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Abstract: From the late 1900s onward, hydrocarbon exploitation has led to severe environmental
footprints in the Khuzestan province, Iran. However, no comprehensive study has been conducted
to evaluate such issues. In this research, an inclusive analysis was performed to investigate these
environmental impacts. To do this, first, two datasets related to a 15-year period (2006-2021) were
collated: the satellite data from the Sentinel-1 mission and the seismic data recorded by the National
Iranian Geophysics Institute as well as the catalog of the global Centroid Moment Tensor project
(CMT). These datasets were processed using generic mapping tools (GMT), differential synthetic
aperture radar (D-InSAR) techniques, and multiple processing algorithms using a specific toolbox
for oil spill application in the sentinel application platform (SNAP) programming, respectively. The
results revealed three critical footprints, including regional earthquakes, land subsidence, and oil
spill issues in the area. The most frequent earthquakes originated from depths less than 15 km,
indicating the disturbance of the crustal tectonics by the regional hydrocarbons. Furthermore, an
annual rate of land subsidence equal to 10-15 cm was observed in the coastal areas of the Khuzestan
province. Moreover, two regions located in the north and west of the Persian Gulf were detected
as the permanently oil-spilled areas. The applied methodology and results are quite applicable to
restrict the harmful consequences of hydrocarbon production in the study area. This research will
benefit not only government officials and policymakers, but also those looking to understand the
environmental challenges related to oil and gas production, especially in terms of sustainable goals
for the management of natural resources.

Keywords: sustainable management; oil/gas exploitation; environmental footprints; land subsidence;
oil spill; seismic activities; natural resources; remote sensing; Sentinel-1 mission

1. Introduction

Iranian oil and gas reserves have been proven to be one of the largest reservoirs
in the world. They represent approximately 10% of the total world’s oil reserves, that
is, nearly 137 billion barrels, and 15% of the total world’s gas reserves, that is, nearly
41 trillion cubic meters. It produced a daily average of 5 million barrels during the last
60 years [1]. The exploration of these natural resources has had a considerable impact on
the domestic economy, as well as on the o0il and gas markets worldwide. However, the
hydrocarbon production from underground reservoirs has caused some environmental
concerns, especially in the Khuzestan province, which is the center of oil/gas production in
Iran. Such issues include frequent seismic activities, land subsidence, and oil spills over the
adjacent Persian Gulf [2-4].

In general, earthquakes occur when the energy accumulated along a fault is released.
A typical fault separates two compartments or blocks of rock that slide and move along
the fault surface plan. During the oil/gas drilling and production phases, the initial stress
state in the ground alters, leading to potential fault activation events. Consequently, the
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sudden movement of the faults radiates the compressional and shear waves traveling
through the upper rocks and reaching the ground surface [5-7]. On the ground surface,
the waves are recorded by the previously installed seismometer in the form of time signals
or seismograms. These seismograms are then used to detect the characteristics of the
earthquake, such as location, size, source type, and dynamics [8,9].

In addition, the settlement of the ground surface, known as land subsidence, has been
observed all over the world due to natural and induced causes. Natural subsidence occurs
because of natural activities on the Earth related to tectonic activities, such as subduction,
while induced land subsidence occurs due to human activities such as mining and the
withdrawal of hydrocarbons [10-18]. Land subsidence with rates of more than tens of
centimeters per year has occurred in numerous cities, such as Tehran (Iran) with a rate of
20 cm/year, Yunlin (China) with a rate of 10 cm/year, Mexico city (Mexico) with a rate of
9 cm/year, and Bologna (Italy) with a rate of 4 cm/year [19-21]. Generally, the impacts
of land subsidence can be divided into four main categories, including (1) infrastructure
damage such as buildings, pipelines, and dams, (2) foundation and service damage such
as roads and railways, (3) exposure to floods during rainy seasons, and (4) groundwater
pollution due to chemical intrusion into the source [22-24]. Most land subsidences have
been identified to be related to the extraction of underground fluids. For example, the
production of shallow and fresh water in Mexico resulted in magnitudes of subsidence of
762 cm in San Joaquin and 396 cm in California, Santa Clara Valley [25,26]. In addition to
that, the first subsidence related to oil production was observed in the Goose Creek field in
Texas [27-29]. In addition to the previously mentioned impacts, the infrastructure damage
in the oil field itself can also be attributed to subsidence, including well failure [30-32].

Likewise, a study about the direct as well as indirect effects from underground mining
was undertaken, carried out in complex geological and mining conditions, changing over
time and space at Bogdanka Hard Coal Mine in the eastern part of Poland, including land
subsidence and induced drainage of the aquifers. They used the Knothe theory to inves-
tigate the spatial extent of land subsidence of the area, while they used the conventional
groundwater flow theory to produce the finite-difference 3D model of the underground
mining-induced draining of the aquifers. The outcomes of their research have shown
the direct effects of the environmental impact, such as land subsidence, but the indirect
effects even have more impacts due to the extent of the depression cone outside the mining
area. Apart from that, a highly relevant prediction of mining-induced drainage has been
established from the 3D numerical model [33]. Another good example of mining-induced
subsidence is the case of the Gippsland Basin of 46,000 km? in Australia, where the INSAR
method was used by Ng et al., which allowed them to map that the land subsidence of
the area varied between —10 and 10 mm/year, which was in accordance with the results
of the GPS survey. The surrounding area of the mining sites experienced a rapid defor-
mation of —82.9 mm/year, which was induced by the dewatering of the mining activities
in the mine [34].

Many cases around the globe have proved the existence of human activities related
to land subsidence, such as fluid withdrawal, including groundwater and hydrocarbons,
and mining activities, which have been identified all over the world by scientists using
different methods including remote sensing. For example, Deng et. al. has studied the
surface deformation and induced seismicity of the Permian Basin in West Texas using the
InSAR time series, which is experiencing an increase in seismic activity and is probably
related to the production process of oil and gas in the largest sediment basins in the west
and southeast of New Mexico and one of the most productive oil and gas basins in the
United States. Recent increases in seismicity in West Texas were likely related to oil and
gas production according to temporal and spatial correlations [25]. Additionally, land
subsidence in coastal areas, coastal plains, and river deltas in Tabasco in Mexico has been
studied using the differential interferograms stacking (DIS) approach together with D-
InSAR techniques, in which a subsidence of 6 cm/year has been investigated as related
to urban growth in other localities, which may influence the susceptibility to flooding;
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the possibility of a link between surface deformation and hydrocarbon extraction in the
affected region has been suggested on the basis of the obtained results [35]. In addition,
Liu et al. studied the link between hydrocarbon exploitation and land subsidence over the
Yellow River delta using the multi-temporal INSAR technique. They established a pattern
and magnitude of land subsidence of the oil fields area. Their studies confirmed that
hydrocarbon exploitation activities induced and accelerated land subsidence in the area,
as it plays the most dominant role in the Yellow River delta. A good consistency between
the distribution of faults and subsidence has been identified, in which the subsidence
and uplift areas expand over time over the Shikou oil field and can reach an approximate
annual average of 40 mm/year and less than 35 mm/year over the Dongying oil field [36].
Moreover, Kuzmin found that the long-term development of subsidence was absent when
he studied the deformation consequences at oil and gas fields and underground gas storage
in Russia and Turkmenistan, while the injection of gas into the underground storage
produced local subsidence [37]. For the same reason, Macini et al. explained the case
of monitoring of land subsidence and seismicity and pore pressure around oil and gas
production after the Emilia earthquake of 2012, which caused some casualties and damage
to some buildings and industrial infrastructure in Po plain province in Italy, where a large
number of oil and gas settled, in which the production process was in its final stage at the
time. Therefore, policies have been drawn between involved entities and governments to
monitor the ground deformation of the region in systematic ways and provide published
reports every 12 months, preferably by 6 months. The involvement of fluid injection into
the formation must be minimized and preserved as equal to its original state due to the
fact that such a process considerably affects the pre-existing stress in the reservoir, which
triggers microseismic events and, therefore, subsidence [38].

Regarding pollution issues derived from the oil/gas industry, a critical illustration is
oil spill contamination [39—-41]. Oil spill contamination is a real global tragedy in which
oil produced on offshore platforms, refineries, or oil tankers is spread over the oceans.
It can naturally occur through seepage from oil structures below the sea bed or from
anthropogenic activities such as ship accidents [42—44]. The oil spill affects the ecosystem
in many ways, depending on its chemical composition, the area, and the cleaning activities.
It is still considered a major pollutant of the oceans among other pollutants, making it a
real threat to coastal environments [45,46]. Approximately 45% of global ocean oil spills are
attributed to human sources, while the mean share of transportation is only approximately
5% [43,47]. Some examples of catastrophic events of oil spills include the Amoco Cadiz
in France in 1978, the Exxon Valdez in Alaska in 1989, in Kuwait during the Gulf War in
1991, in France at the Erica in 1999, Galicia, Spain in the Aegean Sea in 1992, and at the
Prestige in Spain and France in 2002 [48]. Four characteristics define the persistence and
behavior of oil in the sea, including relative density, distillation characteristics, viscosity,
and pour point [49].

In addition to the abovementioned environmental issues, there are other types of
footprints which are derived from industrial projects such as oil/gas operations, including
the disposal of drilled rock cuttings that contaminate surface soil and water resources
similar to global mining activities [50]. Moreover, the gas flaring and the emission of
greenhouse gases into the atmosphere are other illustrations of such environmental impacts.
Such gaseous pollutants can be prevented from being released into the atmosphere using
modern carbon storage techniques [51].

From the late 1900s, the huge oil/ gas reserves in the Khuzestan province have been
exploited and depleted. Such anthropogenic activities have given rise to numerous en-
vironmental impacts on the regional ecosystem. Based on real observations, the severity
and frequency of such impacts are being intensified as such issues are left unsolved by the
petroleum companies and the regional authorities.

The objective of this research is to provide an inclusive scrutiny on the most threatening
environmental footprints driven by oil/gas exploitation in the Khuzestan province, Iran.
For this purpose, two categories of raw data were adopted: the first category was the
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regional seismic data recorded by the National Iranian Geophysics Institute located in
Tehran. These data were analyzed to correlate the magnitude and source of regional
earthquakes with the oil/gas exploitation operations conducted in the Khuzestan province.
In addition to that, the catalog of the global Centroid Moment Tensor project (CMT) was
used to understand the main driven fault types in the region. The second category was the
satellite data taken from the Sentinel-1 mission, which were analyzed to quantify the land
subsidence and oil spill events in the study area. According to the conducted research, the
oil/ gas exploitation has activated the initial tectonics regime of the regional ground, thereby
leading to the occurrence of frequent shallow earthquakes. Moreover, such operations have
brought about remarkable land subsidence (10-15 cm per year) and permanently oil-spilled
areas (in the northern and western parts of the Persian Gulf).

Although the extent of the oil spill areas was found to be significant in the vicinity of
Khuzestan province, tracking and determining the main sources of oil spill contaminants
has remained unsolved. Such contaminations may originate from offshore oil wellbores,
subsea oil pipelines, or oil ships. Hence, for future works, it is necessary to address
this issue.

The structure of this article is as follows: Firstly, in Section 2, the geographical and
geological characteristics of the study area are elaborated. Moreover, the history and
dispersion of the primary oil/gas fields in the region are presented. Then, in Section 3, the
applied methodology is described. Afterwards, in Section 4, the key achieved results are
presented and discussed. Ultimately, the article ends with a concise description related to
the main findings, propositions, and conclusions.

2. Geology and Tectonics of Iranian Oil and Gas Fields

The surface of Iran includes approximately 2300 km through the NW to SE direction.
The entire topography map of Iran, together with the investigated area, is presented in
(Figure 1A). In this figure, the study area including Khuzestan province and the northern
part of the Persian Gulf is shown by a red box. The reconstruction of the Paleo-Tethys and
Neo-Tethys oceans formed the three main structural units of the Iranian plateau, which
are (1) the Zagros-Makran orogenic system, (2) the central Iranian microplate, and (3) the
NE Turan part of the Iranian plateau. Subduction and subsequent collision of Neo-Thetys
formed the Zagros-Makran orogenic system, while amalgamation of Cimmerian blocks in
Eurasia formed the Central Iranian microplates [52,53]. The western and southern parts of
the Iranian plateau constitute the NW-SE to the E-W direction trending the Zagros-Makran
orogenic belt. Consistent with constraints, the northern part constitutes the Talesh-Alborz-
Kopeh-Dagh belt trending the southern Caspian basin as well as the edge of Eurasia [54,55].
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Figure 1. Topography of (A) Iran and (B) the location of oil/gas fields in the study area.
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Figure 1B illustrates a close up of the study area. As it is shown, the study area
encompasses the Khuzestan province as well as the northern part of the Persian Gulf.
The locations of the offshore and onshore o0il/gas fields have also been shown in the
figure. In the north of the Khuzestan province, the Zagros Mountains are located. From
those mountains, several large rivers, e.g., Karoon, Dez, Karkheh, etc., originate and flow
through the Khuzestan province towards the Persian Gulf. Regarding the topography of
the province, the northern parts are highlands with an average altitude of 2500 m. By
contrast, southern terrains are in the form of relatively flat fertile lands producing a wide
range of agricultural crops, such as wheat, barley, corn, dates, etc., with an average altitude
equal to 100 m.

In 1908, the first Iranian oil wellbore was drilled in the Masjed Soleiman city, situated
in the north of the Khuzestan province. Since then, the province has been the main
center of hydrocarbon production in Iran. There are many offshore and onshore oil/gas
fields in the study area (Figure 1B). While the onshore fields are spread throughout the
entire region, the offshore fields are located in the Persian Gulf, where more than 51%
of recoverable liquid hydrocarbons are located in Cretaceous reservoir rocks and 50% of
gaseous hydrocarbons are found in Premo-Triassic formations. Furthermore, approximately
80% of the oil reserves lie in carbonate formations, while only 20% are trapped in sandstone
rocks. The underlying sediments beneath the Persian Gulf have a thickness of up to
10,000 m, and the section is a relatively continuous and conformable sequence from the
Infra-Cambrian to the Pliocene [1,56].

The two most productive reservoirs in Iran include Asmari and Bangestan, which contain
43% and 25% of the entire domestic Initial Oil-In-Place (IOIP), respectively. The geological
formation of these two large reservoirs can be found in most Iranian oil fields [56,57]. The
first and most prolific reservoir in the study area is the Asmari formation. This formation
in the Khuzestan province includes wackestone and packstone with different thicknesses of
320 to 488 m with a relative length of 10 to 280 m comprising effective reservoirs. The age of
formation dates to the Oligocene-Miocene period. The cap rocks of the Asemari formation
are the evaporites related to the salty Gachsaran formation. Moreover, the primary porosity
of the reservoir is usually less than 5%, while the secondary porosity reaches 25% as a result
of fracturing. Furthermore, the average permeability of the formation was measured around
10 mD and increased to 100 mD in highly fractured segments [57].

The second most productive formation in Iran is the Bangestan reservoir. It consists
of two formations, including the older Sarvak and the Ilam formation. The Bangestan
reservoir is made up of massive and shallow marine limestone. The gross and net thickness
ranges of these two reservoirs have been calculated at around 220 to 980 m and 70 to 630 m,
respectively. The common porosity domain is approximately 4 to 15%. The lithology of the
older Sarvak formation consists of limestone and chert rocks. Moreover, the porosity is in
the range of 7 to 14%. The Ilam formation is made up of argillaceous limestone and shale
with a porosity range of 9 to 20% [58].

3. Materials and Methods

This section presents the methods used to assess the environmental impacts related
to the oil and gas production in Iran. Such methods included monitoring of local earth-
quakes and major earthquakes for several decades, monitoring of land subsidence near the
production area, and monitoring of oil spills in the Persian Gulf. At first, the earthquake
monitoring is presented with the history of the Iranian seismic local network. Then, the use
of satellite images to investigate the change observed on the ground surface as the result of
oil and gas production is elaborated. Finally, the results of the oil spill events in the Persian
Gulf are presented.

3.1. Earthquake Monitoring and Focal Mechanisms

Bulleted local earthquakes in Iran have been recorded in Tehran since 1958 by the first
seismic station constructed by the Institute of Geophysics, that is, an institute affiliated
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with the University of Tehran. The number of analog seismic stations increased to five
in the 1960s and was installed in five cities in Iran, including Tehran, Tabriz, Mashhad,
Shiraz, and Kermanshah [59,60]. The number of seismometers has increased in the 20 local
seismic networks in the most earthquake-prone areas of the region and form the current
Iranian seismological network composed of 112 digital seismic stations and 1 borehole
station (Figure 2) [61]. The magnitudes of the earthquakes were calculated and corrected
using the magnitude of the Nuttli scale (Equations (1) and (2)) [59,62,63].

My =log(v/4m) + 1.66 log(d) — 0.1 d <106 (km) 1)

My = log(v/4m) + 2.50 log(d) — 1.8 106 < d < 600 (km) )

where My—the magnitude of Nuttli, v—the maximum amplitude (in nm/s), and d—the
epicentral distance (in km).

Caspian {

Oman Sea

56° 58°E 60°E

Figure 2. Coverage of Iran’s active seismic local network.

Major earthquakes are often shown by focal mechanisms, which commonly have
three characteristics, including strike, dip, and rake. The strike ®, the clockwise angle
from the north, is between and/or equal to 0° and 360°. The dip 3, the angle from the
horizontal, is between and/or equal to 0° and 90°. The rake A, the angle between the strike
line (surface faulting) and the slip vector, is between and/or equal to —180° and 180° [64].
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In this study, the recorded earthquakes from 2006 to 2021 by the Iranian Seismological
Network within the investigated area were used to map seismic activities with magnitudes
less than 5; while the catalog of the global Centroid Moment Tensor Project (CMT) (website
www.globalcmt.org, accessed on 25 March 2021) developed by Adam M. Dziewonski and
the Iranian Regional Centroid Moment Tensor catalog were used to understand the source
characteristics and dynamics of major earthquakes with magnitudes greater than 5 between
1976 and 2021 of the area concerned [65,66]. The linear relationship between the elastic
vibrations of an earthquake and the six independent elements of the zeroth-order moment
tensor defines the CMT method of the global and regional catalogs in this study [67].
Generic Mapping Tools (GMT) version 6.2 was used to create the map, which is an open
toolbox for earth, ocean, and planetary Science, especially for mapping [68].

3.2. Land Subsidence Monitoring

There are two ways to measure land subsidence; the first is through conventional
methods, such as ground leveling and the global positioning system (GPS), which are
based on measurement points. The second category is the remote sensing method using
satellite images, for instance, synthetic aperture radar (SAR) images, which benefit from
large coverage and precise measurements [21,69]. The differential SAR interferometry
(DInSAR) technique is part of the INSAR method that was developed in the late 1990s for
measuring earth deformation and presents many advantages compared to the traditional
one, including large coverage, high accuracy, and fast tracking at a low cost [29,70,71]. The
efficiency and accuracy of the DINSAR method have been examined in many cases around
the world [27,71,72]. Multiple processing steps were carried out to quantify the subsidence
related to oil and gas production in this work (Figure 3A) [73].
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Figure 3. Data processing algorithms for (A) land subsidence detection and (B) oil spill detection in
the SNAP tool.

Five types of phases make up the INSAR phase, including the topographic phase, the
deformation phase, the atmospheric effect phase, the flat earth phase, and the noise phase.
The following expression (Equation (3)) presents the relationship between them [29,72]:

© = @topo t+ Pdisp + Patm + Pfiar + Proise 3)
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where @ypo is the phase due to topography, ¢4, is the phase due to the Earth surface
displacement, @as is the phase due to atmospheric effect, ¢gg; is the phase due to flat earth,
and @y,oise is the noise phase.

The interferogram phase subtracted by InNSAR or a digital elevation model (DEM) can
be used to estimate the phase from topography [74]. The differential interferogram can be
extracted using the two-pass technique, the three-pass technique, or the four-pass technique,
which, utilize two, three, or four single look complex (SLC) SAR images, respectively, plus
a DEM with high precision [74-76]. The coherence between the images is high when the
acquisition time interval is short. In our case, the time interval is one year, which is suitable
for such an application. The rest of the phase is due to the deformation of the Earth’s
surface within the time interval. The topography of the monitored area must be removed
to obtain the displacements that occur. The deformation along the sight line is defined
by Equation (4):

AR = (A/4n)*AD 4)

where AR is the Earth’s surface displacement in the satellite line of sight (LOS), A is the
wavelength, and A® represents the differential interferometric phase.

In this study, the two-pass technique was used to construct the differential inter-
ferogram using SAR images acquired on 3 February 2020 and 28 January 2021 (website,
https://scihub.copernicus.eu/, accessed on 10 February 2020). The data used belong to
Sentinel-1A products from the Sentinel mission of the European Space Agency (ESA), free
for use, and the algorithm for data processing has been carried out on the Sentinel Appli-
cation Platform (SNAP), which is an open source software for SAR data processing [73].
Sentinel-1 was the first space mission of the ESA for the Copernicus initiative, in which
one of the goals was to map surface displacement. In this case, it was used to map the
subsidence related to oil and gas exploration.

3.3. Oil Spill Monitoring

Remote sensing is quite efficient in the detection and assessment of oil spills in the
oceans. This effectiveness has been weighted using both active and passive techniques.
The passive technique uses visible and thermal infrared of the electromagnetic spectrum
to detect, map, and discriminate spilled oil [77,78]. However, it encounters many sources
of noise because it is affected by cloud cover, sun glint, low contrast, etc. [79,80]. On the
contrary, the active technique using synthetic aperture radar (SAR) overcomes these sources
of noise, as it can operate in all weather conditions, day and night, and is even capable of
covering a large area [81-83].

Sentinel-1A products, characterized by the wide swarth (IW) with a resolution of
5m x 20 m and ground range detected (GRD) data, were used in the current study [83].
These datasets were acquired based on availability (website, https:/ /scihub.copernicus.eu/
accessed on 10 February 2020) from February 2020 to January 2021, one per month for a
year-long period. Multiple processing steps were carried out using a specific toolbox for
oil spill application in SNAP programming (Figure 3B). The oil spill has a dark color in
the SAR image with high contrast due to the absence or weak wave return to the SAR
satellites through the spilled area [42]. Radar backscattering is reduced through small
capillary waves of mineral oil that humidify the ocean surface, making the area smoother
due to the reduction in surface tension [81,84]. Many cases of oil spills have been tested
using the single and dual polarized SAR images, and showed efficiency, in which the
vertical transmits vertical receives (VV) polarization is suggested as ideal compared to the
horizontal transmits horizontal receives (HH) polarization, due to its better discrimination
of the look-alike phenomenon from extreme conditions, such as thunderstorms, wind
shadows, etc. [45,80,85,86].
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4. Results and Discussion
4.1. Earthquakes Monitoring and Focal Mechanisms

The first result is concerns earthquake monitoring. Six maps were produced after
adopting the existing seismic record catalog data from more than 15 years, from 2006 to
2021, and the global and regional Centroid Moment Tensor catalog. Figure 4A presents
medium earthquakes with magnitudes in the range of 2.5 to 5 and from 2006 to 2020.
Figure 4B shows the corresponding results between 2020 and 2021. Figure 4C presents
microearthquakes with a magnitude less than 2.5 from 2006 to 2020, while Figure 4D
presents microearthquakes between 2020 and 2021.

Depth (km)

Depth (km)
Depth (km)

Earth relief (m)
Earth relief (m)

Focal depth (km)
Focal depth (km)

Figure 4. Seismic activities with magnitudes less than 5 and focal mechanisms of major earthquakes
with magnitudes greater than 5 in the southwest part of Iran: (A) from 2006 to 2020 and (B) from
2020 to 2021 are classified as medium with magnitudes between 2.5 and 5; while (C) from 2006 to
2020 and (D) from 2020 to 2021 are classified as micro with magnitudes less than 2.5; (E) from 1977 to
2020 and (F) from 2020 to 2021. The black icons indicate the locations of the oil and gas fields.
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In Figure 4, most earthquakes have a depth of around 15 km or less. Only a few of them
have a depth greater than 15 km. The origin of such shallow seismic activities implies that
a new change is disturbing the tectonics of the local crust. According to field surveys and
the history with more than 100 years of oil extraction in the region, such seismic activities
can be attributed to hydrocarbon exploitation activities in the area. These earthquakes are
fairly distributed throughout the investigation area, in which most of them occurred in
the eastern and northern parts, and along the NW-SE direction of the investigated area,
where the oil and gas production settled. It is important to note that oil and gas exploration
and production change the original stress underground, making the area susceptible and
sensitive to accumulated energy release, which causes earthquakes [87]. Furthermore, this
area is known to be highly tectonically active, so adding even a small change to the local
stress regime can activate existing faults or natural underground cracks. The earthquakes
in the southern part of the subject area showed an existing relationship between production
and the earthquakes that occurred, as they had occurred very close to the production areas
(Figure 4). The recorded earthquakes from 2020 to 2021, in the southeast part of the study
area, confirmed their occurrence near the production area (Figure 4B,D).

Figure 4E presents the major earthquakes and their focal mechanisms between 1977
and 2020, while Figure 4F presents the major earthquakes between 2020 and 2021. The
major historical earthquakes between 1977 and 2020 in the region had depths of less than
20 km, few had depths greater than 20 km, and only one event had a depth greater than
80 km. Most of the major earthquakes in Iran were shallow (Figure 4E). The tectonics of the
investigated area have been run by reverse movements known as subduction and strike-slip
movements, which are confirmed by the focal mechanisms of the major earthquakes of the
region. In the NW-SE direction, the trend is dominated primarily by reverse faults, while
the southeast part is dominated primarily by strike-slip faults. In the northeast part of the
area, a combination of normal faults, strike-slip faults, and reverse faults was observed.
Many of those major earthquakes occurred in oil production areas, such as in the northwest
part, in the center close to the shore, and in the southern part. Therefore, oil and gas
production definitely contributes to the occurrence of earthquakes, even the major ones. It
is important to note that these assumptions are based on existing data.

4.2. Land Subsidence Monitoring

In addition to seismic activities, the one-year subsidence of the region’s land is pre-
sented in Figure 5. The highest recorded subsidence of the affected area within one year
was approximately 24 cm, and the uplift was 5 cm. A subsidence of around 5 cm was
recorded in oil-gas fields in the northwest part, while 10-15 cm were recorded in the eastern
and southern parts (NW-SE trend) of the investigated area. A high spot of the subsidence
of around 15 cm was located near the shore in the west-center part of the investigated area,
which is assumed to be from oil and gas production, as this area is typically prone to high
extraction. During the past century, the main conventional reservoirs in south Iran have
been exhausted and depleted by the national oil company. The extraction of such a large
amount of hydrocarbon has had such an impact on the subsidence of the land. Regions that
host oil fields also often experience continuous low-scale earthquakes for a few months.
Cities in the Khuzestan province have experienced many types of earthquakes.

Furthermore, surface rupture after earthquakes can cause subsequent land subsidence
phenomena in the form of rapid dropdown of the surface. In Iran, the observed 24 cm
subsidence is located in the northwestern part of the Persian Gulf a, and it is probably
associated with the major earthquakes that occur. Some studies conducted in California
using benchmark elevations have proven the possibility of the relationship between tectonic
activity and subsidence on the surface [10,30,88]. However, the change observed on the
surface in California is not much due to the varying intensity, the severity of ground
motion at a particular location of the Earth’s crust (Mercelli scale), as well as the epicentral
location of the earthquakes. Shaking and surface faulting are the two types of earthquakes
that cause subsidence. For more than 20 years, three out of a dozen earthquakes with
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magnitudes greater than 6 resulted in displacement on the surface in Kern Co, including
122 cm of vertical displacement and 61 to 91 cm of horizontal displacement from the 7.7
magnitude earthquake in 1952, 91 cm vertical and 152 cm horizontal displacement from the
6.6 magnitude earthquake in San Fernando in 1971, and only 10 cm from the 5.6 magnitude
earthquake in Parkfield in 1966 [10]. In this study, since this area is tectonically active and
is clearly characterized by high-magnitude reverse faults, the subsidence of the tectonic
activity was greater than the subsidence derived from oil and gas production. However,
these two sources are interrelated because oil and gas production changes underground
stress and could trigger earthquakes. The magnitude of uplift of up to 9 cm in the northeast
corner of the study area is also considered a signature of reverse faults, where the red part
indicates the subsided area and the blue part represents the uplifted area.
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Figure 5. One—year land subsidence of the southwestern part of Iran, between February 2020 and
January 2021.

4.3. Oil Spill Monitoring

In the same way, Figure 6 shows the oil spill in the ocean (Persian Gulf) for a period
of one year, from February 2020 to January 2021. It shows that the Persian Gulf is always
affected by oil spill contamination, but the monthly amount is different. The largest offshore
oil spill over the investigated area occurred in May 2020 (Figure 6D), July 2020 (Figure 6F),
October 2020 (Figure 6I), December 2020 (Figure 6K), and January 2021 (Figure 6L). The
area that always has spilled oil for these 12 months is located in the northern and central
western parts of the sea. The average depth of the Persian Gulf is in the range of 35-40 m
and the whole area is 240 km?. The water change period lasts 3 to 5 years, implying that it
takes a long time for the seawater to be refreshed and cleaned from oil spill pollution [89,90].
Furthermore, the northern parts of the Gulf that are demonstrated in Figure 6 are subject to
further contamination, as they have a deeper shallow depth, a higher degree of salinity, a
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higher fluctuation of temperatures, and less water circulation. Therefore, during different
seasons, changes in natural weather, together with anthropogenic origins, can affect or
amplify the degree of pollution in the area. Kamranzad et al. investigated the effect of
seasonal wind on the propagation of oil pollutants in the Persian Gulf [91]. It turned out
that pollutants are mainly circulated from the southern parts of the gulf to the shallow-
depth northern parts. In other words, they found that the transmission trajectory of the
pollutants is anticlockwise and from the south to the north. The extent and density of
the contamination were attributed to the seasonal wind speed. They monitored the wind
speed in the different parts of the Persian Gulf. Wind speed was concluded to have the
highest values in the winter and then gradually decreased during the spring, summer,
and fall seasons. The maps in Figure 6 demonstrate the dispersion of the oil spill over the
surface of the Gulf in different months. However, tracking the principal rationales requires
a large-scale investigation of current active pollutions over the gulf surface, wind speed,
continuous monitoring of the oil extraction activities, oil ships, etc.

The cross section of backscattered wave signals across the spilled oil on the gulf in
January 2021 is presented in Figure 6L. It shows a clear difference between the normal
amplitude of the backscattered signal over the ocean and over the oil-spilled ocean. In
this case, the oil-spilled area was characterized by a low-amplitude signature of the VV
polarization of the wave reflected back to the satellite (Figure 7).

The marine ecosystem is a place where animals and plants live. The adaptation of
plants and animals to live in such ecosystems depends on the physical characteristics,
such as temperature, water salinity, substrata type, depth, intensity of light, and wave
exposure. The oil spill affects this ecosystem in a different way because it is very sensitive to
hydrocarbon contamination. On the one hand, the short-term effects depend on oil toxicity,
reduction in light transmission that affects photosynthesis, dissolution of oxygen, asphyxia,
and, of course, a danger to marine birds. On the other hand, long-term effects encompass
the change in the biological process within the ecosystem, resulting in reproduction and
recruitment disorders, disappearance of food, and habitat destruction [92-95]. Animals,
for example, fish, birds, marine mammals, and even humans, are victims of food resources
such as plankton, algae, eggs, and larvae which have been contaminated by dispersed oil.
The most appropriate and least aggressive measure to take for illumination of an oil spill
depends on the chemical composition of the oil, the affected ecosystem, and the durability
of the spill [89,96,97]. It includes the appropriate coordination of the personnel involved
and the materials used. It is important to preserve the unaffected area as soon as possible
and remove the spilled oil in large quantities, followed by specific cleaning according to
the type of affected area, sedimentary or not [98-101].

4.4. Specific Environmental Challenges in the Khuzestan Prvoince in Iran

The Khuzestan province is considered to be the center of oil and gas resources in Iran.
Generally, oil/gas operations are carried out throughout the whole area of the Khuzestan
province and have led to a wide spectrum of environmental footprints, such as gas flaring
into the atmosphere (Figure 8A), excessive road construction, substantial pipeline networks,
vegetation removal, drying the marshes, regional dusts, and waste disposal. The three
latter footprints have increased dramatically during the last two decades and have caused
a lot of damage, especially to human life, as well as to plant and animal ecosystems.
In the following sections, the environmental footprint related to those three issues is
concisely presented.
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Figure 7. An example of an amplitude signature profile of vertical vertical polarization reflected
waves over the oil spill across the Persian Gulf’s surface through the NW-SE direction (AB cross
section) in January 2021 (see Figure 6L).
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Figure 8. An onshore oil drilling site in the Havizeh marsh, Khuzestan province, Iran: (A) contami-
nation of the marsh water in the early stages of the drilling operation, and (B) water drainage and
drying the entire marsh surface around the drilling site.

The discovery of oil in the marsh began in 1997, and, from 2009, oil companies began
producing from the oil reservoirs located under the marsh area [56,57]. The problems
were raised when the oil companies decided to divide the marsh into shorter parts by
drainage water and providing dry land for the preparation of drilling sites (Figure 8) and
road construction between the wellheads. This turned the marsh into a large dry area with
disconnected water parts.

Figure 8 depicts an onshore oil drilling platform in the Havizeh marsh. Figure 8A
shows the early stages of the drilling operations, which contaminated the water with plastic
waste. On the other hand, Figure 8B illustrates the dried marsh as a consequence of water
drainage carried out by the corresponding drilling company. Such actions have threatened
the life of the marsh [102]. This has also led to the lowering of the ground water table in
the region.

Moreover, between 2009 and 2018, a large dust propagation started in the area and the
wind transferred the dust throughout the whole area of the Khuzestan province. It caused
serious impacts, including lung problems for inhabitants, especially children, excessive
diseases of oak trees in the Zagrous mountains, and acid rain during rainfall in the area.
Recently, environmentalists have put pressure the on oil/gas companies to connect sepa-
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rated water parts and restore the marsh. However, both companies in the Iran and Iraq
territories show a low tendency to stop most of their activities in the marsh areas.

Khuzestan province hosts the major rivers of the country, including the Karun, Dez,
Karkheh, and Jarahi rivers. All these rivers originate from the Zagros mountains (average
elevation higher than 2500 m) and flow toward the Persian Gulf in the south (elevation of
zero). Most of the land in the Khuzestan province is flat and without hills or mountains.
These rivers have created several natural marshes in the province that are exceptional
locations for many different birds and animals, as well as adjacent human colonies. The
most important marsh, called the Havizeh marsh, is located in the western part of the
province on the border between Iran and Iraq. This marsh has an area of 48,131 hectares.
One-third of the marsh is fed by the Karkheh River in Iran, and the rest is fed by branches
of the Tigris River in Iraq.

Waste management is also one of the most critical challenges in the oil and gas drilling
industry. Waste management includes two parts: wastewater management and rock cutting
management. The main fluid used in drilling oil and gas wells in Iran is saturated polymer
mud. The waste was dumped daily for various reasons and was carried to the corral pit.
The water is separated from the dumped water-based mud. Daily water was directed to
wash the drilling rig equipment and accumulated in the waste pit. The accumulation of
this water is called wastewater. The current problem with wastewater in Iranian oil fields
is its high chloride content that is discharged into the marsh. This is a serious problem
that contaminates marsh water and threatens adjacent plant and animal life (Figure 8B).
Although there are some methods, such as thermal approaches, to reduce the amount of
chloride in wastewater, they are not cost-effective for drilling companies. Therefore, to
prevent this problem, it is urgent to find a more operational, practical, and cost-effective
way to reduce the amount of chloride in the large volume of daily wastewater. In addition
to wastewater, rock cuttings obtained from drilling operations are another problem in the
marsh. A typical well in the subjected oil field has a depth of 3500 m. Therefore, a whole
volume of 3000 m? of cuttings is transferred from the bottom hole to the ground surface. If
the average density of the cuttings is assumed to be 2 tons/m?3, an approximate tonnage of
6000 tons of crushed rock is brought to the surface of the marsh at the end of each wellbore
drilling operation and is placed in preplanned landfills. At least 250 wells have been drilled
in the marsh. Therefore, a total volume and tonnage of 750,000 m?3 and 1,500,000 tons have
been dumped in the area.

5. Conclusions

Large-scale exploitation of natural resources is often accompanied by serious footprints
on the local ecosystems. Detection and prevention of such environmental impacts are of
paramount importance in terms of both regional and global perspectives on sustainable
management. In this research, the most crucial impacts pertinent to the hydrocarbon
exploitation in the Khuzestan province, Iran were studied and discussed. Since the province
lies in the north of the Persian Gulf, the study area included both lands of the Khuzestan
province along with the adjacent parts of the Persian Gulf.

The local seismic records together with the satellite data were utilized to detect,
evaluate, and measure the severity of such different footprints in the area. Based on the
results, it was deduced that the hydrocarbon production has vastly influenced the original
lithosphere, hydrosphere, atmosphere, and biosphere.

Regarding the lithosphere, the hydrocarbon exploitation from the subsurface forma-
tions has remarkably disturbed the regional in situ stress state. This has led to frequent
earthquakes originating from shallow depths of less than 15 km. Obviously, such shallow
quakes may result in secondary problems such as groundwater table change, infrastructure
instability, local ground movements, etc. Furthermore, it has also generated a noticeable
land subsidence rate equal to 10-15 cm per year in the southern regions of the province.
Since such regions are relatively flat, the seawater from the Persian Gulf flows through
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those lands, thereby threatening the residual districts already established in the vicinity of
the gulf.

Concerning the hydrosphere, it was found that in the northern and western regions
of the Persian Gulf, the oil spill contamination spreads over the seawater surface during
all days of the year. The presence of such long-term and resistant pollutants severely
endangers the life of the native creatures and plants. In addition, another impact on the
hydrosphere is the water drainage operations for drying the local marshes and preparing
them for the preplanned drilling operations. This causes substantial dust propagation
problems, transferring harmful and toxic particles throughout the entire atmosphere of the
area. Consequently, the regional biosphere and the lives of native inhabitants, animals, and
plants are deeply threatened.

To sum up, it is concluded that the harmful environmental impacts on the study area
are very pressing issues that can even deteriorate the circumstances if urgent actions are
not taken by regional and national authorities, companies, and policymakers. The results
presented in this research can be used as an initial reference for addressing and reducing
those environmental footprints.
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