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A B S T R A C T

The sediment–water transition zone in an aquatic system is key role to the distribution of contaminants between
the surface water and sediment pore water. Maharlu Lake is a seasonal hypersaline lake in the central part of the
Maharlu Basin in Southern Iran. Wastewater of various types produced within the basin is released into the
seasonal freshwater rivers that ultimately drain into the lake. Samples were collected through one complete
period of the lake water-level fluctuation. Lake surface water and shallow sediment pore water samples were
collected three times at three piezometric stations at different distances from the river inflow points. Lake se-
diment samples were collected twice, and water samples from the inflowing rivers were collected five times.
Changes in surface runoff and agricultural wastewater inflows were responsible for seasonal hydrochemical
changes and changes in the As concentrations in the inflowing rivers. Data from the stations close to the river
inflows indicated that the dissolved As concentrations across the sediment–water interface in Maharlu Lake are
mostly controlled by evaporation and interactions between the surface water and shallow pore water. However,
data from the station far from the freshwater inflows indicated that the brine and precipitated evaporites were at
equilibrium and redox processes (e.g., iron (hydr)oxide dissolution and secondary sulphide precipitation) control
the dissolved As concentration in pore water. The results confirmed the role of lake water evaporation in As
enrichment and As sequestration by secondary sulphide minerals in sediment below the sediment–water in-
terface. Climate change may alter the lake chemistry and As behavior in near future.

1. Introduction

The sediment–water interface (SWI) or pore water (PW)/surface
water (SW) transition zone in an aquatic system plays a key role in
controlling contaminant exchange between lake water and ground-
water (Ford et al., 2005). Maharlu Lake is a seasonal hypersaline lake
southeast of Shiraz City in the central part of the Maharlu Basin in
southern Iran (Fig. 1). Maharlu Lake receives all surface flows from the
basin. Migratory birds visit the lake, and halite is harvested from it for
industrial and household use. Rapid urban and industrial development
has continued without appropriate environmental planning in the
northwestern part of the Maharlu Basin in recent decades, and this has
caused the pollutant loads of the rivers (such as the Babahaji River (BR)
and Khoshk River (KR)) that drain into Maharlu Lake to increase
(Qishlaqi et al., 2008). A map of the Maharlu Basin is shown in Fig. 1.
The rivers flowing into Maharlu Lake are now polluted or have critical
concentrations of B, Pb, Sb, and Se (Najmodini, 2011).

The Surface sediment in Maharlu Lake is contaminated with heavy
metals, and the pollutant concentrations are higher near the river in-
flow points than elsewhere (Moore et al., 2009). However, As in Ma-
harlu Lake has a low enrichment factor (3.5), a low geoaccumulation
index (≤0), and a low contamination factor (0.9), implying that it
mainly has natural sources here (Moore et al., 2009). The As con-
centrations are several times higher in the lake SW (mean 187 μg L−1)
than in the inflowing river water (≤5 μg L−1), and the concentration in
the SW increases with distance from the river inflow points (Najmodini,
2011). The water quality in the aquifers adjacent to Maharlu Lake is
deteriorating because of intrusions of brine from the lake, and the As
concentrations in the aquifers are also increasing (Bahmani, 2009).

The behavior of As in aquatic systems has been studied intensively
because of the potential toxicity of As to organisms, including humans.
The mobility and toxicity of As, and changes in As speciation caused by
varying redox conditions in saline and freshwater lakes, ponds, and
streams have been reported previously (Brandenberger et al., 2004;
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Deng et al., 2014; Ford et al., 2005; Hollibaugh et al., 2005; Martin and
Pedersen, 2002; Ryu et al., 2002; Du Laign et al., 2009; Langner et al.,
2012). The sources of As, hydrochemical water type, pH, redox condi-
tions, and degree of evaporation have been found to be principal factors
controlling As concentrations, mobility, and toxicity in lakes. Sulphides,
iron and manganese oxyhydroxides, and particularly organic matter
play important roles in controlling As mobility in stream, lake, and
wetland sediment (Galloway et al., 2018; Langner et al., 2014; Lawson
et al., 2016; Neubauer et al., 2013).

We have previously studied spatial and seasonal variations in the
chemical compositions of SW and PW in Maharlu Lake (unpublished
data). The results indicated that the SW and PW chemical compositions
are mainly controlled by evaporative evolution of the brine, dissolu-
tion/precipitation of evaporites, and diagenetic evolution of secondary
carbonates. In a detailed study of hydraulic and hydrochemical inter-
actions between the SW and PW across the SWI in Maharlu Lake we
found a general downward flow from the SW to the PW at the bottom of
the lake (unpublished data). The maximum downward flow rate (about
1m y−1) was found close to the river inflow area. Vertical flow across
the SWI far from the river inflow area is limited due to an impermeable
layer reducing hydraulic connectivity between the SW and shallow PW.

The aims of the study presented here were to investigate and in-
terpret:

1) seasonal As concentration variations in the rivers flowing into
Maharlu Lake using hydrological and hydrochemical data;

2) the As concentration distributions in the SW, PW, and shallow lake
sediment; and

3) the overall behavior of As in the lake in response to the SW and PW
chemical compositions and hydrological processes, including lake
water level (LWL) fluctuations, evaporation, and SW–PW mixing
across the SWI, taking into account the distance from inflowing
rivers and depth.

2. Material and methods

2.1. Study area

The Maharlu Lake has an area of about 230 km2 and an average
elevation of 1425m above sea level, and lies in the closed Maharlu
Basin in southern Iran. Long-term climatological data (for 50 y) from
the nearest climatological station to the lake (Dobaneh Climatological

Fig. 1. (a) Geological map of the study area (modified from a 1:250000 map of Shiraz, National Iranian Oil Company, second edition, 1979). SIT and SEEZ are the
Shiraz Industrial Town and Shiraz Especial Economic Zone, respectively, which release wastewater into the Babahaji River. PF and EA are the sampling stations on
the Babahaji River and Khoshk River, respectively. The surface water and sediment pore water sampling stations along the longitudinal axes of Maharlu Lake are
marked S1, S2, and S3. Subfigures (b) and (c) are photographs of Maharlu Lake in the wet and dry seasons, respectively.
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Station) indicate that mean annual precipitation is 341mm and that
potential mean annual evaporation is about seven times higher, at
2572mm. The mean annual minimum and maximum temperatures are
9.0 and 25.2 °C, respectively. Most geological formations in the
Maharlu Basin are composed of carbonates, conglomerates, evaporites,
marl, sandstone, and shale formed in the Mesozoic and the Cenozoic
(Fig. 1).

Maharlu Lake is a seasonal playa lake, and the LWL is mostly con-
trolled by precipitation and evaporation (Fig. 1a Khosravi et al. (2018)).
The LWL increases in the wet season with precipitation before de-
creasing in the dry season until the lake completely dries out because of
the lack of precipitation and high evaporation rate (Fig. 2a; Khosravi
et al. (2018)). The KR and BR are ephemeral rivers enter Maharlu Lake
from the west (Fig. 1a). Their flow rates are controlled by seasonal
precipitation and surface runoff in the study area (Fig. 2b), and both
rivers receive untreated urban, industrial, and agricultural wastewater
discharges, discharging directly into Maharlu Lake. There are no reli-
able estimates of total wastewater volumes released into the KR and BR
or of the proportions of wastewater discharged by different sources.
Building materials, electronic production facilities, a municipal landfill,
paint factories, and untreated urban wastewater may be anthropogenic
sources of heavy metals in the Maharlu Lake watershed (Moore et al.,
2009).

A thick evaporite stratum has accumulated on the bed of Maharlu
Lake because of intensive evaporation (Shariati Bidar, 2001). A pure
halite layer 0–60 cm thick covers the lake and is extracted for industrial
and household use. Field observations have shown that there is a se-
quence of unconsolidated sediments to about 1m deep below the halite
crust.

This sequence is composed of black organic-rich material, a
green–gray zone composed of sulphates, halite, and carbonates, and
sticky brown sediment composed mostly of aluminosilicates, carbo-
nates, sulphates, and halite (Khosravi, 2018). The sediment porosity
ranges from 28% to 40% and the grain sizes range from clay to silt
(Khosravi, 2018).

Flow across the SWI in Maharlu Lake is generally downwards all
year round (unpublished data). The leakage rate decreases as the dis-
tance from river inflows increases. Vertical flow is limited by a poorly
permeable layer 50–100 cm deep in areas far from the river inflows (site
S3). This layer creates semi-confined conditions below 100 cm deep
with a high hydraulic head and a different PW chemistry from higher
levels (unpublished data).

2.2. Sampling

The geochemical and hydrological factors controlling As distribu-
tion across the SWI in Maharlu Lake were investigated by collecting and
analysing samples of inflowing river water, lake SW, shallow lake se-
diment PW, and shallow lake sediment. The sampling times were de-
termined by LWL fluctuations and are marked with open circles on the
LWL curve in Fig. 2a. The SW and PW samples were collected 1) before
freshwater entered the lake in November 2014, 2) at the maximum LWL

(about 73 cm at station 1 in March 2015, and 3) before the lake dried
out in July 2015. Samples from the BR and KR were collected at hy-
drometric stations close to the lake (marked PF and EG, respectively, in
Fig. 1) five times (at the same times as SW and PW samples were col-
lected and at two intermediate times, in February 2015 and May 2015).
Shallow lake sediment samples were collected before freshwater en-
tered the lake and at the maximum LWL.

The lake SW and PW samples were collected at three stations
(marked S1, S2, and S3 in Fig. 1) along the longitudinal axis of the lake
at different distances from the river inflows. Three permanent piezo-
meters were installed at each sampling station, at 20, 50, and 100 cm
depth (Fig. 3). The piezometers at each station were set 1m apart
horizontally to prevent the piezometer structures collapsing and to
prevent each piezometer affecting its neighbouring device. The piezo-
meters were installed taking care to cause minimum disturbance to the
sediment and flow conditions. The lake bed is very flat and homo-
geneous, the shallow lake sediment being composed of thin layers
(each< 3 cm thick) with different chemical and physical character-
istics. The effects of small scale sediment heterogeneity on the results
were eliminated using a 10 cm screen in each piezometer.

Diffusion of O2 from the atmosphere to the PW was prevented by
capping and sealing the top of each piezometer. A piezometer was
pumped out several times before a PW sample was collected using a
hand pump with a very low pumping rate. The potential for con-
taminating a PW sample with PW from different depths was minimized
by placing polystyrene plates at the top and bottom of the desired
sample depth (Fig. 3). However, the vertical flow rate in the lake bed
sediment is very low because of its fine texture. Each river SW and PW
sample was passed through a 0.45 μm cellulose acetate membrane
filter, then stored in a 60mL acid-washed polyethylene bottle and
transported to the laboratory for analysis. Samples collected for As, B,

Fig. 2. (a) Monthly precipitation and (pan)
evaporation (measured at the Dobaneh
Climatological Station) and the measured lake
water level (LWL). The sampling dates are
marked with open circles on the LWL curve. (b)
Babahaji River (BR) and Khoshk River (KR) flow
rates at the hydrometric stations marked PF and
EG in Fig. 1 and precipitation from October
2014 to September 2015 (Khosravi et al., 2018).

Fig. 3. Schematic of a piezometer and the pore water sampling depths (SWI:
sediment–water interface, SW: surface water, PW: pore water). Each piezometer
was 1m from its nearest neighbour.
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Br, and Li analysis were acidified (to pH < 2) by adding ultrapure
HNO3.

Sediment samples were collected from stations S1, S2, and S3 at the
maximum LWL in March 2015 and before the lake dried out in July
2015. Each surface sediment sample was collected using a clean shovel.
Deep sediment samples were collected using 6 cm diameter PVC pipes
in the wet season or an auger in the dry season. The cores were kept
upright in a freezer while being transported from the field to the la-
boratory, then each core was sub-sampled by cutting it into sections.
The 15–25, 45–50, and 90–100 cm sections were then placed in bags
and stored for analysis. Each sediment sample was squeezed to remove
excess PW, which was decanted. The sediment was then dried in air.
The<2mm particles were isolated using a sieve and then analysed.

2.3. Measurements

The physicochemical properties (the dissolved oxygen (DO) con-
centration, electrical conductivity (EC), redox potential (Eh), pH, and
temperature) of the water and brine samples were measured in the field
using a portable HQ40d instrument (Hach, Loveland, CO, USA), and the
results are shown in Tables 1, 2a, and 2b). The Eh values were corrected
with respect to a hydrogen electrode.

The magnesium and calcium concentrations were measured by ti-
trating the samples with EDTA. The sodium and potassium concentra-
tions were determined by flame photometry (APHA, 1998). The
chloride and bicarbonate concentrations were determined by titrating
samples with AgNO3 (the Mohr method) and HCl, respectively, and the
sulphate and total dissolved iron concentrations were determined by
spectrophotometry (APHA, 1998). The analyses were performed in the
hydrochemical laboratory at Shiraz University. The overall quality of
the ion concentrations found in a water or brine sample was checked by
calculating the charge balance for the sample, and the errors for all the
samples were<5%. The As, B, Br, and Li concentrations were de-
termined using an Agilent 7700x inductively coupled plasma mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). The As, B,
Br, and Li detection limits were all 1 ng L−1, and the maximum dilution
factor for the brine samples was 500. Several blank and standard
samples were prepared and analysed to determine the accuracy of the
analyses, and the results were good overall.

The sediment pH was measured using a pH meter (Pansu and
Gautheyrou, 2007). Each dried sediment sample was ground and
homogenized using an agate mortar and pestle to give a fine-grained
homogeneous sample before the loss on ignition (LOI) and As, B, Br,
and Li concentrations were determined. Each sediment sample was
dried at 105 °C, then ashed at 550 °C for 2 h in a muffle furnace, and the
loss on ignition was defined as the difference between the masses of the
dry sample and the ashed sample (Dean, 1974). About 0.5 g of a sample
was digested in 8mL Suprapur 69% HNO3 and 2mL Suprapur 30%
H2O2, and the As, B, Br, and Li concentrations in the digested sample

were determined by inductively coupled plasma mass spectrometry.
The quality of the As analysis was assessed by analysing the silty clay
loam certified reference material CRM-SCL7003. The As concentrations
(n= 2) were within±10% of the certified concentration.

The Fe contents of the sediment samples were determined by X-ray
fluorescence analysis.

Mineral saturation indices and water densities were calculated using
the PHREEQC program (Parkhurst and Appelo, 2013). The Pitzer
(1987) database, which was designed for highly mineralized water and
brine, was used for speciation calculations of the SW and PW samples.
The results are shown in Tables 1, 2a, 2b, and 3.

3. Results and discussion

3.1. Chemical compositions and as concentrations in the inflowing river
water

It was difficult to assess the water chemistry of the BR and KR be-
cause the rivers receive large but undetermined volumes of wastewater
from different sources. The ECs of the BR and KR water were
1–4mS cm−1 and the total dissolved solid (TDS) concentrations were
1.2–3.0 g L−1 (Table 1). The water in both rivers was saturated with
respect to calcite and undersaturated with respect to gypsum and halite
(Table 1).

Stiff diagrams (Fig. 4) indicated that the BR and KR have
Mg≈ Ca–HCO3 and Mg≈ Ca–SO4 water types, respectively, at both
the beginning and end of the wet season (November 2014 and July
2015, respectively). Alishvandi et al. (2011) used a hydrograph for the
BR to show that the base flow contributes> 70% of the total flow of the
river. The water types of the BR and KR at the beginning and end of the
wet season, indicate that the BR and KR are mainly recharged by up-
stream carbonate aquifers (Zak and Gat, 1975), but that there are also
gypsum-bearing formations (e.g., the Sachun Formation) in the KR
catchment (Fig. 1). The water type of the KR changes from Ca–SO4

upstream to Mg–SO4 downstream because of calcite precipitation
(Farjadian, 2006).

However, the TDS, Cl, and Na concentrations in the BR and KR
water increased during the wet season and the water types changed to
Na–Cl (Fig. 4). Industrial and municipal wastewater are almost constant
sources of solutes and pollutants to the rivers, but surface runoff is
seasonal and strongly affected by the climate (Vega et al., 1998). The
surface runoff in the Maharlu Basin has a Na–Cl–SO4 water type and a
high TDS concentration (Bahmani, 2009; Zak and Gat, 1975), and is
probably responsible for the seasonal variations in the hydrochemical
water types and the TDS concentrations in the river water.

Although BR and KR receive wastewater from different sources, the
Br and Li concentrations followed almost the same trend in both rivers
during the study period (Fig. 5a and c). This implies that differences in
the origins of the wastewater released into the rivers had little effect on

Table 1
Physicochemical parameters for the Babahaji River (BR) and Khoshk River (KR) water between November 2014 and July 2015.

Sample Ca2+ K+ Mg2+ Na+ Cl− HCO3
− SO4

2- CB As B Br Li EC TDS pH Saturation Indices

mmol L−1 meq L−1 μg L−1 mS cm−1 g L−1 CA GY HA

BR-Nov.14 3.1 0.5 3.4 6.5 3.5 12.1 2.2 0.0 1.3 325 216 25 2.4 1.5 6.9 0.2 −1.2 −6.3
BR-Feb.15 3.4 0.5 4.3 12.4 8.5 17.8 2.2 −2.4 0.7 524 485 35 3.2 2.5 7.5 1.0 −1.2 −5.7
BR-Mar.15 5.3 0.4 5.5 23.5 30.7 10.1 3.3 −1.9 1.3 555 323 28 3.6 3.0 7.3 0.5 −1.0 −4.9
BR-May.15 3.4 0.3 2.3 4.4 2.5 13.0 0.4 −0.2 1.2 568 162 16 1.4 1.2 7.3 0.7 −1.8 −6.6
BR-Jul.15 3.1 0.5 3.4 5.0 3.5 11.1 1.9 0.1 0.9 407 336 29 2.1 1.5 7.0 0.5 −1.3 −6.5
KR-Nov.14 3.3 0.4 4.1 5.4 6.2 3.9 5.3 −0.1 2.0 327 224 24 1.7 1.4 7.9 0.5 −0.9 −6.2
KR-Feb.15 5.0 0.3 4.6 11.7 12.0 7.6 5.0 1.6 0.7 535 504 38 3.0 2.3 8.0 1.3 −0.8 −5.6
KR-Mar.15 3.8 0.9 5.1 8.8 12 7.6 3.3 1.3 1.7 502 297 35 2.3 1.9 8.6 1.7 −1.1 −5.7
KR-May.15 3.5 0.3 4.4 6.8 8.3 7.8 3.3 0.2 2.5 385 270 26 2.0 1.4 7.8 1.0 −1.1 −6.0
KR-Jul.15 3.0 0.5 4.3 6.1 5.2 4.2 5.6 0.6 2.1 564 343 33 1.6 1.4 7.9 0.9 −0.9 −6.2

CB= charge balance, EC= electrical conductivity, TDS= total dissolved solids, CA= calcite, GY=gypsum, HA=halite.
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seasonal variations of the Br and Li concentrations in the water entering
the Maharlu Lake from the rivers. Thus variations of the Br and Li
concentrations in the rivers water could reflect the seasonal variations
in surface runoff chemistry and the impact of evaporation. The EC, Br
and Li concentrations and Br/Cl ratio were higher in surface runoff at
the beginning of the wet season (February 2015) because residual salts
on the basin surfaces (remaining from the previous period) dissolve at
the beginning of the wet season, increasing the B, Br, and TDS con-
centrations and Br/Cl ratios in the river water more at the beginning of
the wet season than later on (Fig. 5a, c, 5g, and 5h). The B, Br, and TDS
concentrations and Br/Cl ratios were lower in surface runoff in the
middle of the wet season than earlier in the wet season, causing the B,
Br, and TDS concentrations and Br/Cl ratio to be lower in the river
water in March 2015 than in February 2015 (Fig. 5a, c, 5g, and 5h). At
the end of the wet season and in the dry season (May and July 2015,
respectively), the B and Br concentrations, Br/Cl ratio, and EC were
higher in the river water because the amount of runoff water was lower
and a large proportion of the river water evaporated (Fig. 5a, c, 5g, and
5h).

The dissolved As concentrations in the river water were in the range
of 0.7–2.5 μg L−1 (Table 1). The As concentrations were higher and
more seasonally variable in the KR than in the BR (Table 1). The KR

receives urban and agriculture wastewater. Only municipal wastewater
drains into the KR in the dry season (Salati and Moore, 2010) and the
very low flow rates of the KR in the dry season imply that negligible
volumes of urban wastewater drain into the lake from this river
(Fig. 2b). The BR receives mostly industrial wastewater, but the BR flow
rate varies between 0 and 1m3 s−1 during the dry season (May to Oc-
tober) (Fig. 2b).

The As concentrations in the river water varied seasonally in the
opposite way to the Br and Li concentrations, the As concentrations
decreased and the Br and Li concentrations increased at the beginning
of the wet season because of the inflow of surface runoff in February
2015 (Fig. 5d). The input of agricultural waste water increased with the
beginning of agricultural activities (January 2015) and decreased when
agricultural activities ended (June 2015; Fig. 5d). Shakeri and Moore
(2010) measured the As concentrations in the sediments of adjacent
stretches of BR river and found higher average concentrations for As in
the sediments of the stretch influenced by urban and agriculture was-
tewater rather than in the stretch mainly loaded with industrial ef-
fluents. The pesticide application in farmlands resulted in higher con-
centrations of As in the soils around the lake (Moore et al., 2009). More
mass of As was transported into the Maharlu Lake by the KR (0.08 tone)
than by the BR (0.05 tone) from November 2014 to July 2015,

Table 2a
Dissolved major and minor element concentrations in the surface water (SW) and sediment pore water (PW) samples from station 1 (S1), station 2 (S2), and station 3
(S3) in Maharlu Lake (the locations of the sampling stations are marked on Fig. 1).

Sample Date Depth cm Ca2+ K+ Mg2+ Na+ Cl− HCO3
− SO4

2- CB As B Br Fe Li TDS

mmol L−1 eq L−1 μg L−1 mg L−1 g L−1

SW-S1
Nov.14 5 15 8 124 4065 4050 7 102 0.19 24 5 25 2.5 0.4 251
Mar.15 38 17 16 213 5043 5500 6 89 −0.08 14 9 64 1.8 1 326
Jul.15 1 6 64 994 4718 6250 17 61 0.45 59 36 280 – 4.3 364
PW-S1
Nov.14 20 5 50 818 5783 6500 20 333 0.62 29 30 233 6.5 3.4 419
Mar.15 20 17 17 258 4978 5550 5 99 −0.11 17 9 74 – 1.2 329
Jul.15 20 3 43 612 5553 6250 12 148 0.42 26 23 195 6.7 3 381
Nov.14 50 5 37 512 4804 5250 12 177 0.44 16 15 177 1.2 2.4 329
Mar.15 50 10 28 423 5109 5950 9 156 −0.11 24 16 137 5.4 2.1 356
Jul.15 50 3 58 880 4909 6050 18 150 0.51 44 30 240 6.8 3.7 367
Nov.14 100 6 42 699 4804 5600 3 203 0.45 17 15 199 3.4 2.7 348
Mar.15 100 8 21 288 5043 5700 5 125 −0.17 18 10 86 3.2 1.3 339
Jul.15 100 5 73 505 5506 6400 7 236 −0.04 13 12 146 2.6 1.9 392
SW-S2
Nov.14 1 6 9 168 2196 2550 4 42 −0.04 11 6 44 2.0 0.7 150
Mar.15 33 11 19 269 5217 5900 5 104 −0.21 15 10 82 1.7 1.3 347
Jul.15 1 7 87 1206 4527 6200 15 286 0.54 66 50 392 2.1 6.5 385
PW-S2
Nov.14 20 3 49 806 3370 4750 13 234 0.04 34 44 330 8.2 0.7 291
Mar.15 20 6 36 419 4848 5700 9 161 −0.14 122 77 649 – 1.1 342
Jul.15 20 3 92 1432 3600 5800 18 259 0.48 116 61 471 9.5 0.9 363
Nov.14 50 8 92 1436 3130 5300 22 344 0.44 52 61 472 – 0.9 333
Mar.15 50 6 107 1485 3587 5800 21 339 0.52 54 50 399 9.0 0.8 362
Jul.15 50 3 86 1232 4400 6100 20 331 0.50 73 56 452 7.7 0.8 387
Nov.14 100 5 99 1449 3050 5250 21 313 0.47 61 58 472 7.1 0.9 329
Mar.15 100 5 105 1479 3233 5500 21 339 0.44 101 61 502 – 0.9 351
Jul.15 100 3 90 1265 4213 6100 18 231 0.49 85 57 463 6.9 0.7 373
SW-S3
Feb.15 1 27 103 233 3957 4400 3 61 0.11 11 6 77 1.2 1.2 264
Mar.15 10 16 15 269 5435 6200 3 89 −0.27 13 8 72 1.2 1.1 362
May.15 1 5 96 1373 3326 5500 19 328 0.33 60 10 130 – 1.1 341
PW-S3
Nov.14 20 8 113 1474 2770 5100 18 365 0.36 48 66 541 35.6 8.6 323
Mar.15 20 3 114 1797 2517 5500 17 359 0.35 53 65 520 40.2 8.4 341
Jul.15 20 1 113 1856 3263 6100 21 544 0.43 67 69 560 55.3 9.4 394
Nov.14 50 4 122 1874 2252 5150 21 495 0.46 37 56 579 – 9.2 343
Mar.15 50 8 118 1838 2583 5600 16 354 0.42 56 65 555 29.8 9.3 347
Jul.15 50 4 116 1777 3788 6300 19 646 0.50 64 59 500 51.2 7.7 421
Nov.14 100 5 88 1062 4087 5750 11 297 0.25 11 28 404 17.0 6 356
Mar.15 100 3 109 1939 2748 5900 15 354 0.47 53 63 526 31.0 8.9 361
Jul.15 100 3 110 1692 3406 6300 18 603 −0.02 69 62 525 54.3 8.2 406

The sediment–water interface was classed as a depth of 0 cm, CB= charge balance, TDS= total dissolved solid concentration.

R. Khosravi et al. Applied Geochemistry 102 (2019) 88–101

92



(Khosravi, 2018). We conclude that the release of agricultural waste-
water into the rivers (predominantly from the KR) is the most important
anthropogenic source of As for Maharlu Lake.

Najmodini (2011) found dissolved As concentrations of 4–5 and
2–3 μg L−1 in the rivers flowing into the Maharlu Lake and three springs
in the Maharlu Basin, respectively. The As concentrations were 1.5–2
times higher in the river water than in groundwater in the basin. It can
be probably due to wastewater loadings to rivers and evaporation.
However, generally the As concentrations in the river water varied
markedly from year-to-year in response to annual changes in tem-
perature and precipitation.

3.2. Chemical compositions of the Maharlu Lake SW and PW

The Maharlu Lake SW and PW were neutral (pH 6–8) and
Na–Mg–Cl–SO4 brines with TDS of 150–420 g L−1 (Tables 2a and 2b).
The SW and PW were depleted in HCO3 and Ca and the Eh values varied
between anoxic and suboxic (Tables 2a and 2b). The data indicated that
the SW and PW were in the halite precipitation stage at most places
throughout most of the sampling period (Khosravi et al., 2018). In this
evaporative evolution stage for a Na–Cl brine, Mg and Br behave as

conservative species, i.e., they do not participate in the precipitation of
minerals (Eugster and Jones, 1979; McCaffrey et al., 1987) and their
concentrations increase as water continues to evaporate from the brine.
However, the Na concentration decreases as more evaporation occurs
because Na precipitates in halite and as Na sulphates such as glauberite.

The TDS values was strongly positively correlated with the Cl con-
centration (Fig. 6a) and increased slightly with the Mg concentration
(Fig. 6d). The Na concentration was not correlated with the Cl con-
centration, and most of the SW and PW samples had Na/Cl molar ra-
tios< 1 (Fig. 6b). This is consistent with the positive saturation indices
found for glauberite (Na2Ca(SO4)2), as shown in Table 2b, suggesting
that glauberite would have precipitated. Glauberite does not contain Cl,
which remains in the brine as a conservative species. The Na con-
centration was significantly negatively correlated with the Mg con-
centration (Fig. 6e). The Br/Cl molar ratio did not correlate with the Cl
concentration but was strongly positively correlated with the Mg con-
centration (Fig. 6c and f). In general, the Mg concentrations and Br/Cl
molar ratios were lower in the lake SW than in the PW because the SW
was less affected than the PW by evaporation (Fig. 6). Interactions
between the SW and PW decrease the effective degree of evaporation of
the PW and also decrease the Mg concentration and the Br/Cl molar

Table 2b
Physicochemical parameters, molar ratios, and saturation indices for selected minerals in the surface water (SW) and sediment pore water (PW) samples from station
1 (S1), station 2 (S2), and station 3 (S3) in Maharlu Lake (the locations of the sampling stations are shown in Fig. 1).

Sample Date Depth cm pH Eh V T °C DO Na/Cl Br/Cl SO4/Cl Saturation Index

mg L−1 Molar CA DO GY HA GL PO EP

SW-S1
Nov.14 5 7.13 0.24 17.6 0.2 1.00 7.8× 10−5 0.03 1.2 3.5 0.0 −0.2 −0.3 −5.6 −2.1
Mar.15 38 7.60 0.09 18.4 3.6 0.92 1.5× 10−4 0.02 1.5 4.6 0.4 0.5 0.9 −3.1 −1.7
Jul.15 1 7.58 0.22 30.1 2.1 0.75 5.6× 10−4 0.01 0.3 3.4 0.0 1.0 0.8 −1.8 −1.5
PW-S1
Nov.14 20 6.43 −0.01 18.6 0.3 0.89 4.5× 10−4 0.05 0.5 4.2 0.7 1.5 3.2 2.2 −0.6
Mar.15 20 7.01 −0.08 15.3 1.8 0.90 1.7× 10−4 0.02 1.2 4.2 0.5 0.6 1.0 −2.6 −1.5
Jul.15 20 7.03 −0.14 31.9 0.9 0.89 3.9× 10−4 0.02 0.4 3.9 −0.1 2.6 1.4 −1.6 −1.3
Nov.14 50 6.14 −0.03 19.4 0.5 0.92 4.2× 10−4 0.03 0.4 3.4 0.1 0.5 0.8 −2.0 −1.1
Mar.15 50 7.01 −0.12 14.4 1. 7 0.86 2.9× 10−4 0.03 1.0 4.3 0.6 0.8 1.6 −0.8 −1.0
Jul.15 50 6.88 −0.16 31.8 0.4 0.81 5.0× 10−4 0.02 0.5 4.3 −0.1 0.9 1.2 −1.4 −1.2
Nov.14 100 6.6 −0.02 19.6 0.8 0.86 4.4× 10−4 0.04 0.1 2.5 0.3 0.8 1.4 −0.7 −0.9
Mar.15 100 7.06 −0.08 16.6 2.1 0.88 1.9× 10−4 0.02 0.9 3.9 0.3 0.6 1.0 −2.4 −1.4
Jul.15 100 6.77 −0.15 30.6 0.4 0.86 2.9× 10−4 0.04 0.4 3.7 0.4 1.1 2.1 0.4 −1.1
SW-S2
Nov.14 1 7.51 −0.06 15.4 0.8 0.86 2.2× 10−4 0.02 0.3 2.3 −1.0 −1.0 −2.6 −8.7 −2.3
Mar.15 33 7.69 0.12 16 5.7 0.88 1.7× 10−4 0.02 1.1 4.2 0.4 0.7 1.2 −2.2 −1.4
Jul.15 1 7.08 −0.03 42 1.0 0.73 7.9× 10−4 0.05 −0.0 3.2 0.4 1.1 2.1 0.9 −0.8
PW-S2
Nov.14 20 7.43 −0.20 17.2 0.5 0.71 8.7× 10−4 0.05 0.5 4.0 −0.2 0.2 0.1 −2.3 −0.7
Mar.15 20 7.48 −0.09 16.2 2.6 0.85 1.4× 10−3 0.03 0.9 4.2 0.3 0.7 1.1 −1.5 −1.1
Jul.15 20 7.11 −0.19 34.9 0.4 0.62 1.0× 10−3 0.04 0.1 3.7 0.0 0.9 1.4 −0.2 −0.9
Nov.14 50 6.91 −0.18 15.2 0.3 0.59 1.1× 10−3 0.06 0.7 4.4 0.6 0.6 1.5 1.2 −0.2
Mar.15 50 6.99 −0.10 16.4 2.0 0.62 8.6× 10−4 0.06 0.5 4.2 0.7 0.9 2.1 2.1 −0.2
Jul.15 50 6.69 −0.15 33.2 0.4 0.72 9.3× 10−4 0.05 0.2 4.0 0.2 1.1 1.9 0.6 −0.7
Nov.14 100 6.93 −0.15 17.2 0.2 0.58 1.1× 10−3 0.06 0.5 4.2 0.3 0.6 1.2 0.5 −0.4
Mar.15 100 7.01 −0.10 16.5 2.5 0.59 1.1× 10−3 0.06 0.4 4.1 0.5 0.8 1.7 1.3 −0.3
Jul.15 100 7.06 −0.14 33.6 0.4 0.69 9.5× 10−4 0.04 0.1 3.7 0.0 1.0 1.5 −0.1 −0.9
SW-S3
Feb.15 1 7.77 0.16 12.4 6.9 0.90 2.2× 10−4 0.01 1.3 3.9 0.1 0.0 −0.4 −3.2 −1.9
Mar.15 10.4 7.57 0.17 16.8 7.0 0.88 1.5× 10−4 0.01 1.0 3.8 0.7 0.9 1.6 −1.8 −1.5
May.15 1 7.17 0.12 31.3 2.5 0.60 3.0× 10−4 0.06 0.5 4.2 0.3 0.6 1.3 0.3 −0.6
PW-S3
Nov.14 20 7.09 −0.20 18.2 0.9 0.54 1.3× 10−3 0.07 0.6 4.3 0.5 0.5 1.3 1.1 −0.3
Mar.15 20 7.25 −0.09 13.7 1.5 0.46 1.2× 10−3 0.07 0.0 3.7 0.4 0.7 1.4 1.5 −0.1
Jul.15 20 6.72 −0.24 33.5 0.4 0.53 1.1× 10−3 0.09 −0.8 2.8 −0.1 1.1 1.8 1.1 −0.3
Nov.14 50 6.63 −0.13 15.3 0.9 0.44 1.4× 10−3 0.10 0.2 3.9 0.5 0.7 1.6 1.9 0.0
Mar.15 50 7.09 −0.07 14.2 2.1 0.46 1.2× 10−3 0.06 0.4 4.0 0.8 0.8 2.0 2.5 −0.1
Jul.15 50 6.75 −0.15 35.1 0.5 0.60 9.9× 10−4 0.10 0.4 4.2 0.9 1.0 2.3 3.0
Nov.14 100 6.4 −0.18 18 1.0 0.71 8.8× 10−4 0.05 0.3 3.6 0.5 0.8 1.7 0.9 −0.5
Mar.15 100 7.00 −0.05 14.7 2.2 0.47 1.1× 10−3 0.06 −0.3 3.2 0.5 1.0 1.9 2.1 −0.1
Jul.15 100 6.66 −0.20 33.7 0. 8 0.54 1.0× 10−3 0.10 −0. 7 2.7 0.4 1.1 2.4 2.3 −0.3

The sediment–water interface was classed as a depth of 0 cm, T= temperature, TDS= total dissolved solid concentration, CA= calcite, DO=dolomite,
GY=gypsum, HA=halite, GL= glauberite, PO=polyhalite, EP= epsomite.
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ratio (Khosravi et al., 2018).
The Br/Cl ratios, Mg concentrations, and TDS values in the PW

samples increased but the Na concentrations decreased as distance from

the river inflow points increased (Fig. 6). This implies that the degree to
which evaporation had affected the PW increased as the distance from
river inflow areas increased (Khosravi et al., 2018). The DO

Table 3
As, B, Br, Fe, and Li contents, losses on ignition (LOIs; %), and pH values of the solid phases of the surface and shallow sediment samples from station 1 (S1), station 2
(S2), and station 3 (S3) in Maharlu Lake (the locations of the sampling stations are shown in Fig. 1).

Sample Date Depth (cm) Fe% wt Li B Br As LOI% pH General texture of sediment samples

μg/g

S1-Mar.15
0–5 – 0.0 <3.9 8.3 <0.025 0.4 8.19 Pure Crystalline Halite
20 – 1.0 94.5 35.9 6.1 3.3 9.04 Silt–Clay
50 – 2.5 105.1 54.3 5.1 9.7 8.59 Silt–Clay
100 – 3.8 81.2 31.1 5.1 12.6 8.75 Silt–Clay
S1-Jul.15
0–5 0.0 0.1 <3.9 5.3 <0.025 1.1 8.53 Pure Crystalline Halite
20 1.4 1.1 73.0 31.5 3.9 8.9 9.13 Silt–Clay
50 1.8 1.7 110.0 47.1 6.3 11.3 9.10 Silt–Clay
100 6.1 1.7 45.2 21.8 3.0 13.3 8.81 Silt–Clay
S2-Mar.15
0–5 – 0.1 <3.9 2.7 <0.025 9.5 8.30 Pure Crystalline Halite
20 – 1.4 125.9 36.2 0.9 8.7 9.00 Crystalline Evaporites
50 – 1.4 114.7 32.2 0.9 12.4 8.74 Crystalline Evaporites
100 – 1.2 110.4 28.2 0.7 16.0 8.60 Crystalline Evaporites
S2-Jul.15
0–5 0.0 0.2 7.5 5.1 0.0 1.1 8.46 Pure Crystalline Halite
20 0.0 0.1 <3.9 4.1 <0.025 2.3 8.58 Crystalline Evaporites
50 0.3 0.8 52.8 15.7 0.5 3.5 8.83 Crystalline Evaporites
100 0.4 0.8 70.1 14.6 0.5 4.6 8.57 Crystalline Evaporites
S3-Mar.15
0–5 – 0.0 <3.9 3.7 <0.025 1.2 8.59 Pure Crystalline Halite
20 – 4.1 310.2 58.5 6.4 4.0 8.39 Silt–Clay
50 – 3.7 255.1 49.8 4.6 11.0 8.24 Silt–Clay
100 – 3.9 213.5 41.9 5.7 15.0 7.86 Silt–Clay
S3-Jul.15
0–5 0.0 0.1 <3.9 4.1 <0.025 1.5 8.33 Pure Crystalline Halite
20 0.3 0.5 31.4 13.3 0.5 2.8 8.32 Silt–Clay
50 1.6 2.1 142.5 30.8 3.5 10.0 8.23 Silt–Clay
100 2.3 3.4 214.5 43.7 4.7 13.3 8.11 Silt–Clay

Fig. 4. Stiff diagrams for Babahaji River (BR) and Khoshk River (KR) and variations of the water types of the rivers during the study period (November 2014 to July
2015).
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concentration in the PW increased, changing the redox conditions, as
the LWL increased (Fig. 7). Increasing the DO concentration caused the
Eh value for the PW at station 3 to increase (Fig. 7).

In general, the Eh and DO concentration in the PW decreased as the
depth increased (Fig. 7). The Eh and DO concentration were much
higher in the SW than in the PW (Fig. 7), but they decreased as the
amount of evaporation increased because O2 becomes less soluble as
the temperature increases. Even when the lake SW completely evapo-
rates in the dry season the crystalline halite crust prevents contact be-
tween the sediment and O2 in the atmosphere. The DO concentrations
in the lake SW and PW increased during the wet season (Fig. 7).

3.3. As distribution across the SWI

The shallow sediment at the centre of Maharlu Lake is composed of
crystalline evaporites (halite and sulphates such as gypsum and glau-
berite), and the sediment near the shore is composed of carbonates,

aluminosilicates, and evaporites (Table 4 Khosravi (2018)). A strong
correlation was found between the As and Fe contents of the solid
phases of the sediment samples (Fig. 8a), suggesting that As was in-
corporated into iron sulphide phases such as mackinawite
(Fe0.75Ni0.25S0.9) and pyrite (FeS2) or into iron oxy-hydroxides. How-
ever, iron (hydr)oxides are not stable at the Eh values found,
∼−200mV (Appelo and Postma, 2005; Sracek et al., 2018). The low
Eh values of the sediment samples (Fig. 7) and the availability of sul-
phate indicate that iron sulphides are more likely than iron (hydr)
oxides to be present in the Maharlu Lake sediment. This view was
supported by the strong sulphide smell of the sediment and water
samples and black sediment coatings that disappeared on contact with
the atmosphere. The As–Fe–S phase is dominant in the Maharlu Lake
sediments across the SWI (Khosravi, 2018). This agrees with the results
of other geochemical studies that have shown that the incorporation of
As into iron sulphides is an important mechanism through which As is
sequestered in anoxic environments, in which Fe(III) oxides are

Fig. 5. a) Br concentrations, b) B concentrations, c) Li concentrations, d) As concentrations, e) pH, f) redox potentials (Eh), g) electrical conductivities (EC), and h)
Br/Cl molar ratios in the Khoshk River (KR; red dashed lines) and Babahaji River (BR; blue dashed lines) during the study period (November 2014 to July 2015). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Correlations between the (a) total dissolved solid (TDS) and Cl concentrations, (b) Na and Cl concentrations, (c) Br/Cl ratios and Cl concentrations, (d) TDS
and Mg concentration, (e) Na and Mg concentrations, and (f) Br/Cl ratios and Mg concentrations in the surface water (SW) and sediment pore water (PW) samples
from Maharlu Lake (rs is the Spearman correlation coefficient, p-values< 0.05 were considered to indicate significant correlations; the lines are fitted to all the
points).
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unstable (Couture et al., 2010; Wilkin and Ford, 2006). The black or-
ganic-rich zone in marine sediment is an anoxic non-pyritic mono-sul-
fide environment, and the green or gray zone is a pyrite environment
(Berner, 1970). Similar sequences have been found in SWIs in other salt
lakes (Lyons and Lebo, 1996).

Comparing the dissolved and solid-phase As distributions with the
distributions of a typical conservative element such as Br could help to
assess the roles of different processes in the behavior of As. Variations
in the dissolved Br concentration in a saline system reflect the effects of
hydrological processes such as evaporation, dilution, and mixing, but
also its input from degradation of organic matter (OM, McArthur et al.,
2012). The incorporation of Br into the halite structure may affect the
Br concentration (McCaffrey et al., 1987), but the process is limited and

halite precipitation increases the Br/Cl ratio (Davis et al., 1998;
Cartwright et al., 2006).

The As and Br contents of the solid phases of the sediment samples
were strongly positively correlated (Fig. 8b). The SWI sediment could
be divided into two groups given the relationships between the As and
Br contents of the solid phases of the sediment samples. Group 1 in-
cluded pure halite surface crust and crystalline evaporites at station 2.
This group had relatively low As and Br contents in the solid phase, and
the As concentration increased with Br content. Group 2 included non-
evaporitic sediment (e.g., aluminosilicates) and poorly soluble eva-
porites (e.g., carbonates). This group had relatively high As and Br
contents, and the As content increased at a higher rate than the As
content for group 1 as the Br content increased.

Fig. 7. Redox potentials (Eh) and log (dissolved oxygen concentrations) (log DO) of the sediment pore water (PW) samples from (a) and (d) station 1, (b) and (e)
station 2, and (c) and (f) station 3 at different depths plotted against time during the study period.

Fig. 8. (a) Solid-phase As contents plotted against the solid-phase Fe contents, (b) solid-phase As contents plotted against the solid-phase Br contents, (c) dissolved-
phase As concentrations plotted against the solid-phase As contents, (d) dissolved-phase As concentrations plotted against the solid-phase Br contents, and (e)
dissolved-phase As concentrations plotted against the total dissolved Fe concentrations for the samples from stations 1, 2, and 3 (rs is the Spearman correlation
coefficient, and p-values< 0.05 were considered to indicate significant correlations; the lines were fitted to all points using SPSS software).
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Pure evaporites sorb very limited amounts of As, and negligible
amounts of As are incorporated into most evaporite minerals (Welch
and Lico, 1998). This explains why the lowest As contents of the solid
phase sediment, but the highest dissolved As concentrations in sedi-
ment PW, were found at station 2 (Fig. 8c).

These observations are supported by the results of Ong et al. (1997),
who found that As, B, Mo, and Se were largely excluded from evaporite
minerals and accumulated in highly evapo-concentrated water in
agricultural wastewater evaporation ponds in the San Joaquin Valley,
California. This resulted in trace element concentrations being rela-
tively low in evaporites and relatively high in brine.

The As and Br contents of the solid phase sediment from stations 1
and 3 were within similar ranges, but the dissolved As and Br con-
centrations were higher in pore water from station 3 than in pore water
from station 1 because the pore water at station 2 and especially at
station 3 had been more affected by evaporation than the brine from
station 1 (Fig. 8c and d). This is also indicated by increasing Br/Cl ratios
from PW1 to PW3 (Fig. 6c). The dissolved As and Br concentrations in
sediment from station 1 decreased as the As and Br contents of the solid
phase increased. However, the dissolved As concentration in sediment
from station 3 decreased slightly as the As content of the solid phase
increased, and the dissolved Br concentration remained constant as the
Br content of the solid phase increased (Fig. 8c and d). The dissolved As
and total dissolved Fe concentrations were poorly correlated in sedi-
ment from stations 1 and 2, but significantly positively correlated in
pore water from station 3 (Fig. 8e).

The dissolved As and Br concentrations and the As and Br contents
of the solid phase for sediment from station 1 indicated that the As
behaved in a similar way to typical conservative solutes such as Br. The
mobility of dissolved As in the environment is largely controlled by
redox conditions, which govern the As oxidation state and the ther-
modynamic stability of As in the solid phase (Baviskar et al., 2015). The
general distributions of dissolved As concentrations in the SW and PW
in Maharlu Lake were not clearly related to the Br/Cl ratio, Eh, Na/Cl
ratio, pH, SO4 concentration, or TDS (Fig. 9). However, trends were
found in the relationships between the As concentration and some
parameters at each station (indicated with arrows in Fig. 9).

The evaporative evolution of brine, the dissolution and precipitation
of very soluble evaporites, and the diagenetic evolution of carbonates
are the main processes controlling the SW and PW chemistry in
Maharlu Lake (Khosravi et al., 2018).

In most SW and PW samples from station 1 the As concentration
increased as the Br/Cl ratio, Mg concentration, halite saturation index,
polyhalite saturation index, and TDS increased, but decreased as the
Na/Cl ratio decreased (Fig. 9). At station 2, the As concentration in the
PW increased as the Br/Cl ratio and Mg concentration increased, de-
creased as the Na/Cl ratio decreased, and slightly decreased as the
halite saturation index, polyhalite saturation index, and TDS decreased
(Fig. 9). The interpretation of Br/Cl ratio is a useful indicator of redox
processes. When evaporation occurs, its value remains constant. In
contrast, its increasing value might indicate degradation of organic
matter in redox processes (Davies at al., 1998,; Cartwright et al., 2006;
McArthur et al., 2012; Jia et al., 2017). The Br/Cl ratios in SW and PW1
remained almost constant in parallel with increasing Cl− concentra-
tions, but increased sharply at PW2 and especially at PW3 (Fig. 6c).
This is consistent with As concentrations which are lower in SW and
PW1 where Br/Cl ratios are also low, but both values increase at PW2
and at PW3 (Fig. 8e), indication a dominant role of evaporation in SW
and PW1 and redox processes operating in parallel with evaporation at
PW2 and PW3.

The As concentration in an aquatic system can increase because of
evaporation. This can, for example, affect shallow aquifers in semiarid
regions (Welch and Lico, 1998; Zabala et al., 2016), evaporation basins
(Gao et al., 2007; Ryu et al., 2010), and SW and shallow groundwater in
dry salt lakes (Hacini and Oelkers, 2011; Ryu et al., 2002). The dis-
solved As concentration in such a system is positively correlated with

the concentrations of conservative solutes such as Cl, Br, and Li or with
the EC of the water. The dissolved As concentrations and TDS in most of
the SW and PW samples from station 1 increased as the effect of eva-
poration increased. For the PW from station 2, the increasing effect of
evaporation caused the As concentration to increase, but the TDS to
decrease because of the precipitation of halite and other minerals such
as polyhalite.

The results indicate that evaporative evolution is an important
mechanism controlling dissolved As concentrations in SW and PW at
stations 1 and 2.

Dissolved As behaved differently at station 3, decreasing as the pH,
Eh, Br/Cl ratio, Mg concentration, calcite saturation index, and dolo-
mite saturation index increased and increasing as the Na/Cl ratio and
total dissolved Fe and SO4 concentrations increased (Figs. 8e and 9).
The dissolved Br concentration at station 3 remained constant as the Br
content of the solid phase changed, implying that the brine at this
station is at equilibrium with solid phase evaporites and that hydro-
logical processes have limited effects (Fig. 8d). The dissolved As con-
centration decreased slightly as the As content of the solid phase in-
creased and increased as the total dissolved Fe concentration increased
(Fig. 8c, d, and 8e), indicating that the dissolved As concentration at
station 3 is controlled mostly by solid phase reactions like precipitation
of secondary sulphides incorporating As.

Mixing of PW with SW reduces the degree evaporation of the brine,
the Br/Cl ratio, and the Mg concentration, but increases the Na/Cl ratio.
However, limited SW–PW mixing occurs at station 3. The natural eva-
porites may be very porous, and reactions with interstitial brine may
therefore be important in the early stages of diagenesis (McCaffrey
et al., 1987). Reactions between brine and gypsum (or anhydrite)
during the evaporation of seawater can cause glauberite (Na2Ca(SO4)2)
and polyhalite (K2MgCa2(SO4)4.2H20) to form (Eugster, 1980). The
formation of these secondary sulphates, particularly polyhalite, can
strongly affect the subsequent evolution of the evaporating brine
(McCaffrey et al., 1987). Polyhalitization of previously deposited
gypsum occurs through the reaction shown in eq. (1) (Hardie, 1984).

+ + +

+

+ + −2CaSO .2H O 2 K (aq) Mg 2SO
2CaSO .MgSO .2KSO 2H O

4 2 (s)
2

(aq) 4
2

(aq)

4 4 4(s) 2 (l) (1)

The increasing SO4 concentration and Na/Cl ratio but decreasing
Mg concentration and Br/Cl ratio, as the dissolved As concentration in
the PW increased, appeared to be caused by reactions between the brine
and precipitated evaporites such as gypsum, causing new secondary
sulphates to precipitate, and it appears that very limited SW infiltration
occurs at station 3. These reactions decreased the dissolved As con-
centration in PW at station 3. The calcite and dolomite saturation in-
dices in the PW at station 3 increased because the Ca concentration
increased as a consequence of dissolving gypsum. This process inversely
affected (i.e., decreased) the dissolved As concentration.

Under strongly reducing conditions, sulphate is reduced and As can
be incorporated into several sulphide minerals (Appelo and Postma,
2005; Sracek et al., 2004). The positive correlation between the As and
SO4 concentrations may have been caused by evaporation (causing the
concentrations of both solutes to increase) but also by sulphate reduc-
tion, causing As to become associated with secondary sulphides (both
solutes being scavenged simultaneously into the solid phase) (Sracek
et al., 2018). Relatively low arsenic concentrations at PW1 and low and
almost constant SO4/Cl ratio suggest there is no sulphate reduction
(Fig. 10a). At PW2 constant SO4/Cl ratio suggests both evaporation and
sulphate reduction operate in parallel. At PW3 slightly increasing SO4/
Cl ratio in parallel with increasing arsenic concentration suggests that
evaporation with halite precipitation are more important than sulphate
reduction. In the SO4 vs. SO4/Cl plot (Fig. 10b) there is a steady in-
creasing trend from SW through PW1, PW2 towards PW3, indicating
that evaporation and precipitation of halite are more important than
sulphate reduction. However, sulphate reduction does occur as
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indicated by the high reduced sulfur content in sediments. In salt lakes,
evapo-concentration increases the sulphate concentration faster than it
is decreased through sulphate reduction (Ryu et al., 2002). Sulphate
reduction decreases the dissolved sulphate concentration in a system
and increases the dissolved sulphide concentration, an important pro-
cess regulating redox conditions in sediment PW in dry salt lakes such
as Owens Dry Lake (Ryu et al., 2002). In some cases, sulphate-reducing
bacteria can reductively dissolve As-rich ferric oxyhydroxides (Fan

et al., 2018). However, Oren (1999) indicated low-energy-yielding
anaerobic processes such as sulphate reduction are not important in
salt-saturated ecosystems. The theory proposed by Oren (1999) was
supported by research performed by Kulp et al. (2006) at the hy-
persaline Searles Lake, USA.

The increasing dissolved As concentration as the Eh and pH de-
creased implies that the behavior of As at station 3 was caused by the
dissolution of iron oxy-hydroxides. Abiotic reductive dissolution of iron

Fig. 9. Relationships between the dissolved As concentrations and the (a) total dissolved solid (TDS) concentrations, (b) pH values, (c) redox potentials (Eh), (d) Na/
Cl ratios, (e) Br/Cl ratios, (f) Mg concentrations, (g) HCO3 concentrations, (h) SO4 concentrations, (i) calcite saturation indices (SI-Calcite), (j) dolomite saturation
indices (SI-Dolomite), (k) halite saturation indices (SI-Halite), and (l) polyhalite saturation indices (SI-Polyhalite) for the surface water (SW) and sediment pore water
(PW) samples from Maharlu Lake. The arrows illustrate possible trends.

Fig. 10. Relationships between a) dissolved As and SO4/Cl ratio and b) SO4 and SO4/Cl ratio.
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oxy-hydroxides cause Fe and As to be mobilized and released into
aquatic systems. This mechanism has been shown to be the most likely
to cause high As concentrations in aquifers in West Bengal and
Bangladesh (Bose and Sharma, 2002; von Brömssen et al., 2007). It
seems that the changes in dissolved As concentration at station 1 and 2
are not controlled by redox and solid-phase processes such as adsorp-
tion and coprecipitation and that these processes have negligible effects
on the dissolved As concentration. However, they play important roles
at station 3 far from the river inflows into the lake.

3.4. Seasonal variations in as concentrations across the SWI

The high surface-to-volume ratios of temporary salt lakes make such
lakes sensitive to seasonal and short-term environmental changes
(Garcia and Niell, 1993). Variations in the hydrological budgets of salt
lakes also cause marked inter-annual changes (Hammer, 1986). Con-
servative As behavior despite the presence of Fe-rich particles and the
predominance of hydrodynamic over geochemical constraints on sea-
sonal fluctuations in As concentrations in the SW column of a sub-
tropical reservoir were described by Brandenberger et al. (2004). Hy-
drodynamic changes such as LWL fluctuations may also affect As
concentrations.

Br is a good tracer of hydrological events such as evaporation and
dilution in Maharlu Lake (Khosravi et al., 2018). Variability in the Br
profile during the LWL fluctuation period decreased as distance from
the inflow points increased (i.e., from station 1 to station 3). This in-
dicates that the effects of hydrological processes decrease as the dis-
tance from inflow points increases. At station 1, near to the rivers, rapid
downward infiltration of SW into shallow PW occurs during the wet
season when the LWL increases. In contrast, at station 3, far from the
rivers inflow, very limited interactions between SW and PW occur
(unpublished data).

Significant differences were found between the Eh values for the SW
and PW, and the PW Eh values were in the anoxic range (Fig. 11j–11l).
The Eh decreased during the study period (November 2014 to July
2015) at station 1 (Fig. 11j), but the Eh values at stations 2 and 3 in-
creased as the LWL increased from November 2014 to March 2015 and
decreased as the LWL decreased again from March 2015 to July 2015
(Fig. 9k–l). Variations of vertical profile in the Br, As, and SO4 con-
centrations in the SW and PW as the LWL fluctuated (Fig. 11a and c,
11d–11f, and 11g–11i, respectively) were not similar to variations in
Eh.

Variations in the dissolved As concentration depth profiles as the
LWL fluctuated were different at the different stations (Fig. 11d and f).
At station 1, the dissolved As concentration did not change over time or
with depth between November 2014 and March 2015. The As con-
centration decreased with depth in a similar way to the Br concentra-
tion in July 2015. The SO4 concentration profiles varied in similar ways
to the Br profiles in November 2014 and March 2015 but followed the
opposite trend with depth in July 2015. The precipitation of sulphates
caused by increased evaporation of the brine occurred in July 2015,
decreasing the SO4 concentration. This implies that the dissolved SO4

concentration across the SWI is mostly controlled by the degree to
which evaporation has affected the brine and by SW–PW mixing.

At station 2, the As and Br concentration depth profiles were similar
at different times. The dissolved SO4 concentration depth profile was
similar to the As and Br concentration profiles in November 2014 and
March 2015 but followed the opposite trend in July 2015 (Fig. 11g and
i). The As behavior is conservative, like the Br behavior, at station 2
because no adsorption or co-precipitation of As occurs, given that the
SWI layer at station 2 is composed of evaporites.

At station 3, the Br concentration profile did not change over time
but the As concentration in the total water column increased over the
study period (Fig. 11d and f). The Br concentration profiles indicate
that the degree to which evaporation affected the PW decreased as the
depth increased (Fig. 11a and c). The As and SO4 concentrations

increased in July 2015.
Variations in the As, Br, and SO4 concentration and Eh profiles as

the LWL fluctuated were assessed, and some relationships were found
between the dissolved As concentrations and the other parameters.
However, variations in the Eh did not consistently affect the dissolved
As concentration.

The mean As concentration in the lake SW in July 2015 was about
62 μg L−1, and the mean As concentration in the lake SW in May 2010
was about 187 μg L−1 (Najmodini, 2011). These measurements were
both made shortly before the lake became completely dry. The differ-
ence between the concentrations in 2010 and 2015 implies that the
dissolved As concentration in the Maharlu Lake SW varies considerably
year-to-year. Precipitation and evaporation in the basin were 249 and
2353mm, respectively, in 2015, and 107 and 2443mm, respectively, in
2010. We conclude that inter-annual variations in the As concentration
in the lake SW are caused by different degrees of evaporation and di-
lution because annual precipitation in the Maharlu Basin is rather
variable.

4. Conclusions

The results indicate that changes in surface runoff and agricultural
wastewater inputs change the hydrochemical water type and TDS
concentration in Maharlu Lake. The As concentration in the inflowing
river water decreased as the contribution of surface runoff to the total
river flow increased. The As concentration increased when agricultural
activities in the basin started and decreased when they ended. The As
concentrations were higher in the KR than in the BR because the KR
receives mostly urban and agricultural wastewater whereas the BR re-
ceives mostly industrial wastewater.

The SWI at station 2 is composed of crystalline evaporites, so the
dissolved As concentration was higher at station 2 than at the other
stations but the As content of the sediment solid phase at station 2 was
low.

Evaporation affects station 3 more than station 1, resulting in the
dissolved As and Br concentrations being higher at station 3 than at
station 1, although the concentrations were in similar ranges at both
stations. The dissolved As concentration at station 1was constant as the
As content of the solid phase increased, implying that the dissolved As
concentration at this station is not controlled by solid-phase processes
such as adsorption and coprecipitation. In contrast, the dissolved As
concentration at station 3 decreased slightly as the As content of the
solid phase increased, suggesting that the dissolved As concentration at
this station is controlled mostly by solid-phase reactions. The strong
correlation between the As and Fe contents of the sediment solid phase
confirmed that As is incorporated into iron sulphides such as mack-
inawite and pyrite.

The dissolved As concentrations in SW and PW at station 1 are
mostly controlled by hydrological processes such as evaporation and
SW–PW mixing as suggested by Br/Cl ratio vs. Cl− plot. However, the
dissolved As concentration in PW at station 2 and especially station 3 is
partly controlled by reactions between residual brine and sulphate
minerals such as gypsum, producing secondary Na-, K-, and Mg-bearing
sulphate minerals. Furthermore, redox reactions such as sulphate re-
duction in reaction with organic matter in sediments, as suggested by
the increasing Br/Cl ratio, increased the Fe, S and As concentrations in
the sediments and causes a sequestration of dissolved As into secondary
sulfides.

In conclusion, the As distribution across the SWI in the hypersaline
Na–Cl Maharlu Lake is controlled mostly by hydrological processes such
as evaporation and interactions between SW and PW at stations close to
freshwater (river) inflow areas. However, at stations far from fresh-
water inflow areas, brine is in equilibrium with precipitated evaporites,
and redox processes (such as sulphate reduction) coupled with sec-
ondary sulphide precipitation and brine–evaporite reactions control the
dissolved As concentrations. The results confirm that evaporation plays
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an important role in enriching As in lakes in arid and semiarid areas.
The behavior of As in lake sediment PW depends on the redox condi-
tions (and therefore on the content of reactive organic matter, which
drives sulphate reduction) and on the sequestration of As and Fe into
sulphide minerals.
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