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Abstract: The Gulf of Mexico is a hydrocarbon-rich region characterized by the presence of floating
oil slicks from persistent natural hydrocarbon seeps, which are reliably captured by synthetic aperture
radar (SAR) satellite imaging. Improving the state of knowledge of hydrocarbon seepage in the Gulf
of Mexico improves the understanding and quantification of natural seepage rates in North America.
We used data derived from SAR scenes collected over the Gulf of Mexico from 1978 to 2018 to locate
oil slick origins (OSOs), cluster the OSOs into discrete seep zones, estimate the flux of individual
seepage events, and calculate seep recurrence rates. In total, 1618 discrete seep zones were identified,
primarily concentrated in the northern Gulf of Mexico within the Louann salt formation, with a
secondary concentration in the Campeche region. The centerline method was used to estimate flux
based on the drift length of the slick (centerline), the slick area, and average current and wind speeds.
Flux estimates from the surface area of oil slicks varied geographically and temporally; on average,
seep zones exhibited an 11% recurrence rate, suggesting possible intermittent discharge from natural
seeps. The estimated average instantaneous flux for natural seeps is 9.8 mL s~ ! (1.9 x 103 bbl yr—1),
with an annual discharge of 1.73-6.69 x 10° bbl yr—! (2.75-10.63 x 10* m3 yr~1!) for the entire Gulf
of Mexico. The temporal variability of average flux suggests a potential decrease following 1995;
however, analysis of flux in four lease blocks indicates that flux has not changed substantially over
time. It is unlikely that production activities in the Gulf of Mexico impact natural seepage on a human
timescale. Of the 1618 identified seep zones, 1401 are located within U.S. waters, with 70 identified
as having flux and recurrence rates significantly higher than the average. Seep zones exhibiting
high recurrence rates are more likely to be associated with positive seismic anomalies. Many of the
methods developed for this study can be applied to SAR-detected oil slicks in other marine settings
to better assess the magnitude of global hydrocarbon seepage.

Keywords: SAR imagery; oil slicks; seep zones; Gulf of Mexico; oil seepage fluxes

1. Introduction

Natural hydrocarbon seeps are common on many continental margins worldwide,
e.g., [1-4] (Figure 1; Table 1). Hydrocarbon-rich regions, such as the Gulf of Mexico,
are characterized by the perennial presence of floating oil slicks [5], which may indicate
petroleum accumulations available for commercial exploitation. Surface slicks are visible
from space and are routinely detected through remote sensing methodologies, especially in
satellite imagery [6,7]. Improved technology, the vast expansion of synthetic aperture radar
(SAR) datasets, and the understanding of oceanographic constraints on slick occurrence
allow for an updated seep distribution and flux estimate in the Gulf of Mexico.

The underlying geology of the Gulf of Mexico supports a highly productive hydrocar-
bon province; natural and anthropogenic oil slicks are regularly observed on the sea surface.
Widespread evaporite layers, known as Louann salt, were generated during the Jurassic-age
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formation of the Gulf of Mexico basin. With plate tectonism dormant, subsequent mass
deposition of sediments rich in organic matter, in anoxic or suboxic environments, created
conditions required for source rock, and hydrocarbon, generation. Continued sediment
deposition resulted in the kinetic deformation of underlying salts; less dense salt structures
pushed through overlying sediments, forming hydrocarbon migration pathways [8]. The
resulting prolific natural hydrocarbon seeps serve vital roles for both the benthic ecosystem
and offshore energy exploration in a highly industrialized marine region. Chemosynthetic
communities are common across the Gulf’s continental slope [9]. The highest average
daily commercial production of oil in the Gulf of Mexico since 2000 was approximately
1.9 million bbl d~! in 2019, accounting for approximately 16% of U.S. crude oil produc-
tion [10]. In comparison, the current estimated total annual discharge of natural seeps in the
Gulf of Mexico is 1.58-5.94 x 10° bbl yr_1 (2.5-9.4 x 10* m3 yr‘1 ; [11]). This estimate relied
on two assumptions: a consistent 0.1 um slick thickness and an 8-24 h surface residence
time, the latter of which will be addressed in the current study through the use of centerline
slick age estimates. SAR is often used to study natural oil slicks, as well as slicks resulting
from oil spills.
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Figure 1. Generalized locations of well-documented natural oil seeps.

Table 1. Example references documenting geologic features of known oil seeps. Corresponds with

seep locations in Figure 1.

Literature Reference

Location Geologic Features Water Depth (m) Flux

Agirrezabala and Lopez-Horgue,
2017 [12]

Authigenic carbonates,

Bay of Biscay diapirs

Barberes et al., 2020 [13]

Authigenic carbonates,

Iberian Basin
mud volcanoes

Bernardo and Bartolini, 2015 [14]

Western Caribbean,

Panama
Bojesen-Koefoed et al., 2004 [15] Baffin Bay, West
Greenland
Burns et al., 2010 [16] Timor Sea Carbonate domes 90
Pockmarks, carbonates,
Camplin and Hall, 2014 [17] Indonesia/Java Sea mounds, locally formed 1800
hydrates
Cazzini et al., 2015 [18] Adriatic Sea, Italy Carbonate platforms
Chen and Hu, 2014 [19] Cariaco Basin, Venezuela
Pockmarks, mounds,
Coughlan et al., 2021 [20] Irish Sea authigenic carbonates, >40
mud diapirs
Cramer and Franke, 2005 [21] Laptev Sea, NE Siberia Gas hydrates
Dill and Kaufhold, 2018 [22] Colombia Mud volcanoes, diapirs
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Table 1. Cont.

volcanoes

Literature Reference Location Geologic Features Water Depth (m) Flux
£ Carbonates, mud
Dupré et al., 2015 [23] Sea of Marmara volcanoes, gas hydrates Avg~600
Feng et al., 2018 [24] South China Sea Carbonates, mud
volcanoes, pockmarks
Fildani et al., 2005 [25] Talara Basin, NW Peru Carbonates
Baffin Bay, eastern
Foster et al., 2015 [26] Canadian Arctic
Freire et al., 2011 [27] Japan Sea Gas hydrates, pockmarks, 900-1100
mounds
Freire et al., 2017 [28] Espirito Basin, Brazil Carbonates, salt diapirs 2700
Gbadebo, 2010 [29] SW Nigeria
Hakimi et al., 2018 [30] Gulf of Aden, south of Carbonates
Yemen
Himmler et al., 2008 [31] Southern Namibia Carbonates Onshore
Hovland et al., 2012 [32] North Sea Salt diapirs, pockmarks
Intawong et al., 2019 [33] Mozambique Channel Pockmarks, carbonates
. 400-3000 tons yr—! (Geor-
Ivanov et al., 2020 [34] Black Sea Mud voleanoes (Russian 1000-1050 gian sector), 140-100 tons
sector) 1 .
yr~* (Turkish sector)
Ivanov et al., 2020 [4] South Caspian Sea Mud volcanoes
Ivanov and Gerivani, 2020 [35] Persian Gulf, UAE Carbonates, faults and
folds, salt domes
Jatiault et al., 2018 [36] Lower lfr?;oglg Basin, Salt tectonics, pockmarks 1200-2700 4380 m3 yr~1 oil
Jauer and Budkewitsch, 2010 [37] Labrador Sea, Canada Mounds, mud volcanoes
. Salt diapirs, gas hydrates, .
Johansen et al., 2017 [5] Gulf of Mexico, GC600 authigenic carbonate 850-1200 2'62_10'8 (oily), 62'23_10,11
and MC118 (mixed), 188 (gas) m” yr
mounds
. Coal Oil Point, Santa Salt diapirs, mud volcanoes, 15 x 10° m3 41! gas,
Leifer et al., 2004 [38] Barbara, CA mounds, brine pools 20-70 80 bbl d 1! oil
Liira et al., 2019 [39] Svalbard Carbonates, pockmarks
Logan et al., 2010 [40] Offshore Australia Pockmarks, carbonates
Mitra et al., 2013 [41] Offshore India
Mityagina and Lavrova, 2018 [42] Eastern Black Sea Mud volcanoes
Nemirovskaya and Sivkov, .
2012 [43] Baltic Sea
. "y NE Pacific, Cascadia Cascadia accretionary
Nesbitt et al., 2013 [44] margin, WA wedge, carbonates
Pinet et al.,, 2008 [45] St. Lawrence Estuary, chkmarks, seismic 65-355
Canada chimneys, carbonates
Romer et al., 2012 [46] Arabian Sga, offshore Mud volcanoes
Pakistan
Romer et al., 2014 [47] Eastern Mediterranean Sea Authigenic carbonates, 1000-1800
pockmarks
Sakran et al., 2016 [48] Gulf of Suez Carbonates
Short et al., 2007 [49] Gulf of Alaska 41-327
Blake Ridge, offshore S. ..
Taylor et al., 2000 [50] Carolina, U.S. Pockmarks, salt diapirs
Venkatesan et al., 2013 [51] Alaskan Beaufort Sea
Zakharenko et al., 2019 [52] Lake Baikal, Russia Gas hydrates, mud 855-1370

Zelilidis et al., 2015 [53]

Tonian Sea, Greece

Carbonates, diapirs
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Natural oil slicks are thin layers of oil sourced from natural seepage that visibly
dampen capillary waves. Approximately 1 mL of crude oil is required to generate a
10 m? slick with a thickness of 0.1 um [6]. Thicker oil slicks (>0.4 um) display chromatic
properties not visible below this threshold [54]. Oil slicks are easily detectable by satellites,
specifically SAR, under all sunlight and cloud conditions [55-57], and under ideal wind
conditions (2-7 m s~ !; [58-60]). SAR is an active form of remote sensing; the sensors
transmit their own microwave signals to the Earth’s surface and analyze the backscatter [61].
The viscoelastic properties and lower permittivity of oil slicks influence the degree of radar
backscatter [60,62]. Oil slicks are areas of lower backscatter [63]. Oil slicks appear as a
dark image anomaly in SAR scenes because the smoother ocean surface reflects radar
energy away from the sensor to a greater degree than the rougher surface from unoiled
water [56,61,63].

SAR imaging has been shown to reliably detect surface oil slicks emanating from
persistent high-volume natural seeps, allowing researchers to identify oil slick origins
(OSOs; [7]). The oil slick itself elongates and flows away from the OSO, driven by winds
and surface currents [11,64]. Oil slick compositions are modified over time. As slicks age,
highly volatile components are quickly lost to the atmosphere and higher-molecular-weight
compounds are concentrated. Slick appearance in thicker examples will transition from
thick and brown to thin and gray, with a thinning rainbow intermediate; older, thinner
slicks may be more difficult to detect by SAR [65]. Although OSOs indicate the general
location of the seafloor source of an oil slick, the OSO may be offset from this source
because subsurface currents deflect the vertical movement of the hydrocarbons in the water
column [7]. The size and rise speed of bubbles also play a role; bubbles composed primarily
of oil will rise at slower speeds than those composed primarily of gas [66]. The extent
of this deflection, approximately two times the water depth with a maximum deflection
radius of 3500 m, was characterized for seeps found in the northern Gulf of Mexico [7].
Repeat occurrence of slicks in a given area is a probable indicator of a seep zone.

MacDonald et al. [11] identified 914 seep zones producing persistent surface slicks in
the Gulf of Mexico using a neural network analysis. Seep zones are defined as fixed geologic
areas that persistently produce individual or clustered OSOs from one or more localized
but discrete seafloor vents. However, the delineation of a seep zone is empirical, based on
the repeated detection of slicks within a discrete area that corresponds to seafloor mapping
of the geologically constrained scale of venting within active seeps [67]. The identification
of seep zones enhances our understanding of the subsurface geologic processes that control
the distribution of oil in near-surface sediments and the release of oil into the water column
and allows oil flux estimations to be calculated [11,68]. Identifying distinct seep zones
based on surface slicks is difficult due to the lack of seafloor confirmation, especially since
seep zones may contain many discrete vents that are active over differing timescales [64,69].
Repeated detection of surface slicks in a particular locality is a primary indicator that their
source is a natural seep rather than pollution or transient phenomena [7,64]. However, in
places where the number of SAR scenes is limited, low flux seeps or those with ephemeral
discharge might not be detected. This study analyzed an expanded collection of satellite
SAR scenes (4091) that detected natural oil slicks in the Gulf of Mexico to determine spatial
and temporal trends in the distribution, abundance, and flux of active seep zones in the
Gulf of Mexico.

2. Materials and Methods
2.1. Datasets

We analyzed a comprehensive dataset that encompasses the entire Gulf of Mexico,
comprising interpretation from SAR data collected between 1978 and 2018. SAR data from
three remote sensing vendors (MDA, Airbus, and NPA) and those previously reported
by MacDonald et al. [11] were used (Table 2). Satellites used by the vendors included
ERS-1, ERS-2, RADARSAT-1, ENVISAT, Sentinel-1A, and TSX-1. MacDonald et al. [11]
analyzed SAR scenes collected by RADARSAT-1, JERS-1, and ERS-1 satellites. These
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satellites use X-, C-, and L-band wavelengths. The combined dataset identified over
32,000 natural seep OSOs. The vendors routinely provide SAR analysis for oil companies
in the form of shapefiles, with polygons representing oil slicks seen on SAR imagery
and points representing OSOs (Figure 2). Oil slicks were classified by the vendors as

“natural”, “pollution”, or of “uncertain” origin. Oil slicks classified as “pollution” and
“uncertain” were filtered out of the dataset. Vendor criteria for classifying SAR anomalies

as oil slicks typically include repeatability, shape, size, and location (i.e., near oil seep
geologic features; [65]). The natural designation indicates that the imaged slicks exhibited
characteristics that have also been observed at confirmed natural seeps. However, SAR
scenes display differences in sea surface roughness and do not indicate the cause of the
dampened capillary waves. In addition to oil, SAR-detected ocean surface anomalies may
include spawning events, algal blooms, and wind shadowing, so ground truth analyses are
required to confirm the source of the SAR-detected anomalies [70-72]. OSOs designated
by the vendors and MacDonald et al. [11] as natural were compiled into one shapefile
(Figure 3). MDA provided oil slick polygons that did not include OSOs. We generated
OSOs for these polygons based on the shape of the features and wind direction. Both
NPA and Airbus provided oil slick polygons and OSOs. In some instances, polygons
were provided that represented segments of discrete seepage events. We aggregated these
segments for each event, allowing us to work with a single length, area, and OSO.

Table 2. Data acquired from vendors and MacDonald et al. [11], including all classifications.

MDA * NPA Airbus MacDonald et al. [11] Total
Years active 1997-2014 1978, 1991-2018 1992-2015 1994-2007 28
number of scenes 215 2265 1357 254 4091
number of polygons (oil slicks) 2070 29,126 7667 14,608 53,471
number of points (OSOs) 2070 29,089 3826 14,531 49,516

* OSOs were generated for the individual oil slick polygons based on the shape of the features and wind
direction. Discrepancies between the number of oil slick polygons and OSO points are due to some oil slicks being
represented as segments of discrete seepage events (i.e., multiple polygons).

; - SAR scene

[ oil slick outline  ® 0SO

Figure 2. (A) Example SAR image with oil slick and (B) SAR image with natural oil slick polygon,
centerline, and OSO.
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Figure 3. Locations of interpreted natural OSOs in the Gulf of Mexico.

2.2. Defining Seep Zones

The point aggregation method in ArcMap is used to define seep zones in the Gulf of
Mexico. This method creates polygons with a minimum of three points, forming a cluster
within a set aggregation distance [73]. A shapefile consisting of all points categorized as
natural seepage OSOs was the input feature, and the aggregation distance was set to 1000 m.
Seep zones are typically within an area of 1000 m x 1000 m and contain one to several
interconnected vents [7,67,74]. Due to variability at the surface from currents, 1000 m is
the most conservative estimate of the distance between OSOs that belong to the same seep
zone. Although OSOs originating from a particular seep zone may have been excluded, the
1000 m aggregation distance likely captures the centroid of the seep zone and the OSOs that
are most representative of the vents supplying the seep zone. Following point aggregation,
centroids of the polygons were extracted and converted to points to define the center of
the seep zones. Seep zones were subsequently analyzed for flux, recurrence rate, and
associated geologic features.

2.3. Centerline Flux Estimation

Oil slicks from seeps are typically broadest at the OSO, where oil is continually
surfacing, then dissipate as the oil ages along a curvilinear drift path and degrade terminally
to traces that can no longer be detected by SAR (Figure 2). The length of the centerline of
each slick from its OSO to its termination reflects the drift path of the slick and therefore
provides a basis for estimating the age of each slick (Meurer et al., in prep.). The “centerline”
flux method calculates the distance that oil travels per unit time using a forcing magnitude
calculated as 75% of the average wind and 100% of the average current speed for a specified
region. The age of each slick (i.e., residence time) is determined by dividing the centerline
length by the forcing magnitude. Flux is then estimated by converting the oil slick area to a
volume, using an assumed oil thickness of 0.1 pm, and dividing the volume by slick age.
This calculation provides the average instantaneous flux required to generate the observed
slick given its age and area. The centerline method was applied to all seepage slicks to



Remote Sens. 2022, 14, 3150

7 of 20

generate flux estimates for individual slicks. The individual estimates were averaged to
generate fluxes for seep zones.

3. Results
3.1. Seep Zones

The point aggregation method identified 1618 seep zones, containing 16,125 of the
natural OSOs, in the Gulf of Mexico (Figure 4). Of the 1618 seep zones, 1401 were located
in the northern Gulf of Mexico, in U.S. waters delineated by Bureau of Ocean Energy
Management (BOEM) lease blocks. The majority of seep zones in the northern Gulf of
Mexico are in the Louann salt formation and Sigsbee escarpment; a second seep zone
aggregation was observed in the southern Gulf of Mexico over the Campeche knolls. The
individual slicks originating within, but not wholly confined to, a given zone, are snapshots
of discharge rates from that zone, capturing the combination of the flux of oil to the surface
and its residence time before the oil dissipates under synoptic oceanic conditions and is no
longer visible to SAR.

95°0'0"W 90°0'0"W 85°0'0"W

30°0'0"N
30°0'0"N

25°0'0"N
25°0'0"N

20°0'0"N
20°0'0"N

| + Seep zones (1618)]

95°0'0"W 85°0'0"W
Figure 4. Centroids of seep zones identified using point aggregation.

3.2. Flux Estimates

The temporal variability of flux in the Gulf of Mexico was analyzed using a sequence
of flux estimates for all OSOs, excluding years with fewer than 50 total scenes. The average
flux of natural oil in the Gulf of Mexico was consistently higher from 1992 to 1995, with no
discernible trend between 1995 and 2017, when data were normalized by the number of
scenes containing oil slicks (Figure 5A). Normalizing data by the area of scenes containing
oil slicks suggests a decrease in flux after 1995 (Figure 5B). However, there is a bias in the
coverage of SAR scenes from 1992 to 1995, where highly productive areas were targeted. To
control for area and scene bias, we examined the temporal variability of flux in four lease
blocks extending from the western Gulf of Mexico (AC857), through the most productive
region (GB647 and GC600), to the eastern edge of the most productive region (MC709). The
average flux of oil in the four lease blocks fluctuates, but there is no discernible increase
or decrease over time (Figure 6A). The zonal variability of oil seepage was examined by
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choosing lease blocks located in the most productive region of the Gulf of Mexico, exhibiting
similar recurrence rates, but variable average flux rates. Lease blocks AC857 and GB647
exhibit significantly different fluxes (low and high, respectively); lease block AC857 also
exhibits significantly low recurrence (Figure 6B).
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Figure 5. Temporal variation of average flux of natural OSOs in the Gulf of Mexico. (A) Average flux
is normalized by the number of scenes containing oil slicks per year. (B) Average flux is normalized
by the area of scenes containing oil slicks per year. Years with <50 total scenes were excluded for
this analysis.

Flux estimates for individual OSOs were used to calculate the average flux for each
seep zone. The average flux for natural oil seeps in the Gulf of Mexico, as represented by
SAR imageable slicks, is approximately 9.8 mL s~! (1.9 x 10% bbl yr—!). However, using the
average flux of seep zones assumes a constant rate, despite the existence of known episodic
and ephemeral seeps. To estimate the flux of seep zones over longer times, the average flux
is weighted by the recurrence rates of slicks for each seep zone. The recurrence rate of each
seep zone was calculated by dividing the number of scenes where oil slicks were observed
by the total number of scenes captured over that seep zone (only weather-compliant scenes
are included in this study). The recurrence rate is the ratio of the number of times a slick
is observed for a seep zone and the number of times that seep zone was examined; the
average recurrence rate is 11%. The frequency distribution of seep zone recurrence is
skewed to the right, with an asymmetry in the low side distribution (Figure 7). The average
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flux for each seep zone was multiplied by the recurrence rate; the flux range was calculated
as the weighted average flux of all seep zones + one standard deviation (SD). The flux of
natural oil seep zones, incorporating the recurrence rate of each seep zone, ranges from
1.73 - 6.69 x 10° bbl yr’1 (2.75-10.63 x 10* m3 yr’l). There is a weak positive correlation,
but no relationship between the average flux of seep zones and recurrence rate (Figure 8).
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Figure 6. (A) Temporal variability of average flux in lease blocks extending from west (AC857) to
east (MC709) across the Gulf of Mexico. (B) Zonal variation of average flux and recurrence rates in
lease blocks. Error bars represent standard error.
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Figure 7. Frequency distribution of seep zone recurrence rates.
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Figure 8. Comparison of recurrence rate and average flux of seep zones. Inset enlarged to show lack
of relationship or correlation between recurrence rate and average flux.

The total estimated flux of oil in the Gulf of Mexico was derived from average flux
estimates of discrete seep zones. The frequency distribution of seep zone average flux is
skewed to the right (Figure 9). Seep zone average flux was then compared to the depth of
seep zones. There is bimodal behavior, where seep zones below ~2000 m exhibit higher
average fluxes, but there is no relationship between the depth of a seep zone and average
flux (Figure 10). The frequency distribution of the annual flux of each seep zone was plotted
to understand how the flux of natural oil in the Gulf of Mexico is distributed among seep
zones. It is strongly skewed to the left. Of the 1618 discrete seep zones, 167 discharge
greater than 500 bbl yr~! (Figure 11).
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Figure 9. Frequency distribution of average flux of seep zones.
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Figure 10. Comparison of seep zone depth to seep zone average flux. Inset enlarged to show lack of

relationship between depth and average flux of seep zones.
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3.3. Seep Zone Categories

Seep zones were categorized by flux and recurrence rates to determine which seep
zones discharge the most oil and are active most frequently. Means and SD for flux and
recurrence were calculated and seep zones with rates 2 SD > mean rates were considered
significantly different. Of the 1401 identified seep zones in U.S. waters, a subset of 70
were identified as exhibiting the highest flux and recurrence rates: 16 exhibit high flux,
52 exhibit high recurrence, and 2 exhibit both high flux and high recurrence rates (i.e., the
most prolific seep zones). High flux seep zones discharge oil at rates of >18.51 mL s~!
and high-recurrence seep zones are active at rates of >27.57% (Figure 12). These seep
zones are located in the most productive region of the Gulf of Mexico (Figure 13). The
subset of seep zones was then analyzed for associations with geologic features identified
by BOEM; approximately 37,000 seismic anomalies were identified in the northern Gulf
of Mexico that exhibit high (positive) or low (negative) acoustic amplitudes compared to
background levels [75]. With the use of ArcMap tools, BOEM defined anomalies were
spatially joined to seep zones if they were within a 1000 m radius of the seep zone. Although
the 1000 m radius was used to define seep zones, it is not sufficient to capture all associated
seafloor geologic features, especially in deeper waters, due to deflection by subsurface
currents. Approximately half of the prolific seep zones in U.S. waters were not associated
with anomalies via the spatial join process; these seep zones were examined manually
using the BOEM bathymetry data [76] from which the anomalies were originally derived.
Approximately 97% of the prolific seep zones were found to be associated with seismic
anomalies: 50/52 high recurrence, 16/16 high flux, and 2/2 high recurrence and flux. All
seep zone categories were more likely to be associated with positive anomalies. However,
there was not a significant relationship between seep zone category and association with
seismic anomalies (X? (2, n = 140) = 0.13, p > 0.05; Table 3).

B High recurrence and flux (2) ® High recurrence (52)

10 20 30 40 50 60 70 80

Recurrence rate (%)

Figure 12. Distribution of seep flux and recurrence rates exhibited by the subset of more oily and
more active seep zones. The light gray dashed lines indicate rates that are =1 SD and the dark gray
dashed lines indicate rates that are +2 SD.
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Figure 13. Locations of seep zones exhibiting rates of high flux, high recurrence, and both high flux

and recurrence (i.e., 2 SD > mean rate).

Table 3. Number of categorized seep zones associated with positive and negative BOEM seismic
anomalies. Note that an individual seep zone may be associated with multiple positive and/or
negative anomalies, resulting in totals greater than the number of prolific seep zones.

Seep Zone Category Positive Anomaly Negative Anomaly Total
High recurrence 72 28 100
High flux 27 9 36
High recurrence and high flux 3 1 4
Total 102 38 140

4. Discussion

Remote sensing techniques, specifically SAR, have been used extensively to detect
oil slicks on the ocean surface around the world [3,4]. However, delineating seep zones,
estimating flux, and identifying relationships between seep zones and geologic features
remains challenging. By compiling all oil slicks classified as natural seepage by the vendors
and MacDonald et al. [11], we evaluated the spatial distribution of OSOs to define discrete
seep zones. With an understanding of OSO distribution, we calculated the flux and
recurrence rate of the seep zones to estimate the annual natural seepage of oil in the Gulf of
Mexico. Given a useful technique for estimating the flux and recurrence rate of seep zones,
we can consider how to improve the knowledge of the seepage in the Gulf of Mexico, as
well as provide a model for a more global understanding of natural oil seepage.

The greater SAR surveillance coverage of the Gulf of Mexico available for this study
allowed a more focused spatial analysis of OSOs and their seafloor sources (i.e., seep zones).
The OSOs of natural oil slicks located in regions with persistent seepage, as captured by
repeated SAR imagery, can be clustered into discrete seep zones. The 1618 identified seep
zones represent clustered vents connected to the same hydrocarbon migration system.
The quantity of identified seep zones is not equal to the number of discrete vents on the
seafloor. Seep zones represent the area containing one to many vents that are generating oil
slicks observed within a geographic area. Previous seep zone studies estimated a 3500 m
maximum deflection radius for oil, between the seafloor source and surface detection;
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deflection is dependent on water depth [7]. The point aggregation technique used in this
study did not incorporate water depth as a parameter capable of influencing the deflection
of oil, which influences the number of OSOs associated with a seep zone. The OSOs may
have been deflected out of the 1000 m aggregation distance used to delineate the seep zones.
OSOs that were potentially deflected into a seep zone from which they did not originate
were not included in the quantification of seep zones. Due to the large number of OSOs
and OSO density in our dataset, using the 3500 m radius [7] would have resulted in fewer
seep zones than identified in MacDonald et al. [11] by including OSOs deflected into a
seep zone from an adjacent seafloor source. Some of the OSOs that were not included in
our seep zones likely belong to the same hydrocarbon systems that supply the seep zones.
Identifying fewer seep zones would likely result in a higher recurrence rate because each
seep zone would contain more slicks. However, the basin-scale flux is unlikely to change
substantially with the number of seep zones since the seep zone centroids identified in
this study represent the areas in the Gulf of Mexico with the most oil discharge. It is likely
that there are more seep zones in the Gulf of Mexico that we did not identify due to the
point aggregation parameter requiring a minimum of three OSOs to form a seep zone.
However, the seep zones are representative of the location and flux of the most influential
seepage areas.

Previous studies of oil and gas fluxes from seeps focused on short-term, on-bottom
time series analyses [5,77], while the large-scale SAR surveillance system utilized by the
present study provided a unique opportunity to examine basin-scale natural oil seepage
over time and space. The average flux of natural oil in the Gulf of Mexico appears to have
decreased after 1995 (Figure 5). Research has shown evidence for decreased seepage in the
Coal Oil Point hydrocarbon system related to associated oil and gas production [78,79].
However, the Gulf of Mexico flux estimates relied on lower-resolution imagery and bias
in scene coverage, which may have influenced the size of slicks captured by SAR, and the
average flux in a given year. Normalizing the average flux of OSOs by the number of scenes
containing slicks per year (Figure 5A) accounts for temporal variation in scene coverage.
The fewest number of scenes containing oil slicks were captured in 1993 (16/59) and the
highest number of scenes containing oil slicks in 1996 (302/681). However, normalizing
for the number of scenes containing oil slicks does not account for the areal coverage of
the scenes (Figure 5B). Considering the area of the Gulf of Mexico that contains natural
oil seepage each year is more representative of the nature of the underlying hydrocarbon
system. Additionally, the scene area in the early 1990s was generally smaller than the area in
later years, while the average flux was similar across all years, resulting in the higher fluxes
observed in Figure 5B. This bias may exaggerate the perceived decrease in average flux
after 1995. Normalizing the Gulf of Mexico data by both the number of scenes with slicks
and by the area covered by scenes with slicks begins to correct for discrepancies in scene
size and resolution. Although both methods of data normalization exhibit consistently
higher average flux between 1992 and 1995, followed by a decrease and stabilization,
additional study is required to determine if average flux has decreased over time due to
production activities. Artifacts in the SAR data and the natural variability of seep zones
(i.e., less seeps were active in recent years) must also be considered. However, the temporal
variation of average flux in four lease blocks across the Gulf of Mexico (Figure 6) indicates
that production does not affect the natural hydrocarbon system on a human timescale.
Approximately 18.3 billion bbl of crude oil were produced between 1981 and 2021 [80] and
production activities are expected to increase by the end of 2022 [10]. SAR surveillance of
the new projects and the collection of more SAR scenes with higher resolutions may begin
to resolve these issues and further constrain flux estimates.

Without direct seafloor visual measurements, analysis of slicks provides the most
robust method of estimating oil flux. The residence time for oil slicks detected by remote
sensing is the period during which oil reaching the surface will continue to dampen
capillary waves to make a visible slick. MacDonald et al. [11] proposed this critical variable
to be 8-24 h. Subsequent modeling of ocean conditions and oil slick appearance in the Gulf
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of Mexico yielded a mean residence time of 6.4 h [58]. A shorter residence time implies a
higher flux rate to produce a given oil slick. The centerline method calculates oil slick ages
using the centerline length of each slick and dividing by the average forcing magnitude,
so the unique residence time is calculated for each slick. Oil slick age, as estimated by the
centerline method, is necessary for quantifying seep discharge [69].

The present study agrees reasonably with the previous annual flux estimates of Mac-
Donald et al. [11] despite using different methodologies. Both studies assumed a 0.1 pm oil
slick thickness to convert areas to volumes, but the present study estimated an individual
residence time for oil slicks, with an average of 6.3 h (agreeing more closely with [69]),
instead of assuming a residence time of 8-24 h. The residence time calculation in Mac-
Donald et al. [11] corresponds to the amount of time required to accumulate the oil seen
in the SAR scenes; an 8 h residence time corresponds to three times as much oil seepage
as a 24 h residence time. Based on our estimated residence time of 6.3 h, the higher end
of the flux range estimated by MacDonald et al. [11] is likely ~ 20% too low. The present
study also considered the recurrence rates of seep zones, which were not considered by
MacDonald et al. [11], because individual vents have differing timescales of activity [67,69].
Although seep zones exhibited an 11% recurrence rate, on average, the flux estimate still
closely agreed with the previous flux estimates for the Gulf of Mexico. MacDonald et al. [11]
generated an average slick distribution using a bootstrap resampling of all of their data;
this should compensate for the recurrence rate variability if the sample set is large enough.
The close match between the two estimations suggests that the underlying assumptions
used in the different flux estimation methodologies and the amount of observations each
included are adequate to describe the surface expression of hydrocarbon systems in the
Gulf of Mexico.

The Gulf of Mexico results demonstrate a high degree of temporal variability in seep
zones. Among the 1618 seep zones delineated in the present study, the average recurrence
rate of 11% is the result of combined geologic processes and ocean conditions that limit
formation of surface oil slicks. The seep zone recurrence rates included some highly active
seep zones (70%), as might be expected given the regional character of the Gulf of Mexico;
however, the majority of seeps were active in fewer than 14% of observations. The frequency
distribution of seep zone recurrence rates (Figure 7) exhibits an asymmetry in the low side
distribution. Low recurrence seep zones were necessarily excluded because they did not
generate the minimum number of OSOs during the SAR surveillance period to create a
seep zone. This observation may be influenced by current SAR technologies. Seep zones
with higher flux rates are more likely to be captured by lower-resolution SAR scenes; as
the resolution increases, seep zones with lower discharge will be observed more often.
Recurrence rates from the Gulf of Mexico are comparable to those from similar hydrocarbon
basins. Jatiault et al. [69] found a recurrence rate of approximately 15% among natural seeps
of the Congo Basin, but few other studies have accessed sufficient SAR coverage to assess
the variability in other regions. Although the recurrence rate is currently unknown in most
productive ocean basins, the low average recurrence rates in both the Gulf of Mexico and
the Congo Basin suggest that a large number of observations are required to reliably image
the seepage from the significant majority of seeps in a basin. The variability of output from
natural seeps argues against extrapolating flux from limited satellite scene coverage to a
basin-scale estimate, especially given the relatively low number of prolific seep zones.

Our estimated flux of natural oil in the Gulf of Mexico can be compared to flux rates in
other highly productive regions. Annually, Coal Oil Point releases 1.4-7.3 x 10* bbl y~! of
oil into the waters offshore Santa Barbara, CA [77], the Black Sea releases 2.8 x 10* bbl y’l
of oil [34], and the Congo Basin releases approximately 2.75 x 10% bbl y~! [69]. The esti-
mated 1.73-6.69 x 10° bbl yr~! released in the Gulf of Mexico is an order of magnitude
larger than other productive hydrocarbon basins, even those with similar underlying geol-
ogy. Seep zones in the Gulf of Mexico discharging oil from greater depths may discharge
oil at higher average rates; otherwise, the oil would be deflected out of its seep zone of
origin, or the oil may not make it to the sea surface and be detected by SAR. The close
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agreement between our estimate, which used a more comprehensive dataset, and that of
MacDonald et al. [11] indicates that the natural seepage rate in the Gulf of Mexico is now
reasonably well constrained. However, these estimates are derived from SAR imagery
with pixel resolutions of 100400 m. Satellites capable of 10 m resolution (e.g., Sentinel
SAR) may yield smaller overall oil slick areas by resolving oil-free water within a given oil
slick, reducing estimated fluxes. However, smaller slicks not detected by lower-resolution
imagery will be detected, which may offset the potential decrease in slick area. The flux
of seep zones, especially the significant seep zones, is unlikely to change substantially.
We examined a subset of 70 seep zones that displayed the highest average oil fluxes and
recurrence rates in our dataset, including 68 seep zones associated with primarily posi-
tive seismic anomalies defined by BOEM [75]. All 70 seep zones are located on domes
and ridges (i.e., not in basins) generated by halokinesis, where diapirism created migra-
tion pathways for hydrocarbons from the source rock to the seafloor [8]. High-flux and
high-recurrence seep zones were associated with geologic features such as mud volcanoes
and pockmarks. Two of the lease blocks used to examine the temporal variability of flux
(Figure 6) correspond to significant seep zones. Lease blocks GC600 and MC709 contain
seep zones that exhibit high recurrence; MC709 is also adjacent to a high-flux seep zone
(Figures 12 and 13). The analysis of temporal variability includes highly active seep zones,
indicating that recurrence may remain stable over extended periods of time. However,
including highly active (i.e., not average) seep zones may conceal evidence of a change in
average flux over time. Note that this analysis was limited to the northern Gulf of Mexico,
where seismic anomaly data are available; seeps from Mexican waters were not included.
Additional study is required to understand the relationships between seismic anomalies
and the flux and recurrence rate of seep zones.

SAR detection of oil slicks is limited by resolution and bias in areas targeted. The
average recurrence rate of seep zones categorized as high flux was 14%, greater than
the 11% average recurrence rate of all seep zones, but too low to be categorized as high
recurrence. Our seep zone delineation methodology inherently discriminates against the
lowest-recurrence seepage events because it requires a minimum of three OSOs and thereby
sets a lower limit on the recurrence rate. As higher-resolution data become available,
seepage events with lower fluxes will be captured. This will likely lead to an increase in the
recurrence and identification of additional seep zones. However, assuming that additional
slicks identified from a given seep zone have smaller fluxes, the increase in the recurrence
rate will be offset by a lower average flux and will be unlikely to cause significant changes in
estimates for annual flux in the Gulf of Mexico. The flux of oil naturally entering the marine
system is not significant as an acute environmental threat, but may result in chronic impacts
that are less easily recognized. The spatial and temporal distribution of oil in the Gulf of
Mexico is important to hydrocarbon exploration, the regulation of offshore oil production
platforms, and oil pollution monitoring [55-57,61]. Higher-resolution data will capture the
presence of surface slicks in areas that were previously unidentified, indicating the potential
for resource exploitation in the area. Additionally, seepage events exhibiting low flux and
low recurrence will be captured; if these slicks are located near platforms, management
will be able to identify the source as being natural or anthropogenic. Although our results
may be influenced by the limitations of SAR imagery, our analysis likely accounted for all
seepage events that have a large influence in the Gulf of Mexico basin.

5. Conclusions

This study provides a comprehensive view of natural oil seepage in the Gulf of
Mexico, resolved in space and time on the scale of individual seepage events. The focus
on, and quantification of, discrete events provides the opportunity for the investigation
of seepage processes not possible by the analysis of oil coverage over entire satellite
scenes. Natural seepage rates for the Gulf of Mexico estimated in the present study are
in close agreement with earlier estimates. That the two different approaches produced
similar estimates suggests that natural seepage rates for the Gulf of Mexico are now
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reasonably well constrained. The identified seep zones provide a useful representation of
the Gulf’s hydrocarbon system by depicting areas of clustered slicks. Flux and recurrence
rate calculations revealed a high degree of temporal variability among seep zones; however,
there is no apparent relationship between seep zone average flux and recurrence rate. A
relatively small number of statistically different seep zones with high flux, recurrence, or
both were identified. These were found to be associated with seismic anomalies and seafloor
geologic features identified by BOEM. Detailed comparison of seep zone locations and
seafloor features has the potential to yield insights into the nature of natural hydrocarbon
release processes, but is beyond the scope of this effort. In contrast to what is observed in
the Santa Barbara Channel, temporal and zonal analysis of flux indicates that the extensive
oil production activities in the Gulf of Mexico have not meaningfully impacted natural
seepage.

The methods developed through the first application of a basin-scale SAR surveillance
system for this study could be applied on a global scale. As the archive of SAR imagery
from the Sentinel platforms increases and adds to the existing data, much of the conti-
nental shelf and slope can be studied for evidence of natural oil seepage. Using similar
datasets, the global magnitude of natural seepage can be assessed, with implications for
seep communities, understanding processes related to oil migration, and potential resource
exploitation. A similar approach could be used to study pollution slicks generated from
subsea sources and for monitoring sites of persistent pollution.
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