
UN
CO

RR
EC

TE
D

PR
OO

F

A R T I C L E I N F O

Article history:
Received 28 March 2016
Received in revised form 13 November
2016
Accepted 13 November 2016
Available online xxx

Keywords:
Holocene
Drylands
Dunes
Settlement
Anthrosols
Soilscapes

A B S T R A C T

This research aims at improving our understanding of open-air archaeological surface scatters in drylands, their extension
and the intensity of human activities during their occupation. To do so, the study of physico-chemical proxies is integrated
to that of archaeological artefacts by means of systematic field survey combined with laboratory sedimentary analyses
and a robust statistical approach. In most dry regions, archaeological survey has traditionally aimed at the collection of
artefacts. When present, the study of physical and geochemical samples has been limited to excavated archaeological
levels. In this work, we evaluate the archaeological significance of physico-chemical proxies from surface samples col-
lected within and around four mid and late-Holocene surface scatters in North Gujarat, a semi-arid region located at the
south-west margin of the Thar Desert in India. The four archaeological scatters are found on top of fossilised sand dunes.
Archaeologically, they represent subsistence strategies based on hunting and gathering, agro-pastoralism, or a succession/
mixture of the two. The four locations were systematically sampled across a linear transect. For each sampling unit, the
archaeological materials were quantified and classified by means of a Linear Discriminant Analyses. Physio-chemical
variables were ordinated in a PCA space and clustered through a Hierarchical Clustering. Results were displayed along
the dune transect and integrated into a Correspondence Analysis. Significant differences are attested in the spatial dis-
tribution and content of Ca, P and grain size, allowing us to suggest a set of distinct cultural soilscapes that characterise
the dunes of the study area: vertisols (agric horizons in interdunal lower slopes), aridisols (relict dune surfaces in the
mid-slope), and anthrosols (top dune). The last show a strong correspondence with the presence of archaeological arte-
facts, and the different intensity of human footprint are discussed accordingly to potential past subsistence strategies and
the intensity of human occupation.
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1. Introduction

Surface scatters of archaeological materials are the most ubiqui-
tous evidence of prehistoric human occupations with poor vegetation
cover. These scatters, when recognised during field-walking, are of-
ten closely related to relict landscape features (e.g. dunes, water bod-
ies and rock outcrops, see Tainter, 1979; Gallant, 1986; Wandsnider
and Camilli, 1992; Fanning and Holdaway, 2001; Fanning et al.,
2007; Blau et al., 2008; Bayón et al., 2012). Such relationships are
not always easy to establish in drylands, as they are prone to severe
erosion and deflation processes from multiple agents (aeolian, allu-
vial and anthropic) that rework surface sediments (Goudie, 2002). In
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such cases, two major factors limit our capability to identify surface
scatters and interpret past occupations: 1) the difficult identification of
relict surfaces (e.g. as a consequence of flattening erosive processes);
and 2) archaeological palimpsests are made of mixed archaeological
materials, especially in contexts characterised by little sediment accu-
mulation (Read, 1986; Brantingham et al., 2007).

Archaeological survey has traditionally aimed at the collection of
artefacts to create preliminary typo-chronological seriations. While
useful, this approach lacks a shared set of criteria for the system-
atic classification of surface evidence in different parts of the world
(Kantner, 2008; Bevan et al., 2013). Moreover, the classification of
surface scatters is hampered by the heterogeneous preservation of dif-
ferent archaeological materials. For instance, lithic and pottery are
often the most abundant evidence even though the original assem-
blages included organic materials and other more perishable remains
(Fernández-López de Pablo and Barton, 2015; Jennings et al., 2015).
To overcome such limitations, new approaches based on the identi-
fication of alternative proxies have been used to improve the signifi

http://dx.doi.org/10.1016/j.quaint.2016.11.013
1040-6182/© 2016 Published by Elsevier Ltd.



UN
CO

RR
EC

TE
D

PR
OO

F

2 Quaternary International xxx (2016) xxx-xxx

cance of archaeological surveys in drylands (Burger et al., 2002; Allen
et al., 2008; Beach et al., 2008; Deo et al., 2011; Markofsky et al.,
2016). Information embedded in soils and sediments, for instance,
highlight the importance of physico-chemical descriptors as a proxy
of long-term human activity and occupation (Mallol and Bertran,
2010; Wilson, 2013; Sedov and Jacobs, 2012; Salisbury et al., 2013;
Kluiving et al., 2013; French et al., 2014).

Here we present an explorative geoarchaeological approach aimed
at refining survey methods for the classification of surface scatters
in drylands. The aims were: 1) to understand the spatial relation-
ship between surface archaeological artefacts and physico-chemical
signatures (of geogenic or anthropic origin) in relict landforms (fos-
silised sand dunes and interdunes) and 2) to explore whether differ-
ent past subsistence strategies (hunter-gatherer, agro-pastoral, mixed)
generated different and detectable physico-chemical signatures. The
approach was tested with mid-Holocene and late-Holocene surface
scatters on fossilised sand dunes and interdunes in North Gujarat, a
semi-arid region located at the SE margin of the Thar Desert (India).

2. Background

North Gujarat is a semi-arid ecotone between the Thar Desert to
NW and the Sabarmati River to the SE. This is one of the driest
ecoregions in India and it is highly sensitive to the shifts of the In-
dian Summer Monsoon (ISM). The local seasonal rivers West Banas,
Saraswati, Rupen and Khari cross the three main physiographic units
of the area (Fig. 1): 1) the Aravalli Hills, 2) the Quaternary alluvial
plains and 3) the Little Rann of Katchchh, a broad saline and marshy
intertidal estuary. Fossilised sand dunes are widespread in this land

scape. They are Late Pleistocene (ca. 100 to 14 kyr ago) relicts of
the maximum SW extension of the Thar Desert, which retired to its
present dimensions between ca. 13 kyr–5 kyr following the Holocene
configuration of monsoonal circulation and the fixation of aeolian sed-
iments (Goudie et al., 1973; Raj et al., 2015).

In recent years, the alluvial plains of North Gujarat have been in-
tensively surveyed, reporting more than 200 archaeological surface
scatters, mostly found on the top of fossilised dunes (Bhan, 1994;
Ajithprasad, 2004, 2011). However, only a few of these locations have
been totally or partially excavated and contextualised with calibrated
dates and with faunal and plant remains to help clarifying past sub-
sistence practices. On the basis of these excavations it was possible
to identify: 1) hunter-gatherers without pottery (ca. 8 to 5 kyr BP)
exploiting a wide range of food resources from seasonal marshlands;
and 2) agro-pastoral groups with pottery whose subsistence strate-
gies involved seminomadic pastoralism, the cultivation of fast-ma-
turing crops and the gathering of wild plants (García-Granero et al.,
2016). On the basis of the material culture, the agro-pastoral groups
can be broadly divided into 2a) Anarta communities, that developed
a regional Chalcolithic pottery tradition between 5 and 3 kyr BP, and
2b) groups gravitating within the Indus Valley Civilisation (ca. 4 to
3 kyr BP, see Chase et al. 2014; Rajesh and Krishnan, 2014). This
scenario contrasts with the heterogeneous descriptions from archaeo-
logical gazetteers reporting surface surveys. In general, there is a lack
of consistency in the collection and description of surface archaeolog-
ical materials. This situation is being aggravated by the accelerated
spread of mechanised agricultural activities and irrigation infrastruc-
tures (Shah, 2014), all contributing to dune erosion and the masking
and mixing of archaeological evidence.

Fig. 1. Location map of the study area. Isohyet lines and climatic zones are from (Juyal et al., 2006), and the maximum fossil extent of Thar Desert is after Singhvi and Kar (2004).
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3. Identification of depositional and post-depositional processes

Previous remote sensing observations provided insights into the
main North Gujarat physiographical traits, addressing the regional dis-
tribution and visibility of open-air scatters (Balbo et al., 2013; Conesa
et al., 2015). The present work extends the regionally-based research
by narrowing the focus to the local scale (dunes). By integrating ar-
chaeological data with physico-chemical proxies from surface sedi-
ments and soils we explore possible relationships between the distrib-
ution of surface assemblages and the geogenic and anthropogenic de-
positional and post-depositional processes.

3.1. Distribution of surface assemblages

This study first investigates the systematic quantification of sur-
face archaeological assemblages and their spatial distribution on the
dune surface. The starting hypothesis was that human activity led to
concentrations of archaeological materials, and that these concentra-
tions would be different (in types and frequency of materials) depend-
ing on the occupying groups (hunter-gatherers vs. agro-pastoralists).
The presence and structure of archaeological scatters was assessed via
a systematic transect survey.

3.2. Identification of geogenic aeolian/alluvial sediments

At geomorphological level, geogenic processes leading to dune
fossilisation in this area have been described by Goudie et al. (1973).
Following the last glacial-interglacial transition and the setting of the
current ISM, accumulation processes progressively stopped in dunes
at the periphery of the greater Thar Desert. Consistent seasonal pre-
cipitations and the alternation of cool-wet and dry-hot seasons con-
tributed to dune fossilisation by: 1) depleting fine sediments from
the dune tops to the lower interdunal areas (Wright, 1991, Singhvi et
al., 2010), and 2) favouring the formation, by evapotranspiration, of
cemented calcareous crusts (Goudie et al., 1973). Physico-chemical
identification of these processes represents a necessary step to assess
potential subsequent anthropogenic activities that might have changed
the geogenic signature of relict dunes.

3.3. Post-depositional anthropic processes

This work specifically addresses the identification of anthropic
markers from physico-chemical signatures in sediments and soils.
Previous geoarchaeological research focused on identifying physical
and geochemical signatures of human activities in situations where
artefacts and ecofacts were not informative (see for example Good-
man-Elgar, 2008; Zerboni et al., 2013).

At the same time, protracted human occupation can result in phos-
phorus (P) enrichment, with concentrations often higher by orders
of magnitude. Archaeological research focused on soil P indicators
in both off-site and on-site settings to distinguish areas of different
intensity of anthropic activity and to define the extension of occu-
pied areas (e.g. Sjöberg, 1976; Middleton and Price, 1996; Holliday
and Gartner, 2007; Bevan and Wilson, 2013; Nielsen and Kristiansen,
2014). In semi-arid soils in particular, P is fixed in soils from sources
such as human and animal waste, stabling and grazing, and remains
fixed through archaeological time scales (Holliday, 2004). Although
P analysis is not indicative of specific activities, ethnoarchaeological
work shows that high P presence is associated, among others, with
cattle enclosures and food consumption events (Shahack-gross et al.,
2003; Rondelli et al., 2014).

4. Materials and methods

4.1. Study sites

As a pilot experiment, we tested the suitability of integrating ar-
chaeological data with surface physico-chemical proxies in four se-
lected dunes located within the Khari River basin. Based on previous
archaeological work, these scatters represent the frequentation from
groups with different subsistence strategies: hunting and gathering,
agro-pastoralism, and a succession/mixture of the two.

4.1.1. Hunter-gatherer scatter: Vaharvo
Vaharvo is a dome dune situated near a seasonally inundated de-

pression and surrounded by fertile alluvium plains (Fig. 2a). The site
was first reported in the early 1980s (Bhan, 1994) and two 4 × 4 m
trenches were excavated by the NoGAP team in 2011 where large
presence of microlithic artefacts and fragmented charred bones were
observed. The trenches showed a uniform aceramic hunter-gatherer
deposit of ca. 100 cm, including the remains of three pits of different
size and shape down to about 135 cm. These levels were AMS dated
to c. 5600-5000 cal BC (García-Granero et al., 2015).

4.1.2. Agro-pastoral scatter: Gokhijadio
The field of Gokhijadio was described as a dune surface with an

agro-pastoral occupation due to the abundance of Anarta potsherds, as
documented in the early 1990s (Ajithprasad, 2011), although it was
never excavated (Fig. 2b). The dune elevation has been slightly eroded
in recent times due to the intense cultivation of castor oil (Ricinus
communis).

4.1.3. Mixed scatters: Loteshwar and Kalrio
Loteshwar is a prominent dune on the right bank of the Khari

River that was first excavated in the early 1990s and then by the
NoGAP team in 2009 (Fig. 2c). Loteshwar is one of the earliest
Holocene hunter-gatherer occupations attested in north-western India
(7168–4703 cal BC). The animal bones indicate the possible local do-
mestication of Bos indicus (zebu) by Anarta groups (3861–2243 cal
BC) prior to the establishment of urban Harappan communities in
the region (Patel, 2009; Ajithprasad and Sonawane, 2011). The ex-
cavations highlighted a relatively long hunter-gatherer occupation of
the dune, contemporaneous to that of Vaharvo. Above these deposits,
there is an agro-pastoral Anarta occupation (2700–2300 cal BC) with
pits (Balbo et al., 2015; García-Granero et al., 2016).

Kalrio dune lies 600 m southwest of Loteshwar at the confluence
of the Khari and Orumana rivers (Fig. 2d). The surrounding interdune
fields are mostly filled with alluvial deposits from recurrent mon-
soonal flooding. The dune was reported as an aceramic microlithic
site in the early 1990s (Bhan, 1994) but it has never been excavated.
However, previous surface surveys documented the presence of small
sherds, lithic and bones, thus suggesting a succession of different oc-
cupations similarly to those reported in Loteshwar (Madella et al.,
2012).

4.2. Dune transects and sampling strategy

A linear transect was set up in each of the four sites. Each transect
was centred on the highest point of the dune and the orientation was
chosen to include the majority of surface scatters identified by pre-
vious observations. Sampling spots of one square meter were placed
along the sampling transect at regular intervals: every 5 m for the first
50 m from the dune top and every 10 m for the rest of the transect,
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Fig. 2. Location of sampling transects within the four studied dunes (a) Vaharvo, (b) Loteshwar, (c) Kalrio and (d) Gokhijadio (base map: ESRI World Image); (e) Schematic repre-
sentation of a dune slope with catena units used for the archaeological and physico-chemical characterisation of fossilised sand dunes.

until reaching the nearest maximum depression (i.e. interdune or wa-
ter body). This approach was chosen to optimise fieldwork time while
accounting for areas with the highest concentrations of archaeological
materials. For each sampling square, surface material was systemati-
cally collected, and then described, counted and weighed in the labo-
ratory. A surface sediment sample of the first 5 cm layer was collected
from the centre of each sampling square (physico-chemical analyses).
We also recorded in situ semi-qualitative surface sediment observa-
tions (i.e. Munsell colour, texture and grain size) and land cover/land
use type.

Our dataset consists of 151 samples from the sampling transects of
Vaharvo (46 samples), Gokhijadio (29 samples), Loteshwar (35 sam-
ples) and Kalrio (41 samples). The geographical position of each sam-
pling unit was described by a categorical variable following a classi-
fied scheme of the surface catena, representing the succession of slope
units within a dune profile (Fig. 2e).

4.3. Physico-chemical analyses

Particle size distribution (PSD) of fine earth sediments (<2 mm)
was carried out in order to identify potential geogenic and anthropic
patterns of sediment transportation, deposition and re-working. PSD
was estimated using a CoulterLS© laser-particle-analyser. Samples of
ca. 0.5 g were taken and suspended in 10% sodium polyphosphate
deflocculant solution (Puy and Balbo, 2013). Samples with high or-
ganic content where pre-treated with hydrogen peroxide to remove
organic material (Goldberg and Macphail, 2006). Values in microns
(μm) were converted into phi units following established standards
(Krumbein, 1938; Puy et al., 2014). Loss-On-Ignition (LOI) was used
to analyse the content of soil moisture, soil organic matter, charcoal,
calcium carbonate and mineral residue, used as proxies for differen-
tiate alluvial soils from aeolian soils. LOI measures followed 4 h cy
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cles of drying at 105 °C, and combustion at 400 °C, 550 °C and
925 °C (Heiri et al., 2001). Geochemical multi-element signatures
were measured by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) in order to characterise inorganic chemical
indicators of dune stabilisation, anthropic occupation and land use
practices (35 major elements; Wilson et al., 2008). Samples were
pre-treated with aqua-regia and analysed at the ALS Laboratory
Group in Seville (Spain).

4.4. Statistical analyses

The main steps of our methodology were as follows (Fig. 3):

1. Diagnose sample units in terms of human occupation based on
the quantification of archaeological descriptors, for which we in-
spected and diagnosed a sub-sample (“training set”) to fit a Lin-
ear Discriminant Analyses (LDA) model that was subsequently ap-
plied to extend the diagnostic to the rest of samples. This LDA
also served to evaluate the consistency of the archaeological assem-
blages with our data.

2. Explore the spatial distribution of the physico-chemical variables,
which we did through the distribution of physico-chemical clus-
ters resulting from a hierarchical clustering of samples described by
their physico-chemical variables in a principal component reduced
space.

3. Investigate the associations between physico-chemical variables
and archaeological variables, which we did through a Correspon-
dence Analysis (CoA) of the contingency table of archaeological
classes vs. physico-chemical clusters, which highlights their rela-
tionships in a reduced space.
All the analyses were performed in R software environment (RStu-

dio version 0.98.1049, R-Core-Team, 2014). Original raw data is sup-
plied as Supplementary Electronic Material.

4.4.1. Data cleaning and transformation
Data cleaning and transformation was applied after performing an

explorative Shapiro-Wilk test to check for normality in the physico-

chemical data. In preparation for statistical analyses, non-normally
distributed data were transformed: 1) an additive log-ratio was applied
to LOI and PSD data for removing closure effects (i.e. between vari-
ables that sum a constant); to increase normality, 2) a log10 transfor-
mation was applied to ICP-AES data; and 3) a log(+1) transformation
was applied to archaeological weights. All data were then transformed
to Z-scores values (see Shennan, 2004).

A total of 35 variables were considered, comprising one group of
categorical variables (slope units) and three groups of continuous vari-
ables (archaeological weight, physical analyses and geochemistry).
Qualitative archaeological and in situ sediment characterizations were
excluded from the statistical analyses, and were used only to cross-val-
idate the laboratory and statistical results with field observations.

4.4.2. Classification of sampling units according to archaeological
data

We established four simplified major classes of archaeological sur-
face assemblages according to the weight and frequency of pottery,
lithic, and bones:

• Class 1 - Aceramic microlithic evidence (AM): characterised by mid
to high density of lithics, variable amount of fauna and very low or
inexistent ceramic assemblages.

• Class 2 - Predominance of potsherds evidence (PP): represented by
a high density of pottery and clay artefacts, with variable amounts of
fauna and mid to low evidence of lithics.

• Class 3 - Mixed evidence: characterised by mid to high densities of
all types of evidence.

• Class 4 - Low evidence: samples with lack of or very low archaeo-
logical evidence.

Each class refers to a neutral indicator that indicates different fre-
quencies in the archaeological assemblage, thus avoiding any over-
tone produced by chronological, cultural, and socio-economic defi-
nitions. Other recovered materials, such as palette stones, grinding
stones and clay lumps were excluded from our classification as they

Fig. 3. Statistical workflow of the main statistical analysis used for the definition and classification of archaeological assemblages and the ordination and hierarchical clustering of
physico-chemical variables.
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were detected in less than 20% of the samples. However, they were
used to cross-validate the statistical results.

In order to formally assign the 151 dune samples to a class accord-
ing to our scheme, we applied LDA as a supervised machine learning
method. Supervised machine learning methods use a relatively small
subsample that has been labelled by the user (the “training set”) to de-
rive a model that is evaluated on another labelled subsample (the “val-
idation set”), and then applied to all samples. LDA is akin to PCA
in the sense that is an ordination in a reduced space, but maximizes
the among-group variance as specified in the training set, instead of
the total variance. LDA produces a linear transformation in which the
classes are optimally separated, and results on a set of vectors record-
ing the probability of a given sample to belong to each class. Bound-
aries between classes are linear. In terms of classification, LDA results
are close to those produced by multiple logit regression (James et al.,
2013). An important advantage of LDA is that is produces both an or-
dination and a classification. Furthermore, the LDA ordination inte-
grates both the structure of the data (as PCA does) but also the knowl-
edge input by the user in terms of diagnostics in the training sets. The
ordination of the classes in the LDA spaces let the user check the con-
sistency of the diagnostics and the data.

In our case, we randomly selected and diagnosed 32 samples (8
samples for each type of archaeological evidence: AM, PP, mixed and
low) based on the weight of archaeological evidence, regardless of the
dune of origin. We then run a LDA using a “training set” of 20 sam-
ples (5 samples from each class), which was validated with the re-
maining 12 samples (“evaluation set”, 3 samples from each class). Af-
ter validation, the model was applied to all samples, i.e., each sample
was assigned to the archaeological class for which LDA calculated the
highest probability. A Wilks-Lambda p-value test confirmed the sig-
nificance of the partition of the multi-variate space in terms of the ar-
chaeological classes. Results were plotted with the samples labelled
by their respective classification on the LDA ordination space and at
their positions on the dunes.

4.4.3. Ordination and hierarchical clustering of sampling units
according to physico-chemical variables

In order to investigate the spatial distribution of physico-chemical
variables, we produced an abridged representation of the multi-variate
dataset (151 samples x 21 variables) by grouping similar samples into
unsupervised physico-chemical clusters, and then plotted the samples
labelled by their respective clusters both on the ordination space of
a Principal Component Analysis (PCA), and at their positions on the
dunes.

Clustering was performed on the data matrix of Principal Com-
ponents (PCs) rather than on one of the 21 physico-chemical vari-
ables, considering that Euclidean distance provides a weak dissimilar-
ity measure in the presence of high among-variables correlation. Thus,
a PC transform was calculated on the dataset of physico-chemical
variables and the resulting data matrix of 151 samples x 21 PCs was
submitted to a hierarchical clustering using Euclidean distance as sim-
ilarity measure, and Ward's aggregation method to ensure low vari-
ance clusters (Calegari et al., 2013; Dirix et al., 2013a, 2013b). The
resulting dendrogram was cut using a dissimilarity threshold defined
by the stopping threshold rule proposed by Mojena (1977), which
selects the “best” number of clusters based on the distribution of a
clustering criterion associated with each hierarchical level. Following
Milligan and Cooper (1985) we scaled the standard deviation values
by a factor of 1.25 to improve the performance of the stopping rule.
Hierarchical clustering, being a bottom-up process in which centroids
are progressively updated, produces reliable final centroids but does
not guarantee that all samples be actually assigned to its most similar

final centroid, thus we run a k-means classification initialized by the
centroids of the hierarchical clustering to refine this result.

4.4.4. Correspondence Analysis
We investigated the relationships between archaeological classes

and physico-chemical clusters through Correspondence Analysis
(CoA). CoA orders in a reduced space the relationships between two
categorical variables recorded in a contingency matrix, in such a way
that categories that have a high coincidence have a short Chi-square
distance and are placed close together in the CoA space (Greenacre,
2007). The plot of the data in the space defined by the first 2 or 3 axes
allows for a fast assessment of the relationship between the categories
of the two variables and the strength of the relationship is evaluated
by a Chi-square metric. In our case, we applied CoA to the contin-
gency matrix defined by tabulating the cross-frequencies of archaeo-
logical classes and physico-chemical clusters in terms of number of
samples (i.e. count C(i,j) in the contingency matrix would be the num-
ber of samples that were assigned to both archaeological class i and
physico-chemical cluster j).

5. Results

A graphical overview of the distribution of the main archaeological
and physico-chemical variables along each catena is provided in Fig.
4 (Vaharvo), Fig. 5 (Loteshwar), Fig. 6 (Kalrio) and Fig. 7 (Gokhija-
dio).

5.1. Archaeological variables

5.1.1. Distribution of archaeological evidence
Archaeological remains are generally well clustered in the upper

part of the dunes (top and upper slopes) and decrease towards the
lower portions of the dune profile (foot dune and interdune areas, see
also Table 1).

At Vaharvo, the archaeological surface assemblage is mostly rep-
resented by bone fragments (87%) and lithics (10%). Although highly
fragmented, microliths are uniformly dispersed along the upper slope
and are more abundant in Vaharvo than in the other three scatters.
Some grinding stones were collected in the mid and upper portions of
the dune. Occasional Early Harappan sherds (ca. 4 kyr BP) and few
unidentified protohistoric pottery sherd suggest sporadic later occupa-
tions. The visibility of surface assemblages is lower in the southwest
upper and mid-slope, which corresponds to currently highly disturbed
areas (i.e. field margin path).

At Loteshwar, archaeological materials decrease at the very top
of the dune and are more abundant down the slope, in the vicinity of
the dune summit. Faunal remains (59%) and sherds (35%) are well
spread along the upper and mid portion of the dune, while most of
the lithic assemblage (3.7%) is concentrated at the very top of the
dune. Less-abundant materials such as grinding stones, clay lumps (as-
sociated to the Anarta groups and the Indus Valley Civilisation) and
palette stones are present along the upper and mid portions of the
dune.

At Kalrio, the surface assemblage shows all typologies well-dis-
tributed along the upper and mid dune profile. Bone fragments are
the most abundant material (53%) with fewer sherds (21%) and sig-
nificantly more microliths (17%) than the nearby site of Loteshwar.
Palette stones and clay lumps are also present, as well as a high num-
ber of grinding stones (6%).

Finally, Gokhijadio shows several differences compared to all
other sites, with an assemblage mainly composed by large fragments
of Anarta sherds (84%) and small fragments of charred bones (7%).
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Fig. 4. Distribution of archaeological and physico-chemical proxies along the sampling transect of Vaharvo.

Lithics, palette stones and grinding stones were not recovered, but
there is a noteworthy presence of clay lumps.

5.1.2. Classification of sampling units according to archaeological
data

The LDA aligned each archaeological sample unit with the type of
archaeological assemblage by means of the significance (total weight)
of archaeological surface remains. A Wilks-Lambda of 0.0379
(p-value <2.2e-16) rejected the null-hypothesis, thus suggesting ro-
bust differences in terms of archaeological variables among the pre-
defined types of archaeological classes (AM, PP, mixed sites and low
evidence). Our supervised classification agrees well with the archae-
ological classification: the evaluation dataset showed an accuracy of
91% (proportion of samples in which predicted classes were coinci-
dent with observed diagnostics). The plot of the archaeological sam-
ples in the canonical plane of the first two LD components (Fig. 8a
and b) ordinates, as expected, the two most different classes (AM and
PP) at the extremes, with the mixed class and low evidence class at
the upper and lower intermediate positions. Fig. 9 shows the spatial
distribution of the archaeological classification on the dunes after ap-
plying the LDA model over the full archaeological dataset. Samples
with low evidence (class 4) are mostly distributed along the lower
portion of the dune profile in all transects, with some on the mid
slopes of Loteshwar, Kalrio and Gokhijadio. A disparity is observed

at the mid and upper portions of Vaharvo dune, where most of the
samples are classified as low evidence with some aceramic microlithic
evidence (class 1). The upper portion of Loteshwar is mostly charac-
terised by mixed evidence (class 3), although potsherds have high fre-
quency at the top of the dune and in some samples at the mid slope.
The archaeological assemblages of Kalrio are mostly distributed along
the upper dune, and represent small clusters of aceramic microlithic
and mixed assemblages. Far more different is the classification of
Gokhijadio upper and mid dune slope samples, presenting a uniform
cluster of potsherds, which corresponds well with the archaeological
quantification described in the previous section.

5.2. Physico-chemical variables

5.2.1. Particle size distribution
Overall, very-fine and fine sand fractions are found in the inter-

dune and in the lower slopes (between 3 and 2 mean φ, see Table 2).
A general increase towards the medium sand fraction is observed in
the mid-slope (2–2.36 mean φ), whereas the top and upper slopes of
Vaharvo and Kalrio are characterised by medium to coarse sand frac-
tions (1.37–1.90 mean φ). This trend is not observed at Loteshwar and
Gokhijadio, where fine sand grains increase in the upper portions of
the dune, with values similar or higher than those found at the inter-
dune edges (between 2.10 and 3.50 mean φ).
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Fig. 5. Distribution of archaeological and physico-chemical proxies along the sampling transect of Loteshwar.

5.2.2. Loss on ignition
Proxies for content of organic matter, charcoal and calcium car-

bonates show clear differences between the lower interdune area and
the dune slopes (Table 2). A general increase of carbonates is observed
along the dune slope with highest values at the top of the dune (reach-
ing a mean of 11% in Loteshwar). Some outliers of carbonates concen-
trations are identified in Kalrio, Gokhijadio and Loteshwar. Charcoal
content also follows a somewhat increasing pattern towards the dune
top, with the higher values recorded at Kalrio dune top (mean 0.70%).
Highest contents in organic matter are mostly found in Vaharvo, and
they increase downslope towards the interdunal areas (mean 4%). Or-
ganic matter is also slightly higher in interdune samples outside the
main transects, and it decrease in mid-slope samples. Relative high or-
ganic matter content (mean > 1.20%) is found at the upper catena of
Loteshwar and Kalrio, possibly related to plant remains from nearby
trees and corresponding modern resting areas used by local herders.

5.2.3. Multi-element geochemistry data
A correlation matrix for all ICP-AES elements is shown in Fig.

10. Ca is strongly correlated with alkaline earth metals such as Sr
and Ba. Ca increase towards the top of the dune in all dunes (Table
2). Vaharvo, Loteshwar and Kalrio top samples have an average of
5%–7% of Ca, whereas interdunal samples have lower Ca content
(2–3%). The same pattern occurs in Gokhijadio, although the overall

Ca content is lower (0.20% at the interdune and 3.25% at the top). At
Loteshwar and in some Kalrio samples, the high Ca in the upper por-
tion of the dune is not constant and slightly diminishes at the dune
summit.

Transition and post-transition metals (Al, Cr, Ni, Zn) are also
highly correlated, as well as silicate related elements (Fe, Al, K).
Metallic and silicate related elements (e.g. Fe) are mostly concen-
trated in samples close to interdunal depressions (0.80–0.90%) with
a decreasing general pattern towards the upper slopes. Exceptions are
the top samples from Loteshwar and Gokhijadio, having higher Fe
and metallic concentrations strongly related with the presence of finer
grain size sediment (see 5.2.1.)

In contrast to the general correlation patterns, P is the only ele-
ment showing negative dependence with other elements. All the upper
slope samples have high content of P, reaching in a few cases values
of >5000 ppm, whereas interdunal concentrations are low (in the order
of 300–500 ppm). The increasing pattern of P occurs from mid-slope
samples in all dunes.

5.2.4. Ordination and hierarchical clustering of physico-chemical
variables

The dendrogram resulting from the hierarchical clustering based
on physico-chemical variables is shown in Fig. 11a. The resulting 9
clusters, and the ordination of physico-chemical variables, are repre-
sented on the plane of the first two axes of the PCA (Fig. 11b). Box-
plots for each cluster are provided in Fig. 12. Clusters are also repre
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Fig. 6. Distribution of archaeological and physico-chemical proxies along the sampling transect of Kalrio.

sented along the dune axes in Fig. 13 to better understand their spatial
distribution. According to the analysis illustrated in Figs. 11–13, we
propose the following cluster descriptions:

• Cluster 1 (37 samples) groups most of the samples from Vaharvo. It
is characterised by a slightly high content of fine grain particles and
organic debris. P concentrations are highly variable and Ca concen-
tration is relatively high.

• Cluster 2 (24 samples) groups most of the Kalrio top dune samples,
the mid-slope to foot samples of Loteshwar, and a few samples from
the lower portion of Vaharvo. This cluster is mostly characterised
by a very high concentration of Ca and carbonates. The sediment is
sandy with low content of fine grain size. Fe and metallic elements
have slightly lower concentrations than Cluster 1, whereas P con-
centration is higher but still variable.

• Cluster 3 (25 samples) groups lower mid-slope and foot samples
from Loteshwar and Kalrio, with some from the foot of Vaharvo.
This cluster groups samples with higher concentration of Ca and car-
bonates, sandy sediments and a low concentration of P.

• Cluster 4 (5 samples) and Cluster 7 (16 samples) group foot and in-
terdune samples from Vaharvo and Kalrio, but also lower mid-slope
samples from Gokhijadio. High values of silty sediment, organic
matter and charcoal are prevalent in cluster 4, whereas cluster 7
has less charcoal content. Both clusters show low concen

trations of Ca and P, whereas metallic and silicate elements increase.
• Cluster 5 (20 samples) groups mid and upper samples from Gokhi-

jadio and a few from the lower slopes of the other transects. This
cluster is characterised by very low Ca content and high variability
of P (but not as much as cluster 6), whereas Fe, K, Mg and fine grain
particles are all higher than in the previous clusters.

• Cluster 6 (18 samples) groups samples from the upper slope of
Loteshwar, and it is heavily associated with the high concentration
of P and a slightly elevated concentration of Ca together with a pre-
dominance of fine grain particles.

• Cluster 8 (1 sample) is an outlier characterised by high carbonates
in the lower slope of Kalrio.

• Cluster 9 (5 samples) groups the northeast interdune samples of
Gokhijadio, showing a very low concentration of Ca and carbonates
together with well-defined organic matter in silty sediments.

5.3. Correspondence analysis (CoA)

The results of the two classifications were integrated into a contin-
gency table (Table 3) and a CoA was applied to better understand the
relationships between archaeological assemblages and physico-chem-
ical clusters. A chi-square test of the contingency table (p-value
1.544e-13) confirmed the robustness of association between different
classifications. Fig. 14 shows the relative positions of each classifica
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Fig. 7. Distribution of archaeological and physico-chemical proxies along the sampling transect of Gokhijadio.

tion in the plane defined by the first 2 axes of the CoA (accounting for,
respectively, 55.6% and 34.7% of total inertia).

CoA highlights a strong correspondence between specific
physico-chemical clusters and types of assemblages. Aceramic mi-
crolithics are closely associated to cluster 2 while potsherds assem-
blages are associated to cluster 5. Mixed assemblages are associated
to cluster 6, and those samples with low or virtual absence of archae-
ological evidences are associated to either cluster 3 and/or 4. Low ev-
idence assemblages have also close correspondence to cluster 1.

6. Discussion

6.1. Archaeological classification

In the LDA ordination (Fig. 8), a group of samples classified as
low evidence assemblage show a denser cluster that corresponds to
those samples with the lowest abundances, whereas the rest are more
scattered depending on whether the abundances tend to approach them
to either AM or PP assemblages. This distribution might indicate two
different origins for these samples: 1) those without human occupa-
tion and 2) those with low presence of materials because of low-im-
pact occupation. Samples with absence of archaeological materials
mostly correspond to interdune and lower slope samples. Low pres-
ence of materials is attested mostly on the top dune of Vaharvo.
This low archaeological impact corresponds well with the excavation
of the dune deposit, which reported an aceramic hunter-gatherer oc

cupation dated to the second half of the sixth millennium cal. BC, dis-
turbed only by an isolated Early Harappan burial with associated pot-
tery (Madella et al., 2012; Mushrif-Tripathy et al., 2014).

The samples from the mixed class (class 3 in section 4.4.2.) are
distributed between the spaces of aceramic microlithic (class 1 in sec-
tion 4.4.2.) and predominance of potsherds (class 2 in section 4.4.2.)
classes in the LDA plane. Their distribution along the top dune of
Lotheswar is in agreement with the two levels of occupation (aceramic
hunter-gatherer and agro-pastoral) uncovered from the dune deposit
(García-Granero et al., 2016).

The transects in dunes without excavated deposits show two dif-
ferent patterns. The absence of lithic artefacts and abundance of pot-
sherds and clay lumps in Gokhijadio (class 2) suggests a pastoral/
Anarta occupation. In contrast, the evidence of aceramic microlithics
assemblages (class 1) in Kalrio may reflect a similar occupation of
that found in Vaharvo, although the occurrence of potsherds could
indicate posterior occupations from pastoral groups (as show in ev-
idence from class 3). However, the attribution of surface lithic as-
semblages to either hunter-gatherer (Mesolithic) or pastoral groups
(Calcolhitic) is controversial. Little variation in lithic production over
millennia has hampered a straightforward typo-chronological charac-
terisation (Gadekar et al., 2014). Moreover, Patel (2009) argued that
due to the long time span and varied nature of lithic deposits in the
area, the term “microlithic” should be used only as a neutral descrip-
tor referring solely to the stone tool industry. Interestingly, the ordi-
nation of the aceramic microlithic samples in the LDA plane seems to
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Table 1
Archaeological quantification (n) for each sampling transect along major dune catena
units.

Vaharvo. Loteshwar Kalrio Gohkijadio

Fauna
Upper 370 589 74 40
Mid 275 88 66 31
Lower 7 12 6 7
% 87.87 59.35 53.68 7.72

Lithics
Upper 32 38 33 0
Mid 41 5 12 0
Lower 2 0 2 0
% 10.11 3.70 17.28 0

Sherds
Upper 2 369 37 327
Mid 6 34 20 432
Lower 2 8 1 99
% 1.35 35.40 21.32 84.87

Clay lumps
Upper 0 5 1 12
Mid 0 5 1 48
Lower 0 0 0 14
% 0 0.86 0.74 7.32

Grinding s.
Upper 2 4 11 0
Mid 3 2 6 1
Lower 0 0 1 0
% 0.67 0.52 6.62 0.10

Palettes
Upper 0 1 1 1
Mid 0 1 0 0
Lower 0 0 0 0
% 0 0.17 0.37 0

produce three different clusters, possibly suggesting three different
types of aceramic microlithic assemblages. Unfortunately, the rela-
tively low number of samples does not currently allow for a bet-
ter investigation of this aspect. Furthermore, in order to refine the
chronological, cultural, and economic settings of aceramic microlithic
contexts, alternative proxies such as genetic faunal research and mi-
croplant remains have been recently applied (Chase et al. 2014b;
García-Granero et al., 2016; respectively). In this context, the integra-
tion of physico-chemical proxies from surface and subsurface sedi-
ments can also provide new insights into the intensity and extension
of past subsistence practices.

6.2. Cultural soilscapes of North Gujarat

The current study of dryland sediments at local scale explored
a set of distinct sediment signatures within the archaeological land-
scape of North Gujarat. These signatures are the result of spatially and
temporally variable geomorphic, pedogenic and cultural processes, all
of them defining distinct cultural soilscapes (Wells, 2006). Cultural
soilscapes represent an important analytical domain, yet not deeply
explored in drylands, which can reveal the complex temporal relation-
ships between soil bodies and the consequences of human behaviour.
Two main classes of cultural soilscapes arise from this research: Late
Pleistocene geogenic soil (vertisols and aridisols), and Holocene an-
throsols (Fig. 15).

6.2.1. Alluvial depositional environments: lower slope
The physico-chemical clusters that characterise lower catena sam-

ples (i.e. clusters 4, 7 and 9 in section 5.2.4) are rich in organic mat-
ter, iron, silicate and metallic elements. These samples are all from
clayish and silty vertisols of dark greyish colour (organic matter) and
clayish texture that contributes to their shrink-swell potential. Ver-
tisols are common in South Asia semi-arid moist regions, and in
North Gujarat (where they are locally known as black cotton soils or
goradú) are mostly found along the West Banas, Saraswati and Ru-
pen river basins (Bhattacharyya et al., 2013; Khadkikar et al., 1999;
Pal et al., 2009). They are the result of Holocene fluvially reworked
aeolian silts, starting with the early Holocene more humid climate
(Chamyal et al., 2003), and of pedogenised silty sand interdunal de-
posits (Juyal et al., 2006, 2003). Vertisols can be waterlogged for sev-
eral months after the monsoon rains (Conesa et al., 2014) and are
very suitable for cultivation. Moreover, they become excellent graz-
ing fields after harvesting (Bhan, 2011). The concentration of clay,
silt and organic matter characterising the lower catena physico-chem-
ical clusters at the dune-interdune interface may reflect modern land
use activities in the vertisols areas (such as crop residues and cattle
grazing), as well as seasonal flooding. The presence of trace metal-
lic elements in the studied vertisols can be related to either 1) pre-
sent-day irrigation and atmospheric pollution (Aubert and Pinta, 1980;
Fengxiang, 2007), and 2) intensive cash crop cultivation (e.g. In-
dian mustard), which have the ability to tolerate and accumulate Pb,
Zn, Ni, Cr and Cu (Ensley et al., 1997). Indeed, vertisols can be
also described as agric horizons associated with modern crash-crop

Fig. 8. (a) LDA biplot showing relationships of the four classes of archaeological assemblages accordingly to the “training dataset”, which was used to build the LDA classification
over the entire archaeological samples; (b) LDA biplot showing relationships for all predicted archaeological classes.
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Fig. 9. Spatial distribution of the results from archaeological classification (LDA) displayed in a schematic representations of each sampling transect within the dune catena.

agriculture (Holliday, 2004), a key component of the economic wealth
of North Gujarat (Dixit, 2009). Moreover, the seasonal flooding of
vertisols has strongly structured settlement and mobility patterns in the
region over time (Balbo et al., 2013, 2016; Salpeteur et al., 2015).

6.2.2. Aeolian sand dune: mid-slope
The physico-chemical signature that characterise samples in clus-

ter 3 (abundant sand, high Ca carbonates content as described in
section 5.2.4) is associated to a carbonate crust with cemented sand
grains (locally known as kankar). This signature represents a geogenic
aridisol originating from the aeolian sediments of late Pleistocene age.
Current aeolian sediments (dunes) from the Thar Desert have similar
contents of medium to fine sand (1,82–2.65 mean φ) and calcium car-
bonates (Goudie et al., 1973; Hedge, 1977) with a superficial kankar
crust. These mid-slope samples are associated with low evidence as-
semblages (Class 4 in section 4.4.2, Fig. 14) and fundamentally repre-
sent the original dune surface.

6.2.3. Anthropic markers: upper slope and dune top
Anthrosols are represented by aridisols showing different degrees

of anthropic impact. In our analyses, each top dune is represented by a
distinct physico-chemical cluster (as in section 4.2.4) identified as an
anthrosol: cluster 1 at Vaharvo, cluster 2 at Kalrio cluster 5 at Gokhi-
jadio and cluster 6 at Loteshwar (Fig. 13).

Our analyses show that the most significant anthropogenic indica-
tor is the (high) concentration of P in samples from the upper portions
of the dune. This pattern could be associated with present day farm-
ing practices, such as the use of manure as fertiliser or cattle grazing
after the harvest (Holliday, 2004). The use of fertilisers in the dunes

under study was not reported during oral interviews with the field
owners, although it is worth mentioning that both Loteshwar and
Gokhijadio were cultivated with castor oil after the monsoonal season,
which may produce P enrichment due to cycles of plant uptake and
organic residue decay. Some of the P content may have been fixed in
soils by present day grazing activities. However, cattle pastures after
the monsoonal rains are more focused on the exploitation of marsh-
lands and interdunal vertisols rather than the top of fossilised dunes.
Moreover, recent ethnoarchaeological studies on goat and cattle daily
grazing in drylands (Elliot et al., 2014) detected higher amounts of
P in soils (>5000 ppm and >11,000 ppm, respectively). These values
are far from the highest concentrations in our samples. Furthermore,
enrichment of P by orders of magnitude is only attested in the sam-
ples and clusters from the dune tops, in close correspondence with the
areas showing high density of archaeological assemblages, whereas
P concentrations in interdunal vertisols are found at low magnitudes.
Therefore, the range and spatial distribution of P enrichment suggests
a long-term fixation of anthropic P in soils as a result of different in-
tensities of occupation.

In the CoA, mixed surface assemblages (Class 3 in section 4.4.2)
correspond to the top of Loteshwar dune cluster 6 (as in section 5.2.4),
which has the highest P concentrations. This correlates with the long
human occupation recorded at Loteshwar, including hunter-gatherer
and agropastoral communities over a 5000 years' time span, between
7168 and 2243 cal BC (García-Granero et al., 2016). In Loteswhar, the
intensity of human occupation creates an interesting trade-off between
P enrichment and Ca loosening. An increasing pattern of Ca and car-
bonates towards the dune top reflects the exposed aridisol of the fos-
silised sand dune. This signature is altered and diminished by the pres-
ence of a robust anthrosol at the top of the dune.
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Table 2
Mean values of physico-chemical proxies for each sampling transect along detailed
catena units.

Vaharvo Loteshwar Kalrio Gohkijadio

Grain size (PSD φ units)
Top 1.97 2.10 1.37 1.38
Upper 1.52 2.30 1.92 3.59
Mid-slope 1.92 2.35 2.02 2.36
Lower mid-slope 1.34 1.31 1.88 2.72
Foot 1.81 1.94 1.94 2.49
Interdune 1.54 3.05 2.22 3.09

Organic matter (LOI %)
Top 2.12 1.40 1.51 1.12
Upper 1.60 1.20 1.00 1.15
Mid-slope 1.71 0.89 0.91 1.13
Lower ms 2.13 0.74 0.67 1.65
Foot 3.36 0.71 0.78 1.33
Interdune 4.06 1.00 1.01 1.01

Charcoal (LOI &)
Top 0.56 0.48 0.70 0.23
Upper 0.66 0.51 0.71 0.24
Mid-slope 0.50 0.58 0.55 0.20
Lower ms 0.53 0.33 0.46 0.25
Foot 0.46 0.44 0.53 0.23
Interdune 0.48 0.39 0.63 0.21

Carbonates (LOI %)
Top 6.02 11.16 6.83 3.52
Upper 5.53 8.20 9.43 3.22
Mid-slope 5.56 6.45 6.03 1.92
Lower ms 4.12 6.10 8.10 5.47
Foot 3.63 3.33 3.62 0.70
Interdune 3.07 3.69 1.99 5.47

Calcium (ICP-AES %)
Top 5.96 4.94 7.21 3.25
Upper 5.28 7.95 6.72 2.91
Mid-slope 5.28 6.44 6.17 1.85
Lower ms 3.81 5.74 2.96 1.03
Foot 3.34 4.07 1.80 0.33
Interdune 2.37 2.91 1.88 0.20

Iron (ICP-AES %)
Top 0.68 0.88 0.62 0.87
Upper 0.78 0.85 0.64 0.92
Mid-slope 0.77 0.72 0.66 0.83
Lower ms 0.70 0.64 0.63 0.94
Foot 0.82 0.62 0.68 0.89
Interdune 0.98 0.80 0.98 0.72

Phosphorus (ICP-AES ppm)
Top 2305 2782 820 850
Upper 1076 2427 962 1802
Mid-slope 1168 810 530 1296
Lower ms 467 622 445 704
Foot 687 746 206 525
Interdune 728 548 230 497

The enrichment of P concentration towards the dune top is also no-
ticed by the spatial distribution of cluster 5 (as in section 5.2.4), which
is found at the CoA close to the abundance of potsherds, although P
concentrations are lower than cluster 6 (mixed assemblages). In con-
trast, the top dune clusters 1 and 2 (Vaharvo dune top and Kalrio dune
top in section 4.2.4) are close to aceramic microlithics and low evi-
dence assemblages (classes 1 and 4 in section 4.4.2). These clusters
have a relative low content of P, suggesting little human footprints in
hunter-gatherer occupations.

Several anthropic factors may also affect the aridisol signature, af-
fecting dune erosion behaviour and the patterns of grain size distri-
bution. Sparse vegetation cover and high basic erodibility of domi-
nant sandy soils predispose the region to erosion by weathering. As
a result, in the absence of anthropic activity, coarse sediments should
concentrate on dune tops, whereas fine particles should be eluvi-
ated towards the interdune edges (Srivastava et al., 2001; Khadkikar,

2003). This sedimentary pattern is clearly attested in the clusters rep-
resenting lower vertisols (finer clayish sediments), mid-slope aridis-
ols (coarse sandy sediments) and top dune aceramic microlithics sed-
iments (cluster 2 in section 4.2.4), as observed in Kalrio, and less
strongly at Vaharvo (cluster 1 in section 5.2.4). In contrast to this
trend, peaks of fine fractions of sediment are identified near the dune
top at Loteshwar and Gokhijadio, characterising clusters 5 and 6 (as
in section 5.2.4). Overall, samples from clusters with predominance of
potsherds (class 2 in section 4.4.2) and samples from mixed scatters
(class 3 in section 4.4.2) have higher concentrations of fine sediments
(clay and silt particles) in comparison to sediments associated with
aceramic microlithic assemblages. We interpret this accumulation of
fine sediments on the top of dunes (attesting pastoral occupations) as
the result of debris from vanished structures build with clay and silt
collected in interdunal vertisols. Such structures as cooking platforms,
floors and pit plastering are indeed attested in current pastoral ethnoar-
chaoelogical contexts in North Gujarat (Bhan, 2011; Rondelli et al.,
2014). In archaeological contexts, malaxed clay balls and clay plaster-
ing are emblematic in Anarta and later pastoral contexts (Rajesh et al.,
2013).

6.3. Ongoing and further work

Further research is needed to make extrapolations based on the sig-
nificant but yet limited insights offered by the CoA and the definition
of distinct types of anthrosols on the basis of the intensity of human
occupations. In accordance, our ongoing work is addressing the reduc-
tion of the number of physico-chemical variables by selecting the most
relevant ones under various criteria. The main aims of this step are
reducing lab resources and simplify the statistical analyses. Further-
more, we are modelling the archaeological significance of sediment
samples based on the selected physico-chemical variables.

While the physico-chemical variables have proven to be valuable
because of their relationship to the archaeological variables within a
soilscape context, the involved field and laboratory effort is consider-
able. Therefore, searching for similar relationships between archaeo-
logical variables and signals acquired by field and remote instruments
would greatly facilitate archaeological work and allow for the inten-
sive exploration of the spatial patterns of cultural soilscapes.

7. Conclusions

This paper used a set of analytical tools to put in evidence the
relationship between surface archaeological assemblages and
physico-chemical signatures within fossilised sand dunes. The joint
analyses of archaeological and physico-chemical variables allowed us
to understand the soilscapes of the area as follows:

• The dunes of North Gujarat have a distinct geogenic signature that
corresponds to Late Quaternary aridisols, in close relation to the
Quaternary sedimentation history of the area. These soilscapes are
characterised by fine to coarse sandy sediments and high Ca and car-
bonates content.

• Interdunal areas are vertisols rich in clay, Fe, K and Ni from accu-
mulation of alluvial deposits and intense rainfed and irrigated agri-
cultural practices.

• The footprint of aridisols is altered at the top of the dunes due to
the presence of anthrosols characterising different degrees of human
impact in sediment and soils.

• Agropastoral and mixed past occupations are characterised by high
P content in sediment and soils. Fine sediment is also attested at
the top of these dunes, suggesting potential remains of clay-related
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Fig. 10. Regression matrix of geochemistry concentrations (ICP-AES analysis).

Fig. 11. (a) Dendogram showing the 9 physico-chemical clusters identified in the hierarchical clustering approach; (b) PCA biplot showing relationships of physico-chemical vari-
ables. Samples are labelled as the resulting physico-chemical clusters from the hierarchical clustering approach.

structures and activities and anthropic transport of fine sediment
from near interdune deposits.

• Hunther-gatherer occupations are less intense in terms of potential
anthropic markers (P content and fine sediments). They also leave
a less visible type of surface distribution of artefacts, mainly com-
posed by aceramic microlithic assemblages.

The quantification and distribution of archaeological assemblages
can now be integrated within the depositional and post-depositional
processes affecting relict aeolian surfaces. Moreover, this study repre-
sents an exploratory approach to understand settlement patterns at the

local scale introducing physico-chemical proxies beyond archaeologi-
cal artefacts. This approach offers a more comprehensive view of an-
throsols within the cultural soilscape. The identification of the spatial
distribution of soilscapes offers new insights to study Holocene sur-
face scatters in drylands.
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Fig. 12. Boxplots showing the distribution of physico-chemical variables for each cluster. Only a selection of chemical variables is shown, accordingly to the main regressions ob-
served in Fig. 10.

Fig. 13. Spatial distribution of the hierarchical physico-chemical clusters displayed in a schematic representations of each sampling transect within the dune catena.
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Table 3
Contingency table between the results of the archaeological classification and the hier-
archical physico-chemical clusters.

Physico-chemical clusters

1 2 3 4 5 6 7 8 9

Archaeological classes
Aceramic microlithic 3 7 1 0 0 3 1 0 0
Predominance of pottery 0 5 2 0 14 5 5 0 2
Mixed assemblages 1 2 1 0 0 9 0 0 0
Low evidence 33 10 21 2 6 1 10 4 3
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Fig. 14. Correspondence analysis showing contingencies between archaeological classes and physico-chemical clusters.
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Fig. 15. Cultural soilscapes of North Gujarat identified by distinct geogenic soils and anthrosols: (a) aridisol in the mid-slope dune of Loteshwar; (b) transition from aridisol near
Vaharvo toward as the interdune vertisols; (c) example of cooking area from Vaharvo's archaeologists campsite after three months of final use; (d) example of present day sea-
sonal occupation at the upper catena of the dune Thumbda Timbo, related to post-monsoonal agropastoral exploitation of nearby vertisols; (e) schematic representation of the main
physico-chemical patterns for the proposed geogenic and anthropic soilscapes.
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