53 
   C2-Fluorenes 4.70 ND 21.85 36.32 
   C3-Fluorenes ND ND 95.88 9.60 
Phenanthrene 50.39 17.86 107.47 34.79 
Anthracene 16.93 0.40 2.55 1.30 

   C1-
Phenanthrenes/Anthracenes 11.82 70.62 361.98 22.22 

   C2-
Phenanthrenes/Anthracenes 6.64 ND 3,123.10 25.22 

   C3-
Phenanthrenes/Anthracenes 5.31 63.16 5,097.89 18.09 

   C4-
Phenanthrenes/Anthracenes 5.99 ND 3,334.51 6.10 

Dibenzothiophene ND ND 4.90 ND 
   C1-Dibenzothiophenes ND ND 20.42 ND 
   C2-Dibenzothiophenes ND ND 318.92 ND 
   C3-Dibenzothiophenes ND ND 708.67 ND 

Fluoranthene 12.67 6.31 147.06 12.38 
Pyrene 7.60 3.31 401.38 12.30 

   C1-Fluoranthenes/Pyrenes ND ND 2,625.76 5.65 
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Table 4 continued: Comparison of duplicate samples GIP 13, 0-1 cm, and GIP D, 0-1 cm. 

   C2-Fluoranthenes/Pyrenes ND ND ND ND 
   C3-Fluoranthenes/Pyrenes ND ND ND ND 

Benz(a)anthracene ND 0.70 13.87 3.12 
Chrysene ND 2.81 9.31 5.22 

   C1-Chrysenes 2.70 46.14 3.30 5.02 
   C2-Chrysenes ND 38.54 2.03 ND 
   C3-Chrysenes ND ND ND ND 
   C4-Chrysenes ND ND ND ND 

Benzo(b)fluoranthene 4.25 8.72 15.77 11.71 
Benzo(k)fluoranthene ND ND 3.71 3.71 

Benzo(e)pyrene ND 35.44 13.39 5.27 
Benzo(a)pyrene ND ND ND 1.60 

Indeno(1,2,3-c,d)pyrene ND ND 6.18 3.28 
Dibenzo(a,h)anthracene ND ND ND ND 

Benzo(g,h,i)perylene ND ND 4.47 3.28 
 

 

Blanks (extracted combusted Ottawa sand) showed some contamination, especially for 

C1-naphthalenes, biphenyl and phenanthrene.  In one case, naphthalene was 37.91 ng/g, 

which was the highest concentration detected of all the PAHs in any blank (Table 5).  

This is considered an isolated instance, and most likely due to being injected immediately 

after a concentrated sample or calibration verification standard, which may leave residue 

on the GC/MS injector septum.   
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Table 5: Concentrations of blank extracts. 

 

Analyte
BLANK 

1
BLANK 

2
BLANK 

3
BLANK 

4
BLANK 

5
BLANK 

6
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

Naphthalene ND ND ND 37.91 ND ND
   C1-Naphthalenes 5.62 6.31 ND 6.32 9.39 11.61
   C2-Naphthalenes ND ND ND ND ND ND
   C3-Naphthalenes ND ND ND ND ND ND
   C4-Naphthalenes ND ND ND ND ND ND

Biphenyl 10.12 ND ND 8.84 8.05 8.13
Acenaphthylene ND ND ND ND ND ND
Acenaphthene ND ND ND ND ND ND

Fluorene ND ND ND ND ND ND
   C1-Fluorenes 11.90 11.33 ND ND 10.54 ND
   C2-Fluorenes 17.47 27.69 ND ND ND ND
   C3-Fluorenes ND ND ND ND ND ND
Phenanthrene 7.87 11.57 ND 10.11 6.71 ND
Anthracene ND ND ND ND ND ND

   C1-Phenanthrenes/Anthracenes ND ND ND ND ND ND
   C2-Phenanthrenes/Anthracenes ND ND ND ND ND ND
   C3-Phenanthrenes/Anthracenes ND ND ND ND ND ND
   C4-Phenanthrenes/Anthracenes ND ND ND ND ND ND

Dibenzothiophene ND ND ND ND ND ND
   C1-Dibenzothiophenes ND ND ND ND ND ND
   C2-Dibenzothiophenes ND ND ND ND ND ND
   C3-Dibenzothiophenes ND ND ND ND ND ND

Fluoranthene ND ND ND ND 2.32 ND
Pyrene ND ND ND ND 3.35 ND

   C1-Fluoranthenes/Pyrenes ND ND ND ND ND ND
   C2-Fluoranthenes/Pyrenes ND ND ND ND ND ND
   C3-Fluoranthenes/Pyrenes ND ND ND ND ND ND

Benz(a)anthracene ND ND ND ND ND ND
Chrysene ND ND ND ND ND ND

   C1-Chrysenes ND ND ND ND ND ND
   C2-Chrysenes ND ND ND ND ND ND
   C3-Chrysenes ND ND ND ND ND ND
   C4-Chrysenes ND ND ND ND ND ND

Benzo(b)fluoranthene ND ND ND ND ND ND
Benzo(k)fluoranthene ND ND ND ND ND ND

Benzo(e)pyrene ND ND ND ND ND ND
Benzo(a)pyrene ND ND ND ND ND ND

Indeno(1,2,3-c,d)pyrene ND ND ND ND ND ND
Dibenzo(a,h)anthracene ND ND ND ND ND ND

Benzo(g,h,i)perylene ND ND ND ND ND ND
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3.4 Spatial Modeling 

3.4.1 Spatial Analysis of δ13Corganic 

Initially, scatter plots of δ13Corganic versus latitude, longitude, and water depth displayed a 

strong effect of longitude and no apparent trend in latitude for data from stations sampled 

in 2010 and 2011 (Fig. 27 and 28).  

 

Figure 27: Scatter plot of δ13Corganicagainst longitude for 2010 stations.  Red points denote 
outliers.  Dashed line indicates longitude of Macondo well. 
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Figure 28: Scatter plot of δ13Corganicagainst longitude for 2011 stations.  Red points 
denote outliers.  Dashed line indicates longitude of Macondo well. 

 

The first model selected to represent the data (for 2010 and 2011) using AIC only 

considered a quadratic trend in longitude on δ13Corganic: 

𝜇𝛿13𝐶 =  𝛽0  +  𝛽1𝑋𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 + 𝛽2𝑋2 
𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 

whereXLongitude is the mean centered longitude, (XLongitude =  -88.51 + Longitude of an 

individual station), 𝜇𝛿13𝐶 is the expected level of δ13Corganicat longitude XLongitude, 

β0represents the value of δ13Corganicat the mean longitude of the full data (Longitude =  -

88.51 or XLongtitude = 0), and β1 and β2 represent the linear and quadratic trends of 𝜇𝛿13𝐶in 
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longitude.  AIC suggested that neither latitude nor water depth improved the fit of the 

model, especially since water depth was highly correlative with latitude and longitude.  

Two stations (GIP 6 and L), the two western most data points, were clearly influencing 

the data to behave quadratically with longitude (GIP 6 for both years; GIP L only for 

2011).  Removing these sites allowed the effect in longitude to become linear.  After 

removing these data points, a linear model was chosen instead to represent the data: 

𝜇𝛿13𝐶 =  𝛽0  +  𝛽1𝑋𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 

whereXLongitude, 𝜇𝛿13𝐶, and β0are the same as above, and β1is the linear coefficient, which 

represents the expected change in δ13Corganicfor a one unit increase in longitude.   

The predicted δ13Corganic (𝜇𝛿13𝐶)value sare lower in 2010 than in 2011, and the predicted 

change in mean δ13Corganic, as a function of longitude, was similar between years.  

ANOVA testing confirmed that the 2010 and 2011 models were different (p = 0.002), 

which allows for individual slopes and intercepts for both years: 

𝜇𝛿13𝐶 =  𝛽0,𝑦  +  𝛽1,𝑦𝑋𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 

whereβ0,yrepresents the expected value of δ13Corganic in year y, and β1,yrepresents the 

expected change of δ13Corganicfor one unit longitude in year y.   

Overall, spatial analysis of δ13Corganicindicated that changes in longitude best described 

the changes in δ13Corganic.  Also, the distribution of δ13Corganicwith longitude in 2010 and 

2011 were found to be different (through ANOVA),with the predicted levels of 

δ13Corganicbeing more depleted in 2010 (Fig. 29), allowing for individual slopes and 
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intercepts for each year.  The effect of longitude on δ13Corganic was similar in 2010 and 

2011.   

 

Figure 29: Predicted values of δ13Corganicplotted versus longitude.  Thick lines indicate the 
predicted slopes and dashed lines indicate 95 %confidence intervals. Red dots indicate 
2010 observed values, and black dots indicate 2011 observed values.  Vertical dashed 
line indicates longitude of Macondo well.  (Intercept 2010, β0,2010 = -22.073 [std. error = 
0.138], slope 2010,β1,2010 =  3.296 [std. error = 0.611]; Intercept 2011, β0,2011 = -21.504 
[std. error = 0.089], Slope 2011, β1,2011 = 2.076 [std. error = 0.375]; R2

2010 value =  
0.7106; Adjusted R2

2010  = 0.6745; R2
2011 = 0.6283; Adjusted R2

2011 = 0.6114; Residual Std. 
Error =  0.437; F Statistic =  24.36). 
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3.4.2 Spatial Analysis of TPAH 

Despite general trends displayed by TPAH bubble plots in Figures 10 and 11, scatter 

plots of log(TPAH) vs. latitude and longitude did not display any obvious effects of 

either latitude or longitude (Fig. 30 and 31).   
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Figure 30: log(TPAH) against (a) latitude for 2010 and (b) longitude for 2010.  Red dots 
indicate influential stations in the full 2011 model.  Dashed lines indicate latitude or 
longitude of Macondo well. 
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Figure 31: log(TPAH) against (a) latitude and (b) longitude.  Red dots indicate influential 
stations in the full 2011 model.  Dashed lines indicate latitude or longitude of Macondo 
well. 
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For 2010, the most appropriate model is simply an intercept (which means that the data 

could not be adequately represented by a linear or quadratic relationship), representing 

the mean of log(TPAH) in that year. 

Four points were highly influencing the 2011 results, namely stations GIP 6, 11, 23 and 

25, because they were affected the significance of the coefficients for latitude and 

longitude.  Unfortunately, since these four points represent about 25 %, it becomes 

problematic to remove them from the model.  Removing GIP 6 (the western most data 

point and the same point removed in the δ13Corganicanalysis) resulted in an intercept model 

as the best model for 2011, similar to the 2010 model.  The final model becomes: 

𝜇log (𝑇𝑃𝐴𝐻) =  𝛽0,𝑦   

where 𝛽0,𝑦  is the expected value of log (TPAH) in year y. ANOVA could not be 

performed on the difference of log (TPAH) between 2010 and 2011 because assumptions 

of the test were violated (i.e., the data of log(TPAH) are not normally distributed and the 

observations are not independent due to spatial correlation).  There are too few data 

points to conclude whether these violations are legitimate.   

Overall, no trends were apparent in describing the TPAH distribution spatially.  There are 

too few data to accurately represent in a linear or quadratic model. 
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4. DISCUSSION 

4.1 Deviations in the Background Signature of POC, OC:N ratios, δ13Corganic,TPAH, 
and Diagnostic Molecular Ratios 

4. 1.1 Bulk Data 

The discussion below only refers to 0-1 cm interval data. 

POC, OC:N ratios, and δ13Corganic for the 0-1 cm data all deviate from a characteristic 

background signature in northern GOMx surficial sediments in 2010 and 2011. In 2010, 

even the low end of the range of POC (1.55-2.22 wt. %) exceeded values observed by 

Kennicutt et al. (1996) in surficial sediment samples taken radially around drilling 

platforms in the northern GOMx (0.19-1.42 wt. %), by Meyers (1994) in surficial 

sediments taken from the oxic Pygmy Basin located south of the Mississippi Canyon 

(0.5-1.0 wt.%), and by Waterson and Canuel (2008) in GOMx continental slope and 

canyon sediments (1.1-1.5 wt. %).  In 2011, the range dropped to 0.55-2.06 wt.%, but the 

meanand median, 1.41 wt.%, were on the highest end of values observed by previous 

investigators.  A significant amount of organic carbon that occurs on river dominated 

continental margins, like the northern GOMx, is often derived from terrigenous sources 

(Waterson and Canuel, 2008; Hedges and Keil, 1995), characterized by temporal 

variations in supply and mixing (e.g., seasonal and sporadic events such as storms or 

coastal erosion), and diagnetic processes (e.g., organic matter remineralization) 

(Waterson and Canuel, 2008).  As such, the use of POC alone is insufficientin terms of 

understanding the influence of petroleum hydrocarbons on marine sediments.  Without 

grain size data, sediment accumulation rates, and oxygen abundances, it is difficult to 
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discern the factors that may change the supply of organic carbon relative to the historical 

supply at a particular station.   

OC:N ratios and δ13Corganic provide more information regarding deviations from a 

background signature, since these measurements involve a source specific component. 

All of the OC:N ratiovalues for surficial sediments (0-1 cm interval) in 2010 and 2011 

were within the 4-10 range consistent with marine organic matter (Mitra et al., 2002; 

Hedges and Keil, 1995; Meyers, 1994) except for those at stations GIP 2, 4, 6 and 13 in 

2010, and GIP H in 2011, which were all higher.  Possible explanations for the higher 

values include the mixing of marine organic matter with terrigenous organic matter from 

the coast, an imprint of the Macondo oil signature, or an imprint of other hydrocarbons.  

Considering the location of the elevated stations, it is possible that terrigenous organic 

matter influenced the OC:N signatures, as these locations include both continental shelf 

stations (GIP 2, 4), and one station within the Mississippi Canyon (GIP 6).  According to 

Waterson and Canuel (2008), background OC:N ratios of continental shelf, canyon, and 

continental slope sediments averaged 10, with the highest value being 11.  On average, 

the shelf, canyon, and slope sediments were estimated to be comprised of 40 %, 29 %, 

and 33 % allochthonous organic carbon, respectively (i.e., terrestrially derived organic 

matter, or organic matter from the high productivity Mississippi River sediment plume).  

Even if terrigenous organic matter is being admixed with marine organic matter on 

continental shelf, slope and canyon stations, many OC:N ratios observed at stations in 

2010 exceed those of Waterson and Canuel (2008), and abruptly decreased the following 

year.   
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OC:N values had no apparent trends with Total Petroleum Hydrocarbons (TPH; only 

available for 2010) or TPAH concentrations, which is surprising in the case of TPH but to 

be expected for TPAH.  TPH contributed between 0.05 and 4.04 % of the total organic 

carbon in 2010, but TPAH only contributed between 0.001 and 0.034 % of the total 

organic fraction of the sediments in the same year.  To test the hypothesis whether the 

TPH is contributing the highest OC:N ratios, the stations need to be considered 

individually.  The stations with the highest TPH concentrations were notthe same stations 

with the highest OC:N ratios, or POC concentrations.  However, the lack of correlation 

between TPH concentrations, or TPAH concentrations to a lesser extent, and OC:N does 

not eliminatethe possibility that background OC:N ratios are being influenced by 

hydrocarbons from either Macondo oil or other oils (i.e., oil seeps).   

The δ13Corganicsignatures of both 2010 and 2011 surficial sediments (0-1 cm interval) also 

fall within a reasonable range of values for marine organic matter (especially when 

coupled with OC:N ratios (Figs. 6a,b)), but to determine whether the δ13Corganic are 

deviated from the background signature, the values should be compared against the 

canonical means compiled by Rosenheim et al. (2013) for sediments from similar 

depositional environments.   

All of the 2010 and 2011 δ13Corganic values were depleted relative to this canonical mean 

(Δδ13Corganic), and depletion ranged between 0.37 and 2.97 ‰ in 2010, and between 0.35 

and 2.26 ‰ in 2011.  It should be noted that these canonical means are averages that 

inherently mute significant carbon  isotope excursions.  Since, however, the canonical 

means are based on large number of measurements (n = 368) compiled over nearly half a 

century, it is significant that the observed values at all individual stations in this study 
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were depleted relative to this background signature.  Not only are the values deviated, but 

they are depleted relative to the Rosenheim (2013) data, which is consistent with 

hydrocarbon pollution (due to mixing with the relatively depleted Macondo oil -27.3 ‰ + 

0.34 vs. PDB measured by Graham et al., 2010).   

Considering again the relative percentages of TPH comprising the organic fraction of the 

sediment, it is not out of the question that the bulk δ13Corganic signature would be 

significantly impacted from a mixing perspective.  Given the δ13Coil  of Macondo oil, and 

considering the TPH concentrations relative to the total sedimentary organic carbon, we 

can estimate what the isotope effect would be by multiplying the fraction of oil, F, by the 

isotope composition of the oil: 

𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑂𝑖𝑙 = 𝛿13𝐶𝑜𝑖𝑙 ∗ 𝐹𝑜𝑖𝑙 

The range of isotope effects predicted based off the concentrations of TPH (normalized to 

POC) is a depletion between 0.01 and -1.13 ‰ for 2010 samples.  Therefore, based on 

the differences with respect to the canonical mean, and the predicted isotope effects, it is 

plausible that this amount of hydrocarbons would have an impact on the δ13Corganic 

background signature.  On the other hand, using the TPAH concentrations alone to assess 

the influence of hydrocarbons on the δ13Corganicsignature only accounts for a negligible 

percentage of the petroleum (parts per billion, which yields a predicted range of isotope 

effects from -0.0007 to 0.0089 ‰ using δ13Caromatic =  -26.50 ‰ [Reddy et al., 2011]).  

Caution should be used when correlating TPAH concentrations and δ13Corganicsince PAHs, 

which have a recalcitrant nature, could be mistaken for oil spill contamination.  Using 

TPH is a more reliable index for relating δ13Corganicand hydrocarbons. 
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Collectively, the e elevated POC concentrations and OC:N ratios, and depleted 

δ13Corganic values measured in 2010 and 2011 suggest a potential petrogenic input (i.e., 

hydrocarbons).  It is acknowledged that isotopically depleted terrigenous organic matter 

may be playing a role in these observations, but this can only be verified through the 

analysis of molecule specific biomarkers.  Furthermore, even if terrestrially-derived 

organic matter is being supplied to locations far off-shore, the adsorbed contaminants 

(i.e., PAHs) of present concern would only contribute a negligible effect in terms of bulk 

sediment measurements if the source is, in fact, on-shore (based off isotopic mass balance 

and normalization of TPAHs to total POC).  This means that our observations of elevated 

POC, OC:N ratios, and depleted δ13Corganiccan only be achieved through the depositionof 

a large volume of isotopically-depleted organic carbon.  

4. 1. 2 Polycyclic Aromatic Hydrocarbons 

Every station in 2010 with the exception of GIP 25, and every station in 2011 with the 

exception of GIP 2, 23, L and F, had TPAH concentrations in the surficial sediments (0-1 

cm interval) that exceeded the regional background value of 140 ng/g published by Wade 

et al. (2008).  Generally, the 2010 values were more greatly elevated with respect to 

thebackground value as compared to the 2011 measurements.  The 2011 average is 

positively skewed by GIP 13, which had a TPAH concentrationof 16,582.77 ng/g .If GIP 

13 is removed in the data set for 2011, the average TPAH concentration drops to 232.49 

ng/g, which is only 133 ng/g higher than the regional Wade et al. (2008) value.   

The four stations with the highest TPAH concentrations in 2010 (GIP 15,16, 17, and 20;  
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Fig. 8) have values that are an order of magnitude higher than background concentrations 

are all located< 20 km from the Macondo well.  The stations with the highest positive 

deviation from the TPAH background in 2011 were located much farther away from the 

well, between 20 and 145 km (GIP 4, 6, 13 and 25; Fig. 4).  Although PAHs comprise 

just a small fraction of the organic carbon in the sediments, these results corroborate the 

bulk data in that sediments were more impacted in October 2010, and still generally 

remain above the literature-based background threshold (Wade et al., 2008) in the 

following year.   

While comparisons to previous investigations on the distribution of individual organic 

molecules in sediments can be made, it is not feasible to assign a generalized 

characteristic background molecular distribution to northern GOMx marine sediments 

due to factors including the natural variability associated with the source inputs (e.g., 

Mississippi River seasonal variations [Turner et al., 2003], proximity to oil seeps and 

drilling platforms [Kennicutt et al., 1996], storm events and associated coastal erosion 

[Mitra et al.,2009]), the depositional setting (e.g.,a different consortium of hydrocarbon 

degrading micro-organisms [Wang et al., 2011]), or the level of physical and biological 

mixing that preferentially removes certain PAHs [Arzayus et al., 2002]).  However, 

molecule-specific data does support the notion that petrogenic sources are dominantly 

responsible for the elevation in PAHs in both years, and may provide additional evidence 

that the anomalies observed in the bulk data are due to hydrocarbon contamination.   

The first evidence for a dominantly petrogenic source is the abundance of 2-3 ring PAHs 

relative to 4-6 ring PAHs in both sampled years, as lower molecular weight PAHs are 

characteristic of crude oils.  In fact, the PAH fraction of the Macondo oil is comprised of 
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93 % 2-3 ring compounds.  Stations GIP 16, 17, and 24 in 2010, and GIP 17 in 2011,were 

the only stations that contained more 4-6 ring PAHs than 2-3 ring PAHs.  Although 

stations GIP 16, 17 and 24 were enriched in 4-6 ring PAHs, these PAHs were all 

dominated by alkylated chrysenes, which are often associated with low-temperature 

petrogenic materials.  In fact, all of these locations (including GIP 17 in both years) were 

characterized by having C2-chrysenes as the most abundant molecular type.  Liu et 

al.(2012) also documented an enrichment of C2-chrysenes in continental slope sediments 

and oil mousse that were attributed to the Macondo oil spill.  Additionally, the sum of 

alkylated PAHs (also characteristic of petrogenic source materials) for all molecule 

groups were always higher than the sum of their parent molecules for all stations in both 

years, except for stations GIP 4 and 25 in 2011, which were particularly enriched in 

parent phenanthrene and anthracene (which occur commonly in both petrogenic and 

pyrogenic materials).  Previous investigations have noted mixed PAH sources in northern 

GOMx sediments,but most PAHs were dominantly associated with pyrogenic source 

materials (i.e., fluoranthene, pyrene and benzo[a]pyrene; Turner et al., 2003; Mitra et al., 

2002), which was not the case here.  On the other hand, Wang et al. (2011) and Turner et 

al.,(2003) noted significant petrogenic PAHs (alkylated low-molelcular weight PAHs 

accompanied by a high concentration in hopanes).  The alkylated PAHs and hopane 

assemblage was attributed to oil seeps and/or exploration activities, leaving open the 

possibility that some PAHs observed in this study could be associated with other 

petrogenic sources besides Macondo oil.  Nonetheless, no apparent trends between 

TPAHs and POC concentrations were identified, which is a trend that has been associated 

with oil seeps (Wang et al., 2011; Kennicutt et al., 1988; Andersen et al., 1983).  The 
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consistency of the most common PAHs among all stations in both years suggests that the 

Macondo oil is the dominant source of PAHs.  Alkylated naphthalenes were the most 

common PAH detected in 2010, which is consistent with the most common PAH in the 

Macondo oil, while parent phenanthrene was the most common PAH detected in 2011, 

which suggests an alteration of PAH signatures.  These results are in agreement with 

observations made by Liu et al. (2012), who found high phenanthrene concentrations in 

continental slope sediments collected in 2011.  

Despite the strong evidence provided by POC concentrations, OC:N ratios, δ13Corganic, 

TPAH concentrations, and individual molecular data, diagnostic PAH molecular ratios 

showed mixed results. Unlike the other measurements in this study, the 

phenanthrene/anthracene (Fig. 18) and anthracene/178 (Fig. 19) ratios generally showed 

2010 stations as having a more petrogenic PAH signature than those from 2011, but 

overall, most stations in all 3 sediment horizons in both years exhibited mostly pyrogenic 

signatures.  The C0phen+anth/(C0+C1phen+anth) ratio (Fig. 20), a slightly better source 

delineator, also generally exhibited pyrogenic signatures for both years.  The uncertainty 

in the phenanthrene/anthracene and anthracene/178 ratios can be attributed to the 

negligible differences in thermodynamic and environmental stability,based on strikingly 

similar heat of formation (Hf) values of the two isomers (Yunker et al., 2002).  Of the 

mass 178 ratios, the C0 phen+anth/(C0+C1phen+anth) ratio is more reliable as it accounts 

for alkylated phenanthrenes and anthracenes which are most often associated with low-

temperature petrogenic materials (Yunker et al.,2002).     

The fluoranthene and pyrene ratios, which have better source discrimination capacity 

than the mass 178 ratios of phenanthrene/anthracene and anthracene/178 (Yunker et al., 



99 
 

2000;2002) suggest that those sediments sampled in 2010 were much more impacted by 

petrogenic source materials, than those sampled in 2011, similar to the bulk data results 

(see section 4.2.3).  Stations GIP 20 and 25 (0-1 cm interval) plotted in the combustion 

range for 2010 and 2011, but both plotted in the petrogenic range for 

benz[a]anthracene/benz[a]anthracene+chrysene (baA/228; Fig. 23). Interestingly, values 

for baA/228 in shelf sediments at the mouth of the Mississippi River all had baA/228 

values between 0.2 and 0.4 (Mitra et al., 2009), falling into the mixed source or 

combustion range.  My results clearly show that many stations sampled in 2010 have 

values below 0.2, which is consistent with petroleum contamination.  Also, all of the 

intervals containing baA/228 petrogenic signatures occur in the surficial sediment (0-

1cm), except for station GIP 15, wherethey occurred in both the 0-1 cm and 1-2 cm 

intervals.   

Among the three ratios, C0phen+anth/(C0+C1phen+anth), Fl/Fl+Py, and BaA/228, GIP 

15, 17, and 18 were the only 2010 stations that consistently plotted within the petrogenic 

window (Figs. 17, 19, and 20).  In 2011, GIP 13 was the only station that plotted 

consistently within the petrogenic window.  The commonality in all of these stations is 

that they are among the stations with the highest TPAH concentrations in their respective 

years. Potential reasons why these stations (and not others) are the only locations that 

appear dominantly petrogenic are thata concentration bias may exist in the utility of these 

particular molecular ratios (Wang et al.[2008]noted this observation in mass 178 

ratios),that weathering and biodegradation has altered the signatures, or that these sites 

are the only sites that are truly petrogenic in nature. Due to the possibility that 

preferential degradation of particular compounds has occurred, and the timing of 
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sampling in both years (leaving ample time for degradation processes to alter the 

signature, particularly for the 2011 data set), it is likely that more stations are in fact 

associated with the oil spill and are petrogenic in nature.  This is supported by the robust 

"pyrogenic index" ratio, which generally displays a dominantly petrogenic signature in 

both years at most stations (Fig. 24).  The pyrogenic index also provides additional 

evidence that a concentration bias impacts the utility of molecular ratios, as the values 

that had a pyrogenic index most similar to the Macondo oil in either year were also the 

stations with the highest TPAHconcentrations (e.g., GIP 15 [pyrogenic index = 0.06] in 

2010 and GIP 13 in 2011 [pyrogenic index = 0.05]). 

4.2 Evidence for Biodegradation and Weathering: Shifts in POC, OC:N ratios, 
δ13Corganic, TPAH, and Diagnostic Molecular Ratios from 2010 to 2011 

In addition to comparing how the DWH event has altered the background signature in 

northern GoMx sediments, temporal sampling has allowed for perspective on the 

evolution of the Macondo oil signature over the course of a year.  This provides 

potentially some of the first insights into weathering, biodegradation and transport 

mechanisms of spilled oil in a deep water oil spill.  Not only can we see if and how the 

distribution of PAHs change over the course of one year, we can also learn more on the 

utility of molecular ratios in situations similar to the DWH event. 

4.2.1 Bulk Data 

Between 2010 and 2011, the POC concentrations decreased at every station, by an 

average of 0.55 %, and by as much as 1.17 %.  While we do not have the 2010 data to 
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compare down-core POC concentrations, decreases in POC of this magnitude have 

previously been documented in northern GOMx sediments over longer time-scales, on 

the order of thousands of years (i.e., 5,000 years; Meyers, 1994).  According to a model 

supported by empirical data that accounts for the most important factors for the 

preservation of organic carbon in marine sediments (sedimentation rate, porosity, bulk 

density and primary production rate), organic carbon content is directly proportional to 

sedimentation rate (Müller and Suess, 1979).  While holding all other variables constant, 

a 10 fold increase in sedimentation rate would be consistent with a doubling in organic 

carbonpreservation, while a 10 fold decrease in sedimentation rate would be consistent 

with cutting the organic carbon preservation in half (Müller and Suess, 1979).  Based on 

radionuclide inventories (239,240Pu, 210Pb and 234Th), seafloor locations at water depths 

of>1,000 m (all stations herein exceed this depth except GIP 2, 4, and 6) in the northern 

GOMx have constant sedimentation rates of approximately 0.08 cm/year (Yeager et al., 

2004).  Based on the model from Müller and Suess (1979), the sedimentation rate would 

be have to be reduced to 0.008 cm/year to result in the shift in POC concentrations 

observed between 2010 and 2011.  This observation does not consider the effects of 

bottom slope or lateral transport, which may affect sediment transport to locations of 

relatively low bathymetry relief.  Grain size is also an important factor that controls 

organic carbon preservation (Blair and Aller, 2012).  Grain size data are not yet available, 

but will assist in interpreting the observed dramatic shift over the course of the year. The 

POC data available suggest that a pulse of organic carbon was delivered to the seafloor in 

2010 (i.e., DWH oil spill) and during one year's time, rapid removal and/or transport 
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processes have taken place.  Source specific bulk data and hydrocarbon data will assist in 

determining which processes have occurred.   

If sedimentation rates at water depths of >1,000 m are, in fact, fairly constant over long 

time scales (centennial to millennial), a dramatic shift in organic matter source including 

OC:N and δ13Corganic, over the course of one year would not be expected.  The OC:N 

ratios also dropped at every station (except GIP 25) between 2010 and 2011, by a range 

of 0.61 to 7.38 and an average of 2.4.  Interestingly, the highest shifts in OC:N occurred 

at the shallowest site (GIP 2), which would be more susceptible to influencefrom changes 

interrigenous organic matter fluxes, and GIP 13, which had the highest TPAH 

concentration in 2011 (suggesting it would be accompanied by higher organic carbon).   

Meyers (1994) pointed out that OC:N ratios in marine sediments can be altered during 

early diagenesis, but that similar to POC concentrations, significant shifts of OC:N in 

northern GOMx sediments typically occur over thousands of years.  Moreover, Meyers 

(1994) show that the last time the northern GOMx has recorded shifts OC:N ratios of this 

magnitude were 10,000 to 25,000 years ago during glacial induced sea level fluctuations, 

where terrigenous organic matter sources prevailed during lowstands, and were gradually 

replaced by marine organic matter sources as sea level rose.  Joyce et al. (1985) also 

noted a similar observation in OC:Nratios over geologic time scales.  In this case, a 

change in OC:N of only 1.3 (average) occurred in Late Quaternary GOMx sediments as a 

result of sea level  fluctuations before and after the late Wisconsian glacial stage, 

including recently deposited sediments.  Furthermore, cores taken of recent sediments 

near the mouth of the Mississippi River, from areas that are sensitive to small changes in 

terrigenous organic matter, showed downcore changes in OC:N of a maximum of 1.4 
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(Mitra et al., 2009).  The cores taken in this study were acquired after two major 

hurricanes (Katrina and Rita), which have the ability to resuspend sediments and cause 

coastal erosion, impacting the bulk sediment properties of otherwise fairly homogenous 

sediments (Mitra et al., 2009).  Based onthe results of this study, the shift in OC:N is 

additional evidence for the rapid removal or transport of a nitrogen-poor and organic 

carbon rich hydrocarbon source. 

δ13Corganic data also supports the notion that degradation processes have affected the 

isotopic signature of the spilled Macondo.  From 2010 to 2011, δ13Corganic became more 

enriched at every station, except GIP 17, which became more depleted in 2011.  

Furthermore, statistical modeling shows that predicted values of δ13Corganic in 2010 are 

lower than in 2011, based on the following relationship: 

𝜇𝛿13𝐶 =  𝛽0,𝑦  +  𝛽1,𝑦𝑋𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 

where β0,y  represents the expected value of δ13Corganic in year y, and β1,y  represents the 

expected change of δ13Corganic for one unit longitude in year y.  Additionally, ANOVA 

testing confirmed that the 2010 and 2011 models were statistically different (p = 0.002).  

This is important because it verifies that the observations made in each year are 

independent observations and each year can be treated as separate time events (allows for 

unique slopes and intercepts for each year).   

Enrichment in δ13Corganic was not associated with a decrease in TPAH concentrations, but 

is thought to have occurred due to an overall decrease in TPH concentrations.  TPH 

concentration data are not available for 2011, so this cannot be tested.  In contrast, 

Rosenheim et al. (2013) were able to correlate TPAH concentrations to deviations in 
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δ13Corganic from a canonical mean.  Again, TPAH only comprise an average of 0.002 wt. 

% of the organic portion of the sediment, so isotopic shifts due to TPAH alone would not 

be expected.  The statistical difference between the distributions of δ13Corganic is further 

proof that an isotopically light hydrocarbon signature was mixed into the surficial 

sediments (0-1 cm) in 2010, and diminished in 2011.  Microbial degradation has been 

shown to not alter the δ13Csignatures of hydrocarbons themselves (Mazeas et al., 2002), 

but a change in the bulk δ13Corganic signature could be due to an overall decrease in the 

relative proportions of hydrocarbons and background sediment. Thus, the shift to more 

enriched δ13Corganic values could be caused by dilution of hydrocarbon-contaminated 

sediments by normal pelagic and hemipelagic sedimentation, diffusion of oil, or 

weathering of oil, which would all lead to a δ13Corganic value in 2011 that is closer to the 

background for northern GOMx sediments.  Additionally, if oil seeps are important 

contributors of hydrocarbons to these sediments, δ13Corganic enrichment over time would 

not make sense, as seeps would provide a more consistent source of isotopically depleted 

hydrocarbons at a particular location.   

It is not likely that the one location that experienced depletion between 2010 and 2011, 

GIP 17, is associated with an oil seep, as it has been shown that sediments collected on 

the seafloor above oil seeps have very similar bulk carbon isotopic compositions to that 

of the isotopically light reservoir oil below (Kennicutt et al., 1988; Wang et al., 2001; 

MacDonald et al., 1989).  Changes in δ13Corganic due to sediment dilution could be 

estimated with radionuclide and grain size data, which are not yet available.   
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4.2.2 Polycyclic Aromatic Hydrocarbons 

PAHs, which are considered one of the more recalcitrant classes of hydrocarbons and 

environmental contaminants, significantly dropped in overall concentrations in surficial 

sediments (0-1 cm) from 2010 to 2011 at most stations, except GIP 13 and GIP 25, the 

former of which had the highest TPAH concentrations in this study (16,582.77 ng/g dry 

weight), and the latter which had the lowest TPAH concentration in 2010. The decrease 

in TPAH concentration among most of the stations suggests that degradation and/or 

transport processes are affecting the spatial and temporal distribution of Macondo oil on 

the seafloor.   

Some investigators have credited microbial degradation as the dominant sink for PAHs in 

marine settings deeper than the photic zone (Abrajano et al., 2007; Gibson and 

Subramanian, 1984.  While the most rapid PAH degradation occurs at the sediment/water 

interface (Abrajano et al., 2007), many factors play into the preferential removal of 

individual PAH compounds, including temperature, salinity, oxygen levels, molecular 

shape, species of organism (either bacteria or fungi), nutrient availability, the suite of 

PAHs present, their solubility, their partitioning coefficients, and the material available 

for adsorption (Abrajano et al., 2007; Coates et al., 1997; Lei et al., 2007; McNally et al., 

1999;Bauer and Capone, 1988; Heitkamp and Cerniglia, 1989).  Also, most 

biodegradation experimentsare performed in laboratory settings (e.g., Lei et al., 2007; 

McNally et al., 1999), which are not fully representative of complex, natural 

environments.   
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Generally speaking, the observations discussed in the previous section suggest that post 

oil spill sediments are consistently enriched in dominantly low molecular weight PAHs, 

and contain more alkylated PAHs than their parent molecules, which indicates that a 

petrogenic signature a year later.  If this is true, it would be expected that weathering 

and/or biodegradation has altered the signature through the preferential removal of 

particular hydrocarbons.  This can be investigated by looking at modifications to the 

distribution of the naphthalene homologue series, as it is the most common PAH class in 

the Macondo oil, the most abundant PAH class in 2010 sediment extracts, and also the 

most sensitive class of PAHs to biodegradation.  Stations GIP 2, 4, 6, 11, 13, 15, 16, and 

23 all display characteristics of a signature consistent with biodegradation in 2011 (0-1 

cm).  Specifically, these stations all exhibit a maxima (concentration) at C1-naphthalenes 

(the most abundant PAH in 2010 samples) in 2010, and shift to a maxima of higher 

molecular weight homologue in 2011.  Microorganisms have been shown to 

preferentially degrade parent naphthalene first, followed by a progression through higher 

molecular weight homologues (Wang and Fingas, 1997; Michel and Hayes, 1999; 

Wardlaw et al., 2011; Bayona et al., 1986).  However, solubility also governs PAH 

distributions similarly and could potentially be affecting the distribution of different 

homologues.  Since most of these stations are found in fairly stable depositional 

environments (without rapidly changing geochemical conditions; e.g., temperature, 

pressure or salinity), it would not be expected that solubility would be affecting this 

pattern over the course of a year, as the conditions would be similar.  If the conditions 

were varied, this could allow low molecular weight PAHs (e.g., naphthalenes) to become 

more soluble over time.  The partitioning behavior could also be responsible for this 
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distribution, as the more linear shaped parent compounds have a higher sorption capacity 

(Cornelissen, 2004).  Stations GIP 16, 17, 18, and 25, in contrast, shifted from higher 

homologues to lower homologues from 2010 to 2011, which would be consistent with the 

dilution or removal of a pyrogenic signature.  Station GIP 18 was one of only two 

stations that had pyrogenic index values in the combustion window in 2010 (Fig. 24).  

GIP 25 had the lowest concentration of TPAH in 2010, and one of the highest in 2011, so 

the naphthalene series may not be representing a time-series, but rather the deposition of 

new materials. This site also had an increase in every naphthalene homologue, which 

further indicates the deposition of petrogenic materials.  Although all of these stations, 

except GIP 25, experienced a pattern shift that was not consistent with biodegradation or 

weathering, the sheer drop in concentration for each PAH compound indicates that these 

processes are taking place and that new materials are not contributing a significant 

amount of PAHs. There is no clear pattern with location or water depth for the alkyl 

homologue distributions, which may be due to a lack of spatial resolution or due to the 

heterogeneity of the seafloor.  Overall, TPAH analysis suggests degradation, while alkyl 

homologue distributions suggest a mixed picture.   

Phenanthrene and Anthracenes and their alkyl homologues are less susceptible to 

biodegradation than naphthalene, and are the second most abundant PAH class in the 

Macondo oil.  Stations GIP  2, 4, 13, 15, 16, 17, 18, and 23 all had phenanthrene and 

anthracene series distributions similar to the Macondo oil in 2010, with a maxima of C2 

and C3 phenanthrene and anthracenes.  All of these locations, except for GIP 4 and 13, 

experienced a dramatic drop in concentration for all the compounds in the series, and 

typically exhibited losses of parent anthracene and alkyl molecules over parent 
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phenanthrene.  Stations GIP 4, 6, 13, and 25 all experienced a large increase in the 

concentration of nearly every homologue in the phenanthrene and anthracene series from 

2010 to 2011.  All of these sites, except GIP 13, had a pattern in 2011 that increased to 

higher homologues.  Given that GIP 4 and 16 initially had phenanthrene and anthracene 

series patterns similar to Macondo oil, and later experience an increase in concentration 

of lower molecular weight homologues (a linear decrease in alkyl homologues), suggests 

an overprint of a pyrogenic signature (i.e., a petrogenic signature was present in 2010, 

and a pyrogenic signature was superimposed the following year).  These locations (GIP 

4, 6, 13, and 25) also had naphthalene distributions that were indicative of biodegradation 

or weathering of a petrogenic signature in 2011.  As naphthalenes are relatively less 

common in pyrogenic materials, it further suggests that a petrogenic signature was 

present in 2010, and was overprinted by pyrogenic materials in 2011.  Station GIP 13 had 

a phenanthrene and anthracene series pattern that increases to higher homologues from 

2010 to 2011, which suggests an overprinting of a weathered petrogenic signature, very 

similar to what was observed for the naphthalene series at this location.  The weathered 

petrogenic signature could be due to lateral or gravity-driven sedimentation of 

contaminated sediments between sampling efforts, since this location is surrounded by 

topographic highs (making it susceptible to these sedimentation processes).  

Phenanthrene and anthracenes are generally much higher in concentration at GIP 13, as 

compared to naphthalenes.  This could be explained by the relatively stronger sorption 

capacity of 3-ring PAHs relative to 2-ring PAHs that may have been deposited after the 

2010 sampling (also explaining the increase in concentration; Abrajano et al., 2007).  

Similar to the naphthalene series, the phenanthrene and anthracene series at station GIP 
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25 experienced a dramatic increase in concentration between 2010 and 2011, but 

exhibited a linear decrease in alkyl homologues over that time period.  The trend 

contradicts the notion that petrogenic materials were later deposited at GIP 25.  Station 

GIP 25 could be characteristic of a mixed source signature in 2011, or the molecular 

classes could be following a unique pattern due to the many factors affecting 

biodegradation mentioned above.  A last explanation for the alkyl homologue distribution 

is that during the 2010 sampling, oil patchiness (i.e. an uneven distribution) could have 

caused a false negative at this station.   

Anthracene, was typically not detected at most stations.  This finding was initially 

surprising given that linear and condensed compounds, such as anthracene, have stronger 

sorption capacity than their angled isomers, which would preserve more anthracene in the 

sediments (Cornelissen et al., 2004). But, it later was recognized that anthracene occurs at 

a very low abundance relative to phenanthrene in the Macondo oil.   

Also similar to the naphthalene series, neither location nor water depth component that 

seems to be controlling the distribution of phenanthrene and anthracene and their alkyl 

homologues.    

Overall, alkyl homologues of the two most abundant PAH series (naphthalenes and 

phenanthrene/anthracenes) in the Macondo oil and sediment extracts indicate that many 

stations decrease dramatically in concentration over one year and/or exhibit a weathered 

or biodegraded petrogenic signature in 2011.  The 2011 results also suggest the potential 

for overprinting of signatures associated with the DWH event, most commonly being a 

pyrogenic signature overprinting a weathered petrogenic signature.  Since burning of oil 
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slicks were known to have occurred on the sea-surface, it is not unlikely that significant 

time was required for the sinking and lateral transport of the very fine PAH containing 

soot particles that would have been produced.   

The shift in signatures associated with the 178 and 202 molecular weight diagnostic 

ratios from 2010 to 2011 could also be explained through weathering or biodegradation.  

Also, as TPAH and TPH data clearly illustrates, 2010 sediments are contaminated with 

petroleum and the An/178 isomeric ratios indicate that the PAHs are dominantly 

pyrogenic in nature (Fig.19). This variation in source seems suspicious from a source 

delineating perspective, and can be attributed to the small difference in thermodynamic 

stability of these molecules (Yunker et al., 2002).  The only molecular ratios that should 

be considered for the shift in signature between 2010 and 2011 are the more robust C0 

phen+anth/(C0+C1phen+anth) ratio and the Fl/202 ratio.  

Unsurprisingly the C0 phen+anth/(C0+C1phen+anth) ratios illustrated very similar results 

to the patterns of each alkyl homologue (Fig. 20).  Stations GIP 13, 15, 16, 17, and 18 all 

had values that were petrogenic in 2010, and pyrogenic in 2011 (except GIP 13, which 

was petrogenic in both years).  The loss of alkyl homologues could be due to the source 

of these hydrocarbons.  Mazeas and Budzinski (2002) recognized that microorganisms 

will degrade pulses of petrogenic materials (even alkyl homologues) before they degrade 

PAHs native to the sediment, since these are strongly associated with particles.  Since 

2011 exhibits a dominance of C0 molecules in this series, rather than higher molecular 

weight alkyl homologues (C1-C4), the source of the C0 molecules could be derived from a 

different source (i.e., a pyrogenic source; tightly bound to soot and not bioavailable).   
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The Fl/202 ratio (Fig. 21)  illustrates a preferential loss of the kinetic isomer, 

fluoranthene, relative to the thermodynamic isomer, pyrene, between 2010 and 2011.  

Not only is pyrene more abundant in the Macondo oil relative to fluoranthene, but pyrene 

is also typically the less favored isomer under aerobic and anerobic degradation 

conditions.  This observation could be similar to the C0 phen+anth/(C0+C1phen+anth) 

ratio as foreign fluoranthene could be protected from degradation and that the pyrene 

associated with the Macondo oil was rapidly taken up.   

All of these interpretations can only be confirmed through the analysis of PAH 

metabolites or isomer-specific alkyl homologues.  Despite the many environmental 

variables that may be contributing to the signatures between 2010 and 2011, bulk 

sediment and hydrocarbon data all support that degradation, diffusion, or transport 

processes have occurred between the two years.  In agreement with previous work 

regarding the removal of PAHs on the seafloor, biodegradation appears to be a strong 

possibility (Abrajano et al., 2007; Gibson and Subramanian, 1984).  In addition, evidence 

for superimposingof a new or stronger PAH signature at select locations in 2011 through 

vertical settling or lateral transport are apparent (Abrajano et al., 2007).    

4.3 The spatial evolution of δ13Corganic and TPAH from 2010 to 2011 

A mid-water column, west-southwest trending hydrocarbon plume was well-documented 

following the DWH event (e.g.,Camilli et al. 2010;Reddy et al., 2011;Hazen et al., 2010; 

Wade et al., 2011).  While early work has focused on spatial trends in the distribution of 

hydrocarbons in the water column, and on recognizing spatial trends of hydrocarbons in 

sediments immediately following the oil spill (Liu et al., 2012), no studies have yet 
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investigated the evolution of the Macondo oil spatial fingerprint in seafloor sediments 

over time.   

Spatial modeling indicates a linear relationship of longitude and δ13Corganic (adjusted R2 = 

0.6798; Fig. 29) in 2010 and 2011 with no influence of latitude.  The relationship of 

longitude and δ13Corganic is stronger in 2010 than 2011, as given by the slope (3.296 in 

2010, versus 2.076 in 2011) and δ13Corganic  is generally more depleted in 2010 than in 

2011, as illustrated by the intercept (-22.073 in 2010, -21.504 in 2011).  Stations GIP 6 

and L were clear outliers in these data, and were removed for modeling purposes.  These 

two sites, located in the Mississippi Canyon, may be influenced by sediment focusing 

and/or lateral transport.   

The relationship between longitude and δ13Corganic is evidence that δ13Corganic signatures 

were controlled by a westward moving pulse of isotopically-depleted organic carbon, 

rather than by an on-shore terrigenous source, which would, alternatively,bemost 

correlative with latitude (Hedges and Keil, 1995).  Thi sis clearly seen in Figures 27 and 

28, which shows that locations east of the well contain organic carbon that is isotopically-

enriched, while locations west of the well contain isotopically-depleted organic carbon, 

consistent with the observed hydrocarbon plumes. 

TPAH concentration bubble plots indicated that stations near the Macondo well were the 

most impacted by TPAH in 2010, and that stations north and west of the well were most 

impacted by TPAH in 2011 (Fig. 10 and 11).  This finding is also consistent with 

westward trending oil plumes, but cannot be supported by statistical modeling.  The data 

herein did not meet the criteria for identifying a spatial relationship in TPAH distribution 



113 
 

because of the lack of spatial resolution.  Many investigators fail to report whether spatial 

trends can be statistically supported in the distribution of organic contaminants (e.g., Liu 

et al., 2012; Wade et al., 2008; Mitra et al., 2009; Rosenheim et al., 2013).  This 

emphasizes the importance of spatial resolution that is often times difficult to achieve due 

to sampling time and costs.  As literature continues to be published on the DWH event, it 

may be possible to combine data for subsequent statistical modeling in the future.   

In general, the δ13Corganic data supports previous findings that an azimuthal bias exists in 

the distribution of hydrocarbons following the DWH event.  δ13Corganic and longitude 

show a significant correlation in 2010 and 2011, while TPAH and spatial components are 

inconclusive.  Regardless, as stressed in previous sections, δ13Corganic may be a more 

robust proxy of understanding the spatial fingerprint of the Macondo oil spill than TPAH 

since it comprises a much larger component of the sediment.   
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5. CONCLUSIONS 

There is no doubt that the DWH event had significant environmental impacts, and was 

among the worst environmental disasters in history.  This study provides an additional 

perspective on assessing the magnitude and fate of the oil spill in northern GoMx seafloor 

sediments.  The significant findings of this study are: a) sediments in 2010 and 2011 both 

display a deviation from the background signature of GOMx seafloor sediments through 

the elevated POC concentrations, elevated OC:N ratios, depleted δ13Corganic, elevated 

TPAH concentrations, and a PAH signature dominated by petrogenic source materials, b) 

sediments collected 19 months after the DHW event display evidence of biodegraded and 

weathered oil, through decreased POC concentrations and OC:N, enriched δ13Corganic, 

values decreased TPAH concentrations, and alkyl homologue distributions characteristic 

of a biodegraded or weathered petrogenic source of PAHs, and c) physical processes that 

have preferentially distributed Macondo oil as shown through the strong relationship of 

δ13Corganic (in 2010 and 2011) with longitude, in accordance with previous investigators 

who have characterized a west, southwest trending subsurface hydrocarbon plume that 

extended west from the Macondo well.   
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6. APPENDIX 

6.1 Bulk Sediment Properties by Core 

GIP 2:  29° 45.368'N, 88° 35.071'W 
Water depth: 30 m 
Date collected: 10/20/2011 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 38.6 24.3 37.0% 4111.96 4069.69 42.27 14.03% 
2 34.4 20.1 41.6% 4189.90 4151.54 38.36 11.96% 
3 36.2 20.2 44.2% 4201.45 4164.92 36.53 11.48% 
4 30.6 13.8 54.9% 4126.19 4093.84 32.35 10.18% 
5 43.1 21.4 50.3% 4072.92 4040.54 32.38 9.99% 
6 30.1 16.4 45.5% 4182.17 4144.5 37.67 11.33% 
7 36.5 20.1 44.9% 4040.44 4007.10 33.34 10.53% 
8 42.9 15.1 64.8% 4057.03 4024.61 32.42 10.67% 
9 42.2 13.6 67.8% 4192.44 4147.00 45.44 14.58% 

10 35.3 15.7 55.5% 4054.89 3989.33 65.56 21.09% 
12 60.3 24.2 59.9% 4112.10 4080.48 31.62 8.97% 
14 64.4 26.6 58.7% 4199.67 4176.24 23.43 7.13% 
16 n/a n/a n/a n/a n/a n/a n/a 
18 n/a n/a n/a n/a n/a n/a n/a 
20 n/a n/a n/a n/a n/a n/a n/a 
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GIP 4:  28° 57.257'N, 88° 56.025'W 
Water depth: 130 m 
Date collected: 10/20/2011 
 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 30.7 19.4 36.8% 4032.97 3994.00 38.97 12.92% 
2 34.3 21 38.8% 4124.51 4080.20 44.31 13.32% 
3 32.3 19.4 39.9% 4155.63 4117.62 38.01 12.36% 
4 35.0 21.0 40.0% 4161.67 4124.18 37.49 12.60% 
5 33.9 19.8 41.6% 4196.26 4159.74 36.52 11.25% 
6 37 21.4 42.2% 4218.59 4182.34 36.25 10.92% 
7 43.5 24.6 43.4% 4154.06 4118.76 35.30 11.62% 
8 35.2 19.6 44.3% 4137.11 4100.21 36.90 11.40% 
9 39.9 22.4 43.9% 4064.76 4029.69 35.07 11.36% 

10 34.1 19.2 43.7% 4046.47 4008.28 38.19 12.73% 
12 60.3 34.5 42.8% 4060.21 4022.42 37.79 11.89% 
14 60.1 32.8 45.4% 4148.93 4113.00 35.93 11.43% 
16 62.1 34.4 44.6% 4049.99 4017.14 32.85 10.81% 
18 64.7 35.1 45.7% 4078.05 4036.70 41.35 12.70% 
20 63.1 33.9 46.3% 4049.57 4012.89 36.68 12.36% 
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GIP 6:  28° 30.719'N, 89° 48.409'W 
Water depth: 530 m 
Date collected: 10/21/2011 
 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 48.6 35.6 26.7% 8103.33 8049.59 53.74 17.79% 
2 54.3 35.9 33.9% 8323.41 8284.64 38.77 12.34% 
3 41.7 27 35.3% 8256.49 8205.38 51.11 16.79% 
4 36.7 23.6 35.7% 8337.34 8299.46 37.88 12.04% 
5 46.7 29.8 36.2% 8406.47 8369.06 37.41 11.94% 
6 43.5 28 35.6% 8379.36 8355 24.36 7.68% 
7 41.1 23.9 41.8% 8114.34 8054.91 59.43 18.39% 
8 42.3 25.9 38.8% 8308.63 8079.81 228.82 69.07% 
9 62 38.7 37.6% 8233.21 8196.68 36.53 11.16% 

10 38.5 23.7 38.4% 8301.43 8266.45 34.98 11.11% 
12 69.2 42.5 38.6% 4219.66 4174.49 45.17 12.54% 
14 75.9 43.4 42.8% 4137.16 4098.70 38.46 11.99% 
16 66.7 40.4 39.4% 4209.61 4148.68 60.93 17.01% 
18 63.3 40.1 36.7% 4133.92 4088.50 45.42 13.99% 
20 69.3 46.2 33.3% 4090.55 4036.77 53.78 17.87% 
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GIP 7:  28° 14.519'N, 89° 7.358'W 
Water depth: 1140 m 
Date collected: 10/21/2011 
  
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 36.7 26.4 28.1% 4180.23 4120.17 60.06 18.86% 
2 31.5 21.3 32.4% 4054.26 4007.18 47.08 14.84% 
3 30.6 19.9 35.0% 4194.56 4148.8 45.76 14.33% 
4 32.2 20.9 35.1% 4115.25 4066.72 48.53 15.87% 
5 33.6 21.6 35.7% 4200.95 4144.73 56.22 17.15% 
6 31.9 20.0 37.3% 4105.98 4061.32 44.66 14.82% 
7 33.0 20.4 38.2% 4136.28 4086.86 49.42 14.49% 
8 31.4 18.8 40.1% 4219.66 4175.36 44.3 13.15% 
9 35.0 21.0 40.0% 4056.91 4011.47 45.44 13.85% 

10 36.9 22.1 40.1% 4180.78 4138.55 42.23 13.50% 
12 62.3 37.2 40.3% 4214.76 4156.44 58.32 17.68% 
14 64.7 38.1 41.1% 4033.48 3982.11 51.37 17.05% 
16 66.1 38.7 41.5% 4118.73 4071.09 47.64 15.32% 
18 69.9 39.7 43.2% 4129.04 4072.88 56.16 16.65% 
20 63.8 36.7 42.5% 4203.59 4156.26 47.33 14.04% 
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GIP 11:  28° 14.216'N, 88° 21.528'W 
Water depth: 1980 m 
Date collected: 10/22/2011 
 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 46.6 33.3 28.5% 8292.61 8165.93 126.68 41.52% 
2 46.2 30.5 34.0% 8376.31 8259.67 116.64 36.53% 
3 42.1 26.5 37.1% 8399.49 8288.92 110.57 35.34% 
4 34.8 21.6 37.9% 8320.79 8203.14 117.65 38.83% 
5 40.7 24.7 39.3% 8252.25 8126.5 125.75 40.56% 
6 36.4 22.2 39.0% 8396.30 8265.14 131.16 42.25% 
7 46.2 27.6 40.3% 8338.68 8209.03 129.65 39.90% 
8 42.9 25.5 40.6% 8092.65 7971.47 121.18 39.76% 
9 43.8 25.5 41.8% 8090.28 7964.04 126.24 41.29% 

10 46.5 27.3 41.3% 8357.70 8222.84 134.86 44.49% 
12 70.5 40.8 42.1% 4064.72 4002.94 61.78 19.18% 
14 70.4 39.5 43.9% 4175.32 4156.35 18.97 6.16% 
16 61.9 34.8 43.8% 4200.51 4126.41 74.10 22.88% 
18 63.9 34.4 46.2% 4043.20 3991.39 51.81 17.23% 
20 65.8 35.7 45.7% 4166.85 4093.19 73.66 24.47% 
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GIP 13:  28° 40.100'N, 88° 52.327'W 
Water depth: 1026 m 
Date collected: 10/23/2011 
 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 31.1 19.2 38.3% 4188.51 4139.68 48.83 14.84% 
2 31.1 11.2 64.0% 4179.99 4136.33 43.66 13.93% 
3 37 17.8 51.9% 4147.42 4106.65 40.77 12.63% 
4 43 20 53.5% 4026.84 3991.49 35.35 11.72% 
5 39.3 17.7 55.0% 4093.81 4058 35.81 11.05% 
6 30.9 14.6 52.8% 4179.28 4147.21 32.07 10.69% 
7 40.1 18.7 53.4% 4085.8 4023.72 62.08 19.64% 
8 32.8 14.8 54.9% 4054.3 4022 32.3 10.26% 
9 49.9 26.2 47.5% 4124.04 4091.09 32.95 10.42% 

10 42 19.5 53.6% 4115.43 4082.61 32.82 10.61% 
12 n/a n/a n/a n/a n/a n/a n/a 
14 64.1 30.3 52.7% 4128.56 4091.86 36.7 11.67% 
16 64.3 33 48.7% 4162.65 4127.36 35.29 11.55% 
18 62.3 31.7 49.1% 4153.76 4098.10 55.66 18.30% 
20 63.6 32.5 48.9% 4131.21 4071.53 59.68 19.34% 
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GIP 15:  28° 44.315'N, 88° 33.643'W 
Water depth: 1189 m 
Date collected: 10/24/2011 

 
Core 

Interval 
(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 38.1 28.6 24.9% 8273.85 8181.14 92.71 29.01% 
2 36 26.1 27.5% 8325.67 8233.91 91.76 29.68% 
3 41.7 28.4 31.9% 8279.33 8188.63 90.7 27.15% 
4 35.5 23.2 34.6% 8354.48 8255.95 98.53 31.31% 
5 31.7 20.3 36.0% 8293.97 8165.69 128.28 40.90% 
6 40.1 25.3 36.9% 8381.92 8264.17 117.75 35.79% 
7 31.3 19.3 38.3% 8258.68 8197.65 61.03 19.81% 
8 37.1 22.4 39.6% 8381.43 8318.71 62.72 19.08% 
9 32.1 19.1 40.5% 8316.46 8251.98 64.48 19.68% 

10 34.8 20.3 41.7% 8111.99 8055.15 56.84 17.27% 
12 62.5 36.3 41.9% 4182.22 4123.94 58.28 18.54% 
14 62.4 34.9 44.1% 4216.94 4153.00 63.94 18.34% 
16 62.2 34.9 43.9% 4103.76 4039.09 64.67 18.24% 
18 66.3 36.1 45.6% 4134.09 4039.09 95 24.68% 
20 71.6 39.3 45.1% 4213.86 4127.95 85.91 23.72% 
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GIP 16:  28° 43.788'N, 88° 24.619'W 
Water depth: 1547 m 
Date collected: 10/25/2011 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 31.3 22.3 28.8% 4108.85 4042.09 66.76 21.96% 
2 31.6 22.3 29.4% 4175.89 4108.4 67.49 21.73% 
3 n/a n/a n/a n/a n/a n/a n/a 
4 33.3 22.4 32.7% 4137.71 4045.93 91.78 27.92% 
5 48.0 31.6 34.2% 4040.57 4033.33 7.24 2.41% 
6 35.9 23.0 35.9% 4206.01 4136.32 69.69 21.69% 
7 32.8 20.8 36.6% 4160.94 4098.28 62.66 19.58% 
8 36.2 22.3 38.4% 4048.8 3988.44 60.36 20.22% 
9 32.8 19.7 39.9% 4022.08 3962.65 59.43 19.97% 

10 35.0 21.1 39.7% 4092.4 4028.39 64.01 20.85% 
12 62.3 35.7 42.7% 4056.19 3988.07 68.12 22.23% 
14 60.1 34.8 42.1% 4090.53 4007.09 83.44 23.28% 
16 64.7 36.6 43.4% 4172.68 4082.52 90.16 29.47% 
18 73.2 37.0 49.5% 4221.96 4071.26 150.70 41.74% 
20 71.6 40.4 43.6% 4071.13 3943.60 127.53 38.32% 
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GIP 17:  28° 38.237'N, 89° 31.128'W 
Water depth: 1601 m 
Date collected: 10/23/2011 
 
 

Core 
Interval 

(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 49.1 35.7 27.3% 8406.63 8331.67 74.96 24.31% 
2 40.4 28.5 29.5% 8319.05 8262.58 56.47 19.03% 
3 44.3 30.0 32.3% 8078.25 8026.1 52.15 17.69% 
4 53.6 36.4 32.1% 8274.86 8219.15 55.71 18.68% 
5 46.0 30.4 33.9% 8102.43 8039.87 62.56 20.10% 
6 65.4 52.9 19.1% 8383.85 8323.65 60.20 18.74% 
7 65.3 52.2 20.1% 8252.72 8193.18 59.54 19.14% 
8 45.5 27.7 39.1% 8291.96 8233.31 58.65 19.15% 
9 30.0 18.2 39.3% 8197.02 8135.08 61.94 21.02% 

10 30.3 18.0 40.6% 8302.19 8232.75 69.44 22.20% 
12 75.1 43.8 41.7% 4110.62 4036.09 74.53 24.26% 
14 64.2 37.9 41.0% 4099.6 4021.52 78.08 26.00% 
16 63.5 38.9 38.7% 4098.56 3998.71 99.85 27.85% 
18 60.1 37.1 38.3% 4037.58 3947.02 90.56 30.10% 
20 71.6 43.8 38.8% 4150.51 4048.47 102.04 33.69% 

 

  



124 
 

GIP 18:  28° 44.336'N, 88° 20.416'W 
Water depth: 1584 m 
Date collected: 10/25/2011 

 
Core 

Interval 
(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 33.1 24.4 26.3% 4199.65 4107.09 92.56 29.07% 
2 32.2 22.3 30.7% 4116.07 4035.18 80.89 25.51% 
3 30.0 20.5 31.7% 4180.91 4103.22 77.69 24.98% 
4 36.3 24.2 33.3% 4043.91 3972.35 71.56 22.96% 
5 30.7 21.7 29.3% 4147.56 4077.3 70.26 22.31% 
6 34.8 21.9 37.1% 4049.43 3982.56 66.87 22.41% 
7 38.7 23.9 38.2% 4168.1 4088.22 79.88 25.67% 
8 41.5 24.9 40.0% 4108.25 4053.2 55.05 18.39% 
9 32.7 16.7 48.9% 4183.7 4069.17 114.53 36.17% 

10 34.3 20.0 41.7% 4167.33 n/a n/a n/a 
12 62.6 36.4 41.9% 4206.26 4126.35 79.91 24.49% 
14 60.0 35.0 41.7% 4172.83 4074.93 97.90 27.25% 
16 62.2 37.6 39.5% 4107.89 4024.21 83.68 27.82% 
18 65.0 39.7 38.9% 4072.64 3976.77 95.87 31.18% 
20 73.6 45.2 38.6% 4197.68 4097.39 100.29 32.35% 
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GIP 20:  28° 45.393'N, 88° 9.595'W 
Water depth: 1772 m 
Date collected: 10/27/2011 

 
Core 

Interval 
(cm) 

Wet 
Weight 

(g) 

Dry 
Weight 

(g) 

Percentage 
of Water 
(wt. %) 

Pre-
digestion 

weight 
(mg) 

Post-
digestion 

weight 
(mg) 

Loss due to 
carbonate 
dissolution 

(mg) 

Percent 
Carbonate 

(wt. %) 

1 31.8 23.9 24.8% 8321.58 8227.37 94.21 31.32% 
2 44.1 31.3 29.0% 8415.61 8336.38 79.23 24.36% 
3 41.2 28.1 31.8% 8325.10 8256.10 69.00 22.40% 
4 30.6 20.1 34.3% 8416.33 8329.93 86.40 27.27% 
5 40.6 27.2 33.0% 8369.74 8291.36 78.38 25.19% 
6 26.7 17.0 36.3% 8087.55 8015.75 71.80 23.87% 
7 34.4 21.5 37.5% 8304.92 8226.14 78.78 24.49% 
8 33.6 20.6 38.7% 8214.9 8160.27 54.63 17.35% 
9 34.8 21.4 38.5% 8297.56 8129.78 167.78 53.61% 

10 38.6 24.1 37.6% 8241.86 8165.41 76.45 25.37% 
12 71.7 44.7 37.7% 4127.77 4039.83 87.94 27.44% 
14 66.4 40.8 38.6% 4159.84 4066.08 93.76 29.30% 
16 66.9 40.6 39.3% 4184.01 4090.75 93.26 30.51% 
18 n/a n/a n/a n/a n/a n/a n/a 
20 n/a n/a n/a n/a n/a n/a n/a 

 

  


