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Abstract

2Department of Archaeology, University of Al- The water resource provided by lake basins in the western desert of Iraq is important

Qadisiyah, Diwaniyah, Iraq . . .. q q
for human occupation of areas outside the Tigris-Euphrates floodplain, both in the
3Department of Geography, University of

Baghdad, Baghdad, Irag past and into the future. This paper presents the first geomorphological and geochro-

“Department of Geography, University of nological study of the date of formation of the Najaf Sea and the only such study of

Sheffield, Sheffield, UK

SUniversita degli Studi di Milano-Bicocca,
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any lake basin to the west of Mesopotamia. Geomorphological shoreline features
and a palaeochannel linking to the Euphrates were studied and dated using optically

$Department of Archaeology, Birkbeck, stimulated luminescence (OSL) and radiocarbon dating. Provenance was determined

University of London, London, UK using heavy mineral analysis. Past environments in the Najaf Sea were reconstructed

“Department of Anthropology, Harvard

University, Cambridge, Massachusetts, USA by molluscan analysis. The earliest OSL ages date from c. 30 000 and 22 000 years

ago and seem to predate lake formation. Younger OSL ages date the highest lake
level at c. 19 m asl to between 1620-1760 AD (base) to 1906-1974 AD (near sur-
face). The radiocarbon ages are affected by a freshwater reservoir effect, but the
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similar to maximum ages of c. 850 and c. 1100 cal. BC from the associated pal-
aeochannel. This timing does not seem to be linked to a humid climate event. We
therefore conclude that the establishment of the Najaf Sea in the Najaf basin
occurred as a result of an avulsion event within the Euphrates system that diverted
flow to the basin. The trigger for this avulsion event likely related to rapid sediment
accumulation and may have been either autogenic or driven by human activity. This
study therefore suggests that Najaf Sea formation facilitated human expansion
beyond the Tigris- Euphrates floodplain and occurred due to avulsion of the

Euphrates.
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1 | INTRODUCTION

associated with increased aridity at around 5.9 ka BP, with expansion
of occupation in coastal areas until c. 5.7 ka BP. Whilst brief re-

In semi-arid areas such as the Middle East, the presence of water is
crucial for human settlement. Whilst this is clearly seen in Mesopota-
mia (broadly the Tigris-Euphrates floodplain) (e.g., Kennett &
Kennett, 2006; Wilkinson, 2003), it is even more crucial in desert
areas where river systems are ephemeral. Thus, in southern Arabia,
Preston et al. (2015) note a sharp decline in interior settlement

occupation of southern Arabia occurred during the early Bronze Age
(c. 5.2 to 4.4 ka BP), evidence of occupation is sparse since this time.
In contrast, in the Levant, Palmisano et al. (2019) note that during the
Iron Age and Babylonian/Persian period (c. 1150 BC onwards),
despite drier conditions, population increased dramatically. This is
attributed to ‘a decoupling of demographic trends and climate
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conditions’ (Palmisano et al., 2019, p. 17) because of technological
advances such as irrigation and trade networks within large empires
which enable transfer of resources out of areas with agricultural sur-
plus. Increased aridity is also seen in Mesopotamia after the end of
the fourth millennium BC (Altaweel et al., 2019), without reduction in
human occupation.

Between the Tigris-Euphrates floodplain in the centre of Iraq and
the western desert are a series of north-west to south-east aligned
depositional basins (Figure 1). These occupy a unique position within
a desert environment because they border the fertile floodplains of
the Tigris-Euphrates river system. They currently contain ephemeral
lakes of varying sizes (Therthar, c. 2000 km?, Habaniyah, c. 140 km?,
Razazza, c. 1560 km?, Najaf, c. 30 km?, Sawa, c. 12.5 km?; Figure 1).
These lakes follow the line of the Abu-Jir-Euphrates fault zone
(Fouad, 2007) and are fed both by a series of wadis aligned across the
desert from the southwest and by groundwater and inflows from
the Euphrates or Tigris, some of which are now artificial (e.g., into
Therthar and Razazza). Prior to the tectonic uplift that created these
depressions, these wadis fed large fans (Dibdibba Formation, thought
to be Pliocene in age—Hassan, 2007) that now form c. 50 m high cliffs
on the eastern edge of both the Razazza and Najaf basins (Figure 1). It
is not known either when these depressions were formed or when
they began to fill with water. There are reports from oil prospecting in
the 1950s of palaeoshorelines in these basins (e.g., Volte, 1957), but
none have been investigated using modern methods. There is some
evidence for occupation of these desert areas during the Palaeolithic
period (e.g., Field, 1960; Volte, 1957), but more recent archaeology in
the western desert post-dates the first millennium BC (Jotheri, Allen, &
Wilkinson, 2016).

Here, we present the first chronology of the formation and filling
of the Najaf Sea basin. Sediment and palaeontological analysis,

34°N

including heavy mineral analysis, and optically stimulated lumines-
cence (OSL) and radiocarbon dating techniques were applied to
palaeoshorelines encountered near the Najaf Sea and to a former
channel that connected the Najaf Sea to the Euphrates in order to
determine past geomorphological and hydrological changes in the
region. This is the only multi-proxy study using numerical dating tech-
niques of basin formation in any of the western Iraq lakes. Whilst lim-
ited in number, our dating results therefore have significant
implications for both timing of basin formation along the Abu-

Jir-Euphrates fault and human settlement and archaeology.

2 | METHODS

2.1 | Regional setting of the case study

The Najaf basin (Figure 2) is c. 2000 km? in area and bounded on the
eastern side by a cliff locally named the Tar Al-Najaf which is c. 50 m
above sea level (asl). This cliff forms the southern edge of an ancient
alluvial fan topped by the gravelly Pliocene Dibdibba Formation (Al-
Sulaimi & Pitty, 1995). To the west, the land slopes gently towards
the basin from a topographic high c. 900 m asl located c. 500 km to
the west in Saudi Arabia. The lowest point of the basin is c. 9 m asl.
Water comes into the basin mainly from rain-fed wadis to the north
and west, from groundwater (salt content between 2495 ppm and
6100 ppm—Abul-Fatih, 1975) and through irrigation channels linked
to the Euphrates to the south east (Ghalib et al., 2019). Water is also
withdrawn through irrigation channels to support agriculture adjacent
to the Najaf Sea. The climate in the area is subarid to arid with a domi-
nant westerly wind, average humidity 41%, evaporation 3483 mm/
year, precipitation 10-100 mm/year and mean annual temperature of
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FIGURE 1 Topographic context of
the Mesopotamian floodplain and
adjacent basins, showing Euphrates
palaeochannels after Jotheri, Allen, &
Wilkinson (2016). Map data © Google
2023. L = Lake Lisan, N = Najaf-Sea
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FIGURE 2 (a) Corona satellite images of recent lake extents,
compared with the mapping of Selby et al. (1885). All maps are to the
same scale and a fixed location for comparison is the eastern end of
the Dibdibba fan. (b) Local topography of the Najaf Basin, location of
Najaf shown for comparison with Figures 1 and 2a. Map data ©
Google 2023, images Landsat/Copernicus. (c) Location of field sites
around the Najaf-Sea. Map data © Google 2023, images Maxar
technologies, CNES, Airbus. Test pits 1-8 are from former shorelines
and boreholes and BN1 and BN2 from a former channel.
Archaeological sites and palaeochannels from Jotheri, Allen, &
Wilkinson (2016). All palaeochannels visible in Figure 2c are assigned
to the ‘Sura course’ dated to c. 125 BC to 1258 AD; modern channels
are associated with the Hindaya course established from the 19th
century onwards.

24°C (Zwain et al., 2021). Whilst the current area of the Najaf Sea is
c. 30 km? it is known from historic mapping (Selby et al., 1885) that

the lake was much larger in the past and Islamic and orientalist texts
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state that it was also smaller at times. Islamic cleric Shaykh Al-Saduqg
(d. 991 AD) stated the lake was originally called ‘Nai’. After a period
of drought, local naming became ‘Nai_Jaf’ (‘Jaf’ meaning ‘dried’),
naming both the basin and the adjacent city (Warner, 2021). Diversion
of water for irrigation and dam building upstream in Turkey and Syria
in the late 1960s emptied the basin (Kolars, 1994; Medzini, 1994). As
a result, lake surface area is now less extensive and the basin has even
been completely dry at times during the 1980s (Figure 2a).

To the east of the Najaf Sea, detailed investigation and radiocar-
bon dating of palaeochannels of the Euphrates (Figure 2c) has shown
that the river flowed close to the Najaf depression for much of the
Holocene, but the first noted incursion of distributary channels into
the basin is between 125 BC and 1258 AD during the ‘Sura Course’
(Jotheri, Allen, & Wilkinson, 2016). There is no previous detailed study
of the past extent of the Najaf Sea, the date of initial basin filling or
links to the Euphrates.

2.2 | Sediment description and sampling

Sedimentary investigation of the Najaf Sea shorelines was preceded
by visual inspection of the surface on transects perpendicular to the
present-day shoreline at c. 14 m asl. To the north of the lake, subtle
though clear shorelines were visible in the field and test pits were
located in the «centre of these shorelines (Figure 2c,
Supplementary Information). The shoreline sampled at test pit
2 (Figures 3a and 4a) was the furthest from the present-day lake
shoreline and at the highest elevation (19 m asl, Figure 3a). Two fur-
ther shorelines were sampled at test pits 7 (15 m asl) and 8 (17 m asl)
(Figure 3a, 4c and d). To the south of the lake, there was no topo-
graphic expression to former lake extents, so test pits 4 and 5 (14 and
15 m asl, Figures 2c, 3a and 4b) were located as close as possible to
the furthest extent of lake sediments estimated by presence of shell
at the land surface. Test pits 1, 3 and 6 did not yield shells or sand
suitable for dating and are presented only in Table S1. Investigation of
the channel linking the Najaf Sea to the Euphrates was undertaken by
hand-augering using a closed-head sand/silt auger in 30 cm intervals
at boreholes BN1 and BN2 (Figures 2c and 3b), with all sediment
retained.

Samples from test pits were taken directly from freshly cleaned
faces: bulk samples for palaeontological and heavy mineral analysis
and samples in opaque tubes for OSL dating. OSL samples were taken
to maximise the homogeneity of sediments within a 30 cm radius
(extent of gamma dose) and to avoid proximity to sediments within
which salt crystals were visible.

In order to try and establish depositional context for the sedi-
ment associated with the OSL samples particle size analysis was
undertaken. All samples underwent initial sieving through a 2 mm
mesh sieve and the percentage weight of grains greater than 2 mm
was recorded. Then all samples were measured using a Horiba LA-
950 laser diffraction particle size distribution analyser. Prior to mea-
surement, sub-samples were treated with 0.1% hexametaphosphate,
before dispersal in de-ionised water within the instrument using
ultrasound and pumping. The resultant data were used to calculate
for the <2 mm fraction the mean grain size of each sample, sorting,
skewness, and kurtosis as outlined in Gale & Hoare, 1991
(Table S2).
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FIGURE 3 Sedimentary sequences and OSL and radiocarbon dating results from (a) shorelines (test pits 2, 4, 5, 7, 8) and (b) former channels
(BN1 and BN2) around the Najaf-Sea, western Irag. For locations see Figure 2c. Current lake depth is 2 m, but depths vary considerably (see

Figure 2a).

(c)

(d)

FIGURE 4 Photographs of representative shoreline sequences: (a) test pit 2; (b) test pit 4; (c) test pit 7; (d) test pit 8. All sequences c. 2 m
depth. Photographs of the low-relief geomorphic expression of shorelines are in the supplementary information.
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23 | Geochronology
2.3.1 | Optically stimulated luminescence
chronology

Potassium (K), thorium (Th) and uranium (U) concentrations were
determined by inductively coupled plasma mass spectrometry (ICP)
at SGS laboratories Ontario, Canada (Table 1) from bulk sediments
surrounding the OSL samples and adjacent stratigraphic units. Rela-
tive contributions of gamma dose rates from adjacent units were
modelled as a function of distance to OSL sample and to unit
boundaries using data from Aitken (1985). Elemental concentrations
were converted to annual dose rates using data from Guerin, Mer-
cier, & Adamiec (2011) and included attenuation factors relating to
sediment grain sizes used, density and palaeomoisture (higher mois-
ture values leading to younger ages). The latter were based on
present-day measurements including a+ 5% error to incorporate
fluctuations through time, apart from Shfd19215 where present-day
values were <1% and thought to be unlikely to represent long-term
moisture levels and so a value of 3% was estimated based on the
lower end of the range of moisture content of other samples
(Table 1). Cosmogenic derived dose rates were calculated after Pres-
cott & Hutton (1994).

Material for dating from the four samples analysed was taken
from prepared quartz isolated to a size range of 125-250 um. The
samples underwent measurement using a Risg DA-18 luminescence
reader with grains mounted as a 5 mm diameter monolayer on
9.6 mm diameter stainless steel disks using silkospray. Stimulation
was with blue LEDs (470 nm) and luminescence detection through a
Hoya U340 filter. Samples were analysed using the single aliquot
regenerative (SAR) approach and up to six regeneration points
(Murray & Wintle, 2000; Murray & Wintle, 2003). A preheat tempera-
ture of 220°C for 10 seconds was applied to all the samples based on
a dose recovery preheat plateau test for sample Shfd19215. The pre-
heat selected gave a dose recovery ratio of 0.89 + 0.09 and a
recycling ratio of 1.04 + 0.06 for the three aliquots measured at this
temperature. No feldspar contamination was detected using infra-red
stimulated luminescence (IRSL) and IR depletion ratios were within
10% of unity (Duller, 2003). Twenty-four replicates of each sample
were measured. Samples Shfd19218 and Shfd19220 possessed gen-
erally good luminescence characteristics with a rapid decay of OSL
with stimulation indicating OSL signals dominated by a fast compo-
nent (fast ratio = 2 + 0.02; Durcan & Duller, 2011), low recuperation
(<0.5%), and with SAR growth curves which grew well with increasing
laboratory dose. Samples Shfd19215 and Shfd19217, whilst having
SAR growth curves which grew with increasing laboratory dose, fast
decaying OSL signals (fast ratio = 1.8 + 0.05) and low signal recupera-
tion (<1%), generally had weaker OSL signal per unit dose. As a conse-
guence an early background subtraction approach was adopted for
these samples (e.g., Ballarini et al, 2007; Bateman, Bryant, &
Luo, 2022). Equivalent dose (De) values from individual aliquots were
only accepted if they exhibited acceptable measurement criteria: an
OSL signal >3 times background, SAR growth curves well fitted by
regenerative dose points, recycling values within +10% of unity, recu-
peration <5%, and the error on the test dose within the SAR protocol
less than 20% (see Table 1 for aliquot acceptance rates). A dose
recovery test on Shfd19215 returned a ratio of 0.98 + 0.04 between

given and measured De showing that the SAR measurement protocol
applied was appropriate for these samples.

Where equivalent dose (De) replicates for samples were normally
distributed with very low overdispersion (OD) a De value for age cal-
culation purposes was extracted using the Central Age Model (CAM)
of Galbraith et al. (1999). Where De replicate data for a sample did
not conform to this, incomplete bleaching was suspected and De
values for age calculation purposes were extracted using the Mini-
mum Age Model (MAM; Galbraith et al., 1999). Within MAM, these
samples proved insensitive to variance of sigma-b (ranging <0.1 Gy
when sigma-b was varied from 0.1 to 0.25). As a result a fairly conser-
vative value of 0.2 was applied. Ages are quoted in years from the
present day (2020) and presented with one sigma confidence intervals
which incorporate systematic uncertainties with the dosimetry data,
uncertainties with the palaeomoisture content and errors associated

with the De determination.

2.3.2 | Radiocarbon dating

Radiocarbon dating was undertaken on shells found within the
palaeoshorelines (test pits 2, 4, 7 and 8) and palaeochannel deposits
(BN1 and BN2) investigated (Figure 2c, Table 2). The palaeoshoreline
samples (NJF-14C-17 to 22) were prepared to graphite at the NEIF
Radiocarbon (Environment) laboratory (Glasgow, UK) and passed to
the Scottish Universities Environmental Research Centre AMS labora-
tory for **C analysis. The samples were etched to remove 20% of the
outer surface of material submitted on a dry weight basis, by con-
trolled hydrolysis with dilute HCI. The evolved CO, from the etching
process was removed from the hydrolysis vessel by purging the con-
tainer with N, gas. The etched sample was then completely
hydrolysed to CO, using 2M HCI. The sample CO, was then
converted to graphite by Fe/Zn reduction. Dates were calibrated
using IntCal20 (Reimer et al, 2020) and OxCal 4.4.4 r5
(Ramsey, 2009).

Radiocarbon samples obtained from the two palaeochannel sam-
ples (BN1-11 and BN2-13) were analysed by BetaAnalytic. The shell
was washed with deionised water, then crushed/dispersed and
repeatedly subjected to HCI etches to eliminate secondary carbonate
components. CO, was then obtained from the combustion of the
sample at 800°C+ under a 100% oxygen atmosphere. The CO, was
dried with methanol/dry ice then collected in liquid nitrogen for the
subsequent graphitization reaction. The AMS measurement was done
on graphite produced by hydrogen reduction of the CO, sample over
a cobalt catalyst. Dates were calibrated using IntCal20 (Reimer
et al., 2020) and OxCal 4.4.4 r.5 (Ramsey, 2009).

24 | Heavy mineral analysis

Heavy mineral analysis (Table S3) was carried out on four samples
from palaeoshorelines (test pit 2—NJF 4, 10, 12 and test pit 4—NJF
90), two samples from the palaeochannel (NJF BN1-20 and NJF
BN2-2), and two additional samples from the underlying Upper Mio-
cene Injana Formation bedrock at test pit 2 (NJF 1 and 2) for compar-
ative purposes. All samples were sieved to eliminate the <15 pm

cohesive mud fraction and sample NJF 12 was sieved to eliminate the
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TABLE 1 OSL sample, measurement and age data.

Depth below Stratigraphic position of Unit contribution
present-day unit relative to dated U K to gamma dose Moisture ) Total dose oD
Field code Lab code surface (m) sample (ppm) Th(ppm) (%) rate (%) (%) (Gy/ka) rate (Gy/ka) De (Gy) (%) Age (ka)
NJF/TP2/ Shfd19215 0.25 Above (5-30 cm) 0.7 21 1.3 17 12
oSL2
Sample 0.92 2.6 1 52 12 0.196 £0.01 1.533 £0.079 0.13 £ 0.04 0 0.08 £ 0.034
Below (0-30 cm) 1.03 2.2 07 31 1
NJF/TP2/ Shfd19217 1.11 Above (5-30 cm) 1.69 5.2 15 31 6.7
OSsL8
Sample 1.14 3.7 1.1 58 7 0.174 £0.09  1.730 £ 0.087 075+0.12> 77 0.33 +0.07
Below (15-30 cm) 1.38 49 14 10 8.1
NJF/TP7/ Shfd19218 1.1 Above (13-30 cm) 1.02 3 08 19 10.7
OSL11
Sample 0.51 1 05 81 171 0.174 £0.09 0.773 £0.035 2344 +423° 47 30.31 £ 5.9
NJF/TP8/ Shfd19220 1.4 Above (5-30 cm) 1.46 3 1.2 43 1.5
OSL16
Sample 0.64 1.6 0.5 52 24 0.167 £0.08 1.009 £0.046 21.38+224° 91 21.6+2.7
Below (18-20 cm) 0.49 1 0.5 4 5.8

?Present-day moisture contents were lower, but a value of 3 + 5% was applied to reflect longer-term average moisture conditions.

bDe extracted using Central Age Model.

“De extracted using Minimum Age Model due to overdispersion (OD) with a sigma-b of 0.25. Aliquot acceptance rates as follows: Shfd19215 67%: 24 aliquots measured, 5 rejected on measurement criteria outlined in methods,
3 rejected as statistical outliers (Boulter, Bateman, & Frederick, 2010); Shfd19217 71%: 2 rejected on measurement criteria, 5 as outliers; Shfd19218 71%: 5 rejected on measurement criteria, 2 as outliers; Shfd19220 72%: 3
rejected on measurement criteria, 4 as outliers.
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TABLE 2 Radiocarbon dating results.

5'3C-vPDB
%o(+ 0.1)

Calibrated age (IntCal20 -
Reimer et al., 2020)

Uncalibrated radiocarbon age

(years BP + 1 o)

Enrichment (%
modern = 1 o)

Species to be

dated

Elevation of
sample (m asl)

Location

Lab code

Field code

-55

1175-1279 cal. AD (95.4%)

803 + 37

90.49 +0.42

Corbicula

18.7

East of Najaf-Sea

SUERC-99670

NJF-14C-18 Test pit 2, bed

fluminalis

13, 0.3 m depth
NJF-14C-17 Test pit 2, bed

—5.6

1175-1278 cal. AD (95.4%)

90.44 +0.42 807 + 37

Corbicula

18.2

East of Najaf-Sea

SUERC-99669

fluminalis

7,0.8 m depth
NJF-14C-21 Test pit 8, bed

-21

836-759 cal. BC (95.4%)

72.19 £0.32 2618 + 36

Melanoides

16.5

East of Najaf-Sea

SUERC-99673

tuberculata

4, 0.5 m depth
NJF-14C-20 Test pit 8, bed

-2.1

797-541 cal. BC (95.4%)

73.00 £ 0.34 2528 + 38

Melanoides

16.15

East of Najaf-Sea

SUERC-99672

tuberculata

2,0.85 m depth
NJF-14C-19 Test Pit 7, bed

1270-1321 cal. AD (95.4%)

691 + 35

91.75 +£0.40

14.95

East of Najaf-Sea

SUERC-99671

7,5 cm depth
NJF-14C-22 Test Pit 4, bed

-0.1

545-386 cal. BC (95.4%)

2372 + 35

74.43 +£0.32

Melanoides

14.95

West of Najaf-

SUERC-99677

Sea tuberculata

8, 5 cm depth
NJF BN1-11, 3.3 m depth

-0.9

906-806 cal. BC (95.4%)

2700 + 30

Melanopsis

17.7

Next to channel

Beta-628272

praemorsum

1265-1054 cal. BC (95.4%)

2960 + 30

Melanopsis

121

Next to channel

Beta-628273

NJF BN2-13, 3.9 m depth

praemorsum
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abundant >500 um fraction (Table S3). Heavy minerals were sepa-
rated by centrifuging in sodium polytungstate (density ~2.90 g/cm?)
and recovered by partial freezing with liquid nitrogen. On grain
mounts, ca. 200 transparent heavy minerals were point-counted at
suitable regular spacing under the petrographic microscope to mini-
mise overestimation of smaller grains (Garzanti & Ando, 2019).

Heavy mineral suites are defined as ‘poor’ (total heavy mineral
content by weight [tHMC]< 1%), ‘moderately poor’
(1% < tHMC < 2%), ‘moderately rich> (2% < tHMC < 5%) or ‘rich’
(5% < tHMC < 10%) (Garzanti & Ando, 2007, 2019). Higher tHMC
values are seen in Euphrates river sediments (Garzanti et al., 2016).
The ZTR index is the sum of zircon, tourmaline and rutile over total
transparent heavy minerals and is used to estimate the durability
(i.e., the extent of recycling) of the assemblage, frequently higher in
desert environments (Garzanti, 2017). A further useful discriminator is

Cr-spinel, higher in Tigris sediments (Garzanti et al., 2016).

2.5 | Molluscan analysis

Molluscan analysis (Table S4) was carried out on sieved samples with
sieve sizes of 1 mm and 500 um. Most of the fossils were recovered
from the >1 mm fraction. The palaeoshoreline samples (50 or 100 g in
weight) contained more abundant shells than palaeochannel deposits,
from which latter 500 g was sieved to yield enough material for radio-
carbon dating. ldentification of species followed Plaziat & Younis
(2005) and Gléer & Pesic (2012).

3 | RESULTS AND INTERPRETATION

3.1 | Sedimentary sequences

The sedimentary sequences fall into three main types: shell-rich
shorelines; shell-poor shorelines and palaeochannel sequences. Full
descriptions are in Table S1.

The shell-rich shorelines are seen in test pits 2 and 8 (Figures 3a
and 4a, d), with upper surfaces above 16 m asl (modern shoreline at
14 m asl in 2019). These are characterised by shelly layers at depth
within sandy shoreline deposits. In test pit 2 (19 m asl, 5 m above
present-day shoreline, 32.0579, 44.2102), well-developed scour-fills
with pebbles and no shells are seen at the base (beds 5 and 6), with
a shell-rich scour-fill further up (bed 12). In between beds 6 and
12 and overlying bed 12 are horizontally bedded sands with abun-
dant bivalves and gastropods in many beds (e.g., beds 7-9). Bed 13 is
disturbed by loading structures. Particle size analysis from bed
4 (Table S2, Figure 5) shows poor sorting typical of fluvial or lacus-
trine sequences. Particle size analysis from bed 13 (Table S2,
Figure 5) shows moderate sorting, which might suggest an aeolian
component.

In test pit 8 (17 m asl, 3 m above present-day shoreline, 32.0261,
44.2639), the sequence is dominantly horizontally bedded. The lowest
85 cm is shell-free and comprises four stacked fining upwards
sequences with partly cemented conglomerates (bed 1). The sand
within this bed is poorly sorted, suggesting a fluvial or lacustrine
depositional environment (Table S2, Figure 5). The overlying sands

(beds 2-4) vary in texture and shell content, with shells frequently
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FIGURE 5 Cumulative percentage

particle size of the less than 2 mm fraction of

OSL samples. Fractions greater than 2 mm

were as follows: Shfd19215 11%; Shfd19217

0%; Shfd19218 10%; Shfd19220 2%.
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forming lag deposits with fine gravel within fining-upward sequences
(e.g., beds 2 and 4).

The shell-rich sequences are interpreted as representing firstly an
interval of sand/gravel deposition in bed 1 of test pit 8 that predates
formation of the Najaf Sea, given the size of the clasts in the conglom-
erate beds and the poor sorting of sands. These probably represent
ephemeral flows from one or other of the wadis that drain into the
basin. The overlying sandy shelly deposits in test pits 8 and 2 are
interpreted as representing a medium energy shoreline, with move-
ment of sand and fine gravel and shells from snails that had been liv-
ing within the lake. The shells were transported as clasts, either
through floating (e.g., at the top of bed 7 in test pit 2), or as bedload if
filled with sediment (e.g., at the base of bed 11 in test pit 2 and beds
2 and 4 in test pit 8). The disturbance of beds 12 and 13 in test pit
2 suggests that these shorelines were saturated with water at some
stage and dried rapidly, during which time loading structures devel-
oped. The better sorting of sediments in bed 13 may suggest an aeo-
lian input or aeolian reworking.

The shell-poor shorelines are seen in test pits 4 (15 m asl, 31.9531,
44.2210), 5 (14 m asl, 31.9546, 44.2218) and 7 (15 m asl, 32.0229,
44.2628) (Figures 3a and 4b,c), with upper surfaces below 16 m asl
and very similar to the present-day shoreline of 14 m asl. These are all
relatively fine in texture (fine sands and silts in test pits 4 and
5, medium sands in test pit 7) and lack sedimentary structures. All
three test pits contain varying concentrations of salt crystals within
the sediments, which are frequently mottled dark grey and dark red in
colour. Test pits 4, 5 and 7 are further characterised by the presence
of shells only near the top surface of the deposit. There is some dis-
turbance of sediments near the top surface in all cases and radiocar-
bon samples from test pits 4 and 7 were taken from those parts which
looked most likely to be in situ.

These sequences are interpreted as being strongly affected by
post-depositional alteration, due to lower altitude and greater expo-
sure to groundwater movements over time. The eastern test pit 7 has
a similar grain size to test pits 2 and 8, but structures are less clear.
The western test pits 4 and 5 contain finer grained sediments. It
seems likely that the coarser grained shell-rich sequences to the east
of the present-day Najaf Sea represent a higher energy environment
than seen to the west, as previously shown by Selby et al. (1885) map

showing marsh in the west and shorelines in the east. This difference

is probably due to a dominant westerly wind causing fetch to be
greater on the eastern side of the lake, thus energy levels and particle
sizes deposited to be higher. It may also reflect the greater availability
of coarse materials adjacent to the Tar al Najaf cliff. The presence of
salt crystals and lack of shells in all but the highest part of the shell-
poor sequences is attributed to groundwater movements, dissolving
and reprecipitating shell and other minerals within the sediments.

The palaeochannel sequences in boreholes BN1 and BN2
(Table S2, Figure 3b) are dominated by brown to grey massive silty
clay, 6 m depth in BN1 (21 m asl, 31.9084, 44.4541) and 9.6 m depth
in BN2 (16 m asl, 31.9295, 44.4069). This is much finer than even the
sediments in test pits 4 and 5. Both contain rare beds of very fine
sand, as shown on Figure 3b, which become more common towards
the base. There are no salt crystals in BN1 and BN2, but relatively fre-
quent nodules of possible precipitated iron or manganese, particularly
near the base. Reed fragments are observed in the top 60 cm of BN1
and 90 cm of BN2. Shell fragments are common in the upper c. 4 m of
each sequence, but not very abundant compared with the shell-rich
palaeoshorelines. In each case, the radiocarbon sample was taken
from the deepest sample that still yielded enough shell for dating.

The sedimentology in these sequences is very similar to that
observed in Holocene-age Euphrates palaeochannels (Jotheri, Allen, &
Wilkinson, 2016). The dominant silty clay suggests relatively low
energy flows, with occasional slightly higher flows indicated by fine
sand. The lower abundance of shell and presence of iron and manga-
nese nodules in the lower parts of the sequence probably reflects dis-

solution due to groundwater movement through the sediments.

3.2 | Geochronology

3.2.1 | OSL dating results

Four samples were taken for OSL dating (Table 1). Three of these
(Shfd19217—test pit 2, Shfd19218—test pit 7, Shfd19220—test pit 8)
were taken from shell-free deposits at the base of test pits and one
from shelly deposits nearer to the top (Shfd19215—test pit 2). The
lower altitude samples (Shfd19218 and Shfd19220—test pits 7 and 8)
both yielded pre-Holocene ages (c. 30-22 ka), whereas the other two
samples (Shfd19215 and Shfd19217—test pit 2) yielded much
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younger ages between 1620 and 1760 AD at the base and 1906-
1974 AD near the surface (Figure 3a, Table 1).

Samples were assessed for the effects of incomplete bleaching of
the sediment during the last period of transport by plotting the repli-
cate De data for each sample as Abanico plots and through the evalu-
ation of the overdispersion (OD) parameter (Figure 6, Table 2,
Galbraith & Roberts, 2012). Where a sample had individual aliquot De
estimates which were consistent with one another given their individ-
ual measurement uncertainties and a low OD value (<25%), this sam-
ple was considered well-bleached and not having been subjected to
post-depositional disturbance (see Bateman et al., 2003; Bateman
et al., 2007). In the case of poorly bleached material, skewing may be
evident with a positive skew in the De replicate data and high OD
(e.g., Olley, Pietsch, & Roberts, 2004). As Figure 6 demonstrates, both
Shfd19218 and Shfd19220 were skewed with high OD values
(Table 1). This is interpreted as most likely representing incomplete
bleaching prior to burial for these two samples. Whilst use of the
MAM should have targeted the best bleached aliquots the age may
still be an overestimate due to grain averaging effects when measured
at the aliquot level. Sample Shfd19217 was less skewed in comparison
(Figure 6) but had a number of aliquots which returned high De values
which may have also been due to incomplete bleaching. In contrast,
the De replicate distributions for sample Shfd19215 was normally dis-
tributed with no overdispersion or outliers (Figure 6) and as such is
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the most robust of the ages presented (Table 1). This is likely related
to the better sorted particle size, which might suggest aeolian deposi-

tion, as discussed above (Section 3.1, Table S2, Figure 5).

3.2.2 | Radiocarbon dating results

Radiocarbon dating was carried out on six samples from the shorelines
(SUERC dates) and two from the palaeochannel boreholes (Beta
dates). Table 2 shows that the oldest ages come from the two pal-
aeochannel samples 1265-10 543 cal. BC (borehole BN2, Beta-
628273) and 906-806 cal. BC (borehole BN1, Beta-628272). Two
shorelines also yielded older ages—836-759 cal. BC and 797-541 cal.
BC (test pit 8, SUERC 99672 and SUERC-99673) and 545-386 cal.
BC (test pit 4, SUERC-99677). A further two shorelines yielded youn-
ger ages—1175-1279 cal. AD and 1175-1278 cal. AD (test pit
2, SUERC-99670 and SUERC-99669) and 1270-1321 cal. AD (test
pit 7, SUERC-99671).

3.2.3 | Combined OSL and radiocarbon chronology

Before constructing a final chronology, the relative reliability of the
techniques needs to be assessed because there is a mismatch in ages
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FIGURE 6 Abanico plot of OSL equivalent dose replicates for each sample measured showing distribution of data and relative precision of
individual measurements. Also shown in light blue are the data points used for age calculation purposes as selected by the Central Age Model
(Shfd19215) and Minimum Age Model (Shfd19217, Shfd19218 and Shfd19220).
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between the OSL and radiocarbon dating in the only location where
both are available together, that is, test pit 2 (Figure 3a). Here, OSL
dates are younger than the radiocarbon dates by c. 400 years
(Shfd19217 compared with SUERC-99669) and c. 700 years
(Shfd19215 compared with SUERC-99670).

OSL ages are less often too young than too old. Dates could be
too young if the dose rate used for age estimation was too high. This
could happen either if radioactive elements built up in the sediments
over time, meaning that measurements of their concentrations at the
present day were too high compared with those experienced for
much of the past or if the palaecomoisture content used were too low.
Potassium (K) contributes around 58% of the dose rate to these sam-
ples. However, despite being soluble and therefore sometimes mobile,
K concentrations for these samples are not unusual when compared
with other natural sediments and so give no indication of changes of
K contributions to dose rate through time. Whilst uranium (U) chain
equilibrium was assumed rather than tested, sampling avoided beds
with obvious evaporitic components which have caused issues else-
where (e.g., Lokier et al., 2015). Also the Uranium/Thorium ratios
(mean 2.93) are similar to typical crustal values of 2.5-5 (Paul,
White, & Turcottte, 2003) and U contributes only 14% to the total
dose. Taken together, if U series disequilibrium was present it is lim-
ited and its effect on the resultant age would be modest. In terms of
whether the dose rate applied is too high due to adoption of too low
palaesomoisture contents, it is unlikely that these samples would have
been saturated for all or even most of their burial history given the
semi-arid nature of the environment they were collected from. How-
ever, even if they were saturated, experimental adjustment of
palaeomoistures to saturation levels (taken as 30%) showed this
would only alter the OSL ages by a few decades and was insufficient
to reconcile the age difference between OSL and radiocarbon. As
such we rule out that the applied palaeomoisture contents were too
low. Finally, whilst OSL dates could be too young if sediments were
disturbed (e.g., by agricultural activity), the section in test pit 2 has
clear structures associated with waterlain deposits (Figure 4a) and the
OSL dating results show very little De scatter.

In relation to radiocarbon ages, a frequent explanation for such a
mismatch in ages is reworking of shells from older to younger
deposits. However, most of the shells were well preserved and fresh,
thus there is little evidence for transport. It is more likely that radio-
carbon ages could be too old due to a freshwater reservoir effect
(FRE). FREs occur when the chemical weathering of geological 4C-
free sources results in higher Dissolved Inorganic Carbon in the
waters within which snails are building their calcium carbonate shells.
This effect is variable and dependent on geology (Coularis
et al., 2016), residence time of the water in the system, river flows
(Philippsen, 2013) and even inputs from fossil water tables (e.g., in
Tunisia; Fontes & Gasse, 1991). A FRE is possible in the Najaf Sea
given that the species dated are all aquatic (Table 2) and carbonate
rocks are exposed within the Najaf basin (e.g., limestones and marls of
the Euphrates, Nfayil and Injana Formations, Hassan, 2007). In addi-
tion, the water in the Najaf Sea contains significant carbonate concen-
trations (70-155 mg/L; Al-Tweij, 2012).

The FRE cannot be corrected for because it can vary both
between species and spatially within a lake (e.g., Ascough et al., 2010;
Keaveney & Reimer, 2012). Whilst there is some evidence (in variable

813C—Table 2) for species variation at this site, it is not possible to

consistently predict the size of the FRE on the basis of stable isotope
values and no modern mollusc shells were found to measure as a
baseline. During recent research from canal systems at the Girsu site
(Egberts et al., 2023) multiple aquatic shell radiocarbon ages were
found to be older than charcoal radiocarbon ages (by c. 400 years)
and archaeological evidence (by c. 730 to c. 2700 years—broader age
ranges based on less certain pottery typologies). At Girsu, all the shell
radiocarbon ages were treated as maximum ages for the event being
dated. Following this approach, the radiocarbon ages in this study are
considered as maximum ages only. However, the significant differ-
ences between test pits 2 and 8 of c. 1000 years upwards
(i.e., between BC and AD) may suggest that two phases of lake filling
did occur, even if there is uncertainty over their exact ages. Similarly,
any correlations with other sequences should be treated with caution,
not least because those ages may also be affected by a FRE.
Therefore, the overall chronology relies mostly on OSL dating. Ini-
tial fluvial deposition occurred within the basin at c¢. 30-22 ka, show-
ing that the connection between the Wadi al-Milh and the Dibdibba
fan had been broken and the basin formed (Figure 1). Following a sig-
nificant hiatus, the first filling of the Najaf Sea and lower elevation
shoreline development (dated to a maximum of c. 800 BC with an ele-
vation of c. 17 m asl at test pit 8) is less reliable, with no OSL ages
from these lower shorelines due to lack of suitable material. It seems
plausible however that this first lake phase post-dates connection of
the basin to the Euphrates river through the palaeochannel (dated to
a maximum of c. 1200-800 BC), suggesting a fluvial rather than cli-
matic driver to this event. The final phase of lake filling is securely
dated by OSL at test pit 2 to between 1620 and 1760 AD at the base
and 1906-1974 AD near the surface at an elevation of 19 m asl. It is
not clear if the lake persisted between these times, but if it was filled

by the Euphrates rather than directly from rainfall this is more likely.

3.3 | Heavy mineral analysis
This analysis provided for the first time a heavy mineral characterisa-
tion of the Injana Formation, taken from the base of test pit 2 (sam-
ples 1 and 2 in Table S3, shown as filled circles on Figure 7). They
show that this contrasts with sediments from the Tigris and Euphra-
tes rivers and contains a poor to moderately poor, epidote-
dominated transparent heavy mineral suite. Whilst samples 4, 10 and
12 all come from the same test pit, only sample 4 has a similar miner-
alogy. This suggests that new sources of sediment were available
during deposition in the upper sections of this shoreline. Sample
10 (and also sample 90 from test pit 4) shows strong affinities with
Tigris sediments, being rich in epidote and garnet, although there is
no clear geomorphological link between the Tigris and the Najaf Sea
basin to explain this. In contrast, sample 12 includes a significant
component of durable ZTR minerals, suggesting supply from an
eastward-flowing wadi draining Arabia (e.g., Wadi Al Milh). Both sam-
ples 10 and 12 yielded a high percentage of celestite (26% and 55%
respectively), which can be either diagenetic in origin or reworked
locally from sulphate/gypsum crusts (e.g., Ham, 1962), but sample
90 had very low celestite, despite showing significant salt develop-
ment in the field.

In contrast, the silt (BN2-2) and sandy silt (BN1-20) samples from

the palaeochannel boreholes both contain a rich transparent heavy
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FIGURE 7 Comparison of studied heavy-
mineral suites with Injana rocks and modern

TIGRIS RIVER

Tigris and Euphrates sands (data after
Garzanti et al., 2016). Paleochannel samples
(BN 1 and 2) display clear Euphrates affinity,
whereas shoreline samples show affinity with
either Tigris sand (NJF 10 and 90) or Injana
rocks (NJF 4). Sample NJF 12 indicates mixed
provenance with contribution of windblown
sand from Arabian deserts suggested by
higher ZTR (zircon + tourmaline + rutile)
index; tHMC = transparent heavy mineral
concentration. Biplot discriminates sample
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mineral assemblage (tHMC% in Table S3) including mainly amphibole
and clinopyroxene which are very similar to the Euphrates River
(Table S3, Figure 7). Celestite is lacking, in line with the fact that no
salts were seen in the palaeochannel sediments in the field.

3.4 | Molluscan analysis

Two types of molluscan assemblage are found in the shoreline
deposits (Table S4, Figure 8a). The first shoreline assemblage is found
in all but one of these samples and shows a fauna dominated by spe-
cies that can tolerate brackish conditions such as Melanopsis
praemorsum, Melanoides tuberculata and Theodoxus jordani. The truly
brackish Hydrobia sp. is rarer in these samples. This assemblage com-
position suggests deposition in a slightly brackish lake similar to that
at the present day, where evaporation dominates over precipitation.
Whilst T. jordani is found in a wide range of depositional settings
(Plaziat & Younis, 2005), M. praemorsum and M. tuberculata are com-
monly found only in lakes and marshes, on plants (M. praemorsum) or
buried in soft lake-bed sediments (M. tuberculata) (Plaziat &
Younis, 2005). The only freshwater element in these samples is Cor-
bicula fluminalis, but this is a generalist species that can tolerate brack-
ish water with a salinity of 50 ppt (Morton, 1986) and live on either
fine-grained or gravelly substrates, so is not diagnostic in terms of
palaeoenvironments.

The second shoreline assemblage is found only in the basal shell
sample of test pit 2 (bed 7)—Table S4, Figure 8a. This sample shows a
higher concentration of molluscan remains than the other shoreline
samples and contains all the elements above with the addition of a
single terrestrial species (Succinea cf. putris) and three further freshwa-
ter species (Gyraulus intermixtus, Radix iranica and Pisidium

casertanum). The combination of species in this sample suggests the

presence of a freshwater marsh environment. This is particularly indi-
cated by the terrestrial marsh species Succinea cf. putris and Gyraulus
intermixtus which lives on submerged parts of rooted vegetation of
lakes and swamps (Plaziat & Younis, 2005). Radix iranica and Pisidium
casertanum are less diagnostic, being found in freshwater lakes, ponds,
and slow-moving (R. iranica) and fast (P. casertanum) rivers (Plaziat &
Younis, 2005).

The two borehole assemblages are very similar to each other,
with more individuals and species encountered in BN2 (Table S4,
Figure 8b and c). Both boreholes contain the salinity-tolerant freshwa-
ter species that are dominant in the shoreline deposits, with
M. praemorsum, M. tuberculata and T. jordani common in the lowest
samples and C. fluminalis particularly in the otherwise sparse upper
samples. There are no truly brackish species in these sediments and
the additional species present in these samples but absent from the
shoreline assemblages suggest a dominantly freshwater environment
(Bithynia species and Unionids). This inference is supported by the
presence of G. intermixtus and R. iranica, which were also present in
test pit 2 bed 7. It seems likely that area to the south and east of the
Najaf Sea was similar to the marshy environment seen at the present
day (Figure 2c) because all these freshwater species suggest slow flow

conditions.

4 | DISCUSSION

Below, we suggest a date of formation of the Najaf Sea basin
(Section 4.1) and then explore the filling of the basin to form the Najaf
Sea and fluctuations in lake levels over time (Section 4.2). Finally, the
importance of water availability to human occupation of the western
desert in the past and future is assessed in light of our findings
(Section 4.3).
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FIGURE 8 Molluscan analysis of the shell-yielding samples from (a) test pit 2 from the palaeoshoreline samples (original samples 100 g in

weight), (b) BN1 and (c) BN2 from the former channel (original samples 500

4.1 | Timing of formation of the Najaf basin

The data presented above suggest strongly that the Najaf Sea devel-
oped as a lake relatively recently (within the last 3-4000 years), but
there are two events of note to discuss that occurred prior to lake for-
mation. OSL dates of c. 30 ka BP and c. 22 ka BP from the lowest
coarsest sands in test pits 7 and 8 suggest the basin was subject to
ephemeral river flows, likely from the Wadi Al-Milh that flows into the
basin at the present day. The cemented gravel beds in test pit 8 are
evidence of relatively high flows at this time, which is interesting in
the context of regional climate records. Lake Lisan within the Dead
Sea Basin in Israel (Torfstein et al., 2013) is a useful comparator,
because it is at a very similar latitude to the Najaf Sea, though
c. 880 km west (Figure 1). Here, reconstructions place the highest
stand of c. 160 m asl at c. 26 ka BP. Torfstein et al. (2013) attributed
this high-stand to a deflection of jet and storm tracks southward,
which tallies with their absence further north in Turkey as suggested
by a period of interpreted aridity at Lake Van by Pickarski et al.
(2015). This southward migration of the jet and storm tracks resulted
in an increase in the intensity and frequency of Eastern Mediterra-
nean (EM) cyclones and increased moisture delivery to the southern
Levant and the drainage basin of the Dead Sea. It is possible that the
older deposits preserved in the Najaf Sea basin (bed 1 in test pits

7 and 8) may represent a local response to this temporary southward

g in weight).

diversion of storm tracks at the end of the last glacial period,
reflecting increased wadi activity due to increased moisture delivery.
Volte (1957) suggests that there was an ancient course of the
Euphrates running through the Najaf basin prior to the formation of
the Najaf Sea. However, these lower beds are too coarse to represent
such deposition. Our data also suggest that the movements along the
Abu-Jir-Euphrates fault line, which created the Najaf basin, occurred
prior to c. 30-22 ka because if the basin had not existed, these flows
would be debouching onto the Dibdibba fan above the Tar-al-Najaf
rather than into the basin.

4.2 | Filling of the Najaf Sea and connection to the
Euphrates river system

If Najaf Sea filling were solely climatically driven one might expect
to see shorelines dating from the Holocene humid period. This is
dated 5-8 ka BP/3-6000 BC

et al., 2015). However, sediments of this age

in southern Arabiato c. (Lézine
2017; Preston et al.,
were not recorded in this study, despite their presence in the
2012), 750 km south-
2015;

2013), west of and at the same latitude as Najaf

Tayma oasis in Saudi Arabia (Engel et al.,
west of Najaf (Figure 1) and in the Levant (Cheng et al,
Torfstein et al.,,
(Figure 1).
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The first filling of the Najaf Sea cannot be dated firmly because of
the freshwater reservoir effect discussed above. However, radiocar-
bon dates from test pit 8 suggest that filling did not occur before
c. 800 cal. BC. This age estimate is of the same order of magnitude to
the maximum radiocarbon dates from BN1 (c. 850 cal. BC) and BN2
(c. 1100 cal. BC). It therefore seems plausible that the initial filling of
the Najaf Sea occurred when the basin became connected to the
Euphrates rather than driven directly by climate, particularly as
regional records show that it was not especially wetter around 1100-
850 cal. BC than at other times (Figure 9).

The newly established connection between the Najaf Sea basin
and the Euphrates may have been associated with an avulsion event,
to which the Euphrates is known to be prone (Jotheri, Allen, &
Wilkinson, 2016; Morozova, 2005). The river is characterised by all
three factors that promote avulsion: rapid alluviation of the main
channel, a wide unobstructed floodplain and frequently occurring
floods of high magnitude (Slingerland & Smith, 2004). All these factors
mean that the main channel often becomes elevated above the sur-
rounding floodplain and therefore sensitive to triggers which may
cause avulsion. Whilst the main trigger for avulsions are flood events,
these may not be caused simply by high rainfall events, because other
landscape changes such as log-jams or vegetative blockage can also
cause floods (Jones & Schumm, 1999). The most significant of these
non-hydrological factors in the Euphrates is blockage by sediment
because sediment loads in the Euphrates are so high that frequent
maintenance is required to keep channels silt-free (IMWR, 2002). For
example, the movement of the channel east across the floodplain
from the Sura to the Hilla courses in the 13th century AD likely
occurred partly due to the Mongol invasion causing a widespread col-
lapse in channel system management and silting up of active channels
(Susa, 1948). In addition, digging of irrigation channels or trade canals
involves direct human manipulation of river discharges, potentially
triggering the establishment of new courses. This is seen in the estab-
lishment of the Hindaya channel in the 19th century, occupying the
Hindaya canal and controlled by a barrage built to balance flow
between the Hilla and Hindaya courses (IMWR, 2002; Susa, 1948). An
earlier example is when the Sura course occupied the man-made
Banitu canal (Cole & Gasche, 1998). Jotheri, Allen, & Wilkinson (2016)
concluded that most avulsions in the Najaf region during the Holo-
cene were driven by similar human interference with the natural chan-

nel systems, with the mode of avulsion split between reoccupational

and progradational depending on the event. We conclude that the fill-
ing of the Najaf Sea was driven by fluvial rather than climatic activity,
and further that this fluvial activity has itself a high probability of hav-
ing been driven by human activity such as digging of irrigation chan-
nels or trade canals. The question remains whether the filling of the
basin was associated with a regional or local avulsion event, that is,
whether it fits into the regional channel chronology.

Initial filling, which occurred at some point after c. 800 cal. BC
(test pit 8), reached an elevation of c. 17 m asl. A higher elevation
shoreline (19 m asl) is dated precisely by OSL to between 1620-1760
and 1906-1974 AD (upper and lower samples in test pit 2). This latter
shoreline corresponds very closely to that mapped by Selby et al.
(1885) (Figure 10) and the upper date of 1906-1974 matches well
(within dating uncertainties) to the known draining of the lake in the
late 1960s (Kolars, 1994; Medzini, 1994). This latter date also comes
from a bed with disturbance structures which suggest rapid
dewatering. The freshwater mollusc assemblage at the base of test pit
2 (Figure 8a) suggests there may not have been an extensive lake pre-
sent between these two phases and the higher elevation phase may
represent a newly rejuvenated and stronger connection to the
Euphrates.

Jotheri, Allen, & Wilkinson (2016) show that there was an active
channel adjacent to the Najaf Sea basin from 3100 BC onwards (the
Purattum and Ahratum courses), but that palaeochannels only
extended into the basin after c. 125 BC, when the Sura Course was
2b,c). After this
(c. 1258 AD), the next time the Euphrates came near to the basin

dominant (Figure course was abandoned
was during the 19th century. At this time, the currently dominant
Hindaya channel was established. This skirts the southern edge of
the Najaf Sea basin and has a number of smaller local distributary
channels (Figure 2c). It is possible (radiocarbon uncertainties notwith-
standing) that the initial lower elevation shorelines seen in this study
relate to Jotheri, Allen, & Wilkinson (2016)’s Sura course and the
higher elevation shorelines to the establishment of the current Hin-
daya channel. Alternatively, the local changes that filled the basin
may not directly correspond to these regionally identified courses.
Without robust chronological control on these events (both from the
area in this study and from Euphrates palaeochannels), it is not possi-
ble to know for sure.

It is also possible that there were other phases of lake filling that

are not preserved or directly dateable in the sequences observed. It

FIGURE 9 Channel and lake shoreline 5
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was not possible to date the lowest parts of the sequences underlying
the shorelines at c. 15 m asl (test pits 4 and 7) due to lack of shell or
to suitable material for OSL dating (abundant salt crystals complicate
dose rate calculations). The near-surface radiocarbon ages seem to
cluster with those from higher elevation shorelines (i.e., test pit 4 with
test pit 8 and test pit 7 with test pit 2—Figure 9) and may represent
very low energy reworking of shells from these two higher elevation
phases of deposition, perhaps during a single lake emptying phase in
the 1960s (Kolars, 1994; Medzini, 1994). However, the underlying

undated sediments may represent different events.

4.3 | Water availability and human activity

The timing of basin filling coincides with archaeological evidence of
human presence in the region. Jotheri, Allen, & Wilkinson (2016)
digitised archaeological records from the General Directorate of
Antiquities (GDA, 1970, 1976). The archaeological records very clearly
showed that all the sites pre-dating the first millennium BC were
located on the Euphrates floodplain, such as Khalid (shown on
Figure 2b) and Khnazirat (not shown), occupied between 1800 and
1600 BC and associated with the oldest course of the Euphrates
(Jotheri, Allen, & Wilkinson, 2016). In contrast sites post-dating the
first millennium (Figure 2b and c) were found in some numbers within
the Najaf Sea basin (Jotheri, Allen, & Wilkinson, 2016) and continued
to be occupied during the Islamic period (c. 600 AD onwards). At this
time, three adjacent cities (shown on Figure 10) were developing on
the nearby alluvial fan in the first millennium AD (Northedge, 2017):
the Christian city of Hira (c. 300 AD to 8th and 9th centuries); the
Islamic city of Kufa (638 AD onwards) and the shrine city of Najaf
(10th century onwards, with a peak in the 14th century).

There are three archaeological sites to the north of the Najaf Sea
(Figure 10), of which two have been excavated (Fuijii et al., 1989). Um
Al-Ghaleef and Dukakin are cave systems that were enlarged by
human activity and interpreted as having been used as monastery-like
facilities (Hunter, 1989). In addition, there is an extensive contempo-
raneous church and monastery complex at An Sha'ia, just downslope
from the cliff dating from before c. 300 AD onwards (Fujii et al., 1989;
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ZXukakin
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f
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' Lake with shoreline at 19 m asl
(7 Lake with shoreline at 17 m asl
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O Boreholes

A Archaeological site < 539 BC

10 km

Hunter, 1989; Okada, 1991). All three sites are close to a spring and
also to the Najaf Sea, whether at 17 or 19 m asl (Figure 10), because
the topography of the northern side of the basin is steeper than to
the south and east. OSL dating clearly suggests that the 19 m asl
Najaf Sea (c. 1580-1980 AD) post-dates these archaeological sites,
but the 17 m asl Najaf Sea (after 800 cal. BC) may have been contem-
poraneous, depending on how long it persisted for.

The location of these archaeological sites adjacent to the
reconstructed Najaf Sea suggests that they may have been strongly
controlled by the presence of water, both drinking water from the
spring and fishing and food resources in the Najaf Sea itself. Indeed,
several freshwater springs are associated with the edge of the west-
ern desert and follow the line of the Abu-Jir-Euphrates fault zone, for
example, de Gruchy et al. (2021). Although it is not clear whether the
event that caused basin filling was natural or human-induced, either
way it had significant benefits for local communities.

The importance of water to human occupation of the western
desert of Iraq continues into the future. Lakes are frequently used for
agricultural irrigation by the digging of channels, as can be seen in
field patterns adjacent to the Najaf Sea at the present-day (Figure 10).
A reduction in lake extent due to reductions in Euphrates flow, such
as caused by dam building upstream (Kolars, 1994; Medzini, 1994),
has significant impacts on water availability, creating a shift to
increased groundwater abstraction for agriculture and industry.
Increased abstraction then leads to reduced spring discharges,
prompting further abstraction in a spiral of water overuse. Drying up
of springs also has significant ecological implications. For example,
Sawa Lake, a Ramsar site which is home to several globally vulnerable
species (RSIS, 2015), completely dried up for the first time in summer
2022 due to massive-scale salt production and associated dramatically
(Awadh,  Al-Sulttani, &

Yaseen, 2022). Whilst climate change is significant to future water

increased  groundwater abstraction
stress in Irag, our study also shows the crucial role of the Euphrates,
which feeds the Najaf Sea and in turn supplies water to people living
nearby. This means that any future planning for water availability in
the western desert needs not only to consider local rainfall, but also
rainfall in the headwaters and human management of the Euphrates

river system, both in Irag and upstream.

FIGURE 10 Palaeogeographic
reconstruction of the Najaf Sea, showing lake
extent associated with shorelines at 19 m asl
(light blue, test pit 2) and 17 m asl (mid blue,
test pit 8) and the Selby et al. (1885) map.
Map data © Google 2023, images Maxar
technologies, Landsat/Copernicus, Airbus.
Archaeological sites shown are from Jotheri,
Allen, & Wilkinson (2016) with those named
reported in Fujii et al. (1989).
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5 | CONCLUSIONS

Our study of the Najaf Sea shows:

1. The basin (and by extension the neighbouring Razzazza basin)
must have existed before 30 000 years ago because of the
robustly OSL-dated flood deposits at the base of the sequences.
The flood deposits are likely related to a regionally observed
southward shift of storm tracks at the end of the last glacial
period.

2. There is no evidence at this location of the early Holocene humid
period, which is seen elsewhere in the Middle East, both to the
south in Arabia and to the west in the Levant.

3. The Najaf Sea itself formed at some time after c. 800 cal. BC when
an avulsion event diverted flow from the Euphrates into the south-
ern end of the basin. It is not clear whether this avulsion event was
a local event or coincided with the wider regional channel
chronology.

4. There were two significant phases of Najaf Sea activity, the initial
one less robustly dated due to potential freshwater reservoir
effects in the radiocarbon ages, but occurring some time after
c. 800 cal. BC with an elevation of c. 17 m asl. The second phase is
robustly dated using OSL, starting between 1620 and 1760 AD
and lasting until 1906-1974 AD with an elevation of 19 m asl. A
freshwater mollusc fauna at the base of the higher elevation shore-
line suggests that the basin was empty between these phases, but
the presence of archaeological sites may suggest the lake
persisted.

5. The initial filling of the Najaf Sea occurs at a very similar time
(radiocarbon dating uncertainties notwithstanding) to the recorded
archaeological sites in the basin, suggesting that the filling of the
lake may have been a necessary precursor to settlement west of
the Euphrates floodplain.

6. The importance of the Euphrates in determining Najaf Sea extent
shows the significance of the whole catchment in driving water
availability for human occupation, which has implications for future
water management in the context of climate change.
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