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Abstract

Ruins of archaeological structures, mainly dating to the Bronze Age till Byzantine period, were investigated in a case study in
the Petra region in southern Jordan and in the northern Negev desert in Israel. They are covered by post-abandonment debris
sediments which provided the parent material of initial soils now developed on the ruins. Such debris sediments have so far
rarely been studied although they likely contain a significant aeolian dust fraction because structures and wall remains may
act as effective dust traps. We analyzed different types of archaeological structures: cult sites on hilltops, runoff-irrigated
terraces on slopes, and cisterns including associated cleanout mounds. As well, we collected current aeolian sediments in
nearby dry marble dust traps. It was expected that the various ruins and location types would matter for sediment properties,
but substrate composition in all investigated structures was similar. This suggests that most of the fine fractions of the debris
material were primarily supplied by wind whereas fluvial processes only re-distributed aeolian sediments. A major aeolian
contribution from local weathered rocks could be observed in the Petra region, but not in the Negev, which seems connected
with the geology. In situ pedogenesis in both investigation regions is negligible. The ruins seem to act as current dust collec-
tors, but their sediments cannot directly be compared with the material collected in nearby dry marble dust traps. Analogies
to different types of collectors for aeolian sediments can be made: depending on design, dust traps gather aeolian material
differently. Standard dry marble dust collectors are characterized by similar size of settling dust samples as compared to
average aeolian deposition in the ruins, but are of dissimilar substrate composition with regard to particle size distribution
and contents of major and trace elements. Sediments in the archaeological structures in southern Jordan show finer textures
and higher contents of most major and trace elements which may indicate preferential fixation of silt and clay against sand
in the ruins, whereas sediments in dry marble dust collectors in Jordan are relatively depleted in silt and clay. This could be
due to crusts and clast covers because the studied archaeological hilltop structures were found covered by surface crusts and
pavements of stones and pottery sherds. These may mirror the effect of desert pavements. In addition, current dust samples
suggest that precipitation during aeolian sedimentation, in particular in case of snow, is connected with enhanced deposition
of (possibly clay-coated) silt. Sediments in the archaeological structures include material from remote and local sources
as well as from “recycled” paleosols. Average hilltop dust accretion rates were calculated as~0.14 mm/year, which is in
good agreement with results from dry marble dust collectors. They exceed rates calculated for Pleistocene hilltop loess in
the Negev. This seems due to enhanced dust fixation in the archaeological ruins as compared to natural Negev loess soils,
underlining a so far rarely considered but important role of sediment fixation mechanisms.

Keywords Dust deposition - Aeolian sedimentation - Dust collector - Holocene - Archaeological ruins - Environmental
archive
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Introduction

This paper was selected from the 3rd Conference of the Arabian

Journal of Geosciences (CAJG), Tunisia 2020 Many arid zones are characterized by thin, weakly devel-

54 Bernhard Lucke oped soils (Goudie 2013). However, some host well-devel-

bernhard.lucke @fau.de oped soils on loess-like deposits, such as the Negev desert
in the southern Levant. These soils derived from aeolian
sediments were analyzed in various studies (Yaalon and Dan
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1974; Bruins 1976; Bruins and Yaalon 1979, 1992; Gold-
berg 1986; Goodfriend and Magaritz 1988; Issar and Bruins
1983; Bowman et al. 1986; Gerson and Amit 1987; Zilber-
man 1992; Crouvi et al. 2008, 2009). In Jordan, loess-like
sediments were postulated (Bender 1974; Cordova 2007),
but have sparsely been documented (see summaries in Lucke
et al. 2013; and Lucke et al. 2019a, b).

The processes leading to loess formation in the Levant are
still discussed. The genesis of loss-like soils in this region is
often considered to be connected with enhanced dust sup-
ply (Smalley et al. 2019; Lancaster 2020), and the debate
therefore focuses on potential dust sources. Pleistocene
abrasion of silt-sized quartz from moving sand in the Sinai-
Negev dune field has been brought forward as major dust-
generating process (Crouvi et al. 2008; Enzel et al. 2010;
Amit et al. 2021), but ages of dune mobilization (Roskin
2021), quartz generation during wind tunnel experiments
(Swet et al. 2019; Adams and Soreghan 2020), and regional
soil distribution (Lucke 2021) are not in agreement with this
hypothesis. Silt deposition may have been mainly a result
of medium-range transport (Roskin et al. 2014). It should
be noted that Holocene deposits of settled dust are largely
absent in the Negev (Faershtein et al. 2016; Erickson-Gini
and Porat 2018). This absence of Holocene loess deposits in
the Negev could be connected with more concentrated rain-
falls favoring erosion against sediment accumulation (Avni
et al. 2006). Present-day synoptic dust mobilization is often
used as a model to explain Pleistocene dust processes in
the Levant, despite the uncertainties and differences regard-
ing wind patterns between those in the Holocene and those
in the Pleistocene. Therefore, identification and evaluation
of Holocene dust records in the Levant could significantly
improve our understanding of aeolian deposition and its role
for pedogenesis in this region, in particular regarding the
interpretation of Pleistocene loessial paleosols in the Negev.

When irrigation from cisterns or by collected runoff is
possible, the Negev loess provides fertile soils for agricul-
ture. During antiquity, well-maintained agricultural terraces
reduced runoff and thus incision and erosion (Avni et al.
2019). In this context, sediments accumulating behind ter-
race walls may contain a significant portion of aeolian dust,
even if it is partly reworked (Bruins and Jongmans 2012).
As well, aeolian dust may accumulate in ruins of houses and
other built structures (Lucke et al. 2005; Lucke 2008; Porat
et al. 2013; Junge et al. 2016, 2018; Erickson-Gini and Porat
2018; Lucke et al. 2019a, b).

Loess-like sediments in archaeological structures could
represent the missing Holocene dust records. A comparison
of sediments in archaeological structures with Pleistocene
loess and current dust could therefore significantly improve
our understanding of dust deposition in the Levant. We
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followed this approach by conducting a systematical com-
parison of sediments in different archaeological structures
in southern Jordan and the Negev with natural soils and cur-
rent aeolian sedimentation gathered in dry marble dust col-
lectors. While detailed results with regard to particle sizes
and chemical composition have been published elsewhere
(Lucke et al. 2019a, b), this contribution provides a synthe-
sis focusing on the basic research approach regarding the
suitability of several types of archaeological structures as
reliable dust traps allowing to better understand Holocene
aeolian sedimentation processes.

Study sites, geology, and methods

Earlier studies indicated that aeolian dust may have accu-
mulated in archaeological structures in the northern Negev
(Bruins and Jongmans 2012) while potential loess-like sedi-
ments were mapped, but not investigated, in southern Jordan
(Bender 1974; Cordova 2007). Therefore, we investigated
sediments potentially comprising Holocene dust from the
following archaeological structures in the two study regions
in the northern Negev and the Petra area in southern Jordan

(Fig. 1):

® Ruins on hilltops: aeolian sediments were deposited after
their abandonment.

e Agricultural terraces: sediments accreted until they
reached the top of the terrace walls.

e C(isterns: sediments were on the one hand cleaned out
and accumulated in nearby mounds during cistern use,
and cisterns were filled by sediments after they fell in
disuse.

Close to the archaeological sites, three dry marble dust
collectors were set up and continuously sampled. In addi-
tion, natural soils and geological outcrops surrounding the
site in up to 200-m distance were sampled as references.
Only abbreviated site descriptions are provided here, and
the sampled sites listed in Table 1 (Petra region in southern
Jordan) and Table 2 (northern Negev), while their locations
are shown in Fig. 1. Detailed descriptions of the sampled
profiles can be found in Lucke et al. (2019a, b). Photos of
the archaeological structures and their sediment fills are pro-
vided in Figs. 2, 3, and 4 for study sites in southern Jordan,
and in Fig. 5 for study sites in the northern Negev.

We tried to evaluate sediment fills of disused subter-
ranean rock-cut cisterns near Petra, but that proved a dif-
ficult task as most cisterns had been cleaned and re-used
rather recently by local Bedouin. Finally, it was possible to
locate a subterranean cistern filled with sediment that had
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Fig. 1 Map of the study areas, showing major geological units (after
Barjous 2003, and Avni and Weiler 2013) and the sampling sites:
dotted triangles mark hilltop ruins, walls show terraces, circles indi-
cate cisterns, asterisks mark reference sites, and hexagons current

Table 1 List of studied archaeological structures in the Petra region
in southern Jordan, including type of ruin and probable construction
period (according to building styles and associated material culture).

dust traps. The dust sampler in the Negev is located~4 km south in
Midreshet Ben Gurion. Sources and copyright of the topographi-
cal and terrain basemaps: Esri, USGS, NOAA, Garmin, NPS; used
according to Esri Master License Agreement

The ages of the paleosols were estimated from the archaeological

sites that buried them

Petra region, southern Jordan Coordinates

Name Ruin type Construction period °N °E

Jabal Farasha hilltop ruin Hilltop ruin Nabatean 30.30445 35.40141
Umm Saysaban hilltop ruin Hilltop ruin Bronze Age 30.34595 35.43178
Jabal Haroun monastery Hilltop ruin Byzantine 30.31734 35.40418
Monastery garden Cistern-irrigated terrace Late Roman 30.31665 35.40518
Limestone terrace Runoff-irrigated terrace Nabatean 30.31244 35.39476
Sandstone terrace Runoff-irrigated terrace Nabatean 30.31404 35.39839
Cistern on Umm el-Biyara Subterranean cistern fill Nabatean 30.32690 35.43538
Abu Suwwan paleosol Natural reference soil > 10,000 years 30.33064 35.42297
Shkarat Msaeid paleosol Natural reference soil > 10,000 years 30.44375 35.43898
Sandplateau: natural hilltop soil Natural reference soil Unknown, probably recent age 30.41563 3546117
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Table 2 List of studied
archaeological structures in

the northern Negev in Israel,

including type of ruin and
probable construction period
(according to building styles
and associated material culture)

Northern Negev, Israel Coordinates

Name Ruin type Construction period ° N °N
Tumulus hilltop ruin (western wadi) Hilltop ruin Bronze Age 30.89151 34.79909
Circular hilltop ruin (central wadi)  Hilltop ruin Bronze Age 30.88948 34.80015
Terrace on chalk in Nahal Haro’a Runoft-irrigated terrace Byzantine 30.90111 34.8435
Terrace 3 (western Wadi) Runoft-irrigated terrace Iron Age 30.89069 34.79769

Cistern cleanout spoil
Loessial apron in Nahal Haro’a

30.89114 34.79768
30.90140 34.84296

Cistern cleanout Byzantine

Natural reference soil ~ Late Pleistocene

Fig.2 Profiles sampled in the
Petra region in Southern Jordan.
(A) Natural hilltop sandstone
soil. Note some Juniperus trees
to the right and the large Pista-
cia atlantica tree in the back-
ground. (B) Soil in wall remains
on the site of Umm Saysaban,
and (C) soil in the triclinium of
Jabal Farasha. Note the clast-
covered surface. (D) A paleosol
below the partly excavated

site of Shkarat Msaeid. The
tape measure is in cm. Figure
re-published from Lucke et al.
2019b (Figure Al), creative
commons license CC-BY

apparently not been cleaned for a long time on the mountain
Umm al-Biyara, which overlooks the ancient city center of
Petra (Fig. 4). However, the profile showed unclear stratig-
raphy. That was connected with the disposal of garbage and,
apparently, with repeated cleaning and thrashing activities,
leading to mixtures of old and recent sediments.

The geology of the northern Negev consists of massive
to well-bedded shallow marine Turonian limestones (Avni
and Weiler 2013) which include a continental clastic unit of
sandstone and paleosols in elevations of 450-600 m (Sandler
1996). In some areas, patches of Late Pleistocene collu-
vial-aeolian aprons with loessial paleosols were preserved
which indicate that the area was covered by loess blankets
in the past (Bowman et al. 1986).

Cambrian continental sandstones of 900—1200-m elevation
dominate the geology of southern Jordan near Petra. Patches
of limestones and igneous rocks are present as well, partly
connected with Horst structures related to the Dead Sea fault
(Barjous 2003). The arid climate of both study regions is clas-
sified as BWh according to the Koppen-Geiger system.

@ Springer

The description of profiles applied Keys to Soil Taxonomy
(Soil Survey Staff 2014) but used the concept of V-horizons
for vesicular layers as recently proposed by Turk et al. (2016).
Soil types were classified according to the World Reference
Base of Soil Resources (WRB 2015). Color, bulk density, pH,
organic matter, electrical conductivity, contents of calcium
carbonate, and chemical composition of the studied sediments
were determined according to standard methods. Grain sizes
were analyzed by wet sieving (sand fractions), using both a
Malvern MasterSizer 3000 laser diffraction analyzer and a
Sedigraph grain size analyzer, without removal of CaCOj; (silt
and clay fractions). Various methods of statistical analysis
were applied: Gradistat for Excel and EMMAgeo v0.94 R
package for grain size distributions including end-member
analysis and principle component analysis (PCA) using the
R-function prcomp to identify sample similarities. Types of
deposits were statistically modeled using the R package ran-
domForest. A detailed description of pedological, sedimen-
tological, and statistical methods is provided in Lucke et al.
(2019a, b).
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Fig.3 Profiles sampled in the Petra region in Southern Jordan. (A)
A paleosol below the unexcavated pre-pottery Neolithic site of Abu
Suwwan (the site is the stone scatter in front). (B) A profile in the
probable monastery garden on Jabal Haroun. Note the rectangular
wall remains below the ruin of the monastery, which apparently sur-
rounded the garden. The stone pile between the monastery ruin and
the rectangular enclosure is excavation debris. (C) A profile on the

Results

Substantial analytical data was gathered which is only partly
presented here, but is mostly summarized in figures or cita-
tions of earlier publications. Full results of grain size analy-
sis are given in Table A1 in the Appendix, and full results of
total element analysis by XRF are presented in Table A2 in
the Appendix. Sample numbers and classifications of deposit
types used for statistical modeling are provided in Table A3
in the Appendix. Results of the cistern fill on Umm el-Biyara
are not presented as the complex stratigraphy made interpre-
tation difficult with regard to the purposes of this publica-
tion, but the site is described as representative example of
the problems connected with post-abandonment cistern fills.

Soil structures

Sediment properties and ages of the studied profiles are sum-
marized in Fig. 6 (northern Negev) and Fig. 7 (Petra region).
All hilltop ruin soils were characterized by vesicular layers
as well as crusts and clast pavements (Fig. 8). In contrast,
vesicular horizons were not present in terrace soils, cistern
sediments, or natural reference soils.

Some terrace sections in the Negev showed banded lay-
ers in parts of the profile, apparently representing sheet flow

runoff-collecting terraces on dolomitic limestone and (D) a profile
on the runoff-collecting terraces on sandstone. Note that the parallel
lines on the steep sandstone slope in the background partly represent
geological layers, and partly remains of ancient terraces. The tape
measure is in cm. Figure re-published from Lucke et al. 2019b (Fig-
ure A2), creative commons license CC-BY

sediments deposited during flood events when terraces were
not plowed (see Fig. 6: Terrace 3 (western wadi), 10-50-cm
depth). Such banded layers were absent in the sampled ter-
races in Jordan, but could have been erased by land use as
these terraces are occasionally plowed by Bedouins until
present day.

Sedimentation ages and deposition rates

In the cistern fill of Umm el-Biyara, the presence of old,
unbleached quartz grains from weathering rock of the sur-
rounding sandstone hampered OSL dating. However, the
cleanout mound next to the open cistern in the Negev proved
more promising for dating. Although it was partly affected
by bioturbation of large mammals (probably porcupines),
sediments could be dated and represent aeolian-fluvial depo-
sition during the period of cistern use in the Byzantine and
early Islamic periods (Lucke et al. 2019b).

Most of the hilltop ruin and terrace profiles could well
be dated by OSL and '*C, and ages were in agreement
with the associated diagnostic archaeological material (see
Figs. 6 and 7). However, it seems likely that some of these
records do not continue until present day as some hilltop
ruin wall remains completely filled with sediments. Simi-
larly, the studied terraces walls were completely buried

@ Springer
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Fig.4 Picture collage showing sampling of the underground, rock-cut
cistern on the mountain of Umm el-Biyara near Petra. Water was col-
lected on the rock surface and channeled towards the cistern opening
(images on top and lower left corner, persons and donkey give scale).
Access to the 200-cm-thick sediment fill was possible only by rope
(image in bottom center, looking down from cistern opening, exca-
vated profile pit in the middle of the image). The profile revealed a
complex, disturbed stratigraphy (bottom right, marks on meter tape
represent 10 cm), apparently due to repeated (and incomplete) clean-
ing efforts interrupted by periods of garbage disposal

by sediments and thus probably largely ceased to har-
vest aeolian sediments after their burial. However, some
structures are characterized by wall remains still higher
than their sediment fill: the circular hilltop ruin (central
wadi) in the northern Negev and the Jabal Farasha and
Monastery garden hilltop ruins near Petra. Based on the
ages available from these sites, it was possible to estimate
mean annual sedimentation rates: ~0.14 mm were found
in the circular hilltop ruin (central wadi) in the northern
Negev and in the Jabal Farasha hilltop ruin in the Petra
region, which are located on isolated hilltops (Lucke et al.
2019b). These rates are in good agreement with values
from current dust collection in standard dry marble col-
lectors (Lucke et al. 2019b; Kidron et al. 2014). However,
proximity to rock cliffs hosting active tafoni in the Petra
region, given at the monastery garden and a close collector
of current dust, is connected with doubled deposition rates
of ~0.29 mm per year (Lucke et al. 2019a, b). As well, a
significantly increased sand fraction could be observed,
probably a contribution from the tafoni of the sandstone
rock cliffs (Fig. 9).

@ Springer

Deposition amounts in archaeological hilltop ruin soils
thus exceed Pleistocene sedimentation rates in natural hill-
top soils in the southern Negev, which were calculated as
0.02-0.058 mm per year (Crouvi et al. 2009). In terraces,
sedimentation rates vary strongly, but are not connected to
catchment size or bedrock (Lucke et al. 2019b). They prob-
ably depend on the situation and functioning of the runoff
irrigation system. Deposition rates of the cistern cleanout
were off-scale, and cannot be calculated as average sedimen-
tation rates due to probably highly erratic cleaning activities.

Substrate properties

Substrates of the sediments in archaeological structures in
the northern Negev consist of calcareous silt loams (see
Fig. 6), which are very similar to loessial paleosols and cur-
rent dust samples. Sand fractions (if present) are dominated
by fine sand (Lucke et al. 2019b and Table A1 in the Appen-
dix). Fluvial catchment sizes or bedrocks show no connec-
tion with terrace sediment properties, but some terraces and
the cistern cleanout samples were characterized by slightly
elevated clay contents, which is discussed below (Lucke
et al. 2019b and Table A1 in the Appendix).

The sediments covering archaeological structures include
material from “recycled” loessial paleosols and local soils,
which agrees with other recent studies that found re-dep-
osition of paleosol material in current dust (Shalom et al.
2020). Such contributions from paleosols are difficult to be
recognized due to the similarity of natural loess soils, dust
samples, and soils covering archaeological structures. In
case of our study, they could, for example, be traced in the
circular hilltop ruin in the central wadi at Horvat Halugim
in the Negev due to elevated P,0O5 contents. This hilltop
ruin is located close to an abandoned archaeological site on
the valley slopes that was identified as a local dust source
contributing material to the sediments covering the hilltop
ruin (Lucke et al. 2019b and Table A2).

In the Petra region, substrates of soils in archaeological
structures consist of calcareous loams. They are character-
ized by higher shares of sand than in the Negev, in par-
ticular medium sand, which was found to be derived from
the surrounding sandstones whose grain size distribution is
dominated by medium sand (Lucke et al. 2019b). Similarly,
proximity to outcrops of dolomitic limestone came along
with elevated Mg contents. As in the Negev, fluvial catch-
ment sizes or bedrocks in the Petra region seem to play no
role for terrace sediment properties, but some of the terrace
samples are characterized by elevated clay contents (Lucke
et al. 2019b).

Natural soils and paleosols in the Petra region consist
of loamy sand, meaning that they contain more sand than
the soils covering archaeological structures, and largely rep-
resent disintegrated sandstone (Lucke and Baumler 2007).
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Fig.5 Profiles sampled in the northern Negev in Israel. (A) A profile
of the runoff-collecting terrace in a tributary of Nahal HaRo’a (left)
and a loessial paleosol in the nearby colluvial-aeolian apron (right).
(B) A profile excavated in the sediment pile cleaned out from Cis-
tern 1 in the western wadi of Horvat Halugim (to the left—vegetation
obscures the structure, but marks the area where water is currently
gathering). (C) A soil in the hilltop tumulus grave structure at the
western wadi of Horvat Halugim. (D) A profile in the hilltop ruin at

Depth  Terrace on chalk in
(cm)

Loessial aprons  Cistern cleanout Tumulus hilltop ruin

spoil

20 —

40

60 —

80

100—
1000 CE

120—

140—
660 CE

Fig.6 Schematic drawings of the profiles in the northern Negev
showing available ages (OSL ages in normal letters, ages from
archaeological context in italics, and '*C ages in bold and italics) as

the central wadi of Horvat Halugim. (E) A profile excavated in Ter-
race 3 at the western wadi. Vegetation shows where moisture is still
gathering today. Note the sediment cleanout pile of Cistern 1 to the
right: water was first channeled into open cisterns in the uppermost
part of the valleys, and when these were filled, it ran to the fields
below. The tape measure is in cm. Figure re-published from Lucke
et al. 2019b (Figure A3), creative commons license CC-BY

Terrace 3
(western wadi
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Legend:
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[—# ]Secondary carbonate
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Stones in the profile
400 CE K Sampling points

Diagnostic horizons, substrates, and sampling points
of soils in archaeological structures in the Negev

well as diagnostic horizons, sampling points, and substrates. Fig-
ure under creative commons license, re-published from Lucke et al.
(20190, Fig. 4, p. 11, CC BY), modified
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tic horizons, sampling points, and substrates. Figure under creative
commons license, re-published from Lucke et al. (2019b, Fig. 3, p. 9,
CC BY), modified

Fig.7 Schematic drawings of the profiles in the Petra region showing
available ages (OSL ages in normal letters, ages from archaeological
context in italics, and '“C ages in bold and italics) as well as diagnos-

Fig.8 Collage showing clast
pavements, surface crusts, and
vesicular layers of the Jabal Far-
asha hilltop ruin near Petra. Pen
gives scale. Top left: surface
clast pavement. Bottom left:
After careful removal of clasts,
the surface crust and vesicular
aggregates are visible. Right:
close-up showing the upper part
of the sediment profile

with precipitation consist of calcareous loam, characterized
by higher shares of silt, of CaCOj;, and of major and trace
elements than dry dust samples (Lucke et al. 2019a, b).
The largest amount of collected dust sample was asso-
ciated with precipitation, in particular one snow event.

Dust samples in the Petra region show textures of loamy
sand, too. Similar to results from archaeological hilltop
structures, proximity of dust collectors to rock cliffs with
active tafoni leads to higher sand contents (in particular of
medium sand). However, dust samples that were associated

@ Springer
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Fig.9 Rock cliffs overlooking the ruins of the monastery on Jabal
Haroun. The white building in the background on the mountain sum-
mit is the Islamic pilgrimage shrine of Jabal Haroun. Note the tafoni
at rocks and the dust collector in front, which had to be hidden on the
cliff in order to protect the glass marbles from children

Samples associated with precipitation showed higher shares
of calcareous silt. As well, larger distance from rock cliffs
in the Petra region seems connected with higher contents
of calcareous silt in current dust samples. Wind speed and
directions, as far as data was available from nearby meteoro-
logical stations, seemed not to have played a role for dust
composition and deposition (Lucke et al. 2019b), but the
recorded variance of wind speeds was relatively small. One
exceptional large dust sample not associated with precipita-
tion may have been connected with a dust devil (Lucke et al.
2019b).

In situ weathering due to pedogenesis in all sampled
profiles in both study regions was found to be mini-
mal. This includes Negev paleosols bearing secondary
carbonates, suggesting that dissolution and re-precipi-
tation of this mineral was connected with rather short
episode(s) of elevated moisture not sufficient to lead
to (iron) oxidation or silicate weathering, which means
that slightly higher clay contents as observed in some
cistern and terrace samples are apparently not connected
with in situ weathering due pedogenesis (Lucke et al.
2019b).

Statistical modeling

Principal component analysis on geochemical data was
performed (see Appendix: Table A2 and Table A4 for
sample numbering), allowing to group samples according
to their chemical similarity (Fig. 10). This analysis sug-
gests that the type of ruin matters less for the geochemical
composition of sediments in archaeological structures. In
the Petra region, it depends more on proximity to aeolian
contributions from weathered rocks. Most samples from
archaeological structures in both investigation regions
cluster in the center of the graph, whereas rocks are
located at the fringes. Negev dust samples cluster close
to each other, and cannot well be separated from Negev
archaeological sediments, while Petra dust samples scatter
between groups of archaeological sediments and rocks.
Dust samples associated with precipitation in the Petra
region are more similar to sediments in archaeological
structures.

Statistical modeling of deposit types (see Table A3,
“type”) used the full available analytical dataset and
applied the random forest approach. It had an overall clas-
sification error of 10.71%, which was mainly connected
with specific samples. For example, a Turonian paleosol
exposed in the study area in northern Negev was sampled
as potential dust source and counted as “Negev rock,” but
its properties proved statistically similar to “terrace soil”
(Lucke et al. 2019b). The model suggests that sediments in
archaeological structures represent a specific deposit type,
regardless of study region or type of ruin. The different
types of ruins could also be modeled as sub-classes, with
unchanged error. Rock and dust samples, as well as refer-
ence soils, were modeled as clearly distinguished deposit
types. It can be summarized that sediments in archaeologi-
cal structures were characterized by grain size distribu-
tions including most particle size classes and rather high
concentrations of various major and trace elements (Lucke
et al. 2019b).
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Table 3 Expected deposition processes, sediment sources, and disturbances in the different studied archaeological structures

Archive type Dominating deposi- Main sediment sources Remobilization likelihood Post-deposition disturbances
tion processes

Hilltop ruins Aeolian Dust and archaeological mate-  Limited Animal burrows
rial

Cisterns Aeolian and fluvial Dust and fluvial sediments None None

Runoff-irrigated terraces  Fluvial and aeolian  Fluvial sediments, dust, man- High; possible source of dust Plowing, animals, re-building
made deposits of walls

Table 4 Measured deposition processes, sediment sources, and disturbances in the different studied archaeological structures

Archive type Dominating deposition processes Main sediment sources Remobilization evidence Post-deposition disturbances

Hilltop ruins Aeolian Dust None Roots

Cisterns Aeolian (with runoff), garbage Dust, garbage, weather- Cleaning/ excavation Repeated cleaning and
dumping, weathering of walls ing rock walls garbage deposition

Runoff-irrigated terraces  Aeolian (amplified by runoff) Dust None Plowing, animal burrows
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Discussion

Suitability and reliability of the different studied
types of archaeological structures

When starting our investigation, we expected that the
individual ruins would store sediments in different ways,
depending of the types of ruin, and that the dominating
deposition processes would vary accordingly, too (Table 3).
Cisterns were assumed to provide the least disturbed dust
record, bioturbation was expected in hilltop ruin sediments,
and terrace substrates were presumed to comprise significant
slope-wash from local rocks and soils.

Our results, however, show that sediments in all structures
are of aeolian origin (Table 4). Hilltop ruin sediments seem
characterized by rather constant deposition rates (at least
until filled completely with sediment), clear stratigraphy, and
have no evidence of disturbances. Terrace sediments have
more variable deposition rates, but stratigraphies were clear,
despite occasional bioturbation. It should be mentioned that
sampling avoided proximity to walls, as these may act as
entry points of bioturbating animals. Cistern sediments
proved the most challenging archive. Due to repeated re-
use, garbage disposal, (partial) cleaning, and weathering of
walls of rock-cut underground cisterns, they were found to
be the in fact least promising type of ruin.

This does not mean that cisterns are generally not suited
as aeolian sediment archives. Post-abandonment fills of open
cisterns, which we did not investigate in this study, might
provide a better sediment record than rock-cut underground
cisterns, as the open cistern may be less affected by garbage
disposal and the contribution from weathering rock walls
is smaller. In addition, sediments in open cisterns will be
fully exposed to light, which should make dating by optical
stimulated luminescence (OSL) possible. However, surveys
and interviews with Bedouins still operating cisterns (often
re-used ancient ones) in our study regions showed that most
water storage installations were re-used rather recently. In
order to prevent the establishment of parasites, actually used
cisterns are cleaned every second of third year. Therefore,
it seems likely that sediments that accumulated during cis-
tern use can be found mainly in cleanout piles (Lucke et al.
2019b), whereas the material in disused cisterns represents
post-abandonment sedimentation (Junge et al. 2018).

Suitability of archaeological structures as archives
of aeolian sedimentation

The presence of vesicular layers clearly demonstrates the
formation of archaeological soils on hilltop ruins by aeolian
deposition processes. Disturbances were minimal. Only in
one case, debris from ruined buildings affected sediment

properties, which could however easily be identified (Lucke
et al. 2019a).

Vesicular layers were not observed in terraces and cis-
tern sediments, and it seems obvious that such structures
could not develop due to fluvial redistribution. However,
the material in terraces and cisterns is derived from fluvi-
ally re-distributed aeolian dust. This can be deduced from
the similarity of the substrates to those of soils covering
hilltop ruins. Fluvial processes such as runoff irrigation of
the terraces seem enhance the speed of sediment aggrada-
tion, but not affect the physico-chemical composition of the
substrates. Therefore, runoff mainly re-distributes material
in the archaeological ruins, whereas the primary deposition
and composition of all sediments is dominated by aeolian
processes and sources.

The role of archaeological ruins as dust traps is further
demonstrated by statistical modeling of the random forest
approach. Substrates of all archaeological structures proved
of similar type in both investigation regions, which is coun-
ter-intuitive as sand contents in the Petra region are gener-
ally higher. Despite of the difference of geological setting,
the sediments covering all types of archaeological structures
could statistically be modeled with high confidence as one
characteristic substrate in both investigation regions (Lucke
et al. 2019b).

Natural soils and dust samples were, in contrast, mod-
eled as different substrate types, and proved different and
specific for each investigation region. That leaves us with a
challenge: although the soils covering archaeological struc-
tures are derived from aeolian sediments, and similar in both
regions, their substrate composition differs from associated
natural soils and samples of current settling dust.

Efficiency of various dust collector types

It is important to note that current dust gathered in col-
lectors is not identical with the material moving through
the atmosphere: different types of collectors catch different
parts of this material (Goossens and Offer 1994, 2000; Sow
et al. 2006). Tested dust collectors did, in this context, not
completely collect the material moving through the air, but
rather a small fraction (of ~20% in dry marble collectors,
depending on wind speed) (Sow et al. 2006). Dry marble
collectors as used in our study are in this context known as
susceptible to re-mobilization of material, in particular the
clay fraction which is higher in wet samplers (Goossens
and Offer 1994; Kidron et al. 2014). As standing water is
sometimes present after rainstorms in the sampled terraces,
and was connected with primary sedimentation of the cis-
tern cleanout, this could explain the slightly elevated clay
contents of terrace and cistern cleanout samples (Lucke
et al. 2019b).
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Dry marble dust collectors seem to collect quite simi-
lar amounts of dust as archaeological structures, indicated
by the very similar sedimentation rates, which points to a
similar effect of marbles and stone debris with regard to
the settling of dust. However, the difference of the collected
material needs to be explained.

Sediment fixation processes in archaeological
structures

As indicated by the omnipresence of vesicular layers and
clast covers in hilltop ruins, dust accretion in these archaeo-
logical structures could be similar to that in “desert pave-
ments” (Lucke et al. 2019a). While wall remains provide
wind shadow and minimize water erosion, the rough sur-
faces of clast covers could fix dust while remaining on top of
the sediments and forming a “pavement.” Stones and pottery
are present as dense cover on nearly all studied hilltop ruin
soils and might, similar to desert pavements, trap aeolian
dustfall (McFadden et al. 1987, 1998). That would make the
process similar to dust accretion below desert pavements.
Here, it should be mentioned that the formation of vesicular
layers, which are characteristic for desert pavements, was
shown by Turk (2012) to result from crust-sealed surfaces
trapping air which expands under water infiltration. It should
be noted that surface-sealing crusts were present in all stud-
ied hilltop ruins, too.

Although it was not possible to determine whether
these crusts were of physical or biological type, it must be
noted that biological crusts were found to fix dust of silt
and clay size, but not larger grains (Danin and Ganor 1991;
Wieler et al. 2019; Kidron et al. 2020). Higher silt contents
in archaeological soils in the Petra region as compared to
current dust samples and natural soils might therefore be
explained with the presence of such crusts. In contrast, the
the dust-fixing effect of biological crusts in the Negev might
not be visible due to scarcity of sand in that region.

Role of precipitation

The composition of acolian sediments depends on their posi-
tion in the atmosphere: suspended dust in the high atmos-
phere, mainly consisting of clay-sized particles, is omni-
present and very homogeneous (Kalderon-Asael et al. 2009;
Bodenheimer et al. 2019). Settling dust, however, is of dif-
ferent composition and partly depends on the direction and
intensity of storms (Singer et al. 2003, 2004). It seems pos-
sible that larger grains which are mobilized during intensive
storm events might “harvest” clay coatings from suspended
dust in higher altitudes, in particular under wet conditions
(Lucke et al. 2019b).

The dust samples that were in our study sampled during
precipitation, in particular in case of snow, are larger and
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of finer texture. Chemically, they are depleted in SiO,, but
enriched by CaCO; and all other major and trace elements
(Lucke et al. 2019b). These elements and elevated magnetic
susceptibilities and concentrations of extractable iron cor-
responded to higher calcareous silt fractions.

Precipitation might therefore have a threefold effect on
aeolian sedimentation in the southern Levant:

(1) It could enhance the “harvesting” of suspended dust
as clay coatings of silt grains.

(i) Foster sediment fixation by crust development due to
moist surfaces (by precipitating physical crusts rich
in secondary CaCOj;, and/or due to well-nourished
biological crusts (Wieler et al. 2019; Kidron et al.
2020).

(iii) Reduce the contribution of local dust emissions due
to wetted surfaces.

Role of dust sources

One basic premise of most studies dealing with the loessial
paleosols in the Negev is that primary (hilltop) terrestrial
sediments represent more or less directly material from
remote sources that was moved through the atmosphere
(e.g., Crouvi et al. 2008, 2009). Formation of Negev loess
has so far been approached from the supply side, based on
the premise that its genesis depended primarily on genera-
tion and transport of sufficient silt through the atmosphere
(Smalley et al. 2019; Lancaster 2020).

With regard to the Negev, abrasion of silt-sized quartz
grains from moving Sinai sand dunes has been proposed as
main dust-producing process, leading to downwind forma-
tion of the loessial paleosols during periods of dune activ-
ity (Enzel et al. 2010). However, Negev loess formation
was found to significantly pre-date dune activity periods
(Roskin et al. 2011a, b; Roskin 2021). In addition, various
other processes such as fluvial comminution, salt weather-
ing, frost shattering, insolation weathering, volcanism, and
deep weathering of saprolite can produce silt and develop
a range of local dust sources (Wright 2007; Ojha et al.
2018). Fluvial comminution in turbulent flow, such as dur-
ing the frequent flash floods in the southern Levant, was
found the most effective short-time process of silt produc-
tion (Wright et al. 1998). This suggests that local sources
such as fans of wadis may provide significant amounts of
silt-sized sediments.

Our results from Holocene aeolian sediments in archae-
ological structures of the southern Levant indicate that
the question of Negev loess might have been approached
from the wrong direction: it could less be a matter of dust
supply, but more of dust fixation processes. There is no
lack of silt-sized dust moving through the air in in the
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southern Levant, but this dust rarely settles to form soils.
Only when structures comparable to dust collectors pre-
vent re-mobilization of the aeolian sediments, they stay.
Similar results of local loess re-distribution were found
at the southern slopes of the Eastern Himalayas (Caspari
et al. 2009).

Therefore, formation of Pleistocene paleosols in the
Negev may mainly have resulted from enhanced dust fixa-
tion—probably due to enhanced vegetation cover and/or
more widespread biological crusts, and possibly more fre-
quent occurrence of snow.

Conclusions

Aeolian sediments in archaeological structures and cur-
rent dust traps near Petra in southern Jordan and in the
northern Negev in Israel indicate that local dust sources,
surface crusts, and clast pavements, as well as the presence
of vegetation, play key roles for dust deposition processes
in these regions. This suggests that aecolian sedimentation
may less be dominated by dust supply (in particular from
remote sources), but that dust fixation mechanisms may
play far larger roles than previously assumed. Archaeolog-
ical ruins resemble the effects of current dust collectors,
storing material that would otherwise be re-mobilized.
Dust settling in archaeological structures is not identical
with that collected in dry marble dust collectors: this is
due to different fixation mechanisms, mirroring the chang-
ing dust samples of various collector types. It is likely that
wind shadow effects, surface roughness, and the presence
of (physical or biological) crusts in archaeological ruins
play key roles for dust fixation, and explain why sediments
in archaeological ruins in the Negev and the Petra region
can be statistically modeled as one characteristic sediment
type—despite different geologies and contributions from
local sources.

Due to the prevailing, easily erodible rocks (indicated by
a multitude of active tafoni), local sources from geological
outcrops contributed significant material in the Petra region.
Contributions from hard limestones in the Negev, in con-
trast, are minimal. However, eroding soils and paleosols in
the Negev are partly recycled: mobilized into the atmosphere
and then re-deposited in archaeological structures. Precipi-
tation, in particular snow, seems to enhance dust accretion.
Due to a prevailing focus on material from remote sources
and the premise that variations of aeolian records reflect
changing sediment supply, the importance of fixation pro-
cesses and local sources for dust deposition in the southern
Levant might have been underestimated. It seems possible
that not changes of dust supply, but local conditions with
regard to presence or absence of dust-fixing vegetation and

crusts, as well as changing precipitation patterns associated
with dustfall, governed changes of the type and amount of
settling aeolian sediments.
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