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ABSTRACT

Past environmental and climatic conditions within the Arabian Peninsula are key to understanding the setting for
hominin dispersal across the Saharo-Arabian dryland belt. The tufa deposits within the volcanic harrats on the
southwest coast of Saudi Arabia fill a significant spatial gap in the distribution of palaeoenvironmental records on
the west coast of the Arabian Peninsula adjacent to the Red Sea. In the catchment of Wadi Dabsa in the Harrat Al
Birk, there are widespread fossil palustrine to shallow-lacustrine tufa deposits with fluvial elements. Several
phases of tufa accumulation, separated by fluvial downcutting, are observable within these powerful palae-
oenvironmental proxies. U-Th dating of targeted dense, banded tufa facies, yield ages that are stratigraphically
consistent at the landscape scale, and indicate that tufa accumulation occurred during distinct humid phases
broadly coeval with the last two warm interglacial Marine Isotope Stages (MIS 7 and MIS 5). For the first time
this shows humid intervals in southwest Arabia coincident with the southern coast. There is a simlar pattern
emerging further north in the Arabian Peninsula, The Sinai and Levant and further on into continental Europe.
Furthermore, tufa §'%0 ranges from —14.6 to —1.9%, covering a range similar to those reported for tufa from
north African oasis sites and speleothems elsewhere on the Arabian Peninsula and The Levant. The lowest 580
values are derived from MIS 5e samples, a pattern in agreement with speleothems in Yemen and Oman, and
consistent with an isotopic-enabled climate model simulation for this time slice. The §!3C and Sr isotopic
compositions of dated tufa samples indicate deposition from shallow-circulating meteoric water, with no
geothermal influence. This, along with the 5'®0 values, suggest a freshwater supply that was a potable water
source in this landscape. The §'3C signatures at Wadi Dabsa are more negative than for parts of north Africa,
suggesting Wadi Dabsa may have experienced comparatively higher biomass, thicker soils and wetter conditions
with lower evaporative losses. This new record of tufa deposition during the middle and late Pleistocene, suggests
for the first time that the west coast of Arabia experienced a similar history of humid phases over the past 250 ka
as southern Arabia and the Nefud in the northern interior. These regional changes in hydroclimatic regime occur
at timescales coincident with hominin dispersals.

1. Introduction

field-based research (e.g. Petraglia, 2003; Bailey, 2009; Armitage et al.,
2011; Bailey et al., 2015; Breeze et al., 2016; Groucutt et al., 2015;

The Arabian Peninsula is a key region for understanding the dispersal Jennings et al., 2015; Bae et al., 2017; Crassard and Hilbert, 2013;
of hominins from Africa into the Middle East and onward, as reflected in Clark-Balzan et al., 2018; Groucutt et al., 2018; Parton et al., 2018;
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Scerri et al., 2018; Crassard et al., 2019; Inglis et al., 2019; Nicholson
et al., 2020; Stewart et al., 2020; Groucutt et al., 2021) and in model
simulations (e.g. Jennings et al., 2015; Kutzbach et al., 2020). The
current semi-arid and arid conditions of the Saharo-Arabian belt present
harsh, inhospitable environments. Consequently, it is now widely
accepted that hominin dispersals were facilitated by the episodic
occurrence of humid phases when the now desert-like conditions were
replaced by savanna ecosystems, containing numerous and persistent
bodies of fresh surface water. Past humid phases, within the present-day
dryland Saharo-Arabian belt, are commonly referred to as ‘pluvial’
conditions, ‘greenings’ or ‘green corridors’ (e.g. Kutzbach, 1981; Burns
et al., 2001; Drake et al., 2011; Fleitmann et al., 2011; Rosenberg et al.,
2011, 2013; Larrasoana et al., 2013; Jennings et al., 2015; Breeze et al.,
2016; Timmerman and Friedrich, 2016; El-Shenawy et al., 2018; Roberts
et al., 2018; Nicholson et al., 2020). However, the spatial distribution of
current palaeoenvironmental records within the Arabian Peninsula
upon which these interpretations are based is highly uneven. The west of
the Arabian Peninsula on the Red Sea Coast has a striking lack of pub-
lished palaeoenvironmental records (for example, as highlighted in a
recent palaeoenvironmental synthesis of the last 20 ka in the Arabian
Peninsula by Woor et al. (2022)). This study addresses the call by
Nicholson et al. (2021, p1) for “further studies” being needed “to un-
derstand spatio-temporal difference in human-environment interactions
in (this) climatically variable region.” In doing so, we explore whether
this region responds to climatic changes in a manner that is consistent or
distinct from other parts of the Arabian Peninsula.

An improved spatial coverage of palaeoenvironmental records across
the Saharo-Arabian belt is important for understanding what drove past
humid phases, including precession-paced insolation maxima in the
Northern Hemisphere, which strengthens the global monsoon and ex-
tends its spatial coverage (e.g. Kutzbach, 1981; Kutzbach et al., 2020).
The speleothem growth records from Mukalla and Hoti Caves indicate
that all 21 humid intervals of the last 1.1 million years across the
southern and south-eastern coast of the Arabian Peninsula occurred
during the peaks of interglacials, or in the case of MIS 27, 15, 13,9, 7 and
5 during warm sub-stages of these interglacials (Nicholson et al., 2020).
The interpretation is that global glacial conditions dampen the influence
of the monsoon over the southern Arabian Peninsula (Fleitmann et al.,
2011; Nicholson et al., 2020; Nicholson et al., 2021). Furthermore, the
stable oxygen isotopic signatures (5'80) for speleothem carbonate dur-
ing different growth intervals over the last 350 ka suggest that MIS 5e
received the greatest/highest intensity precipitation followed by MIS 7,
then later in MIS 5, and MIS 9 (Fleitmann et al., 2011). In contrast, the
chronological control for lacustrine phases in the Nefud, northern Ara-
bia, are not tightly constrained to interglacials, with ages in late MIS 6 at
Khall Amayshan 4 (KAM 4) (Groucutt et al., 2021), in MIS 4 at Al Marrat
(Jennings et al., 2015), and in early MIS 3 at Jubbah (Petraglia et al.,
2012; Parton et al.,, 2018). The fluvial outwash sediments near
Al-Quwaiayh in the centre also record fluvial activity during MIS 3
(McLaren et al., 2009), as do alluvial fan systems in the eastern United
Arab Emirates UAE, at Remah (Farrant et al., 2012) and at Al Sibetah
(Parton et al., 2015), and the lacustrine record at Mundafan and Khu-
jaymah in the western part of the southern Rub’ al-Kali (Rosenberg
et al., 2011). In Egypt, phases of tufa carbonate deposition occurred
during glacial phases, as well as interglacials (see Kele et al. (2021) for
an overview). Similarly, the humid periods in the Negev Desert, con-
strained from speleothem growth records, are not strictly aligned with
interglacials: the first starts in late MIS 10 and extends into MIS 9; the
second is contained within MIS 9; the third is contained within MIS 7
and the fourth starts in late MIS 6, extending into MIS 5 (e.g. Vaks et al.,
2010). West of the Red Sea in the Eastern and Western Deserts of Egypt,
the 5'80 signatures within tufa have been interpreted as indicating
either a westerly Atlantic Ocean precipitation source or an Indian Ocean
rainfall source for Egyptian aquifer recharge (Smith et al., 2004), with
Kele et al. (2021) and Rogerson et al. (2019) suggesting a Mediterranean
source is also important. Furthermore, Kele et al. (2021) hypothesise a
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non-monsoonal rainfall source for the glacial-age tufa in Egypt, sug-
gesting that tufa activity (deposition) and rainfall during glacial periods
were driven by the presence of an Indian Ocean Warm pool during lower
sea levels within glacial periods. We require better spatial coverage of
palaeoenvironmental records to further interrogate these patterns of
palaeoclimatic change.

There is, therefore, a strong imperative to reconstruct humidity
histories at a wider range of sites, using available palaeoenvironmental
proxies, including tufa. Until now, information about tufa in Saudi
Arabia and Oman has been limited to their location and textural char-
acteristics (Whitton et al., 1986; Kabesh and Abdel-Motelib, 2014;
Khalaf, 2017), with some detailed petrology and geochemical compo-
sition (e.g. Stone et al., 2022), but no age control. This study aims to fill a
key gap in the spatial syntheses for the Arabian Peninsula by recon-
structing the timing of humid phases in the south of the western coastal
plain of Saudi Arabia. Our palaeoenvironmental proxy is fossil tufa
carbonates laid down at Wadi Dabsa within the Harrat Al Birk Volcanic
fields (Fig. 1). We use paired U-Th and 8'®0 analysis on the same
depositional units, which allows us to provide a temporal record of shifts
in 8'80, and from this make inferences into the precipitation regime,
including a comparison with existing records from other carbonates
(tufa and speleothem) in the Saharo-Arabian belt. There are lithic arti-
facts at Wadi Dabsa and nearby sites (e.g. Foulds et al., 2017; Inglis et al.,
2019). This tufa system has already been demonstrated to have been
deposited in a cool, freshwater environment, from their 878r/80Sr iso-
topic ratios and the range of the stable carbon isotopic (5'3C) signatures
(Stone et al., 2022). Tufa are biomediated deposits, formed in terrestrial
freshwater environments, involving shallow water-rock interactions and
carbon dioxide derived from the terrestrial biosphere (Ford and Pedley,
1996). Tufa are a sedimentary response to their surrounding hydro-
geological system, and as such are not necessarily straightforward,
responding to: (i) an increase in water availability, (ii) changes to
vegetation amounts and types, (iii) variations in soil development, and
(iv) other controls on the solution of calcium carbonate within the
water, such as temperature (e.g. Ford and Pedley, 1996; Brasier et al.,
2011; Capezzouli et al., 2014). Nonetheless, in arid and semi-arid re-
gions, which lack perennial standing water, the presence of fossil tufa
indicates wetter conditions and/or a higher groundwater table.
Furthermore, the stratigraphic organisation of different tufa facies can
record regime shifts in the surface water environment (e.g. Viles et al.
(2007) and Stone et al. (2010) in the Naukluft Mountains of Namibia and
Stone et al. (2022) here at Wadi Dabsa). In addition to U-Th dated
phases of tufa accumulation, their stable isotopic composition can be
used to characterise the climatic conditions under which they formed
(see overview by Capezzouli et al., 2014). In this paper we discuss both
the timing of tufa formation and the preserved palaeoenvironmental
information in order to understand the palaeoclimatic history of this
locality across the Middle and Late Pleistocene. We conclude by dis-
cussing the implications of these results for the dispersal of early humans
and changes in atmospheric circulation in this important region.

2. Setting

The present climate of the Arabian Peninsula is influenced by four
main atmospheric circulation systems: 1) the seasonally-shifting global
monsoon circulation system (Wang et al., 2017), including the Indian
Summer Monsoon (ISM) and African Summer Monsoon (ASM) compo-
nents; 2) the summer north-westerly Shamal wind, driven by the steep
pressure gradient between the semi-permanent high pressure over
northern Arabian and low pressure in boreal summer over northwest
India through to Iran (Yu et al., 2016); 3) mid-latitude westerlies,
bringing winter frontal rain (Rodwell and Hoskins, 1996; Tyrlis et al.,
2013) and 4) the Red Sea Trough synoptic system, which brings infre-
quent extreme precipitation in the autumn (de Vries et al., 2013). During
the boreal summer the InterTropical Convergence Zone (ITCZ) moves
further north bringing increased precipitation to the southern part of the
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Fig. 1. (A) Location map showing sites of palaeoenvironmental records for the late Pleistocene on the Arabian Peninsula, the Levant and Palestine/Israel, and into
western North Africa, as well as other sites mentioned in the text, alongside the location of the Wadi Dabsa study site, noting that the Tadrart Acacus (tufa site) in
Libya is out of view, further west. See Supp. Info 1 for corresponding site names. Topographic and bathymetric data from GEBCO Compilation Group, 2022 , (B)
Location of the Harrat al Birk on the Tihamat Asir Plain on south-western Saudi Arabia (adapted from Inglis et al., 2019), (C) Dabsa Basin, indicating the four key
locations of investigated tufa (surface of the main basin, southern wadi channel, tufa cascade and distal region), on an ASTER 30 m GEDM, with 3x vertical
exaggeration using Pleiadas 1 Multispectral true colour scheme) (adapted from Inglis et al. (2019). See Supp. Info. 2 for detailed information about field locations of

each sample at Wadi Dabsa and photographs.

peninsula. There are accompanying shifts in high and low-pressure cells,
including the southern-hemisphere Mascarene High (Ohishi et al., 2015)
and its influence on cross equatorial jet streams with anticyclonic flow in
boreal summer that can reach the peninsula (Findlater, 1969; Krishna-
murti and Bhalme, 1976). Northern Arabia, the Levant and the Sinai
Peninsula receive rain in boreal winter from cyclones in the mid-latitude
westerlies (Black, 2011), whilst the central regions receive infrequent
but intense precipitation in boreal autumn derived from the Red Sea
Trough (de Vries et al., 2013).

Wadi Dabsa (18.30°N, 41.57°E) is on the western coastal plain of
southwest Saudi Arabia. The present climate of this region is arid, with
nearby Jeddah (21.45°N, 39.23°E) receiving 51 mm/y of precipitation
(Hasanean and Almazroui, 2015), mostly during a wet season from

November to April. Mean average annual temperatures are ~30 °C,
using records for Jizan (16.90°N, 42.56°E) (Sen and Al-Suba’l, 2002).
This part of the Red Sea coast is a region where the four main atmo-
spheric climatic systems overlap (Rohling et al., 2013), which makes
Wadi Dabsa a valuable location to explore the existing hypotheses for
the receipt of moisture over the Saharo-Arabian belt during the humid
intervals of the past few hundred thousand years. These hypothesised
sources include: moisture from the Atlantic Ocean (westerly rainfall
systems); moisture from the Indian Ocean (eastward moving monsoonal
rainfall systems) (e.g. Smith et al., 2004); a non-monsoonal easterly
moisture source linked to the presence of a glacial-period Indian Ocean
Warm Pool (Kele et al., 2021) and moisture from the Mediterranean Sea
(Kele et al., 2021; Rogerson et al., 2019).
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The geomorphic setting of Wadi Dabsa is a former, non-thermal,
palustrine to shallow-lacustrine system with fluvial elements within
the volcanic Harrat Al Birk (Stone et al., 2022) (Fig. 1). Table 1 gives a
schematic overview of the four key positions where tufa is found in the
landscape (labelled on Fig. 1C), alongside a summary description of
stratigraphical units in the two locations they are visible in the field. A
more detailed description of tufa facies types and depositional envi-
ronments is given in Stone et al. (2022). There is a 1.6 km long (east--
west oriented) main basin that is divided into two parts by a
northeast-southwest orientated central Wadi, and ~50% of the surface
of this basin has tufa exposed at the surface (Fig. 1C; Supp. Info. Fig.
S2.1B). The eastern part has a higher elevation (dominantly 110-115 m
a.s.l. with a maximum of 123 m a.s.l. at the eastern edge) than the
western part (90-109 m a.s.l, which decreases towards the southwest).
The elevation of the central wadi channel decreases from northeast to
southwest (~115-~98 m a.s.l.), at which point it joins a wadi running
along the southern edge of the basin (Fig. 1C, Supp. Info 2.1). Further
downstream the southern wadi has a ~1 km reach constrained by local
bedrock (basaltic flows), before opening out onto a distal region, with a
rhomboid shape that is controlled by the morphology of the surrounding
basalt lobes (Fig. 1C, Supp. Info. S2.1). This distal region slopes toward
the west, with elevation reducing from ~45 to 35 m a.s.l.. At the break of
slope where the wadi emerges onto the distal region, 6 m high tufa
cascades crop out and a stratigraphic record is preserved (Supp. Info.
Fig.52.1, S2.4). The distal region contains multiple shallow (<1 m deep)
channels and surface exposures of in situ tufa as well as eroded boulders
of tufa (Supp. Info. Fig.S2.5).

The tufa found in situ across the surface of the main basin is heavily
eroded in places, including reworked clasts of tufa and basalt clasts (see
Supp. Info. Fig.S2.2). The tufa facies types observed are diverse and
using the descriptive scheme of Arenas-Abad et al. (2010), these include:
phytoherm (Lbr); phytoherm tufa of stems (Lst); stromatolitic (Ls),
phytoclastic (LpH); and bioclastic-charophytic (Lb-ch) (Supp. Info. 2,
Fig.S2.2). This mosaic of facies types is interpreted by Stone et al. (2022)

Table 1
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to be indicative of a palustrine to shallow-lacustrine system, containing
fluvial channels and drier islands. The topography between the eastern
basin and central wadi provides small breaks of slope (10s of cm) over
which tufa barrages formed in the past (Supp. Info. Fig.52.21-K). Here
there is a series of six fossil tufa barrages, with individual heights
varying from 10 to 30 cm, convex size profiles and flat tops. We
hypothesise that the mosaic of tufa facies exposed at the surface of the
basin are broadly coeval, and younger than the units exposed at depth in
the incised wadi channels.

The northern bank of the southern wadi reveals ~3 m exposure of
tufa (at 18°18'23.50" N, 41°33'40.10”’E), which contains four broad
depositional units (Table 1; Supp. Info. Fig.52.3). The base (unit 3i) is a
matrix-supported conglomerate (~0.6 m thick), which indicates a phase
of high-energy fluvial flow, followed by lower-energy flow during which
the matrix is cemented by precipitation of tufa (Stone et al., 2022). Unit
3ii is a laterally discontinuous rudstone tufa (LI/Lph) (maximum of 20
cm thick) containing gravel clasts, indicative of lower fluvial energy
than the boulder-rich unit below. Above this there is a ~0.6 m unit of
bryophyte (Lbr) facies, coated with dense, banded tufa (5-10 cm thick)
(grouped as unit 3iii). The final unit (3iv) contains lobes of Lst/Lbr tufa
without clasts, covering a thickness of 1.2 m.

The ~6 m high tufa cascade that outcrops at the break of slope near
to the neck of the distal region of the landscape system offers another
insight into the tufa stratigraphy (Supp. Info. Fig.52.4). Viewed from the
ground, as it was unsafe to climb during our short field visit to study in
detail, we define four broad units. Unit 2i is a tufa-cemented conglom-
erate, again indicating a shift from high-energy fluvial flow that moved
the bedload, to low-energy flow, during which the tufa precipitated.
Unit 2ii is a horizontally discontinuous rudstone layer containing
smaller clasts (gravels), indicating a lower energy environment than the
unit below. Unit 2iii contains repeated layers of phytoherm tufa, char-
acteristics of a cascade, before another tufa-cemented conglomerate unit
(2iv) in a discrete former-fluvial channel that has eroded into the bar-
rage. The uppermost unit (2v) contains repeated lobes of phytoherm

Locations of tufa in the field across their position in the landscape, giving broad elevation ranges, summary of stratigraphy where observed, and cross-referencing the

site number where tufa was extracted in the field for analysis.

Position in the landscape

(1) Distal
region where wadi emerges onto

distal region

(2) Fossil tufa cascade outcrop

(3) Southern wadi channel exposure (4) Main basin

Stratigraphic units observed in field
(and hypothesised correspondence
for the two locations with exposed
stratigraphy)

Only surface
outcrops are
visible*

(2v) Phytoherm tufa (Lst/Lbr),
variable thickness (max ~2 m)

Elevation range

Site number [WD T,] with

corresponding stratigraphical

location

35-45 m a.sl.

WD T3:
exposed at the
surface

(2iv) Tufa-cemented cobbles-
to-boulders (G#2), in discrete
location (perhaps a channel).

(2iii) Phytoherm tufa (Lst/
Lbr), thickness (max 3 m).
(2ii) Repeating layers of
rudstone tufa (Lph), which
wedge out to unit 2iii above
(max 1 m).

(2i) Tufa-cemented
conglomerate (G#1) (max
thickness 0.5 m)

45-51 m a.sl.

WD T4: unit 2iii (1.5 m from
base)

(3iv) Phytoherm tufa (Lst/Lbr),
variable thickness (max 1.2 m).
(3iii) Phytoherm tufa (Lbr) ~0.6 m
thick, overhanging the channel,
coated in dense, banded tufa
(0.05-0.10 m thick).

(3ii) Rudstone tufa (Li/Lph), with
gravel clasts, laterally discontinuous
(max thickness 0.2 m)

(3i) Tufa cemented, matrix-
supported conglomerate with
cobble and boulder sized clasts (max
thickness 0.6 m).

Only surface outcrops are visible*

97-100 m a.sl. E-portion, 115-123 m a.sl. W-portion 90-109
m a.sl.,

WD TO, T10, T12, T13: exposed at the surface
in locale of lithic artifact recording grids, WD
T8: exposed at the surface close to southern

wadi and WD T7, T11: fossil tufa barrages.

WD T5, T6: dense coating of unit 3iii
(1.2 m from base)
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tufa. We hypothesise that unit 2iv (conglomerate) might correspond to
unit 3i (conglomerate) in the southern wadi channel from the positions
below the surface (hence the offset in Table 1).

The surface of the distal region contains in situ tufa, mostly undu-
lating sheets of phytoherm facies (both LBr and Lst), with some regions
with bioclastic charophyte facies (Lb-ch) (Supp. Info. Fig.S2.5). This is
less complicated than the mosaic of facies types on the surface of the
main basin, and this distal part of the system seems to have been a
palustrine-to-fluvial system. There are eroded, remobilised clasts of tufa,
alongside cobble-to-boulder sized basalt clasts. The in situ tufa on this
surface is hypothesised to be coeval with that on the surface of the main
basin, despite the difference in elevation (Table 1).

3. Sampling design and methods

Despite the widespread presence of tufa in this landscape, not all
facies types are suitable for isotopic analysis or U-Th dating, owing to
their highly porous nature and/or the amount of detritus they contain.
For this reason, only dense, banded facies were targeted for analysis
back in the laboratory, from a total of 12 sites across the landscape. The
position of these sites is related to the stratigraphy observed across the
four parts of the landscape in the final row of Table 1. Supp. Info. 2.
depicts the sites on a map (Fig. S2.1), provides photographs of the four
key positions in the land-system where tufa is found (Figs. S2.2 to S2.5),
provides photographs of the stratigraphical sequences of units observed
at positions 2 and 3 (Fig. S2.4, Fig. S2.5), and provides photographs of
locations where tufa was extracted (Fig. S2.6).

Considering these from oldest (lowest unit in the landscape following
the law of superposition) to youngest, the first site is WD T4, which is the
tufa cascade (Supp. Info. Fig.S2.4). Here a vug-fill (flowstone-style) tufa
facies was extracted (Supp. Info. Fig.S2.6L) from unit 2iii at a height of
1.5 m above the base of the cascade. Next, are neighbouring sites WD T5
and T6, located in the northern bank of the southern wadi channel
(Supp. Info. Fig.52.3), where tufa was extracted from unit 3iii at a height
of 1.2 m from the wadi channel (Supp. Info. Fig.S52.61,J). All other sites
involved the extraction of a piece of tufa, exposed at the land surface,
and are hypothesised to be broadly coeval. WD T3 is a site on the
rhombus-shaped distal area (Supp. Info. Fig.52.6K), whilst WD
T0,10,12,13,14 (Supp. Info. Fig.S2.6A-E) are clustered on the surface of
the eastern part of the main basin in the locale of the lithic artifact
survey undertaken by Inglis et al. (2019) (Supp. Info. Fig. S2.1F). Site
WD T8 is located 350 m southwest of the artifact recording grids (Supp.
Info. Fig. S2.1E), with Fig.S2.6F showing the surface from which tufa
was extracted and the tufa in hand-section. WD T7 and T11 were
extracted from the fossil tufa barrages (Supp. Info. Fig.S2.6G,H), which
are exposed at the surface on the slope between the eastern part of the
main basin and the central wadi (Supp. Info. Fig.52.2I-K). Tufa extracted
from each site was sliced and thin sections were prepared at Royal
Holloway University of London, which were used to guide the locations
for micro-drilling for targeted U-Th dating and stable isotopic analysis,
within dense, low-detrital concentration bands, or layers, within the
tufa.

57 U-Th dating analyses were undertaken across the 12 pieces of
dense, banded tufa extracted from the 12 field sites. To avoid confusion
with stratigraphic units at the scale of exposures in the field (the units
within Table 1) we use the notation band/layer to depict the small-scale
(mm to cm) sedimentary layers within the extracted pieces of tufa. Supp.
Info. 3 labels the bands/layers of each piece of tufa (with the exception
of the piece at site WD T3 which does not contain bands/layers) and
indicates the positions along these bands/layers that were micro-drilled
(sampled) to extract material for analysis. With one exception every
band/layer was micro-drilled in a minimum of 3 locations, to provide
sub-samples (or multiple analyses) of that particular band/layer for
U-Th and stable isotopic analysis. Samples (micro-drilled material) were
analysed at the National Environmental Isotope Facility at the British
Geological Survey, following the protocol outlined by Rowe et al.
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(2020). In summary, samples weighing 10-100 mg were spiked with a
229Th-2357 tracer, and U and Th were separated and purified through
ion chromatography. U and Th fractions were analysed on Thermo
Fischer Neptune Plus multi-collector ICP-MS using CRM112a and
IRMM3636 uranium reference materials and an in-house
22971230Th_232Th standard to monitor mass bias and detector perfor-
mance. Local sediment and basalt were also micro-drilled to extract
material to dissolve in a concentrated HF and HNO3 mixture, and were
then processed in a manner similar to the tufa samples, to gain addi-
tional data to aid age interpretation.

66 stable isotope analysis across the 12 pieces of tufa (2-3 sub-
samples per band/layer within a piece) (Supp. Info. 3 shows micro-
drilled locations), were undertaken. ~300 pg of carbonate was loaded
into Exetainer® borosilicate vials, acidied with 0.1 ml of 100% phos-
phoric acid, with the released CO; gas passed through a Nafion® drying
tube and into a Thermo Delta Plus XP mass spectrometer attached to a
Thermo Gas Bench II at the Bloomsbury Environmental Isotope Facility
at University College London.

Having replicate age control and stable isotope data for the same
bands/layers within our targeted tufa material is critical, particularly to
facilitate a robust palaeoclimatic interpretation of the stable oxygen
isotopic values. In the existing published data for tufa across the Saharo-
Arabian belt, the lack of ages for many of the stable oxygen isotope
datasets has precluded their use in quantitative palaeoclimate
reconstruction.

4. Results

The two main concerns in interpreting U-Th age data from the Wadi
Dabsa tufa are the presence of initial 23°Th carried by detrital silicate
minerals and possible open system behaviour in the form of U loss over
time. (2*°Th/?*?Th) values in our samples range between 2 and 105
(Table 2), which makes it necessary to choose a threshold value below
which we consider the impact of our initial 2°Th correction to be too
high to confidently interpret age data. (***Th/?*2Th) > 20 has been
suggested as an acceptable threshold in high-precision U-Th dating of
speleothems for palaeoclimate applications (Hellstrom, 2006), and 29 of
our analyses fall within this category, allowing us to consider data from
samples WD T3,4,5, 7,8,10 and 11 as potentially reliable with respect to
the efficacy of our initial 23*Th correction (Table 2). Arbitrarily choosing
a higher threshold, e.g. (**°Th/?32Th) > 40 would rule out all data from
WD T5 and 11, but this would not affect the conclusions of our study. It
is worth noting that the aim of the U-Th dating carried out as part of this
study is not the development of a high-precision and high-resolution
palaeoclimate reconstruction based on the Wadi Dabsa tufa. Instead,
the goal is simply to assign tufa growth to a particular marine isotope
stage (MIS). With this in mind, we would argue that a lower threshold of
(**9Th/?%2Th) > 10 may be acceptable, which would allow us to also
consider dates from tufa extracted at sites WD TO, 6, and 14 within our
interpretation (Table 2).

Post-depositional alteration is a common problem in tufa U-Th
dating (e.g. Garnett et al., 2004) and cannot be entirely ruled out in this
case. Indeed, our initial sub-sampling strategy focused on an isochron
approach to mitigate the impact of detrital silicates on U-Th isotope
composition, but we abandoned this approach because: (a) many of the
subsamples turned out to have favourable (230Th/232Th) values, and (b)
scatter in excess of the analytical uncertainties in sub-samples from the
same tufa made interpretation difficult. This scatter could be due to age
variation between the sub-samples, variations in detrital U-Th isotope
composition and/or post depositional U loss/gain affecting sub-sampled
tufa locations in a random manner. Thin section observations provide
additional information about: (i) the cements types (micrite or micro-
spar), coupled with carbonate mineralogical composition data from XRD
analysis; (ii) observed detrital particles (and their amount and size),
along with composition data (XRD), and (iii) porosity estimates. These
data are summarised in Table 2 alongside the accepted and rejected



Table 2

U-Th analysis (left-hand side) and stable isotope analysis (right-hand side), ordered according to their stratigraphic position across the landscape system (oldest to youngest) (see Table 1). For the U-Th analyses (columns 3
to 9), underlined samples show detrital contamination below a lower cut-off. The middle columns give thin section observations of cement types and chemical composition indicated from XRD analysis (reported in Stone
al.(2022)), of detritus amounts, and of porosity. oxygen and carbon stable isotopic data (final three columns) with sample IDs.Column 1 (site)refers to the location at which the piece of tufa was extracted (see Supp. Info. 2).
Column 2 (band/layer) refers to the mm-to-cm layers observed within the pieces of extracted densely-cemented tufa (with the exception of WD T3), and the letters cross-reference with labelling used in Supp. Info. 3.
Column 3 (U-Th dating ID), depicts the material extracted via micro-drill for U-Th, arranged by row to show which band/layer they correspond with, and column 13 (Stable-isotope sample ID) depicts the material
extracted via micro-drill for stable isotope analysis. There are multiple analysis (or sub-samples) for each of the bands/layers observed. Along a row it is possible to trace corresponding age-control and isotopic composition
for observed bands/layers (see. Supp. Info. 3 for labelled photographs of the micro-drilled locations).

Site Band/layer U-Th 28y 2%27h  (%0Th/*2Th) Initial Detrital Comments  Cement types Detritus Porosity ~ Stable 5% 8¢
dating  (ppm) (ppm) (*U/?®U)  corrected (bulk isotope
D crust) age (ka) sample ID
(20) Amount &
composition
Unit 2iii in the tufa cascaderowhead
WDT4 B 1 0.14 0.09 5.8 1.64 +£0.12 222.71 +£10.70 DC (vp), mc lams, some m-s  <1% 1-2% WD T4 i -9.3 —10.0
Reject (0-8), Q Pores <0.1
B 2 0.11 0.01 32.0 1.73 £0.02 195.38 + 4.71 DC (p), (94% CaCOs3, 6% mm WDT 4 ii —-9.9 -10.2
Accept(1) Mg CaCO3)
B 3 0.11 0.01 35.5 1.65 +£0.02 190.35 + 4.74 DC (p), WDT 4iii  —9.9 -10.3
Accept(1)
B 4 0.12 0.01 37.7 1.72 £ 0.02 232.88 £+ 5.87 DC (p),
Accept(1)
B 5 0.12 0.01 53.7 1.66 +£0.01 216.35 £ 4.65 DC (p),
Accept(1)
B 6 0.12 0.01 56.2 1.65 +£0.01 208.82 + 4.69 DC (p),
Accept(1)
C ND ND ND ND ND ND ND mc, m-s (0-g), stain  <1% 10-30% WDT 4iv = -8.1 —-10.2
C ND ND ND ND ND ND ND () Q, muscovite WDT 4 v —-8.3 -10.1
C ND ND ND ND ND ND ND (94% CaCOs3, 6% WDT 4vi -83 -10.1
Mg CaCO3)
Dolomite
Average of 5 accepted layer B samples 211.1 + 7.6
Unit 3iii in the bank of the southern wadirowhead
WDT5 A ND ND ND ND ND ND ND ND 1% 10-20% WD T5iv  —9.2 -7.5
A ND ND ND ND ND ND ND ND WD T5v -8.6 -7.6
A ND ND ND ND ND ND ND WD T5 vi -9.2 -7.9
D 1 0.20 0.03 22.57 1.73 £0.03 135.48 £+ 2.05 DC (p), mc, m-s (0-g), stain 1% 20-30% WD T5 i —8.6 -7.5
Accept(1) (m) & fil. (94% Q
D 2 0.21 0.03 21.51 1.68 +£0.03 124.54 + 2.26 DC (p), CaCOs, 6% Mg WD T5 ii -9.2 -7.9
Accept(1) CaCO3)
D 3 0.21 0.03 20.11 1.70 £ 0.03 125.25 + 2.27 DC (p), WD T5iii  —9.0 -7.8
Accept(1)
Average (all samples accepted) 128.4 + 3.1
WDT6 NA 1 0.18 0.06 10.21 1.81 £ 0.06 136.27 £+ 4.51 DC (vp), mc, m-s (0-g), stain 1% 5-10% WD T6 i —-146 -79
Accept(2) (m) & fil. Q
NA 2 0.18 0.07 10.09 1.80 +£0.07 135.04 +5.18 DC (vp), (94% CaCOs3, 6% WD T6 ii -9.4 -7.7
Accept(2) Mg CaCO3)
NA 3 0.20 0.09 7.48 1.83 £ 0.09 127.98 + 6.19 DC (vp), WD T6iii -12.8 -7.7
reject
Average of 2 accepted samples 135.66 + 6.9
Surface of main basinrowhead
WDTO B 1 0.27 0.07 9.56 1.65 £+ 0.05 82.85 + 3.75 DC (vp), mc, m-s (100% 1% 1% WD TO i —4.8 -9.5
Reject CaCO3) Q
B 2 0.31 0.18 4.11 1.61 £0.10 67.82 + 8.75 DC (p), WD TO ii —4.1 —-9.2

Reject

(continued on next page)
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Table 2 (continued)

Site Band/layer U-Th 28y 2%27h  (%*0Th/*2Th) Initial Detrital Comments  Cement types Detritus Porosity ~ Stable 5% 8¢
dating  (ppm) (ppm) (®*U/?®U)  corrected (bulk isotope
D crust) age (ka) sample ID
(20) Amount & Sa Si C
composition
B 3 0.25 0.06 11.36 1.65 + 0.04 80.63 + 3.09 DC (p), WD TOiii -3.4 -9.1
Accept(2)
B 7 0.28 0.08 8.48 1.63 + 0.05 83.75 + 4.34 DC (vp), ND ND ND
Reject
B 8 0.24 0.03 18.79 1.68 + 0.02 81.29 + 1.90 DC (p), ND ND ND
Accept(2)
D 9 0.39 0.53 2.12 1.51 +0.32 108.16 + 29.79 DC (vp), mc, m-s (97% CaCO3, 1% 1% WDTOiv —-59 -10.2
Reject 3% MgCaCOs) Q
D 10 0.36 0.48 2.00 1.61 +£0.31 76.70 + 26.63 DC (vp), WD TO v -5.0 -9.6
Reject
D 11 0.38 0.28 3.61 1.50 £ 0.14 102.71 £ 13.42 DC (vp), WDTOvi —5.2 -11.1
Reject
F 4 0.26 0.05 11.02 1.55 + 0.03 74.81 + 3.05 DC (p), mc, m-s (97% CaCO3, 1% 1-10% WD TOvii -7.1 -11.1
Accept(2) 3% MgCaCO3) Q, albite
F 5 0.23 0.04 15.09 1.55 + 0.02 76.93 + 2.23 DC (p), WDTOix —7.1 -12.1
Accept(2)
F 6 0.30 0.24 3.72 1.59 + 0.15 112.23 +13.44 DC (vp), ND ND ND
Reject
Average
WDT10 C 1 0.45 0.02 38.21 1.35 + 0.14 72.88 + 0.85 DC, Accept mc, m-s (94% CaCO3;, 1% <1% WDT10vii —2.6 —8.3
[€D)] 6% MgCaCO3) Q, microcline
C 2 0.48 0.02 47.72 1.32 £ 0.25 68.38 + 0.70 DC, Accept WD T10 -2.1 -8.5
1) viii
C 3 0.48 0.02 58.13 1.34 + 0.24 70.17 £+ 0.61 DC, Accept WDT10ix -4.5 -10.3
@D
D ND ND ND ND ND ND ND mc, m-s (0-g), stain 2-5% . . 3-7% WD T10iv -7.3 -11.5
D ND ND ND ND ND ND ND (p-e, m) (94% CaCO3, Q, anhydrite WDTIOv -6.6 —10.8
D ND ND ND ND ND ND ND 6% MgCaCO3) WD T10vi -6.1 -10.4
WD T12 A 4 0.17 0.17 4.00 1.96 + 0.24 205.53 £19.00 DC (vp), Not on thin section Not on thin section ~ ND ND ND ND ND ND ND
Reject
A 5 0.20 0.29 291 2.28 +0.48 295.32 £+ 29.68 DC (vp), ND ND ND
Reject
A 6 0.28 0.63 NC NC NC DC (vp), ND ND ND
Reject
D ND ND ND ND ND ND ND mc, m-s, stain (m) 1% . . 1-5% WD T12ii -9.3 -9.4
D ND ND ND ND ND ND ND (94% CaCOs, 6% Q, WD T12iii —-9.6 —-9.6
MgCaCO3)
G 1 0.22 0.26 3.07 1.79 £ 0.27 152.43 +£19.50 DC (vp), mc, m-s (0-g), stain, 1% . 1-5% ND ND ND
Reject fil Q,
G 2 0.18 0.12 5.61 1.80 +0.13 157.80 +9.38  DC (vp), (94% CaCOs, 6% ND ND ND
Reject MgCaCOs3)
G 3 0.16 0.09 5.79 1.74 £0.11 136.85 +19.50 DC (vp), ND ND ND
Reject
WDTI3 A ND ND ND ND ND ND ND me, m-s (0g), stain (p- 1% Q, gypsum, o o 1% WDTI3iv -31 -7.4
A ND ND ND ND ND ND ND e, m) (97% CaCOs, muscovite, WDT13v —4.1 -8.5
3% MgCaCOs3) clinochlore,
baddeleyite
C ND ND ND ND ND ND ND mc, m-s, stain (p-e) 2-5% Q, microcline, . . 1% WD T13vii —3.3 -7.8
C ND ND ND ND ND ND ND (97% CaCOs, 3% muscovite, WD T13 -2.0 —6.6
MgCaCOs3) clinochlore, viii
C ND ND ND ND ND ND ND Palygorskite* WD T13ix -2.8 -7.6

(continued on next page)

D 32 2u0lS Y

££€801 (£207) 61€ sma11ay UG AIDULIDNY



Table 2 (continued)

Site Band/layer U-Th 28y 2%27h  (%*0Th/*2Th) Initial Detrital Comments  Cement types Detritus Porosity ~ Stable 5% 8¢
dating  (ppm) (ppm) (®*U/?®U)  corrected (bulk isotope
D crust) age (ka) sample ID
(20) Amount & Sa Si
composition
D 1 0.40 0.08 10.23 1.46 + 0.03 69.38 + 3.87 DC (vp), mc, m-s (0-g), stain, 1% 5-10% WD T13i -3.2 -8.2
Reject (*) fill Q, clinachlore,
D 2 0.36 0.08 10.11 1.46 £ 0.03 70.19 + 3.96 DC (p), (97% CaCOs3, 3% palygorskite* WD T13i -1.9 -7.1
Reject (¥) MgCaCOs3)
D 3 0.38 0.09 9.55 1.47 £ 0.04 76.61 + 4.46 DC (vp), WD T13iii -1.9 -7.4
Reject (¥)
D 4 0.30 0.08 9.08 1.51 £0.04 83.32 + 4.98 DC (vp), ND ND ND
Reject (*)
WDT14 A ND ND ND ND ND ND ND mc, m-s (og) stain (m, 1% Q, baddeleyite, 10-40% WD T14iv -5.9 -7.3
A ND ND ND ND ND ND ND p-e) (94% CaCOs, 6% palygorskite WDT14v -6.7 -8.0
A ND ND ND ND ND ND ND MgCaCOs3) WD T14vi -5.6 —6.7
D 2 0.19 0.04 14.07 1.59 + 0.03 120.25 + 3.20 DC (p), mc, m-s (o-g), stain, 1-2% 10-40% WD T14i -7.8 -9.6
Accept(2) fil Q, baddeleyite,

D 3 0.17 0.02 19.73 1.58 + 0.02 109.96 + 2.18 DC (p), (94% CaCOs3, 6% palygorskite* WD T14i -7.7 -9.3
Accept(2) MgCaCOs3)

D 4 0.17 0.06 8.47 1.60 £ 0.06 133.80 + 5.64 DC (vp), WD T14iii -7.7 -9.4
Reject (¥)

E 1 0.22 0.04 14.11 1.53 £ 0.03 93.79 + 2.69 DC (p), as layer D 1% (ND) 1-5% ND ND ND
Accept(2)

WDT8 B ND ND ND ND ND ND ND mgc, stain (m) 1% 10-30% WD T8vii —6.3 —-6.8
B ND ND ND ND ND ND ND (94% CaCOs3, 6% Q WD T8 viii —6.1 -7.3
B ND ND ND ND ND ND ND MgCaCOs3) WD T8ix -6.8 —6.8
D ND ND ND ND ND ND ND mgc, stain (m) 1% 3-5% WD T8 iv -6.8 -7.8
D ND ND ND ND ND ND ND (94% CaCOs3, 6% Q WD T8 v —6.4 -7.9
D ND ND ND ND ND ND ND MgCaCOs3) WDT8vi -7.2 -7.3
F 1 0.22 0.01 104.93 1.64 £ 0.01 98.26 + 0.69 V clean mc, m-s (0-g), fil 1-2% 1-3% WD T8 ii -5.6 -7.3
F 2 0.27 0.01 102.13 1.64 £ 0.01 105.96 + 0.80 V clean (94% CaCOs3, 6% Q, muscovite WD T8iii —5.9 -7.1
F 3 0.26 0.01 104.09 1.64 + 0.01 107.57 £ 0.76 V clean MgCaCOs3), 2.3% ND ND ND

dolomite
WDT7 A ND ND ND ND ND ND ND mc, m-s (0-g), stain 1-2% 20-40% WD T7vii -8.9 -12.7
A ND ND ND ND ND ND ND (m) WD T7 viii —8.6 —-12.2
B 7 0.23 0.01 49.07 1.67 £ 0.01 88.96 + 1.32 DC (p), mc, m-s (0-g), stain 1% 1-3% WD T7 i —-8.8 -12.9
Accept(1) (m), fil (94% CaCO3, Q,

B 8 0.22 0.02 33.69 1.74 £ 0.02 85.50 + 1.64 DC (p), 6% Mg CaCO3) WD T7 ii -10.1 -12.9
Accept(1)

B 9 0.22 0.02 34.16 1.71 £0.01 88.64 + 1.52 DC (p), WD T7iii -10.6 -12.8
Accept(1)

C ND ND ND ND ND ND ND mc, m-s (0-g), stain 1% 10-30% WD T7iv —8.8 -12.6

C ND ND ND ND ND ND ND (m) ND WD T7 v -8.7 -12.0

C ND ND ND ND ND ND ND (94% CaCOs, 6% WD T7 vi -8.3 -11.6

MgCaCOs)

D 1 0.26 0.02 36.77 1.63 + 0.01 81.95 £ 1.02 DC (p), mc, m-s (incl o-g), 1% 1% ND ND ND
Accept(1) occasional stain (m), ND

D 2 0.27 0.02 36.03 1.68 + 0.01 91.15 + 1.34 DC (p), fil ND ND ND
Accept(1) (94% CaCO3, 6%

D 3 0.24 0.02 31.56 1.68 + 0.01 85.81 +£1.27 DC (p), MgCaCOs) ND ND ND
Accept(1)

D 4 0.25 0.01 66.99 1.70 £ 0.01 85.75 + 0.76 DC (p), ND ND ND
Accept(1)

D 4R 0.22 0.02 24.54 1.68 + 0.02 87.47 +£1.72 DC (p), ND ND ND
Accept(1)

(continued on next page)

D 32 2u0lS Y

££€801 (£207) 61€ sma11ay UG AIDULIDNY



Table 2 (continued)

Site Band/layer U-Th 238y 2321 (230Th/?%2Th) Initial Detrital Comments  Cement types Detritus Porosity ~ Stable 5%  8'3C
dating (ppm) (ppm) (*%U/%8U)  corrected (bulk isotope
ID crust) age (ka) sample ID
(20) Amount &  Sa Si c
composition
D 5 0.23 0.02 28.31 1.68 + 0.02 84.65 + 1.48 DC (p), ND ND ND
Accept(1)
WD T11 D 1 0.24 0.02 28.33 1.66 + 0.01 74.30 £ 1.15 DC (p), mc, m-s (0-g), stain 2% . . 5-10% ND ND ND
Accept(1) (m) & fil. (97% Q, albite,
D 2 0.25 0.02 25.33 1.68 £+ 0.02 77.39 £ 1.35 DC (p), CaCOs, 3% Mg baddeleyite ND ND ND
Accept(1) CaCO3)
D 3 0.24 0.02 36.05 1.70 £ 0.01 76.70 + 1.08 DC (p), ND ND ND
Accept(1)
I ND ND ND ND ND ND ND mc, m-s (0-g), stain 1% . ) 30-50% WD T11i -3.2 —-8.2
I ND ND ND ND ND ND ND (m) Q, muscovite WD T11ii -1.9 -7.1
I ND ND ND ND ND ND ND (97% CaCOs3, 3% Mg WD T11iii -1.9 -7.4
CaCOs)
J ND ND ND ND ND ND ND mc, m-s (0-g), stain 1% . 5% WD T11iv —-4.3 -9.9
J ND ND ND ND ND ND ND (m) Q, albite WDTl1lv -3.3 -89
J ND ND ND ND ND ND ND (97% CaCOs3, 3% Mg WD T11lvi -2.6 -8.4
CaCOs)
Surface of distal regionrowhead
WDT3 ct 1 0.31 0.01 79.0 1.45 + 0.01 98.74 + 0.75 DC, Accept mc, m-s (p-e & some <1% . 5-10% WD T3 i —-4.7 -9.1
m 0-g), & fi. Q
ct 2 0.31 0.02 31.9 1.45 £ 0.01 98.78 +£ 1.31 DC (p), (97% CaCOs3, 3% Mg WDT 3 ii -3.3 —-6.9
Accept(1) CaCOs3)
ct 3 0.30 0.01 82.2 1.51 £ 0.01 111.73 £ 0.83 DC, Accept
m
Average 103.2 + 1.6

ND means data not determined for that band//layer.

In “Comments” column: DC = detrital correction and addition of (p) is poor, and (vp) is very poor. “Accept(1)” where (?%°Th/?32Th) is > 20 and bulk crust detrital correction seems sensible, “Accept(2)” means accept with
a lower cut-off for (3*°Th/?32Th) ~10 < 20) (*) relates to presence of palygorskite (see detritus column).

In “Cement Types” column: mc = micrite, m-s = microspar, (0-g) = overgrowth; stain, with (pe) for pore edges and (m) for within the matrix; fil = microbial filaments are observed.

For “Detritus™: Q = quartz and the columns Sa = sand, Si = silt and C = clay for the sizes of particles observed in thin section, with [e] to indicate presence. *palygorskite indicates possible biomineralisation in the tufa
fabric, which could relate to fabric alteration, and this is another ground for rejection.
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A. Stone et al.

samples (see Supp. Info. 3 for illustrations), and acted as an additional
check on our acceptance criteria. For example, whilst two sub-samples
of band/layer D in WD T13, fell in the (*39Th/?32Th) lower cut off, the
high level of microspar overgrowth in the cement, the staining and the
presence of palygorskite suggested these samples likely diverged
furthest from closed-system behaviour. While the accuracy of data from
some individual subsamples may be called into question, there is broad
agreement in U-Th dates obtained from multiple sub-samples within the
same band/layer within our analysed tufa. This suggests that, taken as a
whole, the dataset presented here is of sufficient quality to assign tufa
growth to individual marine isotope stages.

Using averages for accepted subsamples, tufa deposition occurred: (i)
in MIS 7 (WD T4, 211.1 & 7.6 ka), (ii) at the transition from MIS 6 to 5e
(WD T5, 135.7 + 6.9 ka and WD T6, 128.4 £ 3.1 ka), and (iii) within
MIS 5 (WD T14 band/layer D, 115.1 + 3.8 ka; WD T3 of 103.2 + 1.6 ka,
WD T14 band/layer D, 93.8 + 2.7 ka; WD T7 band/layer B, 87.7 + 2.2
ka; WDT7 band/layer D, 86.1 + 1.7 ka, WDTO band/layer B, 81.0 & 3.6
ka; WDTO band/layer F, 75.9 + 3.6 ka; WD T11, 76.1 + 1.8 ka, WD T13,
73.8 £ 4.5kaand WD T10, 70.5 + 1.1 ka). Deposition within MIS 5 does
not cluster at interglacial sub-stages (dashed lines, Fig. 2), but can be
grouped into early (WD T14), middle (WD T3, WD T14 band/layer E)
and late (WD T7, with WD T11, T13 and T10 close to the transition from
MIS 5 to 4). In addition, ages are stratigraphically sensible at the
landscape-system scale, with the vug-fill tufa (WD T4) within the fossil
tufa cascade at the lowest elevation site recording MIS 7 ages, then MIS
6/5.5 ages within the north bank of the southern wadi channel exposure,
which is ~1.5 m below the basin surface, and MIS 5 ages for tufa pre-
served at the surface of the main basin and the surface of the distal-
region (see Fig. 1C, Table 1 and Supp. Info. 2). Linking back to
Table 1, this makes unit 2iii in the fossil tufa cascade (WD T4) the oldest
dated unit, deposited in MIS 7, meaning that underlying units 2ii and 2i
could be older still. The next oldest is unit 3iii in the southern wadi
channel exposure (WD T5 and T6), deposited at the transition from MIS
6 to 5e (WD T5 and T6), and units 3i and 3ii are likely older still. Units
2iv and unit 3i hypothesised to be of the same depositional age, could be
so, particularly if unit 2iv and units 3i and 3ii were also part of the MIS 7
phase of tufa deposition.

5180 ranges from —14.6 to —1.9%o. When considered alongside §'3C
(Fig. 3A), there are three broad groups in 5!80: (1) those with the lowest
813C values compared to 5'%0 values, co-varying with a linear-
regression line slope of 0.92 (WD TO, 10, 12, 13, WD T7 and 11 on
basin surface and WD T3 surface coating), (2) a second co-varying group
with a linear-regression line slope of 0.88, but higher 5'3C values (WD
T14, T8 on the basin surface and WD T3 main sample and WD T4 on the
fan) and (3) a group with no isotopic covariance (WD T5 and T6 in the
incised channel) (Fig. 3A). Co-variation in the two isotopes can be
indicative of an evaporative enrichment effect on the two isotopes,
which implies a non-evaporated source would have had even more
negative values. The three groups have some associated age clustering;
group 3 is the MIS 6/5e transition, group 2 has MIS 7 and middle MIS 5,
and group 1 are late MIS 5 and MIS 5/4 (Fig. 3B). Furthermore, the
temporal groupings have a striking similarity to the trends in isotopic
depletion/enrichment observed in the speleothems in Mukalla Cave,
Yemen and Hoti Cave, Oman (Fleitmann et al., 2011) (Fig. 3C). That is to
say that in both the Wadi Dabsa tufa sequence and the southern Arabian
speleothem records, the carbonates dating to MIS 5e, and the MIS 6/5e
transition, record the lowest 5'80 values, whilst those carbonates dated
to the later sub-stages of MIS 5 contain the highest 5'80 values. In all
three regions the 8'®0 values from samples dated to MIS 7 lie between
those of MIS 5e and those of middle/late MIS 5.

513C ranges for —12.9 to —6.3%, which is in the range for cool-water
tufa (Fig. 3), in contrast to +2 to +8%c observed in thermogene trav-
ertines (e.g. Capezzouli et al., 2014). A non-thermal origin is supported
by the interpretation of tufa 8”Sr/%°Sr isotopic ratios in these samples by
Stone et al. (2022). 8'3C are isotopically lighter than the signatures
observed in tufa from the western desert of Egypt (Fig. 3A) (Crombie
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et al., 1997; Smith et al., 2004; Kieniewicz and Smith, 2009; Brookes,
2010; Jimenez, 2014; Kele et al., 2021). There is some overlap of 53¢
with Wadi sites in the eastern desert (Wadi Gemal and Wadi Abu Had)
(Hamdan and Brook, 2015) as well as Wadi Watier (Hamdan and Brook,
2015) and Bet Shean (Kronfeld et al., 1988) in the Sinai and Levant
(Fig. 3A).

5. Discussion
5.1. Timing of tufa deposition within the regional context

The dominance of interglacial deposition (in MIS 7 and MIS 5) of
Wadi Dabsa tufa (Fig. 2, Fig. 4J) is consistent with the temporal trend
recorded in speleothem deposition in Mukalla Cave, Yemen and Hoti
Cave, Oman (Burns et al., 2001; Fleitmann et al., 2003a, 2003b, 2007,
2011), from which Southern Arabian Humid Periods (SAHP) (green bars
Fig. 4H) are defined (Nicholson et al., 2020). SAHP 6 to 1 are broadly
coeval with MIS 7e, MIS 7a-c, MIS 5e, MIS5c, MIS5a and MIS1 (the
Holocene) respectively. Many of the sapropel layers in the Mediterra-
nean Sea align with the timing of SAHPs (S1, S3, S4, S5, S7 and S9
aligning with SAHPs 1, 3, 5 and 6 respectively) (Fig. 4D,H), associated
with freshwater discharge into the (eastern) Mediterranean Sea during
increased ASM strength and with less clear contributions from elsewhere
on-land in the Mediterranean or from enhanced Mediterranean moisture
flux (Rohling et al., 2015). There is overlap between tufa deposition at
Wadi Dabsa and SAHP 5, 4, 3 and 2 (Fig. 4). The temporal resolution
achievable for U-Th dating of these speleothems means that sub-stage
patterns within MIS 7 and MIS 5 are not resolved (Fig. 2). The model
for a lack of precession-driven speleothem growth (or SAHPs) during
glacial periods in Hoti and Mukalla speleothems was interpreted as
indicating an impediment of the northward movement of ISM rains (and
the ITCZ) onto the Arabian Peninsula during glacial periods (Fleitmann
et al., 2011).

Tufa in the incised wadi channel (WD T6 and T5) include late MIS 6
ages (Figs. 2 and 4J), although noting that within age uncertainties these
overlap with early MIS 5 at 1 standard deviation. In their review of
pluvial periods in southern Arabia, Nicholson et al. (2020) acknowledge
some MIS 6 ages for fluvio-lacustrine sediment deposition in Arabia
including late MIS 6, (Fig. 4I). This is also observed in the timing of
Negev speleothem deposition (Fig. 4H), as well as the timing of tufa
deposition in north Africa (Fig. 4J). Arranging these humidity records by
latitude and longitude for each proxy type (speleothem, lacustrine and
fluvial, tufa), reveals some tentative spatial patterns. For example, for
lacustrine-and-fluvial records this is recorded north of 28.0°N (and west
of 41.3°E), whilst in the south there are a few ages close to the MIS 6/5
transition (Fig. 4I). It is not yet clear whether this is a definitive spatial
pattern or an artifact of the depths to which samples have been retrieved
within current field sampling strategies in the Rub’ al Khali. The
northern sites that include MIS 6 ages include: (i) the Mudawwara
depression, southern Jordan, with U-Th ages of Cardium shell-bed
sediments of 170 + 14/-13 ka, 152 + 8/-7 ka and 135 + 6 ka
(Petit-Maire et al., 2010) (Fig. 41, latitude 29.5°N, longitude 36.0°E), (ii)
the southwest lake at Khall Amayshan 4 (KAM4) Basin, with a fine-grain
quartz luminescence age for a lacustrine unit in the southwest lake of
143 + 10 ka, dating to “either late MIS 6, or less probably, to the tran-
sition to MIS 5” (Groucutt et al., 2021, p377) with underlying sands of
184 + 14 ka (Fig. 41, latitude 28.0°N, longitude 39.5°E), (iii) the south
lake and south east lake at KAM4 with course-grain quartz luminescence
ages for basal sands of 168 + 12 ka and 142 + 13 ka and of 154 + 11 ka
and 149 + 9 ka respectively (Groucutt et al., 2021) (Fig. 4I, latitude
28.0°N, longitude 39.5°E), and (iv) aeolian sands beneath lake deposits
at site 11.5 (40 km east of Jubbah) dated using coarse-grained quartz
luminescence dating to 177 + 13 ka (Rosenberg et al., 2013) (Fig. 41,
latitude 28.0°N, longitude 41.4°E). Within the Jubbah Basin itself, there
is a (non-fading corrected) feldspar pIRIR;9g luminescence age of 135.8
+ 23.9 ka (corrected 166.1 + 38.9 ka) (Clark-Balzan et al., 2018), which



A. Stone et al.

Quaternary Science Reviews 319 (2023) 108333

Age (ka)
0 50 100 150 200 250
cascade (vug fill) WD T4 =
surface of distal region ¢ o WDT3
s’ WDT5
o WDTE southern wadi channel
WDTIl Q
WD T7 eDe (left D, right B)
surface of ;ﬁq. S WD T8
i i #°'m WD T14 (left E, right D)
main basin D
WDT10 &
WD T0 &% (left F, right B)
3 /1 Mis2 Mis3 4 MIS 5 MIS 6 MIS 7
—_ Se
-]

X 7a 7c 7€

S 4 s

o 5a\" 5¢

]

w0

5 1
50 100 150 200 250

Age (ka)

Fig. 2. U-Th ages for the Dabsa tufa by location, where solid symbols are accepted sub-sample ages, and open-symbols are averages for those samples (see Supp. Info

3 for detailed of U-Th subsampling locations on each sample).

overlaps with MIS 5 and the younger age is preferred by Clark-Balzan
et al. (2018) and Parton et al. (2018) (Fig. 41, latitude 28.0°N, longitude
41.1°E). In the south of interior, the Khujaymah palaeolake (western
Rub’ al Khali) has TT-OSL luminescence ages of 136 + 14 ka, 138 + 11
ka, 143 + 11 ka, 144 + 9 ka and 147 + 15 ka (Rosenberg et al., 2011) at
the MIS 6/5 transition (Fig. 41, latitude 18.6°N, longitude 47.2°E).

In the speleothem record, there are early MIS 6 U-Th ages (perhaps
overlapping with late MIS 7) in the north of the study region (Fig. 4H)
within the Negev (194.8 + 3.4 ka at Ashalim Cave, 187.5 + 2.4 ka at
Hol-Zakh Cave) and later in MIS 6 (157.2 + 3.8 ka at Maktesh-ha-Qatan
Cave and 140.1 + 3.5 and 138 + 4.1 ka at Ma’ale-ha-Qatan Cave) (Vaks
etal., 2010) (Fig. 4H, latitude 31.0°N, longitude 35.0°E). In contrast, the
Hoti and Mukalla Cave records are more tightly constrained to MIS 7 and
MIS 5, with one U-Th age for Hoti Cave at the MIS 6/5 transition (134 +
4.2 ka) (Fig. 4H) (Burns et al., 2001). Within the tufa record (Fig. 4J)
there are U-Th ages across MIS 6 in north Africa, as far as 29.6°E in
Egypt (Kurkur Oasis (Kele et al., 2021), Kharga Oasis (Sultan et al.,
1997; Smith et al., 2004, 2007; Kleindienst et al., 2008; Kleindienst
et al., 2009; Abotalib et al., 2019) and Daklah Oasis (Kleindienst et al.,
2009)) (Fig. 4J latitudinal range 23.5-25.0°N, longitudinal range
28.6-32.3°E). Within the tufa dataset the late MIS 6 U-Th ages include:
159 £+ 1 ka, 146 + 1 ka and 144 + 1 ka (at Kharga and Kurkur Oasis)
(Abotalib et al., 2019); 166 + 2 ka Refus Pass, Kharga Oasis (Kleindienst
et al., 2008; Kleindienst et al., 2009), 145 + 6 ka Dakleh Oasis (Klein-
dienst et al., 2009), 150 + 13 ka, 142 + 0.3 ka and 140 + 1.2 ka at
Kharga Oasis (Smith et al., 2004) and also 157 + 12 ka at Kharga Oasis
(Sultan et al., 1997). The wet-dry index within the eastern Mediterra-
nean core OD967 (derived from principal components analysis of XRF
data) suggests the majority of MIS 6 was more humid than today
(Fig. 4E), whereas the probability density curves for Saharan and
Arabian humidity (based on dated lacustrine, fluvial, palaeosol, calcrete,
speleothem, tufa/travertine and sinter sediments) suggest the humidity
of MIS 6 was similar to MIS 7 but lower than that of MIS 5 (Drake et al.,
2013) (Fig. 4F).

The timing of MIS 6 humidity across this wider region requires some
consideration. Parton et al. (2015) and Nicholson et al. (2020) suggest
that surface hydrological systems may respond to a lower precipitation

threshold (~200 mm/y) than that required for aquifer recharge and
subsequent speleothem growth (>300 mm/y) at Hoti and Mukallah
Caves (Fleitmann et al., 2011). The fact that the Wadi Dabsa tufa units
within the incised wadi channel (WD T6 and T5) overlap with the
transition between MIS 6/5e could represent activation of a
shallow-groundwater to surface water tufa system under a similarly
lower precipitation threshold, assuming that ages are not to be consid-
ered to fall within MIS 5 within error estimates. Within northern Africa,
Abotalib et al. (2016), Abotalib et al. (2019) consider the timing of
western desert tufa in Egypt and explore the idea of time-lags in the
north-to-south groundwater flow paths, with a lag of ~10 ka at the end
of a wet period, which could account for some of the early MIS 6 ‘glacial
period’ tufas. In contrast, Kele et al. (2021) account for tufa deposition
during glacial periods via a change in atmospheric circulation patterns,
driven by the influence that lower sea levels had on the formation of an
Indian Ocean Warm Pool, which forced higher precipitation. Funda-
mentally, our ability to precisely correlate the timing of the formation of
surficial deposits to specific climate stages is limited by the associated
uncertainties of the chronological techniques applied and exacerbated
when these sediment sequences form close to a climatic transition.

It remains difficult to conclusively unpick the role of different rain-
fall regimes during MIS 6 and MIS 5 across the Saharo-Arabian region
based on the timing of humidity proxies alone. Individual atmospheric
circulation systems will generate rainfall with different 5'0 values,
potentially allowing 5'80 to be used as a tracer for climate systems.
However, in the surficial environment the §'80 freshwater carbonates is
a function of both 1) the §'80 of meteoric water, and 2) the temperature
at which carbonates mineralise. As the latter value is never known (for
surficial carbonates in dryland regions at least) it is difficult to come to a
reliable conclusion about the 5'%0 of the source water from the 5'80 of
the carbonates. It is hoped that such questions may be resolved in the
future using methodological developments in stable isotopic methods,
such as clumped isotopic measurements for tufa (e.g. Kele et al., 2021)
and speleothem fluid inclusion analysis (e.g. Fleitmann et al., 2003b;
Rogerson et al., 2019; Nicholson et al., 2020), which allow the direct
measurement or calculation of the 5180 of water.

Further proxy evidence for last interglacial conditions close to Wadi
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Hoti Cave in Oman (Fleitmann et al., 2011).

Dabsa are provided at Dhahaban quarry (25~ km SSE of Wadi Dabsa)
(Fig. 1B). Here there are luminescence ages for a sequence of indurated
marine sands, covered by shell sand and aeolianite/beachrock (Sand-
erson and Kinnaird, 2019). Marine sands indicate higher sea-level than
present at this site (~1-2 km from the current coast). Whilst ages are
close to quartz luminescence saturation, with a high overdispersion of
single aliquot age estimates, some samples contain aliquots consistent
with an MIS 5e age, with no subsequent uplift (Sanderson and Kinnaird,
2019). There are also aliquots consistent with MIS 5c requiring 0.2
mm/y uplift and MIS 5a requiring 0.5 mm/y uplift.

There is less terrestrial evidence for wetter MIS 7 conditions than

12

earlier phases, beyond that in the Mukalla and Hoti speleothems. There
are ages within some lacustrine sites in the Nefud Desert at Jubbah
(Rosenberg et al., 2013; Clark-Balzan et al., 2018; Parton et al., 2018)
and the Northwest Lake at KAM4 (Groucutt et al., 2021), and all but one
of these (from Rosenberg et al., 2013) fall in MIS 7a (Fig. 41). The two
dated horizons at the Acheulean site of Saffaqah, Dawadmi region,
central Saudi Arabia also fall within MIS 7, and although the palae-
oenvironmental nature of those deposits has not been constrained, this
landscape contains small relict fluvial channels and the site is located
between the Wadi al Batin and Wadi Sabha catchments (Scerri et al.,
2018; Shipton et al., 2018).



A. Stone et al.

3
£
09 4
o
5
560
2
R
& 520
SE
T2 as0
2
£
440
z2Z 6
583 4
S ©
§E‘§ 2
T3s B
35
g: 30
§ 25
2
® 20
15
35
— 40
W
g 45
2
2 50
[
S 55
60
25
W
2 30
2
® 35
S
40

Quaternary Science Reviews 319 (2023) 108333

Age (ka)
0 50 100 150 200 250

MIST MiS2 | MIS3 [MIs4 MIS5 MIS6 MIS7

A LRO4

“\'h 0‘ o M“"’J \’"\hWM ‘ [
VW N«n My ‘I M‘JLW e W/W M

A/\/\/V/\J \/\ﬁ \/ \/x

. D Sapropel

E oppr967 SZ
A‘A.‘uh‘m‘
,

""" Sahara

wet p
m

Arabla

Soreq I
h
L""“-“”L‘(“\w
- - B susah vawa

- - Negevlsrcel HEHpEgm=m——— 8

Wadi Sannur, Eygpt HEEERH @

Hoti Cave, Oman
SAHPS
Mukalla Cave, Yemen

—a—HH -

ettt qdry wet p

wetp

[ . S B

Peqin

%
o)

H speleothem deposition/growth

| Lacustrine and fluvial

My, A 1
(W Al

M N M A ‘l -50

M\/r Uum/nt) L

25

20
uln n e O TR

15

- JE - — -
.

ammn .- —a—
°»

®o 00 _—

[Tl . n—u.—.w‘ e = T

',:.' - o ® rol e ° —e—i ——® - _

J Tufadepositon . @@e® @ @ ro+o— & This study

—_—

° oo 8% o
g .W‘W L g @

L L 44
.:o”o E

@ 0e® ® @O F+o— ——&—— This study

K RC09-166

wet p

MIS1 mMIS2 | MIS3 | MISs4 MIS5 MIS6 MIS7
0 50 100 150 200 250
Age (ka)

13

30

25

-150

-130

-110

Red Sea
level (m)

wet-dry index

580 (%o)

Latitude (N) Latitude (N)

SDwax-iv (%o)

(caption on next page)



A. Stone et al.

Quaternary Science Reviews 319 (2023) 108333

Fig. 4. (A) LR0O4 5180 (Lisiecki and Raymo, 2005); (B) Red Sea Level (Grant and Rohling, 2014); (C) insolation at 30°N; (D) sapropel timing in ODP 967 in Eastern
Mediterranean (Kroon et al., 1998); (E) wet-dry index from ODP967 (Grant et al., 2017); (F) humidity trends in Arabia (solid line) and the Sahara (dotted line) (Drake
et al., 2013); (G) Peqin and Soreq cave speleothem 5'%0 (Ayalon et al., 2002; Bar-Matthews et al., 1997, 2003; Bar-Matthews and Ayalon, 2004); (H) speleothem
growth phases, or dates with errors, Susah Cave, Libya (Hoffmann et al., 2016; Rogerson et al., 2019), Negev, Israel (Vaks et al., 2010, 2013); Wadi Sannur, Egypt
(El-Shenawy et al., 2018); Hoti Cave Oman (Burns et al., 2001; Fleitmann et al., 2003a, 2003b, 2007; Nicholson et al., 2020), Mukalla Cave Yemen (Fleitmann et al.,
2011; Nicholson et al., 2020), also showing the Southern Arabian Humid Periods (SAHP) in green blocks (from Nicholson et al., 2020); (I) Arabian Peninsula
palaeoloakes and fluvial systems, arranged by latitude - northern (Petraglia et al., 2012; Rosenberg et al., 2013; Jennings et al., 2015; Clark-Balzan et al., 2018;
Parton et al., 2018; Groucutt et al., 2018, 2021) and southern (Rosenberg et al., 2011, 2012; Hoffmann et al., 2015; Matter et al., 2015); (J) complied dates for tufa
deposition (mostly U-Th and some 'C ages) presented by latitude and longitude, including from the Daklah, Kharga, Kurkur, Farafra, Gebel el Digm, Dineigel and
Dungul Oasis, and a variety of wadi sites in the eastern desert of Egypt and the Sinai Desert (Crombie et al., 1997; Sultan et al., 1997; Smith et al., 2004, 2007;
Kleindienst et al., 2008; Kleindienst et al., 2009; Brookes, 2010; Jimenez, 2014; Hamdan and Brook, 2015; Abotalib et al., 2019; Kele et al., 2021), and Wadi Dabsa,

southwest Saudi Arabia (this study); (K) 8Dy.x signatures in ocean core RC09-1066 (Tierney et al., 2017).

Beyond the Saharo-Arabian belt there is a striking similarity with the
timing of tufa deposition in Europe. For example, ages for tufa in the
southern Dinarides Karst region of Croatia (Plitvice Lakes and the Krka
River) are clustered in interglacials MIS 9, MIS 7 and MIS 5, with only a
et al., 2000). Further west in central Spain (Tagus River and tributaries)
eight main tufa-deposition ages were distinguished on the basis of U-Th
dating by Oritz et al. (2009), during MIS 11, MIS 7e and 7a, MIS 6-5e,
MIS 3 and the Holocene. A similar temporal pattern is seen for the
Anamaza, Mesa, Piedra and Ebrén river valleys in northeast Spain,
where tufa deposition occurs during MIS 11, MIS 7 and the warmest
substages of MIS 5 (5.5, 5.4 and 5.1), but also during MIS 6 (Sancho
et al., 2015). In northern France, tufa of the Somme River is U-Th dated
to MIS 5 (Antoine et al., 2003, 2006). There is evidence for a widespread
humid interval across the Mediterranean during MIS 6.5, as recorded in
lacustrine carbonate 5'80 from the Ioannina basin of NW Greece (Wilson
et al., 2013). This points toward a northern-hemisphere-wide increase in
moisture during interglacial periods.

5.2. Oxygen isotopic signatures of Wadi Dabsa tufa within the regional
context

The §'80 value of tufa carbonate is controlled by three main factors:
1) the '80 value of the precipitation that occurred during the interval of
tufa formation, 2) any modification of the 5'80 signal as the water
moves through the surface and sub-surface system, and 3) the temper-
ature at which carbonate mineralisation occurred (Andrews, 2006;
Capezzouli et al., 2014). In latitudes such as the Arabian Peninsula, the
main controls on 5'20 in precipitation are the amount of precipitation
(with wetter climates resulting in rainfall with lower 5180 values) and
the source of the atmospheric moisture (Rozanski et al., 1992, 1993;
Fleitmann et al., 2011; Nicholson et al., 2020). In the
sub-surface/surface environment (Groucutt et al., 2018), the 5'80 value
of meteoric water can be changed by varying degrees of mixing of
rainfall, from different seasons for example, and evaporation in the
surface environment. The temperature control on isotopic fractionation
during carbonate formation is well-understood and occurs at around 0.3
%o/+1 °C (Hays and Grossman, 1991; Kim and O’Neil, 1997).

In the isotopic analysis of carbonates formed in low latitude semi-
arid/arid regions, shifts in 5'80 values have been interpreted within
the context of shifts in humidity/aridity, with carbonates that have
formed under more humid conditions being characterised by lower 580
values (e.g. Nicholson et al., 2020). This is partly because of the amount
effect (Rozanski et al., 1992, 1993), described above, but also partly
because of the tendency, under humid climates, for there to be lower
rates of evaporation in surface waters (Candy et al., 2012). As evapo-
ration leads to an increase in 5'%0 values within surface waters, more
arid climates lead to more positive 580 values in carbonates, whilst the
reverse is true for carbonates forming under more humid conditions
(Candy et al., 2012). Within this framework the simplest interpretation
of the Wadi Dabsa U-Th dated 5'0 dataset would be that humid phases,
as recorded by the timing of tufa formation, occurred during MIS 7, the
MIS 6/5e transition and during the middle and late stages of MIS 5, and
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MIS 2. Furthermore, of these: (i) the most humid was that which span-
ned MIS 6/5e, (ii) the driest occurred in the middle/late parts of MIS 5,
whilst (iii) the humid phase in MIS 7 would have been of intermediate
humidity between these two end members. This is consistent with the
patterns/trends seen in speleothem records from southern Arabia 5180,
where patterns across these humid periods are interpreted as reflecting
changing moisture regimes (e.g. Fleitmann et al., 2011; Nicholson et al.,
2020). It is also significant that, in general terms, the absolute values of
the 580 signature in Wadi Dabsa tufa are consistent with those from
southern Arabian speleothem records in MIS 7, MIS 6/5e and mid-
dle/later MIS 5 (Nicholson et al., 2020).

The U-Th ages and §'%0 signatures presented here, therefore, sug-
gest that the region of Wadi Dabsa (southwestern Arabia, Red Sea coast)
experienced a history of humid phases that was similar to that of
Mukulla and Hoti Caves (southern Arabia). Whilst the consistency in the
timing of major humid phases across the region is not surprising, the
5120 evidence would suggest that not only did the same distribution of
humidity exist within the humid phases preserved in these regions but
also that these regions were, during each humid phase, influenced by the
same air masses. The latter point is suggested simply because if the re-
gions were affected by different air masses then the different source
areas of each systems would likely produce rainfall with very different
580 values. Across the wider Saharo-Arabian belt, there is of course, a
more-complicated geographic pattern involving a range of rainfall
sources and regimes during the same time-periods, as well as the po-
tential for different climatic-forcing of rainfall regimes during glacial-
periods as compared to interglacials. For example, as recently high-
lighted by Kele et al. (2021) in the context of tufa in northern Africa.

For the first time it is possible to propose a consistent palaeoclimatic
history between the southern and western coasts of the Arabian Penin-
sula. This is in agreement with climate simulations for MIS 5e that show
both a strong increase in both mean annual (Fig. 5B) precipitation, and
summer (JJA) precipitation (Fig. 5C) (Otto-Bliesner et al., 2006; World
Clim, 2015) (Fig. 5A), and modelled 5'80 of —7 to —6%o at the location
of Wadi Dabsa (Herold and Lohmann, 2009; Gierz et al., 2017) (Fig. 5A).
The most depleted 5'80 in the model is spatially concentrated in the
northwest of the horn of Africa, with a zone < —7%o extending west into
central north Africa (Fig. 5A). There are zones of simulated precipitation
of > 400 mm/y on the Arabian Peninsula, including Yemen and the
western coast of Saudi Arabia from the latitude of Wadi Dabsa up to
~26°N, where this stretches inland, with > 300 mm/y covering many of
the Nefud desert sites in Fig. 1. The JJA spatial pattern is broadly similar.
The location of Wadi Dabsa is modelled to have ~480 mm/y (and 240
mm of rainfall during JJA), with 433 mm/y (245 mm during JJA) at
Mukalla Cave, and 212 mm/y (159 mm in JJA) at Hoti Cave.

It is worth noting that a direct comparison between the 5'%0 value of
two carbonate types that form in different hydrological contexts (i.e.
cave versus surface water environments) can be problematic. Intra-
system processes that may lead to isotopic modification may not be
comparable. It is likely, for example, that the greater spread in 5'%0
values which occurs in the Wadi Dabsa tufa dataset is a function of the
impact of evaporation on surface waters, a process that is likely to be less
significant in cave settings. However, despite this, it is argued that
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precipitation for the Saharo-Arabian belt (plotted in R using data from Otto-Bliesner et al., 2006; World-Clim, 2015).

comparison of tufa and speleothem isotopic datasets in this study is
meaningful for climate reconstruction. This case is made because there is
limited evidence for systematic variation in 8'80 values within these
analysed tufa facies, negating the possibility/likelihood that tufa depo-
sitional processes, rather than prevailing climate, are controlling the
isotopic signal. Equally, even where there is isotopic evidence for
evaporitic modification of 5'80 values in the Wadi Dabsa sequence this
is only found in the humid phases proposed to be less humid, therefore
supporting this interpretation.
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There are wider datasets of §'80 in speleothem and tufa available
across the Saharo-Arabian belt (Fig. 2A and 6). However, the vast ma-
jority of these data do not have corresponding age control, which limits
our ability to further interrogate the temporal trends in humidity ex-
tremes, as well as any attempt to explore spatial patterning that might
cast light on the role of different rainfall regimes across space and
through time. We follow Kele et al.’s (2021) approach to compare the
ranges in 8'%0 (for all/any age of carbonate) alongside our new data
from Wadi Dabsa in Fig. 6 but plot the data by both latitude and
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Fig. 6. Stable oxygen values for tufa and speleothem carbonates for Wadi
Dabsa tufa this study (bar with horizontal hatching), and a range of other sites,
arranged by (A) longitude and (B) latitude (blue bars are speleothem carbonate,
and dashed dark blue lines are fluid inclusion data for the speleothems where
this is available, the grouped Negev Caves record is in a darker blue, to be
distinguished from Soreq Cave (Sq) and Pegin Cave (Pq) at the same longitude
on plot (A), white boxes with black outlines are tufa carbonate samples. From
south to north, plot (B), these are Mukalla Cave (Fleitmann et al., 2011;
Nicholson et al., 2020); Wadi Dabsa (this study); Hoti Cave (Fleitmann et al.,
2011; Nicholson et al., 2020); Dungul and Dinegel Oases (Kele et al., 2021);
Kurkur Oases (Crombie et al., 1997); Tadrart Acacus (Cremaschi et al., 2010);
Djara Cave (Brook et al., 2002); Wadi Sunnur Cave (El-Shenawy et al., 2018);
Soreq Cave (Ayalon et al., 2002; Bar-Matthews et al., 1997, 2003; Bar-Matthews
and Ayalon, 2004); Negev desert caves from a range of locations (Vaks et al.,
2006, 2010, 2013); Peqin Cave (Ayalon et al., 2002; Bar-Matthews et al., 1997,
2003; Bar-Matthews and Ayalon, 2004) and Susah Cave (Rogerson et al., 2019).

longitude. Kele et al. (2021) had identified two groups of sites. The first
has data with 80 < —9%o (Djara Cave, Egypt (site 42, Fig. 1); Wadi
Sannur Cave, Egypt (site 43, Fig. 1); the Kurkur-Dineigl-Dungul Oases,
Egypt (sites 36,37, Fig. 1). This contrasts with sites having, or having a
range that extends to, more positive values (Susah Cave, Libya (site 44,
Fig. 1); Tadrart Acacus tufa, Libya (site 45, further west than field of
view in Fig. 1); Peqin and Soreq Caves (sites 25 and 26, Fig. 1); spe-
leothems in the Negev (sites labelled 27 in Fig. 1). From this they suggest
there are at least two hydrological provinces affecting their southern
Egyptian tufa sites. The first is isotopically depleted (they term this
‘Mashriqian’) and the second is isotopically enriched (they term this
‘Maghrebian’). The enriched group is considered to be ‘probably west-
erly’ and involving both Atlantic and Mediterranean source moisture,
whilst the depleted group may reflect ISM but also have an influence of
Indian Ocean Warm Pool-forced precipitation, for which forcing is ex-
pected to be strongest during glacial low sea level stands (Kele et al.,
2021). The distribution of the §'80 data by longitude (Fig. 6A) does not
confirm these suggestions, with no clear west-east pattern of lower and
upper ranges for §'%0. Similarly, when plotted by latitude (Fig. 6B) there
are no striking south-north trends to §'80 minima and maxima. The lack
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of chronological control for different samples within these §'%0 ranges
(Fig. 6) means that it is not possible to assess whether enrichment/de-
pletion trends are synchronous or asynchronous across the landscape,
and overall it remains difficult to fully understand what this means for
atmospheric circulation patterns. The best way forward in unpicking
moisture source regions coms from combining §'0 and 8D from fluid
inclusions speleothems accompanied by their well-constrained chro-
nologies and comparing them to modern meteoric waterlines (e.g.
Fleitmann et al., 2003b; Rogerson et al., 2019; Nicholson et al., 2020).

5.3. Carbon isotopic signatures of Wadi Dabsa tufa within the regional
context

Most studies that utilise the 580 and §'3C values of freshwater and
terrestrial carbonates as a basis for palaeoenvironmental interpretation
focus on the systematics of oxygen isotopes. This is because the §!%0
value of a carbonate is strongly controlled by the 5'0 composition of
the meteoric water that it mineralises from which is, in turn, controlled
by a range of environmental factors such as bedrock geology, temper-
ature, precipitation amount and evaporation. In contrast the 513C value
of such carbonates is controlled by more local factors such as soil pro-
cesses, vegetation type and cover, groundwater residence time and rates
of degassing (Andrews et al., 1997; Andrews, 2006). Stone et al. (2022)
have highlighted that the geochemistry of the Wadi Dabsa tufas are
indicative of meteogene carbonates fed by shallow groundwater aqui-
fers. The range of 5'3C values are typical of those recorded in modern
and Pleistocene tufas that formed in perennial water bodies under
temperate climates and well-vegetated catchments (Andrews et al.,
1997; Andrews, 2006; Dabkowski et al., 2012, 2013). Dankowski et al.
(2012; 2013) interpret variability of a function of §'3C in interglacial age
tufa to be due to: 1) the evolution of climate, vegetation and aquifer
conditions during the warm period and 2) differences in the geochemical
processes associated with different tufa facies. With reference to the first
point, the development and maturation of soil profiles during an inter-
glacial will lead to an increase in the amount of soil respired CO2 pro-
vided to the carbon pool. With reference to the second point, shallower
and wider water flows will result in greater amounts of degassing than
that which would typically occur in deeper water conditions. It is likely
that a combination of such factors can explain the range of §'>C values
seen at Wadi Dabsa.

The difference between the 5!°C values of the Wadi Dabsa tufa and
those of previously studied tufa from the western desert of Egypt is
informative. The 8'3C values of the former (—6.3 to —12.9%c VPDB) are
consistently more negative than those of the latter (—6.0 to +1.3%o
VPDB). For many of these previously published studies limited facies
descriptions exist which makes it difficult to establish whether this
difference can be attributed to the style of tufa formation. However, the
fact that the difference in 5!3C values is so consistently different implies
that a regional, rather than site specific, control is more likely. Crombie
et al. (1997) interpret the —3.3 to —1.1%o range in 513C at Dungul and
Dineigel Oases as consistent with the underlying limestone bedrock
geology. The isotopically heavier 8'>C from the Kurkur-Dungul area are
interpreted by Kele et al. (2021) as reflected evaporative enrichment, as
well as rapid degassing and related kinetic effects within an arid climatic
setting. At Kharga Oasis Smith et al. (2004) point out that tufa §'3C is
heavy compared to many non-Saharan fossil and modern tufa (generally
< —6%o) (e.g. Andrews et al., 1997; Janssen et al., 1999; Arenas et al.,
2000; Horvatincic et al., 2000), and suggest this may be driven by the
presence of thin soils (again implying a bedrock-dominated signal), or
by a larger percentage of C4 plants in this setting than Europe. C4
vegetation is also raised as a possible driving mechanism by Kieniewicz
and Smith (2009) for tufa from the Dakhleh Oases. Here we propose that
vegetation and biomass is the most likely cause for the observed dif-
ference in 5'3C values. Vegetation can influence the 5'°C value of tufas
in two ways. Firstly, the density of vegetation cover and the maturity of
soil development can have a strong control on the supply of plant
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derived CO5 to vadose water during recharge (Andrews et al., 1997). As
soil respired CO has more a negative 5'>C value than atmospheric COy
landscapes with higher biomass and more mature soil profiles are likely
to generate tufas with more negative 5'3C values (see Andrews et al.,
1997). The type of vegetation can also play key role in 5'3C values in
freshwater/pedogenic carbonates with plants that utilise the C3 photo-
synthetic pathway respiring COy with significantly more negative iso-
topic values than CO, respired by plants that utilise the C4
photosynthetic pathway (Cerling and Quade, 1993).

5'3C values of —8.4 to —9.6%o VDP for tufa at Bet Shean (dated to
between 20 and 41 ka) overlap with the 8'°C values at Wadi Dabsa
(Fig. 3A), and Kroon et al. (1998) interpreted these as indicating pre-
cipitation of carbonate from groundwater without any significant
evaporation. The other overlapping data are from tufa labelled by
Hamdan and Brook (2015) as ‘Late Pleistocene’ (~20.4-28.4 cal kyr B.
P.), at Wadi Watier (~7.7%0 VPDB) in the Sinai (Fig. 3A). These isoto-
pically lighter 5'3C values are discussed by Hamdan and Brook (2015),
who highlight that the signatures at Wadi Watier are distinct from
heavier values at other sites in the eastern desert of Egypt, particularly
those dated to the Holocene. They suggest the former may have been
driven by higher partial pressures of CO, in the soil, alongside reduced
evaporation in a more humid, cooler climate in the Late Pleistocene as
compared to the Holocene.

In general, the 5'3C value of the Wadi Dabsa samples are typical of
those formed under a C3 dominated vegetation, which have not expe-
rienced substantial evaporative enrichment (noting the covariation in
51%C and §'%0 (Fig. 3A) may indicate some enrichment), whilst the
isotopically heavier group of tufa within northern Africa may have been
influenced by some combination of C4 dominated vegetation, thin soils,
and evaporative enrichment. Whilst it is difficult to quantify the
contribution of C3:C4 vegetation during different periods of tufa
development, it is possible that biomass and vegetation drive differences
in 5!3C. That the Wadi Dabsa tufas formed under a dense biomass and a
landscape characterised by mature soil profiles is consistent with the
coastal setting of this site which, at the present day, makes it one of the
wettest localities on the Arabian Peninsula.

5.4. Implications of west coast MIS 7 and MIS 5 humid phases for
hominin migrations

Intensive, fruitful debates about the dispersal of hominins in the Late
Pleistocene are driven by the discovery of lithic assemblages that have
led to the revision of dispersal models (e.g. Armitage et al., 2011), and
by new hominin fossil finds that are at the heart of these revisions (e.g.
Groucutt et al., 2018). There is now a strong body of evidence from the
interior of Saudi Arabia for greener landscapes and associated lacustrine
conditions. This is perhaps best evidenced in the north of the interior for
the Nefud (Petit-Maire et al., 2010; Petraglia et al., 2012; Rosenberg
et al., 2013; Jennings et al., 2015; Clark-Balzan et al., 2018; Groucutt
et al., 2018; Parton et al., 2018; Groucutt et al., 2021), with a lower
spatial density of sites in the south in the Rub’ al Khali (Rosenberg et al.,
2011; Matter et al., 2015). These were mostly likely ‘green corridors’,
rather than full landscape greening, as discussed in individual papers
and raised in key overview papers about hominin migration in this re-
gion (e.g. Petraglia et al., 2012; Parton et al., 2015; Timmerman and
Friedrich, 2016; Bae et al., 2017). Amongst these records for the interior,
there is support for a MIS 7 and MIS 5e humid phase, and perhaps late
MIS 6 to 5e transition in places, and also a more persistent MIS 6 hu-
midity in some sites (Fig. 4). Nicholson et al. (2021) highlight the
importance of this most intense humid period at MIS 5e within the story
of human dispersal and remind us that the presence of the later, and
less-intense humid phases, will also hold importance. We can add here,
for the first time, a similar palaeoenvironmental history of humid phases
during MIS 7 and MIS 6/5e and later parts of MIS 5 on the western coast
of Saudi Arabia, west of the Asir Mountains, down on the coastal plain
adjacent to the Red Sea. There is therefore, a strong reason to believe the
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timing in water resource availability is consistent in the west in the
volcanic harrats with other parts of the peninsula. Furthermore, the
chemical composition of the tufa indicates this would have been fresh,
potable water. This keeps the debate about varied hominin dispersal
routes across, and within, Arabia open.

6. Conclusions

Our tufa record at Wadi Dabsa shows for the first time that the
southwest coast of Arabia has a similar history of humid phases to those
from southern Arabian speleothems and to lacustrine records from the
Nefud in the northern interior of Saudi Arabia. This is reflected not only
in the broad timing (MIS 7 and MIS 5) but in the apparent magnitude of
humidity experienced across these events. MIS 5e has the most negative
5180, suggesting it was the most humid phase of middle-late Pleistocene.
This pattern is supported by climate model simulations for MIS 5e of
increased summer precipitation amounts and the spatial pattern in an
isotope-enabled climate model simulation, showing more depleted 5'0
across southwest Arabia, as well as the northwest of the horn of Africa
and through to central north Africa. The 8'3C signatures of Wadi Dabsa
tufa indicate these are cool-water tufa (meteogene) as opposed to
thermally-influenced travertine, and are in the typical range for tufa
formed under C3 dominated vegetation and without a strong evapora-
tive enrichment effect. 5'3C signatures at Wadi Dabsa differ from sig-
natures for tufa across the Western Desert of Egypt, which may have
experienced some combination of C4 dominated vegetation, low
biomass and thin soils, and greater evaporative enrichment. In contrast,
Wadi Dabsa may have experienced comparatively higher biomass,
thicker soils, and wetter conditions with lower evaporative losses.

Our compilation of speleothem, lacustrine and tufa records on the
Arabian Peninsula (including Levant and Sinai) and eastern north Africa,
indicates some humidity during MIS 6. Thresholds of precipitation for
activation of surface hydrological systems may be lower than that
required for groundwater recharge, the latter of which drives speleo-
them growth in southern Arabia. An early MIS 6 timing is currently only
recorded north of 23°N, and this spatial pattern requires further testing,
via targeting records from the south with deeper stratigraphy and
exploring whether the northern region is governed by a different cli-
matic circulation pattern from that in the south. Beyond the Saharo-
Arabian belt there is a striking similarity in the timing of humid in-
tervals, indicated by the deposition of tufa and lacustrine carbonates in
Europe, including sites in Greece, Croatia, France and Spain. This is
occurring in MIS 11, 7 and 5, and also during early MIS 6 (in Croatia,
Greece and northeast Spain).

It remains difficult to make conclusive statements about the role of
different rainfall regimes across the Saharo-Arabian belt (and further
north into Europe) between MIS 6 and interglacials, and across space
during the same interval. In part, this is due to a lack of chronological
control for much of the available 8'®0 freshwater carbonate data.
Furthermore, the controls on freshwater carbonate 5'30 are driven by
more than solely rainfall source region, reflecting rainfall amount and
intensity effects and also any modifications to the water at the (sub)
surface, as well as the temperature at which carbonates mineralise.
Explorations of the spatial and temporal trends in palaeoclimatic cir-
culation patterns will be improved by increasing numbers of samples
with coupled U-Th dates and stable isotopic compositions, continued
developments in clumped stable isotopic analysis and speleothem fluid
inclusion analysis, and further climatic model simulations.

This study demonstrates that tufa within the volcanic harrats of
western Saudi Arabia are a powerful palaeoenvironmental and palae-
oclimatic proxy in this region, through parallel measurements of their
U-Th chronologies over their growth intervals, coupled to stable iso-
topic composition. This is supported by the stratigraphical, petro-
graphical and geochemical analysis of these tufa by Stone et al. (2022).
This site on the western coast of the Arabian Peninsula is part of a rich
record of hominin occupation and dispersal in this region, and the
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timing of tufa formation here is part of the growing story of humid
windows of opportunity for hominin dispersals during the Late
Quaternary.
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