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A B S T R A C T   

The preservation and interpretation of past external forcings within sedimentary archives can be complicated. 
Marine proxy records show that, throughout the Mid-Late Quaternary, monsoon rainfall in south-east Arabia has 
varied at precessional timescales (∼ 23 ka). By contrast, terrestrial environmental records from the region, such 
as speleothems and palaeolake sequences, generally only capture rainfall variability at eccentricity (∼ 100 ka) 
timescales and geomorphological archives rarely record events over multiple glacial cycles. Previous work has 
suggested that the alluvial fan systems of the Hajar Mountains record aggradation coincident with precessional 
peaks because of more northerly Indian Ocean Summer Monsoon (IOSM) rainfall, relative to present. However, 
the alluvial record is complex: there is a growing body of ‘anomalous’ aggradation age data from periods of 
precessional minima and it is spatially uneven, mainly being derived from fans at either the northern- or 
southern-most extents of the western side of the mountains. 

We present optically stimulated luminescence (OSL) ages of alluvial aggradation from new sites in the central 
portion of the western and eastern sides of the Hajar mountains. Sedimentary units that show evidence of more 
sustained flow conditions, such as coarse conglomerate deposition and the development of thick floodplain 
deposits, typically date to periods of higher IOSM rainfall at precessional timescales. Sites where there is evi
dence of deposition under more ephemeral flow conditions, like today, yield ages corresponding to precessional 
minima. We synthesise these data with similarly interpreted alluvial and lacustrine deposits from across the 
region, employing a hierarchical clustering approach to generate clusters of ages representing periods of 
increased hydrological activity. This objective approach to regional chronological data suggests that ten periods 
of more sustained hydrological activity are evidenced across the Hajar region, broadly aligning to precessional 
and eccentricity peaks over the last 400 ka. These clusters show that Hajar fans predominately aggrade because 
of increasing rainfall over their catchments, with the central ages of clusters often aligning with the onset of 
precessional forcing. Hajar alluvial systems preserve important records of Quaternary climate variability over 
long timescales in an arid region where terrestrial records are scarce due to preservation issues.   

1. Introduction 

Today, south-east Arabia is characterised by an arid to hyper-arid 
climate, with the northerly extent of Indian Ocean Summer Monsoon 
(IOSM) rainfall only reaching the southern coast of Arabia (Fig. 1). 
However, South-east Arabia has experienced considerable palae
oclimatic and palaeoenvironmental variability through the Late Qua
ternary. Marine sediment cores from the Arabian Sea (e.g. Sirocko et al., 

1993; Overpeck et al., 1996; Clemens and Prell, 2003; Ziegler et al., 
2010; Caley et al., 2011) and speleothem records from the Hajar 
Mountains (e.g. Fleitmann et al., 2003; Burns et al., 2001; Burns et al., 
1998) show that the periodic northwards displacement and intensifi
cation of the IOSM resulted in periods of higher rainfall in south-east 
Arabia (Fig. 1). Inferences from palaeoclimate archives are further 
supported by modelling studies that show higher rainfall over south-east 
Arabia periodically during the last 130 ka (Jennings et al., 2015). These 
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periodic incursions of the IOSM are driven by increases in insolation 
oscillating at precessional (∼ 23 ka) timescales (Parton et al., 2015a). 

These palaeoclimate archives offer a regional signal of Quaternary 
precipitation variability. However, establishing landscape-scale re
sponses to climate change is an important challenge for understanding 
their sensitivity to external forcing and what climatic signals are pre
served in sedimentary archives (Whittaker, 2012; D’Arcy and Whittaker, 
2014). This challenge requires proxy data from landforms. Geomor
phological records of environmental change, termed geoproxies 
(Thomas and Burrough, 2012), offer a means for understanding land
scape responses to both regional-scale climatic drivers and smaller-scale 
controls throughout the Late Quaternary (Thomas, 2013). Whilst the 
number of luminescence or radiocarbon-dated sedimentary records from 
landforms in south-east Arabia has grown considerably over the last 20 
years (Woor et al., 2022a), arid regions often lack geoproxy records that 
preserve landscape responses to external forcing over multiple glacial 
cycles due to the limited preservation potential of features such as lake 
beds during intense arid phases (Thomas, 2013). 

1.1. The IOSM model of precessionally-paced alluvial fan aggradation in 
the hajar 

The Hajar Mountains, which run from northern Oman to the 
Musandam Peninsula in the northern UAE, have extensive alluvial de
posits, forming valley-fill sequences within mountain catchments and 
large fans which extend both to the Arabian Sea and the interior Rub’al 
Khali desert (Woor et al., 2023). The classic model of dryland fan 
response to Quaternary climatic variability is that they aggrade during 
periods of higher rainfall as sediment supply increases from their 
catchments, juxtaposed with becoming net incisional during periods of 
greater aridity when sediment supply decreases leading to incision and 
the abandonment of relict surfaces (Lecce, 1990; Blair and McPherson, 
1994; Harvey, 2011). The response of fans to climatic change does, 
however, vary somewhat depending on the specific contexts of their 
feeding catchments (Blair and McPherson, 1994). This means that fans 
can hold important information about the nature of the response of 
sediment routing from upland source areas to down-system sinks to 

Fig. 1. (a) The circulation of the Indian Ocean Monsoon system and the position of the inter-tropical convergence zone (ITCZ) during summer months. (b) The 
circulation of the Indian Ocean Monsoon system and position of the ITCZ during winter months. Key palaeoclimate records are shown, including the Hoti Cave, 
located in the Hajar Mountains. Redrawn from Fleitmann and Matter (2009). The red boxes indicate the extent of south-east Arabia, shown in (c) and (d). (c) Mean 
rainfall in south-east Arabia during summer months (June–August). (d) Mean rainfall in south-east Arabia during winter months (January–March). Rainfall data for 
1970–2000 from WorldClim 2 (Fick and Hijmans, 2017). 
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climate forcing (Savi et al., 2020). Indeed, fans in low-latitude desert 
environments have been shown to record cycles of aggradation and 
incision that are paced by orbital-scale climate forcing (e.g. D’Arcy 
et al., 2017; Terrizzano et al., 2017; Schildgen et al., 2019; Bartz et al., 
2020). 

To date, fan paleoenvironmental analyses in the Hajar have focused 
on the fans of the eastern UAE and the large megafans in central Oman, 
which are both located on the western flanks of the Hajar Mountains. 
Luminescence and radiocarbon ages record periods of sediment depo
sition under more sustained channel flow conditions, in-sync with 
precessionally-paced periods of IOSM intensification (e.g. Blechschmidt 
et al., 2009; Atkinson et al., 2013; Parton et al., 2013, 2015b; Mueller 
et al., 2022). This conforms to the general model of sediment 

aggradation during wetter periods for dryland fans, and also corre
sponds with higher monsoon rainfall intensity recorded in marine core 
records (Clemens and Prell, 2003). As such, the model established in the 
literature is one of precessionally-paced Hajar fan aggradation in 
response to higher rainfall from a more northerly, intensified IOSM. This 
has been exemplified by the Al Sibetah site in the UAE, showing the 
aggradation of coarse fan conglomerates across multiple precessional 
cycles from ∼ 160-55 ka (Parton et al., 2015a). Herein, we refer to this 
response by Hajar fans to external climate forcing as the ‘IOSM model’. 

Many of these dated periods of hydrological intensification and 
aggradation in alluvial systems as a result of increased sediment supply 
are supported by other environmental records from the region, such as 
the Hoti Cave speleothem isotopic record from the central Hajar (e.g. 

Fig. 2. (a) The Hajar Mountains of northern Oman and the north-eastern UAE showing regional geomorphological features and key sites with previously dated 
alluvium using OSL and radiocarbon: 1: Atkinson et al. (2013), 2: Purdue et al. (2019), 3: Mueller et al. (2022), 4: Parton et al. (2013), 5: Parton et al. (2015a), 6: 
Moraetis et al. (2020), 7: Hoffmann et al. (2015), 8: Blechschmidt et al. (2009) and 9: Beuzen-Waller et al. (2022). Other regional palaeoenvironmental sites are 
shown, including palaeolake deposits from: 10: Parker et al. (2006), 11: Preston et al. (2015), 12: Rosenberg et al. (2012) and 13: Fuchs and Buerkert (2008), as well 
as 14: the Hoti Cave speleothem (Burns et al., 2001). ‘JA’ denotes Jebel Ahkdar and ‘JS’ Jebel Shams. ‘MP’ denotes the Musandam Peninsula. (b) The study sites both 
east (OM20/3–5) and west (OM20/6–12) of the Hajar drainage divide. Sites OM20/3–4 are valley-fill deposits along Wadi Sahtan in the lower reaches of the 
mountain catchment feeding the Rustaq fan. Sites OM20/5–12 are alluvial fan deposits. Major drainage networks and mountain catchments are delineated by the 
blue and black lines, respectively. 
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Fleitmann et al., 2003) (Fig. 2). The speleothem record does not, how
ever, record all the wetter phases represented in fan aggradation and 
marine core records. For example no growth is recorded during Marine 
Isotope Stage 3 (MIS 3; 60–30 ka) at Hoti Cave (Fleitmann et al., 2003). 
By contrast, multiple examples of alluvial aggradation from the region 
date to this period (e.g. Farrant et al., 2012; Parton et al., 2013; Mueller 
et al., 2022). It has also been demonstrated that Hajar alluvium can be 
dated using luminescence techniques back to as much as 900 ka in some 
circumstances, presenting old records of landscape change that are un
precedented in the region (Blechschmidt et al., 2009). These very old 
ages have been related to higher IOSM rainfall during peak interglacial 
conditions, although it is worth noting that they have large associated 
uncertainties almost spanning entire glacial cycles either side of the 
central age. 

Despite the literature from the region consistently supporting the 
IOSM model at the site scale, the growing body of age data from Hajar fan 
systems is noisy and it is difficult to determine discrete periods of 
aggradation in line with precessional forcing at the regional scale using 
qualitative comparisons between records alone. Further, previous fan 
investigations have focused on the northern interior Hajar bajada in the 
UAE (e.g. Farrant et al., 2012; Parton et al., 2013, 2015a; Mueller et al., 
2022) and the large megafans (with areas 103–105 km2; Hartley et al., 
2010) of the southern Hajar bajada (Blechschmidt et al., 2009). Fans 
along the Batinah Coastal plain east of the Hajar, the interior central 
bajada and valley-fill sequences within their mountain source areas have 
received limited or no palaeoenvironmental analysis compared to those 
described above (Fig. 2). The MIS 3 chronology presented by Hoffmann 
et al. (2015) for Wadi (Arabic term for an ephemeral channel) Mistal 
remains the only study of alluvial aggradation for an alluvial system 
draining east of the Hajar drainage divide to the Batinah Coast. 

There is also a growing body of age data from alluvial sediments 
around the Hajar which appear at odds with the regional IOSM model. 
Beuzen-Waller et al. (2022) date deposition in Wadi Dishah, located at 
the mountain front of the southern Hajar, to 26.6 ± 1.8 ka, falling within 
MIS 2, a dry phase in the IOSM model during which aggradation is not 
expected. The Maqta Oasis, located in the central Hajar, records 
continuous, gradual deposition within a wetland environment 
throughout the arid Last Glacial Maximum and Terminal Pleistocene 
(20–12 ka) (Fuchs and Buerkert, 2008). Similarly, numerous aggrada
tion events are recorded in alluvial fans along the interior mountain 
front of the UAE from 20–16 ka and again during the arid Late Holocene 
(3.5–1.6 ka; Mueller et al., 2022). These age data come from sedimen
tary units which are interpreted by the original authors as indicative of 
more ephemeral streamflow conditions. This suggests that careful 
sedimentary interpretation, as well as considerations of sampling loca
tion within large alluvial systems, are important for making climatic 
inferences in these contexts. Gathering data from areas of the Hajar for 
which no prior studies have been undertaken can, therefore, provide a 
means for testing these ideas. 

1.2. Aims of this study 

In this paper, we aim to test the hypothesis of IOSM-driven alluvial 
aggradation for fans in the central interior and eastern Hajar. To do this, 
we investigate, through field sedimentological interpretations and 
luminescence dating, new sites preserving Late Quaternary alluvial 
aggradation from mountain-front fan and valley-fill settings both west 
and east of the central Hajar Mountains. We also aim to more objectively 
define when periods of fan aggradation occurred across the Hajar region 
to test whether these periods align with precessional forcing. So, our 
new data are compiled with published sedimentary archives from allu
vial and lacustrine settings across the Hajar. We employ hierarchical 
clustering to identify periods of aggradation in these systems and 
compare the results with palaeoclimate data from the Hoti Cave spe
leothem and marine cores from the Arabian Sea. 

2. Regional setting 

2.1. Regional geological and geomorphological setting 

The Hajar Mountains developed through the collision of the Arabian 
Plate with the Eurasian Plate at the Makran subduction zone located in 
the Arabian Sea (Kusky et al., 2005) (Fig. 2). This process resulted in the 
Late Cretaceous uplift and exposure of the Semail ophiolite (ancient 
oceanic crust) which is the predominant geological unit of the Hajar 
Mountains (Guilmette et al., 2018). Uplift has continued throughout the 
Late Quaternary Period, although tectonic processes are spatially vari
able. Raised shorelines and faulting reported from the southern Hajar 
region indicate uplift of 100 m during the Pliocene and Quaternary 
(Kusky et al., 2005; Hoffmann et al., 2020), whereas the Musandam 
Peninsula at the northern tip of the Hajar range has experienced subsi
dence over this period (Ali et al., 2018). The highest peaks, Jebel Ahkdar 
and Jebel Shams, stand at around 3000 m asl and are located in the 
central Hajar (Fig. 2a). 

Alluvial fans flank the fronts of the Hajar Mountains, ranging from 
small (10− 3-101 km2), steep debris-flow dominated features in the 
northern Musandam Peninsula to large (up to 104 km2), low gradient 
megafans in the southern Hajar (Fig. 2) (Woor et al., 2023). These large 
fans coalesce into bajadas (low-gradient alluvial plains) in the conti
nental interior, as well as along the Batinah Coast parallel to the Arabian 
Sea. These two principle bajadas are fed by drainage from mountain 
catchments, the direction of which is controlled by the watershed which 
runs along the spine of the Hajar (Fig. 2b). These large fans typically 
display trenching by ephemeral stream systems (or wadis) at their apexes 
which extend down-fan to a distal intersection point. Here, they switch 
from being incisional to depositional, resulting in their telescopic pro
gradation (Al-Farraj and Harvey, 2005). The larger megafans of the 
central and southern interior bajadas also preserve extensive networks 
of inverted palaeochannel networks which have been exhumed by 
aeolian deflation and more recent periods of flow (Maizels, 1987, 1990; 
Maizels and McBean, 1990). Extensive, rock varnished desert pavements 
mantle relict fan surfaces (Abrams and Chadwick, 1994; Al-Farraj and 
Harvey, 2000). 

Many surfaces have been deeply incised by gullies formed by more 
recent flash flows under the presently arid climate. These events occur 
intermittently, with the largest flash floods commonly generated by 
tropical cyclones making landfall on the Batinah Coast, such as cyclone 
Shaheen in October 2021 (Terry et al., 2022). Events such as these as 
well as smaller-magnitude rainstorms have been observed to result in 
sediment reworking and deposition down-fan of sheet-like deposits of 
sand, although larger grain sizes are transported in the 
highest-magnitude flash floods such as those caused by the cyclones that 
occasionally hit the Batinah Coast (e.g. Kwarteng et al., 2009; 
Blechschmidt et al., 2009). 

Whilst the fans of the Batinah Coast terminate in the Arabian Sea, the 
endorheic drainage systems which feed the large fans of the western 
interior terminate on the fringes of the Rub’al Khali. At the distal reaches 
of large megafans, numerous lacustrine basins have been reported, 
indicative of low-energy sinks (e.g. Rosenberg et al., 2012; Parker et al., 
2016; Woor et al., 2023). Under the contemporary arid climate, these 
basins form sabkha such as the Umm as Samim (Fig. 2). In many distal 
locations, fan sediments have been over-topped by dune systems 
migrating eastwards from the Rub’al Khali since the Mid Holocene (Al 
Farraj and Harvey, 2004; Atkinson et al., 2011, 2013). 

We selected sites with exposures of fluvial deposits located across 
mountain-front fans on the central interior bajada and along a feeder 
channel and proximal part of a fan on the eastern mountain front. This 
sampling strategy aimed to build as complete a record of aggradation as 
possible, considering the spatial variability in fan deposition. Sites 
comprised three from the eastern-draining Wadi Sahtan and the alluvial 
fan emanating from its apex at Rustaq on the Batinah Coastal plain (sites 
OM20/3–5; Fig. 3), and five sites from the interior fans of the central 
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bajada (OM20/6–12; Fig. 4). 

2.2. Wadi Sahtan and the rustaq fan 

Wadi Sahtan drains north-east from a catchment in the central Hajar, 
forming an alluvial fan with an apex located near the town of Rustaq and 
extending down to the Arabian Sea coast (Fig. 3). The catchment is 
primarily composed of sedimentary geological units including sand
stones and Jurassic carbonates that form the western portions of Jebel 
Ahkdar (Rousseau et al., 2005). The channel of Wadi Sahtan incises 
through valley-fill alluvium in the lower reaches of the catchment 
(Fig. 3b), exposing deep (∼ 20 m) sections of fluvial sediments. These 
range in size from silty-sands to clast-supported conglomerates 
composed of large cobbles. Sites OM20/3 and OM20/4 are located along 
these exposed valley-fills, on the opposite side of the wadi to the Hayy 
al-Sarh Neolithic archaeological site which occupies an upper terrace 
(Bretzke et al., 2018). A fourth site, OM20/2 was also sampled just 
upstream from OM20/3 at the same sand unit as OM20/3/1 and − 3/2. 
However, due to sampling within close proximity (<20 cm) to a 
conglomerate unit and the lack of field gamma spectrometry at this site, 
the sample is not presented (see Supplementary Information section 
1.2.1). Downstream, Wadi Sahtan passes through a gap in the mountain 
front near Rustaq, resulting in the deposition of a large alluvial fan on 

the Batinah Coast. The fan is incised by smaller stream networks, 
exposing shallow (typically 1–5 m) sections of fluvial deposits such as 
site OM20/5 (Fig. 3). 

2.3. The Ibri and Dhank fans 

West of the Hajar drainage divide, large megafans emanate from 
apexes located at the towns of Ibri and Dhank on the interior mountain 
front (Fig. 4a). These fans are substantially more extensive than the 
Rustaq fan on the other side of the range and have formed in the foreland 
basin of the Hajar mountains that provides considerably more accom
modation space than the much narrower Batinah Coastal zone (Rodgers 
and Gunatilaka, 2003). The fans are fed by large catchments draining 
mixed geologies composed of the Semail ophiolite, but also the lime
stones of the Hawasina nappes and the younger carbonates of the 
post-nappe units which outcrop at the mountain front (Glennie et al., 
1973; Corradetti et al., 2020). Both fans backfill into their catchments, 
with the Ibri fan having two apexes, likely as the result of two merging 
fans. The Ibri and Dhank fans coalesce, forming a low-gradient plain 
stretching to the Rub’al Khali, with incised channels exposing sections of 
fluvial sands and gravels. Sites OM20/6 and OM20/12 are located close 
to the fan apexes at the mountain front (Fig. 4). OM20/6 is in close 
proximity to the Ibri mountain-front rock shelter site, which shows 

Fig. 3. (a) The location of sampled sites east of the Hajar drainage divide along Wadi Sahtan (OM20/3–4) and in the proximal part of the Rustaq fan (OM20/5). (b) 
The locations of sites OM20/3–4 in Wadi Sahtan, with valley-fill sequences exposed by the incised channel. Images from Google Earth Pro. 
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evidence of Pleistocene human occupation (Parton and Bretzke, 2020). 
Sites OM20/8–11 are located in the medial-distal portion of the Dhank 
fan where fan surfaces begin to become obscured by aeolian sediments 
(Fig. 4b). 

3. Methods 

3.1. Luminescence dating 

Luminescence dating samples were collected from units of fluvial 
sands from channel fill or overbank deposits using either opaque tubes 
hammered into sections or, where sediments were highly cemented, 
chiselled out as blocks. Samples were wrapped in light-tight plastic for 
transport to the laboratory. Samples were analysed at the Oxford 
Luminescence Dating Laboratory, University of Oxford. Under orange 
light conditions, light-exposed sediments were removed from the ends of 
tube samples and the outer surfaces of blocks. Sediments were then 
treated with 37% HCl and 30% H2O2 to remove carbonate and organic 
material, before undergoing sieving and density separation to isolate 
medium-coarse grained quartz. The quartz was then etched with 40% 
HF for 45 min and mounted on 9.8 mm aluminium discs as small aliquots 
of 2 mm diameter. 

Ultra-violet quartz OSL signals were measured using Risø TL/OSL 
luminescence readers fitted with blue-light emitting diodes (470 nm) 
and calibrated 90Sr/90Y beta sources, using the single aliquot regener
ative dose (SAR) protocol (Wintle and Murray, 2006; Murray and 
Wintle, 2003). OSL signals were measured at 125 ◦C for 40 s. A preheat 
temperature of 220 ◦C and a cutheat of 160 ◦C was used for all samples 
following pre-heat plateau and dose recovery tests (Fig. S1). Des were 
calculated using the signal from the first 1 s of stimulation, and an 
averaged background taken from the final 20 s of stimulation was sub
tracted. The rejection criteria used to screen resulting De measurements 

included OSL IR depletion ratios (Duller, 2003), recycling and recu
peration ratios (Murray and Wintle, 2003), a test signal (Tn) greater than 
3 σ above background levels, and the fast ratio of Durcan and Duller 
(2011) (Table S1). 

Inductively-coupled plasma mass spectrometry (ICP-MS) was used to 
measure 238U, 232Th and 40K concentrations to calculate beta and 
gamma dose rates and, for samples where infinite matrix assumptions 
could not be made with respect to the gamma dose rate, in-situ gamma 
spectrometry was measured with an InSpector Canberra 1000 portable 
gamma spectrometer that was calibrated using the Oxford blocks prior 
to measurement (Rhodes and Schwenninger, 2007). The conversion 
factors of Guérin et al. (2017) were used to convert radionuclide con
centrations into infinite matrix dose rates, and attenuation factors 
including etching depth (Bell, 1979), grain size range (Guérin et al., 
2012) and an estimated water content of 5 ± 10% were accounted for. 
The central water content value is assumed based on previous lumi
nescence analyses on alluvial sediments from the Hajar region and 
drylands more broadly (e.g. Blechschmidt et al., 2009; Parton et al., 
2015a; Durcan et al., 2019; Mueller et al., 2022; Walsh et al., 2022a). 
The larger uncertainty value, relative to many previous studies in the 
region, used for water content aims to reflect the potentially 
wide-ranging moisture content likely experienced by alluvial sediments 
during the burial history. The conversion from dry to wet beta and 
gamma dose rates was based on attenuation factors accounting for the 
carbonate contents of samples following the approach outlined by 
Nathan and Mauz (2008), except for where gamma dose rates were 
measured in-situ (see supplementary information). Environmental dose 
rates were calculated using the Dose Rate and Age Calculator (DRAC, 
version 1.2; Durcan et al., 2015). 

Fig. 4. (a) The location of sampled sites west of the Hajar drainage divide on the Ibri and Dhank fans. (b) Sites OM20/8, -/10 and -/11 in the medial-distal part of the 
Dhank fan where fan surfaces begin to become obscured by Rub’al Khali dunes. Images from Google Earth Pro. 
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3.2. Sedimentology 

Facies interpretations were undertaken in the field to determine 
streamflow conditions at the time of deposition, i.e. whether deposition 
was occurring under more sustained flow conditions or under similar, 
flashy flows relative to present. These interpretations were made using a 
simple facies model based on interpretations made for similar fluvial, or 
‘Scott-type’, fans and braided stream facies in the region as well as other 
dryland contexts (e.g. Miall, 1977; Atkinson et al., 2013; Parton et al., 
2015a; Bowman, 2019; Mueller et al., 2022; Walsh et al., 2022b). Fluvial 
fans are those on which deposition is primarily driven by braided-stream 
processes as opposed to more viscous debris flows (Harvey, 2011). 

Sedimentary units indicative of more sustained streamflow, relative 
to present, are inferred to be where fans build thick conglomerate se
quences of gravel-cobble sized clasts that are imbricated in the down
stream direction (e.g. unit 2, Fig. 5c). Associated with these 
conglomerate units may be sand lenses that show evidence of low-angle 
bedding suggesting the formation of sand bars in stream systems (e.g. 
unit 4, Fig. 5b; Mueller et al., 2022). Laterally, these units often show the 
complex, multi-storey architecture of shallow (1–2 m) braided stream 
systems (e.g. unit 3, Fig. 5b). Interbedded with these conglomerate and 
sand deposits are finer silt-sand sediments with fine laminations and 
often evidence of bioturbation with root voids that are highly cemented 
by carbonate (e.g. units 1 and 3, Fig. 5a). These sediments are inter
preted to be indicative of deposition onto stabilised floodplains during 
overbank flow and incipient palaeosol development (Parton et al., 
2015a). By contrast, thin (<30 cm) units of sands and gravels with either 
horizontal or no bedding are interpreted as representing deposition 
under high velocity but short-lived floods (e.g. unit 1, Fig. 5c). 
Ephemeral flooding is typical of these systems today, often depositing 

similarly thin veneers of sand and gravel (e.g. Blechschmidt et al., 2009), 
with only the largest events reworking larger clasts. 

To compliment field sedimentological interpretations, bulk sediment 
was also extracted from the luminescence dating samples for grain size 
analysis. Analysis was carried out using a laser granulometer (Malvern 
Mastersizer, 2000), with samples undergoing ultra-sonic displacement 
for 30 s before analysis commenced to ensure particle disaggregation. 
The characteristics of each grain size distribution were calculated from 
measurements made on three subsamples, enabling average particle size 
distributions to be determined. The GRADISTAT software (version 9.1) 
was used to calculate the percentages of sands (63 μm - 2 mm) and silts 
and clays (<63 μm) from these distributions, as well as modal grain size, 
sorting and skewness statistics (Blott and Pye, 2001). 

3.3. Hierarchical cluster analysis of age and palaeoenvironmental data 

Cluster analysis is a statistical approach for identifying groups within 
a dataset and has been previously applied to inventories of luminescence 
ages (e.g. Kalińska et al., 2022). It offers a more objective means of 
identifying periods of hydrological activity at regional scales than a 
qualitative assessment of many ages. 

Luminescence and radiocarbon ages from this study and the litera
ture were filtered to only include those from sedimentary contexts 
draining the Hajar interpreted by the original authors as representative 
of either more sustained streamflow conditions in fans and rivers or of 
lake highstands, relative to present (n = 93; Table S6). Any ages relating 
to deposits interpreted as being the result of ephemeral flooding events 
under relatively drier climate conditions where disregarded (e.g. ex
amples in Rosenberg et al., 2012; Mueller et al., 2022; this study). These 
distances were computed as a measure of similarity between central age 

Fig. 5. Examples of the sections studied and their sedimentary interpretations. a) Site OM20/6: units 1 and 3 are overbank deposits of medium sands showing fine 
lamination and root voids. They are interstratified with conglomerate units which fine upwards from medium cobbles to gravels, representing cut and fill channel 
deposits (units 2 and 4). b) Site OM20/5 viewed laterally: Units 1, 3 and 5 are conglomerate deposits of cobbles and gravels. Unit 3 displays the lateral, multi-storey 
channel deposits typical of avulsing braided stream systems. Unit 2 is finely laminated silt-sand floodplain deposits with evidence of palaeosol development. Unit 4 is 
a unit of fluvial sand with weak bedding structures. c) Site OM20/4: Unit 1 is comprised of thin sheet-like deposits of interstratified fine sands and gravels with weak 
horizontal bedding, interpreted as rapid, short-lived flood events under ephemeral flow conditions, similar to present. Unit 2 is comprised of gravels to large cobbles 
that show some low angle bedding and are imbricated downstream, suggesting more sustained streamflow, relative to present. Red stars denote where samples for 
luminescence dating were taken. 
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values. Euclidean distance values were used to inform hierarchical 
clustering, whereby each member of the dataset is paired with its most 
similar neighbour, with groups then progressively paired with most 
similar groups until all values are incorporated. Resulting clusters of 

ages are then used to interpret when periods of more sustained flow 
occurred across the region, relative to present. 

Table 1 
Luminescence age results, including: the sampling depth, grain size, soil radionuclide concentrations (measured using ICP-MS), total environmental dose rate and its 
components, number of aliquots accepted out of total measured, relative overdispersion (OD), the age model applied for De calculation, final De and resulting age 
reported with 1σ errors. CAM: central age model (Galbraith et al., 1999), MAM: minimum age model (Galbraith and Laslett, 1993). Ages are reported to 1 decimal 
place, except for OM20/10/3 which is reported to 2 decimal places, with calculations made prior to rounding. For the two samples considered saturated, the minimum 
De and age are reported to the nearest integer.  

Sample Depth 
(m) 

Grain 
size (μm) 

K (%) U 
(ppm) 

Th 
(ppm) 

Beta 
dose 
rate (Gy 
ka− 1) 

Gamma 
dose rate 
(Gy ka− 1) 

Cosmic 
dose rate 
(Gy ka− 1) 

Environmental 
dose rate (Gy 
ka− 1) 

n OD 
(%) 

Age 
model 

De (Gy) Age 
(ka) 

OM20/ 
3/1 

10.30 90–150 1.22 
±

0.12 

1.38 
± 0.14 

5.44 
± 0.54 

1.16 ±
0.16 

0.73 ±
0.04 

0.07 ±
0.01 

1.96 ± 0.17 34/ 
96 

34 ADM 87.6 ±
5.9 

44.8 ±
4.9 

OM20/ 
3/2 

10.80 90–210 1.14 
±

0.11 

1.31 
± 0.13 

3.53 
± 0.35 

1.04 ±
0.15 

0.57 ±
0.07a 

0.07 ±
0.01 

1.67 ± 0.16 27/ 
48 

31 ADM 74.5 ±
5.0 

44.5 ±
5.3 

OM20/ 
3/3 

12.30 150–210 1.19 
±

0.12 

1.12 
± 0.11 

8.05 
± 0.81 

1.13 ±
0.16 

0.77 ±
0.1a 

0.06 ±
0.01 

1.95 ± 0.19 27/ 
70 

36 ADM 128.4 
± 8.5 

65.8 ±
7.6 

OM20/ 
4/1 

8.50 150–210 0.86 
±

0.09 

1.48 
± 0.15 

2.99 
± 0.3 

0.83 ±
0.12 

0.34 ±
0.02 

0.08 ±
0.01 

1.25 ± 0.12 8/ 
48 

27 ADM >124 >100 

OM20/ 
4/2 

8.75 150–210 0.93 
±

0.09 

1.37 
± 0.14 

3.65 
± 0.37 

0.89 ±
0.13 

0.53 ±
0.07a 

0.07 ±
0.01 

1.49 ± 0.08 17/ 
48 

24 ADM 93.2 ±
5.6 

62.2 ±
7.0 

OM20/ 
4/4 

9.60 90–250 0.87 
±

0.09 

1.37 
± 0.14 

3.04 
± 0.30 

0.84 ±
0.12 

0.49 ±
0.06a 

0.07 ±
0.01 

1.40 ± 0.13 55/ 
95 

23 ADM 109.0 
± 3.7 

77.9 ±
7.9 

OM20/ 
4/5 

10.40 150–210 0.70 
±

0.07 

1.32 
± 0.13 

2.63 
± 0.26 

0.70 ±
0.1 

0.71 ±
0.04 

0.07 ±
0.01 

1.47 ± 0.11 22/ 
52 

25 ADM 98.0 ±
5.6 

66.6 ±
6.1 

OM20/ 
5/1 

0.35 150–210 0.29 
±

0.03 

0.45 
± 0.05 

0.81 
± 0.08 

0.27 ±
0.04 

0.28 ±
0.02 

0.22 ±
0.02 

0.76 ± 0.05 43/ 
113 

66 ADM 50.6 ±
4.4 

66.2 ±
7.1 

OM20/ 
5/2 

2.60 150–210 0.40 
±

0.04 

0.73 
± 0.07 

1.60 
± 0.16 

0.40 ±
0.06 

0.33 ±
0.02 

0.15 ±
0.02 

0.88 ± 0.06 23/ 
48 

22 ADM >97 >110 

OM20/ 
5/3 

4.50 150–210 0.19 
±

0.02 

0.65 
± 0.07 

0.62 
± 0.06 

0.22 ±
0.03 

0.3 ± 0.02 0.12 ±
0.01 

0.64 ± 0.04 15/ 
40 

68 ADM 67.5 ±
11.2 

105.4 
± 18.6 

OM20/ 
6/1 

1.50 180–210 0.27 
±

0.03 

0.41 
± 0.04 

1.13 
± 0.11 

0.26 ±
0.04 

0.19 ±
0.01 

0.17 ±
0.01 

0.61 ± 0.04 16/ 
32 

26 ADM 185.4 
± 12.6 

302.6 
± 29.3 

OM20/ 
6/3 

4.80 125–180 0.36 
±

0.04 

0.50 
± 0.05 

1.23 
± 0.12 

0.34 ±
0.05 

0.21 ±
0.01 

0.12 ±
0.01 

0.67 ± 0.05 19/ 
34 

21 ADM 248.1 
± 13.2 

372.5 
± 35.6 

OM20/ 
8/1 

0.50 150–210 0.37 
±

0.04 

1.05 
± 0.11 

0.06 
± 0.01 

0.38 ±
0.06 

0.47 ±
0.03 

0.2 ± 0.02 1.05 ± 0.07 33/ 
48 

22 ADM 93.4 ±
4.0 

88.9 ±
6.7 

OM20/ 
8/2 

0.90 150–250 0.16 
±

0.02 

0.46 
± 0.05 

0.03 
± 0.00 

0.16 ±
0.03 

0.28 ±
0.02 

0.18 ±
0.02 

0.63 ± 0.04 27/ 
48 

29 ADM 82.5 ±
4.8 

131.8 
± 10.7 

OM20/ 
10/3 

1.80 150–180 0.81 
±

0.08 

0.83 
± 0.08 

1.30 
± 0.13 

0.70 ±
0.1 

0.34 ±
0.04a 

0.18 ±
0.02 

1.22 ± 0.11 13/ 
48 

83 MAM 0.20 ±
0.04 

0.16 ±
0.0.04 

OM20/ 
11/1 

0.30 150–180 1.21 
±

0.12 

0.45 
± 0.05 

0.91 
± 0.09 

0.93 ±
0.14 

0.38 ±
0.05a 

0.22 ±
0.02 

1.53 ± 0.15 28/ 
48 

25 MAM 3.7 ±
0.2 

2.4 ±
0.3 

OM20/ 
11/2 

0.75 150–180 0.62 
±

0.06 

0.78 
± 0.08 

1.20 
± 0.12 

0.55 ±
0.08 

0.28 ±
0.04a 

0.19 ±
0.02 

1.03 ± 0.09 36/ 
48 

63 MAM 3.5 ±
0.3 

3.4 ±
0.4 

OM20/ 
11/3 

1.40 150–180 0.34 
±

0.03 

0.51 
± 0.05 

0.38 
± 0.04 

0.31 ±
0.04 

0.15 ±
0.02a 

0.17 ±
0.02 

0.63 ± 0.05 41/ 
48 

56 MAM 4.2 ±
0.3 

6.6 ±
0.7 

OM20/ 
12/1 

0.30 150–180 0.34 
±

0.03 

1.07 
± 0.11 

0.70 
± 0.07 

0.38 ±
0.05 

0.31 ±
0.02 

0.23 ±
0.02 

0.92 ± 0.06 44/ 
48 

42 ADM 23.3 ±
1.6 

25.5 ±
2.5 

OM20/ 
12/2 

2.60 90–150 0.16 
±

0.02 

0.38 
± 0.04 

0.15 
± 0.02 

0.16 ±
0.03 

0.4 ± 0.02 0.15 ±
0.02 

0.71 ± 0.04 25/ 
32 

33 ADM 110.7 
± 8.8 

156.3 
± 14.9  

a The gamma dose rates of these samples were calculated based on ICP-MS measurements of radionuclides and not in-situ gamma spectrometry. 
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4. Results 

4.1. Chronology 

In total, twenty samples were dated using quartz OSL signals 
(Table 1; Table S3). In general, luminescence signals that passed other 
rejection criteria tended to be dominated by the fast component, 
yielding fast ratios >20 (Durcan and Duller, 2011; Table S1). An 
example natural signal for an aliquot of sample OM20/3/3 is shown in 
Fig. 6a. The proportion of aliquots of samples from Wadi Sahtan and the 
Rustaq fan that failed rejection criteria were higher than western sam
ples (Table 1; Table S1). These samples suffered from pervasive 
contamination from IR sensitive minerals, leading to higher aliquot 
rejection rates than samples from the Ibri and Dhank fans (see supple
mentary materials for more detail). Contaminants were pervasive 
despite repeating heavy liquid separations and treating some samples 
with fluorosilicic acid for 2 weeks (e.g. Woor et al., 2022b). Therefore, 
high numbers of aliquots were measured for samples from Wadi Sahtan 
and the Rustaq fan to maximise pure quartz signals. 

Two samples had >25% of Des either in or close to saturation 

(samples OM20/4/1 and OM20/5/2). Therefore, they are ascribed a 
minimum age based on the average dose model (ADM) De for aliquots 
with Ln/Tn ratios intercepting the dose response curve, due to the po
tential truncation of the dose distribution (Table 1; see the supplemen
tary material for more discussion of signal saturation). OM20/4/1 
(>100 ka) is significantly older than the underlying OM20/4/2 (62.2 ±
7.0), which may be due to OM20/4/1 having a very low sample size at 
just 8 aliquots passing rejection criteria (Table 1). This could mean that 
the dose distribution is very poorly characterised. Therefore, we are not 
confident in this age and it is excluded from the discussion. 

For most samples, De distributions were normally distributed around 
a central value, although they show broad scatters and overdispersions 
which range between 21 and 68%, as well as an overdispersion of 83% 
for the low De sample OM20/10/3 (Table 1). This wide range of over
dispersion values for gaussian dose distributions is typical of Hajar al
luvial sediments (e.g. Parton et al., 2015a; Hoffmann et al., 2015). 
Previous studies (e.g. Blechschmidt et al., 2009; Parton et al., 2015a) 
have speculated that the very broad, gaussian-like De scatters observed 
in Hajar alluvial sediments may be the result of beta heterogeneity. 
Heterogeneity in beta dose rate is more likely to be present where 

Fig. 6. (a) An example OSL signal for an aliquot of sample OM20/3/3, and the dose response curve measured for the same signal (b). Below are abanico plots 
showing example De distributions for (c) the broadly gaussian sample OM20/3/3 and (d) the positively skewed sample OM20/11/3. The ADM and MAM Des are 
displayed with the orange and blue bars, respectively, as well as relative overdispersion (OD). 
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sediments have low radionuclide concentrations, are subject to 
post-depositional carbonate growth, have coarse grain sizes and low 
K-feldspar contents (Nathan et al., 2003; Mayya et al., 2006; Guérin 
et al., 2015), as is the case with alluvial material from the Hajar (e.g. 
Blechschmidt et al., 2009; Parton et al., 2015a; Hoffmann et al., 2015; 
Woor et al., 2022b). For samples from the Ibri and Dhank fans in 
particular, radionuclide concentrations are especially low compared to 
those from the Wadi Sahtan and Rustaq fan, with typical values of K <1 
% and U and Th < 1 ppm (Table 1); samples from Wadi Sahtan and the 
Rustaq fan have previously been shown to have low K-feldspar contents 
(Woor et al., 2022b), and the samples in this study are comprised of up 
to 35% carbonate by weight (Table S5). 

Partial bleaching is also often an issue in alluvial fan sediments, 
contributing to the scatter in De distributions (Rittenour, 2008). How
ever, the broad, gaussian-like De distributions in our samples are not 
typical of the skewed distributions expected from sediments with sig
nificant partial bleaching (e.g. Rodnight et al., 2006). Fan and river 
sediments from dryland contexts often show broad De distributions, with 
authors using central age approaches for De calculation rather than 
minimum age approaches (e.g. Kenworthy et al., 2014; Durcan et al., 
2019). Moreover, it is likely that the residual dose effect of partial 
bleaching would become less important with sample age, due to the 
larger uncertainties associated with De values (e.g. Jain et al., 2004). 
Blechschmidt et al. (2009) tested signal resetting from sediments 
transported during a modern flash flood on a fan in the southern Hajar to 
test the extent of bleaching in the modern day system. They record only 
a small residual dose (<1 ka) from these sediments, and assuming 
similar deposition conditions for the samples in this study, this suggests 
that the effects of partial bleaching would not be notable relative to the 
Pleistocene-age sediments dated. 

Based on these considerations, and the use of central ages in previous 
studies dating Hajar alluvium with similar, broadly scattered De distri
butions (e.g. Parton et al., 2015a; Mueller et al., 2022; Beuzen-Waller 
et al., 2022), the ADM is used to calculate all final Des for Pleistocene 
sediments (Table 1). The ADM is based on the arithmetic mean of Des, 
rather than the weighted mean of the central age model (CAM), which is 
more appropriate for samples where beta heterogeneity may be sus
pected and does not bias ages towards younger values with lower un
certainties, as may be the case with CAM (Guérin et al., 2017). This is 
important in this context where Des are often in the upper portion of the 
dose response curve, beyond the characteristic dose (D0), as is the case 
for many of the Pleistocene samples in this study. Des calculated using 
the ADM, CAM and minimum age model (MAM) are shown in Table S3 
for comparison. 

In contrast, the Holocene samples have skewed De distributions with 
many smaller values and long ‘tails’ of larger values, suggestive of 
partial bleaching (e.g. Fig. 6d). Similar distributions have been previ
ously reported from Hajar alluvial sediments (e.g. Hoffmann et al., 2015; 
Mueller et al., 2022), although are less common than the gaussian-like 
distributions described above. Partial bleaching is potentially more of 
an issue in these younger sediments because the residual dose will 
constitute a greater component of the total De measured, and, therefore, 
will result in greater inaccuracy in the age (relative to older samples) if 
the effects of partial bleaching within a dose distribution are not taken 
into account. For these samples, the decision tree method of Arnold et al. 
(2007), developed using multi-grain aliquot De distributions for North 
American arroyo sediments, with comparable shallow channel deposi
tion contexts, was used to establish the appropriate age model to 
employ. This approach suggests that the Holocene fan sediments dated 
in this study includes signals that were not fully reset prior to burial, as 
they all have skewness and kurtosis values >1σ or have relative over
dispersions and standard deviations relative to the weighted mean De 
>40% (Table S4). Therefore, final Des for the Holocene samples were 
calculated using the minimum age model (MAM) with a σb value of 
0.055, calculated from the mean overdispersion of Des from dose re
covery tests (Galbraith et al., 1999; Galbraith and Roberts, 2012). Using 

the ‘Luminescence’ R package, we estimate that there are ∼ 95 grains 
per 2 mm aliquot for the MAM samples as they all have grain size ranges 
of 150–180 μm and assuming a packing density of 0.65 (Kreutzer et al., 
2012). 

Ages show good chrono-stratigraphic agreement with a considerable 
range across the sites sampled, spanning the historical period (OM20/ 
10/3) to 372.5 ± 35.6 ka (OM20/6/3; Table 1). Relative age un
certainties range from 8 % (OM20/8/1) to 18% (OM20/5/3), with the 
very young age of OM20/10/3 giving an outlying relative uncertainty of 
21%. Ages from Wadi Sahtan and the Rustaq fan fall primarily between 
70 and 40 ka, although the lower unit of site OM20/5 was older at 105.4 
± 18.6 ka (Table 1). For the Ibri and Dhank fans, resulting ages are more 
spread across sites at ∼ 370-300 ka, 160 ka, 130 ka, 90 ka and 7–0 ka 
(Table 1). 

4.2. Sedimentary descriptions and chronostratigraphic relationships 

The dated samples have modal grain sizes ranging from very fine 
sand (63–125 μm) to coarse sand (0.5–1 mm) (Table 2). Some samples 
comprise up to 50% silt and clay (e.g. OM20/6/3, OM20/12/1); others 
exceeded 90% sand (e.g. OM20/11/1, OM20/11/3) (Table 2). All 
samples except OM20/10/3 and OM20/11/1, which are moderately 
sorted, display poor or very poor sorting and distributions are typically 
either symmetrical or very fine-skewed. Of course, these samples 
represent facies where tube or block samples could be taken for OSL 
dating and so do not capture coarse gravel (2–60 mm diameter) or 
cobble (>60 mm diameter) fractions, but they provide extra information 
about the types of sediment deposited during the periods identified from 
OSL ages. 

The eight exposures both west and east of the Hajar watershed divide 
were composed of fluvial deposits ranging from silty-sand units to ma
trix supported conglomerates (Figs. 5, 7 and 8). The stratigraphic in
terpretations and associations for each section are as follows: 

OM20/3: The base of the section intersects with the modern channel 
floor where there is an exposure of ∼ 1 m of conglomerate material 
(Fig. 7). Above is a sharp contact with 5.75 m of very fine palustrine silt- 
sands dated to 65.8 ± 7.6 ka (sample OM20/3/3; Tables 1 and 2) which 
display fine lamination and are highly cemented, becoming less friable 
with depth, yet lack evidence of palaeosol development so could indi
cate deposition in a low-energy, ponded environment (Miall, 1977). 
These sediments are overlain by a coarser unit of low-angle (<15◦), 
planar-bedded fluvial sands which fine upwards dated to 44.5 ± 5.3 and 
44.8 ± 4.9 ka (OM20/3/2, -/1). Above is a sharp contact with channel 
infills of gravel and coarse sands and larger, poorly sorted semi-rounded 
gravels and cobbles comprising the upper clast-supported conglomerate 
unit. The basal 1.5 m of this unit displays weak planar cross bedding 
indicative of low-velocity streamflow (Bowman, 2019). 

OM20/4: The basal unit above the modern channel is comprised of 
0.8 m of poorly sorted, very fine fluvial sand dated to 66.6 ± 6.1 ka 
(OM20/4/5) (Fig. 7) with occasional gravel inclusions. These sands 
coarsen upwards into a thin layer (<0.1 m) of sands and fine gravels. 
This is overlain by a thin unit (0.2 m) of very fine fluvial sand dated to 
77.9 ± 7.9 ka (OM20/4/4). This represents an age reversal with the 
under- and overlying ages, but is still within 1σ errors of OM20/4/5 so is 
attributed to the same period. Above is a series of thin gravel lenses 
interrupting the deposition of very fine sands and coarse silts with gravel 
inclusions that are 1.5 m thick, with sample OM20/4/2 taken from the 
penultimate sand unit dated to 62.2 ± 7.0 ka (Table 2). The sharp 
contacts between these gravel lenses and over- and underlying sands as 
well as their horizontal bedding suggest they are the result of sheetfloods 
under a flashy flow regime (Miall, 1977). Overlying this are a series of 
bedded channel lag deposits comprising gravels and small pebbles and 
semi-to angular gravels and well-rounded pebbles and cobbles display
ing imbrication downstream. Above is a clast-supported conglomerate of 
larger pebbles and cobbles with no apparent bedding, comprising the 
upper 4 m of the section. 
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OM20/5: This section extends to a height of 5.75 m above the 
modern channel. The basal unit is comprised of highly indurated pebbles 
within a calcareous matrix of silt-sands. This is overlain by a unit of 
weakly laminated fine sands that is 2 m thick (Table 2; Fig. 7), the base 
of which yielded an age of 105.4 ± 18.6 ka (OM20/5/3). This unit is 
highly cemented by carbonates and preserves pinprick root voids, 
indicative of deposition overbank of the main channel and of incipient 
palaeosol development (Parton et al., 2015a). Above is a sharp contact 
with a channel infill of gravels and small, imbricated pebbles in a sandy 
matrix with planar bedding typical of shallow, avulsing alluvial chan
nels (Miall, 1977). This overlain by a conglomerate of larger pebbles and 
cobbles in a gravelly matrix. Viewing the exposure laterally, multiple 
channel scour and fill sequences are apparent in this unit, reaffirming 
the interpretation of a dynamic system of braided channels on the fan 
surface (Figs. 5 and 7). Deposition is interrupted at 0.5 m by a lens of 
weakly bedded fine fluvial sands which was dated to 66.2 ± 7.1 ka 
(OM20/5/1; Table 2). The top of the sequence is a thin (0.1 m) unit of 
pebbles and cobbles forming a desert pavement of varnished clasts on 
the relict fan surface above the sequence. 

OM20/6: The base of this section consists of 1 m of highly calcar
eous, weakly laminated and well-cemented sands deposited in an 
overbank setting dated to 372.5 ± 35.6 ka (OM20/6/3; Fig. 8). The 
presence of root voids and dark staining suggests palaeosol development 
(Parton et al., 2015a). Above this is a sharp contact with a conglomerate 
unit of gravels and semi-rounded pebbles and cobbles (1.5 m thick). 
Channel fill sequences are evident, fining upwards into planar bedded 
gravels and sands which indicate channel avulsion across the fan surface 
(Bowman, 2019). Again, this conglomerate unit is overlain by a sharp 
contact with a palaeosol unit comprised of sands with weak lamination 
suggesting its gradual accumulation in an overbank setting dated to 
302.6 ± 29.3 ka (OM20/6/1; Table 2). The section is topped with 
another conglomerate unit of channel lag deposits which forms the 
overlying desert pavement. 

OM20/8: The basal 0.3 m consists of highly cemented, coarse sand 
dated to 131.8 ± 10.7 ka (OM20/8/2) (Fig. 8) with occasional small 
clasts indicative of low, overbank flow regimes (Harvey, 2011). Depo
sition is interrupted by a sheet of gravels (0.1 m thick), before recom
mencing as a unit of sands with angular gravel inclusions and no 
discernible bedding architecture dated to 88.9 ± 6.7 ka (OM20/8/1). In 
the distal areas of large fans, unconfined sheetflooding in low-energy, 
ponded environments is more likely (Moscariello, 2018), so we inter
pret these units to represent gradual accumulation with occasional 
larger floods evidenced by gravel sheets. 

OM20/10: The base of this sequence is the upper 0.5 m of the un
derlying playa sediments composed of very fine, laminated sands dated 

to 0.16 ± 0.04 ka (OM20/10/3; Fig. 8). These playa sands are inter
preted as being derived from runoff from surrounding dunes and direct 
aeolian input into the basin because they show moderate sorting in 
comparison to typically poorly sorted sediments of fluvial origin 
(Table 2). This is overlain by 1.5 m of modern aeolian dune sands from 
the flanks of a large star dune. 

OM20/11: The basal 0.8 m of this section is comprised of fluvial 
sands and gravels that fine upwards into coarse sands dated to 6.6 ± 0.7 
ka (OM20/11/3; Fig. 8). Above, there is a sharp contact with 0.4 m of 
bedded channel lags of gravel and coarse sands, interspersed with oc
casional lenses of coarse, semi-rounded gravels. This unit terminates 
with another sharp contact into a bed of very fine fluvial sands dated to 
3.4 ± 0.4 ka (OM20/11/2) topped with a thin lens (<0.1 m) of gravels. 
The uppermost fluvial unit of fine sand is moderately sorted, whereas 
the underlying units are poorly sorted and dates to 2.4 ± 0.3 ka (OM20/ 
11/1; Table 2). This could indicate the reworking of aeolian material on 
fan surfaces by flashy flows. The section is overlain by a veneer of 
modern aeolian sands <0.1 m thick. 

OM20/12: The base consists of 1.45 m of gravels and pebbles 
cemented within a calcareous matrix of silt-sands (Fig. 8). Above is a 
thin (0.25 m) unit of very fine, weakly-bedded and highly cemented 
fluvial sand with occasional inclusions of small clasts deposited in an 
overbank context dated to 156.3 ± 14.9 ka (OM20/12/2). Overlying are 
poorly sorted fluvial sands and gravels and a conglomerate unit of 
imbricated pebbles (1.3 m). A second unit of silt-sands with small gravel 
inclusions indicating proximal floodplain deposition 1.2 m thick then 
fines upwards and is dated to 25.5 ± 2.5 ka (OM20/12/1). The section is 
capped by 0.1 m of conglomerate material forming an overlying desert 
pavement. 

4.3. Hierarchical clustering 

A dendrogram was used to visualise the hierarchical cluster analysis 
of the new ages from this study and the fluvial and lake ages included 
from the literature (Fig. 9a). The average silhouette approach offers a 
means of determining the most appropriate number of clusters (k value) 
at which to cut the dendrogram, whereby the k value with the highest 
average silhouette score defines the point at which groups are the most 
different to each other whilst being the most internally similar (Rous
seeuw, 1987). The silhouette score of k = 10 is the highest, meaning that 
10 groups is the optimum for this dataset (Fig. 9b). 

For each group, simple descriptive statistics were calculated 
(Table 3). The mean ages and interquartile ranges for each group are 
used to infer periods of fan aggradation under more sustained stream
flow conditions, relative to present. For the majority of groups, standard 

Table 2 
Grain size data from the <2 mm fractions of the samples taken for luminescence dating, calculated using the GRADISTAT software (version 9.1; Blott and Pye, 2001).  

Sample Silts and clays (%) Sands (%) Modal grain size (μm) Description Sorting (σ) Description Skewness (Sk) Description 

OM20/3/1 44.3 55.7 84.5 Very fine sand 2.9 Poorly sorted − 0.2 Fine-skewed 
OM20/3/2 31.7 68.3 106.4 Very fine sand 2.4 Poorly sorted − 0.1 Fine-skewed 
OM20/3/3 38.0 62.0 119.3 Very fine sand 4.4 Very poorly sorted − 0.2 Fine-skewed 
OM20/4/2 27.3 72.7 94.8 Very fine sand 2.5 Poorly sorted 0.0 Symmetrical 
OM20/4/4 47.1 52.9 84.5 Very fine sand 3.1 Poorly sorted − 0.1 Fine-skewed 
OM20/4/5 27.4 72.6 94.8 Very fine sand 2.7 Poorly sorted 0.0 Symmetrical 
OM20/5/1 23.6 76.4 238.1 Fine sand 3.6 Poorly sorted − 0.5 Very fine-skewed 
OM20/5/2 34.8 65.2 94.8 Very fine sand 6.6 Very poorly sorted − 0.1 Fine-skewed 
OM20/5/3 23.1 76.9 150.2 Fine sand 4.1 Very poorly sorted − 0.1 Fine-skewed 
OM20/6/1 44.3 55.7 475.1 Medium sand 5.1 Very poorly sorted 0.0 Symmetrical 
OM20/6/3 50.0 50.0 212.2 Medium sand 5.2 Very poorly sorted 0.0 Symmetrical 
OM20/8/1 35.0 65.0 475.1 Medium sand 5.3 Very poorly sorted − 0.4 Very fine-skewed 
OM20/8/2 22.6 77.4 752.9 Coarse sand 4.0 Very poorly sorted − 0.3 Very fine-skewed 
OM20/10/3 12.7 87.3 119.3 Very fine sand 1.8 Moderately sorted − 0.3 Very fine-skewed 
OM20/11/1 5.9 94.1 189.1 Fine sand 2.0 Moderately sorted 0.1 Symmetrical 
OM20/11/2 26.5 73.5 133.9 Fine sand 2.5 Poorly sorted − 0.3 Fine-skewed 
OM20/11/3 3.7 96.3 189.1 Fine sand 2.1 Poorly sorted 0.2 Coarse-skewed 
OM20/12/1 50.3 49.7 119.3 Very fine sand 7.2 Very poorly sorted 0.1 Symmetrical 
OM20/12/2 48.8 51.2 106.4 Very fine sand 4.7 Very poorly sorted 0.0 Symmetrical  
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deviations lie within one precessional cycle (∼ 23 ka) around the mean 
age; groups 7 and 10 are exceptions. Group interquartile ranges gener
ally increase in line with mean age. Groups 7, 9 and 10 only returned 
very small numbers of ages (n = 1, 3 and 2, respectively). For groups 7 
and 10, only the mean age is used to suggest a period of fan aggradation, 
acknowledging that low sample sizes may be an artifact of noise and 
sampling. 

5. Discussion 

5.1. Palaeoenvironmental interpretation 

Together, the chronologies and sedimentary interpretations of the 
alluvial records in the central Hajar represent periods of aggradation 
back to 400 ka (Fig. 10; Table 4). Site OM20/6 is comprised of silty 
palaeosol units with laminae indicating gradual accumulation, likely as 

the result of seasonal flooding onto a stabilised floodplain, dated to ∼
370-300 ka (Table 2; Table 3). These periods of floodplain accumulation 
are punctuated by the aggradation of fluvial conglomerates and sands 
and gravel, indicating an environment characterised by channel avul
sion and the development of braided streams and point bars on fan 
surfaces. Aggradation phases from the southern megafans of the interior 
bajada have been previously dated within errors of the ages presented 
from OM20/6 (Blechschmidt et al., 2009), although large dating errors 
mean that attributing them discretely to increased IOSM rainfall with a 
23 ka periodicity is impossible. However, these ages correspond with 
terminal Northern Hemisphere interglacial conditions during MIS 11/9 
and higher IOSM rainfall recorded in the Hoti Cave speleothem (Fleit
mann et al., 2003; Lisiecki and Raymo, 2005). 

The lower unit of OM20/12 records fan aggradation at 156.3 ± 14.9 
ka. The conglomerate unit surrounding the sandy layer of OM20/12 
shows increased channel activity which may be attributable to this 

Fig. 7. Stratigraphic logs of sites from the eastern Hajar (OM20/3–5). Sampling locations, field sedimentological observations and OSL dating results are shown.  
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period (Fig. 8). Again, this coincides with increased precipitation 
interpreted from biological and geochemical proxies from marine sedi
ments and dated to ∼ 150-160 ka during MIS 6 (e.g. Clemens and Prell, 
2003). Whilst there is no growth in the Hoti Cave speleothem at this time 
(Fleitmann and Matter, 2009), numerous alluvial fan records show 
increased drainage activity (e.g. Parton et al., 2015a; Moraetis et al., 
2020; Mueller et al., 2022), with an age cluster centred on 143.8 ka 
(Fig. 10). 

The next phase of aggradation across the sites is recorded at 131.8 ±
10.7 ka in the basal unit of OM20/8, comprised of coarse, overbank 
sands and small gravels. This coincides with precessional maxima at ∼
130 ka at the transition from MIS 6 to 5e (Fig. 10). MIS 5e ages are re
ported from other alluvial sediments across south-east Arabia, with 
aggradation of the distal part of the Dhank fan occurring synchronously 
with that of alluvial fan aggradation at Remah to the north (Farrant 
et al., 2012) and alluvial sediment deposition underlying more recent 
aeolian deposits in the Wahiba Sands to the south (Preusser et al., 2002). 
Palaeolake Saiwan, also located at the distal extremity of the southern 
megafans, similarly records intensified hydrological conditions from 
132–104 ka (Rosenberg et al., 2012). Increased monsoon rainfall is 
evidenced by palaeo-productivity proxies such as bromine concentra
tions from the Arabian Sea (Ziegler et al., 2010; Caley et al., 2011), as 
well as the Hoti Cave speleothem record in the central Hajar which 
shows very low δ18O values at this time (Fleitmann and Matter, 2009). 
The coarse sediments of OM20/8/2 indicate that flow was regularly 
occurring from mountain catchments to the medial-distal extremities of 
the interior fans (Table 2). The low gradient of the fan and the finer grain 
sizes, relative to more proximal locations, suggests that these down-fan 
reaches would have been characterised by low-energy seasonal flows 

(Table 4). This is consistent with an environment comprised of shallow 
wetlands and low-gradient plains typical for large fluvial fans (e.g. 
Moscariello, 2018). 

Site OM20/5 on the Rustaq fan shows aggradation in a stabilised 
overbank setting at 105.4 ± 18.6 ka, with evidence of incipient palae
osol formation based on the presence of root voids (Table 4). Fan 
aggradation has not been commonly reported during MIS 5c, with the 
only other site located in the UAE dating to 110 ± 6 (Atkinson et al., 
2013). However, lake highstands in the Saiwan basin at the termini of 
the southern Hajar megafans coincide with this age, indicating more 
widespread hydrological activity (Rosenberg et al., 2012), resulting in a 
cluster of ages centred on 111.6 ka (Fig. 10). 

The upper unit at site OM20/8 shows the aggradation of the distal 
end of the Dhank fan at 88.9 ± 6.7 ka (Fig. 8). Similarly, fan activation is 
recorded further north in the UAE during early MIS 5a (90–76 ka) where 
the deposition of silts and gravels has been observed closer to the 
mountain front (Atkinson et al., 2013) (Fig. 10). The upper deposit of 
OM20/8 suggests that the site was characterised by intermittent 
drainage connections with feeder catchments that were perhaps similar 
to or slightly more sustained than today. Evidence for speleothem 
growth during MIS 5a at Hoti Cave is absent until 82 ka (Fleitmann et al., 
2003). Therefore, the earlier ages recorded at this site and from previ
ously dated fan deposits in the UAE may be evidence of increasing fluvial 
activity in early MIS 5a, preceding a sufficient groundwater/through
flow threshold for speleothem growth. Indeed, an age cluster centred at 
87.1 ka suggests an earlier increase in hydrological conditions with the 
onset of the precessional peak (Fig. 10). 

The next recorded phase of aggradation is during late MIS 4–3, with 
ages from Wadi Sahtan and the Rustaq fan between ∼ 67-45 ka (Fig. 7). 

Fig. 8. Stratigraphic logs of sites from the western Hajar (OM20/6–12). Sampling locations, field sedimentological observations and OSL dating results are shown. 
Note the change of scale for sites OM20/11, -/10 and -/8. 
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The basal, interstratified sands and gravels of OM20/4 suggest a flashy 
flow regime from 67–62 ka, indicating deposition under arid conditions 
with low flow competency. MIS 4 (∼ 75-60 ka) is often inferred to be 
very arid in southeast Arabia, due to the absence of speleothem growth 
recorded in Hoti Cave and the presence of dated dune sediments that 
have been interpreted to reflect increased dune mobility (Parker, 2010). 
Recording fluvial aggradation during this period is, therefore, unex
pected under the IOSM model of alluvial aggradation but requires an 
understanding of site location and fan flow behaviour. The location of 
site OM20/4 in the upper part of the eastern fan-catchment system 
potentially means that it is more sensitive to changes in precipitation, 
preserving a signal of aggradation during arid MIS 4 because of the 

higher flow competency of wadis in their mountainous reaches, 
compared to downstream fans (Table 4). Significantly, the wadis that 
drain to the southern Batinah Coast frequently flow in their upper rea
ches under present climate conditions (some perennially), fed predom
inately by winter rainfall from the north-west. However only the largest, 
rare, flood events reach their distal fans (Shahin, 2007). 

The basal unit of OM20/3 also dates to this period at 65.8 ± 7.6 ka 
(Fig. 7), although the finely laminated sediments of this unit suggest the 
channel may have been dammed downstream, creating a barrier to 
transport and creating a shallow lacustrine environment in which sedi
ments slowly settled during deposition. Being situated at a confluence 
and in the steep, mountainous setting of the lower catchment feeding the 
Rustaq fan, it is reasonable to suggest that this could have been caused 
by a landslide, as recorded in the nearby catchment of Wadi Mistal 
(Hoffmann et al., 2015). However, it could also represent gradual 
overbank deposition under during higher streamflow conditions. 
Deposition of the upper sand unit of OM20/5 is also coeval with ages of 
70–60 ka from the upper parts of the system (Fig. 7), although it displays 
some cross-bedding (albeit very weak) so may indicate more sustained 
flow. These interpretations are somewhat conflicting with the lower 
units of OM20/4 but may be the result of dating uncertainties or the 
often noisy and stochastic nature of alluvial processes. Despite this 
ambiguity, the ages of OM20/3/3 and OM20/5/1 were included within 
the cluster analysis and fall within the age cluster centred on 63.1 ka 
(Fig. 10). This cluster again coincides with the onset of precessional 
forcing at the transition from MIS 4 to 3, so these sites may represent 
increasing hydrological conditions. Nevertheless, the upper unit of 
OM20/5 being coeval with the lower units of OM20/3 and OM20/4 
suggests that periods of flow did at least occasionally propagate down
stream from catchments to fans at this time despite overarching regional 
aridity. Further work is needed to determine the signals preserved in 
eastern Hajar alluvial systems. 

Site OM20/3 shows a sharp contact with the overlying unit of coarser 
fluvial sands (Table 2), suggesting an eventual increase in flow compe
tency by ∼ 45 ka (Fig. 7), with sediments continuing to coarsen upwards 
into overlying larger gravels and conglomerate material. Similar coarser 
units are observed downstream at site OM20/4 that are younger than 62 
ka and can be observed along the exposed valley-fill between the two 
sites (Fig. 7). Multiple alluvial records from the western Hajar fans also 
indicate increased flow during this time (e.g. Parton et al., 2013, 2015a; 
Mueller et al., 2022) (Fig. 10). Marine proxies from the Arabian Sea 
similarly suggest enhanced monsoon precipitation, in line with preces
sional maxima (e.g. Clemens and Prell, 2003) (Fig. 10), as do palae
oclimate model simulations (Jennings et al., 2015). However, in the 
nearby Wadi Mistal catchment, Hoffmann et al. (2015) interpret alluvial 
sedimentation rates during MIS 3 to be similar to today’s, conflicting 
with our record from Wadi Sahtan. The Hoti Cave speleothem also does 
not record growth during this period (Fleitmann et al., 2003). Ulti
mately, enhanced precipitation in the Hajar during MIS 3 remains 
debated, although our data support this hypothesis. 

The upper sand unit of OM20/12 near the apex of the Dhank fan 
yielded an age of 25.5 ± 2.5 ka. Whilst the sedimentary interpretation 
for this unit is that it represents proximal floodplain deposition, this age 
dates to MIS 2 during precessional minima. Whilst there are other fan 
sediments from the region dating to this period (e.g. Mueller et al., 2022; 
Beuzen-Waller et al., 2022), they show sedimentary evidence for being 
deposited by flashy floods under more arid climate regimes. The unit 
fines upwards, indicating waning streamflow. Therefore, given potential 
dating uncertainties, this unit may represent reducing rainfall at the 
termination of the wetter period during Late MIS 3 (∼ 30 ka). 

Sites OM20/10 and/11 record aggradation in western Hajar fan 
systems during the Holocene (Fig. 8). An age of 6.6 ± 0.7 ka from the 
basal unit of OM20/11 shows the sustained flow of drainage systems. 
This is in agreement with numerous palaeoenvironmental records from 
across the region which show intensified hydrological activity during 
the Arabian Holocene Humid Period (AHHP), ∼ 10-6 ka, such as lakes 

Fig. 9. (a) Dendrogram of clustered ages. Each age is represented by a number 
(1–93) and paired with its nearest neighbour at the bottom of the plot. Coloured 
boxes show the groups defined based on similarity (k = 10). See Table S6 for 
referenced ages included in this analysis. (b) Average silhouette widths for 
different k values (1–20). K = 10 (dashed vertical line) gives the highest 
average silhouette width, so was chosen as the optimum place to cut 
the dendrogram. 

Table 3 
Results of the hierarchical cluster analysis. The number of group members 
(ages), mean age, mean error and upper and lower quartile bounds are shown for 
the ten resulting groups. No interquartile range is given for Group 7 or 10 as they 
contain only one and two ages, respectively.  

Group 
number 

n Mean age 
(ka) 

1σ 
(ka) 

Lower quartile 
(ka) 

Upper quartile 
(ka) 

Group 1 30 8.4 1.8 7.7 9.7 
Group 2 8 39.5 6.3 35.3 44.7 
Group 3 8 63.1 8.3 54.8 72 
Group 4 6 87.1 4 83.6 90 
Group 5 11 111.6 6 105.4 118 
Group 6 16 143.8 11.8 132.5 158.8 
Group 7 1 194.0 18.0 NA NA 
Group 8 8 224.1 7.2 215.5 231.3 
Group 9 3 314.2 8.5 302.6 323 
Group 10 2 356.2 16.2 NA NA  
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and rivers (e.g. Woor et al., 2022a), as well as speleothem and marine 
core records evidencing the northwards incursion of the IOSM (e.g. 
Sirocko et al., 1993; Clemens and Prell, 2003; Fleitmann et al., 2007) 
(Fig. 10). The cluster analysis suggests that fan aggradation and lake 
deposition intensified during this time, centred at 8.4 ka (Fig. 10). The 
distal setting of OM20/11 suggests that flows reached the fringes of the 
interior Rub’al Khali, although with reduced competency relative to 
more proximal locations and were likely still highly seasonal. It is un
likely that intensified IOSM precipitation directly penetrated as far 
inland as the distal extent of the Ibri and Dhank fans. While dune records 
suggest that northern and more coastal Rub’al Khali landscapes may 

have been stabilised (Thomas and Bailey, 2019), lacustrine records from 
the interior of southern Oman suggest that increased freshwater avail
ability was the result of drainage connections with more coastal catch
ments and higher groundwater tables rather than direct meteoric inputs 
(e.g. Matter et al., 2015; Woor et al., 2022a). 

The age of 3.4 ± 0.4 ka from sample OM20/11/2 indicates that flows 
reached the medial-distal parts of the Dhank fan later than the termi
nation of the AHHP at ∼ 6 ka (as recorded by the Hoti Cave speleothem), 
albeit under flashier conditions. Other fan deposits in the region have 
been dated to the Mid-Late Holocene, such as at Mleiha (Dalongeville, 
1999) and in the Emirate of Sharjah where luminescence ages from 

Fig. 10. Palaeoenvironmental records from the Hajar Mountains. For alluvial and lacustrine records, blue symbols denote wetter conditions relative to present and 
orange symbols denote similar or drier conditions to present, based on the interpretations of original authors. a: Alluvial records: Dalongeville (1999); Blechschmidt 
et al. (2009); Farrant et al. (2012); Atkinson et al. (2013); Parton et al. (2015a); Hoffmann et al. (2015); Purdue et al. (2019); Moraetis et al. (2020); Mueller et al. 
(2022); Beuzen-Waller et al. (2022); this study. b: Lacustrine records: Aqabah (Parton et al., 2013); Maqta (Fuchs and Buerkert, 2008); Wahala (Preston et al., 2015); 
Awafi (Parker et al., 2006); Saiwan (Rosenberg et al., 2012). Ages from this study are marked by the black diamonds. c: The Hoti Cave speleothem record (Fleitmann 
et al., 2011). Marine proxy records from the Arabian Sea: d: bromine XRF counts (Ziegler et al., 2010) and e: the IOSM factor and stack (lighter and darker blue lines, 
respectively; Clemens and Prell, 2003). f: June insolation at 30◦N (Berger and Loutre, 1991). g: Global δ18O data from the LR04 benthic stack (Lisiecki and Raymo, 
2005). The vertical blue bars denote periods of intensified fan aggradation and lake sediment deposition based on the hierarchical cluster interquartile ranges 
(Table 3). Grey bars denote periods of intensified hydrological activity that are more speculative due to few data points (n = 1–3). 
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episodic flood deposits correspond with OM20/11/2 (Mueller et al., 
2022). 

The later Holocene ages of 2.4 ± 0.3 ka and 0.16 ± 0.04 ka from the 
upper unit of OM20/11 and OM20/10 (Fig. 8), respectively, have 
greater grain size sorting coefficients relative to those from the other 
fluvial deposits reported (Table 2). This could be the result of lower 
discharge depositing a more narrow range of grain sizes as has been 
observed for other dryland fluvial systems which have undergone 
transitions from relatively wetter to drier climates (e.g. Walsh et al., 
2022a), or the local reworking of aeolian sediments which typically 
display a higher degree of grain size sorting than fluvial sediments (e.g. 
Nottebaum et al., 2014; Kapui et al., 2018). Both scenarios suggest the 
reduced and more localised nature of flows in the medial-distal reaches 
of the Dhank fan during the Late Holocene, consistent with a more arid 

climate depicted in regional palaeoclimate records (e.g. Clemens and 
Prell, 2003; Fleitmann et al., 2011) (Fig. 10). The medial distal units of 
western fans, therefore, indicate a switch from a more connected sedi
ment routing system between catchments and fans to a disconnected one 
during the Mid-Late Holocene. At this time, sediment transport on the 
distal, interior bajada became dominated by aeolian processes and only 
occasionally moved by fluvial processes during localised rainfall events 
or large flash floods. 

5.2. Hajar alluvial fans as sensitive records of IOSM rainfall 

This study aims to test whether the timing of aggradation of alluvial 
systems in the central Hajar are paced by IOSM rainfall variability over 
the Late Quaternary. The periods of aggradation reported from our sites 
that we interpret to preserve sedimentary evidence of higher streamflow 
conditions relative to present largely support this model. At the regional 
scale, the results of the hierarchical clustering analysis show that, over 
the last 150 ka, aggradation periods broadly align with proxy records 
indicating higher IOSM rainfall in the Arabian Sea and Hoti Cave region, 
driven by insolation increases at precessional timescales (Berger and 
Loutre, 1991; Ziegler et al., 2010; Caley et al., 2011). Testing the 
applicability of the IOSM model is more speculative beyond ∼ 150 ka, 
because of much poorer precision on depositional ages or an insufficient 
number of age-data points (Fig. 10). Despite this, age clusters still largely 
centre on precessional peaks overprinted on eccentricity cycles. 

Blechschmidt et al. (2009) hypothesised that arid periods would 
likely result in increased physical weathering in Hajar mountain 
catchments due to intense diurnal temperature fluctuations. However, 
sediment supply to fans would be relatively limited due to lower sea
sonal rainfall. This mechanism could explain why fan aggradation is the 
predominate signal when IOSM rainfall increases as sediment is mobi
lised by an increased transport capacity. Of course, vegetation dynamics 
would likely play a key role in modulating this process. Vegetation may 
explain why aggradation periods often seem to cluster on the leading 
edge of precessional peaks (Fig. 10), as large amounts of sediment may 
be mobilised at the onset of wetter periods before the more widespread 
establishment of vegetation and associated lower sediment supply due 
to greater landscape stability. However, no long-term ecological records 
are currently available for the region, a common issue in arid environ
ments (Thomas, 2013). 

Whilst long-term variability in IOSM precipitation is driven by pre
cessional cycles (e.g. Caley et al., 2011), larger scale drivers may also be 
important for determining rainfall and environmental conditions in 
south-east Arabia. Hoti Cave speleothem growth only occurs during 
interglacial periods at eccentricity timescales (∼ 100 ka periodicity; 
Fleitmann et al., 2003; Lisiecki and Raymo, 2005; Fig. 10). Burns et al. 
(2001) suggest that warmer sea surface temperatures during in
terglacials would result in increased water vapour transport in Indian 
Ocean air masses, leading to increased precipitation. Higher IOSM 
rainfall during precessional maxima coinciding with Northern Hemi
sphere interglacial periods potentially amplified hydrological activity in 
alluvial systems as a result, when compared to precessional maxima that 
occurred during glacials (e.g. MIS 3). This may explain why fan and 
lacustrine ages indicative of more sustained drainage activity do not 
produce as discrete mean age clusters around precessional peaks from 
150–100 ka (Fig. 10), relative to glacials. Therefore, interglacial con
ditions may have dampened the influence of precessional minima on 
regional rainfall during this time. The continued growth of the Hoti Cave 
speleothem from 120–110 ka (Fleitmann et al., 2003), following the 
transition from wetter MIS 5e to drier 5 d, as well as evidence of more 
sustained flow conditions in fan and lake systems support this 
hypothesis. 

This hypothesis of south-east Arabian rainfall being driven by the 
complex overprinting of precessional and eccentricity signals may 
explain the discrepancies between some periods of fan aggradation and 
the δ18O record from the Hoti Cave speleothem. Fan aggradation during 

Table 4 
Summaries of site location, luminescence age results and sedimentary in
terpretations for units discussed in the text.  

Site Location 
within system 

Age (ka) Sedimentary interpretation of flow 
conditions 

Wadi Sahtan and the Rustaq fan 
OM20/ 

3 
Catchment Lower unit: 66 

± 6 
Shallow, ponded environment, 
likely the result of local damming 
in channel or overbank deposition. 
Seasonal deposition of fine sand. 

aUpper unit: 
44.7 ± 5.1 

More sustained seasonal flow 
within channel than at present. 

OM20/ 
4 

Catchment Lower units: 
62.2 ± 7.0–66.6 
± 6.1 

Flashy flow regime within 
channel, similar to today. 

Upper units: 
<62 

More sustained flow regime than 
today with higher transport 
competence. Likely coeval with 
upper units of OM20/3. 

OM20/ 
5 

Proximal fan Lower unit: 
105.4 ± 18.6 

More sustained seasonal flow than 
today, resulting in periodic 
deposition onto stabilised 
floodplain. 

Upper unit: 66.2 
± 7.1 

More sustained seasonal flow than 
today within channel. 

Ibri and Rustaq fans 
OM20/ 

6 
Proximal fan Lower unit: 

372.5 ± 35.6 
Greater seasonal flow than at 
present, resulting in deposition 
onto floodplains. Interstratified 
channel conglomerates likely date 
to MIS 9. 

Upper unit: 
302.6 ± 29.3 

OM20/ 
8 

Medial-distal 
fan 

Lower unit: 
131.8 ± 10.7 

More sustained flow regime than 
today. Aggradation in low energy 
environment of low-gradient distal 
fan. 

Upper unit: 88.9 
± 6.7 

Perhaps similarly intermittent or 
slightly greater flow regime than 
present. 

OM20/ 
10 

Medial-distal 
fan 

Lower unit: 0.16 
± 0.04 

Similar to present conditions: 
localised reworking of material 
during occasional flow events. 

OM20/ 
11 

Medial-distal 
fan 

Lower unit: 6.6 
± 0.7 

More sustained flow than present 
in channel, resulting in 
development of gravel and sand 
bars. 

Middle unit: 3.4 
± 0.4 

Potentially indicative of waning 
flow regimes following the 
southwards retreat of the IOSM 
rain-belt in the Mid-Late Holocene. 

Upper unit: 2.4 
± 0.3 

Flashy flow regime resulting in 
local reworking of material, 
similar to present. 

OM20/ 
12 

Proximal fan Lower unit: 
156.3 ± 14.9 

More sustained seasonal flow 
within channel than today, 
resulting in deposition of thick 
conglomerate units. 

Upper unit: 255 
± 2.5 

More sustained flow regime on fan 
relative to present.  

a Ages and errors are averaged due to multiple ages from the same unit. 
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MIS 6 and 3 occurs when the Hoti Cave speleothem ceased to grow 
(Fleitmann et al., 2003) (Fig. 10). Previous authors have suggested that 
this discrepancy could be because alluvial systems in the Hajar have a 
lower threshold for aggradation relative to speleothem growth. The Hoti 
Cave speleothem requires >300–350 mm of rainfall for stalagmites to 
form (Vaks et al., 2006; Fleitmann et al., 2011; Parton et al., 2015a; 
Nicholson et al., 2020). Modern observations of wadi flow in the 
mountainous catchments of the Hajar support the idea that streamflow 
occurrence has a lower precipitation threshold, with seasonal flows 
occurring under present mean annual rainfall levels of 142.6 mm yr− 1 

for the Hajar Mountains (Shahin, 2007; Kwarteng et al., 2009), half of 
the >300–350 mm threshold required for speleothem growth. There
fore, even small increases in regional rainfall are more likely to result in 
alluvial aggradation, as occur with precessional peaks during glacials, 
relative to the larger increases in rainfall when precessional peaks 
coincide with interglacials and rainfall becomes sufficient for speleo
them growth to occur. 

The sensitivity of regional drainage networks to small increases of 
rainfall is further evidenced by an increasing number of fan and valley- 
fill deposits dated to periods when the IOSM model predicts very limited 
fan aggradation, such as the sediments from Wadi Sahtan dating to MIS 
4 (Table 4). Fluvial deposits from drier periods have also recently been 
dated to ∼ 20 ka and the Late Holocene (0–3 ka) in the UAE (Mueller 
et al., 2022). However, the sedimentary interpretations of both Mueller 
et al. (2022) and many of the horizons dating to this period in this study 
suggest that these sediments were deposited by more intermittent flows 
than the bedded, coarser materials typically observed in association 
with periods of more intense IOSM rainfall. These deposits possibly 
represent similar low-frequency, high-magnitude events to those which 
occur across the Hajar region today (Kwarteng et al., 2009), with flows 
only periodically having sufficient energy to transmit sediment out of 
mountainous catchments to distal fan systems. As such, careful inter
pretation must be made of these deposits in terms of the hydrological 
signal they preserve. 

The sites sampled in Wadi Sahtan are also all located within the 
mountainous setting of a fan-feeding catchment. Numerous ages 
assembled in the Synthesising Chronologies of Arabian PalaeoEnviron
ments (SCAPE) database from catchment settings in the Hajar show 
similarly ‘anomalous’ hydrological activity, relative to established pe
riods of greater regional precipitation, in fluvial systems (Woor et al., 
2022a). For example, the Maqta basin in the southern-central Hajar 
records deposition almost continually over the last 20 ka, except for a 
hiatus from ∼ 12–10.5 ka, as well as Wadi Dishshah in the southern 
Hajar recording sedimentation at ∼ 26 ka (Beuzen-Waller et al., 2022). 
However, these ages at odds with the IOSM model are to be expected in 
mountainous settings due to the higher likelihood of flow occurrence in 
the steeper, elevated uplands of the Hajar. These are unlikely to transmit 
sediment further downstream in the system under periods of regionally 
more arid climate such as today (Shahin, 2007). Outside of the largest 
flash flood events, flows only have the sustained competence to 
contribute significant sediment loads downstream beyond mountain 
fronts during the wettest regional conditions. 

5.3. Resolution and scale 

We have already commented on the limited spatial coverage of 
previously published records from alluvial settings in the Hajar. Sam
pling is also biased by the inherent spatial heterogeneity of large fan 
systems where active channels tend to incise through relict, inactive 
surfaces and avulse across the fan over time (Bryant et al., 1995). As 
such, the temporal signals preserved by fans will be spatially heteroge
neous. This is evidenced in this study: for example, we record no 
deposition at the sites sampled from ∼ 220-230 ka which other studies 
have shown to be a key period of Hajar fan aggradation (e.g. 
Blechschmidt et al., 2009). Contrastingly, the al Sibetah fan (Parton 
et al., 2015a) records no Early-Mid Holocene aggradation, which has 

also been established as a key period of regional fan aggradation. This 
does not necessarily mean that these systems did not respond to these 
periods of increased intensity and northwards displacement of the IOSM, 
but rather building a complete picture of Late Quaternary responses is 
difficult with spatially complex deposits. Taking a multi-site approach to 
sampling fan deposits as well as amalgamating data from similar 
depositional settings, as adopted in this study, is potentially means for 
resolving this issue. 

In addition to spatial resolution and scale, considering temporal 
resolution with regards to this discussion is also important. The preci
sion of OSL dating is usually ∼ ±10% (Mejdahl and Christiansen, 1994; 
excluding the very young age of OM20/10/3, the mean relative uncer
tainty of ages in this study is ±10.7%; Table 1). Therefore, environ
mental changes at ∼ 23 ka periodicity can only be clearly distinguished 
over approximately the last 100–120 ka, beyond which the precision 
limits on OSL dating make drawing conclusions between cause and ef
fect more difficult. Similarly, more rapid environmental and climatic 
changes at sub-orbital timescales are also difficult to resolve within 
current precision limits, yet rapid drying associated with the 8.2 ka and 
4.2 ka events are resolved by radiocarbon dating in lacustrine records 
from the north-western Hajar (Parker et al., 2016). Despite these chal
lenges, the OSL dating and stratigraphic interpretations of alluvial sed
iments in the Hajar provide an important long-term environmental 
record for a region where other proxies are limited. 

6. Conclusions 

The alluvial fans of the Hajar Mountains, south-east Arabia, are the 
most spatially and temporally extensive geomorphological records of 
the region’s palaeoenvironmental and palaeohydrological variability 
over the last 400 ka. Through our wide spatial sampling of alluvial 
sediments both east and west of the Hajar Mountains and the use of 
hierarchical clustering to synthesise these data with other sites across 
the region, we record periods of more sustained flow and fan aggrada
tion occurring at precessional timescales. These main aggradation pha
ses are driven by the northwards displacement of the IOSM and build an 
increasingly comprehensive picture of precessionally-paced fan aggra
dation throughout the Late Quaternary in response to climate vari
ability. However, the signals preserved by Hajar fans are still noisy and, 
in some circumstances, conflicting. For instance, we find further evi
dence of greater hydrological activity during MIS 3, relative to today, 
which agrees with the findings of some authors (e.g. Farrant et al., 
2012), whilst disagreeing with the interpretations of others (e.g. Hoff
mann et al., 2015). 

Additionally, we also find evidence of palaeohydrological activity 
and deposition not solely occurring in these periods of increased rainfall, 
relative to the present. Fluvial deposits dating to the Late Holocene and 
MIS 4 represent apparent anomalies in this framework of the IOSM 
model of fan aggradation, occurring during more arid periods in south- 
east Arabia. Present aridity does not entirely preclude the region’s wadi 
systems from flowing, with episodic flooding or seasonal flows in 
response to winter rainfall being commonplace, especially in catchment 
settings. Therefore, we attribute these seemingly anomalous ages to 
similar types of activity in the past: it does rain in deserts during arid 
periods and sediment does move through fluvial systems when this 
occurs. 

The resulting interpretation is one of mountain catchments that 
retain a certain degree of flow activity through periods of broad regional 
aridity, with occasional high-magnitude, low-frequency events con
necting fans and catchments or causing the localised reworking of sed
iments. Overprinted on this are signals preserved from periods of 
precessionally-paced increases in the intensity of the IOSM and its 
northwards displacement, resulting in more sustained periods of flow, 
higher stream competency and significant fan aggradation which is 
amplified during eccentricity-paced interglacial periods. Hierarchical 
clustering shows that periods of fan and lake sediment deposition from 

S. Woor et al.                                                                                                                                                                                                                                    



Quaternary Science Reviews 322 (2023) 108384

18

the region occurs centred on the onsets or peaks of precessional forcing, 
and is also likely intensified by global interglacial conditions. 

There is a growing awareness of the nuances of the palae
oenvironmental signals preserved in a variety of geomorphological, 
isotopic and biological proxies across south-east Arabia that move 
beyond an overly simplistic narrative of the region being either ‘wet’ or 
‘dry’ (Petraglia et al., 2020; Woor et al., 2022a; Mueller et al., 2022; 
Beuzen-Waller et al., 2022). The alluvial sediments of the Hajar Moun
tains paint an increasingly complex picture of landscape responses to 
Mid-Late Quaternary climate variability, as well as having important 
implications for an increasingly complex archaeological record of 
hominin occupation in the region (e.g. Bretzke et al., 2022). 
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