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Abstract
We conducted rock varnish measurements at four rock art sites in north-western
Saudi Arabia, including Kilwa and the Camel Site near Sakaka. We determined the
areal densities of Mn and Fe in rock varnish that had accumulated on petroglyph surfaces since their creation, complemented by a detailed analysis of varnish samples.
We inferred varnish accumulation rates by relating the Mn areal density on inscriptions to their ages estimated based on the type of script used. Applying these rates to
the varnish densities on the rock art indicated that the art was produced during two
distinct periods, corresponding to the Pre-Pottery/Late Neolithic and the Bronze/Iron
Age, respectively, with different artistic traditions, reflecting distinct socioeconomic
and ecological conditions. Our dating approach, while admittedly burdened with
substantial uncertainties, yields ages consistent with archaeological and historical
evidence and it provides a unique quantitative tool to obtain at least rough ages for
otherwise undatable rock art.
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IN T RO D U C T ION

Rock art, one of the most ancient forms of human artistic
expression that has been preserved over the ages since its creation, can give us a window into the minds and lives of our
human ancestors. The oldest rock art dates from the Upper
Palaeolithic, exemplified by the famous cave paintings in
France and Spain, where minimum ages of 41 ka BP (before present) have been documented (Pike et al., 2012), as
well as those in the Indonesian archipelago, with minimum
ages of 44 ka (Aubert et al., 2019). These images were produced by applying pigments to rock surfaces, creating socalled pictographs, which can be dated either by radiocarbon

measurements of the charcoal pigment used or by uranium-series dating of the speleothems that cover the images.
Here we focus on another type of rock art: petroglyphs, which
are produced by removing dark crusts, so-called rock varnish,
from rock surfaces and exposing the lighter coloured host
rock underneath.
Petroglyphs are found on all continents inhabited by
humans (e.g., Bednarik, 2013, 2014; Francis & Loendorf,
2004; Heizer & Baumhoff, 1962; Khan, 2007; Olsen, 2013;
Ramanaidou & Fonteneau, 2019; Soukopova, 2018; Tang
et al., 2018; Whitley, 2013; Whitley & Dorn, 2007; Whitley
et al., 2017). Because they contain no dateable pigment, they
are even more difficult to date than pictographs, and there
is thus considerable uncertainty about the age of the oldest
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preserved petroglyphs. Ages from the late Pleistocene (c.15
ka BP) have been proposed (Bednarik, 2013, 2014; Huyge
et al., 2011; Ramanaidou & Fonteneau, 2019; Tang et al.,
2018), but petroglyph creation may have begun considerably
earlier, considering that they are usually in locations exposed
to weathering and thus may only be preserved for some 10–20
ka (Bednarik, 2012). In Saudi Arabia, rock art has been created from around the time of the Neolithic transition until the
present, based on an analysis of its content and on archaeometric measurements (Bednarik, 2017; Guagnin et al., 2015,
2016, 2017; Khan, 2007, 2017; Macholdt et al., 2018, 2019).
Several techniques have been applied to the dating of
petroglyphs, with varying degree of success. These include
radiometric techniques, cation ratio changes, microlaminations, varnish thickness, colorimetric analysis, etc. (Bednarik,
2009, 2010; Cremaschi, 1996; Dorn, 2007; Francis et al.,
1993; Liu & Broecker, 2013; Sowers, 2013; Whitley, 2012).
Unfortunately, direct dating by classical radiometric techniques has so far rarely been successful (Dragovich, 2000;
Watchman, 2000; Zerboni, 2008; Zerboni et al., 2019). In the
present study we use an indirect technique to obtain age estimates for petroglyphs, which is based on the fact that, to
create a petroglyph, the artist removes the rock varnish and
thereby creates a bare host rock surface. Over time, varnish will regrow on this surface until it eventually reaches
a coating density more or less identical to its surroundings.
The relative degree of varnishing has been used by numerous authors in a qualitative way to visually obtain relative
estimate ages (Bednarik, 2009, 2017; Belzoni, 1820; Khan,
2007; Reneau, 1993; Whitley & Dorn, 2007). Quantitative
approaches have used colorimetry or measurements of the
Mn areal density (i.e., the amount of Mn per unit area) on
the petroglyph surface (Bednarik, 2009; Lytle et al., 2008;
McNeil, 2010; Reneau, 1993). However, because the rate of
varnish growth depends on many variables other than age,
including the exposure of the rock surface to dust, erosion
by wind and water, orientation and slope of the rock surface,
hardness, roughness and texture of the rock underneath, and
its initial Fe content, these techniques have to be viewed with
caution and the results must be considered as experimental,
as discussed in detail by Macholdt et al. (2019).
In several previous studies we developed an improved technique to obtain age estimates from measurements of Mn areal
density by portable X-ray fluorescence (pXRF) (Andreae
et al., 2020; Macholdt et al., 2018, 2019). In this approach we
use the ratio between the Mn density on the petroglyph to that
of the surrounding intact varnish as the basis for an age estimate, which corrects for the influence of variables other than
age that affect varnish deposition. The varnish growth rates
are calibrated by measuring on petroglyphs for which independent age estimates are available, such as particular types
of scripts that had been used during specific time periods, or
images of animal species that represent dated paleoclimatic
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transitions (Guagnin et al., 2015, 2016; Robin, 2018; Robin
& Gorea, 2016; Stein, 2013). In these studies, we found relatively similar rates of varnish regrowth and could demonstrate that the age estimates so obtained were consistent with
ages based on the cultural and ecological content of the rock
art, and allowed a meaningful ordering of rock images into an
age sequence. Given the scarcity of alternative dating methods, especially those that do not require destructive sampling,
even the relatively rough age estimates we obtained in this
way are a valuable contribution to the archaeological study
of rock art.
For the present study, we aimed to extend the geographi
cal, cultural and climatic range of our previous work. The
study sites at Kilwa and Sakaka are in northernmost Saudi
Arabia (Fig. 1) and are under the influence of a Mediterranean
climate with a rainy season peaking in January, in contrast to
the Hima region, which is influenced by the Indian Ocean
Monsoon. Sakaka receives about 60 mm rainfall per year,
about half the amount of our previous study sites in Saudi
Arabia. While the cultural influences in the Hima region
were dominated by the interactions with the region to the
south, including Yemen, Hadramaut, Sanaa and Asir, the
present study area lies north of the Nafud Desert, with major
river drainages connecting it to the Levant and Mesopotamia
(Magee, 2014a). This makes this region the interface between
the cultures of the Arabian Peninsula and the Fertile Crescent
to the north (Fujii, 2013; Zarins, 1990). Sakaka and Hima
both lie on a major caravan trading routes, whereas Kilwa is
in a fairly remote region with no major trade routes nearby.
The petroglyphs are produced by removing the dark rock
varnish that coats much of the rock surfaces in the study area.
Rock varnish is a thin, dark, Mn-rich coating found in a variety of environments worldwide (Dorn, 2007; Engel & Sharp,
1958; Krinsley et al., 2013; Liu & Broecker, 2013; Macholdt
et al., 2017b, passim). It consists of a matrix of poorly crystallised Mn and Fe oxides and hydroxides (oxyhydroxides) in
which clay and other detrital minerals are embedded (Bishop
et al., 2002; Dorn, 2007; Dorn et al., 2013; Potter & Rossman,
1977, 1979). The varnish in the study area is classified as a
type I varnish, which prevails in arid regions and is generally
characterised by a layered structure, high rare earth element
(REE) and Ba enrichments, and birnessite as the dominant
Mn mineral (Macholdt et al., 2017b). While there is an ongoing debate about the details of rock varnish formation, there
is now a broad consensus that the Mn and other enriched elements in the varnish matrix, as well as the embedded detrital
minerals, are derived from dust deposition and are transformed into the varnish coating by a sequence of dissolution
and re-precipitation events (e.g., Dorn & Krinsley, 2011;
Goldsmith et al., 2014; Perry et al., 2005; Thiagarajan & Lee,
2004; Xu et al., 2019). For further details and references on
this issue, see Andreae et al. (2020), Macholdt et al. (2017b,
2019) and Otter et al. (2020).
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Overview map of the study region and related places in north-western Arabia. Courtesy: Google Earth

In spite of the widespread occurrence of rock varnish and
the large numbers of publications discussing various aspects of
its geochemistry, there is still very little quantitative information on its rate of formation in different geological and climatic
settings. The available data show that it develops exceedingly
slowly, on the order of micrometres per thousand years (Liu
& Broecker, 2000). In the present study, we have focused on
the rate of Mn and Fe accumulation in the varnish, which can
be more easily quantified in a representative fashion by ma
king numerous measurements of the Mn and Fe areal densities
using pXRF (Andreae et al., 2020; Macholdt et al., 2018, 2019;
McNeil, 2010; Reneau, 1993). In the present study, we extend
the range of available data to the most arid region studied by
our approach so far. We complement these geochemical aspects
of this study by major and trace element analyses of the varnish
to investigate the trace element enrichments in the varnish and
compare them with results from other regions.
Here we present the results from in-situ measurements by
pXRF on intact rock varnish, petroglyphs and inscriptions
from two areas in northernmost Saudi Arabia, from which
we determine the areal density, DMn and DFe, of Mn and Fe.
Using palaeographic age estimates of some inscriptions as
calibration points, we derive estimates of the rate of varnish
regrowth on the rock art. We then use these regrowth rates to
estimate the age of petroglyphs of unknown age, and examine these results in the cultural and palaeoecological context
reflected in the rock art.

2 | BACKGROUND: STUDY
REGION , CLIM ATE AND HISTO RY
The study region is located in northernmost Saudi Arabia
and comprises two main sites (Fig. 1). The Camel Site
(30.0227°N, 40.2876°E, 569 masl) is located about 10
km north-east of the city of Sakaka, while the Kilwa Site
(29.7023°N, 37.5482°E, 1020 masl) is at a remote location
in the Jabal Tubaiq hills. In addition, a few measurements
were made at Hudrah Cave (29.9908ºN, 40.1987°E, 556
masl), a small rock shelter near the ancient well Bi’r Saisara
in Sakaka, and on a hilltop site in Jabal Tubaiq along the track
to Kilwa (29.6092°N, 37.5908°E, 896 masl).
The region has a Mediterranean desert climate, in the
class BWh (arid desert, low latitude) of the Köppen–Geiger
classification. The average annual temperature at al-Jawf/
Sakaka airport is 22.6°C, with an average high of 40.7°C in
July and an average low of 3.9°C in January. Average annual precipitation is about 60 mm, with a winter rainy season
peaking in January (www.weather-atlas.com/en/saudi-arabia/
sakaka-climate).
During the late Pleistocene and Holocene, Arabia underwent large oscillations in wetness, with extreme aridity during
the last glacial maximum (LGM) until c.12 to 10 ka BP, followed by the Arabian Humid Period (AHP) lasting from c.10
ka to c.5–6 ka BP (Engel et al., 2012; Lezine et al., 2007;
Magee, 2014a; Parker, 2010). A dry climate, resembling the
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present-day arid conditions, established itself after the end of
the AHP, interspersed with occasional more humid episodes
(Garrard & Harvey, 1977; McClure, 1976; Parker, 2010).
Evidence for hominin occupation in the study region
goes back to at least the Middle Pleistocene, as shown by
Lower Palaeolithic (Acheulean and possibly Oldowan) tool
assemblages found at ash-Shuwayhitiyah, 40 km north of
Sakaka (Petraglia, 2003), and similar assemblages at Kilwa
itself (Gilmore et al., 1982; Rhotert et al., 1938). The Middle
Palaeolithic is represented at Kilwa by a large number of
Mousterian and Levallois tools (Gilmore et al., 1982; Rhotert
et al., 1938). It is unclear whether hominin presence continued into the Upper Palaeolithic (40 to 10 ka BP), as no artefacts from this period have been found in the region (lnizan,
2012). This may have been due to the cold and extremely dry
climate during the LGM, making a hunting–gathering lifestyle unfeasible (Uerpmann et al., 2010).
With the warming and moister climate at the beginning
of the Holocene c.12 to 10 ka BP, human presence in Arabia
resumed during the AHP in the form of hunter–gatherers and
later nomadic pastoralists with domestic cattle, sheep and
goats (Guagnin et al., 2016, 2017; Magee, 2014b; Zarins,
1990). Hunted species include ibex, wild goat, oryx, gazelle, kudu, aurochs, dromedary, wild ass, boar and ostrich
(Guagnin et al., 2016, 2018b; Munro et al., 2018). Pastoralists
may have moved in from the Levant and thus arrived fairly
early in north-western Arabia (Magee, 2014b). The moist
climate during the AHP also allowed the existence of the
wild bovid species, aurochs (Bos primigenus), which requires access to water every few days, as well as the development of cattle herding c.8500 BP (Drechsler, 2007; Guagnin
et al., 2016; McCorriston & Martin, 2010; Uerpmann, 2002;
Uerpmann et al., 2010). The Neolithic in north-western
Arabia has not been archaeologically explored in great detail,
and therefore the chronology of Neolithic occupation is relatively vague. The survey of the Northern and Northwestern
Regions in 1980–81 identified several Pre-Pottery Neolithic
(PPN) sites in this region, including Kilwa, but provides little
detail (Gilmore et al., 1982; Ingraham et al., 1981). However,
detailed work just across the border in Jordan suggests the development of a mixed economy, including pastoral transhumance, hunting and small-scale agriculture in the Pre-Pottery
Neolithic B (PPNB) c.10 to 8 ka BP, shifting towards pastoral
nomadism in the Late Neolithic (LN) after c.8 ka BP (Betts,
1987; Fujii, 2013). With the climate-driven shift from grasslands to shrublands, cattle herding became increasingly less
viable after c.7000 BP and disappeared c.6000 BP (Dinies
et al., 2015; Guagnin et al., 2016; Lezine et al., 2007). At
Kilwa, Neolithic human activity is evident from the presence
of a huge number of microlithic blades (Gilmore et al., 1982;
Rhotert et al., 1938), which are found in direct proximity to
the main concentration of rock art. Based on archaeological
and thematic considerations, Zarins (1990) associated the
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early rock art at Kilwa with the PPNB. Human activity in
the region during the Chalcolithic is evident from finds of
pottery, stone circles and, most spectacularly, the assembly
of large standing stone slabs at Rajajil, about 10 km south
of Sakaka, dated to c.6–7 ka BP (Almushawh, 2018; Gebel,
2016; Hashim, 1996; Zarins, 1979).
When arid conditions returned at the end of the AHP, c.5–6
ka BP, a decline in human populations and a shift in subsistence strategies towards sedentary horticulture or coastal resources is reflected in both the archaeological record (Gebel,
2016; Hoyland, 2001; Magee, 2014b; Uerpmann, 2002) and
a dearth of rock art creation (Khan, 2007). In the Bronze Age,
human activity in north-western Arabia included irrigation
agriculture beginning c.4000 BP, as shown by the construction of the walled city of Tayma with its associated hydraulic
structures (Klasen et al., 2011; Magee, 2014a). Rock art from
this period includes humans wearing lunate pommel-handled daggers as diagnostic feature (Newton & Zarins, 2000).
Around the same time, the hunting of wild dromedaries intensified, possibly as a response to the diminishing supply
of pastoral species due to increasing aridity (Magee, 2014a;
Uerpmann & Uerpmann, 2012).
The earliest morphological evidence for the domestication
of the dromedary camel has been dated to c.3000 BP, around
the Bronze/Iron Age transition (Uerpmann & Uerpmann,
2012). This enabled substantial socioeconomic changes because it made possible both a herding economy based on
an arid-adapted animal and facilitated long-distance trade
from southernmost Arabia to the Levant and Mesopotamia
(Hoyland, 2001; Magee, 2014a; Uerpmann & Uerpmann,
2012). The Midianites, some of whom were specialised
camel herders, likely ruled the Tabuk region c.3000 BP, trading south as far as Yemen (Ingraham et al., 1981; Potts, 2012;
Robin & Al-Ghabbān, 2017). Qurayyat, which lies on the
route from Adumatu (as today’s Dumat al-Jandal, Al-Jawf,
was called at that time) to the Levant, was one of their main
centres (al-Ghazzi, 2012).
As a consequence of increasing trade, the oases of northern Arabia, including Tayma and Adumatu, become closely
tied to Mesopotamia. In 691 BCE, Sennacherib, ruler of
Assyria, pursued an Arabian army to Adumatu and captured thousands of camels. His son, Essarhaddon, restored
cult statues to Adumatu in 678 BCE, and received camels as
tribute. Sennacherib’s grandson, Assurbanipal, crushed several rebellions by Arabian tribes in the years following 649
BCE. Later, Nabonidus of Babylon led an army to Tayma
and stayed there from 553 to 543 BCE (Potts, 2012). Towards
the end of the first millennium BCE, writing developed in
northern Arabia, using several variants of the Ancient North
Arabian (ANA) script, which in the present study region
include Safaitic, Dumaitic, Hismaic and Mixed Safaitic–
Hismaic (MSH) (Hoyland, 2001; Macdonald, 2000, 2010;
Norris, 2018).
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The Nabateans, who were originally nomadic Arabs, came
to dominate the caravan trade in northern Arabia c.300–200
BCE (Bowersock, 1994; Hoyland, 2001; Wenning, 2007).
They also introduced their own script, Aramaic, which replaced the ANA scripts by the first century CE in the oases,
while the nomads continued to use ANA scripts until the
fourth century CE (Macdonald, 2010). The Nabateans were
established at Petra in the third century BCE, and their kingdom extended at least as far south as Hegra (Ḥigrâ’, al-Hijr,
modern Mada’in Salih) (Nehmé et al., 2006, 2012, 2014).
One of their trade routes passed through Dumat al-Jandal
and Sakaka, connecting Hegra and Tayma to Mesopotamia
(Charloux, 2018; Charloux & Loreto, 2011). The Kilwa site
lies near two minor camel trails and desert tracks, one connecting Aqaba and Petra to Dumat al-Jandal via Maʿan, El
Jafr and Wadi Sirhan, the other Amman to Tayma via the
Bayir Wells. These tracks might also date to the Nabatean
period; they still existed in the early twentieth century and
were used by Gertrude Bell (Bell, 1927), Agnes and George
Horsfield (Horsfield, 1943; Horsfield et al., 1933), and Hans
Rhotert’s team (Rhotert et al., 1938). The Nabateans’ regime
ended abruptly in 106 CE by the Roman annexation, and
Dumat al-Jandal became part of Arabia Petraea (Charloux &
Loreto, 2013).
The early part of the first millennium CE, before the
arrival of Islam, saw a strong Christian influence, with
several Bedouin tribes converting to Christianity (Gilmore
et al., 1982). This period is represented at Kilwa by the
remains of monastic cells and cross symbols at several locations at the site (Bell, 1927; Horsfield, 1943; Horsfield
et al., 1933; Rhotert et al., 1938). Islam was established
at Dumat al-Jandal beginning in 626 CE by raids led by
Prophet Muhammad and consolidated c.634 CE under first
caliph Abu Bakr (Charloux & Loreto, 2013). Christianity
appears to have coexisted with Islam in northern Arabia for
some time (Hoyland, 2017).
While Dumat al-Jandal had been visited by numerous
European travellers and explorers during the nineteenth and
early twentieth centuries (Charloux & Loreto, 2013), the
first European to reach Kilwa was the British explorer/po
litician/diplomat Gertrude Bell, who made a brief side trip to
Kilwa on her way from Amman across the Nafud to Ha’il in
February 1914 and recorded:
the ruin was worth seeing. It has a Kufic graffito
and all complete and to get to it I rode five hours
across the Jebel Tubaiq, saw and photographed
a pre-Muhammadan High Place (so I take it to
be) and got a far better idea of these exceedingly
interesting hills. (Bell, 1927)
In the two hours Bell spent at Kilwa, she saw and photographed only the ruins of the early Christian monastery, and
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the discovery of the rock art had to await the expedition of
the Horsfields and Nelson Glueck in 1932 (Horsfield, 1943;
Horsfield et al., 1933). As they had run out of water, they
could only stay half an hour at Kilwa, but managed to photograph several of the petroglyphs, including those of an aurochs, a wounded ibex and some human figures (Horsfield
et al., 1933).
The work of the Horsfields and Glueck inspired
Rhotert’s German expedition to Kilwa in 1934, which
spent six weeks in Kilwa, collecting and cataloguing lithic
material (over 5000 items), mapping the site, and photographing and sketching a large part of the rock art. They
found a clear association between the rock art their central
site, which they named ‘Horsfieldberg’, and a large number of PPN lithics scattered around the base of this hill. In
this study we focus our measurements on the rock art elements included in the monograph based on this expedition
(Rhotert et al., 1938).
Kilwa was visited briefly (two days) by archaeologists of
the Saudi Arabian Comprehensive Archaeological Survey
Program in 1981, who collected and described lithics and
surveyed the monastic cells, largely confirming the work
of the Rhotert group (Gilmore et al., 1982). Work at Kilwa
by a French–Saudi team began in 2008 and included excavations in the monastery area as well as archaeological and
epigraphic surveys in the surroundings (Farès, 2010, 2011).
They suggested that the monastery was constructed by Syrian
Christians, probably before the eighth century CE (Farès,
2010).
A large amount of work was carried out in the Sakaka–
Dumat al-Jandal area starting in 2009 by the Saudi–Italian–
French Archaeological Project, with important finds
spanning the Palaeolithic to the Nabatean periods (Charloux,
2018; Charloux & Loreto, 2011, 2013; Loreto & Charloux,
2013), including the discovery of the Camel Site (Charloux
et al., 2018). This project included an epigraphic survey of
the region, which yielded a large number of ANA (Safaitic,
Hismaic, MSH, etc.), Nabatean and early Arabic inscriptions
(Nehmé, 2017).
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3.1.1

M ETHODS AND M ATERIAL S

|

Site descriptions

|

Camel Site (Sakaka)

The Camel Site (CS; 30.0227°N, 40.2876°E, 570 masl)
consists of a group of small sandstone spurs of the Wasia
Group located about 8 km north-east of Sakaka (Charloux
et al., 2018). On the faces of these spurs are low-relief engravings of near-life-size dromedaries and equids. Many
of these are heavily eroded, but there are still fragments in
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a good state of preservation with heavy coatings of rock
varnish. Some of the cliff faces also contain two-dimensional petroglyphs and inscriptions in ANA scripts and
Arabic. About 650 m north-north-east of CS (30.0288°N,
40.2896°E) is a group of small outcrops with petroglyphs
and ANA writing, where we made additional measurements on an MSH inscription. Varnish sample SAK03
was collected at CS from the top of the hill at 30.02284°N,
40.02874°E.

3.1.2

|

Hudrah Cave (Sakaka)

Hudrah ‘Cave’ (HC; 29.9908°N, 40.1987°E) is a small rock
shelter under a prominent overhang, 130 m south-south-east
of Bi’r Saisara well (likely of Nabatean age). The front ledge
of the overhang contains some petroglyphs and Arabic writing on which a few measurements were made.

3.1.3

|

Kilwa

The Kilwa site consists of a few small inselbergs located
adjacent to the ruins of a monastery (details of its history
are presented above). The largest number of petroglyphs
is found on a hill, which Rhotert named ‘Horsfieldberg’
(HFB, 29.7023°N, 37.5482°E, 1020 masl) in honour of the
Horsfields, who had provided the first description of the
rock art at this site. About 400 m north-west of the HFB is
a smaller inselberg, named ‘Kleiner Horsfieldberg’ (KHB;
29.7053°N, 37.5463°E), which has numerous petroglyphs
of younger ages, as suggested by Rhotert et al. (1938)
based on the thin rock varnish found on the rock art there.
Another inselberg, ‘Altarberg’ (AB, 29.6974°N, 37.5475
E°) lies 530 m south of HFB. The rock art here consists
predominantly of crosses that are likely related to the monastery, which lies c.650 m north-west of it. Given the high
level of disturbance in the monastery site, we only made a
few measurements there, which included the lintel that had
first been mentioned by Bell. Varnish samples KIL02 and
KIL03 were collected at KHB (29.70522°N, 37.54632°E)
and HFB (29.70208°N, 37.54830°E), respectively.

3.1.4

|

Jabal Tubaiq hill

Our guide pointed out a hill along the track to Kilwa in the
Jabal Tubaiq mountains, which had several inscriptions and
petroglyphs around its top (Jabal Tubaiq (JT); 29.6092°N,
37.5908°E). The inscriptions are in Hismaic script, and the
most common rock art elements represent camels. This site
has not been reported on previously in the literature.

3.2

|

Methods

3.2.1 | Portable X-ray fluorescence
spectrometry
The pXRF measurements were conducted in the same way
as in our previous studies, where they are described in detail
(Macholdt et al., 2018, 2019), and will only be outlined here
briefly. Measurements were conducted using a Niton XL3
pXRF (Thermo Fisher Scientific) in ‘mining’ mode. The filter steps and integration periods were: ‘standard’ 25 s, ‘low’
15 s, ‘high’ 20 s and ‘light’ 25 s. The instrument was equipped
with an X-ray source with an energy of 50 keV and a silver
anode, and had a spot size of 8 mm in diameter. For quality control, the reference materials TILL-1 and FeMnOx-1
(GeoReM database, v.25; http://georem.mpch-mainz.gwdg.
de) (Jochum et al., 2005) were measured before and after
each X-ray fluorescence (XRF) measurement sequence. We
made a total of 894 measurements, 358 on intact varnish surfaces, 473 on petroglyphs and the rest for ancillary purposes,
for example, on freshly exposed bare sandstone substrate and
standards.
Whereas the measurement results from the bare sandstone are valid as provided by the pXRF software in mass
concentration units, the measurements on the rock varnishes had to be converted into areal densities, DMn (µg
cm–2), using the calibration curve from Macholdt et al.
(2017a). To correct for the underlying sandstone contribution, the Mn and Fe concentrations of the unvarnished
sandstone were determined by conducting measurements
on nearby freshly exposed rock surfaces, and these values
were subtracted from those measured on the varnished
surfaces. For Mn, the background values were always at
or below the detection limit, whereas for Fe they were
significant and highly variable, with a mean and standard
deviation (SD) of 124 ± 110 µg cm–2. The areal density
of Fe (DFe) was calculated using the Mn calibration values and the Mn/Fe sensitivity ratio, and is thus subject
to a greater uncertainty (estimated at about 20%). Since
DMn and DFe vary substantially due to different growth
and erosion conditions, even within each rock art panel
location, we also calculated the ratio of the measurements on the petroglyph surfaces to that on immediately
adjacent intact varnish. This provides a normalised measure, called NMn and NFe (%), which basically expresses
the degree of revarnishing on the petroglyph surface
relative to the surrounding intact varnish. The measurement and data-reduction techniques used were identical
to those in Macholdt et al. (2018) and are described in
more detail there. Photographs of all petroglyph measurement locations are provided in the additional supporting
information.
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Femtosecond LA-ICP-MS

The femtosecond laser ablation inductively coupled plasma
mass spectrometry (fs-LA-ICP-MS) measurements were carried
out using a ThermoFisher Element 2 single-collector sector-field
ICP-mass spectrometer combined with a 200 nm fs-LA system,
NWRFemto (Elemental Scientific Inc.). LA was conducted in a
new wave large format cell using a He atmosphere. Subsequent
to the ablation, the He carrier gas was mixed with an Ar gas flow
to transport the aerosols generated by ablation to the ICP-MS.
All measurements were conducted in medium mass resolution
mode (2000) with flat-top peaks. Two scan modes were used:
surface scans with the laser scanning along the surface of the
varnish, and profile scans on sections cut through the rock, providing a cross-section of the varnish. The rock varnish measurements were executed as in-situ line scans, after pre-ablation with
an 80 µm s–1 scan speed and spot size of 65 µm. The operating
parameters of the laser system during the measurements were:
for the surface scans, spot size: 55 µm, pulse repetition rate: 50
Hz, energy density: about 0.1 J cm–2, scan speed: 2 µm s–1; for
the profile scans, spot size: 40 µm, pulse repetition rate: 50 Hz,
energy density: about 0.1 J cm–2, scan speed: 1 µm s–1. Blank
measurement time was 15 s and washout time was 30 s. The analytical error of the measurements is of the order of 2–6% for the
elements measured. Measurements with MnO2 mass fractions
of < 2% were rejected as contamination from the underlying
rock material. The reference glass GSE-1G (GeoReM database)
was used for calibration. To normalise the data, the oxides of
the major elements (Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO,
TiO2, MnO2, and Fe2O3) were assumed to add up to 98 mass%.

3.2.3

|

Data analysis

Regression calculations were made using bivariate regression, which takes into account error in both the x and y

F I G U R E 2 Chemical composition
of the rock varnish from the Camel and
Kilwa sites expressed as enrichment factors
versus average upper continental crust.
(RE, sum of rare earth elements, including
Ce and Y)

|
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variables, using the Williamson–York iterative bivariate-fit
algorithm (Cantrell, 2008).

4
4.1

|

RESULTS AND DISCUSSIO N

|

Rock varnish chemical composition

We analysed three varnish samples (one from CS, SAK03,
and two from Kilwa, KIL02 and KIL03) by fs-LA-ICP-MS
for their major and trace element composition. The results
will be only discussed briefly here, since a separate paper
with a detailed discussion of the geochemistry of the varnish
and the associated aeolian dust is in preparation.
The composition of the varnish is typical of type I rock
varnish from arid regions, with Mn, Fe, Si and Al as the most
abundant elements, present in the form of Mn-Fe oxyhydroxides, clay minerals and quartz grains (Dorn, 2007; Macholdt
et al., 2017b; Potter & Rossman, 1977). The average mass
percentages of Mn in the varnish and their SDs are 2.9% ±
1.4% and 6.5% ± 3.7% in CS and Kilwa samples, respectively; the corresponding values for Fe are 4.8% ± 1.8% and
7.9% ± 3.3%. The average mass ratios of Mn to Fe measured
by fs-LA-ICP-MS are 0.60 ± 0.38 at CS and 0.82 ± 0.58 at
CS and Kilwa, in good agreement with the average of 0.85 ±
0.62 obtained by the pXRF measurements discussed below.
The relatively low Mn concentrations and Mn/Fe ratios are
consistent with varnish development under predominantly
arid conditions (Liu & Broecker, 2008; Liu et al., 2000;
Macholdt et al., 2017b).
Figure 2 shows the elemental composition data in the form
of enrichment factors against the average upper continental
crust composition (Rudnick & Gao, 2003). For comparison,
Figure 2 also shows statistics of the results of our previous
measurements on type I varnish. The enrichment patterns in
CS and Kilwa samples are in good agreement with published
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values for the elements typically enriched in varnish, for example, Mn, Pb, Ba, Co and Ce (Andreae et al., 2020; Dorn,
2007; Macholdt et al., 2017b; Otter et al., 2020; Potter &
Rossman, 1977; Xu et al., 2019).
There is a systematic difference between the enrichment
patterns of the CS and Kilwa samples, with the Kilwa sample showing much higher enrichment in the typical varnish
elements, while the CS sample is less depleted in the crustal
elements, for example, Na, K, Si and Al, suggesting that the
CS varnish contains less Mn/Fe oxyhydroxides and more
residual quartz grains and clay minerals. A high Ti content
indicates the presence of residual rutile grains, whereas the
low Ca content suggests a low abundance of Ca carbonate
and/or smectite clay minerals. Both sites have unusually high
Cu enrichments, with CS showing the highest EFCu in our
entire data set of type I varnishes from arid sites worldwide.
This may be related to the presence of numerous copper mining and smelting sites in the Arabah Valley region, upwind
from the study region, where mining and smelting activity
has been documented from the LN (7000 BP) to medieval
Islamic times (c.1400 CE) (Grattan et al., 2016; Hauptmann,
2007). Widespread pollution in soils and riverbeds has been
found in the region (Beherec et al., 2016; Grattan et al., 2016)
and may have been transported to the study sites by aeolian
dust. In contrast, Pb enrichments at the sites are relatively low
compared with our previous work. This may be related to the
low levels of automotive Pb in this remote region, in contrast
to some of our previous sites, especially those in the Mojave
Desert of California (Andreae et al., 2020).

4.2 | Areal density of Mn and Fe in the
rock varnish
Figure 3a presents the results of the pXRF measurements
on intact rock varnish from all sites in the form of a scatter plot of the areal densities, DMn versus DFe; the corresponding statistics are given in Table 1. The averages from
the four sites are shown as larger symbols with error bars
representing the variability of the varnish covers on the
different measurement spots. The large variability of the
areal density reflects the well-known fact that the density
of rock varnish coatings is dependent on a large number of
factors, including rainfall, dust fall, slope angle, substrate
durability, surface runoff, etc. (for a detailed discussion,
see Macholdt et al., 2019).
The DMn averages from all sites fall very closely to each
other and are not significantly different, so that an overall
DMn average of 209 ± 78 µg cm–2 appears to be representative
of rock varnish coatings in the study area. This value is significantly higher than the results from our previous measurements in Arabia, with 105 ± 55 µg cm–2 in the Hima region
(Macholdt et al., 2018) and 156 ± 94 µg cm–2 in the Ha’il
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region (Macholdt et al., 2019). The potential reasons for this
difference include differences in age, dust availability, rock
substrate, rainfall and others. There is not enough detailed
information about dust fluxes in Arabia to draw firm conclusions, but available models suggest similar dust fluxes for the
three regions in the Pleistocene and Holocene (Bergametti &
Forêt, 2014; Jickells et al., 2005; Sudarchikova et al., 2015),
making differences in dust flux an unlikely explanation.
While differences in rainfall may play a role, as Broecker and
Liu (2001) have shown a weak positive relationship between
rainfall and Mn content of rock varnish, our measurements
actually show the opposite trend, with higher Mn values at
our northern sites in spite of lower rainfall here (about 60 mm
annually) than at Ha’il and Hima (about 170 and 130 mm annually, respectively). In our study in California, we proposed
the much larger weathering resistance of the basalt substrate
as a reason for the high Mn densities found there (average of
550 ± 290 µg cm–2) (Andreae et al., 2020). While all three
Arabian study regions have sandstone as a rock substrate, it
is possible that a somewhat more weathering-resistant sandstone at our present sites may help explain the higher DMn
there.
With the exception of the measurements at the HC site,
the mean DFe at our sites is also very similar (Fig. 3a). The
mean DFe for all sites is 246 ± 153 µg cm–2, comparable
with the values from our previous studies (330 ± 80 µg cm–2
at Hima and 185 ± 121 µg cm–2 at Ha’il). The DFe values
from HC are lower than the average results from the other
sites, but still well within the range of variability from the
other sites, and thus the low average from HC might just
be an artefact of the small number of measurements made
there.
The overall mean Mn/Fe ratio in the intact varnishes is
0.85 ± 0.62, close to that from Ha’il (0.91 ± 0.64), but much
higher than that from Hima (0.32 ± 0.16). They fall well
within the range of Holocene varnishes from a wide range of
sites, which typically have Mn/Fe values in the range of 0.22–
1.30 (Goldsmith, 2011; Lebedeva et al., 2019; Macholdt et al.,
2018, 2019; Thiagarajan & Lee, 2004; Wayne et al., 2006).
Like at our previous sites, we find a moderate, but highly significant correlation between DMn and DFe in the varnish, with
a slope and intercept of 0.33 ± 0.02 and 127 ± 7 (N = 358; r2
= 0.29; coefficients given with standard error, SE).
The DMn and DFe results from the measurements inside
the petroglyphs are shown in Figure 3b; the corresponding
statistics are given in Table 1; and the data from individual
rock art elements are shown in Table 2. The values span the
same range as those for the intact varnish, suggesting a great
age of some of the rock art, but the average areal densities
are lower, as would be expected for a mixture of varnishes
spanning a wide range of ages. The lowest DMn averages are
found at the HC and JT sites, consistent with their younger
ages suggested by the Hismaic and Arabic writing found
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F I G U R E 3 Areal density of Mn
(DMn) versus areal density of Fe (DFe) on
rock varnishes in the study area: (a) intact
rock varnish and (b) petroglyphs and
inscriptions
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(a)

(b)

there. The DMn at the CS and Kilwa sites span similar ranges
and have similar averages, suggesting that they may cover
similar creation periods. The average Mn/Fe ratios on the
petroglyphs are lower than on the intact varnish, which may
be related to the fact that part of them were created after
the onset of the extremely arid conditions, when the Mn
concentration in the varnish is expected to be lower (Liu &
Broecker, 2008; Liu et al., 2000).

4.3 | Normalised areal density of Mn and Fe
on the petroglyph surfaces
Figure 3b highlights the large variability of varnish areal density on the rock art elements, which in addition to the exposure
age of the petroglyph surfaces is strongly dependent on a large
number of variables, particularly surface moisture, inclination, water runoff over the rock surface, weathering resistance
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TABLE 1
rock varnish

ANDREAE et al.

Mn and Fe areal density, normalised areal density, and Mn/Fe ratios from portable X-ray fluorescence (pXRF) measurements on

Site

DMn (µg cm–2)

N

Avg

SD

172

50

DFe (µg cm–2)

Mn/Fe ratio

CV (%)

Avg

SD

29%

290

46

CV (%)

Avg

SD

16%

0.60

0.20

Intact varnish
Camel Site

50

Hudrah Cave
Kilwa
Jabal Tubaiq
All intact varnishes

5

192

29

15%

73

22

30%

2.81

0.94

260

218

85

38%

239

172

71%

0.91

0.74

43

191

49

26%

247

100

40%

0.77

0.37

358

209

78

37%

246

153

62%

0.85

0.62

Petroglyphs
Camel Site

83

85

79

93%

279

60

21%

0.30

0.29

Hudrah Cave

16

54

10

18%

97

40

41%

0.55

0.25

336

119

105

88%

199

111

56%

0.60

0.63

29

28

21

76%

230

110

48%

0.12

0.11

473

107

100

94%

213

108

51%

0.50

0.53

N

NMn (µg cm–2)

Kilwa
Jabal Tubaiq
All petroglyphs
Normalised densities
on petroglyphs

NFe (µg cm–2)

Avg

SD

CV (%)

Avg

SD

CV (%)

27

41

32

4

28

2.4

78%

99

17

17%

9%

138

31

22%

136

54

41

76%

103

61

59%

Individual spots
Camel Site
Hudrah Cave
Kilwa
Jabal Tubaiq

12

17

11

68%

94

34

36%

179

49

40

80%

102

55

53%

Camel Site

9

31

31

102%

102

14

14%

Hudrah Cave

1

28

–

–

138

–

–

38

51

41

80%

103

56

55%

3

19

12

65%

98

31

32%

51

45

39

86%

101

49

49%

All petroglyphs
Element averages

Kilwa
Jabal Tubaiq
All petroglyphs

Note: Avg, arithmetic average; SD, standard deviation; CV, coefficient of variation.

of the rock substrate, dust deposition flux, etc. (Macholdt
et al., 2019, passim). To reduce the influence of these factors,
we introduced the normalised areal density, NMn or NFe, as
a metric for the degree of varnish regrowth on a petroglyph
surface after removal of the original varnish by pecking or
abrasion to create the petroglyph (Macholdt et al., 2018). NMn
or NFe (%) are defined as the areal density of Mn or Fe on a
petroglyph surface divided by that on an adjacent intact rock
varnish surface. They can be understood as the percentage
of varnish regrowth on the rock art surface since its creation,
and since the measurements on the rock art and the adjacent
intact varnish are taken only a few centimetres or tens of

centimetres apart, this normalisation reduces the influence of
the above-mentioned variables. Variability on the size scale of
the petroglyph itself is taken into account by making multiple
measurements (typically three to 12) within and adjacent to
a given petroglyph, and variability on the microscale is averaged over by the spot size (8 mm) of the pXRF measurement.
The NMn and NFe results are shown as a scatter plot in Figure
4; the corresponding statistics are shown in Table 1; and the
data from individual rock art elements are given in Table 2.
We find that the NMn values on the rock art elements range
from 0.5% ± 0.8% to 110% ± 9%, indicating that the varnish on
some of the petroglyphs has reaccumulated to the same density
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TABLE 2
Element ID
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DMn, DFe and NMn data for the rock art elements averaged over all spots measured on each element
Motif

N

DMn (µg cm–2)

DFe (µg cm–2)

Avg

SD

Avg

SD

Avg

SD

SE

226

16

256

25

92%

6.3%

3.2%

278

28

0.6%

0.3%

–

CS1-1

Camel

5

CS1-1e

Recently chiselled

1

CS2-1

Camel

3

124

CS2-2

Wasm

3

17

CS2-3

Arabic inscription, 1979 CE

6

CS14-1

MSH inscription

3

55

CS14-2

Small camel

3

58

CSH-1

MSH inscription

4

57

HC-1

Arabic inscription

4

54

4.6

T7-2

Altarberg cross1

3

10.6

T7-3

Altarberg cross 3

3

25

T7-5

Altarberg cross 2

3

T10-1-1

Ibex

4

230

88

T10-1-2

Older ibex

3

258

T10-2

Ibex with blood from nose

6

T10-2f

Head of anthropomorph

3

T14-1

Ibex

5

92

T15-2-1

Ibex

4

209

T15-2-2

Camel

4

T19-1

Aurochs

T19-2

Anthropomorph and spear

T19-3
T20-1

1.4

0.7

194

46

68%

1.9

284

14

12.1%

1.4%

1.0%

0.8

333

11.6

3.5%

0.7%

0.3%

6.1

331

27

33%

3.7%

2.6%

17

328

22

30%

8.8%

6.2%

18

292

23

34%

10.7%

6.2%

101

23

28%

2.4%

1.4%

2.1

101

72

19%

3.9%

2.7%

3.5

123

46

19%

2.7%

1.9%

4.7

192

46

20%

8.5%

6.0%

230

25

108%

15%

8.9%

38

292

57

97%

16%

11.0%

128

40

55

29

100%

28%

12.4%

159

22

46

16

99%

19%

13.7%

12.3

288

22

49%

36

135

51

86%

23%

13.0%

194

40

116

95%

19%

11.2%

7

314

41

278

34

106%

3

283

74

275

40

96%

25%

Circle

1

305

49

238

55

103%

25%

Horn-tailed lizard

6

298

30

509

174

109%

11.1%

5.0%

T20-2

Small anthropomorph

1

60

19

284

27

19%

5.9%

–

T20-3

Hismaic letters

6

61

14

T20-4

Ibex

2

243

T20-5

Wasm

3

T21-1

Feline

4

T22

Human couple

6

T23-1

Male anthropomorph (?)

T23-2

Ibex

T25-4
HFB-1

3.8

11.2

59

NMn (%)

9.6

33%

6.5%

14.0%

23.0%

3.3%

5.7%
17.6%
–

227

84

22%

6.1%

2.7%

5.4

345

25

89%

2.0%

2.0%

25

7.5

234

51

10.7%

78

12.9

121

78

91%

18%

188

48

142

36

84%

14.9%

6.7%

4

71

17

115

24

2

233

27

187

Ibex

3

31

Arabic inscription, 2003 CE

1

HFB-2

Camel

4

145

HFB-3

Anthopomorph

3

30

KM-1

‘Zissis 1940’

3

0.4

KM-2

Cross and inscription

4

KM-3

Cross, cell C, #1

3

KHB1-1

Horse with rider

4

59

KHB1-2

Ibex

3

83

KHB1-3

Camel with rider

3

17

KHB1-4

Camel

3

KHB1-5

Wusum

3

0.9

3.3%

2.3%
10.5%

49%

7.4%

4.3%

110%

8.6%

8.6%

9.8

259

134

10.1%

3.2%

2.3%

1.9

115

108

0.5%

0.8%

–

145

64

105%

6.0

221

35

12.8%

2.6%

1.8%

0.4

53

97

2.7%

2.9%

2.0%

5.4

4.7

106

35

39%

4.1

1.0

72

29

3.4%

284

42

19%

3.2

269

50

33%

1.3%

0.9%

0.8

149

17

8.7%

0.4%

0.3%

76

9.9

198

22

2.4

150

1.2

24

34

2.0
19

27%
9.0%

19%

34%

11.1%

19.4%

0.8%

0.6%

10.7%

6.2%

11.7%

8.3%

1.0%

0.7%
(Continues)
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TABLE 2
Element ID
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(Continued)
Motif

N

DMn (µg cm–2)

DFe (µg cm–2)

Avg

Avg

SD

Avg

SD

SE

1.5%

1.1%

SD

NMn (%)

KHB1-6

Ibex

3

47

4.7

168

18

15%

KHB1-7

Dog

3

123

9.1

317

77

38%

2.9%

2.0%

KHB2

Equestrian

3

0.9

152

78

2.9%

0.4%

0.3%

KHB3

Ibex

3

85

8.6

320

56

24%

2.4%

1.7%

JT1-1

Hismaic inscription

6

15

1.3

183

40

8.2%

2.0%

0.9%

JT1-2

Camel

3

25

2.2

156

52

17%

1.2%

0.8%

JT1-3

Hismaic inscription

3

68

6.5

418

53

33%

8.3%

5.9%

6.9

Note: Avg, arithmetic average; SD, standard deviation; SE, standard error.

as on the surrounding intact surface. This is in good agreement
with the range observed for recent to Neolithic rock art in our
study in the Ha’il region (Macholdt et al., 2018). In contrast,
the NMn values in the Hima region, where the rock art dates

mostly from the period following the onset of dry conditions
c.5–6 ka BP, are < 40% (Macholdt et al., 2019). The NFe values range from 24% ± 23% to 333% ± 39%, which shows that
Fe oxyhydroxides had accumulated on the petroglyph surfaces

F I G U R E 4 Normalised areal densities of Mn and Fe, NMn versus NFe, on the petroglyphs. The larger symbols with error bars indicate the
averages and standard deviations of the measurements on each rock art element; smaller symbols are the individual spot measurements

ANDREAE et al.

to higher densities than present in the intact varnish. Even on
the elements with very low amounts of Mn varnish regrowth,
NFe is typically at or above about 50%, which suggests that Fe
begins to accumulate before the deposition of Mn oxyhydroxides. This agrees with our previous observation of a positive Fe
intercept in regression analyses of DFe versus DMn, which suggests the presence of an Fe oxyhydroxide layer at the base of
the varnish. This layer might act as a catalyst for the formation
of the Mn oxyhydroxides (Dorn, 2018; Macholdt et al., 2019).
As in our previous work, we find no significant correlation between NMn and NFe, and no evidence of a relationship between
NFe and the age of the rock art based on thematic considerations
(Andreae et al., 2020; Macholdt et al., 2018, 2019). We will
therefore focus our subsequent discussion on the varnish regrowth on NMn.

4.4 | Variability of the Mn and
Fe areal densities
The great variability of varnish cover density, of both intact
varnish and regrowing varnish on rock art, has been frequently pointed out in the literature and used as an argument
against the possibility of using varnish density as a tool to
estimate petroglyph age. This variability is clearly evident
in Figures 3a,b, where individual measurements of DMn are
shown to range from 12 to 415 µg cm–2 on intact varnish and
from 0 to 400 µg cm–2 on the rock art. The widest range is
found at Kilwa, as expected in view of the large sample size
and diversity of varnished surfaces. For a quantitative analysis of this variability at different scales, we calculated the coefficients of variation (CV), that is, the ratio of the SD over
the mean (expressed as a percentage), of the areal density
measurements on the varnished surfaces. Table 1 shows that
the variability of DMn of intact varnish at the site scale (tens
of metres to a few kilometres) is in the range of 15–40%,
similar to our previous observations (Andreae et al., 2020;
Macholdt et al., 2019).
There is considerable variability of the varnish density
at the microscale on the rock surfaces, ranging from the
thickest varnish in microbasins through thin coatings on
exposed quartz grains to the total absence of varnish on recently eroded or spallated surfaces (Cremaschi, 1996; Liu &
Broecker, 2007; Zerboni, 2008). Since the pXRF measurements cover a spot of 8 mm diameter, much of this variability
is averaged over in this type of analysis. The variability at the
scale of the rock art elements (centimetres to metres) can be
derived from the statistics of replicate measurements on the
individual elements. Typically, on each element, several measurement spots were selected (identified by arrows in Fig. S1
in the additional supporting information) and at each measurement spot, two to five measurements were made close
to one another (within a few millimetres). Measurements on
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intact varnish were made the same way, typically in the form
of two to five replicates close to the corresponding spots in
the rock art element. When the measurements on the intact
varnish spots were not significantly different, the intact varnish data were pooled for a given element. Thus, on average,
there are seven measurements representing the adjacent intact varnish for each spot or element, and the average CV of
these measurements is 15% (n = 97; range = 1–61%). The
uncertainty of the mean for each group of measurements is
represented by the relative SE, which on average was 9.8%
(range = 1–46%). On the rock art elements themselves, we
made on average 2.6 replicate measurements on each spot,
with an average CV of 12% (N = 184, range = 0.2–72%) and
average SE of 9.8% (range = 0.2–51%) (four values with CV
> 100% were not included because they were from measurements very close to zero and thus have a large relative error
in spite of a small absolute error).
The uncertainty of the normalised densities, NMn, is derived using SE propagation from the SEs of the measurements on the petroglyph spots and the corresponding intact
varnish measurements. The average relative SE of the NMn
values is 18% (N = 173, range = 2.5–53%). The SEs for the
measurements on the individual rock art elements are given
with the corresponding DMn and NMn values in Table 2.

4.5 | Absolute and normalised Mn and Fe
accumulation rates
We derived the effective or apparent element accumulation
rates, RMn and RFe, by dividing the areal density of Mn or
Fe by the known or estimated exposure age of the rock art
surface (Table 3). This rate is the average elemental accumulation on the rock surface over the time it has been exposed,
and as such averages over potential variations of the true, instantaneous accumulation rate with time. We use the term
‘apparent’ to reflect this potential time dependence and the
possibility that, in the long run, deposition is likely to compete with the removal of varnish by erosion and weathering
of either the varnish itself or of the underlying rock.
The youngest surfaces include a chisel mark from CS
made within the last decade, Arabic inscriptions with dates
corresponding to 1979 and 2003 CE, and an inscription
from ‘Zissis 1940’ at Kilwa monastery. The DMn values on
these inscriptions are very low, and thus the accumulation
rates derived from them have a very high uncertainty, with
RMn values ranging from 5 ± 5 to 140 ± 160 µg cm–2 ka–1.
The Zissis inscription is particularly questionable since it
is on the outside of one of the monastery cells at Kilwa,
and may have been altered by later visitors. The other rates
on young surfaces are relatively high, consistent with our
previous observations that a small amount of Mn varnish
forms relatively rapidly (within decades) on freshly cleared
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TABLE 3

Mn and Fe areal density (DMn and DFe), apparent Mn and Fe accumulation rates (RMn and RFe), and normalised accumulation rates
(RNMn) on inscription surfaces with known or estimated ages
Element
ID
Element

Age (ka)

DMn
(µg cm–2)

DFe
(µg cm–2)

RMn
RFe
(µg cm–2 ka–1) (µg cm–2 ka–1)

NMn (%)

RNMn
(% ka–1)

CS1-1e

Recently chiselled

0.01 ± 0.01

1.4 ± 0.7

280 ± 28

140 ± 160

28,000 ± 28,000

0.6% ± 0.3%

58 ± 65

HFB-1

Arabic, 2003 CE

0.015 ± 0.001

1.2 ± 1.9

115 ± 108

76 ± 120

7200 ± 6800

0.5% ± 0.8%

33 ± 52

CS2-3

Arabic, 1979CE

0.039 ± 0.001

3.8 ± 0.8

330 ± 12

95 ± 20

8300 ± 400

3.5% ± 0.7%

87 ± 19

KM-1

‘Zissis 1940’

0.078 ± 0.001

0.4 ± 0.4

53 ± 97

4.7 ± 5.0

670 ± 1200

2.7% ± 2.9%

34 ± 36

HC-1

Arabic, 6th–8th
centuries CE

1.3 ± 0.2

54 ± 5

101 ± 23

41 ± 7

78 ± 21

28% ± 2%

22 ± 4

CS14-1

MSH inscription

2.0 ± 0.3

55 ± 6

330 ± 27

28 ± 4

160 ± 20

33% ± 4%

17 ± 3

CSH-1

MSH inscription

2.0 ± 0.3

57 ± 18

290 ± 23

28 ± 9

150 ± 20

34% ± 11%

17 ± 6

T20-3

Hismaic inscription

2.0 ± 0.3

61 ± 14

230 ± 80

31 ± 8

110 ± 40

22% ± 6%

11 ± 3

JT1-1

Hismaic inscription

2.0 ± 0.3

15 ± 1.3

180 ± 40

7.7 ± 1.0

91 ± 22

8.2% ± 2.0%

4.1 ± 1.1

JT1-3

Hismaic inscription

2.0 ± 0.3

68 ± 6

420 ± 53

34 ± 5

210 ± 30

33% ± 8%

16 ± 4

52 ± 18

260 ± 110

28.3 ± 11.2

134 ± 49

26.3% ± 10.0%

14.4 ± 6.1

Average, Arabic and
Hismaic inscriptions
Ha’il region, south
Arabia†

–

–

–

17 ± 14

60–100

–

12 ± 3

Hima region, south
Arabia‡

–

–

–

13 ± 10

110–200

–

10 ± 3

Owens/Rose Valley,
California§

–

–

–

15–21

6–11

–

~10

Notes: Values are averages and standard deviations.
†

From Macholdt et al. (2018).

‡

From Macholdt et al. (2019).

§

From Andreae et al. (2020).

surfaces (Andreae et al., 2020; Macholdt et al., 2017a,
2018, 2019).
The older inscriptions include an Arabic inscription
from the Early Islamic period, which based on its script
style (old Kufic) has been dated to the seventh to ninth centuries CE (Frédéric Imbert and Ilkka Lindstedt, personal
communications, 2020). Two inscriptions from CS are in
the MSH script (Jérôme Norris, personal communication,
2020). One inscription from Kilwa and two from JT are in
the Hismaic script (Jérôme Norris and Michael Macdonald,
personal communications, 2020). Inscription T20-3 at
HFB had been transcribed and analysed by Harding and
Littmann (1952).
The dating of the Hismaic and MSH scripts is relatively uncertain, but both were used predominantly between
c.100 BCE and 100 CE, with their use declining to c.300
CE (Macdonald, 2004; Norris, 2018). For the purpose of
calculating an accumulation rate on these inscriptions, we
assign an age of 2.0 ± 0.3 ka to both Hismaic and MSH
scripts. With one exception (JT1-1), the Hismaic and MSH
inscriptions yield very similar accumulation rates in the
range of 28–34 µg cm–2 ka–1, in spite of coming from three
relatively widely dispersed sites. The Arabic inscription

HC-1 suggests a slightly higher rate, 41 ± 7 µg cm–2 ka–1,
but given that we only have one sample of this age, it is not
clear whether this difference is significant. The average rate
from the Arabic, MSH and Hismaic inscriptions is 28 ± 11
µg cm–2 ka–1 (95% confidence interval = 18–38 µg cm–2
ka–1), which is the value that we will use below as a basis for
estimates of petroglyph ages. This rate is somewhat higher
than, but still comparable with, the rates we measured previously at sites in Arabia and California (13–21 µg cm–2
ka–1) (Table 3).
The Fe accumulation rates show a similar pattern, with very
high rates for the youngest surfaces suggesting fast initial accumulation and lower rates on the older inscriptions. The extremely high value on CS1-1e may be the result of some Fe
oxides remaining from an incompletely removed sub-surface
Fe enrichment. The mean RFe of 134 ± 49 µg cm–2 ka–1 on the
older inscriptions is also in the range of previous observations.
The normalised Mn accumulation rate, RNMn, is calculated analogously to the absolute accumulation rate by
dividing NMn by the age of the surface. This value can be
interpreted as a ‘revarnishing rate’, that is, the rate (in per
cent per 1000 years) at which the varnish on a petroglyph
surface approaches that of the surrounding intact varnish.
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In our previous studies, we had found that this rate showed
less variability around the mean than the corresponding absolute accumulation rates, because the normalisation takes
into account much of the variability caused by the numerous microenvironmental factors influencing varnish growth.
The average RNMn from the Arabic, MSH and Hismaic inscriptions is 14.4 ± 6.1% ka–1 (95% confidence interval =
9.4–19.3% ka–1), which is the value that we will use below
as basis for estimates of petroglyph ages based on the normalised data. This rate is slightly higher, but not significantly
different from, those measured previously at our sites in
Arabia and California (10–12% ka–1) (Table 3), a quite striking result considering the large differences in geographical
locations between these sites.
This fact implies that, assuming a linear model, after
c.7–8 ka, the varnish on the rock art becomes indistinguishable from its surroundings. At this point, the rate of varnish
loss by weathering equals the rate of varnish accumulation.
In our previous papers, we found that this ‘taphonomic limit’
is reached at ages around c.10 ka (Andreae et al., 2020;
Macholdt et al., 2018, 2019). In reality, it may take somewhat
longer to reach full revarnishing, because our evidence, especially from California, indicates that the rate of revarnishing
slows over time, so that a non-linear growth model may be
more realistic. Unfortunately, however, so far we have not
been able to quantify this non-linear behaviour because of
the lack of dated surfaces spanning the entire range of ages.
Our previous work has shown, however, that an assumption
of linear growth results in reasonable age estimates on millennial scales up to c.10 ka.

4.6

|

Rock varnish on petroglyph surfaces

For our study, we made measurements on 51 rock art elements, representing a broad sample of the rock art motifs that
occur in the study region. (An ‘element’ is a single form or
design unit, often used synonymously with ‘petroglyph’. A
‘motif’ is an element often used within a given corpus and is
related to a particular style, for example, an ibex or a camel.)
Examples of the rock art are shown in Figure 5; images
of the complete set of measured elements are provided in
Supplement S1 in the additional supporting information. The
DMn, DFe and NMn values are listed in Table 2; the NMn data
are plotted in Figure 6 grouped by motifs. In Figure 6, the
different study sites are distinguished by symbol shape and
colour. The scale on the right side of Figure 6 represents age
estimates for the elements using the revarnishing rate, RNMn,
of 14.4% ka–1 derived above.
Considering the entire data set, the NMn values and corresponding age estimates cluster into two ranges (Fig. 6). The
first cluster is in the range between about 80% and 110% (6–9
ka BP), corresponding approximately to the later part of the
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PPNB and the LN, with subsistence based on hunting and the
development pastoral nomadism. The second cluster is below
about 50% NMn, beginning around the Late Bronze Age (c.4
ka BP), when the subsistence had shifted to pastoral nomadism, oasis agriculture and later camel-based trade, and extending to the present. Similar to observations from all across
Arabia, there appears to be a prominent gap between these
two periods, when rock art creation underwent a long and
pronounced reduction in volume (Khan, 2007). The elements
corresponding to the PPNB/LN period are concentrated at
HFB at Kilwa and the camel reliefs at CS. The concentration
of Neolithic elements at HFB is consistent with the abundance of lithic material of PPNB age observed at this site by
Rhotert et al. (1938) (subsequently referred to as R38). In
the following, we will discuss the elements grouped in motif
clusters. It should be noted, however, that the true ages of the
PPBN/LN cluster elements could be somewhat higher than
suggested by their NMn values, because our assumption of a
linear Mn accretion rate ignores the potential slow-down of
varnish accretion with age.

4.6.1

|

Neolithic game animals

Group Neolithic game animals comprises three elements: a
very large bovid (T19-1; Fig. 5b), a horn-tailed lizard (T201; Fig. 5a) and a feline (T21-1). (Our sample code refers to
the figures in R38, such that T19 refers to Tafel (= plate)
19 in R38, etc.). The bovid image T19-1 (Fig. 5b) is probably the most famous figure at Kilwa, which has been interpreted as an aurochs (Bos primigenius), the wild ancestor of
domesticated cattle (Guagnin et al., 2016; Horsfield et al.,
1933). Below this image is a human holding what may be a
spear that penetrates the side of the bovid (T19-2). Attached
to the hind leg of the bovid is a line leading to a circle (motif
group abstract, T19-3), which has been interpreted as a tiedown by R38. The varnish densities on these three images
(106% ± 14%, 103% ± 25% and 96% ± 25% for bovid, circle
and human, respectively—connected by a thin line in Fig.
6) are not significantly different, and thus it is possible they
may have been created together. Bovid hunting during the
PPN has been documented through archaeological evidence
and rock art from several sites in Arabia and the Levant; for
example, rock art from southern Iraq suggests the presence
of both domestic and wild bovids in hunting scenes (Zarins,
1990).
Element T20-1 has been interpreted by R38 as a horntailed lizard. It is located on a prominent rock on top of
HFB, on which there are also small human figures and numerous Hismaic inscriptions (see below), some of which
are superimposed on the lizard. Its NMn is very close to
that of the aurochs, suggesting that it also dates from the
PPNB/LN.
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(a)

(b)

(d)

(c)

(f)

(e)

(g)

(h)

(i)

(j)

F I G U R E 5 Examples of the rock art elements investigated (see the text for a discussion): (a) composite panel with an horn-tailed lizard (HFB,
T20); (b) bovid (T19-1, HFB); (c) ibex (T10-2, HFB); (d) embracing human couple (T22, HFB); (e) camel in relief (CS1-1, Camel Site);
(f) Hismaic inscription (JT1-1, Jabal Tubaiq); (g) cross symbol (T7-2, Altarberg); (h) composite panel (KHB1, KHB); (i) Kufic inscription and
cross (KM-2, Monastery); and (j) equestrian with lance (KHB-2; KHB)

Element T21-1 appears to be a feline, represented in a
very simple style (alternatively, it has been interpreted as an
ox by Horsfield et al., 1933). Its NMn (91% ± 18%) suggests
a similar age to other representations of Neolithic wild fauna,
but the very uneven intact background varnish results in a
relatively large uncertainty.

4.6.2

|

Ibex

Group ibex contains the largest number of elements, consis
tent with the high frequency at which this motif is represented
in Arabian rock art (Guagnin et al., 2016, 2017; Khan, 2007).
At HFB, six of seven ibex elements have an NMn consistent

with PPNB/LN ages, whereas at KHB, the ibex elements all
plot in the period after the onset of drought. This suggests
that the ibex (Capra ibex), as a prestige game animal, was
hunted and depicted in rock art throughout the human presence in Arabia, similar to the findings we had made previously in the Ha’il region (Macholdt et al., 2018), particularly
at Shuwaymis (Guagnin et al., 2015). Interestingly, this has
an analogue in south-western North America, where the bighorn sheep (Ovis canadensis) is also the species most commonly represented in rock art throughout human history
(Andreae et al., 2020; Garfinkel et al., 2010; Rogers, 2010;
Whitley & Dorn, 2007).
An ibex image on the eastern side of HFB (T10-2; Fig. 5c)
shows two lines emanating from its mouth which have been
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F I G U R E 6 Normalised areal densities,
NMn, and age estimates (right y-axis) of the
rock art elements grouped by motifs

interpreted as blood streams (R38), indicating a kill of this
animal in conjunction with a hunt or sacrifice. On its back is
a small human figure (T10-2f), which has the same NMn value
as the ibex (99% ± 19% versus 100% ± 28%, respectively;
symbols connected by a dotted line in Fig. 6). A near-horizontal slab on the top of HFB contains two ibex images, one
superimposed on the other. The older element (T10-1-2) has
a somewhat lower NMn (97% ± 16%) than the superimposed
and thus younger ibex element (T10-1-1; 108% ± 15%); however, this difference is not statistically significant and serves
to highlight the limited temporal resolution achievable with
our technique.
The highest NMn is associated with a fragmentary ibex
image, where only the horns can be distinguished (T23-2;
110% ± 9%). It is on the same surface as the possible anthropomorph T23-1, but the large difference in varnish density
argues against any connection between the two images. Two
ibex images show slightly lower NMn (T15-2-1: 86% ± 23%;
T20-4: 89% ± 2%), but are still well within the range of values consistent with a PPN/LN age. The ibex T15-2-1 is on the
same surface as a camel with comparable NMn (T15-2-2: 95%
± 19%; connected by a dashed line in Fig. 6), while T20-4
is on the same panel as the horn-tailed lizard. The lizard is
superimposed on the ibex, but here again, the lower, older
element has an apparently lower NMn than the superimposed,
younger element.
An intermediate NMn on an ibex from HFB was measured
on an isolated image on a vertical wall on the western side
(T14-1: 49% ± 6%). This figure has an oval behind it with an
NMn indistinguishable from that of the animal, which is probably part of the same representation and for which there is
no conclusive interpretation (R38). A small ibex figure with

short horns (T25-4) is located near the top of HFB. It has very
light varnishing and is very different in size and style from the
other ibex images on HFB and must belong to a more recent
phase of rock art creation. Nearby is an anthropomorph (HFB3) with a very similar degree of revarnishing.
Also clearly distinct, in both the degree of revarnishing
and the style of representation, from the older ibex images of
HFB are the three ibex elements on the hill at KBH. The ibex
on KHB are much smaller, tend to have exaggerated horns
and are much less naturalistic than those from HFB, especially KHB3, where the body is reduced to a horizontal line.
KHB1-2 and KHB1-6 are on the same slab as the majority of
images measured at KHB, and show NMn comparable with
these images, suggesting they are roughly contemporaneous
and possibly associated with the period of camel trade.

4.6.3

|

Anthropomorphs

We have already mentioned two PPNB/LN anthropomorphs
from HFB, the human associated with the aurochs (T19-2: 96%
± 25%) and the figure T10-2f (99% ± 19%), the small human
on top of the ibex T10-2. A third human representation, which
is probably also of PPNB/LN age, is that of a seated embracing couple (T22: 84% ± 15%; Fig. 5d). This unique image is
produced in a slightly three-dimensional form, using the shape
of the rock substrate. It was assigned a PPN age by R38, who
observed a close resemblance of this image to a limestone
statuette found in a cave in Wadi Khareïtoun near Jerusalem.
The woman in this image appears to be six-toed, which Zarins
(1990) relates to a PPNB statuary fragment from ‘Ain Ghazzal,
Jordan. Overall, however, human figures are quite rare at
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Kilwa in comparison with our other sites from north-western
Arabia, for example, Jubbah, where a large number of hunting
and dancing humans are represented.
Element T23-1 is difficult to interpret: It could be a
stylised male human figure (R38) or an abstract representation. Its degree of varnishing suggests an intermediate age
between the LN and Iron Age periods.
A small human figure with horizontally outstretched arms
and widely spread fingers (T20-2: 19% ± 6%) is found on the
same panel as the horn-tailed lizard. It is wearing a long tunic,
reaching down to its feet and what appears to be some sort
of belt and sash. Its NMn is identical to the Hismaic writing
which surrounds it on the same panel, and it may thus have
been created around the turn of the Common Era. Nearby,
also near the top of HFB, is a small human figure with legs
seen side on and arms out to the side, with his hands on the
hips. It is only lightly varnished (13% ± 3%), and in close
proximity to the small ibex HFB3, with a similar NMn.

4.6.4

|

Camels

The dromedary camel (Camelus dromedarius) has played a central role in Arabia throughout human history, first as a hunting
prey and, following its domestication c.3000 BP, as the basis of
a herding economy and means of trade and transportation. It is
thus not surprising that it is represented in rock art throughout
the ages (Khan, 2007). At HFB, we made measurements on
two camel elements, both with very high NMn. One, T15-2-2,
is on the same panel as ibex T15-2-1, and has a similar NMn
(95% ± 19% and 86% ± 23%, respectively), and the other camel
element (HFB-2) also has a very high NMn of 105% ± 19%.
These two images already impressed R38, who commented on
their realistic, almost three-dimensional representation, which
is completely different from the very abundant later camel representations, which tend to be very stylised, often with triangular or semi-circular bodies, and assigned them a Neolithic age.
Even more remarkable in their style of execution are the
haut-relief camel images from the Sakaka CS, with their
very detailed and naturalistic representation (Charloux et al.,
2018). One of these animals, CS1-1, has NMn nearly identical
(92% ± 6%; Fig. 5e) to the Neolithic camels at Kilwa. The
other, CS2-1, has yielded both very high (106% ± 8%) and
relatively low (30–52%) values. This high variability is most
likely due to the extremely exposed position of this image on
the top of a cliff, with a very high chance of wind erosion and
weathering. Given that weathering processes can only remove
varnish, but that there is no known process to add varnish to
an exposed rock face artefactually, we feel that the high value
is more likely to be representative of the age of this image, and
that a PPNB/LN age is most plausible for both images.
The PPNB/LN camel images at Kilwa and CS are separated by a huge gap in both representational style and degree

of varnishing from the post-domestication images at these
two sites and JT. Two camels at KHB are on the same highly
decorated slab and show the typical stylised representation,
with four stick legs and triangular or semi-circular bodies.
The camel with the triangular body (KHB1-4: 27% ± 12%)
has close parallels to similar images at Shuwaymis with estimated ages c.3000 BP, while the very stylised camels with
semi-circular bodies (CS14-2: 30% ± 9% and JT1-2: 17%
± 1%) resemble younger images at Jubbah and Shuwaymis
(Macholdt et al., 2018). The most lightly varnished image
(KHB1-3: 8.7% ± 0.4%) appears to have a rider on its back.
The similarity in the style of representation and age estimates
between Kilwa and the Ha’il region may reflect cultural exchange along trade routes during the time of the camel caravan trade.

4.6.5

|

Dogs

Dogs have been part of hunting strategies in Arabia since at
least 9000 BP, even predating the Neolithic transition (Guagnin
et al., 2018a). A single image of a dog (KHB1-7) was found on
the large panel at KHB (Fig. 5h). It is relatively heavily varnished (38% ± 3%), but within the range of uncertainty of the
other images on this rock slab. It is stylistically very different
from the Neolithic dog representations in the hunting scenes at
Shuwaymis (Guagnin et al., 2018a; Macholdt et al., 2018), but
overlaps in NMn value some of the dog images from that site.

4.6.6

|

Inscriptions

Above, we have already discussed the Hismaic, MSH and
early Arabic inscriptions that provide the basis for our varnish growth rate and age estimates (Fig. 5f). Figure 6 shows
that, with the exception of one case at JT, the MSH and
Hismaic inscriptions cluster quite closely together in spite of
the substantial geographical distances, consistent with their
use by nomads. They span a range of age estimates in accordance with the estimated length of time that they were in use
(the average is, of course, by definition the same as that of
the middle of that period). The early Arabic inscription from
HC yields a somewhat older age estimate than expected, but
given the exposed character of this site and the uncertainty
of the varnish growth rate, this is not likely to be significant.
The famous inscription in early Arabic (Kufic) script on
a lintel in Kilwa monastery (KM-2; Fig. 5i), already mentioned by Bell from her 1914 visit, yields an estimated age
that is obviously too high (c.3000 BP or 1000 BCE; the light
red symbol on Fig. 6). This inscription and the cross that appears next to it have been identified as being part of an Early
Christian monastic culture, which flourished at Kilwa on the
eve of Islam, with a tentative age of c.1000–1300 BP (Farès,
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2011; Hoyland, 2017). Examination of the photograph of this
inscription explains this artefact. Traces of plaster above and
beside the inscription indicate that it may have been covered
in plaster for part of the time after its creation. Also, by comparison with the area around the cross, the area surrounding the inscription looks like it has been cleared of varnish,
thus rendering invalid the assumption of an intact reference
varnish. Finally, the architectonic evidence suggests that this
inscription has been inside a building until the collapse of the
building’s structure. All these factors unfortunately render it
impossible to derive a valid age estimate from our measurements for this interesting inscription.
As mentioned above, the inscriptions in Arabic and Latin
script (HFB-1, CS2-3 and KM-1) dated from within the last 80
years, all yield NMn age estimates near zero. While this points
out one of the limitations of our method, that is, the inability to
obtain age estimates for very young surfaces, it also provides
evidence for our underlying assumption that surfaces with nearzero age also have near-zero NMn and DMn values.

4.6.7

|

Christian symbols

We conducted measurements on four cross symbols that are
plausibly related to the Christian monastic activity documented at Kilwa (Bell, 1927; Farès, 2011; Horsfield, 1943;
Horsfield et al., 1933; Rhotert et al., 1938). Christianity arrived in the region in the early part of the first millennium
CE, with several Bedouin tribes converting to Christianity
(Gilmore et al., 1982), while Islam was established at Dumat
al-Jandal, beginning in 626 CE by raids led by Prophet
Muhammad and consolidated c.634 CE under first caliph
Abu Bakr (Charloux & Loreto, 2013). It may have taken
even longer for Islam to spread to remote locations such as
Kilwa, and Christianity appears to have coexisted with Islam
in northern Arabia for some time (Hoyland, 2017). The three
crosses on the side of the AB facing the monastery (T7-2,
T7-3 and 7-5; Fig. 5g) all have NMn values very close together and yield age estimates c.1.4 ka BP, in close agreement with the period expected for Christian activity in the
region, and in particular with the date of 1.3 ka BP estimated
on the basis of epigraphic evidence for the inscription and
cross in the monastery (Hoyland, 2017). In contrast, a cross
on a loose slab inside cell C #1 (KM-3), which was unearthed
by the French–Saudi team (Farès, 2011), has a very low NMn,
consistent with its lack of exposure by being underground or
inside a cell for much of the time.

4.6.8

|

Horses

The horse was domesticated c.4000–3000 BP and its use became widespread in Arabia c.2400 BP (Khan, 2007; Olsen,

|

19

2013). Our data set contains two horse images, both from
KHB. One is an extremely stylised, small image of a horse
with rider (KHB1-1) from the large slab KHB1 (Fig. 5h),
which has an NMn suggesting an age within the same range
as the other images on the slab (1–2 ka BP). The other, on
the east side of KHB (KHB-2; Fig. 5j), shows a horse with
an hourglass-shaped body and a rider who holds a weapon,
probably a lance with a spearhead on the right, over his
head. It resembles equestrian images documented by R38
from one of the outlying sites at Kilwa (‘Stelle B’) and from
El Quweira (Al-Quwayrah, Jordan), shown on plate 27 in
R38. Similarly shaped horses, often as part of battle scenes,
have been observed at other sites, for example, at Hima
and Sakaka, and have been attributed to the Islamic period
(Gilmore et al., 1982; Macholdt et al., 2019; Olsen, 2013;
Robin, 2018).

4.6.9

|

Wusum

Wusum (singular wasm) are markings typically consisting
of three characters, indicating tribal affiliation or property,
and each tribe in Arabia has its own wasm. Wusum have
been in continuous use for the marking of cattle, camels and
tribal boundaries for thousands of years (Bednarik & Khan,
2005; Khan, 2013; McCorriston & Martin, 2010), and may
have derived from cattle markings that can be seen on petroglyphs made as early as 7000 to 5500 BP (Khan, 2007). In
our data set, there are three wusum, one each from CS (CS22), HFB (T20-5, in the panel with the horn-tailed lizard)
and KHB (KHB-1-5, on the large panel KHB1). Their NMn
cluster closely together, around 9–12%, suggesting ages of
c.600–800 a. This falls within the age range of wusum we
measured in the Hima and Ha’il areas (200–3000 a), consistent with the long use of this type of marking in Arabia
(Khan, 2007).
Figure 7 shows the DMn data from the petroglyphs
grouped in the same way as the NMn values in Figure 6. The
advantages of the normalisation procedure are immediately
evident. While the DMn values of the PPN/LN elements
from HFB also mostly fall into the range before the onset of
aridity, they scatter over a much wider range and some of
them, particularly those on horizontal surfaces, reach implausibly old age estimates. The feline T21-1, on a vertical
panel where the varnish on both the intact background and
the petroglyph are fairly light, shifts to an unrealistically
young age. The same applies to the cross symbols on the
vertical panels on AB, where background and petroglyphs
are lightly varnished. The high DMn value on horizontal surfaces and low values on highly inclined surfaces reflect the
dependence of the rate of varnish accretion on surface inclination, which we have documented at sites in the Mojave
Desert (Andreae et al., 2020). On the other hand, the cross
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and inscription KM-2 in Kilwa monastery, where both the
petroglyph and background had been subject to varnish removal, does not show an artificially high ‘age’, as it does in
the NMn plot.
In summary, in our study area the measurements of
varnish density on the rock art suggest two major phases
of artistic and presumably socioeconomic activity, the
first associated with hunting and herding activities in the
PPN/LN, and the second reaching from the Bronze/Iron
Age transition to the present, consisting of a mixture of
hunting, camel herding and trading, monastic activity, and
finally exploration and tourism. They are separated by a
long period with little activity, beginning at the onset of
aridity and extending through most of the Bronze Age.
The elsewhere very common representations of humans
with Bronze Age weapons, especially the characteristic
lunate pommel-handled daggers (Anati, 1968; Macholdt
et al., 2019; Magee, 2014a; Newton & Zarins, 2000), are
conspicuously absent at our sites. Also notable is the scarcity of human representations in comparison with the large
numbers of Neolithic dancers and hunters at Jubbah and at
sites in south-eastern Jordan (Betts, 1987). Rhotert (R98)
already commented of the low diversity of Neolithic animal
species representations at Kilwa, which is in stark contrast
to the diverse assemblages at other northern Arabian sites
(Guagnin et al., 2016, 2017, 2018b). Especially surprising
is the complete lack of gazelle images, considering that
gazelle hunting was a very important component of the
hunting economy in the PPN up to c.8000 BP and is frequently represented in rock art north of the Saudi Arabian
border (Betts, 1987; Zarins, 1990).
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5 | SUM M ARY AND
CONCLUSIONS
We measured by portable X-ray fluorescence (pXRF) the areal
density of Mn and Fe in the rock varnish deposited on petroglyphs, inscriptions and on adjacent intact varnish at the Camel
Site (CS) and Hudrah Cave (HC) (Sakaka, al-Jawf province),
at Kilwa, and at a site in the Jabal Tubaiq hills (Tabuk province) in north-western Saudi Arabia. These measurements
were complemented by femtosecond laser ablation inductively
coupled plasma mass spectrometry (fs-LA-ICP-MS) analyses
of varnish samples collected near the rock art sites.
The chemical composition of the varnish was characteristic of type I varnish, according to the classification proposed by Macholdt et al. (2017b). Mn, Fe, Al and Si were
found to be the dominant elements, reflecting a mixture
of Mn/Fe oxyhydroxides, clay minerals and quartz grains.
The average Mn/Fe mass ratios at the different sites ranged
between 0.60 ± 0.38 and 0.85 ± 0.62, typical of varnish
grown under predominantly arid conditions. The trace element analysis showed the characteristic enrichment pattern, with strong enrichments of Mn, Pb, Ba, Co and Ce
relative to the average crustal composition. Noteworthy
was an unusually high Cu enrichment, which may be related to ancient copper mining and smelting in the region
upwind of the study sites.
The Mn areal densities on the intact varnish, measured by
pXRF, were similar at the four sites with an overall average
of 209 ± 78 μg cm–2. This value is significantly higher than
our previous results in Saudi Arabia, with 105 ± 55 µg cm–2
in the Hima region (Macholdt et al., 2018) and 156 ± 94 µg

F I G U R E 7 Areal densities, DMn, and
age estimates (right y-axis) of the rock art
elements grouped by motifs
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cm–2 in the Ha’il region (Macholdt et al., 2019). The reasons
for this difference are unclear, but may be related to differences in the weathering resistance of the rock substrate. The
Mn densities on the rock art span from zero on freshly cleared
surfaces to values identical to the surrounding intact varnish
for the oldest rock art elements.
We define the normalised Mn areal density, NMn, as the
ratio (%) between the Mn density on a rock art element to
that of the surrounding intact varnish. This variable can be
understood as the degree to which varnish has regrown on the
rock art element over time to match the surrounding original
varnish. At our sites, NMn ranged from zero to values around
100%, with a clear correlation to the known or inferred age of
the rock art. The lowest values were found on recent graffiti
with ages of a few decades, the highest on rock art thought
to be of Pre-Pottery Neolithic B (PPNB)/Late Neolithic (LN)
age based on archaeological considerations.
We used DMn and NMn measured on Hismaic, Mixed
Safaitic–Hismaic (MSH), and early Arabic inscriptions to derive estimates of the Mn accumulation rates by dividing the Mn
areal densities by the estimated ages of the rock art elements.
The average absolute accumulation rate, RMn, based on these
inscriptions is 28 ± 11 µg cm–2 ka–1 (95% confidence interval
= 18–38 µg cm–2 ka–1)—somewhat higher, but still comparable
with, the rates we had measured previously at sites in Arabia
and California (13–21 µg cm–2 ka–1). The normalised Mn accumulation rate, RNMn, calculated by dividing NMn by the age
of the inscriptions, averaged 14.4 ± 6.1% ka–1 (95% confidence
interval = 9.4–19.3% ka–1), also slightly higher, but not significantly different from those measured previously at our sites in
Arabia and California (10–12% ka–1). This similarity is quite
striking, considering the large differences in geographical locations between these sites. Using these absolute and normalised
accumulation rates, we could derive age estimates for rock art
elements of unknown age. We caution, however, that these age
estimates are quite uncertain in absolute terms (95% confidence
interval = about ±40%) because of the limited number of calibration surfaces and the assumption of a linear growth rate, as
well as the potential interference of site-specific variables other
than time that may have affected varnish growth. For the oldest
elements, our age estimates may be too low, given the evidence
from previous studies that varnish accumulation slows down
with age (Andreae et al., 2020).
Our measurements on the petroglyphs clustered into two
ranges of Mn densities and corresponding ages, one covering
the PPNB and LN (c.8 to 6 ka BP), the other reaching from
the Bronze/Iron Age transition (c.4 ka BP) to the present, with
few values in between. The PPNB/LN material was concentrated at the Horsfieldberg (HFB) site at Kilwa and the camel
reliefs at CS, whereas the Bronze to Iron Age art was present
across all sites. The PPNB/LN ages estimated for the rock art at
HFB are in good agreement with the estimates of Rhotert et al.
(1938), who had proposed an Upper Neolithic age based on his
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archaeological findings. The PPNB/LN rock art motifs at HFB
include a range of game animals, including aurochs, ibex and
camel. There are several anthropomorphs, some of which could
be interpreted as hunters with spears, as well as an embracing
human couple. Further motifs comprise a horn-tailed lizard, and
some elements with inconclusive meaning. The camel reliefs
at CS are unique in North Arabian rock art, as their NMn values clearly indicate a Neolithic age, in contrast to the otherwise
two-dimensional representations from that period.
The early inscription material from our sites dates from
the turn of the Common Era, using Hismaic and MSH scripts.
Later inscriptions come from the Early Christian and Early
Islamic periods. Unfortunately, the famous Early Christian
inscription from Kilwa monastery, mentioned by Bell from
her 1914 visit, could not be dated by our method, because
evidence indicates that it had not been continuously exposed
to varnish accumulation since it its creation. Other Christian
symbols associated with the early monasticism at Kilwa,
which had remained exposed to the elements, yielded age estimates of c.1.4 ka, in close agreement with the age expected
for Christian activity at the dawn of Islam in the region.
Several graffiti with dates within the last 80 years gave nearzero ages, supporting our underlying assumption that surfaces with near-zero age have near-zero NMn and DMn values.
Compared with our previous sites, representations of equids
are quite rare at the present sites. In our data set, they are represented by two elements showing horses with riders, both likely
from the Islamic period. Armed riders reflect the tribal conflicts
common in the historic period. Wusum, the traditional tribal
symbols consisting of three characters, are widely scattered in
the region, as commonly found in Arabia. The three wusum in
our data set all suggest ages of c.600–800 a.
Overall, the rock art in our study area shows two distinct
periods with different artistic traditions, reflecting distinct
socioeconomic and ecological conditions. The hunting and
herding economies in the PPN/LN are represented by a variety of game animals, human representations and symbolic
elements. After a long gap with little rock art, creation follows
a resurgence around the end of the Bronze Age, with rock art
reflecting lifestyles adapted to arid conditions, consisting of a
mixture of hunting, camel herding and trading, tribal warfare,
and monastic activity. This highlights the great value of rock
art for understanding human prehistory and history, especially
for regions and times where other archaeological information
is sparse. Our dating approach, while admittedly burdened
with substantial uncertainties, provides a unique quantitative
tool to assign at least rough ages to otherwise undatable rock
art elements, without the need for destructive sampling.
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