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Abstract

Iran is situated in a region with natural bitumen deposits and bitumen mines. This study compared the hydrogeochemical
and isotopic composition of groundwater contaminated by abandoned bitumen mines (GCBM) with the deep formation
water of oil reservoirs (FWOR). The GCBM was found to be dominated by Ca>*, Na*, SO,>~, and CI~, and is typically
characterized by Ca—SO, type water, in contrast to the Na—Cl type in the FWOR. The 8°Hy;, and 8'0y;,, isotopes were
valuable tools to distinguish the groundwater sources, as the isotope signatures of GCBM and FWOR samples are mark-
edly different. Ionic ratio diagrams, such as Na?* vs. CI~, Ca?* vs. CI7, and SO42‘ vs. CI7, indicate that the groundwater
chemistry in the study area is mainly influenced by gypsum and carbonate dissolution due to mining. The concentration of
total petroleum hydrocarbons (TPH) ranged from 26.3 to 19,670 pg/L in the GCBM samples. This study confirmed unac-
ceptable levels of groundwater contamination by TPH caused by seepage from abandoned bitumen mines and established

a framework for future groundwater remediation efforts in the study area.
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Introduction

Bitumen, a dense mixture of diverse hydrocarbon com-
pounds, is formed by the gradual degradation of lighter
crude oil (Brown et al. 2017; Speight 2005; Stoyanovich
et al. 2019). Heavy oil and bitumen have great importance
in global reserves of hydrocarbon. Bitumen is extracted
by surface mining or in situ methods in various regions
around the world. The nations of Canada, the United States
of America, Venezuela, Russia, Iraq, and Iran all posses
large quantities of this precious substance. The Athabasca
oil sands, the largest of three oil sands reserves in Alberta,
represent one of the world’s largest natural bitumen depos-
its (Finkel 2018). These deposits, responsible for nearly
3 million barrels per day of production in 2019 (Alberta
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Energy Regulator 2021; Vander Meulen et al. 2023), are
predominantly extracted by surface mining, which has led
to major land and ecosystem disruption. The disturbed area
reached ~ 3200 km? by 2018, directly attributed to energy-
related activities (Alberta Biodiversity Monitoring Institute
2018). Other notable reserves can be found in Venezuela,
Russia, and Kazakhstan (Finkel 2018). Proven reserves of
bitumen make up around 100 billion barrels, with total natu-
ral bitumen reserves worldwide estimated at 39.694 x 10°
m® (249.67 Gbbl) (Attanasi and Meyer 2010; Korosi et al.
2016). After Canada and the United States, Iran is recog-
nized as having the largest natural bitumen deposits. Indeed,
more than 15% of the world’s valuable bituminous mineral
is found in southwest Iran (Rahimi et al. 2020), and much
of it is being mined, especially in the mountainous Zagros
area (Ameri et al. 2011; Maadanara consulting engineering
1996; Maadankave consulting engineering 1999).

Two primary methods are used to extract bitumen: sur-
face mining, which targets oil sand deposits within the top
0-60 m of the Earth’s surface, representing only 20% of
the proven reserves, and in situ methods, which are used
to recover the remaining 80% (Abdelfatah et al. 2018). In
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cases where there is insufficient cap rock above the bitu-
men-bearing tar-sand horizon, bitumen can migrate upward
toward the water table, resulting in groundwater contami-
nation with bitumen-sourced pollutants, including polycy-
clic aromatic hydrocarbons (Adeyemi et al. 2013). These
hydrocarbon contaminants have been observed to migrate
and disperse within the surface and near-surface environ-
ment through structural and lithological pathways (Ola and
Olabode 2017).

Since the 1960s, persistent concerns have arisen regard-
ing the potential environmental effects of regional mining
and upgrading activities on water quality and the health
of aquatic ecosystems (Gosselin et al. 2010; Kelly et al.
2010; Wasiuta et al. 2019). A particular group of pollutants,
known as naphthenic acids (NAs), which are a subgroup
of bitumen-derived dissolved organic compounds with the
chemical formula C_H,, ,,0,, has been identified as a poten-
tially toxic mixture (Brown and Ulrich 2015). In addition,
the production of crude oil and gas from oil wells typically
brings forth what is known as “formation waters” or “oil-
field brines” from the oil reservoir (FWOR). These waters
originate either from within the geological formation itself
(connate) or from recent precipitation (meteoric), as defined
by White (1957). Connate water has been isolated from the
hydrological cycle for extensive geological periods, con-
trasting with meteoric water which is comparatively more
recent in the cycle, resulting in distinct chemical composi-
tions (Dickey 1966). These formation waters often contain
petroleum hydrocarbons that may occasionally infiltrate
groundwater aquifers through karstic fractures or conduits.

The present study investigated the environmental effects
of abandoned bitumen mines on southwestern Iran’s
groundwater resources using hydrogeochemical and iso-
topic analyses. The objectives of this study were to: (1)
define the hydrogeochemical and isotopic characteristics of
the groundwater contaminated by the abandoned bitumen
mines (GCBM), (2) compare them with the FWOR, and (3)
evaluate the impact of bitumen mines on the TPH levels in
GCBM.

Materials and Methods
Study Area

This study was carried out in the geographical coordinates
ranging from 30° 45" N to 33° 05’ N for latitude and from
47° 15" E to 50° 35" E for longitude, southwest Iran, covering
an area of 48,000 km? (Fig. 1). The study area experiences
a distinct climatic pattern characterized by scorching high
temperatures exceeding 45 °C during the dry season, while
lower temperatures are observed during the rainy season. As

a result of the arid climate prevalent in the area, the average
annual precipitation totals 360 mm, predominantly occur-
ring in autumn and winter. The area is crossed by numerous
rivers, including the Karun and Karkheh Rivers.

Geological Setting

The collision of the Central Iran and Arabian tectonic plates
during the Cretaceous era formed the Zagros Foreland Basin
(ZFB) on the southern side of the Tethyan Ocean (Berbe-
rian and King 1981; Sherkati et al. 2006) (Fig. 1). The ZFB
extends from southwestern Iran to Turkey. The modern
form of this convergent basin is the Iranian Zagros fold-
thrust belt (ZFTB), which can be subdivided into different
tectonostratigraphic domains. The ZFTB and its Foreland
Basin offer ideal conditions for the generation and accumu-
lation of hydrocarbons, earning it a global reputation as a
petroleum-rich region. A substantial portion of the world’s
oil reserves, over 8%, is concentrated in the Dezful Embay-
ment, a 60,000 km? depression within the ZFTB, in south-
west Iran (Bordenave and Burwood 1995), where the main
deposits consist of shallow and deep carbonates (Illam-
Sarvak and Asmari Formation) with evaporites (Gachsaran
Formation). The study area is situated in this area.

In the Zagros Basin, the [1lam-Sarvak Formation from the
Upper Cretaceous carbonates serve as the best example of
paleokarstic reservoirs. These formations trap large volumes
of hydrocarbons within dissolved carbonate units (Ismail et
al. 2021; Mehrabi et al. 2023). The Asmari Formation is the
youngest carbonate reservoir rock in the Zagros basin, and
is a notable source for oil and bitumen in southeastern Iran
(Noorian et al. 2022). The Asmari Formation is overlain
by the lower Miocene Gachsaran Formation, which plays
a crucial role as a seal for hydrocarbon reservoirs in one
of the world’s most prolific hydrocarbon habitats (Bahroudi
and Koyi 2004; Stocklin 1968). The Gachsaran Formation
contains mostly evaporites; it also contains marls, lime-
stones, and shales (Bahroudi and Koyi 2004). The hydro-
carbon substances in bitumen, initially bound in sediments,
undergo diffusion processes, leaching by groundwater or
hydrothermal solutions, and maturation (polymerization) in
vein fillings, ultimately forming solid bitumen.

In the study area, bitumen was observed seeping to the
surface within the alluvial plain sands, appearing as a pre-
dominantly dark-brownish substance (Fig. 2). Surface and
groundwater in the area displayed signs of contamination
from these bitumen seepages, causing the water to be dark
brown in color (Fig. 2).
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Fig. 1 Geological map and location of the GCBM, FWOR, and APGW
sampling points of this study and ACGW (Farhadi et al. 2023). The
sampling points were located near the bitumen seeps. Samples from
this study included GCBM (groundwater contaminated by abandoned

Mines Site Locations

Natural bitumen in southwestern Iran is recognized as a
mineral resource, and has been mined for many decades.
Abandoned bitumen mines are located in the extreme north-
ern part of the study area. Crude oil has been able to migrate
from the abundant, relatively shallow oil resources in south-
ern Iran to the surface through fractures and are presum-
ably the source of the bitumen. The mines investigated in
this study (Dehloran, Pol-e-Zal, Mamatin, and C Brench)
are categorized as abandoned mines, having been actively
mined~50 to 100 years ago. The sampling points were
located adjacent to bitumen seeps (Fig. 1).

The Dehloran mine, located 7 km east of Dehloran
town in Ilam province, is situated in the southern part of
the Siah kuh anticline within the Asmari formation. Bitu-
men mineralization is present in this region. The S1 spring
is located~20 m southwest of the Dehloran mine, at an
elevationx35 m lower. Additionally, there are local bitu-
men outcrops surrounding the S1 spring. Moving on to the
Pol-e-Zal mine, situated 70 km northwest of Dezful town
in Lorestan province, its bitumen mineralization is found in
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bitumen mines), FWOR (formation water of oil reservoirs), APGW
(Asmari polluted groundwater), and ACGW (carbonate clean ground-
water from Farhadi et al. (2023). Evaporite rocks (Gachsaran), carbon-
ate rocks (Asmari and Illam -Sarvak)

the southeast of the Kabir kuh anticline within the Asmari
formation. The S2 spring is positioned ~ 1.5 km southeast of
the Pol-e-Zal mine, ~ 350 m below the mine. Local bitumen
outcrops are also present around the S2 spring (Fig. 2).

The C Brench mine, located 15 km east of Masjed Solay-
man town in Khuzestan province, features natural bitumen
mineralization southeast of the Kabir kuh anticline within
the Gachsaran formation. The S3 spring, located~ 600 m
southeast of the C Brench mine, and ~ 75 m below the mine.
Additionally, there are local bitumen outcrops around the
S3 spring. Finally, the Mamatin mine, situated 25 km north-
east of Ramhormoz town in Khuzestan province, exhibits
natural bitumen mineralization southwest of the Mamatin
village within the Gachsaran formation. The S5 spring,
positioned about 50 m southwest of the Mamatin mine, is
~ 3 below it. Local bitumen outcrops surround the S5 spring
as well (Fig. 2).

Sampling and Analyses

Five groundwater samples contaminated by the abandoned
bitumen mines, two hydrocarbon polluted groundwater
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Fig.2 The seepage of bitumen
and bitumen-driver contaminants
in the studied groundwater: a, b,
and c) spring S5; d, e) spring S1;
f, g, h, and i) spring S2

Table 1 The characteristics of sampling waters in study area

Samples Coordinates Elevation T (°C) Maximum discharge (L/sec)
Group Name Sample ID (Zone, UTM X, UTM Y)
GCBM  Dehloran S1 38R 718,946 3,620,221 265 29.5 3
Pol-e-Zal S2 39R 224,003 3,631,995 287 24 100
C Brench S3 39R 339,545 3,535,919 249 24 1
Garu S4 39R 358,933 3,517,431 401 26 80
Mamatin S5 39R 380,982 3,466,098 316 29 0.5
FWOR Masjed Soleyman Wi 39R 348,294 3,528,393 447 80 Formation water well (Depth=3000)
Zilaei W2 39R 322,197 3,547,127 472 50 Formation water well (Depth=2540)
Marghab W3 39R 372,795 3,534,496 576 80 Formation water well (Depth=3000)
APGW  Dehdez Pl 39R 434,446 3,507,027 1553 19 well
Tang- Fani P2 38R 757,996 3,657,711 569 24 3

samples (APGW), and three samples of deep formation
water were collected during different seasons: Feb-2022
(GCBM and APGW), Mar-2022 (FWOR) during the wet
season, and Aug-2021 (GCBM, APGW, and FWOR)
(Table 1). The APGW samples comprise two hydrocarbon
polluted samples from carbonate aquifers (P1-P2) and the
ACGW including six clean karst spring waters (C1-C6)
from previous literature (Farhadi et al. 2023) were used to
compare the GCBM and FWOR. A combination of newly
collected and historical data was used to determine the

effect of the abandoned bitumen mines on groundwater. For
FWOR sampling, the Wireline bottomhole travers truck was
used to sample water observation wells in the oil reservoirs.
In this method, the sampling tool is sent to the desired depth
using a wireline slickline and retained at that depth for one
hour. Subsequently, the tool is returned to the surface, and
the sampled contents are emptied into specialized sampling
containers.

The distribution of the sampling locations can be observed
in Fig. 1. Prior to sampling, the polyethylene bottles were
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thoroughly rinsed two to three times with ultrapure water.
Handheld portable devices were used to directly measure
pH levels, total dissolved solids (TDS), and temperatures.
The concentrations of Ca’*, Mg?**, Na™, and K+ were deter-
mined using a Dionex 1500 ion chromatography (ICS),
SO42_, and CI™ were determined using a Dionex 2100 ICS,
and HCO;~ values were measured by acid-base titration in
Hydroisotop GmbH laboratory (Germany). The analytical
precision error of the Dionex 1500 and 2100 ICS instru-
ments is < 5%. Blank and duplicate samples were employed
to ensure data quality. The accuracy of the laboratory data
analyses was checked using the charge balance error per-
centage (% CBE) in Eq. (1).

ek = (3" e =) J( e+ Y ) (1

where ¢,* and ¢~ refer to the concentrations of specific
cations and anions, respectively. The absolute values of %
CBE for all samples were consistently < 5%, indicating the
reliability of the test data.

Stable isotopes of hydrogen (H) and oxygen (O) in water
serve as valuable indicators for determining the source of
water and its movement, and are commonly used in hydro-
logical research (Barnes and Allison 1988; Li et al. 2017).
Samples for stable isotopes (8'¥0y,0, °Hy,0) analysis were
filtered through 0.45 pm membranes and collected in 50 mL
PET bottles which had been carefully rinsed before sam-
pling. Stable isotopes (830450, 8*Hyppo) of water samples
were determined with the Picarro Cavity-Ringdown Spec-
trometer L.2130-I in the Hydroisotop GmbH laboratory.
Accuracy of the determination of isotope composition for
hydrogen and oxygen are + 1.5%o for 8°Hy;,o and +0.15%o
380,450 values. Unfiltered samples for TPH concentration
analysis were collected in 50 mL amber glass bottles, then
analyzed using an Agilent 7890B/5977A gas chromatog-
raphy mass spectrometer (GC/MS) in Zanjan University
(Iran).

A comprehensive understanding of hydrogeochemical
processes and the sources of pollutants, coupled with reg-
ular water resource monitoring, plays a crucial role in the
effective and sustainable management of water resources
worldwide (Tiwari and Singh 2014; Tiwari et al. 2019). Tra-
ditional hydrogeochemical methods are valuable for charac-
terizing water types and assessing the processes governing
solute acquisition, influencing water chemistry, and deter-
mining factors contributing to aquifer quality deterioration
(Abu-alnaeem et al. 2018). During bitumen migration to the
surface, different effects have been observed on groundwa-
ter resources, which we investigated from the perspective of
hydrogeochemistry and water isotopes.
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In the region, the GCBM and FWOR undergo rapid trans-
formations. To comprehend the hydrochemical evolution of
regional waters, it is essential to have a clear understanding
of the sources and supplies of the GCBM and FWOR. In
this particular study, hydrogeochemical methods, including
the Piper trilinear and Ionic ratio diagrams, were used to
identify water types, assess ion exchange processes, analyze
water-rock interactions, determine the origin of salinity, and
evaluate pollution in aquifers affected by abandoned bitu-
men mines in southwest Iran. Additional published data
(Farhadi et al. 2023) from clean karst groundwater samples
(ACGW) and two samples of groundwater polluted with
TPH from the Asmari formation (APGW) were added to
compare with GCBM.

Results
Hydrogeochemistry

A statistical analysis of the physical and chemical character-
istics of various types of water bodies is shown in Table 2.
The pH values in these two different types of water bod-
ies varied markedly, leaning towards neutral in the GCBM
samples to a slightly acidic trend in the FWOR samples.
GCBM exhibits an electrical conductivity (EC) range of
1490 to 14,140 ps/cm, with a mean value of 5561 ps/cm.
FWOR, on the other hand, falls within the EC range of 1576
to 241,000 ps/cm, with a mean of 124,186 ps/cm. This
suggests that GCBM may be influenced by factors such as
geological conditions, aquifer media, and the presence of
bitumen seeps. Ca’" and Na™ are the predominant cations
in GCBM and FWOR samples. In contrast, C1™ is the domi-
nant anion in FWOR, while GCBM samples are predomi-
nantly characterized by SO,*~ and HCO;".

Descriptive statistics of chemical components in ACGW
and APGW samples are shown in Table 3. The pH values of
ACGW ranged from 7.0 to 7.9, with a mean value of 7.4,
which demonstrates that the groundwater environment was
slightly alkaline. As shown in Table 3, cation composition
was dominated by Ca**, followed by Mg?*, Na*, and K.
The anions were mainly HCO,", followed by SO,* and
CI". Table 3 shows the average major ions for ACGW and
APGW samples and clearly, the uncontaminated samples
have lower ionic concentrations than the GCBM and FWOR
samples.

The interaction between water and rock in the study area
is the most important hydrogeochemical process control-
ling water chemistry (Zhang et al. 2022a, b). The chemical
composition of GCBM is primarily governed by the disso-
lution of the carbonate rocks in the hydrocarbon reservoir.
In contrast, the FWOR exhibits a distribution pattern that
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Table 2 Statistical summary of the physical, chemical, and isotopic data of GCBM and FWOR samples in dry and wet season
Parameter Unit Wet and dry season (GCBM) Wet and dry season (FWOR)

Min Mean Max SD Min Mean Max SD
pH 7.2 7.4 7.6 0.2 39 6.3 7.0 1.1
EC ps cm™! 1490 5561.5 14,140 4456.3 1576 124,186 241,000 11,4270
Na*t mg L™! 69 612.4 1700 582.2 170 44,071.7 95,000 40,439.7
K* mgL™! 2 64.6 500 154 34 473.3 1600 601.8
Ca’* mgL~! 150 412.2 990 274.1 97 44145 9900 4321.3
Mg?* mgL~! 42 315.7 2200 666.7 23 1436.3 3600 1549.1
HCO;~ mgL~! 169 656.7 2400 663.2 8.48 75.9 130 39.6
ClI mg L™! 82 867.3 2700 3250.3 430 81,210 180,000 75,835.9
S0,* mgL™! 21 1942.3 11,000 924.6 22 659.5 1400 516.2
SI calcite 0.3 0.9 1.5 0.5 -43 -0.7 0.6 1.7
SI dolomite 0.1 1.6 3.6 1.1 -8.9 -1.57 1.2 3.5
SI gypsum 2.2 -0.6 0.3 0.7 -3.2 -1.1 -0.1 1.2
3*H-H,0 %0V-SMOW -18.8 -12.5 -1.9 52 -19.6 -9.6 18.4 15.3
3'%0-H,0 %0 V-SMOW -4.9 3.8 2.2 0.8 -4.4 2.3 7.7 5.4
Table 3 Statistical summary of the physical and chemical data of ACGW (Farhadi et al. 2023) and APGW samples in dry and wet seasons)
Parameter Unit Wet and dry season (ACGW) Wet season (APGW)

Min Mean Max SD Min Mean Max SD
pH 7.0 7.4 7.9 0.3 7.3 7.4 7.5 0.1
T °C 24.1 24.5 25 0.3 24 243 24.6 0.3
EC us cm™! 268 425 1008 186.1 579 795 1012 216.5
Na* mgL~! 0.2 10.7 85.1 22.7 4.1 14.1 24 9.95
K* mg L™! 0.4 0.7 2.0 0.5 1.2 1.3 1.4 0.1
Ca?t mg L™! 329 60.4 90.0 17.7 70 77 84.0 7.0
Mgt mg L~ 5.0 12.5 20.8 5.1 30 45.5 61.0 15.5
HCO;~ mgL~! 151.9 2154 296.6 40.7 258 416.5 575 158.5
Cr mg L™! 1.1 15.5 124.1 332 4.9 14.5 24 9.6
SO,> mg L™! 34 27.9 113.8 35.0 0.5 44.7 89 442
SI calcite -0.3 0.1 0.5 0.3 0.3 0.35 0.4 0.1
SI dolomite -1.1 -0.1 0.8 0.6 0.5 0.8 1 0.2
SI gypsum -3.2 2.4 -1.5 0.5 -3.9 -2.8 -1.7 1.1

is close in composition to the evaporite. The Piper diagram
(Piper 1944) demonstrates that the three dominant water
facies present are the Ca™, and HCO; in ACGW and APGW,
and Ca-SO, and Na-Cl in GCBM and FWOR, respectively
(Fig. 3). Specifically, the S3 groundwater sample is domi-
nated by Ca-HCO; in the dry season (Fig. 3a), which aligns
with the typical composition found in carbonate environ-
ments, as indicated by previous studies on the geochemistry
of carbonate aquifers (Zhang et al. 2016).

Variations in the concentration of major ions, total dis-
solved ions (TDI), and EC for GCBM and FWOR samples
in August 2021 and February 2022 are plotted in Fig. 4.
Ionic diagrams in the figures provide a visual representa-
tion of how the most notable variations appear precisely in
these ions, in which two distinct categories of the GCBM
and FWOR samples can also be recognized. As shown in
Fig. 4a and c, the GCBM and FWOR samples exhibit simi-
lar variations in Na and CI content, which correlates with
TDI and EC variations. This observation highlights the

role of halite-bearing components from the evaporate lay-
ers of cap rock (Gachsaran Formation) in contributing to
the observed TDS in the studied GCBM samples. With the
exception of Na and Cl, the concentrations of other major
cations and anions declines from SO,>~ to Ca®* and Mg**
(Fig. 4). Exceptionally, the SO,>~ contents of sample S5
reach the highest (up to 11,000 mg/L, Table 2). The mean
of Mg?* content in GCBM-sampled springs is 315.7 mg/L,
whereas it reaches 3600 mg/L in the FWOR-sampled wells
(Fig. 4). GCBM from sampling point S3 shows decreasing
SO,*~ and increasing HCO;~ concentrations for the dry
season of the same year (Fig. 4b and d). Almost all major
element concentrations underwent a drastic drop in W2.
Considering that sample W2 in the FWOR group had ECs
of 1576 ps/cm in the wet season and 2540 in the dry season,
it is clear that this oil well has mixed with fresh karst waters
at a depth of 2540 m.

The linear increase in the concentrations of Nat and CI~
with TDI presents a similar origin for both ions in GCBM
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and FWOR samples (Fig. 5a and b). The strong correlation
between Ca’**, Mg?*, and SO,> vs. TDI indicate the dis-
solution of gypsum and anhydrite in the GCBM samples of
Gachsaran Formation as a reservoir of the bitumen mines
(Fig. 5c and e, and 5f). In the GCBM samples, there is a
positive relationship between TDI and all major ions except
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HCOj;", which shows discrepancies in its trend (Fig. 5d).
Moreover, in the FWOR of the oil wells (Fig. 5d), the
concentrations of HCO;™ decreased with increasing TDI.
As evident from Fig. 5, the TDI ratio to the major ions in
ACGW is less than in GCBM. Moreover, APGW exhibits a
similar behavior to ACGW.
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Fig.5 The bivariate diagrams of major ions composition of the GCBM, APGW, ACGW, and FWOR samples; a) Na vs. TDI, b) Cl vs. TDI, ¢) Ca

vs. TDI, d) HCO; vs. TDI, e) Mg vs. TDI, f) SO, vs. TDI
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The chemical evolution of groundwater and water-rock
interaction can be deduced by analyzing the relative pro-
portions of cations and anions (Drever 1997). The CI™ ion
serves as a reference in this context due to its conservative
nature in the process of freshwater mixing (Appelo and
Postma 2005). Understanding salinization sources in water
resources involves a crucial examination of the relationship
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between C1~ vs. Na* (Mercado 1985). In this study, a C1~
vs. Na™ ionic ratio diagram was used to evaluate ion sources
in the GCBM samples (Fig. 6a). A Na*/Cl™ ratio equal to
one indicates that halite is the source of these ions in water
(Basins and Geo 2004). Deviation from unity suggests
additional factors such as ion exchange processes, FWOR
intrusion, and rock-water interaction. GCBM samples are
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Table 4 TPH concentration in GCBM, APGW and FWOR in SW Iran

sample S1 S2 S3 S4 S5
19670.9 ND 2564

TPH (ug/L) 402 26.3

Wi w2 W3 P1 P2
233629 33929.2 733880 1034.3 45

ND =Not Detected

scattered above the 1:1 line in the Ca?" vs. CI~ and HCO;~
vs. CI™ plots (Fig. 6b and d), indicating a departure from
linearity between GCBM and FWOR, possibly due to pro-
cesses modifying water chemistry. The Ca®* enrichment
could be affected by carbonate mineral dissolution. Simi-
larly, in the SO42‘ vs. CI™ plot (Fig. 6¢), ACGW, APGW,
and some of the GCBM samples scatter above the 1:1 line,
suggesting potential gypsum dissolution. To verify this, the
saturation index (SI) of GCBM samples for gypsum and
calcite was calculated, with some exceeding zero, indicat-
ing undersaturation, and the potential dissolution of gypsum
minerals (Fig. 6). In contrast, the FWOR samples scatter
below the 1:1 line. In Fig. 6d, some of the GCBM samples
scatter above zero and are saturated with respect to calcite.
This indicates that the chemical compositions of the GCBM
are also affected by water-rock interactions.

Total Petroleum Hydrocarbon (TPH) Concentration
Crude oil and TPH pollutants are important contributors to

environmental degradation due to their persistent charac-
teristics and hydrophobic nature (Muthukumar et al. 2023).

TPH concentration was measured in the GCBM and FWOR
samples (Fig. 7). The total concentrations of TPH varied in
GCBM samples from 26.3 to 19,670 pg/l, with an average
concentration of 5575 ng/l. These findings were comparable
to measurements taken at the FWOR of'three oil wells, where
the average TPH concentration was 333,813 pg/l (Table 4).
Among the GCBM samples, S1, S2, S3, and S5 represent a
high TPH concentrations and prompted concerns about the
quality of groundwater impacts from bitumen exploration.
The highest TPH concentration was recorded in sample S3,
which was situated within an abandoned bitumen mine, and
the groundwater discharge from the aquifer was minimal.
The lowest TPH value was recorded in spring S4, which is
located furthest from the bitumen mines. Moreover, the dif-
ferences between GCBM and FWOR in S3 and S5 is low.
It is obvious that the TPH concentration values of GCBM
and APGW samples greatly overlap. Three of the GCBM
samples (S1, S2, and S4) contain lower TPH values than both
of the APGW samples, with their TPH concentration values
being of the order of the lower polluted APGW sample P2.
Two of the GCBM samples have TPH concentrations greater
than the APGW samples (S3, S5), with the concentration of
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the higher polluted P1 sample being of the order of GCBM
sample S5, while GCBM sample S3 far exceeds this. These
concentrations far exceed the permissible limit set by WHO,
which is 0.3 pg/L (WHO 2022), and display an unaccept-
able level of hydrocarbon contamination.

The Stable Isotopic Composition of the Waters

The stable isotopic compositions of the water samples are
detailed in Table 2. The stable isotope compositions of
GCBM exhibited 5'%0y,,, values ranging from —4.94 to
-2.17%o0 and 8*Hyy,q values ranging from — 18.8 to -1.9%.
Meanwhile, the FWOR displayed significant variations,
with 8'80,y,, values ranging from —4.42 to +7.72%o and
8"Hyyyo values ranging from —19.6 to + 18.4%o. The rela-
tionships between 880y, and 8°Hyy,(, in different water
sources are depicted in Fig. 8a. The S5 is a bitumen spring
with 8’H ranging from +27.7 to 51.8%0 V-SMOW and 530
ranging from +5 to 18.05%0 V-SMOW in Aug 2021 and
Feb 2022.

The distribution of stable isotopes in both GCBM and
FWOR (Fig. 8a) indicates that most of the samples are
spread out on either side of the global meteoric water line
(GMWL), defined by Craig (1961). This suggests that the
primary source of GCBM is atmospheric precipitation.
In contrast, FWOR samples distributed at the right of the
GMWL line exhibit higher 580y, and 8*Hyy, values,
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18 1
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3180 (V-SMOW%o)

except for the W2 sample. The W2 sample values clustered
near the local meteoric water line (LMWL) and GMWL,
and close to the GCBM samples (Fig. 8a).

The correlation between ion composition, specifically
CI~, and isotopes (5'%0) in groundwater reveals the influ-
ence of various processes on salt enrichment (Qian et al.
2014; Parvaiz et al. 2021). The relationship between C1™
and 8'%0 in GCBM is depicted in Fig. 8b. A notable positive
correlation was identified between 3'*0 and CI~ in GCBM
salinity enrichment attributed to bitumen mining. Two dis-
tinct trends emerged: (1) an increase in Cl~ content coin-
cided with an increase in the 8'%0 values in GCBM; (2) in
FWOR, the CI™ content remained relatively stable despite
an increase in the 3'%0 values.

In the first trend, there was a slight increase in 8'%0 values
with an accompanying increase in Cl™ content in GCBM.
The extensive distribution of bitumen mines in the study area
led to bitumen leaching, altering the isotopic composition
of GCBM and slightly enriching 8'%0, particularly in S5.
The GCBM samples, S1 and S3, along with bitumen drain-
age, exhibited similar 3'30 values and CI~ content during
both dry and wet seasons (Fig. 8b). The proximity of bitu-
men mining markedly influenced the isotopic and chloride
compositions of GCBM in this region. Sample S5, located
near the abandoned Mamatin bitumen mine, had a high EC
(14,140 ps/cm) because it comes out of an evaporite layer of
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Fig.8 (a) Plot of §'*0H20 vs. 8*HH2O for the waters in the study area, featuring the global meteoric water line (GMWL) established by Craig in
1961 and the local meteoric water line (LMWL) by Farhadi et al. (2020), (b) 180H20 vs. Cl concentration
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gypsum. According to the isotopic analysis results, it is very
possible that this sample was mixed with FWOR.

Discussion

The graphs in Fig. 4 depict fluctuations in chemical concen-
trations and other parameters, such as pH and EC, in GCBM
and FWOR during both dry and wet seasons. Based on
Fig. 6, a comparison was made between GCBM and FWOR.
The graph shows a decreasing trend in Ca?*/C1~, HCO;™/
CI7, SI calcite/C1™, and SI gypsum/CI~ for GCBM, while
an increasing trend was observed for the FWOR samples. In
the SO,27/C1~ graph, GCBM samples exhibit an increasing
trend, whereas FWOR samples show a decreasing trend.

As depicted in Fig. 6, the results reveal a high levels of
CI”™ in GCBM samples from bitumen mines. The concentra-
tions of C1~ and Na* exhibit a positive correlation (Fig. 6a),
resulting in a Na™/Cl~ ratio of 0.69 in GCBM and 0.49 in
FWOR close to deep water (Aquilina et al. 2002). The salin-
ity of the GCBM samples is attributed to halite dissolution
from the Gachsaran evaporites. Considering the impact of
bitumen mining on groundwater and the Na*/Cl~ ratio, it
is evident that bitumen mines contribute to groundwater
salinity. The presence of minerals and their reactivity in
groundwater was further explored using PHREEQC mod-
eling, specifically examining saturation indices. The Ca**/
CI™ and SO,*7/CI” ratios of GCBM samples fall below the
1:1 line, potentially influenced by inputs from bitumen min-
ing. A saturation index> 0.5 indicates supersaturation of
minerals concerning GCBM, and vice versa. The saturation
indices of gypsum and calcite, plotted against Cl1~, reveal
a prevalent trend of supersaturation in most of the samples
(Fig. 6e and f). This prevailing supersaturation in GCBM
elucidates the decline in C1™ levels and can be attributed to
extensive mineral dissolution caused by bitumen mining in
the study area. The dissolution of gypsum and calcite con-
tributes to increased concentrations of Ca’*, SO42_, Mg2+,
HCO;™, and C1” in GCBM (Su et al. 2020).

The results (Fig. 7) indicate that the GCBM samples had
a high level of TPH (max. 19,670 ug/L). The spatial distri-
bution map of TPH (Fig. 7) illustrates that high concentra-
tions of TPH occurred in most GCBM samples within the
study area, indicating that the high TPH in these samples
was due to bitumen. As shown in Fig. 8, GCBM samples
were enriched in 8'%0 and §°H, and sample S3 had a posi-
tive amount of 3'0. In FWOR, evaporation can be ruled out
because of the depth of the FWOR samples. Furthermore,
the CI~ vs. 8'%0 plots (Fig. 8b) suggest that groundwater
chemistry is influenced by mining and mineral dissolution.

Conclusions

Based on the hydrochemistry and isotopic characteristics of
the groundwater contaminated by abandoned bitumen mines
(GCBM) in southwest Iran, bitumen seepage is contributing
to groundwater contamination. Groundwater samples asso-
ciated with the abandoned bitumen mines in the study area
are affected mainly by the gypsum layers in the Cap Rock
formation of the hydrocarbon reservoirs. The most preva-
lent dissolved cation and anions in the GCBM were Mg?*
> Na* > Ca’* > K* and SO,?>~>Cl~>HCO;". These ions
are the main contributors to the TDI concentrations. Dis-
solution of carbonate, gypsum, and/or anhydrite and halite
control the hydrochemical processes in the carbonate-evap-
orate aquifers. According to the 8'%0y,o and §°Hyy,, dia-
grams, the enrichment of the GCBM samples suggest that
they originated from local meteoric water and were affected
by the bitumen mines. The total concentration of TPH in
the GCBM samples ranged from 26.3 to 19,670 pg/L. The
karst aquifer pollution resulting from the abandoned bitu-
men mines in southwest Iran occasionally exceed the geo-
genic pollution from natural bitumen deposits by more than
an order of magnitude. Generally, however, pollution from
these mines stays within orders of magnitude of the geo-
genic pollution. Graphical biplots identified mineral dis-
solution, evaporation, and input of bitumen as the primary
sources of groundwater salinity.
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