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Abstract: The Arabian Desert is characterised by very low rainfall and high evaporation, yet on its
northeastern edge in central Iraq are 210 springs along the Abu Jir lineament, which represents the
western depositional margin of a foreland basin infilled by the floodplain sediments of the Tigris
and Euphrates Rivers; there is little evidence of faulting. The springs discharge from gently east-
dipping Paleocene-Eocene limestones, either where groundwater flowpaths intersect the ground
surface or where groundwater flow is forced to the surface by confining aquitards. Calculated
annual recharge to the aquifer system across the Arabian Desert plateau (130-500 million m?) is
enough to sustain the Abu Jir springs provided groundwater extraction is not excessive. The
hydrochemistry of the springs is determined by evaporation, rainfall composition (high SOs
concentrations are due to dissolution of wind-blown gypsum in the rainfall), and plant uptake of
Ca and K (despite the sparse vegetation). Limestone dissolution has relatively little impact; many of
the springs are undersaturated with respect to calcite and lack tufa/travertine deposits. The springs
at Hit-Kubaysa contain tar and high levels of HzS that probably seeped upwards along subvertical
faults from underlying oil reservoirs; the presence of hydrocarbons makes the water reducing and
converts the dissolved SOs to HzS.

Keywords: Iraq; springs; hydrochemistry; hydrogeology, recharge

1. Introduction

The Arabian Desert extends across much of Saudi Arabia and Iraq, and is characterised by very
low rainfall, high evaporation and sparse vegetation. Nevertheless, along its northeastern edge in
central Iraq there is an extensive line of 210 springs along the northwest-southeast geographical
divide between the desert and the fertile Mesopotamia plains of the Euphrates and Tigris Rivers
(Figure 1). These springs also lie along a cultural divide between the desert, the realm of nomadic
people, and the floodplain, where a reliable supply of water allowed for the development of the
flourishing permanent human settlements [1].

For this study we carried out the first comprehensive mapping of the Abu-Jir Springs and
integrated this with a reassessment of the significant amount of available data on the springs, in order
to determine the reasons for their existence in such an arid region.

The linear feature associated with the springs is generally identified as a major fault [the Abu Jir
Fault, e.g.] [2]. However, geological mapping has failed to identify a near-surface rupture that
coincides with the springs e.g. [3], so the interpretation of this fault seems to be largely conjectural.
To understand the nature of the geomorphological/geological structure associated with the springs,
we reassessed the regional geological mapping and seismic data for the area.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The springs are supplied by groundwater from the Umm er Radhuma - Dammam aquifer
underlying the Arabian Desert to their west [4]. This aquifer is exploited by recent extraction for
irrigated agriculture in some areas [5,6], although much of the groundwater from the aquifer is saline
[7]. The exploitation has impacted many of the springs and has been regarded as unsustainable.
However, the potential recharge area of the aquifer feeding the springs is enormous, even though it
coincides with a landscape of very low rainfall. Here we assessed the sustainability of the springs
under current rainfall using two different methods to calculate the recharge potential.

The chemical composition of the springs is characterised by high levels of SO4 and often high
salinity; the Hit-Kubaysa springs also contain tar and H2S. The interpretation of these characteristics
has invoked many different processes: evaporation [7,8], dissolution of gypsum [7,9], evaporites [7]
and carbonates [5,7,8], input of connate sea water [10,11], and, for the Hit-Kubaysa springs, input of
petroleum and brines from reservoirs deep beneath the springs [12]. Here we reassess the
hydrochemical evidence using new methods of interpretation, including comparison with rainfall
composition, as this is essential to determining which species in solution were derived from rainfall
and which from rock-water interactions in the aquifers.

2. Materials and Methods

Mapping of the springs used the CORONA satellite photography derived from the United States
intelligence program of satellite reconnaissance from 1959 to 1972 [13,14], and was verified by
fieldwork for many springs during this study. The CORONA images dating from August 1968 are
essential for locating the springs on the Abu Jir lineament because they predate groundwater
extraction for agricultural development that has deactivated many springs. Mapping was also
informed by the detailed map and journal compiled by Alois Musil, a Czech theologian and explorer
who made multiple journeys through the Middle East. He travelled south-east along the Abu Jir
lineament in 1912, providing locations and names for the springs [15].

Data on the hydrogeology of the region and the spring hydrochemistry was obtained from
existing published sources and then integrated and reassessed. For the hydrochemical study, the
median composition of spring water from four different sets of springs along the Abu Jir lineament
(Hit-Kubaysa, Haqlaniyah, Shinafiyah and Najaf) was compared with rainfall (obtained at Riyahd)
and seawater using a standardised Schoeller plot. A Schoeller plot is a semi-logarithmic diagram of
species concentrations from multiple samples, with the advantage that, unlike trilinear plots, actual
concentrations are displayed [16]. The analyses in the present study were standardised to the CI-
value of rainfall. This removes any influence of evaporation [17], i.e. if the spring waters represented
just evaporated rainwater, with no other influence on their chemistry, all lines on the Schoeller plot
for spring water would plot over the top of the rainfall line. This procedure assumes that all Cl- arrives
in rainfall and that processes in the soil or aquifer (apart from evapotranspiration) do not affect the
ClI- concentration.

Saturation indices (SI) with respect to calcite were calculated for the spring water compositions
[18]:

__ Activity Product

Sleacite = Equation 1

Kcalcite
where Activity Product = acq2+ .02~ Equation 2

The recharge for the springs was calculated using two methods. The first, the chloride (Cl) mass
balance (CMB) method [19,20], is based on the relationship between Cl- concentrations in
groundwater and in precipitation (rainfall) (Equation 3). As for the Schoeller plot, this calculation
assumes that all Cl- in the groundwater is derived from rainfall and remains in solution within the

groundwater system and that there is no significant loss of chloride in runoff:
rainfall Cl (%)

recharge (mm) = rainfall (mm) . Equation 3

groundwater Cl (%)
The second method for calculating recharge used the empirical relationship between rainfall and
recharge derived by MacDonald et al. [21]:
Inrecharge (mm) = —5 + 1.388 .Inrainfall (mm) Equation 4
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3. Abu Jir Springs

The Abu Jir springs total 210 in number and lie along the Abu Jir lineament, which extends in a
slightly arced line for ~520 km (Figure 1). The maximum distance between springs along the
lineament is 42 km north of Razazza Lake, and the maximum width across the complex of springs is
26 km in the Hit-Kubaysa area. The springs are closely aligned with the western edge of the
Mesopotamian floodplain (Figure 2), which is here called the Abu Jir lineament (discussed further
below).

In general, the springs have low flows, with an average discharge of <1 L/sec, and provide little
inflow to the Euphrates River, which is mostly located to the east of the spring line (Figure 1). At
Haglaniyah and Hit, the springs provide a minor inflow to the main channel of the river, and to the
north-west of Qaryat al Gharab the springs occur either side of the Al-Atshan River, a channel of the
main Euphrates stream crossing an area of marshland. The springs do not discharge into most of the
large ephemeral salt lakes to the east of the lineament, although a spring that provides a groundwater
source for Sawa Lake is occasionally exposed when the lake levels recede (Figure 3). Some springs
have associated travertine deposits, especially near Hit and Abu Jir (Figure 1).

3.1. Geological and Geomorphological Setting

The geology and geomorphology of Iraq are the result of its tectonic history, in particular the
collision between the Arabian and Eurasian plates during the Alpine Orogeny, which began in the
Early Paleogene, with a significant phase in the Pliocene — Early Pleistocene [22,23]. Tectonism
continues today; the Arabian Plate is still moving northeastwards at ~1.5 cm/year. The thrusting of
the Eurasian Plate over the Arabian Plate formed, in increasing distance from the collision zone (i.e.
northeast to southwest), the Zagros fold and thrust belt, the Mesopotamian foredeep and the inner
Arabian platform [23,24] (Figure 4). These three tectonic units correspond to the three major
geomorphic subdivisions of Iraq (Figure 2). In the northeast are the rugged peaks and linear ridges
of the Zagros Mountains, uplifted by the collision and rising to over 3,000 m. To the southwest is the
flat Mesopotamian Plain, almost entirely <100 m in elevation, which slopes very gently towards the
Persian Gulf; it is crossed by the Tigris and Euphrates Rivers [22]. Beneath the plain are gently folded
Cretaceous limestones and sandstones that are important oil reservoirs in central and southern Iraq
[25]. The Mesopotamian Plain represents a foreland basin that subsided in front of the rising Zagros
Mountains and was infilled by the floodplain sediments of the rivers. To the southwest is the Arabian
desert plateau, rising slowly westwards to over 800 m at the border with Saudi Arabia, and composed
largely of Paleogene and Neogene carbonate sediments that dip very gently eastwards.

doi:10.20944/preprints202407.1750.v1
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Figure 1. Location of springs (blue dots) along the Abu Jir lineament, and modern cities (squares). For
location see Figure 4.
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Figure 2. Topography of central Iraq, showing the three major geomorphic sub-divisions, springs
(white dots) located along the Abu Jir lineament, and the locations of the cross-sections in Figure 5.
For location, see Figure 4.

Figure 3. Spring exposed in the bed of Sawa Lake when the lake receded (see Figure 1 for location).

The well-defined topographic boundary between the Mesopotamian Plain and the desert
plateau, which trends northwest-southeast for ~520 km (Figure 2), is referred to here as the Abu Jir
lineament, because it is a well-marked linear feature. It has also been called the Abu Jir Fault e.g. [24],
but there is little evidence of surface displacement along most of the lineament [28], and cross-sections
on the 1:250,000 geological maps covering the lineament show uninterrupted east-dipping strata e.g.
[3]. Even in the Hit-Kubaysa area, where there is evidence of hydrocarbon leakage up steeply dipping
faults along or close to the lineament, no displacement has been documented at the surface [8,29].
Seismic sections show that right-lateral strike-slip faults (flower structures) exist at depth beneath the
Abu Jir lineament [28], but these have minimal vertical displacement and also occur beneath the
Mesopotamian Plain [30].

To confirm this interpretation, new cross-sections were constructed along the lineament using
all available geological and geomorphological information (Figure 5); these show clearly that the Abu
Jir lineament does not coincide with a fault. It is instead a topographic feature which forms the
western edge of the floodplains of the Tigris and Euphrates Rivers. It therefore represents the western
depositional margin of the foreland basin (Mesopotamian Plain) that subsided in front of the rising
Zagros Mountains as the Eurasian Plate was thrust over the Arabian Plate, and was infilled by the
floodplain sediments of the rivers.

To the west of the Abu Jir lineament is the Arabian Desert plateau (Figure 2). This has very low
relief, increasing gradually westwards in elevation from ~100 m at the lineament to over 800 m at the
border with Saudi Arabia. The exposed strata in the eastern part of the plateau are predominantly
carbonates of Paleocene to Miocene age (Figure 4); older sediments of Permian to Cretaceous age
(mostly carbonates) outcrop to the west. The northeastern part of the plateau is dissected by shallow
valleys running northeastwards; elsewhere it is characterised by a rocky surface with numerous
solution features such as karst depressions (dolines) (Figure 2), some of which lead to caves. On the
desert plateau in eastern Saudi Arabia, horizontally developed shallow caves and vertical shafts have
been reported; these are believed to have formed predominantly during wetter climate phases in the
Pleistocene [31,32].
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3.2 Hydrogeological Setting

The hydrogeology of the springs along the Abu Jir lineament is determined by the geology of
the Arabian Desert plateau, which represents the recharge area for the springs. Carbonate aquifers of
Cretaceous — Miocene age are exposed across most of the plateau (Figure 4) and extend continuously
eastwards beneath the clay-rich aquitard of the Quaternary sediments of the Mesopotamian Plain
(Figure 5). Miocene-Pliocene aquitards overlie the carbonate aquifers in places along the easternmost
margin of the desert plateau, close to the Abu Jir lineament (Figure 5) [4].

N
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Figure 4. Geology of the desert plateau west of Abu Jir lineament [after 23,26,27], showing location of
Figure 2 and the stratigraphic profiles in Figure 5.
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Figure 5. Geological cross-sections along the Abu Jir lineament (for locations see Figs 2,4), showing
the hydrogeology of the springs. Note the vertical exaggeration (x82); the actual westwards dip of the
strata is <1°. Stratigraphy derived from the outcrop distribution and bore logs on the following
1:250,000 geological maps: Karbala [33], Al Najaf [34], Baghdad [35], Al Birreet [36], Al Ramadi [37],
Shithatha [38].

The oldest carbonate units that form significant aquifers are Cretaceous in age; these outcrop in
the central and western parts of the desert plateau. In stratigraphic order these are the Mauddud
Formation (up to 50 m of thick horizons of limestone and marl), Rutbah Formation (sandstone and
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some limestone, 20-30 m thick) and Ms’ad Formation (about 65 m of limestone with thin sandstone
tongues) [2]. These are overlain by the Late Cretaceous Hartha, Tayarat and Digma Formations, with
a total thickness of >100 m; all of these units contain marl horizons, particularly the Digma Formation,
that may act as aquicludes separating the Cretaceous aquifers from younger Paleogene aquifers.

The two main aquifers of the desert plateau are the Paleocene Umm Er Radhuma Formation and
the Eocene Dammam Formation [4] (Figs 4,5). Over most of the plateau the Dammam Formation
directly overlies the Umm Er Radhuma Formation [2], and the two form a single unconfined aquifer
system. The Umm Er Radhuma Formation consists of microcrystalline, porous, anhydritic and
dolomitic limestones, mostly dull white or buff, with a thickness of 120-180 m. The Dammam
Formation comprises whitish grey, porous, dolomitized limestone, sometimes chalky, and is up to
225 m thick. Two members of the Dammam Formation are exposed in the eastern and southern parts
of the desert plateau, a Lower Member of whitish grey fossiliferous (nummulites) limestone, and a
Middle Member of white, massive shelly limestone; shells are mainly oysters with few small
nummulites [2].

Overlying the Dammam Formation is the Early Miocene Euphrates Formation, which consists
of white and grey fossiliferous limestone and dolomite. Although it can be over 100 m thick, it is
generally much thinner. This formation is also an aquifer, so it represents an additional part of the
Umm Er Radhuma Formation / Dammam Formation aquifer system.

The porosity and permeability of the carbonate aquifers are due to both dissolution cavities and
tectonic fractures [39]; as a result the hydraulic conductivity of the Umm Er Radhuma and Dammam
Formations can reach 20 and 100 m/day respectively [4]. The Middle Member of the Dammam
Formation in the vicinity of the Abu Jir lineament has an average porosity of 22% and hydraulic
conductivity of 6 m/day [3]; to the south in Kuwait the porosity and permeability of the Dammam
Formation can be as much as 53% and 5 m/day respectively [40].

Groundwater flow within the carbonate aquifers beneath the desert plateau follows the
topographic gradient, flowing from southwest to northeast in the northern part of the plateau and
west to east in the south [4]. The watertable within the unconfined carbonate aquifers lies up to 300
m below the ground surface along the Saudi Arabian border, and approaches the surface towards the
east, as it slopes gently towards the Abu Jir lineament (Figure 5); the slope of the watertable is gentler
than that of the topography. East of the lineament the Umm Er Radhuma and the Dammam
Formations extend continuously beneath the sediments of the Mesopotamian Plain as a confined
aquifer [4] (Figure 5), and bores within these units close to the lineament are often artesian [3,41].

Along the eastern edge of the desert plateau the Umm Er Radhuma / Dammam / Euphrates
Formation aquifer system is overlain by several thin, Middle and Late Miocene clay-rich units that
together form an aquitard (Figure 5): Nfayil Formation (green marl, grey limestone and red-brown
mudstone), Fat’ha Formation (green marl and bedded limestone) and Injana Formation (red brown
mudstone and sandstone). Each of these units is typically only a few meters thick.

East of the Abu Jir lineament, beneath the Mesopotamian Plain, the Paleogene-Neogene
carbonate aquifers are unconformably overlain by Quaternary floodplain muds and sands (Figure 5),
up to 100 m thick, forming an extensive aquitard.

3.3 Hydrogeology of Abu Jir Springs

Along the southern part of the Abu Jir lineament, the springs are mostly sited at the break in
slope between the desert plateau and the Mesopotamian Plain. Here the carbonate aquifers outcrop
right up to the lineament (Figure 5), so the boundary between the aquifers and the aquitard of the
flood plain sediments lies directly along the lineament. The effect of the clay-rich aquitard sediments
of the floodplain is to impede the eastward groundwater flow and force the groundwater to the
surface as springs, which are therefore located where the watertable intersects the ground surface
(Figure 5). Many of the springs are probably fed by conduits dissolved in the limestone, accounting
for their occurrence as discrete vents rather than strike-parallel linear seeps.

In contrast, further north along the Abu Jir lineament the springs are located both at the break
in slope and 10 km or more to the west (upslope), due to a different geological setting. In the north
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the carbonate aquifers are overlain by Miocene aquitards along the base of the slope immediately
west of the Abu Jir lineament (Figure 5); these aquitard outcrops raise the watertable and force the
springs higher up the slope. As a result, the springs occur at the upslope extent of the aquitard
outcrops, but also lower down the slope, where they have broken through the thin aquitard beds. As
in the southern area, the springs are most likely conduit fed.

Among the northern springs are the Hit-Kubaysa springs, which are notable for their tar and
H:S content [12]. These springs may lie along faults that allow upwards leakage of hydrocarbons
from reservoirs beneath (Figure 5) (discussed further below). However, there is no evident surface
displacement of the carbonate aquifers in this area [8,29], so the role of the faults in determining the
spring locations is uncertain.

3.4 Recharge to the Abu Jir Springs

Although the Umm er Radhuma - Dammam aquifer system has recently been categorised as
non-renewable [42], recharge is demonstrably occurring at present, as shown by the presence of
measurable tritium in the groundwater, indicating recharge in the last 50 years [43,44]. To estimate
this recharge, the chloride (Cl) mass balance method (Equation 3) was applied, using the
precipitation-weighted mean Cl concentration of rainfall in Iraq and Saudi Arabia [10-20 mg/L; 45—
47], the average chloride concentration of springs at Najaf (Table 4) and groundwater in the Dammam
Formation [588 and 980 mg/L respectively; 48], and the average annual rainfall of the desert plateau
(100 mm; ranging from 64 mm at Ar’ar in Saudi Arabia to 142 mm on the eastern edge of the desert;
much of the rain falls during erratic events of >50 mm). This gave an annual recharge of 1-3.4 mm.

Employing the MacDonald et al. [21] empirical relationship between rainfall and recharge
(Equation 4), using the average annual rainfall of the desert plateau, gave an annual recharge of 4
mm. The results of both calculations are close to the measured average recharge of 2.2 mm/yr on the
Arabian Peninsula to the southeast [44].

The overall annual recharge to the Neogene carbonate aquifer can be calculated from these
recharge estimates and the catchment (outcrop) area in Iraq and immediately across the border to the
southwest in Saudi Arabia, which is ~123,000 km?, giving an overall annual recharge of 126-420
million m? (344-1150 ML/day). If the outcrop of the Cretaceous carbonates to the west in Saudi Arabia
is included, the catchment area increases to 208,000 km? and the annual recharge rises to 210-700
million m? (580-1900 ML/day).

The recharge over the desert plateau occurs despite the low rainfall (50-150 mm) and the very
high evaporation (>2000 mm). This is probably because much infiltration occurs rapidly through the
outcrop, assisted by the numerous karst dolines scattered over the plateau, which funnel rainfall
underground, so that the amount of recharge after rainfall events can be substantial [43]. In the
southwestern part of the plateau, within Saudi Arabia, recharge also occurs directly through
overlying sand dunes [43].

If all the recharge to the Neogene carbonates discharged at the 210 springs along the Abu Jir
lineament, it would give an average spring flow of 20-60 L/sec (1.6-5.5 ML/day). This is much greater
than the average spring discharge of <1 L/sec [0.04-20 ML/day, average <0.1 ML/day; 12,49,50]. The total
volume of discharge through the springs has been estimated as only 137 ML/day [42]. Spring
discharge may have been substantially greater prior to extraction for agriculture in some areas, but
the excess of recharge over spring discharge indicates that the bulk of groundwater flow through the
Umm er Radhuma - Dammam aquifer system bypasses the springs and probably flows through the
carbonates beneath them (Figure 5).

On the Arabian Peninsula groundwater residence times within the Umm er Radhuma and
Dammam aquifers are up to 20,000-30,000 years, indicating that recharge may have been greater in
the past, such as during the relatively wet ‘Pluvial Period” from 9,500 to 5,000 years ago [44,51].

3.5 Hydrochemistry of the Abu [ir Springs

There is a high variability in the salinity of springs along the Abu Jir lineament and even between
nearby locations, e.g. Hit-Kubaysa (Table 1), from high (>10,000 pS/cm at Hit), unsuitable for both

d0i:10.20944/preprints202407.1750.v1
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drinking and irrigation, to moderate (>1800 puS/cm at Najaf). Even the latter levels are marginal for
sustained irrigated agriculture, exceeding the recommended levels for drinking water in Europe and
noticeably mineralized for unaccustomed users. Levels of fluoride and arsenic are low and safe for
human consumption [8,29]. As would be expected, the springs’ salinity reflects that of the
groundwater in the carbonate aquifers, which increases progressively from, on average, ~1000 mg/L
in the west to over 5000 mg/L in the east towards the Euphrates River [4,43].

Table 1. Water chemistry data for the Abu Jir springs (medians: bold, ranges, number of samples:
italics) and rainfall at Riyadh (precipitation-weighted mean). All values mg/L unless indicated
otherwise. See Figure 1 for spring locations. Saturation indices with respect to calcite were calculated
using Equations 1 and 2.

Location T°C pH EC Ca Mg Na K Cl SO: HCOs NOs SI calite
puS/cm
29 72 5068 312 144 251 99 1620 674 265 3 0.46
Haglaniyah 29- 7.1- 5038- 288- 134- 230- 1.94 643- 403- 223- 2.3 0.29 -
[8,50] 29 73 5523 320 146 709 3 1925 1260 270 3 0.5
3[8] 3 3 3 3 7 7 7 3 3
Hit- 27 7.2 7100 400 210 619 85 1488 480 197 0.31
Kubaysa 16- 6.0- 1800- 225- 94- 200- 5540 320- 91- 85 210 -1.54 -
[8,10,12,29, 34 7.8 35418 1783 607 6876 91 16100 3120 1380 3 21
50] 49 48 23 21 21 27 45 45 21 21
25 72 2360 188 185 271 54 588 785 116 -0.19
Najaf  23- 6.9- 1820- 112- 46- 203- 4174 350- 538- 45- -1.11 -
[911,50] 27 7.8 3200 326 342 457 9 2591 1765 140 0.69
20 20 20 10 10 13 13 13 9 9
7.7 4815 391 242 817 2610 178 0.77
Shinafiyah 7.0- 4010- 346- 160- 690- 1330- 121- -0.18 -
[63] 8.0 6080 496 294 1094 2861 211 1.15
12 12 12 12 12 12 12 12
Riyadh
rainfall 32 2 6 2 10 17
[47]

The spring water composition is dominated by high levels of SOs, along with significant
concentrations of Ca, Cl, Na and Mg, and lower amounts of HCOs and K (Figure 6, Table 1). All these
species were derived from rainfall and rock-water interaction within the aquifers. There is no
evidence of a contribution of connate seawater originally deposited with the marine carbonates of
the aquifers, as hypothesised by al Dahaan [10] and al Dahan et al [11], because the maximum
groundwater ages on the Arabian Peninsula are only 20,000-30,000 years [44,51], indicating that any
connate seawater was flushed from the aquifers long ago.

To better understand the factors responsible for the chemical composition of the spring water, a
standardised Schoeller plot was constructed (Figure 6), comparing the median major ion chemistry
of the springs with that of the nearest available rainfall data on the desert plateau at Riyadh [34]
(Table 1); all analyses were standardised to the Cl- value of the rainfall to remove any influence of
evaporation.

doi:10.20944/preprints202407.1750.v1
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Figure 6. Schoeller plot (standardised to Cl) comparing the median compositions of Abu Jir springs
with desert plateau rainfall (see Table 1 for data).

The SOs: and Cl content of rainfall over the desert plateau (20-50 mg/L and 10-20 mg/L
respectively) reflects the dissolution of wind-blown gypsum and salt (halite), respectively, deflated
from the extensive sabhkas in the region [47]. This contrasts with typical rainfall compositions around
the world, which are dominated by Na and Cl among the major ions where rainfall derives much of
its dissolved content from seaspray, particularly along the coast e.g. [52], but also inland [often called
cyclicsalt, e.g.] [53]. The higher Ca and SOx levels in the rainfall relative to Na and Cl (Figure 6) indicate
that gypsum dissolution exceeds that of halite.

The standardised Schoeller plot (Figure 6) shows that, apart from Ca and, for the Hit-Kubaysa
springs, SOs, the composition of spring water matches that of rainfall, so the major source of dissolved
Ca, SO4, Na and Cl in the groundwater within the carbonate aquifers (and therefore the springs
issuing from these aquifers) is dissolution of wind-blown evaporites in the rainfall. Therefore it is not
necessary to invoke dissolution of gypsum along the groundwater flow path [7,9] to explain the high
SOs content of the springs.

Species concentrations in the springs and groundwater are much greater than those in rainfall
(Table 1), because they were increased by evaporation during recharge [7,8]. Additional evaporation
during discharge may have further raised the salinity of the springs.

Interestingly, the standardised Schoeller plot (Figure 6) shows that the spring waters are
depleted in Ca compared to rainfall (but have approximately the same Mg content). There is therefore
little input to the groundwater of Ca and Mg due to limestone/dolomite dissolution within the
carbonate aquifers, contrary to the hypotheses of previous studies [5,7,8]. The lack of carbonate
dissolution is also evident in the fact that many springs, particularly those at Najaf, are
undersaturated with respect to calcite (negative calcite saturation indices) (Table 1) and lack
tufa/travertine precipitation around the spring vents. Furthermore, the morphology of limestone
caves on the Arabian Peninsula, which formed during wetter climates in the Pleistocene, has been
modified only slightly by dissolution under the present-day arid climate [54].

The spring waters show a notable depletion in K as well as Ca compared to rainfall (Figure 6).
This is almost certainly due to preferential uptake of Ca and K by plants as rainfall infiltrates through
the soil. These ions are plant macronutrients; plants take up relatively large quantities of these species
directly from the soil solution and/or from the cation exchange sites of clay minerals [55,56]. In
contrast, plant uptake of Na and Mg is much less, so the spring waters are not significantly depleted
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in these species relative to rainfall (Figure 6). The mechanism of plant uptake has been identified as
significant in determining groundwater composition elsewhere in the world e.g. [17,57-59]. In Saudi
Arabia and Iraq, the depletion in Ca and K due to plant uptake is evident despite the very arid climate
and sparse vegetation cover.

The springs in the Hit-Kubaysa area (Figure 1) are the best studied springs along the Abu Jir
lineament, because they are characterised by high H2S contents [up to 305 ppm, 24] and floating
spongy tar (Figure 7), as well as elevated nitrate concentrations [8,29]. The hydrocarbon content of
the springs makes the waters reducing, and as a result the dissolved sulphate within the spring water
is reduced to H2S. The removal of SOs from solution means that the Hit-Kubaysa springs are depleted
in this species compared to the other Abu Jir springs (Figure 6), also shown by the much higher Cl/SO4
weight ratio of the Hit-Kubaysa springs [2-10; 8,48,50] compared to regional rainfall, groundwater
within the carbonate aquifers or springwater unaffected by SOs reduction [0.4-0.5; 9,11,45-48,50]. The
high nitrate levels in the springs were most likely released by degradation of the organic matter, as
crude oils generally contain up to 1 weight % N in compounds such as pyridines and amines [60],
and elevated nitrate levels are typical of oil field brines [29]. The hydrocarbons within the Hit-
Kubaysa springs have probably seeped upwards from underlying Jurassic — Cretaceous or Oligocene
oil and gas reservoirs [61], driven by the lower density of the oil than the surrounding groundwater
(0.85-0.95 g/cc compared to 1 g/cc for pure water). The oil in the springs is the same type as that from
the East Baghdad field [50]. The seepage at Hit- Kubaysa is presumably occurring beneath the Abu
Jir lineament along subvertical faults (Figure 5), which may be flower structures that have reached to
the surface [28]. Hussien and Gharbie (2010) proposed that deep groundwater (oilfield brine) is
seeping upwards along with the hydrocarbons at the Hit springs, but the salinity of the spring water
is no greater than for springs that do not contain hydrocarbons. The maximum temperature of the
springs around Hit (34°C; Table 1), is ~10°C warmer than average air temperatures (21-24°C), so this
suggests that the springs are rising from ~500 m depth [the geothermal gradient in the area is ~20°C/km
[62]; the underlying oil reservoirs are at much greater depths [11]. The hydrocarbons and sulphurous
content of the Hit-Kubaysa springs (Figure 5) are considered useful for bathing therapy for the
treatment of inflammatory joint disease and psoriatic disease [29].

——

Figure 7. Groundwater spring at Hit showing floating spongy bitumen (see Figure 1 for location).

4. Conclusions

A detailed study of the Abu Jir springs, using existing data and satellite mapping, has allowed
a reassessment of the hydrogeology and hydrochemistry of these springs, including the reasons for
their existence in such an arid area. They lie along the 520 km long NW-SE Abu Jir lineament that
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coincides with the boundary between the Mesopotamian Plain and the Arabian Desert plateau. This
lineament is not a fault but the western depositional margin of a foreland basin infilled by the
floodplain sediments of the Tigris and Euphrates Rivers. The springs discharge from the gently east-
dipping Neogene Umm er Radhuma - Dammam aquifer system, which is composed of carbonates
and has karstic permeability. Spring locations along the Abu Jir lineament occur where conduit flow
in the carbonate aquifer intersects the ground surface at the break in slope between the
Mesopotamian Plain and Desert plateau, or where it is forced to the surface by overlying aquitards,
either Neogene marls or Quaternary floodplain sediments. Recharge to the aquifer system occurs
across the Arabian Desert plateau and is facilitated by karst depressions. Annual recharge for the
Neogene carbonates is significant (estimated 130-500 million m?), despite the very low rainfall and
high evaporation, and is sufficient to maintain spring flow along the Abu Jir lineament provided
there is not excessive extraction for agriculture. The hydrochemistry of the shows high SOs
concentrations (originating from the dissolution of wind-blown gypsum in the rainfall) and depletion
in Ca and K relative to rainfall, probably due to plant uptake as the rainfall infiltrates through the
thin soils, despite the sparse vegetation on the desert plateau. There is little evidence of limestone
dissolution in the spring chemistry, even though the groundwater feeding the springs travels through
a carbonate aquifer. The springs at Hit-Kubaysa contain tar and high levels of HzS; the presence of
hydrocarbons makes the water reducing and converts the dissolved SO4 to H2S. The tar has seeped
upwards along faults from underlying oil and gas reservoirs; this is the only location along the Abu
Jir lineament where deep-seated faults penetrate to the surface.
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