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Abstract 

The preservation of rock art in open-air contexts is a global issue controlled by several 

environmental processes, which are less investigated than the cultural significance of engravings 

and paintings. For that reason, we discuss the age, preservation, and palaeoenvironmental context 

of petroglyphs discovered on the flat, almost vertical face of a large boulder fallen along the 

western slope of Jabal Hammah, a rocky hill that borders the oasis of Salut (northern Sultanate of 

Oman). Geoarchaeological investigation highlighted that in the region the preservation of 

petroglyphs is due to the interplay of two contrasting weathering processes. On one hand, karst 

dissolution – even if it is a very slow process in arid and semi-arid lands – gradually levels the 

surface of boulders. On the other hand, a biomineralized Mn- and Fe-rich rock varnish has 

developed inside the grooves of the engravings, thus sheltering them from extreme dissolution 

and promoting the preservation of the pristine shape of the representations. Moreover, organics 

trapped within the rock varnish have been radiocarbon dated to 2600±60 uncal. years BP. This 

result allows establishing a limit ante quem for the production of these specific engravings and to 

root it to the Bronze or Iron Age exploitation of the area. This result is of particular relevance in a 
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region where well-dated rock art is virtually absent. Today, the biogeochemical processes leading 

to the formation of the protective crust are almost inactive, and not consistent with the present dry 

environmental settings. Their occurrence is in accordance with other local palaeoclimatic record, 

and suggests Bronze and Iron Age climatic conditions wetter than today. A broader implication of 

our work is that it shows how a multidisciplinary approach to the study of rock art provides the 

opportunity of understanding the age of rock art and its paleoenvironmental significance. We 

demonstrate that physical, chemical and biological weathering processes are in charge of the 

preservation and/or destruction of rock art; such processes have to be seriously taken into account 

in projects of rock art field assessment. 
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1. Introduction 

The preservation of rock art in open-air contexts – as much as other cultural heritages (Howard, 

2013) – is tricky, especially in locations where extant climatic and environmental settings are 

different respect to those present at the time of the production of rock art galleries (Darvill and 

Batarda Fernandes, 2014; Giesen et al., 2014; Groom, 2017). This is especially true in arid and semi-

arid regions, where Holocene climatic changes have deeply and repeatedly reshaped the 

environment. In such contexts, open-air rock art galleries are, at the same time, a record for past 

climates as much as a feature threatened by new environmental conditions (Cremaschi et al., 2008; 

Zerboni, 2012). As a consequence, rock art (paintings and engravings) may suffer strong 

weathering and taphonomic processes – including physical, chemical and biological weathering – 

and in some cases can be completely erased. For these reasons, the understanding of the processes 

leading to rock art preservation and/or destruction and its paleoenvironmental context are as 

important as its cultural, archaeological, and artistic implications (Whitley, 2005; Dorn, 2006; Dorn 

et al., 2008; Allen et al., 2011; Bednarik, 2012; Giesen et al., 2014). 

 Studies promoting the understanding of preservation of rock art preservation and its 

environmental context remained scanty for a long time. Recently, however, an increased 

awareness that the understanding of rock art and its decay requires multidisciplinary approaches 

promoted the development of some projects focused on the assessment of rock art preservation 

and the study of the interface between rocks and pigments. Some studies considered the many 

processes affecting rock art and their rock supports (Cerveny, 2005; Hall et al., 2007, 2009; Mol and 

Preston, 2010; Groom, 2016, 2017; Gallinaro et al., 2018), and applied indices describing the 

stability of rock art (Dorn et al., 2008; Allen and Lukinbeal, 2011; Groom and Thompson, 2011; 

Allen and Groom, 2013). In other cases, studies are dedicated to understanding the age and 

paleoenvironmental significance of rock art (Cremaschi, 1996; Dorn, 2006; Zerboni, 2008; 2012; 

Bednarik, 2012; Macholdt et al., in press). For that reason, in this paper we examine some 

engravings recently discovered in the northern part of the Sultanate of Oman (oasis of Salut), with 

the main aim to decipher their age and significance in relation to the local and regional 

archaeological background, and to reconstruct the main environmental processes leading to the 

decay or preservation of petroglyphs. 

Several petroglyphs’ panels were discovered in the region and the most of them show the 

same slightly varnished, usually dotted pecking technique, and the same iconographic repertoire 

commonly witnessed in other parts of the Arabian Peninsula (e.g., Jung, 1994; de Ceuninck, 1998; 
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Ziolkowski, 1998, 2007; Bednarik and Khan, 2002; Khan, 2007, 2013; Bednarik, 2005, 2017; Fossati, 

2017). However, the finding discussed here represents a so far unique discovery within the 

regional archaeological context and deserves a specific geoarchaeological investigation. In fact, this 

rock art panel comprises a series of engravings that differs in pecking technique from the most 

widespread ones, and notably from the large majority of the rock art present in the same oasis. 

Although being generally strongly abraded by environmental processes, where they are sheltered 

by a dark, biomineralized rock crust, they are better preserved. The same rock crust allowed 

dating engravings and elucidating their palaeoenvironmental history. 

 

2. The study area 

2.1. Geographic, climatic and geologic background 

The rock art panel here investigated consists of engravings on a limestone boulder outcropping on 

the southern slope of a hill belonging to Jabal Hammah, in the vicinity of the archaeological site of 

Salut (Fig. 1) in the northern Sultanate of Oman (Degli Esposti et al., 2018b). The Geologic Map of 

Oman, 1.250,000, sheet NF4007 – NIZWA, reports the toponym Jabal Hammah, although locals 

currently refer to the same hill as Jabal Salut, which is the toponym used in most of the 

archaeological literature cited here. The area is located between the modern villages of Bisya (2 km 

to the South) and Bahla (20 km to the North), and stands at the margin of the palaeo-oasis of Salut, 

which developed in the Early and Middle Holocene along Wadi Sayfam (Cremaschi et al., 2018a). 

A variety of sedimentary, metamorphic, and igneous rocks outcrop in this region (Geologic Map of 

Oman, 1.250,000, sheet NF4007 – NIZWA); the area is delimited to the North by the massif being 

part of the Mid-Late Cretaceous Samail Ophiolite, and to the West and to the South by Permian to 

Cretaceous sedimentary formations (limestone and radiolarite). The bedrock of the hill hosting the 

engraved boulder consists of the Late Jurassic to Cretaceous Wahrah Formation (Glennie et al., 

1974), which includes lithoclastic, oolithic, marly limestone, chert, and silicified limestone 

(Béchennec, 1986). Pleistocene and Holocene deposits cover part of the region, including large 

alluvial fans and fine sediments covering most of the bottom of the alluvial plain along the main 

wadis (see details in Cremaschi et al., 2018a). 

The present climate of Northern Oman is arid to semi-arid and controlled by the seasonal 

development of the monsoon winds. Rainfall originates from Mediterranean frontal systems in 

winter and spring (Weyhenmeyer et al., 2000, 2002), and varies between 150–250 mm/yr 

(Alsharhan et al., 2001; Fleitmann et al., 2007). On the contrary, palaeoclimate studies based on 
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speleothems from the Hoti Cave (at ca. 45 km from the study site; Neff et al., 2001; Fleitmann et al., 

2007) suggest that in the early Holocene (between ca. 10.5 and 9.5 ka BP) precipitations increased, 

triggered by the northward shift of the mean latitudinal position of the summer ITCZ and the 

associated Indian Summer Monsoon (ISM) rainfall belt. After ~7.8 ka BP to present, the mean 

summer ITCZ continuously migrated southward triggering the gradual decrease in intensity and 

duration of the ISM season. Other records from southern Oman and Socotra suggest a marked 

decrease in precipitation at ca. 2 ka BP, thus confirming a general decrease in intensity of the 

Indian Ocean monsoon in the late Holocene (Fleitmann et al., 2007). 

 

2.2. Archaeological background 

The archaeological record of the region of the Sultanate of Oman roughly comprised between the 

cities of Nizwa and Bahla was initially surveyed in the 1970ies (Hastings et al., 1975; De Cardi et 

al., 1976), but systematic archaeological investigation started later (e.g. Orchard and Orchard, 

2002). A project of extensive archaeological research which entailed the excavation of the major 

archaeological sites in the oasis (Husn Salut; Salut-ST1; Jabal Salut necropolis; Qaryat Salut) was 

established in 2004, when the work of the Italian Mission to Oman started tracing the outlines of 

the regional evolution of human occupation (Phillips et al., 2015; Degli Esposti, 2015a; Avanzini 

and Degli Esposti, 2018; Tagliamonte and Avanzini, 2018). Extensive stratigraphic excavations 

were combined with a programme of surveys conducted over the plain surrounding the sites, as 

well as the surrounding hillocks (e.g. Phillips et al., 2012; Condoluci et al., 2014), which led to the 

identification of several open-air sites, including some rock art panels and isolated representations 

(Fig. 1). 

Locally, the earliest human traces in the area can be dated back to the Palaeolithic, whereas 

scatters of lithics suggest the Neolithic exploitation of the region (Fig. 2). However, the most 

evident and systematic occupation of the area and exploitation of natural resources corresponds to 

the Early Bronze Age (second half of the 3rd millennium BCE). At that time, three monumental 

stone tower sites were erected along the eastern side of Wadi Sayfam, being an expression of a 

specific culture that displays homogeneous characters throughout the Oman peninsula, from 

Musandam in the north to the Masirah Island in the south (Orchard and Stanger, 1994; Degli 

Esposti, 2016). A demographic decrease apparently marked the first half of the 2nd millennium 

BCE, while a reverse trend started around the end of the 15th century BCE, as indicated by the 

establishment of a dense network of Iron Age sites, clustering around the citadel of Salut 
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(Avanzini and Phillips, 2010; Phillips et al., 2010; Condoluci et al., 2014). Archaeological excavation 

suggests that this settlement, somehow precocious compared to other areas of southeast Arabia, 

lasted beyond the end of the Early Iron Age period, that is, beyond c. 300 BCE and likely until the 

1st century CE (Degli Esposti et al., 2018a, 2019). During this long phase the palaeo-oasis of Salut 

reached its greatest spatial extent and apogee of agricultural land use. Around the end of the 1st 

century CE, the palaeo-oasis of Salut was abandoned for several centuries. After that, the citadel of 

Salut witnessed three distinct periods of Islamic occupation: (i) Early Islamic (ca. 9th/10th century 

CE); (ii) Middle Islamic (ca. 12th/13th century CE); and (iii) Late Islamic (after the 16th century CE) 

(Whitcomb, 1975; Avanzini et al., 2005; Avanzini and Degli Esposti, 2018). Geoarchaeological 

evidence indicates that the major phases of expansion of settlements in the area were related to the 

establishment of efficient systems for water management sustaining intensive cultivation 

(Cremaschi et al., 2018a). 

 

3. Materials and methods 

3.1. Description of the rock art panel 

The petroglyphs discussed in this paper were engraved on the vertical flank of a large boulder on 

the southwestern slope of Jabal Hammah (Fig. 3-4), northeast of Husn Salut. The Jabal Hammah is 

a rocky monocline relief dotted by several prehistoric tombs (Condoluci and Degli Esposti, 2015; 

Degli Esposti et al., in press). On the southwestern slope of the hill, several blocks and boulders 

belonging to the Wahrah Formation are present, corresponding to the remains of an ancient 

rockfall triggered by undersapping processes that eroded the underlying marls. In the central part 

of the rockfall, the engraved boulder stands up. Several smaller blocks stand at its foot, possibly 

adjusted to increase its stability or to allow carving the engravings (Fig. 4). Other large boulders 

found along the slope of the hill were artificially stabilised, but they do not display engravings. On 

the contrary, in the same area several small, isolated engraved blocks were found. The large 

boulders and the small ones possibly correspond to a sort of landmark and are part of the same 

archaeological landscape. 

We distinguished three engraved figures carved on the boulder surface (Fig. 5). Despite 

two of them being remarkably less well preserved, all can be recognised as representing the same 

motif: a standing man holding in his right hand a long shaft ending in a hemi-circular item, 

possibly the representation of a halberd (henceforth we refer to this item as halberd). The three 

figures are sketchily made with simple traits (“stick men”), with outstretched arms and open legs. 
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On the best-preserved figure, the uppermost, a faintly visible vertical stroke may indicate the 

penis, which is also vaguely visible in the central figure. The engravings were made with a 

continuous pecking, lowering the engravings’ groves of a few millimetres under the original 

surface. 

Other petroglyphs are scattered in the surroundings of Jabal Hammah and they include 

horse riders, various animals, and several signs. The most of the latter are common in the region, 

as suggested by several comparisons (e.g., Jung, 1994; de Ceuninck, 1998; Haerinck, 1998; 

Ziolkowski, 1998, 2007; Khan, 2007, 2013; Fossati 2017). Although other examples of complete 

motifs of the standing man with halberd have not been found so far in the area of Salut, we spotted 

a few representations of the single halberd (Fig. 6). Interestingly, these engravings were made 

using the continuous pecking technique instead of the dotted technique that distinguishes the 

great majority of the rock art in the area; this is a further similarity to our case study. Three isolated 

halberds are on the southern face of a boulder employed in the building of one of the structures 

that is part of an Early Bronze Age tower (T2) standing some 600 meters north of the Iron Age 

complex of Salut (Degli Esposti, 2015b). The engraving was manufactured after the block was 

inserted in the masonry structure; however, it is hard to define the real chronological correlation 

between the engravings and the age of the tower T2. A few stone seals found during 

archaeological excavations provide additional, indeed scarce, parallels. A cylinder seal found at 

the Bronze Age tower ST1 in the area of Salut, dated to the Iron Age re-occupation of the site, bears 

a representation closely resembling the halberds shown on the discussed boulder (Degli Esposti, 

2012, 2015b). Moreover, another cylinder seal from Ra’a al Jinz RJ-2, dated by its excavators 

between 2500 and 2250, is carved with an identical figure (Cleuziou and Tosi, 2000). 

 

3.2. Field survey, photographic recording, and analyses 

The engraved boulder discussed here was located by one of the authors (MC) during a survey of 

the rock art panels over the hills surrounding the citadel of Salut. The boulder and the surrounding 

area were carefully inspected and engravings digitally recorded and drawn. Moreover, a 3D model 

of the boulder was elaborated with Structure-from-Motion (SfM) photogrammetry. This technique 

uses an automated process to obtain point clouds, triangular meshes and full 3D textured models 

from images (Peña-Villasenín et al., in press) and has been applied with relevant results in field 

archaeology (De Reu et al., 2013; Galeazzi, 2016; Waagen, 2019) as well as in rock art studies (Sanz 

et al., 2010; Plisson and Zotkina, 2015; Robert et al., 2016; Bea and Angás, 2017), being the most 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 8

appropriate solution for macroscopic 3D recording in the field in terms of time and cost of 

execution. Moreover, for the majority of rock art sites, SfM 3D-modelling has proved to be a 

valuable, cost-effective alternative to Terrestrial Laser Scanner (TLS) (Johnson and Solis, 2016; 

Jalandoni et al., 2018). In this paper, we applied a low-cost and high flexible SfM approach 

(Jalandoni et al., 2018)  to elaborate a 3D model for metric analysis and digital tracing of rock art 

motifs (Supplementary Material). In our case study, we took 156 pictures with a Canon EOS 100D 

from different perspectives and elevations with at least 60% overlap and markers with a known 

distance were placed near the boulder; Tab. 1 presents camera location parameters used in the 

elaboration of the 3D model. The 3D model was generated and scaled using Agisoft Metashape 

photogrammetric software (Agisoft, 2018). 

As described in the following parts (sections 4.1 and 4.2), the best-preserved part of the 

rock art panel is covered by a dark, hard mineral coating. The same coating covers or fills small 

natural depressions along the boulder and along vertical discontinuities (fractures). To establish 

the nature and age of the weathering crust, we collected it in correspondence of several linear 

fractures on the sides of the boulder not related to engravings. Several small crust and bedrock 

samples were removed with a small chisel. 

Rock samples were cut perpendicular to the crust surface, polished, and thin section 

prepared according to the procedure described in Murphy (1986). Micromorphological observation 

under plane-polarized light (PPL) and cross-polarized light (XPL) of thin sections were conducted 

with an optical petrographic microscope Olympus BX41 equipped with a digital camera (Olympus 

E420); during interpretation, we followed the concepts discussed in Cremaschi et al., 2018b. 

Micromorphological studies of thin sections also employed a Cambridge 360 scanning electron 

microscope (SEM) imaging both secondary and back-scattered electrons. Energy dispersive X-ray 

analysis (EDS Link Isis 300) required to carbon coat the thin sections. Energy dispersive X-ray 

spectroscopy worked with an accelerating voltage of 20 kV, filament intensity 1.70 A, and probe 

intensity of 280 pA. Every analysed element was previously standardised by using several single 

element standards (Micro-Analysis Consultants Ltd); elemental concentrations measured by EDS 

are reported as oxide weights normalized to 100%. 

Several fragments of the crust were collected and glued on glass fibers mounted on a 

goniometer head. An Oxford Diffraction Xcalibur 4-circle diffractometer, equipped with a Mo-Kα 

X-ray tube (λ = 0.7107 Å) and a CCD area detector and operating at 50 kV and 30 mA, were used 

for X-ray diffraction investigations. The diffraction patterns were collected by exposing each 
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sample for 45 or 120 seconds during a full rotation of the goniometer head around the vertical axis. 

The collected images were integrated into a 2θ-Intensity diffraction pattern adopting the routines 

implemented in the software Crysalis (Rigaku Oxford Diffraction, 2018). The phase assignment 

was done based on the collected powder diffraction patterns, using the ‘Xpert HighScore suite 

(Degen et al., 2014). 

Several samples of rock crust were observed with a Confocal Laser Scanning Microscope 

(CLSM) after fluorescent staining. Confocal images were collected using a Nikon A1 laser scanning 

confocal microscope and a 20x/0.75NA (WD 1 mm) Plan Apo λ objective. Fluorescence was excited 

and collected using different combinations of the following laser lines and emission parameters: (i) 

autofluorescence from photosynthetic pigments was viewed in the red channel using the 633 nm 

line of an Ar/HeNe laser in the emission range of 650 to 750 nm; (ii) The total biofilm biomass was 

visualized by DAPI (4′,6-diamidino-2-phenylindole, Invitrogen) staining according to 

manufacturer instructions. This dye was excited with a 405 nm laser with emission collected in the 

range of 430-480; (iii) metabolically active cells of the biofilms were viewed in the green channel by 

staining the samples with Calcein AM (FilmTracer™ calcein green biofilm stain, Invitrogen) 

according to manufacturer instructions. This dye was excited with a 488 nm laser with emission 

collected in the range of 500-550 nm; (iv) extracellular polysaccharides were detected by Con A 

staining (Concanavalin A, Alexa Fluor 488 conjugate, Invitrogen) according to manufacturer 

instructions. This dye was excited with a 488 nm laser with emission collected in the range of 500-

550 nm; (v) extracellular proteins were detected by Bodipy staining (BODIPY® 630/650-X, 

Invitrogen) according to manufacturer instructions. This dye was excited with a 633 nm laser with 

emission collected in the range of 650–700 nm. CLSM was used in reflectance mode with the 488 

nm argon line for relief imaging of specimens. Captured images were analysed with the software 

NIS-Elements (Nikon) for 3D reconstructions of biofilms. 

Based on both SEM and optical microscopes observations, one sample of weathering 

surface not experiencing mechanical or biogeochemical weathering (Sowers, 2000) was selected for 

accelerator mass spectrometry radiocarbon dating (AMS-14C), as organic carbon generally occurs 

trapped under the Mn-rich rock varnish at the rock interface (Dorn et al., 1989). The sample for 

dating was prepared according to the protocol described in Zerboni (2008). A portion of the same 

sample was analysed for total organic carbon (TOC) by titration using chromic acid to measure the 

oxidizable organic carbon (Walkley and Black, 1934). The sample was dated at the facility of the 
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University of Georgia (USA). AMS-14C age result was calibrated using the INTCAL13 calibration 

curve (Reimer et al., 2013) and results reported with 95.4% and 68.2% accuracy. 

 

4. Results 

4.1. Description of the rock surface of the boulder 

The surface of the boulder, as much as many other rock surfaces in the area, displays evidence of 

weathering processes. Physical and chemical deterioration are the most evident effects of 

weathering. In the area, blocks are often disaggregated by thermal stress, and the surface of 

limestone rocks dotted by small-scale solution pits, karren, and microkarren (sensu Ginés et al., 

2009) (Fig. 7). One further karst-related feature is evident at the micro-scale (Fig. 8); under the 

microscope, boulders and blocks display dissolved surfaces with etch pits (Fiol et al., 1992). In this 

case, where the dominant lithotype is a siliceous limestone, the formation of alveolar micro-

depressions at the rock surface is controlled by the dissolution and removal of micritic mud among 

silicified grains (Fig. 8). Moreover, on the considered boulder evidence of calcium carbonate-

bearing case hardening (Smith, 1988; Dorn, 1998) is present. In fact, along the margins of the 

boulder, we occasionally notice the occurrence of a few mm thick coating of sparitic calcite 

combined with iron oxides and occasionally clay minerals (Fig. 8). 

 As a consequence of the abovementioned processes, the surface of the boulder is rough and 

limestone dissolution levelled the micro-relief of engravings, leading to their removal. The groves 

of the engravings are best preserved in few places, where dark, few mm-thick crusts are present 

(Fig. 9). The same crust is evident also in correspondence of natural depressions, cracks, and 

fractures along the same boulder, and on many other rocks outcropping along Jabal Hammah (Fig. 

9). At the macro-scale, the crust is metallic, smooth, massive, and hard; its Munsell® (1994) color 

varies between 10R 2.5/1 and 10YR 2/2 (reddish black–very dark brown). Moreover, a very thin 

layer of a darkish coating covers the whole rock surfaces of subaerially exposed rocks (Fig. 7). 

Generally, the color of this coating is 10YR 4/1 (dark gray) and contrast with the yellowish color of 

the fresh Wahrah Formation limestone (10YR 7/6, yellow). The thin rock coating is widespread in 

the area, but at some places dismantled by recent wind erosion. 

 Under the petrographic microscope, the dark crust consists of a continuous layer draping 

the discontinuities between the residual siliceous grains and filling the alveolar depressions at the 

rock surface (Fig. 10). This results in an irregular thickness of the crust along the rock surface, 

higher in correspondence of alveolar voids and thinner on grains. At PPL and XPL, the dark 
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coating is massive and opaque, with a few reddish reflections along some silicified ooids; reddish 

parts of the coating show a moderate birefringence under XPL. Conversely, the thin rock coating 

widespread on all exposed rock surfaces displays almost the same thickness of a few tens of 

microns (rarely thicker) and a dark brownish color under PPL to a light to dark brown color and 

very weak birefringence under XPL (Fig. 8). This coating covers also the dark crust and has 

analogies with dust films (Rivard et al., 1992; Dorn, 1998) enriched with local constituents and 

others originating from the aerosol. 

 The higher magnification of the SEM better illustrates the occurrence of alveolar voids due 

to dissolution on top of rock surfaces (Fig. 11), the continuity of the thin dust film (Fig. 11), and the 

occurrence of coating infilling and draping discontinuities (Fig. 12). The thickness of the dust film 

never exceeds 100 µm and is dark brown under the SEM; the EDS analysis suggests a composition 

dominated by Si (~50–60%), Al (~16–20%), Fe (~9%), and Mg (~8–11%), and enrichments of such 

alkalis as K (~2.5–5%) and Na (~2–2.5%). This layer adheres to the rock surface, but it did not 

tightly grow on it (Fig. 11); chemical data suggest that this layer consists mostly of clay minerals, 

possibly Fe-oxides stained, and enriched in alkalis form the aerosol (Zerboni, 2008), thus 

confirming the attribution to dust film. The thickness of the dark crust found in the engravings’ 

furrows and sampled along discontinuities of the block varies from a few up to 500 µm. SEM 

images in Fig. 12 illustrate the different properties of the samples and help in discriminating 

between the micritic matrix, siliceous ooids, and many components of the crust. The outer part of 

the crust consists of a convolute to botryoidal mixture of crystals; EDS analysis detected major 

concentrations of the following elements: Si (~36–44%), Al (~17–20%), Fe (~10–13%), Mg (~6.5–

10%), K (~3%), Na (~2.5%), and Ca (~2.5–1.5%). This layer is up to 100 µm thick and dotted by 

whitish features enriched in Mn (~7–16%); it can be interpreted as a layer of clay minerals enriched 

in Mn and Fe oxides – a rock varnish (Dorn, 1998, 2007). The subsequent part under the SEM 

appears white and bright; in fact, it is enriched in Fe (~85–90%), with a lower content of Si (~8%), 

Na (~1.5%), Mg (~1%), and Al (<1%). Towards the bottom of the crust, the Fe content decreases up 

to ~65%, but we noticed an enrichment of Ca (~7.5%), and P (~5.5%). In rock coatings, 

concentrations of Ca and P showing parallel trends generally indicate the presence of calcium 

phosphates minerals, ultimately related to biologic processes (Reneau et al., 1992; Dorn, 1998; 

Zerboni, 2008). 

The analysis of the X-ray powder diffraction patterns reveals a heterogeneous spatial 

distribution of the mineral phases making up the weathering crust. Overall, in addition to the 
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ubiquitous contribution of quartz, which can be assigned to the underlying siliceous ooids, the 

observed diffraction peaks from the collected patterns were assigned to birnessite – ideally 

(Na,Ca,K)0.5(Mn4+,Mn3+)O4·1.5H2O – and, locally, hydroxyapatite and halite, whereas two samples 

clearly show also the occurrence of an amorphous phase. The identification of amorphous phases 

is compatible with the occurrence of mixtures of Mn and Fe oxides and hydroxides that are 

common in rock coatings, whereas birnessite is one of the most common crystalline phase in Mn-

bearing rock varnish (Potter and Rossman, 1979; Dorn, 1998). The detection of hydroxyapatite is 

compatible with the occurrence of Ca and P, and has been described in rock varnish (Nriagu, 1984; 

Dorn, 1998). 

 

4.2. CLSM observations 

Representative images of the biofilm biomass and the extracellular organic matter (EOM) retrieved 

on the rock surfaces are presented in Fig. 13a and Fig. 13b respectively. The images correspond to 

the Maximum Intensity Projection (MIP) 3D reconstructions obtained from confocal images series 

with the dedicated NIS-Elements software.  

The fluorescent signals in Fig. 13a visualise cells in the biofilms. It is possible to observe a 

patchy distribution of small cell aggregates following the topography of the rock surfaces. 

Phototrophs (red signal) appear as few isolated coccoid cells on the rock surfaces, while 

chemotrophs (green + blue signals) dominate the biofilm community. The fraction of metabolically 

active cells in the biofilms is distinguished by coupling the results from DAPI staining (blue signal) 

with those obtained from Calcein AM staining (green signal) (Fig. 13a). In fact, while the DNA-

binding dye DAPI shows the total biofilm biomass (active and non-active cells), the green 

fluorescent viability dye Calcein AM can measure intracellular esterase activity, which is an 

indicator of both cellular metabolic activity and cell membrane integrity. Thus, the green signal in 

Fig. 13a represents the fraction of active cells in the biofilm, which is about 30% of the total 

biomass. The fluorescent signals in Fig. 13b indicate the EOM retrieved on the rock surfaces. The 

green signal, derived from the lectin-binding dye Con A, reveals the presence of extracellular 

glycoconjugates (i.e. polysaccharides, including those ones covalently linked to proteins and/or 

lipids) covering the lithic surfaces. BODIPY® 630/650-X is an amine-reactive dye used to label the 

primary amines of proteins, amine-modified oligonucleotides, and other amine-containing 

molecules. The resulting red signal shows the presence of extracellular proteinaceous materials 

accumulating on the rock surfaces and partially overlapping the green signal of glycoconjugates. 
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Overall, the microbiological investigations reveal that: i) the lithic substrates are colonised 

by a monolayer of cells growing in small clusters that follow rock fissures and cracks; ii) 

chemotrophs comprise the largest proportion of the biofilm community in all the specimens 

analysed, and iii) only a small fraction (about 30%) of the biofilm community is metabolically 

active; moreover, iv) a thin layer of extracellular organic materials rich in glycoconjugates cover 

most of the rock surfaces. 

 

4.3. Radiocarbon dating 

Rock varnishes and rock crusts can be radiocarbon dated if they are biomineralized and if they still 

preserve organics trapped within weathering products (Dorn et al., 1989, 1992; Zerboni, 2008). The 

latter generally act as a sealing, allowing the isolation of the carbon systems from external 

contaminations. A sample of crust collected on the boulder – although not in correspondence of 

engravings – displaying a TOC content of ca. 1.5 g/kg was submitted to AMS-14C dating. The 

analyses rendered the age of 2600±60 uncal. years BP (see calibration in Tab. 2). This age refers to 

the growth of the rock crust; thus it is a limit ante quem for the making of engravings. 

 

5. Discussion 

5.1. Engravings in the regional context 

In the recent years, a number of studies highlighted the rich rock art record of the Arabian 

Peninsula (e.g. Anati, 1968-1974; Ash Shari, 1994; Nayeem, 2000; Crassard, 2013; Jennings et al., 

2013; Bednarik, 2017; Guagnin et al., 2017), and in particular of the Sultanate of Oman (e.g. Clarke, 

1975a, 1975b; Preston, 1976; Jäckli, 1980; Insall, 1999; Yule, 2001; Khan, 2007; Al-Jahwari and 

ElMahi, 2013; Fossati, 2017; Tokunaga et al., 2019). Nevertheless, the engravings of human figures 

with halberd are almost unique in the region; at least, a few engraved items that can be interpreted 

as isolate halberds exist. In fact, no fitting comparison is known from South East or South Arabia. 

One similar engraving was found north of Timna in the Arabah Valley (Negev Desert), among the 

representations of a densely decorated panel with petroglyphs belonging to different ages 

(Rothenberg, 2001). At this site, a “stick man” in the same outstretched position as those at Salut 

and holding a double-pointed-head item is present. This figure has some similarities with the one 

represented at Salut. However, the head of this item (tool or weapon) is less curved, and the man 

holds it from one end of the head and not from the shaft. Given the context, the famous mining 
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area of the Arabah (e.g. Rothenberg, 1972; Rothenberg et al., 1978), this tool could be reasonably 

interpreted as a pickaxe. 

 

5.2. Formation of rock coatings 

The microscopic, chemical, and mineralogical investigation on the rock surface of the boulder with 

engravings and the identification of an equivalent of the rock crust preserving engravings suggests 

the occurrence, along time, of many and contrasting weathering processes. Different climatic 

conditions triggered each weathering process and led to the formation of specific weathering 

products. 

 The dissolution of the rock surfaces and the formation – at the micro-scale – of alveolar 

etching pits are related to karst process. This requires moderate water availability, higher than the 

present day one. In fact, the effects of karst processes along Jabal Hammah seem quite significant 

and not compatible with the present hydroclimate. In fact, the so-called arid karst is controlled by 

intense evapotranspiration at the surface, low rate of CO2 enrichment of solutions, and fast 

percolation of water, resulting in less intense surface karstification and more intense underground 

dissolution (Kranjc, 2010). The greyish layer covering all subaerially exposed rock surfaces in the 

area of Jabal Hammah is a dust film (Dorn, 1998), consisting of fine mineral particles originating 

from the aerosol and the deflation of surrounding soils aggraded on rock by the wind. Its accretion 

is related to arid environmental conditions and today its formation could be still active. 

Finally, the crust grown along the engravings’ furrows can be defined as a complex and 

multi-layered Fe- and Mn-bearing rock varnish. Its formation required several processes including 

microorganism-promoted biomineralization. The distribution of this weathering surface is more 

limited than the dust film, and it seems to be more common on the sheltered portions of siliceous 

limestone. This is compatible with other data suggesting that rock varnish growth occurs 

preferentially on silica-bearing rocks (Dorn, 1998, 2007). At Salut, rock varnish consists, like many 

varnishes developed in warm deserts, of a thick accumulation of poorly layered and oxides-

impregnated clay minerals. In our case, a large part of the rock varnish is impregnated by Fe-

oxides, which represents the central part of the varnish, whereas its outer part mostly consists of 

the classical Mn-rich rock varnish. The association of iron films with manganese-rich accretions is 

common in arid and semiarid regions (e.g., Engel and Sharp, 1958; Hooke et al., 1969; Hein and 

Koski, 1987; Cremaschi, 1996). Both iron and manganese oxides are likely the result of intense 

biomineralization occurred in presence of clays under environmental settings wetter than today, 
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and interrupted by the onset of severe arid climate (Kiersch, 1950; Dorn, 1998, 2007). This is the 

same environmental context of Mid-Late Holocene rock varnish formed in the Sahara (Cremaschi, 

1996; Zerboni, 2008). Moreover, Krumbrein (1969, 1971) observed rock varnish on silicified 

limestone from the Negev Desert and, similarly to our case, dissolution created surface pores that 

were occupied by iron and manganese deposits. 

The agent promoting the accumulation of rock varnish could not be unquestionably 

identified, but we think that a biological mediation occurred. For instance, the surrounded features 

in the Fe-rich layer are similar to the product of biomineralization (Dorn, 1998). Moreover, a 

number of studies suggest that a plethora of microbial communities including bacteria, algae, 

fungi, and endolithic and epilithic lichens play a role in iron and manganese fixation on both 

limestone and siliceous bedrocks (Scheffer et al., 1963; Krumbein, 1969, 1971; Ascaso et al., 1976; 

Friedmann, 1982; Dorn, 1998). Confocal microscopy images confirmed the presence of a 

metabolically active microbial community on rock surfaces. These findings also suggest the 

attribution of rock varnish to biomineralization through the activity of chemotrophs.  

 

5.3. Age of rock art and weathering processes, and palaeoenvironmental implications 

Once defined the main processes implied in the chemical weathering of rock surfaces and in the 

decay of engravings, we can try to delineate a tentative relative chronology of events, which can be 

improved considering the radiocarbon dating and the comparison with regional palaeoclimatic 

data. 

 The single radiocarbon age available refers to the formation of rock varnish. The attribution 

of the result of radiocarbon dating to rock varnish is suggested by the occurrence of phosphates, 

whose formation is related to biological processes, trapped within the Fe- and Mn-rich layers. As a 

consequence, the age of rock varnish formation represents a terminus ante quem for the age of 

engravings. The AMS-14C result is also useful in reconstructing the palaeoenvironmental context of 

rock art. 

The oldest process that occurred in the region is the dissolution of limestone, promoted by 

wet environmental conditions. In the area, most of the Holocene was wetter than today, and arid 

environmental conditions started in the Late Holocene (e.g. Fleitmann et al., 2007), also 

contributing to the abandonment of Early Bronze Age sites and to the transition to a different 

settlement pattern during the Middle Bronze Age, around c. 2000 BCE (e.g., Magee, 2014). The 

larger water availability recorded in the Early Bronze Age phase prompted the onset of intensive 
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agriculture and the creation of complex water-management systems (Cremaschi et al., 2018a), and 

probably allowed the biomineralization of rock varnish in the alveolar voids produced by pristine 

dissolutions. Likely, the rock surface studied here was engraved during this period. In fact, the 

available radiocarbon date indicates this happened before 2600±60 uncal. years BP, which means at 

least before the central part of the local Early Iron Age (overall commonly dated between 1300 and 

300 BCE). This is compatible with the identification of a similar representation on an architectonic 

element of the Early Bronze Age tower T2 at Salut, although it only includes isolated halberds and 

no human figure (Degli Esposti, 2015b).  

On the contrary, the subsequent Middle and Late Bronze Age, as well as the Early Iron Age, 

are marked by a progressive reduction of rainfall (Fleitmann et al., 2007). During this arid period, 

marked by short-timed wet episodes, biological processes triggering biomineralization were 

interrupted. Archaeological evidence related to water management and excavation of deep wells 

confirms the reduction of environmental humidity at the beginning of this long period (Cremaschi 

et al., 2018a). Likely, short-timed resumption of rainfall occurring in the last three millennia of the 

Holocene (for instance, in Medieval times) conveyed sufficient water to occasionally reactivate 

karst dissolution and promote the levelling of the engravings’ furrow. Fortunately, the presence of 

the weathering crust had a case-hardening effect on the underlying rock (sensu Kiersch, 1950; 

Twidale, 1982; Dorn, 1998) preserving engravings up to today. Finally, in the last centuries of 

severe arid conditions, the wind accreted the thin dust film covering all rock surfaces. 

Other means of dating the engravings are admittedly of little help. Comparative dating 

cannot be used as precise complete parallels are unknown, while the most common isolated 

halberds also lack a safe date. Stylistic issues seem to be a poor tool, given the overall naïve 

appearance of the wide majority of the rock art in the region (e.g. Ziolkowski, 2007). 

Representations of weapons/tools or animals for which dated archaeological counterparts or the 

age of first domestication are known would be common benchmarks for dating: suffice it to 

mention the ubiquitous representations of camel-riders and the currently accepted date for the 

domestication of this animal in ancient Near East around 1000 BCE (Magee, 2015). Unfortunately, 

there is no evidence in the archaeological record of the area of tools or weapons with a similar 

shape to the “halberds” depicted in the discussed engravings. The only possible candidate, a tool 

that actually recalls a small pick-axe, was first known from Mleiha in the Sharjah Emirate (Mouton 

2008), and most recently several examples have been excavated in the Salut plain necropolis (Degli 
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Esposti et al., 2019). The deriving chronology, however, fixed between mid-2nd and 1st century BCE, 

is strongly incoherent with the radiocarbon determination. 

Fossati (2017) has recently proposed a tentative, broad phasing for the rock art of Oman 

(see also Fig. 2). There, “Dagger in T shape” are generally linked with 3rd and 2nd millennium BCE 

engravings. One anchoring point of this hypothesis is the affinity with Yemenite warrior stele, 

where similar signs actually represent daggers (e.g. Newton and Zarins, 2000). It is clear from the 

case discussed here, as well as from the Arabah Valley comparison mentioned above, that these T 

signs cannot be univocally interpreted when found in isolation, and in the present case they surely 

do not represent daggers. A broad date into the 2nd millennium BCE would, nevertheless, be 

consistent with the other evidence discussed here.  

Fossati’s (2017) 6th phase, comprising the long period from the 1st millennium BCE to the 

present, is distinguished by the widespread representation of warriors (often mounted). If the 

halberds depicted in the Salut boulder indeed are weapons (nothing precludes different 

interpretations, such as ceremonial items), their date could thus fit in at the very beginning of this 

long phase, and possibly suggest an earlier start for it. 

 

6. Conclusion 

In this paper, we describe a previously unknown iconography in the rock art of the Sultanate of 

Oman – the man with the halberd –, which does not fit any comparison with the engravings and 

paintings known in the region, although representations of isolated halberds (also called “Capital 

T” signs) are, conversely, rather well known (e.g. Ziolkowski, 2007; Fossati, 2017), and are also 

found scattered over the same oasis of Salut. 

We suggest that lithological and environmental reasons are in charge of the scarcity of 

coeval engravings. The formation of rock varnish is the factor that triggered the preservation of 

engravings on Jabal Hammah. This process was promoted by the lithology of the boulder – 

limestone with silicified ooids – as Si-bearing rocks favour the growth of rock varnish. At Jabal 

Hammah rock varnish was not found on non-silicified limestone surfaces, which are, therefore, 

more prone to karst dissolution. In such a case, engravings may have been erased. In the area, the 

few other representations of isolated halberds were found in more protected contexts, as in the 

case of the engravings on the architectonic element of the tower T2. There, the block in the wall 

was buried after the abandonment of the site and, therefore, the rock surface and engravings did 

not undergo weathering and dissolution. At Jabal Hammah, the formation of a biomineralized 
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crust preserved engravings from complete erosion triggered by karst dissolution. Many of the 

blocks and boulders of the area of Salut, however, display strong evidence of this process that 

might have erased other engravings. 

In the case of the studied boulder, the interplay of contrasting chemical and biochemical 

processes (conservative vs. destructive processes) permitted the preservation of engravings, gave 

the opportunity to radiocarbon date them, and offered fresh data to reconstruct the complex 

archaeological landscape of the palaeo-oasis of Salut. Our work also confirms (i) the importance of 

weathering surfaces as proxy data of past environmental conditions (Dorn, 2007; Cremaschi et al., 

2018b), and (ii) the great potential that combined geoarchaeological investigation on rock art and 

its rock support (Cremaschi, 1996; Cremaschi et al., 2008; Zerboni, 2012) has in paleoenvironmental 

reconstruction. 

In a broader perspective, our results suggest that in some cases the absence of rock art 

evidence is not evidence of rock art absence. Destructive natural processes may have acted 

dismantling or rejuvenating rock surfaces, thus erasing engravings or paintings. Other case studies 

confirm this general assumption. For instance, in the hyperarid central Sahara, where prehistoric 

rock art panels and galleries dating to wetter periods of the Holocene are common, some rock 

shelters settled in prehistoric times do not present any rock art representations, as in the case of the 

Takarkori Cave (Cremaschi et al., 2014). This is the consequence of climate-driven processes that 

contributed to the continuous abrasion and dismantling of the friable sandstone surface of the 

vault of the rock shelter and to the loss of rock art, whose existence is suggested by archaeological 

evidence discovered in the anthropogenic infilling of the cave (di Lernia et al., 2016). Future 

regional rock art studies shall seriously take into account this conclusion. 
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List of tables 

Table 1. Camera location parameters used to generate the 3D model of the boulder with rock art. 

Table 2. AMS-14C dating results on rock crust; calibration according to Reimer et al. (2013). 

 

List of figures 

Fig. 1. The study area on GoogleEarth™ satellite imagery; the star is the position of the boulder, 

dots are other rock art stations, the triangle is the position of the citadel of Salut. Note the 

monocline pattern of the Jabal Hammah. The inset indicates the position of the area in the 

Sultanate of Oman. 

Fig. 2. Regional cultural periods on the basis of the current archaeological literature, compared 

with the periodization of rock art in Oman (Jabal Akhdar) as suggested by Fossati (2017). 

Fig. 3. (A) General view of the western slope of the Jabal Hammah (the arrow indicates the 

position of the boulder). (B) A detail of the slope with the engraved boulder in its present-

day landscape. (C) A view of the citadel of Salut from the Jabal Hammah. 

Fig. 4. Different views of the engraved boulder after 3D reconstruction (see the text for details). 
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Fig. 5. (A) Pictures of the main panel of engravings representing men with halberd, and (B) a detail 

of the best preserved figure. (C, D) Interpretative drawing of the panel of men with halberd. 

Fig. 6. (A–C) Local comparisons for the representation of the man with halberd; (A) represents the 

engravings found on the masonry of the Bronze Age tower T2. (D) An example of a different 

iconography in the local rock art. 

Fig. 7. Some examples of limestone surfaces displaying evidence of karst dissolution. Arrows in A 

and B indicate the deepest micro-karren (linear features); arrows in B and C indicate 

dissolution surfaces marked by small and irregular depressions C. 

Fig. 8. Optical images of a cross section of samples from the engraved boulder: (A) Alveolar micro-

depressions at the rock surface, note the dissolution of micritic mud (PPL). (B) Sparitic calcite 

of the case hardening (XPL). (C) Cross section of a limestone surface covered by the thin dust 

film (PPL) and (D) a detail of the dust film (XPL). 

Fig. 9. Field pictures of the rock crust developed in the groves of one of the engraved figures (A); 

note the incoming inversion of the relief due to karst dissolution and the crust sheltering the 

engraving from complete levelling. (B–E) Examples of the same crust developed elsewhere 

on the same boulder. 

Fig. 10. Optical images of a cross section of samples of rock crust. (A) General view illustrating the 

distribution of the crust draping silicified ooids and infilling voids among them (PPL). (B) A 

detail of the crust in XPL illustrating its optical properties; note the occurrence of completely 

and partially silicified ooids and the removal of part of the micritic mud due to dissolution. 

(C) The crust at high magnification illustrating intergranular spaces filled by varnish 

material (PPL). (D) The same in XPL, note the presence of reddish and birefringent material 

(indicated by the arrows). 

Fig. 11. Scanning Electron Microscope images of a cross section of rock surface: (A) alveolar voids 

due to dissolution (etching pits are indicated by the arrows); (B) thin dust film indicated by 

the arrows. 

Fig. 12. Some examples of Scanning Electron Microscope images of the rock varnish. (A) General 

view of the varnish infilling dissolution pit and draping grains (indicated by the arrows); (o) 

silicified ooids and (m) micritic mud are indicated. (B) Accumulation of rock varnish inside 

intergranular spaces. (C) The multi-layered rock varnish descried in the text; (o) silicified 

ooids, (m) micritic muds, (Mn) layer of clay mineral with Mn and Fe oxides, (Fe) Fe-rich 
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layer, (p) accumulation of phosphates. (D) a detail of the transition between the Fe-bearing 

layer and the Mn-rich one. 

Fig. 13. (A) Confocal laser scanning imaging of the biofilm; colours key: phototrophs, red 

(autofluorescence); metabolically active chemotrophs, green (Calcein AM); total 

chemotrophs, blue (DAPI); stone, grey (reflection). (B) Confocal laser scanning imaging of 

the extracellular organic matter retrieved on the rock surfaces; colours key: extracellular 

glycoconjugates, green (Con A); extracellular amine-containing molecules, red (BODIPY® 

630/650-X); stone, grey (reflection). 
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Number of pictures 156 

 

Camera stations 156 

 

Altitude 2.67 m 

 

Tie points 128,354 

 

Ground resolution 0.647 mm/pix 

 

Projections 400,483 

 

Coverage area 13 m2 

 

Reprojection error 1.48 pix 

 

 

Table 1. Camera location parameters used to generate the 3D model of the boulder with rock art. 
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Table 2. AMS-14C dating results on rock crust (calibration according to Reimer et al., 2013).

Sample Latitude Longitude TOC Laboratory code δ
13C pMC AMS 14C age

(g/Kg) years uncal BP years cal BC years cal BP years cal BC years cal BP

Salut 1 N25°54’38.8” E 12°14’48.9” 1.45–1.5 UGAMS 32708 -25.34 72.39±0.52 2600±60 901–541 2850–2490 836–590 2785–2539

AMS 14C age cal. 95.4% AMS 14C age cal. 68.2%
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