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Although the Euphrates River—stretching -3,000 km across Western

Asia—has shaped the region’s geology for millions of years, the timing
ofiits origin and the evolution of its course remain enigmatic. So far,

two contrasting hypotheses have been proposed to explain the fluvial
system’s Late Neogene path: termination in Anatolia at a palaeo-lake or
the Mediterranean, or a southeastward continuation to Arabia. Here we
use seismic-reflection and topographic data to show that two previously
identified sedimentary accumulations—deposited during the terminal
phase of the Late Miocene Messinian salinity crisis—resulted from
dualriverine systems that drained into a partially desiccated eastern
Mediterranean before avulsing toward the Persian Gulf and converging to
form the modern Euphrates River. From probabilistic sediment-budget
modelling, we show that although the latest Messinian drainage basins
were an order of magnitude smaller than their present-day extents, the
total palaeo-discharge exceeded that of the modern Tigris, Euphrates and
Nilerivers combined, indicating intense palaeo-precipitation and high
palaeo-relief. These results suggest that plate-margin deformation both
controlled the fluvial avulsions that diverted the Euphrates River from
the Anatolian-Eurasian Plate to the Arabian Plate, and established the
conditions necessary for the development of the alluvial Fertile Crescent.

From the early Pleistocene traces of human ancestors two million
years ago (Ma)' to the rise of the world’s oldest-known cities ~3,500
BCE (Before the Common Era)?, the Euphrates River has long been
intertwined with human history. According to ancient Mesopota-
mian creation myths, the Euphrates River was formed by Enki, God
of wisdom and water, during the birth of the world®. Yet, current geo-
logic-geomorphicevidence suggests that the fluvial system emerged
asrecently as ~10 Ma (ref. 4), during the Tortonian age of the Late
Miocene epoch. Some researchers suggest that the early Euphra-
tes River ended at endorheic palaeo-lakes in Anatolia—or possibly

the Mediterranean—while others argue it followed a southeastward
course’, terminating in the arid landscapes of Arabia. In either case,
these hypotheses remain divergent, leaving the evolution of the early
Euphrates River elusive.

In this Article we establish a direct link between two previously
identified fluvio-lacustrine accumulations—the Handere® and Nahr
Menashe’—and the ancestral Euphrates River, which we hypothesize
beganas dual riverine systems. We posit that these fluvial networks ini-
tially emptiedinto shallow upland basins before discharging into a par-
tially desiccated eastern Mediterranean—a transformation we attribute
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to the Late Miocene Messinian salinity crisis (MSC; 5.97-5.33 Ma)®”’.
The Handere and Nahr Menashe were emplaced during this event,
when the MSC drove the accumulation of >1 x 10° km?® of evaporites
and associated sediments'® and triggered large-scale, regional fluvial
incision". To trace the origins of the Handere and Nahr Menashe—and
their connection to Euphrates River drainage—we have conducted
detailed geologic-geomorphic mapping and identified two potential
fluvial pathways that may have sourced them. From fault reconstruc-
tions, we constrained the ancient positions of these systems, whichwe
interpret as the palaeo-equivalents of the modern Karasu and Murat
rivers, the two main tributaries of the Euphrates River. Using proba-
bilistic sediment-budget modelling, we have quantified the catch-
ment surface areas, sediment-water discharge rates and sediment
provenances of these ancient rivers, which we term the Palaeo-Karasu
and Palaeo-Murat. Our findings refine the palaeogeography of the
partially desiccated eastern Mediterranean during the MSC, revealing
apreviously unrecognized proximity between the ancestral Euphrates
and Nile rivers. Finally, we propose a tectonic mechanism to explain
the avulsions that reconfigured the Palaeo-Karasu and Palaeo-Murat
rivers, thereby leading to the formation of the present-day Euphrates
River and alluvial Fertile Crescent.

Miocene-Pliocene pathways

Although the Handere and Nahr Menashe are well studied in the
offshore eastern Mediterranean, their onshore equivalents remain
poorly understood. To address this issue, we used published maps
of the Handere (offshore Tiirkiye)'? and re-mapped the entirety
of the Nahr Menashe (offshore Syria, Lebanon, Israel, Cyprus and
Egypt) on 192 two-dimensional (2D) seismic-reflection lines and five
three-dimensional (3D) seismic-reflection volumes (Methods and
Extended Data Fig. 1). By integrating the geologic map of Tiirkiye"
with Shuttle Radar Topography Mission (SRTM) imagery, we traced
subsurface extensions onshore, identifying potential palaeo-pathways
that may have sourced these fluvial accumulations. Where mapped
pathways (linear or meandering, topographic troughs associated
with active or abandoned channels and overlying Late Miocene to
Early Pliocene riverine deposits) intersected faults*, we used offset
lengths® and long-termsslip rates to constrain ages and chronologies.
Despite the challenges of mapping palaeo-channels in tectonically
active, mountainous terrains, our high-quality data and the region’s
exceptionally well-constrained geology validated our approach. Similar
topographic-based methods have been used successfully to identify
Miocene channels in Libya™ and to reconstruct ages using fluvial off-
setsinlran”.

Our analyses yielded four key observations linking modern riv-
erine systems to ancient fluvial deposits: (1) the upper Karasu and
Murat rivers align azimuthally with the Handere and Nahr Menashe,
respectively; (2) Late Miocene to Early Pliocene fluvio-lacustrine
accumulations are present downstream of major bends in the lower
Karasu and Murat rivers; (3) continuous modern riverine paths con-
nect the upper Karasu and Murat rivers to the Handere and Nahr
Menashe; and (4) the thickest deposits of the Handere and Nahr
Menashe lie directly beneath current fluvial outflows into the eastern
Mediterranean. Taken together, we interpret these observations to
suggest that the present-day landscape reflects inheritance from
Late Miocenetopography. Consequently, we conclude that (1) similar
large-scale structural trends controlled the alignment of the Karasu
River, Murat River, Handere and Nahr Menashe; (2) palaeo-riverine
flow was initially directed southwest before shifting southeast; (3)
modern fluvial pathways preserve relict features of ancient sys-
tems; and (4) long-term riverine accumulation has persisted at the
Mediterranean coastline.

Supported by high-resolution mapping, our findings show that
during the Late Miocene, the Palaeo-Karasu and Palaeo-Murat rivers
were approximately parallel, northeast-southwest-oriented systems

that extended from their current headwaters to what is now offshore
Tirkiye and Syria (Fig. 1a). The Palaeo-Karasu River (length >1,370 km;
sinuosity >1.75) encompassed segments of the Karasu River, Calti
Suyu Stream, Karabogaz Stream, Kangal Stream, Mancinik Creek,
ZamantiRiver, Sehyan River and several unnamed creeks. In contrast,
the Palaeo-Murat River (length >1,990 km; sinuosity <1.65) included
portions of the Murat River, Sultansuyu Creek, Siirgti Stream, Goksu
Stream, Aksu Stream, Karasu Stream, Orontes River, Nahr al-Kabir
al-Shamali and other unnamed creeks.

Avulsion-fault chronology

At upstream positions, we infer that Early Pliocene avulsion redi-
rected the Palaeo-Murat River towards the Persian Gulf, and in the
Late Pliocene, the Palaeo-Karasu River was merged with it (Fig. 1b).
Avulsion nodes, which we identified at deviations in trends of our
mapped palaeo-pathways relative to modern fluvial channels, coin-
cide with three key geomorphic features: local topographic lows,
surface-gradient reversals and the confluence of tributaries with their
mainstems. Together, these criteria suggest that avulsion nodes for the
Palaeo-Murat River (Fig. 1c) occurred at the confluence of the modern
Aksu Stream (tributary) with the Goksu Stream (mainstem), and for the
Palaeo-Karasu River (Fig. 1d) they were situated at the confluence of the
Calti Suyu Stream (tributary) with the Karasu River (mainstem). The
final major avulsion, in the Pleistocene, occurred at the confluence of
the Sultansuyu Creek (tributary) with the Euphrates River (mainstem)
(Fig.1e). Although our interpretation of avulsion timing and locationiis
necessarily tentative without palaeo-current data, it closely parallels
that of ref. 5, which identified major deflections in the Late Neogene
Euphrates River using independent methodologies.

In conjunctionwith avulsion histories, we used fault offset lengths
andlong-termslipratestoinvert for geologic age, establishingachron-
ological framework for the Palaeo-Karasu, Palaeo-Murat and Euphrates
rivers. Although this method introduces uncertainty due to assump-
tions of constant fault slip rates and stable riverine courses, it currently
remains the only practical approach for estimating geologic agein the
absence of direct dating methods. Consequently, we find that in the
Erzincan Basin, the Palaeo-Karasu River crossed the North Anatolian
Fault (NAF) at ~-8.6 Ma, following fault activation at ~12 Ma (ref. 18;
Fig. If). To the southwest in the northern Malatya Basin, the system
traversed the Ovacik Fault at -2.8 Ma, several million years after its
activationat-7-6 Ma (ref.19; Fig.1g). Further southeast, inthe eastern
Elazig Basin, the Palaeo-Murat River intersected the East Anatolian
Fault (EAF) at -4.3 Ma, coinciding with or preceding its reactivation
(ref. 20; Fig. 1h). In the southern Malatya Basin, the Euphrates River
crossed the westward-younging EAF at -3.6 Ma (Fig. 1i); by 1.6 Ma, the
Euphrates River had again traversed the EAF in the western Elazig Basin
tothe northeast (Fig. 1j).

Tointerpret the mechanisms of avulsion, we extracted topographic
profiles along the proposed paths of the Palaeo-Karasu, Palaeo-Murat
and Euphrates rivers (Methods and Fig. 2a,b). Based on the geologic
evolution oftheareaand ourinterpreted avulsionnodes—located atthe
bases of elevated terranes—we infer that the ancient riverine systems
were diverted due to a combination of long-wavelength uplift* and
short-wavelength faulting'®?°?*2¢, These processes—which exerted
afirst-order control on the drainage evolution and sediment routing
across eastern Anatolia—were probably driven by distributed lith-
ospheric compression?, asthenospheric-lithosphericslab peel-back?,
and/or elevated asthenospheric temperatures”. Consequently, tilting
of eastern Anatolia since the Late Oligocene steepened the regional
gradient, which, along with Late Miocene faulting, partitioned the land-
scape and promoted flow capture. Stratigraphic evidence fromthe Kan-
gal” and Malatya basins® supports our interpretation, as Late Miocene
to Early Pliocene coal at relatively high (modern) elevations points to
topographicinversion of once low-lying, poorly drained areas. Despite
the Late Pliocene to recent post-depositional deformation, pre-uplift

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-026-01962-x

AN 34

__/ NahrMénas
Vs Ab"

35°F

& 5F

S
/g 1‘
4

40°E

Palaéo-Murat River

412F 43°E

oA

2!

37°N 7
F1: Sariz Fault
F2: Malatya Fault
F3: Ovacik Fault
F4: PUlumar Fault i
F5: North Anatolian Fault 36°N 7

F6: Tercan Fault

F7: Lattagieh Fault

F8: Dead Sea Fault

F9: East Anatolian Fault

F10: Kahramanmaras Fault

F11: Engizek Fault

F12: Strgu Fault

F13: Bozova Fault

F14: Southeast Anatolian Thrust

| | Elevation (km)
o= N/ /s

T T

b /'R1: Sehyan River
R2: Zamant River

t R3: Unnamed creeks

| R4: Mancinik Creek

[ R5: Unnamed creeks
R6: Kangal Stream
R7: Karabogaz Stream
R8: Calti Suyu Stream

R10: Unnamed creeks |
R1: Orontes River =
R12: Karasu Stream

R14: Aksu Stream

R15: Goksu, Stream
[ R16: Surgil' Stream
R17: Unnamed creeks’
R18: Sultansuyu Creek

I R9: Nahr al=Kabir al-Shamali

R13: Unnamed:creeks | .

it

¥ Hatay triple junction

Yr Kahramanmaras triple junction

Early Pliocene

—Ri4

avulsion node O

Late Pliocene
avulsion node

®,

Karasu River—

@7 Pleistocene

Ll avulsion node
= Ri18

Euphrates River————

% | 27220 km

F5

oremmt”

LSR (mm yr): 6.8

OL (km)*516, 58:2, 65.3

"Age(Ma): 7.6,-8.6, 9.7 B>
Palaeo-Karasu River at 8.6 Ma -="""""" "
<
»
1
- ’
P =
2 P2y
% II
LSR (mm yr'"): 2.7 $
OL (km): 5.1,7.6,10.1 >
Age (Ma): 1.9,2.8,3.7 <,

,

Foes LSR (mm yr): 7.7
OL (km): 27.9, 34.4, 379
i Age(Ma): 3.6,4.5;4.9
Y
\
p ... P
LSR (mm yr): 7.7 ¢
OL (km): 242,285,312 ™\
Age (Ma): 3.1, 3.7, 4.1 H

S=vlien it gF9

- 3
LSR(mmyr):7.7 = =l
OL (km):10:8, 11.9,13.3 ’
Age (Ma): 1.4, 1:5:17

Y
¢

Euphrates River at 1.6 Ma

Fig. 1| Paths of the ancestral and modern Euphrates River in Western Asia.

a, The Late Miocene Euphrates River consisted of two fluvial systems—the Palaeo-
Karasu and Palaeo-Murat rivers (dashed blue lines—proposed pathways)—which
flowed into the eastern Mediterranean and deposited the Handere® and Nahr
Menashe’. Mixed-lithologic accumulations in present-day positions: surface
(Late Miocene-Early Pliocene, solid green polygons)”; subsurface (Late Miocene,
hatched green polygons)”*?. Coal mines are marked by hammer and pick
symbols. The proposed avulsion order is from older (I) to younger (IV). Surface
faults' are noted. Blue dotted lines delineate the zone of lateral uncertainty

for reconstructed pathways. b, The Early Pliocene Palaeo-Murat River avulsed
eastward, beingjoined by the Palaeo-Karasu River in the Late Pliocene. The

system avulsed again in the Pleistocene, forming the modern Euphrates River.
Modern fluvial systems reoccupy ancestral pathways. Siliciclastic deposits

are shown at the surface (undifferentiated Pliocene, yellow polygons)®’. Triple
junctions are indicated by stars. c-e, Avulsion nodes in the Early Pliocene (c),
Late Pliocene (d) and Pleistocene (e). f-j, Long-termslip rates (LSRs)"******* and
offset lengths (OLs) of strike-slip faults were used to calculate segment ages,
which are shown reconstructed at their means: Palaeo-Karasu River at 8.6 Ma (f)
and 2.8 Ma (g); Palaeo-Murat River at 4.3 Ma (h); and Euphrates River at 3.6 Ma
(i) and 1.6 Ma (j). Basemaps created in ArcGIS Pro 3.0.2 with data from the United
States Geological Survey (USGS) EarthExplorer (https://www.usgs.gov/tools/

earthexplorer).

paths of the Palaeo-Karasu and Palaeo-Murat rivers probably resem-
bled that of the current Euphrates River (ref. 31; Fig. 2c). Downstream
at the Mediterranean coastline, the reconstructed riverine systems
overlie the thickest accumulations of the Handere (Fig. 2d) and Nahr

Menashe (Fig. 2e), providing evidence for sustained fluvial activity.
Althoughlong-term uplift and faulting are interpreted as the primary
controls on riverine diversion, short-term palaeo-seismicity and/or
palaeo-earthquakes cannot be ruled out, as avulsion nodes are situated

Nature Geoscience


http://www.nature.com/naturegeoscience
https://www.usgs.gov/tools/earthexplorer
https://www.usgs.gov/tools/earthexplorer

Article

https://doi.org/10.1038/s41561-026-01962-x

a Offshore R1 R2 R3R4 R5R6R7 R8 Karasu River d Onshore
_ fwsw [ Kangal | N E WNW ESE
e c 9 < 15 o
= £18 ~ Erosion Basin T8 c =
ct20 8| Fluvial 17 F6 ,g 10t . Dé
K] == Hiatus F6 o 8, @
w - S e L i FAF5 T6 > o <
© o| ¢ acustrine 5 o o5l = >
F 58 = Swamp T4 w Q @
o | 1.0~ § Volcanic T3 1
L = 12 ~ 3 o _
1 [ LA 0
— L I s - 4
= 025 Handere /
b 1,000 2,000 g (deposits of
[ Offshore RORIO RN R12 R13 R14 R15R16 R17 R18 Murat River ) c 050 Palaeo-Karasu
~ [ WswW B N l;/lgaaa?asin S Riven)
El c Zo7
< G|, , , , ,
o620 o § 25 50 75 100
= ol 8
Sr BE Fof12 e Onshore
ko s> Fe -
wr1o = FOF9 [ N o S
T )
L T2 < 15L > X =
T = Z CE-
L L kel L @ S xa
1,000 2,000 5 10 £ 85
c Euphrates 3 <] £ =5
G Euphrates River ; o O5r Q = S
—~Fs 2] N s
€ 8| g T1:18 Ma —
<0 8¢ 12:14 Ma ™ E T P
c |8 13:10 M 3
o[ 20 2| 9| T4:8 Maa m »n 0.25F Nahr Menashe
§ L . ¥g ima fo $g 3 (deposits of
I : 4 Ma Fo € 050 -
Lo &8 T7:2 Ma ) T4 3 Pala;?,ehf)urat
o= T8:0 Ma Fi3 F14 13 2
5 g 12 £ 075
— \ , , , , T , 2‘ ‘0 y 60
1,000 2,000 5 5 7T

Distance (km)

Fig. 2| Topographic profiles and subsurface sediment thicknesses. a-c, Profiles
along the Palaeo-Karasu (a), Palaeo-Murat (b) and modern Euphrates (c) rivers,
showing the present-day distribution of Late Miocene to Early Pliocene deposits
(green highlighted areas), undifferentiated Pliocene-aged accumulations (yellow
highlighted area) and fault traces at the surface. The locations of avulsion nodes
inEarly Pliocene (red ring), Late Pliocene (green ring) and Pleistocene (blue ring)
areinterpreted to have been caused by deformation associated with uplift and

Distance (km)

faulting. Long-wavelength cumulative uplift (grey dotted lines) over the last

18 Myr is from ref. 21. See Fig. 1a,b for location of profiles and legends. Coal mines
are marked by hammer and pick symbols. Stratigraphic columns are from refs. 29
(a),’* (b) and * (c). d,e, Surface profiles at the coast, displayed over Late Miocene
deposits at depth® %, Spatial correspondences of current fluvial systems to the
thickest accumulations of the Handere (d) and Nahr Menashe (e) areinterpreted
to represent topographicinheritance from the Late Miocene.

onor near plate boundaries and faults, including the epicentre of the
7.8-magnitude 2023 Kahramanmaras (Tiirkiye) earthquake®, located
~90 kmsouth-southwest of the Palaeo-Murat River’s avulsion site.

Sediment-budget modelling

Using our mapped palaeo-pathways, we modelled the Late Miocene
sediment budget of the Palaeo-Karasu and Palaeo-Murat basins dur-
ing the terminal phase of the MSC (-5.45-5.33 Ma) using a probabilis-
tic approach to the empirical BQART model (Methods)*. Although
we recognize the existence of alternative approaches—including
source-to-sink models**—we selected BQART to estimate sediment
discharge based on basin parameters (such as surface area, water dis-
charge, relief, temperature, lithology and trapping efficiency). Given
known sediment volumes, durations and discharges for the Handere
(8,313 km?, this study; 120 kyr from biostratigraphy and geochronology,
ref. 6,139.2 MT yr,, this study) and the Nahr Menashe (3,372 km?, this
study; 120 kyr, consistent withref. 6;56.2 MT yr™, thisstudy), weinverted
the BQART model to estimate basin areas (Extended Data Table 1a,b).
Model runs for the Palaeo-Karasu (Extended Data Fig. 2a-f) and
Palaeo-Murat (Extended Data Fig. 3a-f) rivers returned median (P50)
basin areas of 2.5 x 10° km? and ~-9.9 x 10* km?, respectively (Fig. 3a).
As avalidation step, we compared modelled basin areas with those
derived from an empirical relationship linking river length and catch-
mentshape (modified Hack’s law)*, and the results suggest that while
the Palaeo-Karasu River was relativelyimmature (or rejuvenated), the
Palaeo-Murat River was more established. Reconstructed catchment
geometries, based on P50 basin areas, plate boundaries, position of
the Black Sea, and Late Miocene to Early Pliocene onshore deposits,
indicate that the Palaeo-Karasu Basin extended westward into Anatolia,
whereas the Palaeo-Murat Basin remained constrained by the Arabian
Plate margin (Fig. 3b). Larger catchments are unlikely, as they would

have required evidence of systems far beyond the geologic-geomor-
phic boundaries identified above.

To test our hypotheses regarding ancient catchments, we used
Tiirkiye’s geologic map alongside existing lithologic data. A previous
study focusing on the northern Handere®, which employed clast counts
of conglomerates from six outcrop sites, revealed that >75% of the
deposit consisted of carbonate, volcanic and undifferentiated sedimen-
tary rocks, with the remainder comprising metamorphic andigneous
rocks (ophiolitic and non-ophiolitic). When compared to lithologies
along our reconstructed Palaeo-Karasu River path, the rock types are
remarkably similar (Fig.3c). However, the Palaeo-Karasu Basinincludes
two lithologies absentin northern Handere samples: evaporitic rocks,
likely dissolved and thus not deposited; and volcanic-sedimentary
rocks, which constitute a mere 3% of the basin’s surface area. Plotting
point counts of the six shared rock types from the Handere against the
surface areapercentage of the exposed lithology of the Palaeo-Karasu
Basinyields an *value of 0.35, indicating a weak correlation. However,
excluding accumulations located farther from the palaeo-channel—
undifferentiated sedimentary rocks to the west—the r’ value increases
to 0.93, suggesting a strong relationship. This finding implies that
the P50 basin area indicated by our model may be an overestimation.
Regarding the Nahr Menashe (Fig. 3d), the International Ocean Dis-
covery Program (IODP)* approved sampling at eight sites; however,
the program’s termination precluded drilling, leaving the deposit
unsampled. Yet, based on catchment lithology and the anomalously
high seismic velocities of the deposit (2,925 m s™)’, the Nahr Menashe
may contain elevated proportions of volcanic, carbonate, evaporitic
and/or metamorphic rocks.

Expanding on these findings, we compared the reconstructed
hydrology of the Palaeo-Karasu and Palaeo-Murat rivers with that of
modern fluvial systems. Although the reconstructed basin areas were
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Fig. 3| Reconstructed basin area, provenance, and sediment-water discharge.
a, Results of the probabilistic sediment-budget model for basin areas of the
Palaeo-Karasu and Palaeo-Murat rivers. S denotes catchment shape (1= circular
and 2.5=elongate; Methods). b, P50 maps of basin areas, constrained by the
locations of plate margins and Late Miocene to Early Pliocene-aged deposits.

¢,d, Lithology of modern landscape® constrained by P50 basin areas for the
Palaeo-Karasu (c) and Palaeo-Murat (d) rivers, and isopach maps for the Handere
(c) and Nahr Menashe (d). The Handere lithology was sampled from clast
counting at six outcrop sites®. Nahr Menashe is currently unsampled, although
eightsites were approved to be drilled during IODP Expedition 857C>¢, prior to

Water discharge (km® yr™)

termination of the IODP program. Cross plots in c show percentages of Handere
lithology versus the lithology of the Palaeo-Karasu Basin (top, six shared
lithologies; bottom, six shared lithologies with sedimentary rocks removed).

e, Sediment discharge versus basin area for the Palaeo-Karasu, Palaeo-Murat,
modern Nile® and modern Tigris—Euphrates® rivers. f, Sediment discharge
versus water discharge for the riverine systems in e. Elevated values for the
Palaeo-Karasu and Palaeo-Murat rivers are attributed primarily to Late Miocene
palaeo-precipitation and palaeo-relief. Basemap in b created in ArcGIS Pro 3.0.2.
Panel creproduced with permission fromref. 12, Elsevier.

roughly an order of magnitude smaller than the present-day Tigris—
Euphrates and Nile river catchments (Fig. 3e), sediment discharge
remained strikingly similar. To place these values in a palaeo-hydrologic
context, we also compared themwith the Rhone River during the MSC*":

the Palaeo-Karasu River carried ~2.5 times the sediment discharge,
whereas the Palaeo-Murat River was nearly identical. With respect
to water discharge, the reconstructed P10, P50 and P90 values of the
Palaeo-Karasu River exceeded those of the modern Nile River, while
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Fig.4|Reconstructed eastern Mediterranean during the terminal Messinian
salinity crisis. View to the north-northeast at ~200-km altitude showing

partial basin-wide desiccation at ~5.35 Ma. The Handere was deposited north

of Cyprus, whereas the Nahr Menashe and Abu Madi accumulated south of

the Eratosthenes Seamount. Note the proximity of the Palaeo-Euphrates and

M1-Palaeo-Nile River
M2 Abu-Madi
~M3 Palaeo-lake

4 Nahr Menashe
M5 Eratosthenes Seamount

Palaeo-Nile rivers. The palaeogeographic model integrates published data

and this study to constrain onshore-offshore palaeo-elevations”* and delineate
facies®”'>"**? Inset map created in ArcGIS Pro 3.0.2 with data from Google.
Credit: reconstruction, LinaJakaité and Andrew S. Madof.

for the Palaeo-Murat River, only the P10 fell below the present-day
Tigris—Euphrates River (Fig. 3f). This paradoxical result—showing that
during one of Earth’s driest intervals (MSC), the Palaeo-Karasu and
Palaeo-Muratrivers sustained higher water discharge than the largest
riversof modern Northern Africaand Western Asia, respectively—sug-
gests that the palaeo-precipitation®® and/or palaeo-temperature varied
substantially, even at the scale of individual catchments. While Late
Neogene climate models generally predict low-intensity rainfall across
Western Asia**°, our sediment-budget models indicate higher average
palaeo-precipitation, episodic high-intensity rainfall and/or localized
hydrologic amplification. Combined with catchment size, these factors
provide a more viable mechanism for the widespread occurrence of
well-developed, Late Miocene to Early Pliocene lacustrine and mire
(coal) deposits throughout eastern and central Anatolia.

Palaeogeographic reconstruction

To complement our upstream catchment analysis, we reconstructed the
downstream palaeogeography of the Palaeo-Karasu and Palaeo-Murat
rivers prior to avulsion (Fig. 4 and Methods). Our reconstruction
(Extended Data Table 2), informed by the results of this study, fluvio-
lacustrine depositional analogues and published interpretations
of palaeo-elevations** and facies®”'*">*?, constrained the eastern
Mediterranean at -5.35 Ma during the terminal stage of the MSC*. At
that time, the Palaeo-Murat River had deposited much of the Nahr
Menashe into a partially desiccated, westward-tilting Levant Basin
east and south of the Eratosthenes Seamount. Seismic geometry indi-
cates that this river was a single, large fluvial system that terminated
in a palaeo-lake, which deepened westward towards the Herodotus

Basin’. Atitssouthernboundary, the Palaeo-Murat—that is, the ancestral
Euphrates River—was separated by less than -25 km from the northern
limit of the Palaeo-Nile River, probably the shortest distance to separate
these tworiversin Earth’s history. North of Cyprus, the Palaeo-Karasu
River deposited the Handere within the actively subsiding and suba-
erially exposed Adana and Cilicia basins; seismic and outcrop geom-
etries suggest that this system may have also been supplemented by
secondary coastal rivers'>**, In juxtaposition to the depositional sink
of the Palaeo-Karasu and Palaeo-Murat rivers—the now submerged
eastern Mediterranean drylands—their Anatolian-Eurasian source
was marked by humid wetlands.

Euphrates River evolutionary model

We present, here, a conceptual model for the evolution of the Palaeo-
Murat and Palaeo-Karasu rivers (Fig. 5a) that explains the emergence
of the modern Euphrates River. Our fault chronology, coupled with
volcanic ages from the Malatya* and Kangal*® basins, suggests that
the Palaeo-Murat River initiated on the Anatolian-Eurasian Plates after
~16.55 Ma, whereas the Palaeo-Karasu River developed between -8.6
and ~5.9 Ma. Stratigraphic evidence indicates that by the Tortonian,
bothrivers drained into poorly connected, organic-rich lakes south
of the NAF (Fig. 5b). By the late Messinian, shoaling across the Betic
and Rifian corridors in the western Mediterranean (Strait of Gibral-
tar)**® triggered a dramatic, basin-wide evaporitic drawdown, low-
ering the eastern Mediterranean’s base level by ~1.7-2.1 km (ref. 49).
Although some studies challenge the magnitude of this reduction®”,
our sediment-budget modelindicates that atleast 0.8 km of base-level
lowering was necessary to fit the modelled catchment areas. Associated
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Fig. 5| Temporal evolution and formation model for the Euphrates River.

a, The Late Miocene ancestral Euphrates River initiated on the Anatolian-
Eurasian Plates as the Palaeo-Murat and Palaeo-Karasu rivers. At -3.6 Ma, the
Palaeo-Murat River avulsed to the Arabian Plate, with the Palaeo-Karasu River
avulsing tojoinit by -2.8 Ma. The merged system became the modern Euphrates
River by -1.6 Ma. Before that, the incipient Euphrates River occupied a position to
the south. Age control is from volcanics that underlie and are interbedded with
fluvial strata (white squares)**° and from fault reconstructions (white diamonds
denote means, with bars indicating temporal uncertainty ranges; see Fig. 1f—j and
Methods). EAF, East Anatolian Fault (-4-Ma reactivation); MSC, Messinian

salinity crisis; NAF, North Anatolian Fault (-12-Mainitiation). b—f, Graphical
representations of the chronology in a. By the Tortonian (b), the Palaeo-Karasu
and Palaeo-Murat rivers terminated at lakes; during the Messinian (c) the
systems flowed into the eastern Mediterranean during the kilometre-scale
drawdown associated with the terminal phase of the MSC. In the Zanclean (d),
the Palaeo-Murat River avulsed to the Arabian Plate due to reactivation of the
EAF, while in the Piacenzian (e), the Palaeo-Karasu River avulsed due to decreased
slip along the Ovacik Fault (OF). The final diversion of the Euphrates River in the
Calabrian (f) is related to either local subsidence or landscape readjustment.

MSC-drivenriverineincision—amplified by Anatoliantilting and fault
reactivation—forced fluvial systems toreadjust to amarkedly lower base
level, whichintensified sediment delivery along faults and into the east-
ernMediterranean (Fig. 5c). Given that this process probably triggered
the sudden breaching of perched lakes in the Anatolian uplands, we
hypothesize that the Handere and Nahr Menashe may have formed via
lake-breach mega-floods, amechanism analogous to surface dynamics
on Earth®® and early Mars*. However, further modelling is required to
test this hypothesis, particularly to account for long run-out distances,
which are conceptually difficult to reconcile without invoking cata-
strophic mechanisms. A similar processis envisaged for the Eosahabi
fan—one of the largest known Messinian-aged fluvial deposits in the
Mediterranean—offshore Sirt Basin (Libya)**, which was probably fed
by rapidly incising onshore drainage networks that responded to late
Messinian base-level fall*.

Chronologic constraints from the Handere and Nahr Menashe
indicate that fluvial systems were active in now offshore areas
between ~5.45 and 5.33 Ma, with the Palaeo-Karasu River maintaining
flow across the Anatolian-Eurasian Plates throughout this 120-kyr
interval. For the Palaeo-Murat River, drainage persisted on the Ana-
tolian-Eurasian Plates from ~5.45t0 5.43 Ma (one depositional cycle;
~22 kyr)***, after which flow was redirected onto the African Plate
from ~5.43 to 5.33 Ma (four and half depositional cycles; ~98 kyr).
Along with uplift and faulting, as well as the re-filling of the Mediter-
ranean during the Zanclean mega-flood*®, the Miocene-Pliocene
boundary (5.33 Ma) was marked by the abrupt landward retreat of
fluvial systems and the cessation of accumulation to now offshore
areas. Inthe Kangal Basin, the Palaeo-Karasu River deposited lacus-
trine sediments, suggesting that deformation produced intra-plate
sub-basins actively infilled by terminal lakes. In the Murat Basin,
erosional truncation of Late Miocene-aged accumulations records
riverine avulsion, with drainage deflected away from areas of uplift™
and towards the Arabian Plate.

At -3.6 Ma (Fig. 5d), reactivation of the EAF diverted the Palaeo-
Murat River southeastward, establishing its course on the Arabian
Plate and marking the onset of the incipient Euphrates River. By -2.8 Ma
(Fig. 5e), decreased activity along the Ovacik Fault? promoted avulsion
ofthePalaeo-Karasu River towards the southeast, where it merged with
theincipient Euphrates River. Although we interpret the mechanisms
of diversion for the Palaeo-Murat and Palaeo-Karasurivers to have been
fundamentally tectonic in origin, the final northward-propagating
avulsion of theincipient Euphrates River remains less clear. We hypoth-
esize that this avulsion may have been driven by local subsidence or
landscape readjustment, as the avulsion node currently sitsin alocal
topographic low. Regardless of mechanism, we interpret the modern
Euphrates River to have begun on the Arabian Plate at -1.6 Ma (Fig. 5f).

Conclusion

We propose a framework to elucidate the enigmatic origins of the
modern Euphrates River. Our findings indicate that this key histori-
cal river began as two distinct fluvial systems that briefly flowed into
amarine basin, traversed four tectonic plates, converged, and ulti-
mately emptied into a gulf. Regional deformation appears to have
been an active and important process that exerted profound control
over fluvial dynamics. We anticipate these conclusions will provide a
more comprehensive understanding of the spatio-temporal evolution
of Western Asia’s riverine systems and offer deeper context for the
terrestrial processes that laid the foundation for one of the world’s
oldest-known civilizations.
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Methods

Seismic interpretation

Theentirety of the Nahr Menashe was mappedin SLB’s Petrel software
using conventional seismic stratigraphic methods’®” on 2D and 3D
seismic-reflection data in two-way travel time. The dataset consisted
0f 192 2D lines and five 3D volumes from offshore Syria, Lebanon,
Israel, Cyprus and Egypt (Extended Data Fig.1). To facilitate reflection
picking, all data were phase-rotated to ensure consistent zero-phase
polarity. Horizons marking the top and base of the Nahr Menashe were
picked on peakreflections and were interpreted using both the Manual
interpretation and Seeded 3D autotracking tools. The result was an
internally consistent loop-tied framework (2D data) that intersected
continuous horizons (3D data). The composite top and base horizons
were then interpolated to create continuous surfaces, which were
used to generate a thickness map with the Make Thickness Map tool.

Geologic mapping

Maps of the study area (Fig. 1a—e) were created by overlayingimages of
Late Miocene to Early Pliocene deposits®”" from the Geological Map
of Tiirkiye® and Syria®, as well as faults from the Active Fault Map of
Tiirkiye™, onto digital elevation models (DEMs) of the topography’.
As part of our initial quality control measure, polygons representing
Late Neogene deposits were checked against local studies to confirm
their ages, lateral extents, and lithologies. Fault data were then com-
pared tolocal and regional studies to verify their lengths and orienta-
tions. Where necessary, adjustments were made to reflect convergent
interpretations. After validating the spatial and temporal positions
of deposits and faults, DEMs were selected from the United States
Geological Survey (USGS) EarthExplorer (https:/www.usgs.gov/tools/
earthexplorer, accessed 10 November 2022) covering parts of Tirkiye,
Syria and Iraq. The 84 tiles (1° latitude by 1° longitude) from the Shut-
tle Radar Topography Mission (SRTM) were downloaded from the
USGS Earth Resources Observationand Science (EROS) Center Archive
(https://doi.org/10.5066/F7PR7TFT).Eachtilehad alateral resolution
ofalarc-second (-30 m) and a vertical resolution of <16 m. Tiles were
converted to the georeferenced Tagged Image File Format (geoTIFF)
and merged using the Mosaic to New Raster tool in ArcMap 10.8.1. A
multidirectional hillshade image was generated from the mosaiced
DEM using the Hillshade Raster Function within ArcGIS Pro 3.0.2 and
saved as a jpeg (Joint Photographic Experts Group). Geologic maps
were georeferenced by applying a third-order polynomial transfor-
mation using at least ten control points, done with the Georeference
toolin ArcGIS Pro 3.0.2. The final georeferenced geologic maps (TIFF
format) were superimposed over DEMs (jpeg format) in Adobe lllustra-
tor, where accumulations and faults were digitized.

For calculating the geologic age of mapped palaeo-pathways
offset by strike-slip faults, channel offset lengths were measured and
long-termsslip rates were compiled from previous studies. To account
for uncertainty in the channel offset lengths®, minimum, maximum
and preferred measurements were recorded for each fault (using the
pathfunctionin Google Earth Pro). Mean offset lengths were then calcu-
lated, noting that the preferred values—and thus the means—were not
consistently centred between the minimum and maximum measure-
ments. Similarly, uncertaintiesin long-termslip rates were calculated
by averaging values from earlier studies, such as those associated with
the EAF?*?25, NAF'®*2 and Ovacik Fault®. To determine geologic age,
average channel offset lengths were divided by average long-termslip
rates; these values were then used to restore palaeo-pathways to their
mean pre-offset orientations (Fig. 1f-j).

Profile extraction

The paths of the Palaeo-Karasu and Palaeo-Murat rivers (Fig. 2a-c)
were traced in Google Earth Pro (using the path function) by manually
identifying continuous active or abandoned channels, giving particular
attention to those overlying Late Miocene to Early Pliocene riverine

deposits. Coastal profiles (Fig. 2d,e), however, were chosen using the
locations of pre-existing surface and subsurface data, such as outcrop,
welllog, core and seismic data® %, Completed paths were exported as
KML files and loaded into ArcGIS Pro 3.0.2, where they were converted
topolylinesusing the KML To Layer tool. To generate profiles, the Points
AlongLine tool was used to resample the paths to equally spaced points
(500 m), and these points were extracted from the merged DEM using
the Extract Values to Points tool. Lateral (x and y) and vertical (eleva-
tion) values were exported for plotting; these data were then processed
and plotted in Microsoft Excel, and the final profiles were digitized in
Adobe lllustrator.

BQART modelling
We modelled the Palaeo-Karasu and Palaeo-Murat basins using the
following empirical equations®:

Qs = wBQYMA%SRT
B=IL(1-T)E,

I=1+0.094,

where Q,is the sediment discharge (MT yr™), wis a constant (0.0006), B
isrelated to geologic and anthropogenic factors, Q, is water discharge
(km®yr™), Ais basin area (km?), R is relief (km), Tis temperature (°C),
lis a glacier erosion factor (unitless and dimensionless; />1), L is an
average lithology factor (unitless and dimensionless), T is thetrapping
efficiency of lakes and human-made reservoirs (unitless and dimension-
less;1- Ty <1), E,is the human-influenced soil-erosion factor (unitless
and dimensionless), and A, is the percentage of the catchment area
that was glaciated.

For the Palaeo-Karasu River, we calculated Q, by first determin-
ing the volume of the Handere using a contour map fromref. 12 (their
fig. 9). We imported this map as a TIFF into Petrel, digitized the con-
tours as polygons, and converted them to a surface using the Make
Surface tool (Fig. 3c). The Volume Below Surface tool yielded a total
volume of 8,313 km®. Using a sediment density of 2,000 MT km™
(2,000 kg m™), we converted volume to mass and divided by the inter-
preted deposit duration (120 kyr; ref. 6), yielding a Q,0f139.2 MT yr™.
For the Palaeo-Murat, we derived Q, by using the Nahr Menashe isoch-
ron (inseconds) and then converted it to thickness (in metres) using a
sediment velocity of 2,925 m s (Fig. 3d)’. The Volume Below Surface
tool yielded a total volume of 3,372 km?. Using the same density and
duration as for the Handere, we obtained a Q, 0of 56.2 MT yr™.

After calculating Q,, we used three steps to approximate the
input parameters for the Palaeo-Karasu and Palaeo-Murat basins
(Extended Data Table1a,b). First, we made aninitial approximation of
Ausing the lateral extent of Late Miocene to Early Pliocene accumula-
tions and the position of faults, and we ensured that the estimates
respected the upper bound of available space in Anatolia and the lower
bound ofthe surface areas of the Handere and Nahr Menashe. We then
estimated the initial ranges of Q,, by multiplying these values of A by
annual palaeo-precipitation estimates (200-1,000 mm)”>”*. Second, we
generated aniterative set of BQART models usingtheAand Q,, fromthe
first step, together with R and Tvalues from published studies*’, We
then compared the resulting Q, values to the estimated Q,and adjusted
A—and thus Q,—until the deterministic Q, matched the estimated
value. Lastly, we ran two probabilistic BQART models (N =250,000
realizations for each of the Palaeo-Karasu and Palaeo-Murat basins)
using Crystal Ball”>, which draws input values from user-defined dis-
tributions to probabilistically model the outcome of deterministic
equations. We selected realizations that resulted in Q, within 15% of
those calculated for the Palaeo-Karasu and Palaeo-Muratrivers (Fig. 3a),
resultingin146,465and 109,393 runs, respectively. Asavalidation step,
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we checked modelled values of A against those calculated from the
following empirical equation (modified Hack’s Law)*:

L
~ §-06

where A is basin area (km?), L is river length (km) and S is catchment
shape (unitless and dimensionless; 1is circularand 2.5 is elongate). We
output final values using Microsoft Excel and digitized the graphs with
Adobe Illustrator. To delineate the catchments of the Palaeo-Karasu
and Palaeo-Murat basins, we constrained the P50 values of A by fault
positions and the occurrence of Late Miocene to Early Pliocene accu-
mulations (Fig. 3b). Additionally, for model runs versus sediment
discharge, we plotted water discharge, basin area, maximum relief, and
temperature as histograms (and also tornado diagrams) in MATLAB,
with the finalimages digitized using Adobe Illustrator (Extended Data
Figs.2a-fand 3a-f). We used a similar procedure to create plots of sedi-
mentdischarge versus basin area (Fig. 3e) and water discharge (Fig. 3f).

To quantify the surface area percentage of the exposed lithol-
ogy constrained by the P50 catchments of the Palaeo-Karasu and
Palaeo-Murat basins, we imported shapefiles from the Geological
Map of Tiirkiye®™ into ArcGIS Pro 3.0.2. For comparison to the Handere,
we concatenated and filtered polygons according to the classification
of ref. 6 (their table 1); we summed surface areas from polygons for
each rock type and clipped to the P50 basin area using Clip Analysis
from the Analysis Toolbox. We then imported the data and plotted
them in Microsoft Excel (Fig. 3¢,d), with the final pie charts digitized
in Adobe Illustrator.

Landscape reconstruction

Wereconstructed the eastern Mediterranean during the latest Messin-
ian using palaeo-elevation, facies belts and depositional textures as
primary inputs (Fig. 4). Palaeo-elevation shapefiles (ranging from
-2,000 mto +1,500 m) were created from contour maps (ref. 21, their
fig. 61,m; ref. 41, their fig. 2f), whichweimported into Google Earth Pro,
georeferenced, digitized as paths and edited, and exported as KML files.
We imported these final KML files into ArcGIS Pro 3.0.2 and converted
them to polylines using the KML To Layer tool. Although we modi-
fied several facies belts from pre-existing interpretations®”>34>778
we generated most of them using a rule-based criterion that linked
depositional environment, Messinian evaporite thickness'® and the
gradient of the modern seafloor (Extended Data Table 2). After estab-
lishing this criterion, we applied the same methodology (above) to cre-
ate facies-belt shapefilesin ArcGIS Pro 3.0.2. Photographic analogues
from modern dryland fluvio-lacustrine environments in Australia,
Iran, Israel, Kazakhstan, New Zealand, Pakistan, Russia, Turkiye and
the United States were retrieved using Google Earth Pro, and their
locations were saved as placemarks.

Using palaeo-elevation and facies-belt shapefiles, together with
depositional textures, we employed a three-step process toreconstruct
the eastern Mediterranean in 3D. First, we created a surface in Global
Mapper using shapefiles. Where palaeo-isolines were missing or sparse,
we used vertical warping of the modern topography-bathymetry to
create a continuous surface. We then utilized Houdini and Blender
to warp, re-map, sculpt and blend the restored surface. Second, we
draped depositional textures—gathered from Google Earth—onto the
restored surface, completing the texturing in Houdini, World Machine
and Substance Painter using facies-belt shapefiles and texture masks
(PNG (portable network graphic) files). Finally, we adjusted, rendered
and applied finalimage enhancements to the reconstructed surfacein
Blender and Affinity, and used Adobe Illustrator to mark physiographic
features on the final PNG.

Limitations and uncertainties
Although the study presented here introduces a hypothesis for
the origin of the ancestral Euphrates River, several limitations and

uncertainties remain. These include the absence of field-based data,
the reliance on modern topography to reconstruct ancient riverine
courses, the use of fault offset lengths and long-termslip rates toinvert
for palaeo-pathway age, and the application of the BQART model to
infer sediment discharge. Addressing these constraints—and rigorously
testing the proposed existence of the Palaeo-Karasu and Palaeo-Murat
rivers, and their relationship to the modern Euphrates River—will
require future work that integrates stratigraphic, geomorphic and
geochronologic data, supported by targeted sensitivity analyses.

Whereas our geologic-geomorphic reconstructions and BQART
modelling support the presence of large fluvial systems terminat-
ing in a partially desiccated eastern Mediterranean, our hypothesis
may be further tested using field-based data, such as those related to
fluvio-lacustrine deposits and palaeo-currentindicators. Correlating
fluvio-lacustrine accumulations throughout the study area could help
reconstruct ancient depositional environments, avulsion histories and
patterns of sediment dispersal, while measurements of palaeo-current
indicators may constrain flow orientations, channel-migration patterns
and source-to-sink dynamics. Taken together, these measurements
could be used to interpret climatic changes and tectonic reorganiza-
tion of drainage networks, particularly those related to Anatolian uplift
and the MSC. However, given the extensive length of the reconstructed
pathways, their high sinuosity, and the discontinuous nature of surface
exposure, obtaining correlated fluvio-lacustrine sections and statisti-
cally robust palaeo-current data across such terrain presents major
logistical and methodological challenges.

In addition to surficial (field-based) data, subsurface datasets
can help reconstruct palaeo-pathways. Regional studies that have
integrated onshore topographic maps with offshore seismic data have
shown that the Messinian-aged Palaeo-Nile River”’ supplied the Abu
Madi incised valley fill” (offshore Egypt), whereas the Palaeo-Kufrah
River> sourced the Eosahabi fluvial fan** (offshore Libya). Our recon-
struction of the Palaeo-Karasu and Palaeo-Murat river systems—based
ontopographic mapping and seismicinterpretation—follows a similar
methodological approach and similarly identifies fluvial networks
supplying sediment to the Handere and Nahr Menashe. Although
the specific details of these palaeo-pathways remain tentative, our
mapping offers a first-order approximation. More importantly, our
integrated topographic-seismic framework extends the analysis into
the Euphrates River headwaters, providing evidence that fluvial sys-
tems delivered sediment directly into a partially desiccated eastern
Mediterranean during the terminal MSC.

Whereas seismic and topographic data have been successfully
used to trace ancient fluvial systemsin tectonically quiescent regions,
extending suchreconstructionsinto tectonically active settings intro-
duces additional uncertainties. As such, establishing a chronological
framework in these environments often relies on reconstructing dis-
placement histories from fault offset lengths and long-termslip rates—
an approach widely used in tectonic and seismic hazard studies®*®..
Although the duration of these reconstructions (tens to hundreds of
thousands of years) are substantially shorter than those calculated
for the Palaeo-Karasu and Palaeo-Murat rivers, studies along the NAF
demonstrate that long-term slip rates can be constrained over time-
scales of at least 13 Ma (ref. 82), based on cumulative displacement
and sediment dating. However, although this extension underscores
the method'’s potential for long-term reconstructions, it also high-
lightsitsinherentlimitations, particularly its tendency to oversimplify
the spatio-temporal variability of fault motion. This simplification
becomesespecially problematic when attempting to reconstruct fluvial
pathways across regions characterized by distributed deformationand
episodic rupture. These challenges are amplified in our study area,
where palaeo-seismic and geomorphic slip-rate estimates are sparse
and GPS/InSAR (Global Positioning System/interferometric synthetic
apertureradar) coverage remains limited, resulting in reconstructions
thatrepresent a pragmatic compromise between data availability and
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tectonic complexity. Further complicating matters, rivers in tectoni-
cally active landscapes are prone to dynamic reorganization—including
capture®—which obscures evidence of stable, long-term pathways.
Our reconstructions therefore assume a degree of fluvial stability that
may notbe applicable over al0-Myr timescale, particularly in regions
proneto drainage capture and reorganization. However, our interpre-
tations are constrained by preserved geomorphic and stratigraphic
features, whichweinterpretasindicators of sustained fluvial flow and
sediment delivery.

Although the BQART model provides a practical framework for
estimating sediment discharge based on empirical relationships, its
applicationto ancient fluvial systemsintroduces several uncertainties.
First, the model assumes a relatively stable hydrologic regime over
the duration of deposition, which may not hold for the Late Miocene
MSC, aperiod characterized by tectonic uplift, climatic variability and
possible mega-flood events. Second, the estimated accumulation dura-
tion (120 kyr for both the Handere and Nahr Menashe) is constrained
by biostratigraphy and geochronology, but it may not capture the full
temporal range. Third, the inversion of BQART involvesinterdependent
variables—basinarea (A), water discharge (Q,) and sediment discharge
(Q,)—whichintroduces nonlinearities that can propagate uncertainty
across model outputs. Although our probabilistic approach mitigates
some of these effects by exploring wide input ranges, the stability of
inverted basin areas remains contingent on these coupled relation-
ships. Finally, although our study focuses on BQART-based inversion,
we recognize that predictive models (forward stratigraphic or land-
scape evolution approaches) offer dynamic perspectives on sedi-
ment routing and catchment evolution. Future work integrating these
approaches, alongside improved palaeo-hydrologic proxies and cli-
mate simulations, could refine source-to-sink reconstructions under
complex tectonic conditions.

Data availability

Data supporting the geologic-geomorphic maps (Fig. 1) and the
BQART modelling results (Fig. 3, Extended Data Figs. 2 and 3 and
Extended Data Table 1) are publicly available via figshare at https://
doi.org/10.6084/m9.figshare.31382929 (ref. 72). Beyond these pub-
licly archived materials, the study incorporates subsurface interpre-
tations based on proprietary offshore seismic datasets from Syria,
Lebanon, Israel, Cyprus and Egypt (Extended Data Fig. 1). Syrian
2D seismic data acquired by CGGVeritas (now Viridien) were used;
however, their current commercial availability is uncertain and
may require direct inquiry through the Viridien GeoStore (https://
earthlibrary-geostore.viridiengroup.com/). Seismic datasets from
Lebanon, Cyprus and Egypt (2D and 3D) were obtained from the
TGS Eastern Mediterranean multiclient library (https://map.tgs.
com/myTGSMap/Data-Library#33.354887,34.052551,7z). Israeli 2D
seismic data may be requested through the Israel Ministry of Energy
(https://prime.energy.gov.il/gismap). All proprietary datasets must
be obtained directly from the respective providers, as they cannot
be shared by the authors.

Code availability

Custom code was not developed for this study. Instead, probabilistic
BQART analysis (adapted directly from ref. 33) was performed using
the commercial software Oracle Crystal Ball (https://www.oracle.com/
applications/crystalball/).
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Extended Data Fig. 1| Seismic dataset used to interpret Nahr Menashe. The dataset consists 0f 192 2D seismic-reflection profiles (grey lines) and five 3D volumes
(black boxes) located offshore Syria, Lebanon, Israel, Cyprus, and Egypt. Green polygon shows the extent of the Nahr Menashe. Basemap created in ArcGIS Pro 3.0.2.
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Extended Data Fig. 2 | Results of probabilistic BQART model for the water discharge (b), basin area (c), maximum relief (d), and temperature (e).
Palaeo-Karasu Basin. (a), Sediment discharge for all model runs (250,000 runs Tornado diagram (f) shows the sensitivity of modelled outputs to variations in
- light blue) and those that fall within 15% of the calculated value for the Handere inputs, with water discharge (Qw) exerting the greatest influence.

(139.2MT/yr; 146,465 runs - dark blue). The latter was used to filter values for
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Extended DataFig. 3 | Results of probabilistic BQART model for the

Palaeo-Murat Basin. (a), Sediment discharge for all model runs (250,000 runs

- light blue) and those that fall within 15% of the calculated value for the Nahr

Menashe (56.2 MT/yr;109,393 runs - dark blue). The latter was used to filter values

for water discharge (b), basin area (c), maximum relief (d), and temperature (e).
Tornado diagram (f) shows the sensitivity of modelled outputs to variations in
inputs, with relief (R) exerting the greatest influence.
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Extended Data Table 1| Input parameters for probabilistic BQART modelling

Catchmentcode | Omega | Glacial erosion factor Lithology factor Trapping efficiency Anthropogenic factor
W(MT/yn) ! L Te Eh
Constant Low Mid High Low Mid High
1 0.0006 1 1.5 1.75 2.0 0.10 0.15 0.20 1
Assumption Constant Constant Triangular (min, mode, max) | Triangular (min, mode, max) Constant
Water discharge Basin area Maximum relief Temperature
Q,, (km*/yr) A (km?) R (km) T(0)

Low Mid High Low Mid High Low | Mid | High | Low | Mid | High
1125 | 157.5 | 202.5 | 200,000 | 250,000 | 300,000 24 26 2.8 21 25 29

Log Normal (P10, P90) Gaussian (P10, P90) Gaussian (P10, P90) | Gaussian (P10, P90)

Catchmentcode | Omega | Glacial erosion factor Lithology factor Trapping efficiency Anthropogenic factor
W(MT/yn) ! L T Eh
Constant Low Mid High Low Mid High
1 0.0006 1 1.5 1.75 2.0 0.10 0.15 0.20 1
Assumption Constant Constant Triangular (min, mode, max) | Triangular (min, mode, max) Constant
Water discharge Basin area Maximum relief Temperature
Q,, (km*/yr) A (km?) R (km) T(°Q)

Low Mid High Low Mid High Low | Mid | High | Low | Mid | High

40.5 56.7 729 70,000 90,000 130,000 2.0 24 3.0 21 25 29

Log Normal (P10, P90) Gaussian (P10, P90) Gaussian (P10, P90) | Gaussian (P10, P90)

a, The Palaeo-Karasu Basin was modelled using the following values from the Handere: 8,313 km?® (total volume - this study); 120 kyr (from biostratigraphy and geochronology - ref. 6); and
139.2 MT/yr (this study). b, The Palaeo-Murat Basin was modelled using the following values from the Nahr Menashe: 3,372 km? (total volume - this study); 120 kyr (consistent with Handere);
and 56.2 MT/yr (this study). Values of lithologies, trapping efficiencies, and anthropogenic factors were taken from ref. 33; values of water discharges and basin areas were calculated from the
probabilistic BQART model; values of maximum reliefs were derived from ref. 21; and values of temperatures were estimated from ref. 39.
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Extended Data Table 2 | Criteria used to create facies belts for reconstruction

Facies belt

Messinian thickness (m)

Relative gradient

Lacustrine (onshore) 0 -

Alluvial bypass 0 Low

Alluvial incision 0 High
Alluvial salt flats (upper) 0-500 Intermediate

Alluvial salt flats (lower) 500-1,500 Low

Lacustrine evaporitic shorelines 1,500-2,000 Low

Shallow lacustrine (offshore) 2,000-2,500 Low

Deep lacustrine (offshore) 2,500-3,000 Low

Facies belts were interpreted by linking fluvio-lacustrine depositional environments to the thickness of Messinian evaporites and associated accumulations (ref. 10), as well as the relative
gradient of the modern bathymetry. Whereas the extent of onshore lakes was delineated from accumulations in ref. 13, the distribution of offshore lakes was defined primarily from

Messinian thickness.
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