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Abstract: Extensive intertidal asphalt pavements and oiled sediment accumulations extend more
than 20 km along the northern shoreline of Abu Ali Island, located north of Jubail on the Arabian
(Persian) Gulf coast of Saudi Arabia. This shoreline oiling likely originated from two platforms in
the Nowruz oil field, which spilled oil from 1983 to 1985; this was one of the largest marine spills in
history, with shoreline impacts that were little known. In this study, we used a novel methodology
that combined remote sensing analyses with hybrid machine learning–geostatistical modeling of
field-collected data to quantify the distribution, extent, and volume of these contaminated sediments
to investigate the mechanisms for their persistence and to support the development of remediation
plans. After nearly 40 years, approximately 25,000 m3 of contaminated sediments remain, with nearly
50% of these buried underneath clean sediments. The presence of exposed or subsurface carbonate
beach rock platforms or ramps clearly influences the ongoing persistence of these asphalt pavements
by protecting them from physical energy and sediment mobilization. These rock platforms complicate
potential remediation options, with more than 66% of the modeled volume of asphalt pavement
estimated to be directly on top of and in contact with carbonate beach rock. The asphalt pavements
present persistent ongoing PAH toxicity and continually shed smaller fragments when exposed to
wave energy along with localized sheens and liquid oil, presenting a pathway for ongoing chronic
exposure of biota.

Keywords: oil spill; beaches; rocky shore; intertidal; contamination; remediation; machine learning;
geostatistics

1. Introduction

Extensive intertidal asphalt pavements and oiled sediment residues are present along
the intertidal areas of the northern shoreline of Abu Ali Island, located north of Jubail along
the Arabian (Persian) Gulf coast of Saudi Arabia (Figure 1). These pavements extend for
more than 20 km along the shoreline and have been present for decades, with initial reports
of oil stranding onshore along the Saudi Arabian coast in 1983 [1,2], followed by detailed
surveys in 1992, one year after the Gulf War oil spills [3,4]. No shoreline cleanup is known
to have occurred on Abu Ali Island. Michel et al. [5] concluded that the main potential
source of this oil was likely from two platforms in the Nowruz oil field that spilled oil
for over two years from 1983 to 1985 during the Iran–Iraq War. It has been shown that
these types of pavements negatively affect intertidal fauna in the Arabian Gulf [6,7] and
have potential human health risks [8]. The shoreline impacts of this spill, one of the largest
marine oil spills in history [9], have not been fully described, and the extent and volume of
these pavements are not well-known. Further, the long-term presence of oil pollution along
these exposed shorelines nearly 40 years after the incident is unexpected, and the reasons
for this multi-decadal persistence are unknown.
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Figure 1. Study extent along Abu Ali Island north of Jubail on the Arabian Gulf coast of Saudi
Arabia. Inset shows photograph of typical shoreline location with visible asphalt pavement seaward
of sand beach.

The study region is arid and characterized by air temperatures averaging 40 ◦C in
summer, with highs up to 51 ◦C, and averaging 15 ◦C in winter [10]. Winds over the
Arabian Gulf are strongly influenced by the seasonally reversing Arabian monsoons and
dominated by the northwesterly summer and winter shamal winds [10–12]. Although the
Arabian Gulf is relatively sheltered from wave energy compared with open ocean regions,
Abu Ali Island is subject to the highest wave energies in the region [13], with fetches to the
north and northwest of up to 250 km. Seasonal wave energy peaks in winter, corresponding
with the shamal winds. Tides are semi-diurnal, with a mean neap tidal range of 1.5 m and
a spring tidal range close to 2 m [14].

The northern shore of Abu Ali Island is characterized by a moderately steep, medium-
grained sand beach face with an average dip angle of 4.3◦ and an average mean grain size
of 0.31 mm [4]. The beach is backed by small, sparsely vegetated foredunes and fronted
in several locations by an intertidal to shallow subtidal rock platform or flat covered with
sand bars. In a few locations, the intertidal to shallow subtidal rock platforms extend
seaward for hundreds of meters. These platforms, which consist primarily of lithified
carbonate sediments and were likely formed in situ in the recent geologic past [15,16],
often extend landward under the active beach face. Carbonate beach rock platforms are
important geological controls on the morphology and morphodynamics of associated
sand beaches [17,18] and are also important controls on the ongoing persistence of oiled
pavements, as we will demonstrate.

In 2020, an extensive study was undertaken to survey and model the distribution,
extent, and volume of contaminated sediments; understand the mechanisms for their
persistence; and support the development of a remediation plan. This study used a novel
approach, integrating field data and remotely sensed data using a hybrid machine learning–
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geostatistical model, which has not previously been applied to the modeling of intertidal
contaminated sediments. Our study serves as a companion to the findings of Michel
et al. [5], who reported on the forensic and analytical chemistry of samples collected as
part of this work. Other objectives included an assessment of the ecological degradation
of intertidal communities in the affected areas and the development of target cleanup
endpoints, methods, guidelines, and best management practices to reduce ecological
impacts during remediation activities. Here, we present the methods and findings of this
study, assess the potential causes of the unexpected persistence of this contamination, and
suggest remediation alternatives to remove contaminated sediments whilst minimizing
damage to sensitive habitats.

2. Materials and Methods
2.1. Remote Sensing Analysis

The asphalt pavements along the Abu Ali shoreline are located on top of and inter-
mingled with exposed carbonate beach rock platforms, which are partially buried and
exposed by seasonal and interannual sand beach erosion and depositional cycles. Historical
variability in the subaerial exposure of these pavements and platforms is important to
understand in order to model the current extents of both contaminated sediments and
rock substrates. High-resolution optical remote sensing imagery has been successfully
used to map oil pavements in similar contexts [19]. To understand this variability in total
extent over time, pavements and platforms were mapped from high-resolution 4-band
satellite imagery acquired from the Pléiades-1A, Pléiades-1B, or GeoEye-1 platforms, with
panchromatic spatial resolutions of between 0.41 and 0.5 m in 2010, 2014, and 2018. Each
image mosaic was precisely georeferenced to field-collected ground control points using a
projective transformation and at least 10 ground control points. The root mean square error
(RMSE) was below 0.45 m for each image.

After georeferencing, each set of imagery was segmented into discrete polygonal
objects using eCognition™ software, wherein all pixels in each image were clustered into
homogeneous groups. The resulting polygonal image segments were manually assigned a
numeric classification as either: (1) an apparent oil pavement; (2) an apparent rock platform;
or (3) an indeterminate platform or pavement, based upon the color and image segment
context. These classified polygons were then merged and the classification values were
summed to yield an index describing the frequency and confidence of a pavement or rock
platform presence from 2010 to 2018.

2.2. Field Data Collection

The field assessment was conducted from 26 October to 7 November 2020, when
daytime low tides were between 0.30 and 0.40 m above the lowest astronomical tide
(LAT). USGS Digital Shoreline Analysis System (DSAS) software [20] was used to generate
253 shore-normal transects at 100 m spacing intervals along the shoreline. At each pre-
established transect, detailed surface and subsurface oiling observations were recorded
at a minimum of three observation locations across-shore. At each observation location,
Shoreline Cleanup Assessment Technique (SCAT) terminology [21] was used to describe
the extent and degree of surface oiling. The habitat, geomorphology, surface and subsurface
substrate conditions, and sediment grain size were also collected for each observation loca-
tion. Pits at all observation locations were excavated where possible to a depth of 1 m when
located at the berm top or at the top of the beach face, and to a 50 cm depth when located
lower on the beach face or tidal flats. Additional observation locations were included along
the transect line for transects that contained wider intertidal zones or substantial changes
in geomorphology and to document heterogeneous oiling conditions or the presence of
subsurface oiling. All observation locations were surveyed using real-time kinematic global
positioning system (RTK GPS) units to record the x–y coordinates and elevation. Multiple
temporary base stations were established via Precise Point Positioning methods to enable
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RTK operation during data collection. Absolute vertical and horizontal root mean square
(RMS) positional errors were estimated to be less than 10 cm for all positions.

2.3. Modeling Approach

Field data were combined with remotely sensed data using a two-stage modeling
approach in order to quantify the thickness and burial depth of oiling at all locations within
the project area. This analysis was conducted using a novel hybrid machine learning
spatial interpolation modeling approach [22–25] utilizing two stages, wherein an initial
non-spatial predictive model was developed using synoptically available predictors and the
resulting model errors or residuals were then generated and modeled using geostatistical
interpolations. The interpolated residuals were combined with the initial predictions to
generate a final prediction. Separate models were constructed using the same input data,
methods, and predictive variables for: (1) intertidal surface elevation; (2) the elevation of
the carbonate rock layer, if present; (3) the thickness and percent cover of the continuous
oil layer, if present; and (4) the thickness of the clean overburden, if present, above a
continuous oiling layer.

A series of raster grids was prepared for the predictor variables using a common
1 m by 1 m cell size for the entire model grid. These included: (1) a preliminary digital
elevation model (DEM), prepared by manually digitizing the elevation contours from the
field survey data and high-resolution satellite imagery and converted to a DEM via the
ANUDEM procedure, as implemented in ArcGIS Pro [26]; (2) a numeric index summarizing
the frequency of all pavements and platforms identified in historical imagery via remote
sensing; (3) the Euclidean distance to the mapped pavement and platforms; and (4) a raster
concave hull boundary, enclosing the empirical extent of the observed continuous oiling.

Initial non-spatial modeling was conducted using the R statistical computing lan-
guage [27] via random forest regression and classification [28], as implemented by the
‘ranger’ library [29]. Hyperparameter selection and final model fitting for the random forest
models were carried out using the ‘caret’ library [29,30], using a spatially blocked, 10-fold
cross-validation scheme [31], wherein the observations were grouped by transect and the
transects were divided into 10 folds. The subsequent geostatistical interpolation of the
initial model residuals was performed using the ‘gstat’ library in R [27,32,33]. To account
for the strong spatial anisotropy between the across-shore and along-shore dimensions,
an anisotropy ratio of 1:30 was selected via cross-validation and used for the subsequent
interpolation. Exponential variograms with a fixed anisotropic range of 50 m across-shore
by 1500 m along-shore were fitted for each variable of interest. The kriging variance was
assessed by a 5-fold cross-validation. These two modeling stages were executed and com-
bined using the ‘GSIF’ library [34]. The variance of the final model predictions for each
variable of interest was taken by combining the variance of the random forest model with
the variance of the geostatistical model.

All spatial interpolations were conducted using a commonly employed [35–37] local
curvilinear coordinate system 80 m wide that was centered on a long-term average of
the approximate mean sea level with a resolution of 1 m in the across-shore dimension
and 2.5 m in the along-shore dimension. All field sampling data, as well as values of
ancillary continuous predictors, were converted to along- and across-shore coordinates for
the modeling and interpolation. The modeling results at the analysis grid node locations
were back-transformed to geographic coordinates for the mapping and volume estimation.

For each model, a RMSE value and a pseudo-R2 value indicating the percent of
variance explained were generated for both the initial random forest model and the sub-
sequent geostatistical kriging interpolation via cross-validation (spatially blocked 10-fold
cross-validation for random forests and 5-fold for geostatistical kriging). Note that no
independent validation dataset was used to evaluate the model performance after fitting.
Instead, the spatially blocked 5- and 10-fold validation schemes described above were
used to generate multiple independent validation data, wherein each fold was a hold-out
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consisting of all observations from 10–20% of all transects. These hold-outs were used
during training to avoid overfitting the models.

Individual model outputs were combined to group all locations where oil was pre-
dicted to be present into categories of contaminated sediment based on the oil type, loca-
tion/burial status, and substrate. These locations were classified by percent cover as either
continuous (>50%) or discontinuous (<50%), by depth as either surface (<5 cm from surface)
or subsurface (>5 cm), and as either on sand or on rock (> or <5 cm of depth to underlying
carbonate rock platform). The total model-estimated areal extent, volume, and average
thickness of intertidal oiled sediments were computed for each of these categories, as well
as the volume and average thickness of the clean sediment overburden where relevant.

The final predicted variance of each individual model was a simple sum of the ran-
dom forest and geostatistical kriging variances. As no formal theory exists as to how
to appropriately estimate the final model variances for these types of hybrid machine
learning–geostatistical models [24,25], we used a Monte Carlo approach to estimate the
uncertainty of these volumes. Each individual predicted variable was randomly perturbed
using the predicted variance estimates for that variable and the total model-estimated areal
extent, volume, and average thickness of intertidal oiled sediments and clean overburden
were estimated, as described above. This process was repeated 500 times and empirical 90%
confidence intervals were computed for each value based upon these repeated estimates.

3. Results

Field observations were made at 1434 locations along 253 transects (Figure 2). In
total, oiling of any description was observed at 1089 locations (76%). Surface oiling was
observed at 565 locations (39%) and subsurface oiling was observed at 397 locations (28%).
Both surface and subsurface oiling were observed at 127 locations (9%) and no oiling was
observed at 345 locations (24%).
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Figure 2. Across-shore tile charts depicting recorded elevation (m WGS84) (A), geomorphology
descriptor (B), presence of buried or subsurface oil at each observation location (C), depth of burial of
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continuous pavements in cm (D), thickness of continuous pavements in cm (E), and percent cover of
continuous pavements at each observation location (F). Each field observation was plotted as a single
tile, oriented such that observations made along the same transect appeared as a vertical stack of tiles,
with the most landward observation at the bottom and the most seaward observation at the top.

Continuous asphalt pavements or other heavily oiled sediment layers (collectively
referred to as pavements hereafter), either buried or exposed at the surface, were the
most common type of oil contamination observed during the field assessment (Figure 3).
Continuous pavements were observed at 514 observation locations (36%) along 173 unique
transects (68%). The thickness of continuous pavements exposed at the surface ranged from
<1 cm to 40 cm, with an average thickness of 14 cm. The thickness of continuous pavements
buried below the surface ranged from <1 cm to 35 cm, with an average thickness of 12 cm.
Small fragments of an oil–sediment mixture, often derived from larger pavements (referred
to as tarballs), and other discontinuous oil layers were also commonly observed. Tarballs
were observed at 199 of the transects (79%) surveyed. Tarballs were typically found at the
surface in the high-tide swash line at the top of the beach face and along the berm top.
Tarballs were also commonly found as buried layers within the beach face or in bar features
found on sandy tidal flats (Figure 3).
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subsurface (top right); tarballs exposed at the surface (bottom left) and buried in the subsurface
(bottom right). Individual tarballs identified with red circles.
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All models performed well (Table 1), with final R2 values ranging from 86.7% to 99.5%.
Predictions of surface and carbonate rock elevation as well as the thickness of the oil layer
had the highest accuracy. The hybrid modeling process yielded an estimated volume
of 22,000 m3 (90% CI: 19,000–25,000 m3) of continuous pavement over about 22 hectares
(ha; 90% CI: 20–23 ha) of the intertidal area along approximately 19.9 km of shoreline or
79% or the evaluated shoreline length (Table 2; Figure 4). An additional 2900 m3 (90% CI:
1500–7500 m3) of discontinuously oiled sediments (tarballs or other sediments with visual
oil coverage less than 50%) was estimated to be present over about 8.4 ha (90% CI: 5–18 ha)
of the intertidal area along 20.7 km of shoreline. Most of the shoreline with discontinuous
oiling also had pavements present, generally buried below a layer of tarballs or further
landward or seaward. Discontinuous tarballs were observed along an additional 4.8 km
of shoreline with no pavement present. The 90% confidence intervals for the volumes
and areas as derived via the Monte Carlo method for individual oil types, locations, and
substrate categories were quite wide (Table 2), but uncertainty as to the total area and
volume of oiled sediments was generally lower.

Table 1. Cross-validated root mean squared error (RMSE) and pseudo-R2, or % of variance ex-
plained, for initial random forest model and after subsequent geostatistical kriging interpolation.
Estimates derived from spatially blocked, 10-fold cross-validation for random forests and 5-fold for
geostatistical kriging.

Modeled Variable
Random Forest Model Geostatistical Kriging

RMSE R2 RMSE R2

Surface elevation (m) 0.11 96.0% 0.05 99.5%

Thickness of continuous oil layer (cm) 5.6 44.5% 1.0 98.2%

Percent cover of continuous oil layer 25 68.4% 16 86.7%

Thickness of clean overburden (cm) 9.8 71.7% 4.8 93.0%

Elevation of carbonate rock layer (m) 0.14 90.7% 0.08 97.0%

Table 2. Model-estimated areal extent (hectares; ha), volume, and average thickness of intertidal
oiled sediments and clean sediment overburden by location (subsurface or surface) and substrate
(rock or sand) for continuous and discontinuous oiling. All values reported to two significant digits
for volume and area and rounded to nearest whole integer for thickness. Totals may not precisely
sum due to rounding in reported values. Empirical 90% confidence intervals derived from Monte
Carlo analysis.

Category Area (ha)
(90% CI)

Oiled Sediments Overburden

Volume (m3)
(90% CI)

Average
Thickness (cm)

(90% CI)

Volume (m3)
(90% CI)

Average
Thickness (cm)

(90% CI)

Continuous

Surface oiling
on sand

2.7
(1.3–4.4)

2200
(1100–3500)

8
(6–10) - -

Subsurface
oiling on sand

6.0
(4.3–7.2)

5300
(3800–6700)

9
(7–11)

17,000
(12,000–20,000)

28
(27–30)

Surface oiling
on rock

8.2
(5.9–9.6)

9100
(5800–12,000)

11
(10–14) - -

Subsurface
oiling on rock

4.9
(2.7–7.2)

5700
(3000–9200)

12
(10–14)

12,000
(6500–17,000)

24
(22–25)

Total
Continuous

22
(20–23)

22,000
(19,000–25,000) - 29,000

(27,000–31,000) -
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Table 2. Cont.

Category Area (ha)
(90% CI)

Oiled Sediments Overburden

Volume (m3)
(90% CI)

Average
Thickness (cm)

(90% CI)

Volume (m3)
(90% CI)

Average
Thickness (cm)

(90% CI)

Discontinuous

Surface oiling
on sand

1.6
(0.5–3.4)

490
(130–1300)

3
(2–5) - -

Subsurface
oiling on sand

3.5
(1.0–6.5)

1100
(360–7800)

3
(2–4)

8400
(2000–24,000)

24
(20–32)

Surface oiling
on rock

2.5
(0.7–7.2)

930
(260–3400)

4
(3–5) - -

Subsurface
oiling on rock

0.8
(0.2–4.2)

320
(80–1700)

4
(3–6)

990
(70–1300)

13
(11–15)

Total
Discontinuous

8.4
(5–18)

2900
(1500–7500) - 9500

(4300–31,000) -
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4. Discussion

The continued persistence of such large volumes (~25,000 m3) of contaminated sed-
iments on the exposed beaches of the north shore of Abu Ali Island for nearly 40 years
is striking. The shoreline is relatively exposed to wave energy, which has generally been
correlated with faster rates of oil removal after stranding for other incidents [21,38,39]. This
is likely a function of the large volume of oil that was initially stranded. The initial oil
loading of this shoreline during the Nowruz spill is unknown because of the elapsed time
and lack of available data. The total volume of oil spilled between 1983 and 1985 has been
estimated at 1,900,000 barrels or 260,000 tons [9], making this one of the largest known
marine oil spills.

The presence of exposed or subsurface carbonate beach rock platforms or ramps
clearly influences the ongoing persistence of these oil pavements. More than 66% of the
modeled volume of pavement was estimated to be directly on top of and in contact with
carbonate beach rock, either buried or exposed at the surface. Of the 54 transects with no
observed beach rock, pavements were only observed at 15 transects (39%). We speculated
that this was primarily due to the limited sediment mobility of geologically constrained
beaches. The morphodynamics of beaches composed of both rock and sediments are
relatively poorly studied [40], but reduced beach sediment mobility due to the trapping
and wave-sheltering effects of adjacent and underlying rock ramps and platforms has been
noted by other researchers [18,41]. It is also possible that reduced hydraulic permeability
above the subsurface beach rock platforms may be contributing to the lack of weathering
and removal by subsurface beach groundwater flow [42].

The specific effects of the geological control exerted by rock on the persistence of
spilled oil on sand beaches has not been previously investigated to our knowledge. Souza
et al. [43], in their investigation of a marine mine tailing spill, found that sediments on
beaches constrained by carbonate beach rock retained significantly higher concentrations
of contaminants than those on a similarly exposed but geologically unconstrained delta
plain beach. For oil spills specifically, analogs from other geological settings also occur.
Researchers studying oil spills on coarse-grained gravel beaches found that locations
in the vicinity of transitions in an along-shore morphology, where a permeable substrate
transitions to an impermeable bedrock substrate or where a permeable substrate is sheltered
by bedrock tombolos or outcrops, were more likely to harbor long-term subsurface oil from
the Exxon Valdez oil spill [44,45].

The extensive volume of pavements directly atop or near beach rock platforms and
ramps presents a special remediation challenge. Remediation methods applicable for sand
beaches are often quite different from those appropriate for rock substrates [21]. Further,
substantial populations of living biota are often present on adjacent uncontaminated and
exposed rock platforms and ramps. Care must be taken to avoid an unwanted impact on
these important ecological areas from mechanical equipment operations, maneuvering,
transit, foot traffic, and the stockpiling of materials during remediation.

The persistent continuous pavements were almost certainly the primary source of all
tarballs and other discontinuous oiling observed. Biomarker ratios for the samples collected
as part of the same field campaign indicated that nearly all oil samples collected were
from the same source and were similarly weathered [5]. This implied that the persistent
continuous pavements shed smaller fragments when intermittently exposed to wave energy.
Similar phenomena were observed in studies on beaches during the Deepwater Horizon oil
spill, where multiple researchers investigated the long-term generation, transport, burial,
and exhumation of sand and oil agglomerates [46–50].

The mean total polycyclic aromatic hydrocarbon (tPAH) concentration in the 44 oil
samples collected in 2020 was 418.5 mg/kg [5]. All samples were well above the concen-
tration of tPAH of 90.6 mg/kg that has been determined to pose a high risk to benthic
organisms [51], indicating a persistent high degree of ongoing toxicity. The persistence of
toxicity in these oil pavements after nearly 40 years was also unexpected. This is likely due
to both the thickness of the pavements and their protection from physical processes by the
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adjacent rock as well as the inhibition of biodegradation due to extremely high porewater
salinity [52]. High regional summer temperatures yield very high surface water salinities,
averaging 40 to 45 parts per thousand (ppt) in adjacent open water [53], which then may
become hypersaline as beach porewater due to evaporation [54].

Whilst the exterior of these pavements may be more biologically inert, the sediments
in the interior remain less weathered and more toxic [55]. The continual generation of
tarballs from their parent pavements—whereby more toxic pavement interiors are exposed
by mechanical means, also resulting in localized releases of sheen and liquid oil due to high
solar irradiance and air temperatures—are pathways for ongoing, chronic exposure of biota
in beach, rocky shore, tidal flat, and nearshore habitats. Key beach and tidal flat species
identified on the sand substrates included ghost crabs (Ocypode rotundata) and several
marine snails (e.g., Clypeomorus bifasciata persica, Mitrella blanda, and Nassarius arcularia
plicatus). Intertidal portions of seagrass beds (Halodule uninervis) were also located on the
sandy tidal flats. For rocky shores, key species included multiple species of marine snails
distributed at different tidal elevations (Echinolittorina arabica, Planaxis sulcatus, Cerithium
caeruleum, Clypeomorus bifasciata persica, Tylothais savignyi, Trochus kotschyi, Lunella coronata,
and Monodonta nebulosa). Heavy surface oiling—primarily, exposed asphalt pavements—
was observed to be interfering with the typical key species distributions and abundances
on both sandy and rocky shores. Multiple observations of snails with oiling on their shells
indicated that residual oiling was still transferable to biota.

Roughly 50% of the modeled volume of continuous oiled sediments and pavements
were buried by clean sand. The average depth of this burial was greater than 20 cm, and
the resultant modeled volume of clean overburden was greater than the estimated volume
of oiled sediments. This poses a substantial remediation challenge for several reasons. First,
the continued burial and exhumation of pavements makes physically locating them and
identifying their extent challenging. Only 20% of the total area of pavements mapped via
the remote sensing analysis was exposed and visible at all three imagery time intervals,
implying the continual redistribution of sediments atop oil pavements. Second, the process
of side casting the clean overburden, excavating underlying oil pavements, and replacing
the clean sediment is more time-consuming and labor-intensive than removing pavements
exposed at the surface.

We propose a sediment remediation plan consisting of two phases. Phase I is the
excavation of continuous pavement layers, with detailed guidance on the methods and
performance endpoints for layers that are over sand and over or attached to rock platforms.
A combination of mechanical and manual excavation methods should be used as appro-
priate based on the extent and depth of the oiled pavement, ecological sensitivity, beach
access, and other considerations. Of particular concern is minimizing the excess removal of
clean sand and avoiding damage to the rock platforms. The rock platforms stabilize the
beaches on Abu Ali Island, and we recommend that they are not fractured, displaced, or
excavated. Phase II is the plowing and sifting of all targeted remediation areas (excavated
areas treated in Phase I and areas of discontinuous pavement), again with guidance on the
methods and performance endpoints for layers that are over sand and over or attached
to rock platforms. The goal is to bring the remaining oiled sediments to the surface for
removal (by sifting and/or manual methods) and to break up oil residues to speed up the
natural degradation. In all phases, detailed best management practices should be put into
practice during construction and remediation activities to protect sensitive habitats and
biota, including wildlife and fishery resources. Remediation in particularly sensitive areas
should be tightly controlled, minimized, or avoided.

5. Conclusions

We estimate that nearly 25,000 m3 of contaminated sediments remain along approxi-
mately 76% of the intertidal area along the northern shoreline of Abu Ali Island, persisting
for nearly four decades after being stranded during continuous spills from two platforms
in the Nowruz oil field from 1983 to 1985. Most of these contaminated sediments persist in
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the form of continuous asphalt pavements and nearly 50% of these pavements are buried
underneath clean sediments. The presence of exposed or subsurface carbonate beach rock
platforms and ramps influences the ongoing persistence of these pavements by protecting
them from incident wave energy and complicating potential remediation options. These oil
pavements demonstrate persistent ongoing toxicity to benthic organisms, likely due to their
thickness and protection from physical energy, as well as a reduction in biodegradation
rates due to high porewater salinity. The oil pavements continually shed smaller tarball
fragments, sheens, and liquid oil when exposed to wave energy, presenting a pathway for
the ongoing chronic exposure of biota.

The successful design of remediation options requires an understanding of both the
areas and volumes of contaminated material with quantified uncertainties in categories
relevant for the practical application of cleanup techniques. In this study, we used a novel
modeling methodology that integrated remote sensing analyses with in situ data using a
hybrid machine learning–geostatistical modeling approach to estimate the amount and
configuration of contaminated sediments. As researchers in other domains have found, this
modeling methodology is more accurate than modeling solely based on spatially explicit
covariates or a purely geostatistical approach. Similar modeling methods can be applied as
part of investigations into intertidal contamination in other locations from other incidents.
In this investigation, we had the luxury of time for the survey planning and analysis,
but this is often not true during emergency responses. This analysis framework may be
applicable to future responses, where data collected in situ are limited relative to available
remotely sensed data. Further, similar approaches could be used to prioritize data collection
efforts in areas where field data collection is limited.
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