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Abstract This paper presents results from a site characterization and monitoring study at Karaduvar area (Mersin,
SE Turkey), where high concentrations of refined petroleum products have been detected in domestic and
irrigation water wells. The saturated and unsaturated zones
in the deltaic aquifer are contaminated by large quantities
of gasoline and diesel range fuel hydrocarbons (GRHs and
DRHs) released from diverse sources that include accidental spills, storage tank fires, pipeline breaks, deliberate
discharge of waste petroleum products from slop tanks and
illegal tanker truck washing facilities. At the site, due to the
complex nature of the pollution sources, overlapping contaminant plumes exist and cover an area of about 0.5 km2.
In both polluted and unpolluted parts of the aquifer,
monitoring of groundwater physicochemical parameters in
a total of 55 sampling points was carried out between 2006
and 2007. The results show that the terminal electron
acceptors (e.g. dissolved oxygen, nitrate, Mn(IV), Fe(III),
sulfate) were reduced near the source area(s) indicating
presence of actively operating biodegradation processes at
the site. Close to the contaminant source area(s), conditions
in the plume are highly anoxic and reducing; where high
amounts of transformation products (e.g. bicarbonate, dissolved iron, and manganese) are present in solution.
Additionally, at the site, excessive pumping, careless land
use, and deliberate wastewater discharges significantly
deteriorated the quality and quantity of groundwater.
Excessive groundwater pumping for industrial and agricultural uses has resulted in substantial water level declines
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(2–3 m) near the coastal part where seawater intrusion
threatens the groundwater resources.
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Introduction
Petroleum-based refined fuels such as gasoline and diesel
fuel are complex mixtures of hundreds of different
hydrocarbon compounds known as non-aqueous phase
liquids (NAPLs) and their use by industrial, agricultural,
and urban activities has shown a steady increase for the
past century. Therefore, fuel contaminants are ubiquitous
in the environment and there are many potential sources
including refinery operations, pipeline breaks, underground
and aboveground storage tanks, traffic accidents, and illegal disposal (Domenico and Schwartz 1990; Weiner 2000).
Among the fuel constituents, monocyclic aromatic compounds including benzene, toluene, ethylbenzene, and
isomers of xylene (collectively known as BTEX) have
become the most frequently encountered soil and groundwater contaminants due to their relatively high water
solubility, volatility, and mobility (Odermatt 1994; Coates
et al. 2002). Their occurrence in the environment is a great
public health concern because many of them are toxic,
mutagenic, and/or potential carcinogens, even at low concentrations (Dean 1985; Molson et al. 2002).
At petroleum hydrocarbon (PHC) release sites; NAPLs
in the saturated and unsaturated zones may exist in the
form of entrapped residual blobs and pools, which provide
a continuous source of contaminants to the groundwater.
The average time scale for the complete dissolution of
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BTEX compounds from such a free-phase liquid NAPL
pool lies in the order of decades to centuries (Grathwohl
2000). Nevertheless, at many sites, abiotic and biotic
natural attenuation processes (e.g. dilution, dispersion,
sorption, volatilization, and biodegradation) are effective,
to some degree, in controlling the downgradient migration
of these organic contaminants and help to naturally reduce
the mass, volume, toxicity or concentration of contaminants at wells downgradient of the source area (Cho et al.
1997; Bockelmann et al. 2003; Chen et al. 2005). Therefore, naturally occurring attenuation processes were
recently accepted as an alternative remedial approach
called ‘‘Monitored Natural Attenuation or MNA’’ (USEPA
1999; ASTM 2004) and implemented in several NAPL
polluted sites with favorable field conditions (Cho et al.
1997; Cozzarelli et al. 2001; Suarez and Rifai 2002; Chen
et al. 2005). This was because MNA approach is generally
more cost-efficient and easier to implement than conventional or engineered cleanup strategies (e.g. pump
and treat, soil vapor extraction, and permeable reactive
barriers).
In shallow groundwater flow systems and soils, the
degradation reactions mediated by autochthonous microorganisms have critical importance and are considered the
most important sink for BTEX. Previous studies have
shown that most hydrocarbons are readily biodegraded by
subsurface microorganisms under aerobic conditions, and
to a lesser extent, under anaerobic conditions (Atlas 1981;
Borden 1994; Rifai et al. 1995). Unlike other BTEX
components, benzene is more slowly degraded under
anaerobic conditions due to its chemical structure, which is
lacking the methyl hydrophobic alkyl functional group
(Alvarez et al. 1998). Therefore, benzene persists longer in
the groundwater systems with substantial plume lengths
(Ruiz-Aguilar et al. 2003). In aerobic degradation, PHCs
act as electron donors and dissolved oxygen (DO) is
preferentially used as a terminal electron acceptor (TEA)
during metabolism for energy production. Therefore,
aquifers contaminated by PHCs become quickly depleted
in DO (Chapelle 1999). As anoxic conditions develop
within the contaminant plume, anaerobic bacterial populations flourish and they begin to use other TEAs in a
sequence such as NO3-, Mn(IV), Fe(III) and SO42(Chapelle 1999). Then, methanogenesis begins when oxygen is completely depleted, wherein CO2 is used as an
electron source and CH4 is produced. As a result of aerobic/anaerobic biodegradation, TEAs become sequentially
depleted in aquifers contaminated by PHCs (Chapelle
1999). Therefore, monitoring of the prevailing physicochemical regime in contaminated aquifers can give
important clues about the underlying natural attenuation
processes occurring at the site.
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The increased industrial (mainly petrochemical) as well
as agricultural activities have caused a severe environmental pollution in the Karaduvar site. To date, no serious
site characterization or remediation studies have been
implemented in the area. This study is believed to be the
first to assess the impact of refined petroleum products on
groundwater quality in the Karaduvar coastal aquifer. The
main issues that will be addressed by this study include: (1)
characterization of the site/aquifer media and identification
of the pollution sources, (2) monitoring levels, spatial
distribution and temporal variability of important natural
attenuation indicator and physicochemical parameters, and
(3) identification of the natural attenuation processes
actively operating at the site.

Karaduvar study site
Site description
Karaduvar study site is located at the eastern margin of
Mersin city center, along the coast of the Mediterranean
Sea, and bounded by latitudes 36° 480 1200 –36° 500 0900 N
and the longitudes 34° 400 2300 –34° 430 0400 E (Fig. 1). The
study area is bordered on the eastern side by Deliçay
Creek, whereas its western boundary is delineated by
Mersin Free Trade Zone. The study area has a typical
Mediterranean climate that is characterized by hot and dry
summers, mild winters, low precipitation, and high
potential evapotranspiration. According to 72-year-long
records (1930–2002), mean annual temperature in the area
is 18.8°C. The area receives slightly higher than 500 mm
of precipitation annually, and extended periods (i.e.
4–5 months) without precipitation are common (Demirel
and Güler 2006).
Karaduvar has a great ecological importance which can
be attributed to the existence of important coastal ecosystems nearby. For instance, Kazanlı beach, located
immediately east of Deliçay Creek, is the largest coastal
dune area in Europe (Uslu 1989) and one of the most
important breeding sites of endangered sea turtle species
such as Caretta caretta and Chelonia mydas (Baran and
Kasparek 1989; Canbolat 2004). Both species are protected
under the convention on the Conservation of European
Wildlife and Natural Habitats (Bern Convention) and the
Conservation for the International Trade in Endangered
Species (CITES) (IUCN 2007). The economic importance
of the region, on other hand, arises from both the agricultural crop production and a variety of industrial
investments located along the coastline. Given that the
region has fertile alluvial soils and mild climate, agricultural activities continue all year long. According to 2000
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Fig. 1 Locations of water sampling sites and land use/land cover
(LULC) map of the Karaduvar study area. The LULC map derived
from high resolution (2.4 m) multispectral Quickbird satellite images.

Red line represents the maximum extent of the plume position
observed during this study

census, there were 1,154 active enterprises and 2,137 residential houses in the Karaduvar area.

the ATAŞ petroleum refinery between the years 1957 and
1962. Soon after, the area has become an attraction center
for a wide variety of industrial activities including production of fertilizers, chemicals, and energy. After 1983,
privately owned storage facilities started to dot the surface
with above ground storage tanks. Today, there are at least
11 actively operating storage facilities in the area, which
are dealing with storage and marketing of refined petroleum products (e.g. gasoline, diesel fuel, fuel oil, etc.) and/

Site history and pollution sources
Until the late 1950s, economy of the Karaduvar region
solely depended on natural resource-based activities such
as agriculture, horticulture, and fishing. Industrialization of
the Karaduvar district has begun with the establishment of
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or liquefied petroleum gas (LPG). Refined petroleum
products are transported to these facilities from offshore
platforms via 26 individual submarine pipelines that
crisscross the site.
Karaduvar is one of the most interesting and dramatic
examples of an area experiencing PHC pollution. The first
PHC pollution case was reported to Mersin Provincial
Directorate of Environment and Forestry in January 16,
2004. In the area, the pollution sources are diverse and
include accidental spills; explosive fires involving storage
tanks; leakages from pipelines or tanks; deliberate discharge of waste petroleum products from slop tanks, waste
ponds, and tanker truck washing facilities (Şen 2004;
TBMM 2005; Pekdemir 2007). In the past, these problems
in the area have led to several confrontations between local
citizens and companies and also resulted in numerous
protests and disputes. Some of these companies were
also sued by neighboring property-owners because of the
damage caused by the petroleum pollution. However, most
of the time there was no settlement since the source(s) of
the pollution could not be determined precisely due to
the complex nature of the pollution and the presence of
overlapping plumes in the area.
Geologic and hydrogeologic framework
The surficial geology of the Karaduvar area is characterized by a very thick ([100 m) sequence of deltaic-alluvial
sediments forming fertile agricultural soils and productive
aquifers. The slopes in the deltaic plain are between 0.57
and 0.96% and the elevations range from 0 to 30 m above
mean sea level (amsl). The low-lying deltaic plain represents a sedimentary deposition created by Deliçay Creek
(catchment area is about 365 km2). Deliçay Creek drains
also the effluents of quite a high number of industrial
facilities and its average discharge is around 2–3 m3 s-1.
The Quaternary aged (Pleistocene to Recent) sediments of
the area can be described as a heterogeneous mixture of
rock detritus ranging from clay to boulder size. The mixture includes stream alluvium, stream-terrace deposits, fan
deposits, delta deposits, shore deposits, and Terra Rosa
deposits (Mediterranean red soil). These sediments vary
greatly in lithology and grain-size, both vertically and
areally. The amount of clay minerals in soils range from 44
to 66%, with a predominance of illite over the other clay
minerals such as vermiculite, kaolinite, and serpentine.
Karaduvar area depends mostly on the water derived
from the underlying aquifer for its agricultural, industrial,
and domestic uses. Most of the fields devoted to traditional
vegetable farms, greenhouse cultivations, and cultivated
orchards are irrigated using flood irrigation system. Water
wells in the coastal plain access water predominantly from
unconsolidated alluvial and fluvial sediments. These
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deposits are transitive with each other and no confining
units have been identified at the site. The hydraulic properties of these deposits are highly variable in space, which
is typical of highly heterogeneous deltaic systems. In situ
Guelph permeameter tests (n = 66) conducted in the area
revealed saturated hydraulic conductivities (Kfs) that range
between 1.39 9 10-4 and 8.30 9 10-3 cm s-1 (average
value is 1.83 9 10-3 cm s-1 and variance = 3 9 10-6).
There is an apparent gradual increase in Kfs values from
north to south (hinterland to shore) (Fig. 2a), which corresponds to a decrease in the percentage of clay-silt sized
fraction in deltaic sediments.

Materials and methods
Sample collection and analytical methods
A total of 55 different sampling points (comprised of both
polluted and unpolluted shallow wells) were selected for
the characterization of physicochemical properties of the
groundwater. The water samples were collected from
identical locations during 2006 (November) and 2007
(April and July) in three separate sampling campaigns.
Sampling locations are depicted in Fig. 1. Geographic
coordinates of each sampling site were recorded with a
handheld GPS unit using UTM coordinate system and
WGS84 datum. All the wells chosen for groundwater
sampling were commonly utilized for irrigation water
supply and/or domestic purposes. In order to ensure that the
water samples were representative of the in situ conditions,
samples were collected after at least three well-bore
volumes had been purged. Before sampling, the physicochemical parameters of the waters were measured on-site
using temperature-compensated WTW Multi 340i/SET
multi-parameter instrument, equipped with electrical conductivity (EC), dissolved oxygen (DO), pH, and redox
potential (Eh) probes. The probes were calibrated using
appropriate standard solutions or procedures before sampling of the waters. Two aliquots of sample were collected
into 250 mL high-density polyethylene bottles from each
sampling location; one for cation and the other for anion
analysis. Aliquots taken for cation analysis were acidified
at the field to pH \ 2 with HNO3. Additionally, 1 L of
groundwater sample was collected from each well using
amber glass bottles for quantification of BTEX components. To prevent possible evaporation effects, the samples
were stored in an esky containing ice packs and then
transported immediately to the laboratory, where they were
refrigerated at 4°C until analysis (usually within 6 h).
Analyses of anionic and cationic species were performed in the Environmental Geochemistry Laboratory at
the Mersin University Geological Engineering Department,

Environ Earth Sci (2009) 59:631–643

635

Fig. 2 a Field measured saturated hydraulic conductivity (Kfs)
distribution and water table elevations in the Karaduvar coastal
aquifer on (b) October 10, 2006 and (c) August 12, 2007. Water table

elevation values are in meters above mean sea level. Arrows depict
the general groundwater flow direction

Turkey. The concentrations of ammonia, nitrite, nitrate,
sulfate, and sulfite were determined using HACH LANGE
DR 2800 spectrophotometer. Bicarbonate was determined
in the laboratory by titration using sulfuric acid according
to EPA 310.1. Analyses for total concentrations of Fe and
Mn were carried out by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS). Concentrations of elements in the
samples were determined in triplicate by Agilent 7500ce
ICP-MS equipped with a collusion/reaction cell in the form
of Octapole Reaction System. The relative error is less than
±5% for all analyzed elements. Analysis of BTEX
components in groundwater samples was carried out
by GC–MS (Agilent 6890 N) using the method described

by Mottaleb et al. (2003). The ultra pure water used
throughout the period of experimentation had a resistivity
of 18 MX cm at room temperature. Deionized water
(ELGA Purelab Prima) was used as feed water to produce
ultra pure water from the ELGA Purelab UHQ.
Water level measurements
Water level surveys provide valuable information on
groundwater gradients and flow directions. Two rounds of
water level surveys were performed at the site during the
current monitoring study. Groundwater levels (depth to
groundwater) were determined manually using an electrical

123

636

depth sensor with 1 mm sensitivity. Then, groundwater
elevations (with respect to mean sea level) were calculated
by subtracting depth to water measurements from the
topographic elevations obtained from digital elevation
model (DEM) of the study area. Finally, groundwater
elevation values were contoured using the Kriging algorithm thus the water table contour maps could be drawn.
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and plume shape. Near the source area contaminant plume
extends NW–SE direction, however, in the downgradient
parts plume extends NE–SW direction. Because of the
changes in the flow field, the overall shape of the plume is
slightly distorted (note the bend in the middle part)
(Fig. 2).
Petroleum hydrocarbons in groundwater

Results and discussion
Groundwater levels and flow directions
Two rounds of water level survey were performed at the
site, both during dry season, one in October 10, 2006 and
the other in August 12, 2007. Water level maps for October
2006 and August 2007 are presented in Fig. 2b and c,
where average depth to groundwater was 4.09 and 4.46 m
below ground surface (bgs), respectively. The increase in
depth to water (0.37 cm) can be attributed to decreasing
precipitation and gradually increasing groundwater pumping for agricultural and industrial activities in the area.
Recently, heavy groundwater pumping in the area not only
resulted in local declines in water elevations but also
deteriorated the local water quality to unacceptable levels
in parts of the Karaduvar coastal aquifer. A close examination of the water level maps clearly shows between 2 and
3 m declines in water levels near the coastal part (Fig. 2b,
c). Increases in groundwater electrical conductivity (EC)
values and major ion concentrations (e.g. sodium, chloride,
and sulfate; unpublished data) also confirm the presence of
active seawater intrusion at the coastal part, especially in
the area between ATAŞ refinery wastewater ponds and
thermal power plant (Fig. 1). Equipotential maps constructed for the deltaic aquifer indicate the direction of the
groundwater movement to be mainly from the NE to SW
(Fig. 2b, c). Especially in the coastal part, hydraulic gradients were relatively flat, which is expected of highly
permeable and porous media. The groundwater flow
velocity calculated from the average hydraulic conductivity
of 1.83 9 10-3 cm s-1, a porosity of 0.35, and the average
hydraulic head gradients (0.0151 and 0.0021 m/m) yield
average pore water velocities of 24.9 and 3.5 m year-1.
This result clearly shows that there can be sevenfold to
eightfold difference in groundwater velocities in different
parts of the deltaic aquifer, which can be linked to its
heterogeneity. A detailed investigation of spatial variations
in hydraulic conductivity at the research site exhibited very
high conductivities, especially in the polluted parts
(Fig. 2a). Therefore, higher groundwater velocities can be
expected at this part of the aquifer. In the study area,
changes in the groundwater flow directions, and velocities
strongly influences the direction of contaminant migration
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The complex mixture of PHCs found at the site consists of
mostly gasoline and diesel range hydrocarbons (GRHs and
DRHs) released probably sometime before (and also possibly after) 2003 by illegal waste disposal practices and
accidents mentioned previously. This mixture infiltrated
into the deltaic sediments; where it acts as a continuing
source of groundwater contamination. As a result, in the
area, the groundwater flow generated a PHC plume more
than 1,500 m long and *320 m wide (Fig. 1). GC–MS
chromatograms of groundwater samples from polluted
wells (e.g. wells 14 and 16) also confirm the complex
nature of the pollutants and presence of multiple source
zones. In the GC–MS chromatogram for well 14, a complex mixture of hydrocarbons is evident from the peaks
rising above the baseline. This well is heavily polluted by a
mixture of GRHs (compounds in the C4 to C12 range) and
DRHs (compounds in the C8 to C21 range) and probably is
very close to the source area considering very high BTEX
concentrations (Table 1). Interestingly, in well 16 (which is
hydrologically up gradient of well 14), only diesel components (DRHs) were present but no gasoline components
(e.g. BTEX) were detected (Table 1). This suggests the
existence of multiple source zones or overlapping plumes
in a relatively small area (Fig. 1). The highest BTEX
concentrations were found in well 14 with concentrations

Table 1 Concentrations (in mg L-1) of BTEX components in
groundwater wells in the Karaduvar site
Well

Benzene

Ethylbenzene

Toluene

o-Xylene

14

977.2

230.8

499.4

170.8

251.8

15

20.9

8.7

2.9

1.3

6.7

16

nd

0.2

nd

nd

nd

18

156.4

35.1

2.9

nd

1.5

20

5.9

19.7

4.2

17.8

29.9

22

12.9

10.0

nd

nd

1.4

23

40.1

7.4

1.9

nd

nd

49

70.4

nd

nd

nd

nd

52
53

577.7
5.4

31.4
7.6

5.7
2.3

0.4
4.2

1.9
6.8

54

33.7

24.3

2.4

nd

3.2

Samples were collected in July 2007, nd not detected

m-Xylene
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Table 2 Statistics on physicochemical characteristics of ground waters from polluted and unpolluted wells at Karaduvar area
Parameter

Statistics

November 2006
Polluted
(n = 12)

pH

April 2007
Unpolluted
(n = 43)

Polluted
(n = 12)

Trenda

July 2007
Unpolluted
(n = 43)

Polluted
(n = 12)

Unpolluted
(n = 43)

Min.–Max.

6.97–7.32

6.98–7.55

6.98–7.28

7.03–7.58

6.88–7.25

7.00–7.48

A.M. ± S.D.

7.16 ± 0.11

7.29 ± 0.12

7.14 ± 0.10

7.29 ± 0.11

7.12 ± 0.10

7.25 ± 0.10

Dec

Eh

Min.–Max.
A.M. ± S.D.

-27 to -6
-17.8 ± 6.3

-40 to -7
-25.7 ± 6.7

-28 to -10
-19.6 ± 6.2

-46 to -13
-28.6 ± 6.7

-27 to -4
-19.0 ± 6.4

-42 to -12
-26.9 ± 6.1

Dec

EC

Min.–Max.

970–2,920

741–1,698

946–2,610

725–1,337

901–2,110

728–1,366

DO
HCO3NO3NO2NH4?

A.M. ± S.D.

1,828 ± 680

1,056 ± 196

1,727 ± 499

1,024 ± 151

1,467 ± 355

1,006 ± 133

Min.–Max.

0.54–4.58

0.52–4.53

0.47–1.20

0.50–5.24

0.08–1.92

0.56–4.83

A.M. ± S.D.

1.67 ± 1.53

2.61 ± 1.19

0.84 ± 0.20

2.69 ± 1.26

0.72 ± 0.43

2.77 ± 1.23

Min.–Max.

210.7–520.2

155.3–479.7

345.9–732.3

235.3–514.8

426.2–740.1

303.9–633.8

A.M. ± S.D.

397.7 ± 112.4

276.7 ± 77.3

545.9 ± 139.4

354.2 ± 56.9

588.2 ± 117.0

453.4 ± 55.4

Min.–Max.

0.44–49.58

3.10–114.21

0.00–21.69

6.64–161.58

0.00–27.89

3.10–111.56

A.M. ± S.D.

15.20 ± 21.21

41.18 ± 20.55

5.24 ± 8.02

31.81 ± 30.72

6.30 ± 8.72

26.76 ± 18.26

Min.–Max.

0.00–4.60

0.01–0.27

0.00–0.14

0.00–0.37

0.00–0.64

0.00–0.06

A.M. ± S.D.

0.40 ± 1.32

0.04 ± 0.05

0.03 ± 0.05

0.03 ± 0.07

0.08 ± 0.18

0.01 ± 0.01

Min.–Max.

0.09–0.56

0.01–1.75

0.13–0.29

0.12–0.43

0.17–0.53

0.15–0.27

A.M. ± S.D.

0.19 ± 0.14

0.16 ± 0.25

0.20 ± 0.05

0.19 ± 0.06

0.23 ± 0.10

0.20 ± 0.03

Dec
Dec
Inc
Dec
Dec
Inc

SO42-

Min.–Max.

0.10–72.00

5.44–123.00

0.05–43.10

7.20–118.00

0.05–42.40

0.05–105.00

18.66 ± 28.14
0.06–9.70

53.87 ± 25.90
0.01–9.99

10.07 ± 14.58
0.16–8.43

49.78 ± 26.66
0.00–4.88

11.83 ± 14.54
1.54–7.21

52.35 ± 24.74
0.01– 7.80

Dec

SO32-

A.M. ± S.D.
Min.–Max.
A.M. ± S.D.

1.43 ± 2.82

0.54 ± 1.53

4.08 ± 2.74

0.87 ± 1.42

3.43 ± 1.57

1.96 ± 1.94

Inc

Total Mn

Min.–Max.

16.5–18,570

0.7–219

0.6 –2,354

0.2–181

2.5–1,845

0.2–162

A.M. ± S.D.

3,515 ± 5,734

39 ± 70

988 ± 883

9.7 ± 28

820 ± 766

14.7 ± 35

Total Fe

Min.–Max.

132.7–29,270

4.9–5,039

60.0–2,204

2.6–5,624

10.8–3,900

1.0–935

A.M. ± S.D.

4,427 ± 8,313

689 ± 1,150

978 ± 680

373 ± 958

524 ± 1,033

105 ± 196

-1

Dec
Dec

-1

pH: standard unit at 25°C, Eh: Redox potential (mV), EC: Electrical conductivity (lS cm ), DO: Dissolved oxygen (mg L ). A.M. ± S.D.:
Arithmetic mean ± standard deviation. Concentrations are in mg L-1 unless otherwise stated. Total Mn and Fe concentrations are in lg L-1.
a

General concentration trend over the period of sampling in petroleum hydrocarbon polluted wells: Dec = declining; Inc = increasing

(in mg L-1) reaching up to *977 for benzene, *499 for
toluene, *231 for ethylbenzene, *252 for m-xylene, and
*171 for o-xylene. Interestingly, a farmer in the area
extracts the free product (gasoline and diesel fuel mixture)
from the underlying shallow aquifer using this well (well
14) for utilization in motor vehicles. In the current study,
the wells that are known to contain varying amounts of
PHCs (Table 1), designated as ‘‘polluted wells’’ in the
subsequent sections.
Spatiotemporal variations in groundwater physical
parameters
During this study, the spatial distributions and temporal
variations in important groundwater physical parameters
(e.g. pH, Eh, DO, and EC) were monitored and results are
presented in this section (see Table 2).

pH
Polluted aquifers undergoing biodegradation reactions
generally exhibit lower pH values compared to more pervasive background values because carbon dioxide and
carbonic acids are the common products produced by
biodegradation of PHCs. In the PHC polluted parts of the
Karaduvar site, however, circum-neutral pH values (e.g.
6.88–7.09) were observed during the current monitoring
study (Figs. 3a, 4a, 5a). The circum-neutral values of pH
indicate that the aquifer has a strong buffering capacity due
to abundance of bicarbonate (Table 2). This is important
since near neutral pH values are considered the optimal
range for the viability of BTEX-degrading bacterial populations (Borden et al. 1997). On other hand, slightly
higher pH values (e.g. 7.39–7.58) are mainly observed near
the Karaduvar Marina and the area around Deliçay Creek
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Fig. 3 Spatial distribution and temporal variation of a pH, b redox
potential (Eh), c dissolved oxygen (DO), d electrical conductivity
(EC), e bicarbonate (HCO3-), f nitrate (NO3-), g sulfate (SO42-),

h total dissolved Fe, and i total dissolved Mn in the Karaduvar site
during November 2006. Black dots show the locations of the above
ground storage tanks

(Figs. 3a, 4a, 5a), possibly due to local contributions from
the Mediterranean Sea (pH = 7.99–8.33) and Deliçay
Creek (pH = 7.30–8.27).

with sampling points of high BTEX contamination and low
DO concentrations (e.g. around Well 14). Relatively higher
values of redox potential were observed at the NW sector
of the study area and these values mostly restricted to
uncontaminated parts of the aquifer.

Oxidation–reduction potential (Eh)
Oxidation–reduction (redox) potential can be used to
determine the areas undergoing anaerobic degradation in
contaminated aquifers (Cheon et al. 2004). Distribution of
negative Eh values (Figs. 3b, 4b, 5b) throughout the study
area suggests the presence of anaerobic conditions in the
Karaduvar site. At the site, low redox potentials coincided
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Dissolved oxygen (DO)
Subsurface microorganisms are capable of biodegrading a
wide range of PHCs under aerobic conditions (Lee et al.
1988; Borden et al. 1997; Chapelle 1999). In aerobic degradation, oxygen is preferentially used as a terminal electron
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Fig. 4 Spatial distribution and temporal variation of a pH, b redox
potential (Eh), c dissolved oxygen (DO), d electrical conductivity
(EC), e bicarbonate (HCO3-), f nitrate (NO3-), g sulfate (SO42-),

h total dissolved Fe, and i total dissolved Mn in the Karaduvar site
during April 2007. Black dots show the locations of the above ground
storage tanks

acceptor (TEA) during metabolism for energy production,
where carbon dioxide and water are the ultimate byproducts
of this process. Depletion of DO as a result of aerobic
degradation is a very quick reaction and results in anoxic
conditions favoring other degraders, such as denitrifying
anaerobic bacterial populations (Chapelle 1999). A close
examination of DO concentrations in Figs. 3c, 4c and 5c
reveals that wells located within the contaminated area are
dramatically depleted in DO with respect to wells located
outside of the polluted area (Table 2). For instance, mean
DO concentrations in unpolluted wells are 1.6, 3.2, and 3.8

times higher than polluted wells in November 2006, April
2007, and July 2007, respectively. High DO concentrations
in both polluted and unpolluted wells in November 2006 can
be attributed to recharge of rainwater containing higher
oxygen concentrations. A positive trend also exists for the
mean DO concentrations in unpolluted wells, where a
steady increase in DO occurred between 2006 and 2007
(Table 2). Low DO concentrations are also evident between
ATAŞ refinery wastewater ponds and the Karaduvar
Marina, which is possibly caused by water (low in DO)
discharge from the waste water ponds (Figs. 3c, 4c, 5c).
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Fig. 5 Spatial distribution and temporal variation of a pH, b redox
potential (Eh), c dissolved oxygen (DO), d electrical conductivity
(EC), e bicarbonate (HCO3-), f nitrate (NO3-), g sulfate (SO42-),

h total dissolved Fe, and i total dissolved Mn in the Karaduvar site
during July 2007. Black dots show the locations of the above ground
storage tanks

Electrical conductivity (EC)

highest EC value was measured in the well 54 in November
2006 (2,920 lS cm-1), however, the EC value of this well
showed a dramatic decrease through time (2,010 lS cm-1
in April 2007 and 1,631 lS cm-1 in July 2007). Decreasing
EC values (Table 2) in polluted areas were also accompanied by decreasing salinities, which suggest the dilution of
the high-salinity water component by groundwater. Another
salinity source in the study area is also evident at the south
of the ATAŞ refinery near the coastal part, where seawater
intrusion occurs due to heavy groundwater pumping for
industrial processes and agricultural uses. A similar salinity
pattern is also found at immediately north of the Karaduvar
Marina (Figs. 3d, 4d, 5d).

In the Karaduvar site, very high electrical conductivity (EC)
values were observed at immediately south of the tank
farms within the contaminated area (Figs. 3d, 4d, 5d),
where illegal discharges of petroleum wastes (from slop
tanks) had been previously reported. Analysis results suggest that these wastes are most likely a mixture of saline
water (seawater) containing high amounts of various PHCs.
Mixing calculations made using Br, Cl, and Na elements
have shown that in PHC polluted wells, as much as 1.2%
seawater is present in the solution and all PHC polluted
wells fall on the groundwater–seawater mixing line. The
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Spatiotemporal variations in groundwater chemical
parameters
Bicarbonate
Presence of active subsurface microorganisms in contaminated aquifers is generally identified by increased
bicarbonate (HCO3-) concentrations in the contaminated
parts (Cheon et al. 2004). As discussed previously, the
increase in bicarbonate concentrations can be attributed to
biodegradation of PHCs through a series of microbially
mediated redox reactions, where carbon dioxide and hence
bicarbonate are the byproducts (Cozzarelli et al. 1995). In
Karaduvar area, relatively high bicarbonate concentrations
were measured in the highly contaminated parts of the
aquifer (e.g. *740 mg L-1 in well 16 in July 2007),
especially near the source area(s) (Figs. 3e, 4e, 5e). A
positive trend exists for the mean bicarbonate concentrations in both polluted and unpolluted wells, where a steady
increase in bicarbonate occurred between 2006 and 2007
(Table 2). This increase in bicarbonate concentrations
indicates the continuing microbial activities in the polluted
and relatively less polluted parts (fringe zones) of the site.
Nitrate, nitrite, and ammonium
The distribution of nitrate (NO3-) concentrations can also
give some indication about the presence of anoxic conditions, where denitrifying anaerobic bacterial populations
utilize nitrate as a TEA during biodegradation (Borden
et al. 1997). As a result, nitrate concentrations in the polluted aquifer parts sharply decline. As shown in Figs. 3f, 4f
and 5f, the lowest nitrate concentrations generally occur
within the polluted parts of the aquifer, where in some
wells nitrate was totally absent. When DO and nitrate
distribution maps are compared it can be seen that low DO
areas are generally coincide with low nitrate areas at the
site (Figs. 3, 4, 5). The highest measured nitrate concentration was *162 mg L-1 in April 2007 (Table 2) and
high concentrations are generally restricted to northeast of
the Karaduvar Marina, where agricultural activities and
application of nitrogen fertilizers are very intense. However, no clear trends can be observed for the nitrite (NO2-)
and ammonium (NH4?) concentrations at the study area
between polluted and unpolluted wells (Table 2).
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site due to excessive groundwater pumping for agricultural
and industrial purposes. Due to heavy pumping, especially
in the coastal parts, groundwater levels dropped as much as
3 m. The highest sulfate concentration (123 mg L-1) was
measured in well 25 (Fig. 1) in November 2006. However,
low concentrations of sulfate are generally observed within
polluted parts of the aquifer, where in some wells sulfate
was totally absent. This is an indication of ongoing active
sulfate reduction in the polluted parts of the aquifer.
Compared to polluted areas, background sulfate concentrations are almost five times higher at the site (Table 2).
No clear distribution pattern was observed for the sulfite
(SO32-) concentrations at the study area; however, mean
concentrations in polluted wells were higher than the
unpolluted wells (Table 2).
Total dissolved iron and manganese
In the Karaduvar site, total dissolved iron (Fe) and manganese (Mn) concentrations are highest near the source
area(s) (Figs. 3, 4, 5) and concentrations show a dramatic
decrease through time in both polluted and unpolluted
wells (Table 2). Highest dissolved Fe and Mn concentrations were measured in November 2006 (29,270 and
18,570 lg L-1, respectively). Mean dissolved Fe concentrations in polluted wells for November 2006, April 2007
and July 2007 are (in lg L-1) 4,427, 978 and 524,
respectively; whereas mean dissolved Mn concentrations
for the same period are (in lg L-1) 3,515, 988 and 820.
Large amounts of Mn(IV) and ferric iron (Fe(III)) are
present in mineral phase in the aquifer (unpublished data),
which may provide a substantial amount of TEAs for
biodegradation of PHCs. Mn-oxides (e.g. MnO2) are
preferentially utilized as TEAs during redox reactions due
to their higher energy yields than ferric hydroxides (e.g.
FeOOH). The presence of high concentrations of both
dissolved Fe and Mn indicate reducing conditions in the
underlying aquifer, especially near source area(s), which is
also evident from Eh and DO measurements (Figs. 3, 4, 5).
In Karaduvar area, at halfway along the contaminant
plume, both dissolved Fe and Mn concentrations drop
sharply (Figs. 3, 4, 5), which indicates the presence of a
redox front somewhere between wells 49 and 52 (Fig. 1).
However, because of the lack of monitoring wells at
desired locations and density, the position of the redox
front in the aquifer could not be determined precisely.

Sulfate and sulfite
Distributions of sulfate (SO42-) in November 2006, April
2007, and July 2007 are almost identical at the site
(Figs. 3g, 4g, 5g). High concentrations of sulfate are generally observed at the coastal part around the Karaduvar
Marina and it can be attributed to seawater intrusion at the

Conclusions
Nearly half a century, Karaduvar coastal area has been
subjected to increasing pressure as a result of conflicting
uses such as rapid agriculturalization, urbanization, and
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industrialization. In the area, the increased chemical and
petrochemical industrial activities have caused pollution of
the underlying aquifer with a complex mixture of PHCs
containing gasoline and diesel range hydrocarbons released
from diverse sources. Unfortunately, specific sources, exact
release dates and amount of released PHCs are only partially known.
Deltaic sediments found at the site are heterogeneous in
character and therefore the hydraulic properties of these
deposits are highly variable in space. In situ Guelph permeameter tests conducted in the area revealed saturated
hydraulic conductivities (Kfs) that range between
1.39 9 10-4 and 8.30 9 10-3 cm s-1 and there is an
apparent gradual increase in Kfs values from hinterland to
shore. On site parameter measurements indicate that, in
contaminated aquifer parts, oxygen is very limited and
recently (July 2007) became nearly depleted at areas close
to source zone(s). This means that biodegradation reactions
changed dominantly to anaerobic at the site, which can be
several orders of magnitude slower than aerobic biodegradation (Borden 1994; Rifai et al. 1995). At the site,
predominant electron acceptors used for anaerobic biodegradation were nitrate and sulfate, both of which became
depleted at areas close to source zone(s). The variability in
background nitrate concentrations can be attributed to
seasonal use of nitrogen fertilizers in the area, where high
nitrate concentrations may occur due to leaching of NO3
from fertilizers during irrigation of agricultural land.
Besides, irrigation practices coupled with nitrogen fertilizer
applications can also help to reduce the amounts of PHCs
found in groundwater. During irrigation with PHC-contaminated groundwater, substantial amounts of BTEX
compounds are volatilized and lost to the atmosphere.
Additionally, large volumes of groundwater percolate back
to the underlying aquifer, which is, along the way, possibly
exposed to microbial degradation processes (e.g. denitrification). At the observation wells, dissolved Mn and Fe
were only present close to source zone(s) in elevated
concentrations, where their concentrations show a
decreasing trend through time. Currently (July 2007), the
low total Mn and Fe concentrations indicate that manganese mobilization by Mn(IV) reduction and iron
mobilization by Fe(III) reduction are not important electron
accepting processes at the site.
Extensive field monitoring at the site revealed that PHCcontaminated groundwater has spatially variable physicochemical signatures due to microbially-mediated redox
reactions. Results indicate that intrinsic biodegradation of
BTEX compounds are occurring simultaneously under both
aerobic and anaerobic conditions. In Karaduvar site, naturally occurring indigenous microbial populations, nutrients,
and electron acceptors (DO, NO3-, Mn(IV), Fe(III),
SO42-, and CO2) facilitates biodegradation of the complex
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PHC mixture. Biodegradation is crucial for the implementation of Monitored Natural Attenuation (MNA)
concepts in groundwater management strategies. Being
near the Mediterranean Sea, at Karaduvar site, groundwater
quality is also threatened by excessive groundwater
pumping for agricultural and industrial purposes, which
caused declines in water levels and saline water intrusion
into parts of the aquifer. This type of pollution often takes
time to become apparent, but its deleterious effects can be
long-lasting.
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