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Abstract

The archaeology of Mongolia is relatively less known than many other parts of the world.
In particular, there is limited understanding of chronology prior to the Late Bronze Age.
This is despite the Neolithic and Early Bronze Age being the probable time for the emer-
gence of pastoralism which is a major ongoing research question in Mongolian archaeol-

ogy.

Part of the difficulty is due to the unstratified nature of many Mongolian sites meaning ar-
chaeological material is difficult to arrange into a relative chronological system to examine
diachronic trends. The site of Soyo, in the Darkhad basin of northern Mongolia, presents
a rare opportunity to study a stratified Neolithic site in Mongolia. Previous research at
the site has revealed an extensive site formation history from as early as 13,000 years ago
and occupation from at least the Neolithic period at 6500-6000 years ago contained within
multiple generations of palaeosols. However, the complex and disturbed stratigraphy at
this site within a former glacial valley has so far hindered efforts to construct a site-wide
stratigraphic model and chronological framework.

This thesis presents new stratigraphic modelling of Soyo using geophysical, sedimento-
logical and radiocarbon results. Electrical resistivity tomography and magnetometry sur-
veys were conducted in 2019 alongside excavations for stratigraphic control. This is com-
bined with previously collected ground-penetrating radar data to construct a model for
the stratigraphy at Soyo. Sediment analyses are used to infer depositional environments
for each layer and radiocarbon dates (both new and old) provide ages for the layers and
the archaeological material they contain.

The results of this thesis challenge previously held assumptions about age of much of
the stratigraphy at Soyo. While extensive periods of previously missing stratigraphy have
been accounted for here, it was also found that the there are likely to be significant periods
not represented because of erosion or non-deposition. Furthermore, much of the complex
stratigraphy at Soyo does not extend far laterally because the site experienced periods of
deposition and erosion in localised areas rather than site-wide. It is argued here that the
Neolithic and Early Bronze Age strata at Soyo are partially missing because of erosion
or non-deposition which reduces the ability of the site to inform archaeologists about di-

achronic changes in that period of Mongolia’s history. It is suggested also that changes in
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lithic technology at Soyo that had previously been tentatively assigned to the Early Bronze
Age probably date to the Early Iron Age.
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“"When I had journeyed half our life’s way,
I found myself within a shadowed forest,
for I had lost the path that does not stray.

Ah, it is hard to speak of what it was,
that savage forest, dense and difficult,
which even in recall renews my fear:
so bitter — death is hardly more severe!
But to retell the good discovered there,
I'll also tell the other things I saw.”

— Dante Alighieri La Commedia
Translated by Allen Mandelbaum
Everyman’s Library (1995)

To the Virgil who guided me up the steep and savage ascent to the threshold of

completion.
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Chapter 1

Introduction

1.1 The Problem - The Solution

Research on the archaeology of Mongolia has flourished in recent decades. There has been
a slew of theses written on pre-Iron Age Mongolia in the last two decades (Wright 2006,
Houle 2010, Janz 2012, Clark 2014, Vella 2018, Gribble 2021) and yet understanding of this
part of Mongolia’s past remains obscured. This is even more so the case for pre-Bronze
Age, Holocene Mongolia on which there is very little known. This stands in contrast to
other geographic areas such as the Near East and Europe where those early time periods

are intensively studied.

The biggest problem lies with the difficulty in establishing an accurate chronology of
events and trends due to the lack of well stratified sites that were inhabited over a long
period of time. Because of the high prevalence of mobility among the nomadic pastoral-
ists living there, sites are scattered in the landscape rather than being built up succes-
sively through intensive occupation of single locations. This has led to an emphasis on
landscape-level approaches (Honeychurch et al. 2007, Seitsonen et al. 2018, Schneider et
al. 2020) but it hampers regional chronologies as it is difficult to determine temporal rela-
tions between spatially disparate sites. Furthermore, sites that are reused tend to become
palimpsests of multiple periods of occupation as is often the case with the remains of no-
madic pastoralists (Cribb 1991, p. 80). It is unusual to find sites in Mongolia with thick,
datable strata.

The site of Soyo (fig. 1.1), however, appears to offer a rare chance to study early Mon-
golian archaeology in a stratified context. Soyo was discovered in 2002 in the Darkhad
region of northern Mongolia by the American-Mongolian Deer Stone Project and further
investigations were conducted in subsequent years (Fitzhugh 2003, 2005). The site proved
promising as it yielded detailed stratification alongside Neolithic remains. Radiocarbon
dates from both the Neolithic and the Iron Age were obtained indicating an extended pe-
riod of use. However, intensive investigation at the site was not undertaken as the project’s

attention was diverted to other sites bearing Bronze Age monumental architecture. Later,



the site was taken up by NOMAD Science who have conducted surveys and excavations
there since (Clark 2015, Clark and Bayarsaikhan 2016, 2017, 2018). Other recent studies
of the site include a ground-penetrating radar survey (Vella 2018) and a morphological
study of the stone tool inventory (Gribble 2021). It is hoped that Soyo will provide a de-
tailed chronology of material culture for the earlier periods of Mongolian archaeology and
especially the Neolithic and Early Bronze Age. This will help understand the nature of
timing of Mongolia’s earliest economic and cultural transitions. The critical transition to
pastoralism, thought to have occurred during the Early Bronze Age (Clark 2014, p. 52), is
of particular interest for archaeological research in the Darkhad.

Mts
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Figure 1.1: Geographic map of Mongolia showing the location of Soyo and important
rivers and mountain ranges for Mongolian archaeology. 1. Soyo; 2. Egiin River; 3. Selenge
River; 4. Orkhon River; 5. Khanuy River

In order to be able to date the stratigraphic layers at Soyo, it is essential that their mor-
phology - including depth, thickness, extent - first be understood. Given the expansive
size of Soyo, relying solely on test pits to determine this is not feasible. The variety in
surface morphology (sand dunes, stable surfaces, boulder fields) also suggests an equally
complex subsurface. Geophysical methods have had a long and extensive use in archaeol-
ogy (Clark 1975, Gaffney 2008, Campana and Piro 2009, El-Qady and Metwaly, Mohamed
2019) for a variety of archaeological purposes including understanding site stratigraphy
(Challis and Howard 2006, Carey et al. 2017, 2018). A ground-penetrating radar survey
of part of Soyo has already been completed (Vella 2018) but it was highly localised to one
part of the site. Without stratigraphic controls over a wider area, it is difficult extrapolate



geophysical information across an entire site. Furthermore, the radiocarbon dating was
hindered by turbated stratigraphy. One stratigraphic unit contained samples that have
been dated to over ten thousand years apart.

The use of multiple geophysical techniques can improve interpretability by targeting dif-
ferent physical properties of the subsurface. By using multiple methods over a wider area,
a more complete picture of the sedimentary structure of Soyo will be obtained. Individual,
local sedimentary layers, once correlated into site-wide units, can thus be dated to provide
a chronological framework and give context to the archaeological remains.

1.2 Research Aims and Significance

This present research program was undertaken with three primary intentions.

¢ To use geophysical methods (primarily ground-penetrating radar and electrical re-
sistivity tomography) to build a model for the stratigraphy of Soyo.

¢ To use dating techniques such as radiocarbon dating to give an age for each major
sedimentary unit in the stratigraphic model and to provide chronological constraints
for the site as a whole.

¢ To use existing palaeoclimate records to interpret the likely environmental context
for the deposition of each stratigraphic unit.

In addition to these, three more specific, unresolved questions regarding Soyo are ad-
dressed.

* How do the dates acquired by Vella (2018) relate to the rest of Soyo and are there
surviving, datable strata between 12,900 and 1250 years BP?

* What is the date of the material culture at Soyo and particularly the date of the tran-
sition in stone tool artefacts identified by Gribble (2021)?

¢ Is Soyo a good choice in site for research into the advent of pastoralism in Mongolia
which is thought to have taken place in the Early Bronze Age?

The primary goal of this research is to build and date a model of the stratigraphy at Soyo.
This will be achieved by using geophysics to trace stratigraphic layers beneath the earth
using test pits and excavation units as stratigraphic controls. The geophysics will be sup-
plemented with absolute dating of charcoal, wood and bone samples recovered from the
excavations. These can be used to date the local stratigraphy and, by extension, the site-
wide stratigraphy. By comparison to existing climate records from the region, the con-
temporary environments for each dated strata can be elucidated giving an environmental
context to human occupation at Soyo. This is a critical step since environmental factors are
a frequently cited cause or precipitating catalyst by archaeologists for various changes in
past human behaviour.



Once a chronological framework for the sedimentology of Soyo has been established, it
will be possible to answer the research questions presented. Whether any of the chrono-
logical gap in the dates provided by Vella (2018) can be filled will be easily seen with the
new radiocarbon dates from elsewhere at Soyo. These may also extend the age range for
the site’s formation and occupation history. This is important because the standing dif-
ficulty in the chronological interpretation of the site prevents any attempt at answering
questions pertinent to Mongolian archaeology at large. Specifically the apparent gap in
stratigraphy incorporates the critical Neolithic and Early Bronze Age periods which are of
particular interest in the field of Mongolian archaeology.

The dating of transitions in material culture will be a direct consequence of this research
since previous studies (Gribble 2021) have had to rely on describing changes as a function
of depth rather than in terms of stratigraphy. By comparing the depths at which artefacts
were found to the new stratigraphic model, it will be possible to more accurately compare
trends identified in different excavation units. This is a key outcome of the research at
Soyo because understanding trends in material culture will shape our understanding of
past human behaviours and processes. If changes in material culture can be dated to the
Neolithic and Early Bronze Age, that will inform our understanding of past behaviours

leading up to the nomadic Late Bronze Age populations of Mongolia.

Finally, and in connection to the last point, this research will provide greater insight into
the suitability of Soyo for answering certain questions being asked in the wider field of
Mongolian archaeology. This will be answered by looking for stratigraphic separation be-
tween layers of the appropriate time periods. For example, if Soyo is a suitable site for
further research for identifying the shift to pastoralism thought to be concurrent with the
Early Bronze Age, it should have separated strata before (Neolithic), during (Early Bronze
Age) and after (Late Bronze Age). This would allow the identification of changes in the ar-
chaeological finds that may help explain the process behind the transition including how
and why it occurred. If Soyo does prove to be a suitable site for investigating the origins
of pastoralism, that would be highly significant to Mongolian archaeology at large since
this is currently an open question. This research would provide direct answers on the
areas with relevant preserved stratigraphy and the most effective places to excavate. On
the other hand, if Soyo proves not to be suitable, this is also an important contribution to
Mongolian archaeology since it would steer efforts away from unfruitful endeavours and
provide insight on whether this approach to the question is likely to succeed elsewhere or

not.

1.3 Chapter Outline

In Chapter 2 "Background,” the archaeological literature is primarily discussed. It begins
with an overview of archaeological time periods. A short summary of the Palaeolithic is



given before moving onto the Mesolithic-Neolithic along with an explanation of the ter-
minology in Mongolia for the Stone Age of the Holocene. After that, the (Late) Bronze
Age is discussed which finishes with the transition into the Iron Age. A special section is
dedicated to the important topic of nomadic pastoralism and theories on the origins and
motivations of the phenomenon including general trajectories and timelines for the emer-
gence of pastoralism on the Eurasian steppe. A closer examination is made of the earliest
pastoralism on the Mongolian steppe and its rise to prominence. The background chapter
also comprehensively summarises the work that has taken place at Soyo so far including
archaeological investigations by the Deer Stone Project 2002-2004 and NOMAD Science
2015-2018 including the pedestrian surveys that have been conducted in the wider land-
scape. A description of the geology and geomorphology of the landscape is also provided
since it is of vital importance to the interpretation of the geology at Soyo. Every scientific
date from specifically archaeological contexts in the Darkhad basin is also presented along-
side the information from Soyo in order to give it chronological context. This forms the
most complete summary of Soyo published as of this date. The chapter concludes with
a summary of palaeoclimate records from the Darkhad, Lake Hovsgol, Lake Baikal and
elsewhere in Mongolia. Detailed attention is given to the chronology of the rise and fall of
the Darkhad palaeolake during the Holocene so that the model of Soyo’s stratigraphy can

be given its proper climatic and environmental context.

Chapter 3 "Methodology” is dedicated to exploring the background of the methods used
in this research. The bulk of this chapter discusses the geophysical techniques of elec-
trical resistivity tomography, ground-penetrating radar and magnetic methods. For each
method, an explanation of the underlying physics is given first. The explanations are in-
tended to be in-depth but intuitive with minimal mathematics. The desired outcome is
explain why geophysics can be used in archaeology rather than merely stating how it can
be. Secondly, a brief explanation is given of how each of the types of surveys is conducted
followed by more explanation of the processing steps that can be performed on the raw
data obtained. Thirdly, the range of uses for each method is explored including different
archaeological targets that can be detected and different approaches to using geophysics
in archaeology. Aside from the geophysics, the other methods used in this research are
briefly explained as well. These include sediment analyses, radiocarbon dating and pho-
togrammetry.

Chapter 4 "Methods” documents the actual steps taken for each method employed in
this project. This includes both data collection in the field and processing steps taken
afterwards for the geophysics, photogrammetry, stratigraphic pits and sediment analysis,

geopositioning and GIS, and radiocarbon dating.

Chapter 5 “Results” presents the results obtained. It includes individual results from each
method but not products obtained by comparison and interpretation of multiple methods.

Chapter 6 “Discussion” begins by synthesising all of the results from the previous chapter



into a unified model of Soyo. This involves correlating all of the stratigraphic informa-
tion into one master stratigraphic scheme including the information gained from previous
studies at the site. A model for the structure of Soyo along with an explanation on the
likely depositional environments and site formation history is proposed. This section also
elaborates on the age chronology of each master stratigraphic unit based on current and
prior radiocarbon dating and compares it with the existing palaeoclimate records. Hav-
ing elaborated on the structure and chronology of Soyo, the attention then turns to the
archaeological record both at Soyo and in the surrounding landscape. Some conclusions
are offered to explain the record and alternative interpretations are made where the as-
sumed chronology in the literature does not match the dates from this work. Chapter 6
also considers the implications this research brings to both Mongolian archaeology as a
whole and to similar geoarchaeological projects. In particular, the suitability of Soyo is as-
sessed regarding the search for transitions between Mesolithic-Neolithic and Early Bronze
Age cultures. The difficulties faced during the project and promising lines for future re-
search are expounded on at the end.

Chapter 7 “Conclusion” summarises the work undertaken for this thesis and provides
answers to the research questions posed above. Some major limitations and future recom-
mendations specifically regarding the work at Soyo are reiterated.

1.4 Conventions Used

Throughout this thesis, a variety of specific terminology is used and it would do well to
explain those here. First, the dating conventions used here are as follows. “BP” always
refers to uncalibrated radiocarbon years before present (where “present” means AD 1950).
This is only ever affixed to a radiocarbon date. Calibrated carbon dates are affixed with the
customary “cal. BP” and are calibrated with the IntCal20 calibration curve (Reimer et al.
2020). Every carbon date acquired from the literature was recalibrated using IntCal20 with
rcarbon (an R package). The acronym kya (in italics) is used as a general purpose way of
expressing thousands of (calendar) years before the present. The present is again defined
to be AD 1950. It does not have any particular technical meaning and is used to compare
ages more generally and to discuss sequences of events.

Periodisation terms are rendered as acronyms where this is conventional to do so and
the meaning is clear. For example, EBA for Early Bronze Age, LBA for Late Bronze Age, EIA
for Early Iron Age and so on. Terms like Bronze Age and Iron Age are written in full because
it may be less clear what BA and IA mean.

Toponyms are given in both their English and Mongolian (transliterated) forms. For ex-
ample, the river that flows past Soyo can be referred to either as the River Hog or as the
Hogiin Gol. To aid the reader, a table of common geographic features has been made
which translates between the Mongolian and English (tab. 1.1). Like any language that is



English Mongolian

River Gol
Lake Nuur
Hill Tolgoi

Conifer forest Taiga

Mountain Uul

Table 1.1: Table of equivalent English and Mongolian toponyms.

not written in Latin script, Mongolian has multiple transliterations that are encountered
in the archaeological literature. An attempt to consistently use one transliteration system
was not made here. Instead, the spelling that was most commonly encountered was used.
The most notable (and potentially confusing) difference in spelling is in the use of "kh”
or "h” to render “x” in Cyrillic. For example, Darkhad is also spelled Darhad (amongst
other spellings) while Hovsgol may also be rendered as Khuvsgul (among others). Some

care needs to be taken when reading to recognise different forms of the same place name.



Chapter 2

Background

2.1 Pre-Bronze Mongolia

The archaeology of Stone Age Mongolia is relatively unstudied. Only a limited number of
sites have been found and even fewer are stratified. It is difficult, therefore, to construct
a sequence of technological and behavioural changes for this time period so that it can
be further classified into smaller subperiods. This makes existing work on periodisation
invaluable for the archaeologist of this time period.

Of all the Stone Age periods of Mongolia, the one for which we have the most developed
knowledge is the Upper Palaeolithic. This has been split into several subperiods based on
changes in the types and frequencies of lithic artefacts which are the Initial, Early, Middle
and Late Upper Palaeolithic periods. The Initial Upper Palaeolithic is thought to have be-
gun between 50 and 46 kya (Khatsenovich et al. 2017, p. 90, Zwyns et al. 2019, p. 3) and
introduced new blade technology at the transition from the Middle Palaeolithic which had
been characterised by flakes (Zwyns et al. 2014, p. 64). Since most of the discovered Ini-
tial Upper Palaeolithic sites are from the Selenge River region, it has been hypothesised
that this area was a major migration route into Mongolia during MIS3 (Zwyns et al. 2014,
2019, Wright 2021, p. 437). The Altai has also been suggested as a possible intermediary
area through which IUP technology entered Mongolia since this location is traditionally
considered to have had the oldest IUP assemblages (Rybin et al. 2016, p. 74, Khatsenovich
et al. 2017, p. 91). More recent dating indicates that IUP appeared in northern Mongolia
around the same time as in the Altai (Zwyns et al. 2019, p. 5) and that its appearance is
probably linked to the dispersal of Homo sapiens throughout the region (Zwyns et al. 2019,
pp- 6-7). The Middle Upper Palaeolithic (concurrent with the LGM) saw a sharp decrease
in the number of sites across Mongolia (Rybin et al. 2016, p. 76) and in the number of
blades (Gladyshev et al. 2010, p. 39, Rybin et al. 2016, p. 79) but the following Late Upper
Palaeolithic saw the flourishing of a new microcore and blade industry (Gladyshev et al.
2010, p. 39, Rybin et al. 2016, pp. 79-80). Although the evidence for climatic impact on
intensity of occupation in Mongolia is still in its infancy, it is considered that the rise of
microblade technologies in the post-LGM period was an adaptation to the harsh climate



by mobile foraging groups (Yi et al. 2016, Takakura 2020, p. 1).

2.1.1 The Holocene Stone Age: A Note on Terminology

There is little known about the Mongolian Holocene; however, recent scholarship has
made progress towards a greater understanding of it. Unfortunately, there is a funda-
mental problem that has not been clearly resolved which is the question of what to call
the period that lies between the Upper Palaeolithic and the Bronze Age. The contenders
- Neolithic, Mesolithic and Epipalaeolithic - are well known in the archaeology of Europe
and the Near East. In particular, the Neolithic is typically understood to mean something
to do with the domestication of animals and especially plants, sedentism and other ma-
jor changes in human behaviour. The word itself was coined by Sir John Lubbock who
made a twofold division in the pre-metallic age. The Neolithic was distinguished from
the Palaeolithic on the basis of the presence of ground stone tools, pottery, architecture,
domestication of plants and animals, and the absence of megafauna (Lubbock 1865, Clark
1980, pp. 1-2). However, it is V. Gordon Childe whose name is most attached to the
concept of the Neolithic and its break from earlier times. Childe introduced the explicit
concept of a “Neolithic revolution” which is to say he conceived of the Neolithic as the
pivotal moment in human history. Even more so, the Neolithic revolution must have been
a specific and localised event: localised to the Near East from whence it spread to the rest
of the world (Childe 1929, pp. 1-3). However, a different definition of the Neolithic was
adopted in areas that were dominated by the Soviets. There the Neolithic meant pottery
(Chard 1958, Kuzmin 2010). It is important to keep this difference in terminology in mind
while thinking about this period of time in different places around the world.

Following more archaeological study on Stone Age remains in Europe and the Near East,
it became apparent that going from "Old” into “New” was not such a sharp boundary
and that there were cultural assemblages that could not comfortably be placed in either. A
prime example is the Natufian culture of the Levant whose members practised sedentism
alongside intensive and specialised resource acquisition: a marked break from the mo-
bile hunter-gatherers who had preceded them and echoing the Neolithic to come (Belfer-
Cohen 1991, p. 173). The Natufian is commonly assigned to the Epipalaeolithic of the
Levant which implies that it is the epilogue to the Palaeolithic even though scholarship for
decades has focused on its being the prologue to the Neolithic. For a fascinating history
on the terminology of the Natufian time period and the changing thinking about what the
Natufian represents, the reader is directed to Boyd (2018) and Richter and Mayer (2013). In
Europe a similar transitional period between the Palaeolithic and the Neolithic has become
the focus of increasing scholarship. There the term Mesolithic, to signify the independent
importance of this period, has achieved acceptance although not unreservedly (Clark 1980,
pp- 1-7). The Mesolithic period in Europe has become to be seen as one of regionalisation
but also continuity (Koztowski 2009, p. 25). In both the European and Levantine cases, the
hard distinction between Palaeolithic and Neolithic has long softened into a transitional
period.



Soviet custom “Neolithic”

Séfériades (2004) ”"Mesolithic” and “Neolithic”

Wright (2006) ”"Mesolithic”

Derevianko et al. (2008) | “Neolithic”

Houle (2010) “Epipalaeolithic”

Clark (2014) ”Epipalaeolithic”

Schneider et al. (2016) ”Neolithic”

Janz et al. (2017) ”Mesolithic,” “Neolithic” and “Oasis I/11”
Seitsonen et al. (2018) ”Epipalaeolithic” and “Neolithic”

Rosen et al. (2019) "Epipalaeolithic,” “Neolithic” and ”Oasis I/11"”
Wright (2021) “"Holocene hunter-gatherers”

Table 2.1: Summary of various authors’ terminology for the period between the Upper
Palaeolithic and Bronze Age of Mongolia

In Mongolia the search for a transitional period has also been undertaken in recent years.
In this case, however, the transition is not one towards agriculture but towards pastoral
nomadism and associated monumental constructions. Furthermore, the transition is not
towards the Neolithic but towards the Late Bronze Age (LBA) from the preceding peri-
ods. In Mongolia the time between the Epipalaeolithic and the LBA (particularly the Early
Bronze Age (EBA)) is thought to be the critical transition period involving the beginnings
of pastoralism (Clark 2014, p. 52). However, there is no consensus on what to call the
pre-Bronze period of Mongolia. As an ex-Soviet country, the use of the Soviet definition of
Neolithic is still dominant but the Near Eastern definition as well as terms like Mesolithic
and other terminology are also seen (Séfériades 2004, Wright 2006, Janz 2012, Zhao et al.
2021). The reader should beware this terminological mire and be mindful of which termi-
nology each author is using. See table 2.1 for an overview of naming schemes by several
authors. In this work, the (hopefully) neutral Mesolithic-Neolithic is used to describe the
pre-Bronze Age and post-Palaeolithic period in Mongolia in the general case. This term is
chosen to not make any claims about the character of the archaeological material and sites
belonging to that time frame. The word Epipalaeolithic is avoided so as to not join this pe-
riod to the Palaeolithic. However, when describing material and sites from the literature,
the original word used in that reference may be used. The reader should understand that

no attempt at periodisation of archaeological material is being made here.

2.1.2 Archaeology of the Mongolian Mesolithic-Neolithic

Only a handful of Mesolithic-Neolithic sites in Mongolia have been studied with chrono-
logical changes in mind which only increases the uncertainty around periodisation. Most
of these are in the Gobi region. The most developed chronology for the Holocene Stone
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Age in Mongolia accordingly then comes from the Gobi region. The archaeological re-
mains there have been divided up by Lisa Janz (2012) (see also (Janz et al. 2017, 2021, p.
2)) into three periods on the basis of wetland use appropriately named Oasis I, Oasis II
and Oeasis III (table 2.2). Oasis I (13.5-8.0 kya) is characterised by the production of mi-
croblades with a variety of core types and some fine retouching. Populations are highly
mobile and low-fired pottery with organic temper makes an appearance by 9.6 kya. The
variety of lithics types expands during the Oasis II (8.0-5.0 kya) period which saw the emer-
gence of large grinding stones and partially polished stone tools. Sand and other clastic
debris is added to the temper of pottery which is now decorated with impressions and
mouldings. Microblade technology continues alongside bifacial and unifacial points. The
organisation of population at this time appears to have been clustered into longer term
habitation around forageable wetlands. Finally during Oasis III (5.0-3.0 kya), the grindings
stones reduce in size, axes and adzes become fully polished and endscrapers made from
microblades become common. There is also a shift towards conical cores dominating. New
high-fired red-ware ceramics appear with paint, geometric incisions, stamps, mouldings

and impressions. Copper smelting is demonstrated by the presence of slag.

The main feature of the Oasis chronological model is the change in economy from the Late
Upper Pleistocene to the beginning of the Bronze Age in the Gobi region. The general
trajectory proposed is an increase in broad-spectrum foraging and localised land usage
centred around oases during the beginning stage of the Holocene (Janz et al. 2017, p. 14).
While direct evidence is lacking, the shift in site occupation towards lakes and wetlands
leading into Oasis I is taken as evidence for broad-spectrum foraging as ancient people fo-
cused on exploiting the variety of wetland animals and plants over hunting bigger game
on the steppe. This interpretation is bolstered by more direct evidence from neighbouring
northern China where grinding stones, starch grains and the remains of small game attest
to an expanded diet (Janz et al. 2017, pp. 21-3).

A clear example of the shifting subsistence strategies comes from the site of Zaraa Uul
situated within a palaeolake basin in the Gobi region. This site saw three major periods of
use: two occupational periods during the Early Upper Palaeolithic (34,100-27,700 kya) and
Middle Holocene (8500-6400 kya), and a period of mortuary use during during the Bronze
Age (post 3500 kya) (Janz et al. 2021, pp. 14-5). The cultural assemblages at Zaraa Uul
during the Middle Holocene are consistent with Oasis II assemblages being dominated
by microblades and microblade debris with some flakes, points, ceramics milling stones
and adzes (Janz et al. 2021, p. 3). During the part of the Middle Holocene in question,
it is argued that the climate was much wetter based on geomorphology, faunal remains
and phytoliths. The presence of trees is shown in the phytoliths and also by the finds
of chipped axe-adzes. The wetter climate would then have allowed a lake or wetland to
form within the basin at Zaraa Uul and caused a separation of land into woodland and
grassland areas (Janz et al. 2021, p. 24). This environmental situation is given as the ex-
planation for a change in diet seen. Megafauna and other large mixed-feeding or grazing
animals were the game of choice for the Pleistocene hunters. Oasis II hunters, on the other
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Lithics Other Artefacts Economy Other
Epipalaeolithic flakes
19.0-13.5kya  pressure-flaked

microblade indus-

try

retouched points
Oasis I highly developed  Pottery by 9.6 kya Largely a continu-
13.5-8.0 kya microblade indus- ~ (2021) ation of Epipalae-

try olithic

flexible core types High mobility
Qasis 11 Grinding stones Hearths Wetland foraging Longer term habi-
8.0-5.0 kya Microblades Textile-impressed, tation

Polished stone low-fired, grey-

Varied cores ware pottery with

Points including coarse sand and

bifaces organic temper
Qasis 111 Large grindstones ~ Ceramics more Domesticated ani-  Increased East-
5.0-3.0 kya decline common mals? West divide in

Microblades High-fired red- (2021) Gobi sites

Endscrapers ware sometimes Higher mobility

Dirills painted with sand with more tempo-

Polished axes and
adzes

Large knives
Bifacial points
Shift to conical
core dominance

or organic temper
Geometric de-
signs, stamps,
moulded rims and
impressed

Copper smelting

rary campsites
Intensive occupa-
tion of wetlands
and dunefields

Table 2.2: Chronological summary of Gobi sites during the Oasis economies from Janz
2012, Janz et al. 2017 and Janz et al. 2021.
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Figure 2.1: Map of Mesolithic-Neolithic sites and locations mentioned in this thesis. 1.
Soyo; 2. Zaraa Uul; 3. Chikhen Agui; 4. Ikh Nartiin Chuulu; 5. Tamsagbulag; 6. Baiyin-
changhan; 7. Hag; 8. Houtaomuga; 9. Gazar Agui-1

hand, preferred a mix of larger steppe grazers and small to medium forest feeders. From
the Bronze Age, faunal assemblages consisted of domesticated sheep, horse, cattle and
goat. The disappearance of megafauna and the formation of patchwork forest-and-steppe
environments facilitated the emergence and hunting of specialised browsing herbivores of
varying size (Janz ef al. 2021, p. 23). The appearance of domesticated animals in the Bronze
Age indicates potentially another subsistence adaption as the wetland environments that
facilitated the Oasis II mixed economy dried out.

The rockshelter site of Chikhen Agui in the Gobi-Altai region covers a transitional period
from the Pleistocene into the early Holocene ending some time in the ninth millennium
cal. BP. There are three strata at Chikhen Agui. The lowest dates to the Upper Palaeolithic
(Stratum 3) and the second from the initial Holocene (Stratum 2) (Derevianko et al. 2003,
pp- 51-4). The lithic assemblage from Stratum 3 shows a preponderance of Levallois-like
flakes with a sizeable fraction of blades. This would put Stratum 3 in the earliest stages of
the Upper Palaeolithic (Derevianko et al. 2001, p. 33). However, the earliest dates reported
from the site are significantly later than the IUP in northern Mongolia. The oldest was
taken from a bone sample and likely (two sigma) postdates 35,800 cal. BP. The Holocene
assemblage is heavily dominated in both tools and debitage by microblades and compos-
ite tools. Blades and points and their associated fragments are the next most common

categories (Derevianko et al. 2003, p. 53). This site has been interpreted as a seasonal
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hunting camp due to the low formality of the tool forms and proximity to a watering hole
to which game would be attracted. The habitation interpretation is further supported by
grass concentrations, which were interpreted as bedding, and the large number of hearths
(Derevianko et al. 2003, pp. 54-5). Some more exotic artefacts found (nephrite pebble,
serpentine pendant, ostrich shell beads) have encouraged a secondary interpretation of
ritual activity at the cave (Derevianko et al. 2008). The time frame for this use of the cave
ranges from 13,400 to approximately 9000-8000 cal. BP using the dates that are thought to
be reliable (Derevianko et al. 2003, p. 51, 2008, p. 9). This would place it firmly within
Janz’ Oasis I period. The interpreted seasonal mobility, use of water environments and
microblade industry all fit into the Oasis I pattern. It should be noted that, despite the rich
finds at Chikhen Agui, caves do not appear to have been used extensively for occupation
in prehistoric Altai. A survey of 24 caves in the Altai found only two caves bearing signs
of prehistoric use. Both showed rock art but at only one (Gazar Agui 1) was found any
artefacts (several microblades and an unidentified piece of bronze). The occupation of this
cave was identified as "Neolithic” or "Bronze Age”. It was hypothesised that cave habita-
tion at this time was short and focused around the production of rock art (Vanwezer et al.
2021a, p. 84, 2021b, p. 7).

In the eastern Gobi hundreds of surface scatters have been identified particularly in Ikh
Nartiin Chuulu Nature Reserve (Schneider et al. 2016, 2020). Approximately 900 “Ne-
olithic” scatters were found comprising flaked tools, microblades, scrapers, point, ceram-
ics and ground stone. One single date points to an age range that includes 4350 cal. BP for
these assemblages (Schneider et al. 2016, p. 484). A salient feature here is the presence of
ground-stone milling tools from which starch grains have been recovered (Schneider et al.
2016, pp. 484-90). This indicates at least some importance was given to plant processing
and consumption in the eastern Gobi while the non-local material of these tools suggests
the people using them maintained their mobility (Schneider et al. 2020, pp. 8-9).

The only Mongolian site that would comfortably fit into a Near Eastern or European style
of Neolithic is Tamsagbulag which lies on the eastern border with China. This site was
excavated by Okladnikov, Derevianko and Dorj and published mostly in Russian (Oklad-
nikov and Derevianko 1970, Dorj 1971). A summary was published in English by Dere-
vianko and Dorj (1992). A more recent expedition was made by the French Archaeological
Mission in Mongolia which uncovered two more associated sites dating to the seventh
millennium cal. BP (Séfériades 2004). Further finds have been made from the late ninth
to eighth millennium cal. BP (Zhao et al. 2021). Tamsagbulag was a sedentary village of
semi-subterranean houses. The lithic assemblage was dominated by microliths and a vari-
ety of cores and core-tools, scrapers and knives. Bifacially flaked points, polished adzes (or
axes) and pressure-flaked tools were also present (Derevianko and Dorj 1992, pp. 1724,
Séfériades 2004, p. 143). Pottery was also found at the site which was a friable grey-ware
with incised or impressed designs (Derevianko and Dorj 1992, p. 174, Séfériades 2004,
p- 143). Of particular interest is the presence of a mixed economy involving agriculture,
pastoralism and hunter-gathering. Numerous grinding tools and hoes were found along
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with cattle or auroch bones, fish bones and hunting equipment indicating a varied diet.
Furthermore, there was some ritual use of bull remains at the site and at least one intra-
mural burial with grave goods. (Derevianko and Dorj 1992, pp. 174-6). Tamsagbulag
is a unique site in Mongolia but fits with other site in northeastern China and the Amur
region. The nearby sites of Baiyinchanghan and Hag display similar uses of storage pits,
burials (similarity only between Tamsagbulag and Hag), intensive plant processing, millet
cultivation and sedentism. These sites were roughly contemporary with the earlier occu-
pation at Tamsagbulag (Zhao et al. 2021, pp. 48, 52-3). It has been proposed that aurochs
(previously thought to have died out during the Neolithic in this area) survived in signifi-
cant enough numbers to have played a part in the Neolithic (6300-5000 cal. BP) economy
of Houtaomuga in northeastern China (Cai et al. 2018). Due to the way the bones were cut
and the age of death, it seems that these aurochs were used in feasting rituals but were un-
likely to be domesticated (Cai et al. 2018, p. 78). It seems likely given the shared ritual use
of bovines, mixed economies and construction of dwellings that Tamsagbulag fit more into
the sphere of its neighbours to the East than with the rest of the Mongolian plateau. Seden-
tism and agriculture have a long history in that part of the world. Sedentism in particular
has been shown to have arisen fairly rapidly around 7.9 kya in northeastern China with
agriculture following over a longer period of time (Shelach-Lavi et al. 2019). In the Rus-
sian Far East, agriculture is known from 5467-5320 cal. BP (Kuzmin 2013) which means it
was adopted by people already long familiar with pottery. The Russian Far East lays claim
to some of the oldest pottery in the world appearing at least by c. 14 kya (according to di-
rect dating on the ceramic sherds themselves) (Yanshina and Kovalenko 2022). Therefore,
the “Neolithisation” at Tamsagbulag is part of the trajectory of sedentism and agriculture
ongoing in the River Amur region and northwestern China at that time and unrelated to
the kind of “Neolithic” that is under discussion throughout the rest of Mongolia.

2.2 Bronze Age

The Bronze Age of Mongolia is a period that is dominated (in the literature) by monu-
ments (Wright 2021, p. 440 and see also Allard and Erdenebaatar 2005, Fitzhugh et al.
2010, Wright 2014, 2017, Honeychurch 2015, chap. 5, Enkhtor ef al. 2018, Taylor et al.
2019). Although habitation and activity sites are known, their visibility in the landscape is
low compared to monumental constructions (Honeychurch et al. 2007) and scholarship on
them is limited. Therefore, the period has lost its original (Lubbockian) meaning of having
bronzeworking technology and is considered as a period of widespread monument build-
ing and the social transformations (expressions of kinship, territoriality, ritual, etc.) that
are variously hypothesised to go along with them (Houle 2016, p. 2). The Bronze Age is
typically divided into an Early Bronze Age (EBA) and Late Bronze Age (LBA). The chrono-
logical boundaries of these periods, especially the beginning of the EBA, are currently neb-
ulous. Since habitation sites of this time have been rarely studied and often contain few
artefacts and secure dateable contexts, the chronology has historically been based mainly
on monument transitions and pottery typologies (Honeychurch 2015, p. 132). The transi-

15



tion from EBA to LBA is placed during the late second millennium BC with the advent of
widespread horse domestication (c. 1200 BC) given as a defining moment (Houle 2016, p.
2, Taylor et al. 2017, Wright 2021, p. 440). Sometimes a Terminal Bronze Age is grouped
with the Early Iron Age period to categorise the time between the LBA and the Xiongnu
polity (c. 800/700-400 BC) (Houle 2016, p. 2). However, sometimes the Terminal Bronze
Age is incorporated as a subperiod of the LBA c. 1000-750 BC (Honeychurch 2015, p. 111).

Occupation sites of the Mongolian Bronze Age are not only difficult to distinguish from
earlier periods because of their similar lithic tradition (Janz et al. 2017, p. 58, Wright 2021,
p- 443) but also appear to be less frequent overall suggesting a change in way of life that
affected the visibility of campsites in the present day landscape for archaeologists (Hon-
eychurch 2015, p. 137). This (and the general lack of bronze items at occupation sites) may
explain Maringer’s (1963, p. 82) assertion that Mongolia largely had no Bronze Age at all.
The changes in material culture in the Oasis II economies (Eneolithic/EBA) identified by
Janz in the Gobi include increased beads, spindle whorls, copper slag and a distinctive tra-
dition of high-fired, redware (compared the the earlier low-fired, sandy greyware) that is a
diagnostic marker of the EBA (Janz et al. 2017, pp. 58-9). In the later EBA (c. 1550-1150 BC)
of eastern Mongolia, the Ulaanzuukh culture produced similar occupation scatters of mi-
croblade industry remains and thin-walled, red ceramics (Wright et al. 2019, pp. 9-12). The
bronze of the Bronze Age is far less commonly represented in assemblages. Most bronze
objects are from the Terminal Bronze Age and EIA where they are included as grave goods
(such as ornaments, bangles and knives) in slab graves. Few bronzes have been recovered
the LBA deer stone and khirigsuur culture although they must have been familiar with
the technology as seen from the carvings of bronze tools and weapons on their deer stones
(see below) (Houle 2016, p. 9, Wright 2021, p. 550). A study has been done on the bronze
objects from Baga Gazaryn Chuluu in the northern Gobi of eastern Mongolia which was
described as a self-sufficient bronze-making site (Park et al. 2011, p. 816). Six out of the 54
sampled objects were reported as either LBA or LBA-EIA. The results of chemical analysis
showed that there was a shift from pre-Xiongnu arsenical copper to tin-lead-bronzes of
the Xiongnu period which was explained by increasing interaction with China where that
alloy was common (Park et al. 2011, pp. 814-5).

The chronology of the change in subsistence patterns from Mesolithic-Neolithic hunter-
gathering to nomadic pastoralism (or a mixed economy), as well as the processes involved
in that change, is one of the major problems of the Bronze Age. This transition is assumed
to have taken place during the EBA or that is at least where evidence is being sought
(Clark 2014, p. 52). The earliest pastoralist culture is thought to be the Afanasievo culture
in western Mongolia who have genetic links with steppe populations farther west (Jeong
et al. 2018) and whose burials have been dated to c. 3000 BC (Taylor ef al. 2019). From there
the practice spread eastward and only reached the Gobi under the Ulaanzuukh-Tevsh cul-
ture c. 1450-1150 BC (Janz et al. 2017, p. 56). Another possible channel for the transmission
of herding into Mongolia may have been reindeer herding from Siberia into northern Mon-
golia. This idea was one of the underpinning research questions of the Deer Stone Project
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Figure 2.2: Map of Bronze Age sites and locations mentioned in this thesis. 1. Targan
Nuur; 2. Egiin Gol valley; 3. Khanuy valley; 4. Urt Bulagyn

(Fitzhugh 2003, p. 14, 2005, p. 13) although it has not received much attention in the litera-
ture. The processes involved in the subsequent spread of pastoralism throughout Mongo-
lia is an open question. Wright (2006, p. 298) has argued that the adoption of the nomadic
pastoralist lifestyle was a voluntary procedure undertaken by hunter-gatherers who saw
the prestige and power conveyed by individualised burials and other monuments and
so took on the package of Bronze Age subsistence and monumental architecture. In the
Darkhad there is EBA evidence for domesticated animals (within the context of a mixed
economy) from burials (Clark 2014, p. 181) while gene flow from the western steppe did
not reach the Hovsgol region until the LBA (Jeong ef al. 2018, pp. 5-6) which further
supports the idea that the spread of pastoralism happened through inter-group connec-
tions and exchanges rather than wholesale population migrations. The slow transmission
of pastoralism throughout Mongolia, and the fact that these herders were not mounted
until c¢. 1200 BC at least (Taylor et al. 2017), also speaks for a more complication series
of interactions between groups rather than a rapid and sweeping transformation of the
steppe economy by migrations of nomads. For further discussion on nomadic pastoralism

in Mongolia, see Section 2.4.

The three major LBA settlement pattern studies in Mongolia are all in central and northern
Mongolia and used the pattern of sites in the landscape to make inferences about social or-
ganisation. The Egiin Gol project in northern Mongolia (Honeychurch and Amarttavshin
2007, Honeychurch et al. 2007) was a milestone in such studies. A variety of surface sur-
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vey intensities were used to map the sites by period. It was discovered that LBA and Early
Iron Age (EIA) habitation and monument sites occupied primarily the tributary valleys of
the river system leaving the main valley relatively unoccupied. Each valley yielded the
same set of sites. This pattern was used to conclude that the LBA and EIA inhabitants
formed networks of small, discrete units. The move of sites into the main valley during
the subsequent Xiongnu period suggested a change in land use pattern and, therefore,
the incorporation of the valley into a pre-existing, external political unit (Honeychurch et
al. 2007, pp. 378-80). To the south of the Egiin Gol, the Khanuy Valley was surveyed to
test the dependency hypothesis for the Mongolian case (the idea that nomadic pastoral-
ist political complexity must be precipitated by a neighbouring sedentary civilisation - in
this case China). Houle (2010, pp. 180, 183—4) argues for a restricted range of movement,
surplus production, relatively higher population density and very slight social differen-
tiation prior to Chinese contact all of which he levels against the dependency hypothesis
as showing that social complexity pre-existed contact with sedentary neighbours to the
South. Interestingly, the occupation sites in the Khanuy Valley show a bimodal clustering
(following present day herders) with Winter camps in the sheltered valleys and Summer
camps only a few kilometres away along the river. The territory between was filled with
monuments (Houle 2010, p. 52). This pattern was not found along the Egiin Gol although
it was noted that the river may have destroyed sites in the floodplain or hidden them by
fluvial deposition (Honeychurch et al. 2007, p. 378). The final major survey of habitation
sites took place near Targan Nuur in the Darkhad. There LBA sites were the most frequent
followed by the Turkic period with Iron Age and Xiongnu sites virtually absent (Clark
2014, pp. 172-3). This perhaps speaks to a fragmentation of social connections following
the LBA and Xiongnu culture having limited penetration into the Darkhad. The bimodal
settlement pattern as found in the Khanuy Valley was not found in the Darkhad but this
was very likely a result of the survey area boundaries. It may have been the case that the
area only encompassed Summer camps (Clark 2014, p. 163). No clear spatial pattern was
found to link LBA monuments with occupation areas with the biggest cluster of the former
lying 5 km from the biggest cluster of the latter (Clark 2014, p. 171). The general picture
that emerges from these studies is one of LBA peoples camping at certain places within the
monumental landscape but that the choice of campsite is determined by factors other than
proximity to those monuments (probably pragmatic factors related to herding). They may
have moved short distances through the monumental landscape as in the Khanuy Valley
or they may have moved longer distances. The meaning of the relation between monu-
mental landscape and nomadic herding patterns to the people living at the time remains
unclear.

Monuments are the most visible and studied Bronze Age remains. There are three main
monuments that occur across the Mongolian landscape (although there are others that
are more geographically limited): khirigsuurs, deer stones and slab graves. A khirigsuur
has a complex structure. There is a central mound with is surrounded by a “fence” of
stones that is either square or circular. There may be a stone path leading from the cen-
tral mound to the eastern or southeastern side of the fence. Outside, the larger mounds
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have satellite mounds which are concentrated on the eastern and southern sides and rare
on the western side. Surrounding the whole thing may be a field of stone circles. On
the northern side there can be another stone path and a series of slab graves. The whole
structure is typically oriented towards an East-West or Southeast-Northwest axis (Allard
and Erdenebaatar 2005, p. 554, Frohlich ef al. 2005, pp. 59-60). A prime example of a large
khirigsuur showing the layout of features is Urt Bulagyn in the Khanuy Valley (Allard and
Erdenebaatar 2005). Khirigsuurs are found across Mongolia but are more concentrated in
the central, western and northern parts (Wright 2021, p. 447). In the Darkhad at least they
tend to be located on the southern sides of hills (Frohlich et al. 2010, pp. 198-9). One big
question about khirigsuurs is whether they were burials or not. Some have argued that
khirigsuurs were not burials based on the inconsistent presence of human remains (Al-
lard and Erdenebaatar 2005, p. 552, Wright 2006, pp. 203—4, 2014, p. 148). On the other
hand, some areas (such as the Darkhad) yielded human remains in the central mounds of
most khirigsuurs and there is a corresponding insistence that the monuments were buri-
als (Fitzhugh and Leader 2006, p. 36, Frohlich et al. 2010, p. 196). It has been noted that
inhumations are most common in western Mongolia while eastern khirigsuurs typically
did not have them and suggested that this represents a change in practice as the monu-
ment form spread from West to East (Honeychurch 2015, pp. 114-5). Animal remains and
artefacts are also uncommon at khirigsuurs and only occur in association with satellite fea-
tures but include bronze objects, ceramics and notably horse remains (especially the head
and hooves) and other fauna (Fitzhugh and Leader 2006, p. 36, Taylor et al. 2020a, Wright
2021, p. 447). Regardless of whether khirigsuurs were meant to be burials, they seem to
also have been used for other purposes. Khirigsuurs were probably agglomerative struc-
tures that were built over time rather than in a single effort (Allard and Erdenebaatar 2005,
p- 558, Wright 2006, p. 224). Therefore, there must have been some ongoing relationship
between people and monument beyond simply a burial. Recent thinking on the matter
has concluded that khirigsuurs were territorial markers for nomads occupying limited ar-
eas (Frohlich et al. 2010, pp. 205-6) or markers of social cohesion in a nomadic landscape
that tended towards dispersion and fragmentation (Allard and Erdenebaatar 2005, p. 561,
Houle 2010, pp. 187-90) or both (Wright 2014, p. 155). An analysis of the horse remains
found under khirigsuur satellite features has revealed cut marks indicating the removal
of meat, disarticulation of bones and a variety of killing methods. This suggests ongoing
ritual and feasting activities were happening at khirigsuur sites which supports the hy-
pothesis of a socially unifying function (Taylor et al. 2020a).

Deer stones are monolithic standing stones 1-3 m high that are named after their elaborate
and stylised deer carvings. Deer stones have been categorised into four varieties: the “clas-
sic” Mongolian type, the Sayan-Tuva type, the Altai type and the Black Sea type. Only the
Mongolian and Sayan-Tuva types actually regularly have zoomorphic imagery while the
Altai type is a simpler style and the Black Sea type appears even less related (Jacobson-
Tepfer 2001, p. 31). Examples of the Mongolian type are divided into three bands. At the
top there are ring carvings on either side of the stone which have been suggested to be
earrings or sun symbols. There is also sometimes an anthropomorphic face. The middle
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Figure 2.3: A small Khirisgsuur. Note the circular ring of stones surrounding it. Photo-
graph taken by the author at Ushkiin Uver.

panel contains the stylised deer with birds’ beaks. The bottom displays a belt with bronze
tools and weapons (Fitzhugh and Leader 2006, pp. 38-9). Deer stones are often associated
with khirigsuur complexes giving rise to the notion of a deer stone-khirigsuur (DSK) com-
plex and culture (Wright 2021, p. 449). The two forms are contemporaneous in the LBA
(Taylor et al. 2019). Although slab graves can be found in association with khirigsuurs
as well, these are thought to be later intrusions (Fitzhugh and Leader 2006, p. 37). The
meaning of deer stones has been extensively hypothesised on (Jacobson-Tepfer 2001, Ba-
yarsaikhan 2005, Fitzhugh and Leader 2006, pp. 37-9, Wright 2021, pp. 448-9). Notions of
individual representation of a leader or ancestor or other tribal representation easily arise
because of the anthropomorphic features of many stones, the belt of equipment in the bot-
tom third and the similarity of the deer art with archaeologically known tattoos (Fitzhugh
and Leader 2006, p. 39). Ideas of a widespread deer cult have been presented as well and
deer stones have also been interpreted as cosmologies wherein the upper partition repre-
sents the heavens, the middle the earth and the lower the underworld (Jacobson-Tepfer
2001, pp. 34-8, 52).

The final major type of Bronze Age monument is the slab grave. This is a rectangular

structure made of upright stone slabs which surround a shallow burial pit. The burial is

overlain with a layer of smaller stones. Slab graves were most common in eastern Mon-
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Figure 2.4: Two deer stones. a) Showing the upper third with anthropomorphic face and
circular “sun” rings. b) Showing middle and lower thirds with stylised deer and bronze
weaponry. Photographs taken by the author at Ushkiin Uver.
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golia during the Terminal Bronze Age and EIA (10" to 4" centuries BC) (Wright 2021,
pp. 449-50). Unlike khirigsuurs, these are unquestioned as burials. Slab graves have
produced a vast amount and variety of grave goods compared to earlier burials which
include faunal remains, bronze ornaments and tools, bone artefacts, stone artefacts, semi-
precious stone and shell beads and ceramics. This array of material is suggested to show
a more martial society, importance of animals in ritual and long distance contact (Allard
and Erdenebaatar 2005, p. 548, Wright 2021, p. 550). The slab grave culture has roots in
the earlier LBA (c. 1450-1150 BC) Ulaanzuukh culture which produced similar rectangu-
lar stone burial structures as well as ground-level alignments of stones and stone circles
(Honeychurch 2015, p. 122, Wright et al. 2019). The Ulaanzuukh tradition was roughly
contemporaneous with the DSK tradition with the former occupying the eastern parts of
Mongolia and the latter occupying the western and central areas during the LBA (Hon-
eychurch 2015, p. 122). Genetic research has suggested that the people of the slab grave
culture had western steppe ”Afanasievo-like” DNA admixture from the LBA which sug-
gests some movement of people eastward at around the time of the domestication of the
horse. The construction of slab graves then diffused back westward by adoption rather
than migration (Rogers and Kaestle 2022). Previous research, however, had stated that
the Ulaanzuukh-slab grave populations had no western admixture and that genetic mix-
ing did not occur until the Xiongnu period (Jeong et al. 2020). Regardless, the slab grave
form did expand westward and was often found in conjunction with DSK monumental
sites. These are interpreted as intrusive elements on an earlier tradition (Fitzhugh and
Leader 2006, p. 37) which may indicate a deliberate attachment or continuation to earlier
monuments (Wright 2021, p. 550).

2.3 Soyo

The site of Soyo was discovered in 2002 by the American-Mongolian Deer Stone Project.
A number of “"Neolithic” artefacts were discovered from a buried cultural layer, including
microblades and red-washed ceramics, but two hearths associated with the cultural layer
were dated to the late first to early second millennium AD (Fitzhugh 2003, pp. 42-3). It
was later discovered in 2003 that there were two culture-bearing layers very close to each
other containing hearth stones, charcoal and bone. The lower of the two layers further con-
tained cord-impressed pottery, microblades and wedge-shaped cores among other lithics.
A hearth feature supposedly associated with this layer was dated at the time to 6510 - 5940
cal. BP (see figure 2.19 for comparison to the age of the Neolithic in the Gobi and Cis-
Baikal). The artefact assemblage found was considered to be similar to other Neolithic as-
semblages from Mongolia and Siberia. The upper layer was associated with more hearths
and animal remains as well as some disc-shaped fire-cracked stones (Fitzhugh 2005, pp.
17-8). A natural timber horizon was also discovered eroding into the river and was dated
to 7161-6786 cal. BP (Fitzhugh 2003, p. 43). In 2004 further work was done at Soyo to
uncover the Neolithic material there. Based on the limited excavations, a preliminary
stratigraphy was developed consisting of four layers: an upper soil layer, dark brown

22



sand, yellow-red sand, and finally a light yellow sand. Artefacts were not found in this
last layer which was as the base of the sequence. The notable examples consistent with
other Neolithic finds around Mongpolia include two arrowheads and a range of low-fired,
sand-tempered ceramic fragments (Bayarsaikhan et al. 2005, p. 228). The Neolithic com-
ponent of the pottery at Soyo is described as “a coarse sandy greyware” as opposed to the
red-washed pottery which is likely Bronze Age although there is still a lot of research to be
done on Mongolian pottery typology (Julia Clark pers. comm. 2023). The full catalogue
of finds is dominated by microblades with some other pieces such as scrapers, points, ce-
ramics and bone fragments (Bayarsaikhan et al. 2005, pp. 231-8). Further field seasons in
the Darkhad by the Deer Stone Project did not work at the site of Soyo itself.

Regular archaeological study at Soyo did not resume until 2015 as the site had been used
as a camping ground in the meantime by people undertaking expedient mining activity
in the nearby Sayan Mountains. The fieldwork involved a mix of surface collection from
the eroding cultural levels and excavations. The artefacts found were mostly Neolithic to
Early Bronze Age lithics, ceramics and bones. There also appears to be evidence of either
pottery firing or metallurgy in the form of vitreous slag (Clark 2015, pp. 3, 6). These exca-
vations were dug over a wider area than in previous field seasons. The stratigraphy for the
site was noted to consist of a sandy overburden followed by a dark soil and then orange-
yellow silty sand both containing artefacts. In some excavation units such as Unit 1 there
was also found a light coloured, archaeologically sterile sand beneath the culture-bearing
layers (Clark 2015, pp. 3-4).

Having done an exploratory first sea-

son, the following season in 2016 took
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Figure 2.5: Map of excavations and surveys done at the site of Soyo up until 2016.
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ANSTO Code  Stratigraphic Level Calibrated Age BP (20)

0zZV573 B Modern

OZV574 B Modern

0ZV582 B 263-220; 144-24

OZV576 C 256-224; 139-32

0OZV575 C 424-392; 318-285; 166-156
0ZV581 D 907-864; 858-844; 833-734
0ZV580 G 1242-1228; 1176-1061
0OZV584 G 1242-1229; 1176-1060
0ZV577 G 12892-12858; 12848-12747

Table 2.3: Carbon-14 dates from excavation unit 6 during the 2016 field season at Soyo
(Vella 2018) calibrated using IntCal20 curve.

(Clark and Bayarsaikhan 2016, p. 4). This survey would be combined with several new
test pits and excavations as well as a high resolution orthophoto and digital elevation
model obtained through aerial photographs and photogrammetry. However, only a small
part (6,000 m?) of the total surveyed area was processed and interpreted resulting in a
limited model for the site structure (Vella 2018, pp. 48-52). Nevertheless, the extents and
depths of two palaeosols and the lodgement till surface were able to be mapped across
the western end where much of the archaeological work done by the Deer Stone Project
had taken place. Further to this, a geological interpretation was made of the test pit strata
(fig. 2.6). The sequence started with the limestone bedrock on which glacial lodgement till
sat. This till was surrounded by a possible glaciolacustrine sand and capped with lime-
stone colluvium from the nearby Soyo Hill. A palaeosol also developed on top of this
substrate. Overlying the palaeosol were aeolian sands, another palaeosol and then aeo-
lian sand dunes (Putnam 2016). Finally, nine radiocarbon dates were obtained from one
of the excavation pits (Unit 6) which are tabulated in figures 2.3 and 2.7 (Vella 2018, p.
54). These show that there was a great range in the chronology at this part of the site. Of
particular concern was the gap between the single oldest sample (OZV577 10,900+40 BP)
and the middle cluster of dates (OZV580 1205425 and OZV584 1200+25). This discrepancy
was one of the motivating problems behind the 2019 Soyo field season and the present re-
search.

Over the course of 2015 to 2016, a total of 340 lithic artefacts were retrieved from excavated
contexts. Ninety-six of these were selected for a study on the variability of lithics over time
at Soyo (Gribble 2021, p. 69). The lack of grindstones was noted as a potential indication
that no grass or seed processing was happening at the site and that the inhabitants prac-
tised a more mobile habitation strategy. While no points were found either, the practice
of hunting was not ruled out on the basis that microblades were common throughout all
stratigraphic levels (Gribble 2021, pp. 119-21). It should be noted that, while no points
were contained in Gribble’s sample, points are found in the finds catalogue from Soyo.
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Figure 2.7: Non-modern carbon-14 dates from excavation unit 6 during the 2016 field sea-
son at Soyo (Vella 2018). Sample OZV577 has been omitted to increase the visibility of the
other results.

It was found that a change occurred in the lithic record from using only chert to using a
wider variety of materials such as quartzite. The chert (mostly black chert) is from an un-
known provenance but pXRF analysis using a Bruker Tracer 5i instrument has suggested
a single main source given the similarity between most samples in terms of aluminium,
iron and titanium content (Gribble 2021, pp. 83-5). Quartzite is found in the region sur-
rounding Soyo so it has been suggested that its use was caused by a change towards lower
mobility in the Darkhad (Gribble 2021, pp. 127-9). While this transition has been ten-
tatively hypothesised as being contemporaneous with the Mesolithic-Neolithic to Bronze
Age transition in Mongolia on the basis of dating done at Soyo (Gribble 2021, p. 124), the
contexts that produced the lithic artefacts are far from the test pits that currently have been
carbon dated and it is not yet known how they correlate.
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Figure 2.9: A sample of ceramic material from the 2016 field season at Soyo courtesy of
Julia Clark.

The 2017 field season saw less work at the Soyo site itself than the previous year as other
sites in the surrounding landscape were investigated (fig. 2.17). Two of the test pits
from 2016 (T1.4 and T1.3) were reopened to provide further dating opportunities. It was
stated that the previous interpretation of the stratigraphy had misidentified the limestone
bedrock (at least in T1.4) as glacial till (Clark and Bayarsaikhan 2017, p. 5). However,
the geological report in question clearly states that no limestone was found within the
till which was, in fact, comprised mostly of granite boulders (Putnam 2016, p. 1). In the
appendix to Vella’s Master’s thesis on the 2016 results, the lithology of the lowest unit in
T1.4 was described as “Glacial fill made up of granite boulders, sub-angualr[sic] limestone
rocks and smaller rounded river rocks” (Vella 2018, p. 107). On the northern side of the
river at a site called Bayanii Am 1, more artefacts (N=360) were found exposed by erosion.
A test pit turned up a further 1096 lithics, 17 charcoal fragments and 424 animal bones in
the top layer of soil. The main categories of lithics found were (micro)bladelet fragments,
flakes and debris fragments. Minor categories included points, cores and scrapers (Clark
and Bayarsaikhan 2017, pp. 14-5). At Bayanii Am 3 to the Northwest, four pre-LGM lithic
artefacts made of quartz were found on a terrace above the river (which must have been
out of reach of the glacier - elevation 1715 m a.s.l.) which were two unipolar flake cores,
one piece of debitage and a scraper fragment (Clark and Bayarsaikhan 2017, p. 16). Some
of the other finds include three apparently undisturbed but unproductive burials as well
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Figure 2.10: A sample of animal bone from the 2016 field season at Soyo courtesy of Julia
Clark.

as two new deer stones, including one with an unusual spiral design (Clark and Bayar-
saikhan 2017, p. 30), but the bulk of the work was done at the site of Bagsagiin Bulan
downriver of Soyo. There an architectural structure was found with a central hearth sur-
rounded by a ring of stones with two postholes found nearby (Clark and Bayarsaikhan
2017, p. 8). The small finds are comprised of a mix of ceramics, animal bone and lithics
including microblades. A large amount of charcoal was also found as would be expected
from the vicinity of a hearth. This site has been interpreted as a LBA habitation site based
on the ceramics although the predominance of stone tools may indicate a much earlier date
(Clark and Bayarsaikhan 2017, p. 11). A date of c. 4.5 kya (4056 +15) from the hearth char-
coal has been published (Taylor et al. 2020b). Unfortunately, the faunal remains selected
for dating only yielded recent or modern dates so the authors were unable to make conclu-
sions about the nature of contemporary subsistence strategies. The explanations given for
this were that the context had become exposed or that later material had become mixed in
through taphonomic processes (Taylor et al. 2020b). Despite this, the site is important for
its demonstration of architecture and habitation site layout at that time.

The field season of 2018 continued the regional approach with attention being mainly
given to two sub-areas at Bagsagiin Bulan downstream from Soyo which had been dis-
covered in a pedestrian survey the previous year. The first area produced 30 orange-red
ceramics with blackened interiors from the LBA. The other area produced only microb-
lades and flakes indicative of Neolithic or EBA for a total of about 50 lithics (Clark and
Bayarsaikhan 2018, p. 3). Since the two spatially separated areas produced two distinct

29



assemblages, it is hypothesised that the Mesolithic-Neolithic-EBA and LBA populations
possessed different criteria for camp sites which may indicate a difference in subsistence
(Clark and Bayarsaikhan 2018, p. 8).

2.3.1 The Geology and Geomorphology of the Area around Soyo

Soyo is located on the western side of the Darkhad basin which forms part of the Baikal
Rift Zone (Orkhonselenge ef al. 2022, p. 239). The Baikal Rift Zone was formed through
a series of tectonic stages spanning the Late Cretaceous to Oligocene, Oligocene to Early
Pliocene, and Late Pliocene to Quaternary periods (Mats and Perepelova 2011). The basin
is bordered on the western and northern sides by the Sayan Mountains. The dominant
geology is Proterozoic schist but there are also intrusions of Palaeozoic to Mesozoic gran-
ites and deposits of Late Neoproterozoic to Palaeozoic carbonates which are significant
for understanding the geology of Soyo (Orkhonselenge ef al. 2022, p. 236, Tsypukova et al.
2022, fig. 2). The Darkhad has held numerous palaeolakes during the Cenozoic Period (see
Section 2.6) and this has left more than 210 m of lacustrine deposits in the basin (Ufland et
al. 1971, Krivonogov et al. 2005, p. 83). This has resulted in topography of relatively flat

plains above which isolated hills (former islands) rise.

Soyo sits on the banks of the Hogiin Gol where it exits the mountains (fig. 2.11). The val-
ley the river runs through is a U-shaped glacial valley which terminates in a large terminal
moraine a kilometre and a half west (upriver) of Soyo. Behind this terminal moraine are
multiple recessional moraines formed as the glacier cycles between retreating and advanc-
ing. The river passes through a breach on the terminal moraine’s northern side and enters
a subsequent, smaller “Soyo” glacial valley which had been carved through the Darkhad
lake sediments during previous glacial periods. This small valley is bounded by lateral
moraines (fig. 2.12) consisting of granite and schist boulders. These were sourced from the
schist and granites of the Sayan Mountains. There appear to be at least three generations
of lateral moraines on the northern side of the river but only two on the southern side.
A previous dating study has shown that high lateral moraines on the side of the breach
pre-date the terminal moraine by several tens of thousands of years (Gillespie et al. 2008).
Therefore, it is likely that there have been previous older generations of glaciation which
extended beyond the mountains and produced the outer lateral moraines. The inmost
lateral moraines were certainly produced after the large terminal moraine as the valley
formed between them extends directly from the breach in the terminal moraine. There
is evidence of a pro-glacial lake outburst flood in the form of channelled scour or ripple
marks radiating from the breach in the terminal moraine. Furthermore, a kilometre west
of Soyo there are possible ripple marks and gravel dunes (fig. 2.13) where the structural
constraints on the outflowing water would have opened up. The archaeological impact of
the glaciation at Soyo is that all previous material would have been scraped away. There-
fore, no archaeological material prior to the glaciation that produced the smaller valley
(which is interpreted to be concurrent or younger than the large terminal moraine) will be

found at Soyo.
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Figure 2.11: Satellite image (Copernicus Sentinel-2 data ) of the area around Soyo which is
shown by the orange diamond. The Soyo hill lies to its immediate southwest.
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Figure 2.12: Photograph from Soyo looking across the river at multiple generations of
lateral moraines.

The Hogiin Gol undergoes a change in morphology as it exits the mountains. A transi-
tion from braided river to meandering river is observed about 16 km west of the terminal
moraine. However, the river returns to a braided stream as it exits through the moraine
breach and continues that way for another 15 km or so. This section of river is filled
with numerous channel bars (fig. 2.14) and alternate side bars (on one of which Soyo
is located). A corresponding change is noted in the channel slope of the river seen in
fig. 2.15. The channel slope changes from being near horizontal to having an appreciable
slope of 0.4%. The reason for this is probably due to a combination of structural con-
straints imposed by the moraine-bounded “Soyo” valley and erosion-resistant material
in the terminal moraine. The fact that the Hogiin Gol is forced through a former glacial
valley constrains the river and prevents it from forming meanders as the boulders in the
lateral moraines consolidate the banks to resist erosion. This forces the river to adopt a
straighter channel. It is known from experimental work on river morphology that rivers
with moderately sinuous thalwegs and alternate side bars are most stable at slopes of 0.2-
1.3% (Schumm 1971). It is possible then that the forced reduction in sinuosity resulted in
a change in channel slope. The total discharge of the river must remain the same which
necessitates a shallower river. A lower depth to width ratio is one explanation proposed
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Figure 2.13: Photograph from Soyo Tolgoi looking upstream at ripples and gravel bars
potentially related to an outburst flood. Photograph courtesy of Zee.

for braiding in rivers (Easterbrook 1969, p. 125). The alternate hypothesis is that the choke
point through the large terminal moraine provides serious resistance to erosion due to the
presence of hard metamorphic and igneous boulders deposited there. This effectively re-
sults in an elevated local baselevel which is the level below which erosion cannot lower
a landscape (Easterbrook 1969, p. 167). Structural morphology and local bedrock can
prevent river response to baselevel changes from propagating upstream (Schumm 1993,
pp- 281-2). Therefore, when the Darkhad-wide baselevel dropped (as happened with the
draining of its palaeolakes), the effect of this may not have extended beyond the terminal
moraine west of Soyo. This creates two separate sections of river. The upper section ends
in a meandering fluvial plain before the baselevel lowering causes rejuvenation of down-
ward erosion and the reformation of a braided river. The explanation for the change in
river morphology is significant because it has implications for its role in the accumulation

of sediment at Soyo.

The site of Soyo sits on one of the alternate sand bars along the southern side of the river. It
also lies to the northeast of the limestone Soyo Hill which rises approximately 70 m off the
plain of lake sediments. More limestone bedrock outcrops just north of the hill and marks
the most western limit of the sand bar. This limestone outcrop is a few metres tall and
probably somewhat shields the site from fluvial erosion. The topography of the site gen-
erally slopes down from west to east and a boulder field of schist and granite is exposed
which are undoubtedly of the same glacial origin as the ones in the lateral moraines. The
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Figure 2.14: Photograph of Hogiin Gol showing mid-channel bars.
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Figure 2.15: Profile of Hogiin Gol channel slope as obtained from a DEM of the area. Where
the slope changes is where the river passes though the breach in the terminal moraine.

site also slopes towards the river and there is a natural ford in the west which is used even
today despite the existence of a bridge just 500 m downstream. While most of the site is
covered by grass, there are two areas of notable land surface instability and aeolian activ-
ity. One, which has an aeolian dune system and erosional slope, is towards the western
end of the site while the other is a series of dune blowouts farther east. Both areas hold
exposed palaeosols.

2.3.2 Regional Survey Surrounding Soyo

Over the course of 2015-2017, a survey of the region surrounding Soyo was conducted
along a 12 km stretch of the Hogiin Gol (Clark 2015, Clark and Bayarsaikhan 2016, 2017).
Many monuments were discovered including khirigsuurs, burials, deer stones and numer-
ous ”stone features.” Artefact scatters were also recorded. The results of the survey can
be seen in figure 2.17. The black outline indicates the extent of the intensive pedestrian
survey as of 2017. The vast majority of monuments fall into the ”stone feature” category
which includes mounds and circles of stones. The distribution of monuments forms two
clear clusters despite the intensive survey done in between. The upstream cluster contains
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Figure 2.16: Photograph looking downstream of the limestone cliff marking the western
end of Soyo. The hill is just to the right. Courtesy of Zee.

stone features over a 5 km stretch of river and two burials. It also encompasses the sites
of Soyo and Bayanii Am 1/3. The downstream cluster also contains many stone features
and two further burials but also a cluster of khirigsuurs. Bagsagiin Bulan is located on
the western edge of this cluster along with a nearby deer stone and there is another deer
stone located 1.5 km outside the survey area to the East. The downstream cluster is much
tighter than the other. Possibly this is due to being located at a tight bend in the river so
that the riverside area is spatially more compact and also because of the bounds of the
survey area. There may be further monuments to this cluster that have yet to be surveyed.
The presence of a DSK complex demonstrates LBA occupation in the area although it can-
not be said whether the people who built it camped at Soyo. Given the clear evidence for
LBA habitation at Bagsagiin Bulan (Clark and Bayarsaikhan 2017) 1.5 km away, it seems
probable that it was related.

The evidence for occupation comes from surface scatters of artefacts and the four exca-
vated sites of Soyo, Bagsagiin Bulan, Bayanii Am 1 and Bayanii Am 3. These have been
detailed in Section 2.3. Apart from these, artefact scatters (either identified as such or
groups of five or more where numbers were available) were found across the full length
of intensively surveyed area. The majority of these were lithic scatters with some ceramic

scatters as well. Assuming these represent some kind of occupation area (habitation, pro-
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Figure 2.17: Map of the pedestrian survey carried out in the vicinity of Soyo as of 2018.
Hillshade generated from JAXA ALOS 3D 30 metre DEM v3.2 (2021).

duction or some other kind of unspecified activity), the occupation of the area follows
a similar clustering into two parts as the monumental landscape. The occupation areas
show great correlation to monumental areas in contrast to Clark (2014). Some caution is
called for in being too eager with an interpretation here since the survey extent is small.
Further work also needs to be done on categorising the small finds by period. Most of the
scatters were of lithic artefacts. Lithic technologies in the Mesolithic-Neolithic and EBA
periods of the Gobi are similar because of the enduring microblade industry and thus as-
semblages can be difficult to differentiate (Janz 2012, p. 182). The occupation areas may be
partly or largely contemporaneous, prior or posterior to the monuments they are near. In
the upstream cluster, the majority of occupation areas are at Soyo or close to it. A few sites
were also found in the more sheltered glacial valley further upstream. This may represent
part of a possible seasonal migration route at some point. In the downstream cluster, occu-
pation areas were found in association both with the site of Bagsagiin Bulan and the DSK
complexes. If the spatial pattern at Soyo is interpreted according to the findings of Houle
(2010), any Bronze Age occupation sites along the river would be considered Summer
camps with the corresponding Winter camps being in the nearby sheltered valleys. This
would put the Winter camps outside the survey area as of 2017 so the short range mo-
bility hypothesis developed by Houle in the Khanuy Valley cannot yet be tested at Soyo.
However, contemporary use of the area is as a Winter camp site which is supported by the
higher concentration of artefacts found at Soyo compared to elsewhere nearby (Julia Clark
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pers. comm. 2023). Therefore, the pattern found at Khanuy valley may not be applicable
to Soyo.

A closer look at the patterning of monuments in the Soyo cluster is suggestive in light
of the hypotheses about monuments being territorial markers (see Frohlich ef al. (2010, pp.
205-6) and Wright (2014, p. 155) for this in the context of LBA monuments specifically).
Although most of these monuments are stone features without a clear periodisation, the
monuments are positioned in the pass through the large terminal moraine, on the south-
ern side of Soyo Tolgoi and eastwards along the Hogiin Gol. These would place them in
the path of any visitor to Soyo coming along the natural routes. It is interesting that most
of the stone features in the Soyo cluster (and the two burials) are found on south-facing
slopes which mimics the pattern often found in khirigsuurs in the Darkhad (Frohlich ef
al. 2010, p. 199). Although these are not khirigsuurs and there is no information to tell if
they are even LBA, it is a curious similarity. This stands in contrast to the Bagsagiin Bulan
cluster where all of the monuments (including the khirigsuurs) are located on more open
terrain.

2.3.3 Darkhad Basin Chronology

Aside from the numerous carbon dates that have now been retrieved from the site of Soyo,
there exist other dated material in the wider Darkhad region which will provide some
chronological context for Soyo (figures 2.4 and 2.18). Virtually all of these come from
Bronze Age monuments which is to be expected considering the research objectives that
have predominated in Mongolian archaeology and the prominence of monuments com-
pared to other types of sites. Three burial mounds near Soyo were dated to 3.2-2.5 kya
(Fitzhugh and Leader 2006, p. 78). Unfortunately, the location of these in relation to Soyo
is unspecified. Other dated mounds from the Darkhad include an EBA burial at Khogorgo-
3 along the Shishkhid Gol 3831-3582 cal. BP (Fitzhugh et al. 2008, tbl. 1) and a khirigsuur
from Renchinlkhumbe sum (administrative district) 3173-2992 cal. BP (Taylor et al. 2017,
app. 1). A similar EBA burial to Khogorgo-3 was found approximately 12 km to its east
in 2012 and dates to 3884-3638 cal. BP which is a remarkably similar age (Clark 2014, pp.
102-3). Very recently, three burials from Khorig - an hour’s drive south of Soyo - were
dated to the late twelfth to fourteenth centuries AD (Ventresca Miller et al. 2023). Some
deer stones from the Darkhad have also been dated. Three of these were dated to 3180-2953
cal. BP (Bayarsaikhan et al. 2005, p. 244), 3342-3062 cal. BP (Fitzhugh and Leece 2007, tbl.
1) and 2966-2844 cal. BP (Taylor et al. 2017, app. 1). Another example from the northern
and of the Darkhad basin at Hort Azur dated to 2879-2750 cal. BP (Fitzhugh et al. 2008, tbl.
1). Previously, the oldest deer stone was from the Evdt Valley tributary to the Shishkhid
Gol at 3357-3079 cal. BP (Fitzhugh and Leece 2007, p. 7). However, a particularly old deer
stone was found to date from 4152-3883 cal. BP although some doubts over the association
between the charcoal sample and the deer stone were raised (Clark 2014, pp. 105-6). One
final date came from a pit house deep in the mountains along the Shishkhid Gol almost as
far as the Russian border which dated to 1312-1063 cal. BP (Fitzhugh 2003, pp. 38—40).
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BP cal. BP (26) Context Source

6090+70 7161-6755 Timber horizon  Fitzhugh (2003)

5480+80 6546-5938  Hearth Fitzhugh (2005)

3697+54 4229-3883  Deer Stone Clark (2014)

3489+45 3884-3638  Grave Clark (2014)

3450+40 3831-3582 Burial Fitzhugh et al. (2008)
3030+40 3357-3079 Deer Stone Fitzhugh and Leece (2007)
3000+40 3342-3009  Deer Stone Fitzhugh and Leece (2007)
2934+31 3204-2966 Khirigsuur Taylor et al. (2017)

2920+40 3207-2953  Deer Stone Fitzhugh (2005)

2900+50 3203-2880 Burial Fitzhugh and Leader (2006)
2800+£50 3057-2778 Burial Fitzhugh and Leader (2006)
2800+31 2994-2788  Deer Stone Taylor ef al. (2017)

2710440 2913-2750  Deer Stone Fitzhugh et al. (2008)
256050 2761-2471 Burial Fitzhugh and Leader (2006)
1300+£70 1343-1063  Pit Fitzhugh (2003)

1170+£50 1244-958 Hearth Fitzhugh (2003)

1020+£50 1054-792 Hearth Fitzhugh (2003)

826+29  782-681 Burial Ventresca Miller et al. (2021)
698+29  680-563 Burial Ventresca Miller et al. (2021)
638+29  663-555 Burial Ventresca Miller et al. (2021)

Table 2.4: Carbon-14 dates reported in the literature from archaeological contexts in the
Darkhad calibrated using IntCal20 curve.

The bulk of these dates lie in the range of 4.2-2.5 kya and represent a flourishing of Bronze
Age monument activity (see figure 2.19 for age comparison to the Gobi and Cis-Baikal).
The oldest deer stones might slightly predate the LBA (or even largely predate it if the
4152-3883 cal. BP date is secure) which may mean that the Darkhad was an early nucleus
for the spread of deer stone culture. This prevalence of Bronze Age dates likely results
from the research interests of those working in the region more than any trend in the
frequency of occupation sites. Nevertheless, it is interesting that, aside from Soyo, there
is an absence of dated archaeological sites from prior to the second millennium BC. The
chronology of the Mesolithic-Neolithic of the Darkhad is virtually unknown as compared
to elsewhere in Mongolia. A study (Clark 2014) of the northern Darkhad revealed very
few pre-LBA sites compared to LBA so it may be that site density from that time really is
low. However, the lack of earlier sites from the topographically lowest point in the basin
is more likely the result of there being an elevated lake level during much of the Holocene
which would have inundated the area (see Section 2.6 for further details). The search for
earlier material should be done in parts of the basin above 1600 m a.s.l. for that reason.
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Figure 2.18: Plot of carbon dates obtained from archaeological contexts in the Darkhad.
Red indicates the sample was taken from Soyo. Blue indicates either a deer stone or khirig-
suur (DSK culture). Green indicates any other burial. Grey is the dated pit from Fitzhugh
(2003).
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Figure 2.19: Comparison of the age of some of the Darkhad archaeology with the Gobi
chronology. Note the Neolithic hearth is contemporary with Oasis II (Early Neolithic).

2.4 Nomadic Pastoralism

The origin of nomadic pastoralism occupies a central position among research questions in
Central Asian archaeology. The importance of the nomad in many parts of the world has
been appreciated and many attempts have been made to precisely characterise the lifestyle
and explain its origins and the motivations that lay behind it. We must first ask what is
a nomadic pastoralist. A sensible person would answer that it is a person who engages
in herding animals and does not have a permanent place of residence. This is all very
good but it has doubled the number of questions being asked. How much pastoralism
must one do to be a pastoralist? How long can one stay in one place before ceasing to be
a nomad? Even more confusion is brought in by the interchangeable usage of “nomadic
pastoralist” and “nomad.” More restrictive definitions of the term have been proposed.
Khazanov (1994, pp. 15-6) has defined a nomads as groups who are nearly all engaged
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in free range pastoralism and who undertake regular, cyclic migrations. Cribb (1991, pp.
17-20) defines pastoralism as mostly relying on herding for subsistence and nomadism
as the regular movement of both people and their productive base within one ecological
niche. A nomadic pastoralist would then encompass both of these. According to both
Khazanov and Cribb, hunter-gatherers do not count as nomadic because both authors see
the “food extraction” of hunter-gatherers and the “food production” of nomadic pastoral-
ists as being too fundamentally different for the two groups to be associated under one
word (Cribb 1991, pp. 20-2, Khazanov 1994, p. 15). Here the terms "nomad” and “no-
madic pastoralist” are conflated to only include one particular group of mobile peoples
to the exclusion of all others (as Cribb does when he says that nomads move within one
ecological niche). Nomads seem to be defined as much by what they are not as what they
are. This is a likely source of confusion since the common definition of nomadism pertains
exclusively to mobility and not at all to any particular economic activity. In any case the
problem can be sidestepped simply by referring to such peoples as “nomadic pastoralists”
which is what will be done here.

The most predominant question in the archaeology of nomadic pastoralists has been how
to explain their origins and there has been a large variety of candidate hypotheses put
forth. Although the domestication of animals has a venerable history like that of plants, it
was not until much later that specialised nomadic pastoralists appeared. One of the earli-
est explanations that was widespread before the twentieth century was that it developed
directly out of hunting practices. Hunters following the seasonal migration routes of her-
bivores would in a certain way “adopt” a herd and the process of domestication would
begin (Khazanov 1994, pp. 85-6). However, it became apparent that nomadic pastoralism
was a later phenomenon than pastoralism itself. Lees and Bates (1974) provided a differ-
ent sort of explanation for the Near East. Beginning from the fact that the areas that have
suitable rainfall for agriculture also have the best pasture, they explain that mixed agro-
pastoralism was the obvious and natural path for early subsistence since both could be
easily practised in the same area. This allowed a mitigation of risk by having many pro-
ductive activities. However, the advent of canal irrigation provided an alternative way to
mitigate risk by protecting against disastrously poor rain and by allowing intensification
of agriculture leading to greater surpluses and storage of food. As the practice of irrigated
agriculture increased, there was pressure away from mixed economies due to competition
over land and manpower between agriculturalists and pastoralists. Settlement patterns
also changed to allow more people to live in dryer zones. These factors made it more dif-
ficult to practice both activities in terms of both allocation of labour and in terms of the
increasing distance required to travel to reach suitable pasture. Furthermore, the intensi-
fication of agriculture led to diminishing returns pushing people into alternative speciali-
sations. Therefore, nomadic pastoralism was one result. It is important to note that under
this model, nomadic pastoralists were not considered self-sufficient and required regular
access to settled communities and their agricultural products for trade or raid. The exact
way nomadic pastoralists gained access to these products could vary depending on the
particular circumstances (Lees and Bates 1974, p. 191).
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A somewhat related model was put forth to explain the emergence of nomadic pastoralism
in the Zagros Mountains by Gilbert (1983). According to this model the earliest herders
would utilise the best pasture which is at high elevation and stable their animals at a
lower elevation in Winter. Increasing herd sizes meant it was no longer feasible to stable
the animals and it became necessary to travel much farther distances. At the same time
an intensification of agriculture (and thus relative marginalisation of pastoralism) raised
the price of animal products and made pastoralism more attractive as a specialist activity
than a generalist one. With the establishment of longer transhumance routes and greater
specialisation, it became possible for some groups to drift away from the defined routes
and become fully nomadic. Attempts at centralised control by settled polities may have in-
creased the divide between agriculturalist and nomadic pastoralists as the latter are more
able to resist (Gilbert 1983, pp. 110-4). Even though the possibility of full nomadic pas-
toralism is unlocked, it was another matter entirely of actually embarking on that path. It
is conceived not as a isolated kind of existence but as a choice that could be made as the
situation warrants. Therefore, we may speak of tendencies towards or away from nomadic
pastoralism (Gilbert 1983, pp. 114-5).

Both Lees and Bates and Gilbert place the origins of nomadic pastoralism as one effect
of a larger restructuring of subsistence activities. This tie of fates is also seen in Sherratt’s
(1981) “Secondary Products Revolution” which posits that the secondary (non-fatal) uses
of animals such as milk, traction and wool enabled pastoralists to move into more marginal
areas and become less closely reliant on agriculturalists. This expansion of animal use is
supposed to have allowed mixed economy groups to move into the Eurasian steppes and
form a new cultural group that is associated with kurgan burial mounds (Sherratt 1981,
pp- 295-6). What is interesting about the Secondary Products Revolution idea is that the
way pastoralist developments affected agricultural settlements is given a prominent posi-
tion. For example, the added mobility of nomadic pastoralists in previously unoccupied
lands is theorised to have changed patterns of trade and led to new connections between
distant lands (Sherratt 1981, p. 287). The introduction of the animal-drawn plough in com-
bination with new animal fibres is proposed to have changed the male and female spheres
of activity with women moving away from agricultural labour into spinning and weaving
(Sherratt 1981, p. 297).

Some have questioned the concept of an origins for nomadic pastoralism at all. The phe-
nomenon is seen as a subsistence specialisation that appears and disappears as the wider
situation warrants instead of a fixed and irreversible process. The same group of people
may go back and forth between subsistence strategies over time (Cribb 1991, pp. 12-14,
59-64). The idea is rather than there being a single original event or process of people
becoming pastoral nomads we may instead speak of motivations for becoming so. These
motivations could be any number of environmental or political conditions but at least in-
volves some measure of political instability and the concentration of herds into the hands
of fewer people. Under these conditions subsistence strategies crystallise into specialised
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nomadic pastoralism and sedentary agriculture along kinship lines (Cribb 1991, p. 63).
The reverse is also true. Greater political stability would lead to more mixed economies
and more permeable tribal bounds (Cribb 1991, p. 62). The explicit link made between
nomadisation and kinship is especially intriguing in the light of Joshua Wright’s portrayal
of the adoption of nomadic pastoralism in the Egiin Gol valley as a political and group
statement (Wright 2006).

So far a range of explanations for the appearance of nomadic pastoralists has been ex-
amined in general but only in general. Historically speaking the study of nomadic pas-
toralism and its origins has centred around the Near East since that it historically where
much archaeological work in general has been done. What has not been made adequately
apparent in the preceding discussion is a sense of distinction between these groups: only
between they and their settled neighbours. Nomadic pastoralism was practised differently
in different parts of the world and the precise origins, composition of herds and relation to
other peoples all serve to highlight regional distinctions and tangled trajectories between
different groups (Honeychurch and Makarewicz 2016, p. 343). Even within geographical
regions such as the Eurasian steppe, it has been revealed that there was substantial inde-
pendence in regional development. The western steppe around the Black Sea was home
to agro-pastoralists who kept a mix of animals around the fifth millennium BC. In the time
leading up to the Bronze Age, these people living around the Black Sea intensified their
subsistence activities while people living in the drier lands to the East around the Caspian
Sea engaged in a distinct hunter-gatherer economy based around seasonal and more per-
manent settlements. The distinction between the two economic strategies blurred in the
fourth millennium BC when hunter-gatherers began to directly borrow sheep and goat
herding. In the Early Bronze Age (3200-2600 BC) fully specialised nomadic pastoralists
emerged as the Yamnaya (pit grave) culture. These communities were engaged in cattle-
based pastoralism in the areas around the Black Sea and mobile sheep and goat pastoral-
ism around the Caspian Sea (Khazanov 1994, p. 91, Bendrey 2011, p. 7, Frachetti 2012, pp.
7-8). In the central steppe pastoralism did not appear until the middle of the fourth mil-
lennium BC with the Botai culture. Horses were dominant here and in fact at the type site
of Botai, 99% of the faunal assemblage was horse. Furthermore, the Botai do not appear
to have been particularly mobile or at least had year round settlements (Khazanov 1994,
p- 91, Frachetti 2012, p. 9). In the third millennium BC the peoples of the central steppe
appear to have switched to mixed herds of ungulates because of influence from the west-
ern and eastern steppes although the Iron Age sites still reportedly placed an emphasis
on horse (Bendrey 2011, p. 7, Frachetti 2012, p. 9). Although there was a strong tradition
of horse domestication in the central steppe from the fourth millennium, there is no evi-
dence of riding paraphernalia but this does not mean they could not have ridden bareback
(Khazanov 1994, pp. 91-2). Note that, very recently, it has been argued that the horse
remains recovered from Botai from the fourth millennium BC were not from domesticated
horses but a sister taxon of wild horse and that the domestication of the horse on the central
steppe should be assigned to a later date (Taylor and Barrén-Ortiz 2021). On the eastern

steppe nomadic pastoralism appeared around the same time with the Afanasievo culture
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but was primarily based around sheep and goats and a vertical transhumance. Hunting
and fishing also supplemented their subsistence. Afanasievo burials yield hunted animals
as half of the remains, in contrast to 27% at settlement sites, so there may have been some
social or ritual aspect around hunting among nomadic pastoralists even as herding be-
came the dominant economic activity (Khazanov 1994, pp. 90-1, Frachetti 2012, pp. 10-1).
The origins of the Afanasievo are an open question since the prior Neolithic populations
of the Altai region show little continuity (Frachetti 2012, p. 10). The Afanasievo had been
thought to be the result of Yamnaya migrations across the whole of the Eurasian steppe
but, given the regionalism evident, Frachetti gives an alternative route through the “Inner
Asian Mountain Corridor” which runs from the Iranian plateau to the Altai. He notes that
the agro-pastoral groups along this mountain fringe kept sheep and goats in contrast the
the cattle of the oasis and plains villages in southern Central Asia and the horses of the
central steppe. This is borne out by recent findings of domesticated sheep at Obishir V in
southern Kyrgyzstan from c. 6000 BC which is 3000 years earlier than previously thought
(Taylor et al. 2021). Furthermore, the genetic lines of sheep show stronger affinity with
those of the eastern steppe and of the Near East than with the western steppe (Frachetti
2012, pp. 13-14) although genetic ties between the actual Afanasievo and Yamnaya peo-
ple still give room for an easterly migration (Jeong et al. 2018, 2020, Taylor et al. 2019, p.
2). The regionalisation seen in the favouring (but not complete replacement by) certain
domesticates in the western, central and eastern steppe may simply be, as Bendrey has
argued, due to environment factors. There is a precipitation gradient decrease West to
East across the steppe. Since cattle do not weather drought well, we would expect to find
them in the wetter western steppe. Sheep and goats would be more suited to the arid and
mountain-adjacent eastern steppe while horses are apparently quite suited for the cold,
snowy pastures of southern Russia (Bendrey 2011, pp. 10-2). It should be noted, however,
that the environmental data for Bendrey (2011) is modern and it would be helpful to know
if this situation were true at the time in question in order to test this idea. There may also
be other, non-environmental factors that played a part in the regionalisation of pastoral
strategies.

On the Mongolian plateau itself, the first pastoralism was brought in by Afanasievo pop-
ulations from the Eurasian steppe (Volkov 1995, p. 320, Taylor et al. 2019, pp. 2-3). The
timing has been a matter of discussion with the estimates falling in the third and second
millennia BC between the hunter-gatherers of the pre-bronze periods and the widespread
nomadic pastoralism of the Late Bronze Age (Clark 2014, pp. 50-2). Very recently new
dating studies have been published which show that the earliest evidence of pastoralism
in Mongolia come from Early Bronze Afanasievo burials c. 3300-2900 BC which are stone
burial mounds and have produced cattle, sheep, goat and dog bones and carts (Taylor et
al. 2019, pp. 2, 9-10, Wilkin ef al. 2020). The presence of specific milk proteins in hu-
man dental calculus (Wilkin et al. 2020) shows that these animals were indeed used for
subsistence and helps alleviate concerns over whether changes in animal bones in burials
really correspond to changes in subsistence. The Afanasievo culture was followed by the
Chemerchek culture which continued in the tradition of pastoralism. The concentration of
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these early pastoralist sites in the western half of Mongolia and the shared burial patterns
(such as flexed burials) support the hypothesis that pastoralism arrived in Mongolia from
the Eurasian steppes further west. In the second half of the second millennium BC, there
was a flowering of the number and types of pastoralist sites across Mongolia (Taylor et al.
2019, pp. 12-3). This was followed by the very important domestication of the horse and
its rapid spread across Mongolia which is put at c. 1200 BC (Late Bronze Age) and associ-
ated with deer stone and khirigsuur sites although the advent of khirigsuurs may predate
deer stones and the domestic horse by two centuries (Taylor et al. 2017, p. 52). Whereas
the introduction of herding to Mongolia has been largely placed on the shoulders of the
Afanasievo migrants, the explanation for this latter shift to horses and associated cultural
changes is less certain. One of the earliest explanations for the cause of this transition from
pastoralist to horse-mounted pastoralist was that the cultural frontier between Chinese
and Mongolians became crystallised and led the latter to reject the Chinese way of life
and embrace steppe nomadism (Lattimore 1940, pp. 56-9). Khazanov (1994, pp. 94-5) ar-
gued that the catalysing factors for embracing a fully nomadic, mounted pastoralism were
aridification of the environment and the emergence of neighbouring settled civilisations.
However, it is argued that the cause of this transition cannot be that mounted pastoralism
arose due to aridification and resource scarcity because it occurred after an arid period dur-
ing a time of climate amelioration (Taylor et al. 2017, p. 54). It may be that the success of
the horse was at least partially due to the consumption of horse milk in its fermented form
as a social activity (Wilkin et al. 2020, pp. 350-1). Furthermore, the role of neighbouring
states in the rise of the steppe nomad mode of existence has, as it pertains to Mongolia,
been called into question (Houle 2010). Other explanations have focused on the role of so-
cial interactions within Mongolian steppe peoples. For example, Wright (2006, pp. 296-8)
suggests that nomadic pastoralism was adopted by existing populations out of a desire
for both the status and power symbolised by the associated monuments and the economic

and social security afforded by domesticated animals.

The difficulty of finding the remains of nomadic pastoralists in the archaeological record
has been commonly lamented. The ephemerality and sparseness of sites have been stressed
as well as the likelihood that such smaller site would be erased or hidden by taphonomic
processes (Gilbert 1983, pp. 107-8, Houle 2010, p. 36, Clark 2014, p. 77, Honeychurch and
Makarewicz 2016, p. 349). It is not that nomadic pastoralists leave no trace whatsoever
but that the traces they do leave are difficult to distinguish from other assemblages (Cribb
1991, p. 69). Furthermore, the temporary habitation and lack of extensive construction
means that most sites have shallow or no stratigraphy outside of hearths and middens
(Cribb 1991, p. 80). Nevertheless, we ought to be able to draw some general conclusions
about what a nomadic pastoralist site should look like. Cribb divides artefacts up accord-
ing to three axes: fixtures - portables, durables - perishables, and valuables - expendables.
The survivability and visibility of material culture is determined by where it falls on these
three axes. Because of the high mobility of nomads, we ought to expect to find mostly
fixtures and expendables (Cribb 1991, pp. 68-9). Putting it another way, if a site is high in
relatively immovable fixtures and expendable items, it may be that the site was inhabited
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by a mobile population. It has been suggested that a complex survey on multiple scales
may be most suited to studying mobile populations at they move around the landscape
(Honeychurch et al. 2007, Wright et al. 2009, Honeychurch and Makarewicz 2016, p. 349).

2.5 Climate

Mongolia is situated between three very different geographical regions: Siberia to the
north, Central Asia to the west and East Asia to the southeast. The high Sayan and Al-
tai mountain ranges bound the region to the north and west and limit the transport of
precipitation into Mongolia leading to greater aridity in much of the area (Goulden ef al.
2011, p. 91). Mongolia is broken up into five main environmental zones which increase in
aridity southward. In the northern reaches lies the southern extension of the Siberian taiga.
This is comprised of primarily pine and larch trees which are cold-resistant. Following this
is a forest-and-steppe transitional zone and then the steppe proper which dominates the
Mongolian landscape. On the southern side are the transitional desert-steppe and desert
regions (Goulden et al. 2011, pp. 96-8). The Darkhad Basin (in which Soyo lies) is the
westernmost in a series of rift basins extending northeast to Lake Baikal (Gillespie et al.
2008, p. 170).

Throughout the Late Pleistocene and Holocene, this area, along with wider Mongolia, has
seen many climatic transitions which have impacted the environmental zones and human
occupation. After the Last Glacial Maximum (LGM), the general trend was towards a
warmer and wetter climate as glaciers receded in the mountains to the north and west
of Mongolia. The timing of the end of the last glacial period around the Darkhad is ap-
proximately 17 kya (Gillespie et al. 2008, p. 183, Arzhannikov et al. 2012, p. 30) which
is followed by a rise in temperatures and precipitation better seen at neighbouring Lake
Hovsgol (Fedotov et al. 2004, p. 255, Prokopenko et al. 2007, p. 11, Murakami et al. 2010,
p- 379). A similar climatic amelioration is also seen at Lake Baikal around 18-14 kya (Hori-
uchi et al. 2000, p. 106) and in the Mongolian Altai from 15.9 kya (Blyakharchuk ef al. 2004,
pp- 269-71). This trend is punctuated to varying degrees by a drier, colder period roughly
corresponding to the Younger Dryas event. However, it is weakly represented or not rep-
resented at all in many Mongolian and Siberian records. A cold, dry event is recorded in
the lake sediments of modern Dood Nuur in the Darkhad prior to 9.5 kya which is inter-
preted to correspond to the Younger Dryas event (Narantsetseg et al. 2013, p. 20). Lake
Hovsgol contains the clearest and most consistent evidence of a warm and wet Bolling-
Allered period followed by a colder and dry Younger Dryas at 15-11.5 kya (Fedotov et al.
2004, p. 255). Choi et al. (2014, pp. 1146-7) determined using beryllium isotopes that the
Younger Dryas event at Lake Hovsgol began at 12.7 kya and was preceded by a warmer
period which is consistent with other studies. Prokopenko et al. (2007, p. 11) presented
pollen records showing an increase in precipitation and forestation starting around 14 kya.
A weak spike in steppe vegetation may indicate the Younger Dryas event but it is not
easily distinguishable from the preceding or following periods. Pollen from Lake Baikal
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Figure 2.20: Summary of climate variation in the Darkhad, Hovsgol and Baikal basins.
Blue is used to indicate colder and dryer periods, orange is used to indicate warmer and
wetter periods, brown is used to indicate periods of greater aridity and steppe conditions.

suggests a climatically unstable period from 13.0-10.4 kya with fluctuating taiga and steppe
coverage. Colder intervals occurred around 12.5 kya and 11.5-11.0 kya (Tarasov et al. 2007,
pp- 448-9). Analysis of 813C and carbon to nitrogen ratios suggest a fluctuation in sur-
face productivity from 14-12 kya and a possible cooling although not necessarily identical
to the Younger Dryas event (Horiuchi ef al. 2000, pp. 104, 106). Elsewhere the situation
varies. Cool and wet conditions are recorded in northern Kazakhstan from 15.5-11.5 kya
but Altai region pollen records have not yet indicated the occurrence of a similar cooling
period there (Blyakharchuk ef al. 2004, pp. 271-2).

During the subsequent Holocene, the general climatic trend in Mongolia was increasing

temperatures and moisture to a climatic optimum before a sharp arid event in the mid-
Holocene. Following that was a return to more humid conditions (An et al. 2008, p. 288).
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The Darkhad experienced climatic amelioration from 7.8 kya which was followed by in-
creasing aridity and regression of Dood Nuur after 5.8 kya (Narantsetseg ef al. 2013, p. 22).
The trend towards climatic optimum began earlier at Lake Hovsgol around 11.0-10.5 kya
(Prokopenko et al. 2007, p. 11) or even as early as 12.5 kya (Murakami et al. 2010, p. 379).
Prokopenko et al. (2007, p. 11) note weak evidence for increased steppe pollen around 9.5
kya and for cooling between 7.0 kya and 5.5 kya while beryllium isotope analysis indicates
a lengthier cold and dry period after 9.4 kya (Choi et al. 2014, p. 1145). As in the Darkhad,
there is a phase of aridification variously dated between 6.0-3.5 kya, 5.5-4.0 kya, and cen-
tred around 5.5 kya and which is followed by an increasing precipitation to evaporation
ratio after 3.5 kya as shown by sediment, diatom and pollen records (Fedotov et al. 2004, p.
256, Prokopenko et al. 2007, p. 11). At Lake Baikal the general warming is interrupted by
four “steppe events” at 7.5 kya, 5.5 kya, 3.0 kya and 1.0-0.5 kya (Tarasov et al. 2007, p. 451),
the second of which corresponds with a sharp decline in the southwestern Altai taiga at
5.7-4.5 kya (Blyakharchuk et al. 2004, p. 274). These periods of increased aridity (at least at
Lake Baikal) are linked with periods of weakened monsoons (Tarasov et al. 2007, p. 452).

These climatic trends and events are summarised in figure 2.20.

2.6 Darkhad Palaeolake

In the past, the Darkhad basin was filled by a series of palaeolakes of varying sizes. Soviet
researchers found more than 210 m of lake sediment which they dated to two broad stages
during the Pliocene/Early Pleistocene and Middle/Late Pleistocene on the basis of paly-
nological results (Ufland et al. 1971, Krivonogov et al. 2005, p. 83). The latest lake stage
was given as MIS3 (Krivonogov et al. 2005, p. 87). However, it has since been shown that
a lake existed at various times throughout the post LGM and Holocene. It is these lakes
that are most interesting from the archaeological perspective. Krivonogov et al. (2005) had
proposed that the Darkhad only had a high level during MIS5 and that subsequent lakes,
particularly during the Holocene, were very shallow (1545 m a.s.l.). This conclusion was
made on the basis of a presumed lack of significant glaciation during MIS2 and, therefore,
that such lakes could only have been dammed by alluvial fan deposits from the Tengis
Gol tributary. Gillespie et al. (2008) undertook a basin-wide project to date the glaciation
using beryllium, carbon and luminescence (IRSL) dating and found evidence for a signif-
icant period of glaciation from 19 kya to 17 kya. They proposed that the Shishkhid Gol
outflow from the Darkhad basin was blocked by the Tengis glacier at this time and gave
rise to a deep palaeolake (1670-1679 m a.s.l.). This lake lasted until 14 kya (according to
a beach sand luminescence date) at which most or all of the water was discharged (Bat-
baatar and Gillespie 2016b, pp. 1761, 1771). Recently, it has been suggested that another ice
dam downstream of the Tengis tributary was responsible for the deepest Darkhad palaeo-
lakes since the 1713 m a.s.l. shorelines from an earlier stage of inundation (MIS3 or earlier
in MIS2) continue into the Shishkhid Gol valley beyond the Tengis-Shishkhid confluence
(Komatsu et al. 2009, p. 152, Arzhannikov et al. 2023, p. 16). The damming mechanism
may have been even more complex than thought which would have implications on the
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Figure 2.21: Topographic map of the Darkhad basin showing major rivers (red labels) and
lakes (pink labels). Soyo is shown by the red dot. 1. Hogiin Gol; 2. Shishkhid Gol; 3.
Arsain Gol; 4. Jarai Gol; 5. Tengis Gol; 6. Shargyn Gol; 7. Targan Nuur; 8. Dood Nuur; 9.
Zayaday Nuur. DEM is JAXA ALOS 3D 30 metre DEM v3.2 (2021).
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dating of the palaeolake since much of the chronology so far is based on beryllium dating
of glacial moraines.

Darkhad Palaeolake 1602 m a.s.l.

Figure 2.22: Extent of a lake filling the Darkhad basin up to 1602 m a.s.l. Soyo is shown in
pink. DEM is JAXA ALOS 3D 30 metre DEM v3.2 (2021).

Following the decline of the Darkhad lake at 14 kya, there are conflicting ideas about the
state of the basin for the subsequent five thousand years or so. According to diatom and
other sedimentary records from the area of the modern Lake Dood and Hodon outcrop,
there was a (near) total absence of the lake during 14-9.5 kya (Krivonogov et al. 2012,
Narantsetseg et al. 2013). However, shorelines at 1602 m a.s.l. and dated near-shore lake
sediments from the same elevation point to the existence of a lake at this time (fig. 2.22). In
particular, mollusc shells (14-12 kya) from across the basin (including two from Zayaday
Nuur about 10 km SSE of Soyo demonstrating its spatial relation to this lake), IRSL on a
silt sample (12.6 kya), and charcoal (10-11 kya) were used to date this shoreline. A date
between 10-11 kya was chosen on the basis of possible reservoir effects. The culprit for
damming this lake was proposed to be the alluvial outwash fan at the Tengis-Shishkhid
confluence (Gillespie et al. 2008, pp. 172, 180). A suggestion made for a resolution to this
conflict has been a rapid drainage of the lake combined with uncertainties in the dating
such that there was a sufficiently lengthy period with no lake prior to 9.5 kya for those
sediments around Lake Dood to form. Alternatively, it has been suggested that the 14-9.5
kya segment of sediments in question were existing sediments eroded from upstream and
redeposited around Lake Dood. Therefore, the dates obtained from that section would not
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represent the period of final deposition (Batbaatar and Gillespie 2016a, p. 1741).

Darkhad Palaeolake 1570 m a.s.l.

Figure 2.23: Extent of a lake filling the Darkhad basin up to 1570 m a.s.l. Soyo is shown in
pink. DEM is JAXA ALOS 3D 30 metre DEM v3.2 (2021).

In any case, there appears to have been a partial replenishment of the lake following 9.5
kya. Krivonogov et al. (2012) propose fluctuating lake levels between 9.6-4.5 kya followed
by a retreat of the lake to modern levels by 3.9 kya. Narantsetseg et al. (2013) suggest
that the lake at this time was low because of the low amounts of deep water diatoms with
lake level reduction occurring around 5.8 kya. A chironomid study on sediments from
the Hodon outcrop demonstrates a rising lake at 9 kya due to a change from littoral to
sublittoral and profundal taxa lasting until 4.5 kya (Ni et al. 2022). This final stage of the
palaeolake was likely dammed by alluvial outwash which forms a series of cones 2-50 m
high. This would have allowed only fairly low lake levels 1540-1570 m a.s.l. (fig. 2.23)
(Krivonogov et al. 2012, pp. 147-8). Substantial decline in the palaeolake (to below 1560
m a.s.l.) by 3.5 kya is shown by the dated palaeosol in the post-lake loess at Shargyn Gol
cutbank (Gillespie et al. 2008). The different models for the filling and emptying of the

Darkhad palaeolake are summarised in figure 2.24.
Aside from its implications in constraining human occupation of the Darkhad, one of the

primary points of interest in studying the palaeolake is that it was the major source of

water for one of the largest known outburst floods. This deluge travelled down the River
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Figure 2.24: Summary and comparison of the two major theories regarding the chronology
of the Darkhad palaeolake after the LGM.

Yenisei dramatically changing the landscape and exiting into the Arctic Ocean (Komatsu
et al. 2009). See Komatsu et al. (2016) for an historical summary of the literature on Pleis-
tocene Siberian flooding. Unfortunately, there has yet to be a comprehensive dating project
on the flood deposits themselves (but see (Arzhannikova et al. 2014) for a study on their
geology) so the timing of outburst floods has been inferred from the timing of the rises
and falls of the Darkhad palaeolake (Arzhannikov et al. 2023, p. 2). Therefore, the timing
of flooding cannot be used to provide a definite end date to periods of high palaeolake
levels. Nevertheless, we know that they did occur and have probably had an impact on
the Darkhad basin itself as much as on the basins and valleys downstream. The ability
of even relatively smaller flooding events to scour away metres of rock and sediment is
well documented from contemporary events (Breien et al. 2008, Lamb and Fonstad 2010).
It stands to reason, therefore, that even larger flooding events could have scoured away
parts of the lake floor in the Darkhad basin and that has been given as an explanation for
the lack of MIS2 lake sediments in some stratigraphic sections (Batbaatar and Gillespie
2016a, p. 1748).
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Chapter 3

Methodology

3.1 Geophysics

One of the problems faced by the archaeologist is the time consuming and expensive
nature of excavation. Geophysical techniques can be used to reduce this through pre-
excavation exploratory mapping and stratigraphic investigations. Suitable places for ex-
cavation, such as the deepest stratigraphy in a rockshelter or proximity to potential archae-
ological features, can be found using geophysics. Known features can be mapped beyond
the confines of the excavation. A second advantage to the use of geophysics on archaeo-
logical sites is the fact that they reduce the need to disturb the site. The preserves more of
the site intact for future research inquiries. There is a large range of techniques that can be
used for archaeological purposes depending on the properties of the target material and
the research design. Some of the most commonly used include resistivity in the form of
both fixed-probe array and as electrical resistivity tomography (ERT), ground-penetrating
radar (GPR), magnetometry, magnetic susceptibility which are explained in this chapter.
Other methods such as electromagnetic induction (EMI) are also frequently used and seis-
mic and induced polarisation are used occasionally. In the field of Mongolian archaeology,
a range of geophysical techniques has been used. Methods used have included magne-
tometry, GPR, electrical resistivity and EMI for the purposes of determining urban layouts
(Griitzner et al. 2012, Linzen et al. 2019, Miller et al. 2019, Bemmann et al. 2022, Reichert et
al. 2022), investigating buried structures such as tombs and walls (Ates 2002a, Batmunkh
et al. 2004, Khuut and Sato 2009, Khuut et al. 2015a, 2018, 2019), investigating both natural
and artificial stratigraphic layers (Griitzner et al. 2012, Vella 2018), investigating graves
(Ates 2002b, Khuut et al. 2015b), and general archaeological prospection (Bemmann et al.
2011, Lin et al. 2011).

While the use of geophysics has had a long history in archaeology, many archaeologists
are unfamiliar with how the techniques work and thus are also unfamiliar with methods
of collecting and interpreting geophysical data. It is possible to train someone to operate
the equipment and process the results into a usable product. However, an understanding

of how those results came about on the fundamental level enables much more rigorous
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and confident interpretations and can help someone come up with alternative hypotheses
when data defies more common explanations. Furthermore, a greater understanding of
geophysics should promote greater adoption of the methods as the archaeologist becomes
more aware of the usefulness and drawbacks of each method. Therefore, an explanation
of some physics is required. There are many helpful books on the subject of geophysics
including ones written for archaeologists. Unfortunately, these can largely be divided into
two camps: simple explanations that teach only the basics and complex, in depth expla-
nations involving pages of mathematics. What is needed is an account of geophysical
methods for the archaeologist who wishes to go beyond the basics but is lost in literature
for the specialist - an intuitive explanation of why geophysics works by linking the physics
with the application rather than just that it works. This is what is attempted here.

Geophysics is the study of the earth by exploiting differences in the physical properties
of different geological materials. Every material has a particular electrical resistivity value
and a particular magnetic susceptibility and various other properties inherent to that ma-
terial. By remotely sensing these properties (without having to excavate), it is possible to
understand the structure of geological strata beneath the earth. Since archaeology is typi-
cally found within (and is therefore presumed to be associated with) sedimentary layers,
the application of geophysics to archaeology is self-evident. Some geophysical techniques
can also directly detect the archaeology itself if it is made of certain materials (especially
magnetometry).

Geophysical methods can be divided into two broad categories: methods which produce
a plan view of a site and methods that produce a profile view of the subsurface. This is
the first and primary practical distinction and the choice of method at a site will partially
depend on whether the research questions relate to horizontal or vertical distinctions. Plan
view methods include magnetometry, resistivity surveys and magnetic susceptibility. Pro-
file methods include GPR and ERT. Aside from this, it is also important to know the kinds
of materials being targeted by the research question as well as their approximate size and
depth of burial so the most appropriate choice in method can be made.

3.1.1 Basics of Electricity

An electric current is defined as the transport of electrical charge. This charge is a prop-
erty of certain subatomic particles (notably electrons and protons) and, therefore, any ma-
terial may conduct electricity inasmuch as it allows for the movement of charged parti-
cles. Common electrical conductors include metals, whose structures allow electrons to
flow relatively freely through a “sea” of electrons, and solutions containing charged ions
which can, of course, move freely as they are not bound. Like charges repel while oppo-
site charges attract so normally free charged particles are mixed evenly such that the total
charge of any local region is zero. The presence of a sufficiently strong external charge
changes this. Such a charge exerts an electric field which attracts oppositely charged par-
ticles and repels like charged particles. The resulting motion of charge is electric current.
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Unlike magnetic fields, electric fields can be bipolar or unipolar meaning they may be the
result of a positive and negative source working in tandem or just one of the two (fig. 3.1).
A free charged particle in an electric field is said to have electric potential which is analo-
gous to gravitational potential. The electric potential (E,) is related to the strength of the
electric field (E).

E=-VE,

Because it’s only meaningful to talk about a difference in potential, we usually compare
a single potential with an arbitrary zero reference point. Difference in electric potential is
called voltage. As a free charge moves due to the force exerted by an electric field, it loses
electric potential. The amount of potential lost as the charge moves from point A to point
B is known as the voltage drop across that distance.

a) b)

Figure 3.1: Diagram of electric field lines showing monopole (a) and dipole (b) arrange-
ments. Diagram produced using VectorFieldPlot.

Moving from free charges in three dimensional space to series circuits, the concept is the
same except the current flows as electrons through a wire. The battery, or other power
source, provides a voltage drop across the entire length of the circuit. As current flows, the
electrons lose exactly that much electric potential as they travel from the negative electrode
of the battery to the positive. If one measures the voltage over only a part of the circuit, the
measurement will be lower than for the entire circuit. Arbitrarily partitioning the circuit
into non-overlapping sections will result in a series of voltages that add up to the total
voltage of the circuit (fig. 3.2). Electric currents in a circuit obey what is known as Ohm’s
law which states that the voltage applied to a circuit (measured in volts) is equal to the
current (in amperes) times the resistance (in ohms).

V=IR

The current is how much electric charge flows past a point per second and is the same
at any point along the circuit. Electrical resistance is the property of an object or region
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of physical matter that is how much it resists an electric current. Every object has such a
value whether it be very low (a metal wire) or very high (a volume of air). In a circuit the
voltage is determined by the power supply so raising the resistance will lower the current
and vice versa. If the resistance of a component is changed, the total voltage across the
circuit is unchanged but the gradient of electric potential drop across that component is
changed. Ohm’s law applies not just to the whole circuit but to any arbitrary portion of the
circuit. Therefore, if a component with high resistance (called a resistor) is added at one
location, the voltage (decrease in electric potential) across that component will be higher
than the voltage across a component with low resistance. This is because the current must
remain the same around the circuit. Intuitively, the drop in electric potential across the

circuit is weighted towards areas of higher resistance.

V=V +V, +Vj5
Rt Ry + R, + R3

Figure 3.2: Diagram of a section of a series circuit. The resistances of and voltages across
each component are added together to determine the total resistance and voltage drop.
Current must be the same at all three components.

In a parallel circuit the voltage across all branches is the same but the current is divided ac-
cording to the resistance of each branch. More current flows through branches with lower
resistance (fig. 3.3). The resistances along a series circuit can be simply added together to
obtain the total resistance. However, adding an alternative path in a parallel circuit serves
to lower the total resistance even if the resistance along that particular path is high. The

total resistance of a branched section is given as follows.

A branched parallel section may be a single component in a larger series circuit.

Extending the concepts developed thus far to current flow in three dimensions requires
different but related quantities to express what is happening. Ohm’s law allows us to
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Figure 3.3: Diagram of a section of a parallel circuit. The total resistance of the section
is not the sum of individual resistances. Voltage is equal across all three branches so the
current differs according to the resistance of each branch.

easily calculate the resistance of an object given known or measured voltage and current.
However, the resistance of an object is not just related to the material but also to its size
and shape. The longer an object in the direction of current, the more it resists that current.
The greater the cross-sectional area of an object, the less it resists the current. Resistance is
related to geometry in the following way.
L
R= i
The coefficient p (Greek letter rho) is the intrinsic property of a particular material called
resistivity (measured in ohm-metres) that determines how much an object resists electric-
ity independent of its geometry. The difference between resistance and resistivity can also
be understood in this way: Resistance is an aggregate value that applies to an entire three
dimensional volume while resistivity is the limit of that value as the volume contracts to
a point. This distinction is important because it allows us to describe the electrical prop-
erties of the subsurface in terms of values at particular points and to therefore be able to
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map this information (Grant and West 1965, p. 390). We are now able to rewrite Ohm's
law as a vector equation where E is the (vector) electric field, p is the (scalar) resistivity,
and j is the (vector) current density which is the amount of current passing through a unit
area (fig. 3.4).

E=pj

What this equation says is that the current vector at any point points in the same direction
as the electric field and that the strength of the current is in proportion to the strength of
the electric field and inversely proportional to the resistivity at that point. We know by the
first equation of this chapter that both of these quantities point in the opposite direction
to the steepest gradient of electric potential. Therefore, we can easily describe the contour
surfaces of equal potential. If we set the directional derivative of the electric potential with
respect to some unit vector u, we get the following.

VE, u=0

E-u=0

By the properties of the dot product, this means the direction of no change in potential is
orthogonal to the electric field and thus to the direction of current. The contour surfaces
are locally orthogonal to the direction of current everywhere (fig. 3.5). In the simplest
case of a field emanating from a single point, the contour surfaces form concentric spheres
around the charged point.
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Figure 3.4: The arrows represent electric current. The density of current through (a) is less
than the density of current through (b).

3.1.2 The Electrical Resistivity Tomography Survey

An electrical resistivity survey is a relatively simple affair. The measuring instrument itself

usually comes contained in a box to which it is necessary to supply a power source. A line
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Figure 3.5: Diagram of the isopotential contours (light grey) and current field lines (black
with arrows) resulting from a configuration of one positive electrode and one negative
electrode placed into the ground. Note that the two are everywhere orthogonal. Diagram
produced using VectorFieldPlot).

of special metal electrodes are hammered into the ground at equal spacing and are con-
nected to the instrument with a cable that runs the entire length of the survey line (fig. 3.6).
Usually it is required to pour salt water over the electrodes to reduce contact resistance.
This is extra, unwanted resistance caused by a number of factors including poor interfac-
ing between the metal and soil and corroded metal contacts. Scrubbing the contacts clean
may also help the latter. Upon selecting the appropriate settings for the survey, the instru-
ment will take many data points using different combinations of electrodes. ERT surveys
are usually taken as 2D profiles which can be interpreted individually or combined in tight
formation to create a pseudo-3D model. It is also possible to take fully 3D ERT surveys
using a 2D array of surface electrodes.

While ERT specifically refers to the setup described above taking hundreds of measure-
ments using dozens of electrodes in one straight line, a simpler-to-understand way of test-
ing the resistivity of the ground is taking individual measurements as either a 1D sounding
to probe depth or in a grid pattern on the surface of the ground to obtain a plan view of
the site. These are called vertical and horizontal exploration respectively (Grant and West
1965, pp. 386-7). Each measurement is taken by first setting a number of electrodes into
the ground (usually two current electrodes and two potential electrodes). The spatial con-
figuration of these electrodes is called the array of which there are many types. A common
example is the Wenner array which has four electrodes equally spaced apart in the order
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Figure 3.6: Diagram of an ERT setup. Each metal electrode in the ground is connected to
the instrument by one or two long cables.

current, potential, potential, current (fig. 3.7). An electric current is passed through the
ground via the current electrodes and the voltage is measured between the potential elec-
trodes. At the same time the current is also measured which gives us, by Ohm’s law, the
resistance of a volume of earth between the potential electrodes. The resistance can be
used to calculate a value called the apparent resistivity (p,) which is assigned to a point in
the ground using a geometric factor determined by the particular array used (Grant and
West 1965, p. 388). Since the arrangement of current and potential electrodes is different
for each array;, it follows that a different part of the ground relative to the current electrodes
is measured for each and hence it is necessary to make a correction to make them compa-
rable. It is important to keep in mind that the apparent resistivity is not the true resistivity
at any point but is the value it would take if the ground were completely homogeneous. In
a real situation it represents an aggregate value for the surrounding earth (Schmidt 2013,
pp- 50-1). The apparent resistivity is assigned to a single point beneath the ground which
is considered to be the average or central point for that measurement. This point lies half
way between the potential electrodes and at what is known as the depth of investigation.
The depth of investigation is often given as either the depth of maximum sensitivity (the
point that contributes most to the measurement) or as the depth of median sensitivity (the
point at which the overlying and underlying regions of earth each contribute equally to
the measurement) (Loke 2004, p. 25). In the ERT survey, many individual measurements
are made with each producing an apparent resistivity at a particular depth and position
along the line. This is known as a pseudosection and is used as the basis for the later pro-
cessing stages.

The question of the depth that can be seen depends mainly on the spacing of electrodes
(and therefore total length of the array) but also the type of array being used and the mag-
nitude of contrast between resistivity in the ground (Loke 2004, pp. 25-7, Schmidt 2013,
pp- 79-80). Of these the total length of the array is the most important since it can be
chosen by the operator and has much greater effect than the type of array used. Depth is
given as a ratio with the length of the array (depth:length). The theoretical median sensi-
tivity value for the Wenner array is 0.173 while the values for the dipole-dipole array start
at 0.139 and increase from there as the n factor increases (Edwards 1977, p. 1033).

A natural question that now arises is how can the potential electrodes, which are shal-
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Figure 3.7: Diagram of the configuration of electrodes for the Wenner (a) and dipole-dipole
arrays (b). a) All three intervals marked by a must be equal. b) The two intervals (a)
between the pairs of current and potential electrodes must be equal distance. The interval
in between those pairs of electrodes must be an integer multiple of a.

lowly hammered into the surface, provide any information about the state of the earth
much deeper down? Since we are only able to take measurements of voltage across the
surface, it would seem reasonable to suppose that only the resistivities of the shallow sub-
surface could be obtained. However, changes in resistivity at depth do affect the flow of
current at the surface. Suppose there is an object at depth with a significantly different
resistivity to its surrounding matrix. In the case the body is of a high resistivity so the
current is forced to flow more around it than it otherwise would (the extreme case being a
perfect insulator which would force all current to flow around it). In the case of a low re-
sistivity object, the current flows more through the object. In this way, the current density
at a particular point is related to the resistivity at that point. If the current is changed in
one area, it has an outwardly radiating effect as the current in neighbouring regions redis-
tributes itself to accommodate this new change. These distortions in the path of current
also distort the contour lines of equal electric potential because they must always be ori-
ented orthogonally to the direction of current. This creates an alteration in the gradient of
electric potential across the surface from one current electrode to the other (see fig. 3.8). It
is this alteration from what would be expected for a homogeneous ground that is detected
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Ratio of Median Depth
Array Type to Total Length

Wenner 0.173
Dipole-dipole

n=1 0.139
n=4 0.203
n=8 0.224

Table 3.1: Theoretical depths of investigation for Wenner and dipole-dipole arrays. Values
taken from Edwards (1977).

with resistivity methods and allows for inferences about depth to be made from surface
observations (Schmidt 2013, pp. 52-4). One of the assumptions then that is made in a
survey is that the ground to either side is equivalent. That is that one side of the ERT line
is not substantially different from the other. The same reason why it is possible to detect
objects at depth also applies to laterally placed objects and, therefore, some care and atten-
tion should be paid to this fact when setting up a survey and when interpreting results.

Figure 3.8: Diagram showing the isopotential contour lines distorting around a resistive
object. This causes the gradient of electric potential drop (voltage) at the surface to be al-
tered which is measured by the ERT instrument. Diagram produced using Finite Element
Method Magnetics.

3.1.3 Inversion

Electrical resistivity tomography involves a difficult mathematical problem to overcome
which is that the outcome (the measurements taken) is known but the inputs (the physical
reality of the subsurface) are not. Given a particular section of earth where the resistivities
are known at every point, the results of an ERT survey could be easily calculated without
even taking it. This is known as the forward problem. Doing the reverse (which is what
is attempted with ERT) is known as the inverse problem and is much more difficult. Un-
fortunately, insufficient information is obtained from an ERT survey for a unique solution
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to the inverse problem meaning the inverse problem is what is known as mathematically
ill-posed (Gunther 2004, p. 14, Schmidt 2013, p. 50). In order to have enough information
it would be necessary to take measurements across the entire boundary of a closed region
of earth. This would require excavating the site which would defeat the purpose of doing

a geophysical survey in the first place.

Originally, resistivity profiles were obtained by taking vertical (increasing electrode spac-
ing over a central point) and horizontal (moving the four probe array laterally) surveys
and combining the resulting apparent resistivities into 2D profiles. This was done as a
pseudosection with points plotted at intersecting 45° angles from the midpoints of the
two pairs of electrodes in the case of the dipole-dipole array (Hallof 1957, pp.25-6). This
was the method used to plot combined surveys as a matter of convention although not
without the understanding that the “depth” so achieved was not true depth. More accu-
rate placement of points in a pseudosection was obtained by recognising that depth was
largely a function of the length of the array and working out the ratios between length and
depth for each array empirically (Edwards 1977). This modified pseudosection allowed
relatively accurate estimates of depth to the top interface of interesting features. More
recently numerical methods required to tackle this problem have since been developed
which allow even more accurate reconstructions of resistivity profiles (Noel and Xu 1991,
p- 95, Loke et al. 2013).

The inversion process first generates a mesh to divide the earth into discrete cells. Each of
these cells is given a single value of resistivity. The values for the initial model are usually
taken from the pseudosection of apparent resistivities. After this an iterative numerical
method is applied to the model such as the Gauss-Newton method or another approach
(Mufti 1976, Loke and Dahlin 2002, Giinther 2004, pp. 8-14, Loke et al. 2013, p. 138). These
methods parameterise the model as a vector m. This vector can be thought of as a collec-
tion of all the resistivities for each cell in the mesh for the current model. In each iteration
of the inversion process the algorithm calculates the vector of the expected survey results
if the model is true f(m) and compares them with the vector of actual measured results y.
The discrepancy vector g =y - £ is then how much the calculated results (according to the
model) are different from the actual measurements. The Jacobian matrix of the discrep-
ancy vector is used to estimate how much to alter the model for the next iteration in order
to minimise the difference between the calculated model response and the actual survey
results (Glinther 2004, pp. 8-9, Loke 2004, p. 12). Schematically, the process looks like
figure 3.9. This difference can be calculated using different norms (the length of a vector).
The two common norms for resistivity inversion are the L? and L! norms. The L? norm is

the intuitive, “normal” length which is calculated as follows.

gl = Z!h‘Q
i
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Using this norm penalises large errors meaning models with moderate overall errors are
preferred over models with a few large errors. The L! norm takes this form.

lgll =" lgil
7

Using the L! norm only minimises the absolute error which means that the algorithm will
prefer a model with a lower overall error regardless of how unevenly that error is dis-
tributed. The L! norm is a better choice if there is an extreme range in resistivity outliers
or if the desired model is thought to have bodies of internally consistent resistivity with
sharp boundaries. This will create a model that is often described as “blocky” but with the
potential for decreased resolution (Giinther 2004, p. 9, Loke 2004, pp. 13-4, Giinther and
Riicker 2019, pp. 10-1). Due to the non-uniqueness of the solution, it is necessary to apply
additional constraints called regularisation. Regularisation is used to find the solution to
the inversion problem that most exemplifies a particular property. This can be done on
each iteration to dampen the model update vector or it can be applied to the model itself
to constrain its general character by keeping it in the neighbourhood of an a priori model
(Glinther 2004, pp. 15-6). One common form of regularisation is called Occam’s inversion
which attempts to smooth the model (Constable et al. 1987). The rationale behind this
approach is that by removing any features in the model that aren’t necessary to explain
the data, spurious features may be minimised and we can be more confident that every
feature corresponds to something real in the ground (Constable et al. 1987, p. 290). The
obvious drawback to this is that it is easy to erase real features so smoothing should be
applied judiciously. A regularising parameter is used to determine how much importance
is to be given to the form of regularisation. The choice of parameter is a trade off between
a noisy model that better fits the data and a smooth model with worse fit (Rticker 2010, p.
66). A rigorous way of determining this is by means of an L-curve plotting data fit against
model roughness for different values of the regularising parameter. The optimum value is
taken to be the one at maximum curvature of the plot (Giinther et al. 2006, p. 509).

As the inversion process is not “calculating” the answer in the normal sense (analytic so-
lution) but converging to the answer in a series of steps (numerical solution), the program
needs to be given a condition to know when to stop. The condition should be chosen so
that the results are “close enough.” As the inversion process continues, the difference be-
tween one model and the next in the series becomes smaller but the processing time is
the same. Therefore, it is expedient to end the process when the change in model is too
small to be worth the time to compute. The convergence criterion used by the inversion
program usually takes the form of estimating these diminishing returns of minimising the
objective function which is the sum of the LP norms of the difference between the data (d)
and model response (f) divided by the voltage error (¢) (Guinther et al. 2006, p. 508).
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Figure 3.9: Schematic flowchart of the iterative inversion process.

One way is to calculate the change in ¢ between each iteration and terminate the inversion
when that change becomes suitably small. Another way is to calculate how well the model
response fits within the assumed error of the data and terminate when %2 j 1 (Giinther and
Riicker 2019, p. 8).

Essentially what this criterion says is that on average the difference between the model
response and the data should be less than the error term associated with the voltage mea-
surement. This makes sense because there is no point in continuing to refine the model
beyond the accuracy of the measured data. Setting a maximum limit for the root mean
square error of the model, or else a threshold on the change in such between iterations, is
another way of determining when to end inversion (Geotomo Software 2019, p. 67).

rms =+/dy — f;

3.1.4 The Use of Electrical Resistivity Tomography in Archaeology

Resistivity surveys have been valued for their ability to detect a variety of archaeological
features including ditches, pits, walls, foundations and roads (Atkinson 1952, pp. 68-9,
Clark 1986, p. 1404). More specifically it is primarily changes in water content that is
detectable (Grant and West 1965, p. 393). This is because it is the charged ions in water
that carry electric current in the ground. Walls and other less porous features hold less
water and so usually give a higher resistivity reading. Disturbed soil is generally less
tightly packed than undisturbed soil and so can hold more water and sometimes give
a lower resistivity reading than the surrounding soil (Clark 1996, p. 37). It is known
experimentally that non-conductive (especially not containing clay), isotropic clastic rocks
and sediments that, when fully saturated, their conductivity follows Archie’s law where
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et is the bulk resistivity of the sample, p,, is the resistivity of the fluid (water and dissolved
ions), Vis the porosity of the rock or sediment, and 2 and m are experimentally derived
parameters (Keller 1971, p. 35).

pt = apyt™"

For unsaturated rocks and sediments in the vadose zone where the grains still have a

continuous coating of water, another law applies.

& — Sq;"

P100
Where S, is the fraction of pore space filled with water and g1 is the bulk resistivity of
the rock or sediment when fully saturated. This can be combined with Archie’s law and
simplified using typical values of 2 for m and # to the following equation (Keller 1971, pp.

39-40).
Pt = IZ;UQ

Where W is the water content per volume of rock or sediment. This is only a rough guide

but it shows the importance of the water content in non-conductive sediments as the re-
sistivity is proportional to the inverse square of the water content. The actual resistivity
value of a sediment may vary significantly from what is predicted by this relationship de-

pending on its mineralogy and grain size and packing.

The first resistivity survey used in archaeology involved taking a collection of resistiv-
ity measurements at a Neolithic site at Dorchester-on-Thames in 1946 where three circular
ditches and a number of pits were able to be located prior to the excavation (Atkinson
1952, pp. 59, 68, Clark 1996, p. 12). In this case, the technique used was not ERT but a hor-
izontal resistivity survey using a four-pronged probe. This creates a plan view of the site’s
electrical resistance at constant depth. Another related technique (iso-potential survey)
was employed in 1938 at Williamsburg in the USA but this did not involve the calculation
of resistance or resistivity (Bevan 2000). It soon became apparent from early field trials
that the relative moisture content (and thus resistivity) of a soil depends not only on its
porosity but also on the time of year due to differing rainfall between seasons. A porous
ditch may hold more water after rain but it also loses water more easily to evaporation
during a dry season. Therefore, the same ditch may give a high or low reading depending
on recent weather (Clark 1975, pp. 300-2, Schmidt 2013, pp. 123-5). Ditches and other
features containing disturbed sediment remain a primary target for investigation by resis-
tivity. Three dimensional and pseudo-3D ERT surveys have been used to investigate the
depth and structure of ditches (Nowaczinski et al. 2012) as well as characterise pits accord-
ing to their morphology (Nowaczinski et al. 2015). ERT is especially good for the detection
of air-filled voids such as tombs (Tonkov and Loke 2006) and in karst landscapes (Bermejo
et al. 2017) because of the contrast between the extremely high resistivity of air and the
host matrix of sediment and has also been used to detect archaeological voids prior to

construction projects (Ungureanu et al. 2017).
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The detection of stone walls is of particular interest to archaeologists working in ancient
settlement contexts. ERT is well suited to the detection of stone because of its much lower
moisture content compared to sediment and has been used to delineate buried walls at a
number of sites (Simyrdanis et al. 2016, Al-Saadi et al. 2018, De Giorgi and Leucci 2018,
Monik et al. 2018). At all of these sites, ERT was collected as multiple overlapping lines.
The data was interpolated into a pseudo-3D model and depth slices were taken to show
a plan view of the sites at multiple depths. This approach has the advantage of familiar-
ity to those accustomed to plan view surveys and it is appropriate in the case of target
features with high horizontality and low verticality such as walls. However, it also has
a disadvantage in that the targeted feature may not be horizontal and may appear across
different depth levels. It also requires that the same feature have close to the same resistiv-
ity throughout the site. This may not always be the case due to variance in groundwater
and structural homogeneity (bigger gaps between stones). Finally, this approach is best
done with small line spacings (comparable to the electrode spacings) to maintain an ap-
propriate resolution for the target which would be time consuming to cover a large area.

One very important aspect of an archaeological site is the sedimentary depositional en-
vironment it was formed in as well as the stratigraphy of the site itself and the conjunc-
tion of its artificial and natural deposits. ERT can be used to study this structure and
provide a broader stratigraphic context context to a site. This relies on different strati-
graphic units having different electrical resistance which usually means differing porosi-
ties for ion-bearing water to percolate through although the clay content will also have a
marked effect. ERT has been used to investigate archaeological occupation layers (Berge
and Drahor 2011, Al-Khersan ef al. 2016) and built earthen constructions such as ramparts
(Griitzner et al. 2012, Klanica et al. 2022), In these cases, the focus is still very much on
features and strata that were directly or indirectly derived from human activity. However,
the focus can also be placed primarily on the environmental context by reconstructing an-
cient landscapes in which human occupation or activity took place (Similox-Tohon et al.
2004, Papadopoulos et al. 2014, De Giorgi and Leucci 2018, Kowlessar et al. 2023) and
delimiting between natural and artificial layers (Nowaczinski et al. 2012, Papadopoulos et
al. 2014, Gaber et al. 2021). Here the archaeological remains are situated in their broader
spatial context and both they and natural features are treated as a unified complex to be
investigated. Being able to reconstruct past landscapes is a critical first step for under-
standing how people used and interacted with them. ERT tends to perform well for these
larger scale stratigraphic investigations as its limitations with resolution become less of a
problem and high depth penetration becomes desirable. The boundary between uncon-
solidated sediment and rock also shows up well which improves its usefulness.

A very similar approach to landscape reconstruction is to reconstruct the entire strati-
graphic sequence by mapping the depths and thicknesses of strata across a site. This is
often called deposit modelling (Carey et al. 2018). Due to the importance of this approach
to this study, it will be dealt with separately (Section 3.1.8). Both landscape reconstruc-
tion and stratigraphic modelling can be performed at almost any scale from large valleys
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and basins to individual stream channels. The choice of scale is dependent largely on the
archaeological project questions; however, a larger scale survey will mean lower density
of information (resolution) for the same amount of time. In that sense it shares the same
limitations in scalability as archaeological pedestrian surveys.

3.1.5 Wave Mechanics and Ground-Penetrating Radar

Ground penetrating radar (GPR) is a method based on the reflection of electromagnetic
waves. It works by transmitting a series of radar pulses into the ground and listening for
any incoming waves. As the pulses reach boundaries within the ground, some energy
is reflected back to the receiver. The resulting reflections make up a waveform. As the
GPR unit receives this waveform, it measures how long it has been since the initial pulse
was transmitted in two-way travel time and also the amplitude of the reflection. Many
recordings are made as the GPR is moved along the surface so that a profile image can be
produced.

Radar uses a specific band of wavelengths (\) in the electromagnetic (EM) spectrum called
radio waves. Specifically, radio wavelengths lie between 1 mm and 100 km. For GPR pur-
poses the radio wave is usually characterised by its frequency rather than its wavelength.
These are related according to this formula where v is the velocity of the wave.

I=x

GPR usually only operates over a portion of the radio spectrum at frequencies from 10
MHz to 1.5 GHz (Conyers 2013, p. 26). This is because of the competing needs for depth

and resolution.

An EM wave travels through a medium at a velocity that is dependent on the proper-
ties of the material. The ratio of c (the speed of light in a vacuum) to v (the velocity in a
particular medium) is called the refractive index and denoted by n. When a wave hits a
boundary between two values of n, some of the energy is transmitted through the bound-
ary and some is reflected back (fig. 3.10). When the angle of incidence is 0° (not always
true for GPR), the amplitude reflected back is proportional to the reflectance R which is
easily simplified from Fresnel’s equations (Witten 2006, p. 216).

ng — N1
N9 + Ny

R =

The amplitude transmitted is proportional to 1-R. Therefore, changes in the refractive
index of the sediments beneath the ground will result in reflections that can be recorded.
Moreover, the magnitude of the amplitude received back is dependent on the difference
between the two indices and can thus can qualitatively help narrow down of the kinds of

materials being detected.
As stated, the refractive index of a medium is related to the velocity of an EM wave passing
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Figure 3.10: Diagram showing the refraction and reflection of a wave as it hits a boundary
between two materials.

through it. Every material has a relative dielectric permittivity property which is roughly
speaking a measure of how well it can electrically polarise in response to an electromag-
netic pulse (Cassidy 2009a, p. 45). The velocity of an EM wave is dependent on a number
of quantities including the relative dielectric permittivity (e), relative magnetic perme-
ability (p,) and a term of (o /27 fe)? (Cassidy 2009a, p. 58). In the case of GPR where the
frequencies are in hundreds of millions of Hertz, the squared term effectively disappears
and the velocity can be approximated in a simple form (Annan 2005, pp. 370-1).

c

Erly

<
Q

:

In a non-magnetic material, pu, = 1 and so the velocity is only dependent on the inverse
square root of the relative dielectric permittivity. This means that the refractive indices
above can be rewritten as /2, 1,.. The usefulness of this result lies in its explanation that
what causes radar reflections are differences between two materials in their polarisability
in response to the electric field of an EM wave and also its magnetic permeability (which
is related to susceptibility).

Relative dielectric permittivity is the ratio between the dielectric permittivities of the ma-
terial to that of a vacuum. For radar it ranges between values of 1 for air and 80 for water.
Dry geological materials have generally quite low permittivities (table 3.2) and so the pre-
dominant factor causing reflections in GPR is the amount of water contained withing a
geological unit (Davis and Annan 1989, p. 536, Everett 2013, p. 242). The reason behind
differences in permittivity is related to how EM waves propagate. EM waves are com-
posed of an oscillating electric field and an orthogonal oscillating magnetic field. When the
wave passes through a material, the electric field (E) causes positive and negative charges
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Material RDP
Air 1

Ice 3-4
Drysand  3-5
Granite 4-6
Limestone 4-8
Wetsand  20-30
Clay 5-40
Water 80

Table 3.2: Relative dielectric permittivities for some common materials. Taken from Davis
and Annan (1989).

in the material to separate slightly resulting in some polarisation (fig. 3.11). Excess electric
potential energy is stored in the material at this point if there is a structure to the ma-
terial that opposes this separation (for example an ionic lattice or molecular structure as
opposed to free particles). The charges move back to their normal state which releases the
energy and propagates the wave. However, this process is slower than the speed of light
in a vacuum and so the velocity of the EM wave is slowed. The dielectric permittivity is
related to the density of charge separation as D = ¢E (Cassidy 2009a, pp. 45-6). There are
a range of different mechanisms for this process which involve different types of bound
and free charges. These include the dipoles of polar molecules, bonded atoms or ions and
electron clouds. Each of these mechanisms increases the dielectric permittivity of a ma-
terial but each also has a maximum frequency to occur. It takes time for the charges to
be polarised and then relaxed so as the frequency of the EM wave increases, the charges
spend more time in motion. After a certain frequency, the charges can no longer keep up
with the alternating electric field and so that mechanism no longer occurs. GPR uses the
range of frequencies for which the dominant mechanism is the polarisation and relaxation
of molecular dipoles. By far the most common and important polar molecule is water
(fig. 3.12). In its absence, the dielectric permittivity is largely determined by atomic and
electronic polarisation which gives rise to much smaller values for permittivity. Therefore,
water plays the dominant role in the determination of dielectric permittivity at GPR fre-
quencies (Cassidy 2009a, pp. 47-9).

A secondary effect on the velocity of an EM wave and its reflectance is due to the relative
magnetic permeability (j1;) of the medium. Relative magnetic permeability is related to
volume specific magnetic susceptibility by x = p,—1 (Chikazumi 1964, p. 6). The majority
of geological materials have a magnetic susceptibility less than x = 1072 and so a relative
permeability of very close to u, = 1 (Hanson et al. 2005, p. 157). Therefore, this effect
can usually be discounted in GPR surveys except in the case of highly magnetic objects
such as iron. These are very strong reflectors of EM waves and will obscure anything else
beneath them by a stack of high amplitude reflections (Cassidy 2009a, pp. 55-6, Conyers
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Figure 3.11: Diagram showing the separation of charge in a bound structure as it deforms
under an electric field and then relaxes.

Bond angle = 109.5°

Dipole of
water

Figure 3.12: The structure of the water molecule. Its bent shape means there is a net sep-
aration (dipole) between the positively charged hydrogen atoms and negatively charged
oxygen atom. Under an electric field, these dipoles with align to the direction of field.

2013, p. 57). This potential interference can range from irrelevant to highly troublesome
depending on the nature of the site.

The situation so far described shows how radio waves are able to propagate in the ground
and reflect off boundaries but no physical interaction can occur without some kind of en-
ergy loss. This loss is called attenuation. Ground penetrating radar is constrained by two
different kinds of attenuation. The first is related to the polarisation and relaxation of elec-
trical charge as the wave propagates. Every time this happens there is an associated loss
of energy as heat due to the motion of particles. The higher the GPR frequency the more
time these particles are in kept in motion and the more energy is lost through heat. This
results in a spike in energy attenuation at frequencies higher than a few gigahertz (Annan
2005, p. 369, Cassidy 2009a, pp. 47-8). GPR antennas do not generally emit such high
frequencies but the use of a higher frequency used will still increase how quickly energy
is lost and reduce the depth reached. The second kind of attenuation caused by high con-
ductivity is of serious practical concern. The wave propagation mechanism relies on the
storage and subsequent release of energy under an alternating electric field. It is important
that the separation of positive and negative charges be relaxed which generally happens
as the system restores itself. However, if there are free charged particle in the medium (for
example ions in solution), these are separated due to the electric field and there is no op-
posing, restorative force from this to propagate the electromagnetic wave as there is with
the separation of bound charges. The charges are simply conducted away with the energy
dispersing as heat. This causes a diminishment in the electric field very quickly and it is
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consequently well known that GPR has poor depth penetration in conductive sediments
(Cassidy 2009a, pp. 54-5, Conyers 2013, p. 53).

Two reflection events will only be distinguishable if they are separated by enough time
that they do not significantly overlap. The required separation depends on the frequency
and bandwidth of the antenna. Higher values of both increase resolution so there is a
trade off between resolution and depth (Davis and Annan 1989, pp. 539—40). In the case
of a thinly layered ground, the successive reflections might be so frequent that destructive
interference results in the elimination or muting of reflections. Sometimes only the first
layer interface may be visible (Conyers 2013, pp. 67-8).

3.1.6 Ground-Penetrating Radar Processing

In a GPR survey, pulses are transmitted and reflections are received as the instrument is
rolled or dragged over the ground. Each time window, over which reflections are recorded,
forms a trace which is a reflection waveform. Often multiple measurements are taken in
the same location with the incoming waveform being sampled at different times. In this
way, a full trace is built up. This is done to obtain a higher data density than would other-
wise be possible (Annan 2005, p. 388). Many traces are collected at a fixed interval, either
by time or by distance, which builds up a two dimensional profile of results. A raw GPR
profile is scarcely interpretable except where the targeted features are very reflective and
shallow. A range of processing filters are necessary in order to bring out the information
within. However, it is not wise to unthinkingly apply a generalised list of processing steps
to every set of GPR data. Processing steps should be applied with a reason in mind and
with the understanding that the raw data is being modified in some way (Cassidy 2009b,
pp- 141-2, Conyers 2013, p. 130). Therefore, an understanding of what each type of pro-
cessing does is in order.

Ground penetrating radar works by sending out EM pulses using a transmitting antenna
and then recording incoming pulses over a set time window using a receiving antenna. So
that no potential information is lost, the receiving antenna begins listening slightly before
any pulses are transmitted. This means that every recorded reflection is slightly delayed
and the traces must be corrected. This is done with a time zero correction which subtracts
a certain amount of time across the entire profile. Usually this is done so that the direct
wave (the pulse transmitted through the air directly from transmitter to receiver) is at the
top of the profile (Cassidy 2009b, p. 150, Everett 2013, p. 253). There are several different
points within the direct wave that can be chosen. Typical choices are somewhere between
the first negative peak and the first positive peak (which is easy to distinguish). It has
been suggested that an earlier point around the negative peak of point of zero amplitude
between them is better for making depth determinations (Yelf and Yelf 2004).

In the received GPR waveform there will be long term trends in the baseline of the am-
plitude. This is due to low frequency emissions called wow from the antenna. A de-wow
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filter reduces the base amplitude to zero so that the waveform is consistent throughout the
trace (Cassidy 2009b, p. 150, Everett 2013, pp. 253—4).

Because of the attenuation that is present in all media, the received signal is considerably
damped over the course of the receiving time window. Therefore, it is the case that later re-
flections are minuscule in amplitude compared to earlier reflections (but importantly still
present in the raw data). For the default colour scale (or however the amplitude is repre-
sented) of the viewing software this will usually make these reflections indiscernible. A
constant scaling factor applied to the amplitude of every trace would make later reflections
visible but at the cost of excessive contrast in the earlier reflections. To achieve a consistent
level of contrast between positive and negative peaks throughout the profile, a gain func-
tion is applied to every trace. This increases the amplitude of specific regions along the
trace in a way that is dependant on the time axis. Thus later reflections can be increased
more than earlier reflections (Goodman and Piro 2013, pp. 37—40). The gain function can
be adjusted to match how quickly the signal attenuates in a particular ground. Gain can
be applied using an automatic gain function that adjusts each time window according to
its mean amplitude. Alternatively, the gain function can be set manually using a class of
function (for example exponential) and adjusting the parameters until the user is satisfied
(Cassidy 2009b, p. 162).

Antennas for GPR are specified by a particular frequency but in actuality they transmit
across a broad range of frequencies. The listed frequency is called the central frequency
of the antenna (Conyers 2013, pp. 42-3). This can lead to low and high frequency noise
cluttering the image. Low frequency noise is characterised by long term trends in the am-
plitude while high frequency noise results in erratic “static” obscuring more important
details. Unwanted frequencies can be removed from the trace waveforms through a band-
pass filter. This shifts the waveform into the frequency domain using a Fourier transform
and removes all frequencies except those in a specified “pass” band before shifting back
to the time domain (Goodman and Piro 2013, p. 40). One common type of bandpass filter
is the Butterworth filter which preserves relative amplitudes between frequencies. The
downside is the potential to introduce artificial ringing responses in the data which must
be taken into account during interpretation (Cassidy 2009b, p. 155).

When the receiving antenna of the GPR instrument records incoming EM pulses, it has
no way of distinguishing between actual reflections from the transmitted pulse and out-
side waves that did not originate from the instrument. Furthermore, there will always be
ringing from the antenna as it transmits the pulse because of the limitations of antenna
design (Conyers 2013, p. 43). Both of these sources of systematic noise produce horizontal
bands in the reflection profile which can be removed using a background removal process.
This step takes the average of all the traces along a specified distance and subtracts that
average from each relevant trace leaving only the deviation from the background average
(Goodman and Piro 2013, pp. 46-8). Since the process is applied to a specified horizontal
distance, the processor can determine how aggressive the filter is. A smaller distance re-
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sults in a more aggressive filter since a feature needs to be constant over a smaller distance
to be removed. To understand this, consider the case where background removal is ap-
plied to each individual trace. The average of one thing is the thing itself and so applying
background removal in this way would remove all of the data. One should be very careful
when selecting this parameter since it is possible for reflections from flat, horizontal layers
to be removed accidentally (Goodman and Piro 2013, p. 47).

In order to make good use of GPR in archaeology, it is necessary to think about what
kinds of objects and features at a particular site will reflect radar and in what kinds of
patterns these reflections will appear. There are two main types: planar reflections and
hyperbolic reflections. Planar reflections occur as waves bounce off horizontal boundaries
in the ground. They appear as continuous and relatively smooth reflections in the GPR
profile (Conyers 2013, p. 59). Hyperbolae appear as discrete reflections in the shape of an
upside down “U” or “V.” They indicate the presence of a fairly small and round feature.
Hyperbolae are formed because radio waves are not only transmitted straight down but
also outwards in a conical shape. If an object is relatively small and roundish, it will be able
to reflect waves back at the GPR instrument when it is anywhere in the cone. However,
the instrument has no way of knowing which direction an incoming pulse came from and
records everything as being directly beneath. Because it takes longer for a wave to reflect
off such an object as the GPR moves laterally away from it, the apparent reflections become
deeper also (fig. 3.13) (Conyers 2013, pp. 59-60). If the object is given the coordinates (0,
-d), a little trigonometry shows that the resulting reflection is given by this equation which

is a form of the general hyperbola.
h(z) = =V a2+ d?

The deeper the object is, the less curvature the hyperbola has. This can be very useful in
interpreting GPR since they can be used to estimate the velocity of the radio wave through
the ground and hence convert the two way time axis to a proper depth axis (Conyers 2013,
pp- 125-7).

3.1.7 The Use of Ground-Penetrating Radar in Archaeology

Ground penetrating radar was first used for archaeology during the 1970s with a slew of
successes but saw limited adoption in places such as Britain due to the sodden, clay soils
limiting the penetration of radio waves (Clark 1996, p. 118, Conyers 2013, pp. 19-20).
Many GPR surveys in archaeology were interpreted under a scheme of anomalous reflec-
tions against a blank matrix. This is to say that all reflections must be (archaeologically)
interesting. The inevitable disappointment that befell those with this kind of thinking led
to GPR being seen as unreliable (Conyers 2013, p. 20). Of course GPR will pick up any sub-
surface heterogeneity, whether geological or anthropological in origin, including features
that are irrelevant to current research questions. More important to understand is that
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Figure 3.13: How hyperbolae are formed. a) The round object to the right side of the radar
cone is plotted on the GPR profile as if it were located at the x directly beneath. Two-
way times x and y are equal. b) Hypothetical GPR profile showing five points along the
hyperbola. The measurement from (a) is highlighted in red.

sought-after archaeological features may not show up at all if their physical properties do
not significantly differ from the surrounding sediments. Caution is justified in making any
interpretation based on the absence of reflections.

The use of GPR in archaeology falls into two broad camps. The first is to use GPR to
identify and investigate strictly archaeological features. Usually these are architectural re-
mains such as buildings floors and walls (Imai et al. 1987, Urban et al. 2016, Correia 2019),
monumental town constructions (Griitzner et al. 2012, Risti¢ ef al. 2020) and stone tombs
(Orlando 2013). Depending on the construction and material of these remains, very clear
and interpretable images can be produced. It is common in GPR surveys to collate a grid
of profiles into a rectangular prism and then slice it horizontally to produced plan view
maps of different depths. This is convenient for the presentation of spatial information but
it has the drawback of obscuring vertical relations between complex objects buried in the
ground (Kelly et al. 2021, p. 6).

The second main use of GPR is to investigate the sediments within which the archaeolog-
ical remains sit. The study of the sediments holding archaeological objects is as important
as the study of the objects themselves and can reveal a lot about the formation and modifi-
cation of a site. GPR has been used, among other things, to identify human modifications
of the landscape such as trenches (Al-Khersan et al. 2016) as well as the structure of sites
and the topography of ancient land surfaces (Corradini et al. 2020). The investigation of
stratigraphy in rock shelters (Miller et al. 2016, Papadimitrios et al. 2019, Armstrong et al.
2021) is a key use of the technique as research questions typically revolve around mapping
the depth to bedrock which GPR is able to easily accomplish. GPR also has an advantage
over some other geophysical techniques (such as ERT and seismic) in a cramped cave en-

vironment since the transmitted wave is mostly sent straight down and up. In contrast to
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ERT where depth is achieved through a space-consuming row of electrodes, GPR is able
to achieve its maximum depth right up to the cave wall. One other very important use
of GPR is the detection of unmarked graves (Bevan 1991, Moffat 2015, Berezowski et al.
2021). The primary way graves can be detected with GPR is by looking for breaks in the
stratigraphy of an appropriate size and shape (Moffat 2015, p. 47). These can be mapped
using GIS and classified as probable or possible graves according to how closely the fea-
tures match the expected length, width and depth for a grave of the target time period and
culture (Moffat et al. 2020). It is also sometimes possible to detect certain objects that might
be associated with the burials such as coffins if the contrast between dielectric permittivity
is high enough (especially in the case of large metal fittings). This can be used in conjunc-
tion with the stratigraphic approach to increase the confidence of interpretation (King et
al. 1993, Polymenakos 2019).

3.1.8 Stratigraphic Modelling

Given the integral role the use of geophysics (in particular ERT and GPR) has in mod-
elling stratigraphy in this study, it would be beneficial to take a very close look at similar
studies in the literature. These have been limited to those involving the use of ERT or
GPR and an emphasis has been placed on the detection of palaeosols with GPR. Strati-
graphic modelling has been reviewed recently by Carey et al. (2018) who define its aims as
"to characterize subsurface sediment stratigraphy to understand geomorphological land-
scape evolution and to elucidate archaeological sites and their records” and to allow ”an
inference to be made about archaeological potential” (Carey et al. 2018, p. 496). Both GPR
(Bristow and Jol 2003) and ERT (Smith and Sjogren 2006, Crook et al. 2008, Bellmunt et al.
2022) have been extensively used for similar stratigraphic modelling in geological appli-
cations as well.

Carey et al. (2006) used GPR to investigate the alluvial deposits in Trent Valley in Eng-
land. The aim was to identify areas of high archaeological potential for future research.
The GPR profiles were able to distinguish between major strata of gravel terraces and al-
luvium, minor bedding within the alluvium and a palaeochannel. Importantly, they were
able to show that the difference in surface archaeology distribution between the terraces
may be misleading and that the apparently less occupied one had far deeper alluvial de-
posits which may hide archaeological material. A major problem they faced using GPR
was the attenuation in the clay-filled palaeochannel. A follow up study (Howard et al.
2008) was able to use ERT to reveal some internal structure in the channel. Specifically, the
ERT was able to reveal the base of the palaeochannel but also had difficulty distinguishing
the strata known through coring.

Another study (Chapman et al. 2009) was aimed at mapping the Bronze and Iron Age
palaeosols in Scottish aeolian coastal dunes. The strong weather in the region threatens
to expose and destroy the archaeological remains there so GPR was used to identify areas
of highest risk (meaning areas with the thinnest dune overburden). The GPR data was
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complemented with the use of boreholes for direct stratigraphic information.

Conyers et al. (2013) conducted a GPR survey over sand dunes which cover Jurassic
bedrock in Portugal. Upper Pleistocene stone tools have been found just above this bedrock
so it is thought to be the associated palaeosurface. The GPR was intended to map the to-
pography of this palaeosurface. It was found that there were two gullies (part of a drainage
system) incised into the bedrock. The stone tools were revealed to be concentrated in an
area that would have been concealed from game animals on the floodplain and close to
water which allowed the researchers to infer past behaviours of the users of the tools.
Schneider et al. (2017) used GPR to investigate a dune field in Germany with the aim of
understanding the palaeotopography associated with two Mesolithic sites there. The land-
scape is originally glacio-fluvial and reworked by wind transport. GPR was used to map
the depth of palaeosols and correlate between excavation units. It was able to be shown
that the two Mesolithic sites were originally in prominent locations in the landscape even
though they are nestled in low lying areas in modern times. It was reported that the GPR
was able to penetrate several metres because of the favourable sandy dunes but the accu-

racy of the palaeotopographic DEM was hampered due to the irregular spacing of surveys.

Carey et al. (2017) used ERT to map floodplain deposits and palaeochannels in a fluvial
valley in Wales. The deposits there included clays, sands and gravel terraces. Based on
the differences in resistivity between these deposits, they were able to identify a system
of palaeochannels and therefore estimate which areas had better potential for the preser-
vation of archaeological remains. Furthermore, they used radiocarbon dating to aid with

reconstructing the site’s formation history and compare with climate records.

The final study presented here took place in northern Germany at the location of a for-
mer palaeolake (Corradini et al. 2020). GPR was used alongside coring to detect and map
five buried islands that may hold Mesolithic settlement. It is intriguing that the islands
(sand) showed up clearly even to a depth of two metres below the peat, gyttja and clay
infill. It might be expected that the GPR signal would experience too much attenuation to
be used in this environment. The reason for the project’s success in spite of this is not spec-
ulated on. Nevertheless, the GPR-derived palaeolandform model was used with the dated
archaeological remains to propose a sequence of lake-level lowering during the Holocene
by which the number of emerged islands and intensity of occupation increased.

Many of these projects were on archaeological sites in river valleys and the use of a va-
riety of remote sensing in such valleys to model deposits is not new (Challis and Howard
2006). Doubtlessly, this is because the aggradational nature of the landscape results in
thick sequences of material which can bury archaeological sites and reshape the land to-
pography into unrecognisable forms. In particular, former glacial landscapes with riverine
and aeolian reworking appear to be prime locations for this type of approach (Carey et al.
2006, 2017, Howard et al. 2008, Schneider et al. 2017) This makes other similar sites (such as
Soyo) attractive targets for this kind of modelling. Most of them had the identification of
areas likely to hold (or still hold) archaeological material as one of their primary objectives
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(Carey et al. 2006, 2017, Howard et al. 2008, Chapman et al. 2009, Corradini et al. 2020). It
is necessary to have a sense of the buried landforms to steer excavation and management
decisions in any archaeological project and these studies provide good examples of how
to achieve this.

All of the above projects share the following common themes: the use of geophysical
techniques to acquire the depths of targeted stratigraphy, the generation of a DEM to pro-
vide elevation correction to the geophysical data, the use of some kind of ground-truthing
(cores, trenches efc.) to interpret geophysical facies, and the production of either palae-
olandsurface DEMs using corrected elevation data or depths to targeted deposits and their
thicknesses depending on the research question.

The use of GPR versus ERT ties into the research question. Studies that have investigated
palaeochannels (Howard et al. 2008, Carey et al. 2017) found success using ERT where
GPR may be ineffective due to conductive clay infill (Carey et al. 2006, p. 248). Studies that
revolved around mapping the depth to palaeosols (Chapman ef al. 2009, Schneider et al.
2017) or bedrock (Conyers et al. 2013) invariably used GPR as the method of choice. This is
important because it shows what is likely to be findable using each method in these kinds
of landscapes. Both ERT and GPR are complementary in their ability to target different
landforms and can be used together to give a more complete picture of the subsurface.
What is apparent from the literature is that the geophysics, while often the featured data
set of articles, is not sufficient by itself and must be supported with positioning, a DEM and
either cores or excavations. The geophysical surveys interpolate or extrapolate beyond the
limited information available from archaeological excavation and allow large scale models
of ancient landscapes and landscape-as-site formation histories to be formed.

3.1.9 Magnetometry

Magnetometry is one of the most frequently used geophysical methods in archaeology
(Gaffney 2008, p. 316). It measures the local magnetic field strength to show areas where
there is enhanced magnetism. A magnet is any object with a magnetic moment which is
a vector quantity whose size is the strength of magnetisation and whose direction points
from the magnet’s south pole to north pole. The magnetic moment produces a magnetic
field which interacts with other magnets. Magnetometry works because one magnet (in
this case the Earth) will induce a magnetic field in any object within its own field. The
strength of the induced field (M) is equal to the strength of the applied field (H) times the
object’s magnetic susceptibility (k).
M =kH

The induced field is always (except in the archaeologically unimportant case of diamag-
netism) aligned in the same direction as the applied field meaning that the presence of ma-
terial with significant magnetic susceptibility will initially and locally enhance the Earth’s
magnetic field. Objects that carry permanent (remnant) magnetism may be oriented in

any direction as it is moved after having acquired its magnetism. In that case, the direc-
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tion of magnetism can change to oppose the direction of Earth’s magnetic field and there
can, therefore, be destructive interference which locally weakens the Earth’s magnetic field
strength.

What kind of materials are practicably detected by magne-

tometry depends on their magnetic susceptibility which is

a property that depends on the material’s inherent suscepti- /\\ /\
4

bility as well as the object in question’s shape and volume. *

N

The material itself has a volume-specific magnetic suscep-

tibility p but the induced magnetisation in an object is not 7 \\_/

only dependent on this. This is because there is an oppos-

ing demagnetisation within the magnetised object. This de-

magnetisation arises from the fact that there is a separation

of magnetic poles within the object due to the external mag- Figure 3.14: A magnet with
netic field. The magnetic field lines point from the north pole its field lines.

to the south pole both outside and inside the induced mag-

net (fig. 3.14). Therefore, the induced field lines will travel “backwards” inside the in-
duced magnet from north pole to south pole in opposition to the external magnetic field
(Chikazumi 1964, pp. 19-20). This effect is highly dependant on the shape of the object
and the orientation of that shape within the external field. Long, narrow objects oriented
in the direction of the external field have an effective susceptibility k that is almost equal to
the volume susceptibility p. Conversely, flat, sheetlike objects oriented such that the exter-
nal field lines pass orthogonally through the plane have an effective susceptibility k that is
almost independent of the volume susceptibility p. The relationship between k and 1 can
be expressed in the following equation where V is the volume and N is the demagnetising

factor (Witten 2006, p. 80).
uV

k:
14+ Np

The cause of magnetism is an important topic because it gives rise to different kinds of
magnetism and magnetic minerals. According to classical mechanics, we may envisage
a magnetic moment arising from both the orbital motion of electrons (angular momen-
tum) as well as their rotation (i.e. spin which can take values of +3 and —1 indicating
opposing magnetic moment directions) (Chikazumi 1964, pp. 39-40). The exact details
(quantum mechanics) are less important than the knowledge that it is the electrons that
produce magnetism and that an intrinsic property called spin causes the resulting mag-
netic moment to be in one of two opposing directions. As electrons fill an atom’s orbitals,
they must obey the Pauli exclusion principle which states that no two particles may oc-
cupy the same set of quantum numbers. What this means for this discussion is that each
atomic orbital may contain no more than one positive spin electron and no more than one

negative spin electron. Furthermore, Hund'’s rule states that electrons will half fill every
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orbital of the same energy level before pairing electrons up and that the unpaired electrons
will align in spin direction (Chikazumi 1964, pp. 52-7, Morrish 1965, pp. 32-7). Atoms
and ions with unpaired electrons have an extra spin-derived magnetic component which

results in higher magnetic susceptibility.

In a system where the electron-produced magnetic moments are free to orient in ran-
dom directions, thermal agitation will ensure that they do so. In the presence of an ex-
ternal magnetic field of sufficient strength to overcome the thermal agitation, the magnetic
moments will align in the direction of the external field and so an induced net magnetic
moment is created along with its associated magnetic field. When the external field disap-
pears, so does the induced field and thermal agitation disorders the orientation (fig. 3.15).
This property is called paramagnetism and is a relatively weak effect (Chikazumi 1964, p.
8).

No magnetic field External magnetic field No magnetic field
P Pl LR
+ N - -

Figure 3.15: A diagram of paramagnetic moments. When a magnetic field is applied, they
align to the direction of that field. When the external field is removed, the moment become
randomly oriented again.

In some materials, the atomic magnetic moments are not free to orient in random direc-
tions but experience a strong tendency to locally conform in alighment because the crys-
tal structure affects the orientation of the atomic orbitals. Above a certain temperature
(the Curie point of a substance), thermal agitation will overcome this and the material
will behave as a paramagnet. Below the Curie point, a spontaneous alignment will take
place according to the ambient magnetic field which will last until the material is reheated
above that temperature. This is known as ferromagnetism (Grant and West 1965, p. 356).
Although there is a spontaneous magnetism in ferromagnetic minerals, there is not a net
magnetic dipole under ordinary circumstances. This is because the mineral is broken up
into different internal regions called magnetic domains. Within each domain there is a net
moment due to alignment of electron spins but the domains are not aligned to each other.
This results in no overall magnetic moment and so there is no magnetic field. All ferro-
magnetic grains above a certain size (in the order of micrometres) are multidomain grains.
Under an external magnetic field, the domains will become aligned and a magnetisation
will be induced in the ferromagnetic object. However, when the external field is removed,
there is resistance to the reversion of the internal structure because of the energy required
to change the domain walls. Therefore, the magnetisation is said to be permanent. It takes
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a large external field in the opposite direction to completely demagnetise the object. In this
way, a ferromagnetic object inside an alternating magnetic field (H) has an induced field
(M) that lags behind. In a plot of M against H, this traces out a loop called a hysteresis
loop (Grant and West 1965, pp. 357-60, Morrish 1965, pp. 332-3). The important implica-
tion for this is that some objects will retain a palaeomagnetism even after they have been
moved or rotated compared to the Earth’s magnetic field (or after the Earth’s magnetic
field has shifted). This remnant magnetisation will usually persist until the object becomes
heated past its Curie point at which point thermal agitation will overcome the tendency of
electron spins to align in a ferromagnetic material. This has important consequences for
archaeology because of human use of fire which will be discussed later. Not all minerals
that have electron spin interactions are ferromagnetic. It is also possible that the electron
spins are anti-aligned in which case the magnetic moments cancel and there is no overall
magnetisation. This is called antiferromagnetism. Sometimes these anti-aligned magnetic
moments have a slight deviation from a common axis in which case there is a small mag-
netisation roughly orthogonal to the axis of anti-aligned magnetic moments (called canted
antiferromagnetism). The most important case for the archaeologist is the case between
ferromagnetism (complete alignment) and antiferromagnetism (complete anti-alignment)
which is where the electron spin magnetic moments are unequally anti-aligned (ferrimag-
netism) (fig. 3.16) (Evans and Heller 2003, pp. 8-9). The concepts of magnetic domains
and hysteresis for ferromagnetism also apply to ferrimagnetism. The classic example of
ferrimagnetism is in the ferrite minerals which are metal oxides of the form XFe,O, where

Xis a metal (II) ion and have the spinel crystal structure.

The last main kind of magnetism is diamagnetism which produces a negative suscepti-
bility. In a diamagnetic material. the induced magnetic field is in the opposite direction
to the external magnetic field. This is due to the Larmor precession of electrons around
an axis of magnetic flux. All materials have the property of diamagnetism but the effect
is so exceedingly weak that it is unlikely to be significant to the archaeologist (Evans and
Heller 2003, p. 7). Superparamagnetism is another kind of magnetism of ferromagnetic or
ferrimagnetic grains that are so small that they behave as paramagnets (but with suscepti-
bilities in the order of magnitudes that ferromagnets have). This will be explained in more
detail with the magnetic susceptibility method (Section 3.2.1).

There are many kinds of magnetic materials of interest to archaeologists and it depends
greatly on the specifics of the site in question. Many artefacts have a sizeable magnetisa-
tion (especially iron artefacts) which can be easily detected through magnetic means. This
also applies to modern objects as well so the archaeologist must be careful when inter-
preting the results of magnetic surveys. Geological materials can also have measurable
magnetisation so knowledge of the site’s geology is important to be confident in the inter-
pretation of a magnetometry survey. Apart from metals, the most archaeologically impor-
tant magnetic minerals are a series of iron oxides: haematite, magnetite and maghaemite.
Haematite («Fe,0O3) is a canted antiferromagnetic mineral meaning it is slightly magnetic.
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Ferromagnetism Ferrimagnetism  Antiferromagnetism

Figure 3.16: Diagram showing the difference between ferromagnetism, ferrimagnetism
and antiferromagnetism. Note that the opposing magnetic moments in a ferrimagnetic
material are not equal and so there is a net moment.

M

Figure 3.17: Plot of how the induced magnetic field M of a ferromagnet or ferrimagnet
changes in accordance with an external magnetic field H.

Haematite is a very common mineral and provides a weak magnetism in many rocks and
sediments but its susceptibility is relatively low by comparison to some other iron oxides
(Evans and Heller 2003, p. 38). Magnetite is a reduced iron oxide (Fe3O4) which takes
the spinel crystal structure. Magnetite is ferrimagnetic because the magnetism of one Fe
(III) ion in each crystal unit is opposed by the magnetism of an Fe (III) ion and an Fe (II)
ion combined. Magnetite has a Curie point of 580 °C (Evans and Heller 2003, p. 33).
Maghaemite (yFe;O3) has the same spinel structure as magnetite and is also ferrimagnetic
but all of the iron ions are in the more oxidised Fe (III) state. To maintain charge neutral-
ity, one ninth of the iron sites are vacant as compared to magnetite. The Curie point of
maghaemite is difficult to measure because the mineral is less stable at higher tempera-
tures but it is estimated to be over 600 °C (Evans and Heller 2003, p. 40).
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It is not just archaeological features and soil minerals that may be detected by magnetom-
etry. Many rocks can be magnetic enough to show up in a survey. Rocks of a particular
type vary widely from place to place. For example, a granite in one location is not the
same as a granite in another location and this is true for their magnetic properties as it
is for their other properties. Nevertheless, it is possible to make some broad statements.
There have been suggestions made in the literature that igneous rocks are about an order
of magnitude on average more magnetically susceptible than sedimentary rocks and un-
consolidated sediment (Grant and West 1965, p. 366, Hanson et al. 2005, p. 157, Witten
2006, p. 84). This would suggest that igneous and metamorphic rocks might magnetically
stand out against a sedimentary background on the basis of their induced magnetic fields
alone. However, there is a more important consideration. Igneous rocks have cooled from
magma or lava which is far beyond the Curie temperatures of the magnetic minerals dis-
cussed. These rocks, therefore, take on a permanent thermoremanent magnetisation in the
direction of the Earth’s magnetic field at the time (Grant and West 1965, pp. 369-70). This
permanent magnetisation is much stronger than its induced magnetisation and makes ig-
neous rocks much more magnetic than most sediments and sedimentary rocks (Hanson
et al. 2005, p. 157, Witten 2006, p. 85). Apart from the mapping of natural features,
if archaeological structures are made of strongly magnetic materials (such as granite) or
weakly magnetic materials (such as limestone), they may show a magnetic contrast to the
surrounding landscape. As an example, magnetometry was used to uncover buried me-
galithic tombs constructed of highly magnetically susceptible granite in Sri Lanka (Fass-
binder and Becker 1999).

There are other magnetic minerals that may be of interest to archaeologists depending
on the local site situation. The iron oxides discussed form one part of a whole complex of
iron-titanium oxides which often occur in conjunction. Adding titanium to magnetite pro-
duces the titanomagnetite series whose extreme endmember is called ulvospinel (Fe; TiOy).
Adding titanium to haematite produces the titanohaematite series whose extreme end-
member is called ilmenite (FeTiO3) (Grant and West 1965, pp. 361-2). Increasing the ti-
tanium content along these series decreases the overall spontaneous magnetism (Ti*" has
no unpaired electrons and requires the reduction of an Fe3+ to Fe2+ which has one fewer
unpaired electrons) and it also lowers the Curie temperature of these minerals. It turns
out that at the higher titanium endmembers, the Curie temperature is below room tem-
perature and so there is no spontaneous magnetism at all. This all makes the titanium
enriched iron oxides less important for magnetic surveys at archaeological sites (Evans
and Heller 2003, pp. 33-9). Other minerals of potential interest include iron hydroxides,
iron sulphides and iron carbonates some of which are weakly magnetic in their own right
and some of which may become oxidised to magnetic minerals. In particular, hydroxides
such as goethite («@FeOOH), lepidocrocite (YFeOOH) and ferrihydrite (5Fe;O3.9H,0) may
be a significant factor in wetter environments (Grant and West 1965, p. 363, Clark 1996, p.
100, Evans and Heller 2003, pp. 41-3).

Iron is the most familiar magnetic material and it produces the strongest response of any-
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thing that is likely to be found at an archaeological site with a magnetic susceptibility that
is orders of magnitude above other common materials (Conyers 2018, p. 30). Iron is also
ferromagnetic and can have its own permanent magnetism. Iron objects produce strong
dipole readings which can completely obscure anything else in the immediate area. It is
important to take into account the presence of modern iron on the surface (scrap metal,
iron railings etc.) as well as the possibility of modern iron being buried just below the sur-
face out of sight.

The magnetic minerals discussed above accumulate where they are deposited as sediment
which gives those sediments their magnetism. The process of soil formation can enhance
this magnetism as parent material weathers due to cycles of wetting and drying. Bacte-
ria have also been identified as producers of single domain magnetite particles in soils
(Fassbinder et al. 1990). Le Borne (1955) originally proposed a ”fermentation” mechanism
whereby alternating periods of oxidising and reducing conditions causing haematite to be
converted into magnetite and then on to maghaemite. Subsequent proposals for the exact
mechanism by which weakly- or non-magnetic iron minerals such as haematite are con-
verted to highly magnetic minerals in soils are summarised in Dearing ef al. (1996). After
studying the magnetism of English soils they proposed that soluble Fe?* ions are weath-
ered from iron minerals and precipitate out as ferrihydrite. Ferrihydrite is easily reduced
by bacteria to release excess Fe?* ions. The excess Fe?* cause ferrihydrite to dehydrate and
oxidise to magnetite (fig. 3.18) (Dearing et al. 1996, p. 730). Naturally, the local climate
(especially precipitation) will play a big role in supplying suitable conditions for this path-
way to occur so a consideration of current and past climates will help interpretation. The
magnetic enhancement of soils has some important implications for the magnetic signa-
tures found at an archaeological site. Magnetometry can successfully detect archaeological
earth disturbances such as ditches and pits in cases where the infilling material has a dif-
ferent magnetic susceptibility to the host matrix because a detectable magnetic feature is
produced (Clark 1986, pp. 1407-8, Becker and Fassbinder 1999, Nowaczinski et al. 2015).

Areas of burning are a common archaeological feature searched for with magnetometry
since it is well known that fires, especially hotter, anthropogenic fires, produce an ap-
preciable magnetism in the surrounding soil (Linford and Canti 2001). The reason for
this is due to the role of heat in the formation processes of the more strongly magnetic
minerals magnetite and maghaemite. Magnetite is produced from a number of precursor
iron-bearing minerals. It has been commonly said that haematite is the primary precursor
which is heated in a reducing environment to form magnetite which is in turn heated in
an oxidising environment to form maghaemite (Gaffney and Gater 2003, p. 38, Aspinall et
al. 2008, pp. 23—4, Conyers 2018, p. 30). However, it has been argued that there is insuf-
ficient evidence that haematite is reduced to magnetite under the temperatures from wild
fires in normal field conditions but that other minerals, particularly goethite, lepidocrocite
and siderite (FeCOj3), are chemically altered into magnetite and maghaemite (Fassbinder
2015, p. 86). Regardless, magnetometry is an important tool for locating the remains and
spatial distribution of ancient hearths and other burned features (Urban et al. 2019, Welc
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Figure 3.18: Diagram of the enhancement of magnetism in soils by converting iron-bearing
minerals into more magnetic forms.
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and Bobrowski 2020).

One of the most suitable archaeological materials to detect with magnetometry is fired
clay. In fact, the prospection of buried kilns appears to have been its first ever use within
archaeology (Clark 1996, pp. 16-7). Fired ceramic is visible in a magnetic survey partly
because of the burning and conversion of iron-bearing minerals as discussed but also be-
cause of the thermoremanence of ferrimagnetic grains within the clay matrix. During the
firing process, the clay is heated beyond the Curie point of magnetite and maghaemite
which causes the electron spins to become unaligned due to thermal agitation. As the
clay cools, the spins become realigned to the Earth’s magnetic field in newly formed mag-
netic domains. If the ceramic objects are later moved, their magnetic moments become no
longer aligned with the Earth’s field which can reduce the overall magnetic signature in
the case of a mass of bricks or pottery; however, if the ceramic is reheated sufficiently (a
brick house burning down for instance), it will take on a new thermoremanent magneti-
sation direction (Aspinall et al. 2008, pp. 21-2). Magnetometry is a good option in cases
where pottery or other ceramics are expected to be widely present and are the target of
archaeological interest and it has been used at many sites for this purpose (Frederick and
Abbott 1992, Aspinall et al. 2008, pp. 155-9, Moffat et al. 2011).

3.1.10 Using and Interpreting Geophysics in Spatial Archaeology

One of the primary data sets for any archaeological site is the topography in which it lies
and the spatial arrangement of remains therein. This forms the basis for such subdisci-
plines as environmental archaeology and landscape archaeology where the topography
is linked to the environment and man’s perception of it. Environmental archaeology is
particularly concerned (among other things) with topography since it is shaped by and in-
fluences the environment. The spatial distribution of archaeological remains with regard
to the topography can yield interesting conclusions about past behaviours and use of ge-
ographic space (Evans 1978, pp. 5-6). This information is equally vital to those working
under the heading of landscape archaeology. The topography and spatial arrangement of
natural and cultural features combine to inform the mental overlays or perceptions of the
composite landscape (David and Thomas 2008, p. 38). However, many ancient landscapes
that represent long lived surfaces with accumulations of environmental and cultural modi-
fications lie buried under subsequently deposited sediments (Evans 1978, p. 81, Stern 2008,
p- 365). Geophysical methods can help uncover these ancient surfaces for further analysis.
Moreover, they can do so quickly over a large area and at an appropriate resolution for
archaeological purposes which has greatly improved the ability to study landscapes over
broader areas and in greater detail (Cheetham 2008, p. 572). Exactly how and for what
purpose they are used can vary between projects but fall into three main schemes: geo-

physics for prospection, for extrapolation and for hypothesis testing.

Geophysical methods have been used for many decades to map archaeological features

across sites. Their most common use has been as prospecting tools to find areas of po-
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tential interest (Gaffney and Gater 2003, pp. 13-18). A cursory reading of compendiums
and handbooks of geophysics as applied to archaeology reveals a heavy use of the word
“anomaly” and a corresponding emphasis on the discovery aspect of the methods (Clark
1975, 1996, Gaffney and Gater 2003). This is also seen in the title of one of the major early
journals for publishing these surveys Prospezioni Archeologiche and the current Archaeolog-
ical Prospection. Data is first collected and plotted. Readings in the data are then assigned
an interpretation by reference to a set of known or suspected archaeological features. This
set is the archaeologist’s guess at what should be found at a particular site based on exist-
ing knowledge. Under this scheme, a map of potential archaeological features is obtained.
Typically this type of geophysical survey is one of the first things done at a site before ex-
cavations. It soon became apparent among pioneers of archaeological geophysics that not
all such mapped features are archaeologically interesting. Some of the problem is due to
an incomplete reference set which overlooks geological features. Both the archaeology and
the geology of a site should be kept in mind when interpreting geophysics in order to get
the most reliable results. The form of geophysical readings is often taken as an interpretive
clue since orderly rectangular and circular features are more likely to be man made. For
example, linear features orthogonal to one another can be interpreted as walls where walls
are an expected feature of the archaeology (Simyrdanis et al. 2016, pp. 11-3, Monik et al.
2018, Miller et al. 2019, p. 272).

A related way of using geophysics in archaeology is for the extrapolation of known fea-
tures in the ground. Unlike with pure prospecting, only features that are known through
excavation are mapped. First a geophysical survey is performed. Then excavations or au-
guring are done in key locations in order to correlate geophysical readings in those parts of
the site with real changes in the subsurface. Because certain responses in the geophysical
data are anchored to known features, it can be inferred that similar responses (to an ap-
propriate extent) also indicate that feature or another of its type. Although this scheme for
using geophysics could be characterised as informed prospecting, it differs from prospect-
ing in the sense that its goals are different. The purpose of prospecting is to find out
what exists whereas the purpose of extrapolation is to extend existing knowledge over a
wider area. Some advantages of this scheme are that greater confidence can be had in the
interpretation of a geophysical response if it can be spatially matched to a real object in
the ground and effectively extending knowledge gained from limited excavations across
a broader area meaning that more information can be obtained from less digging (Slater et
al. 2000, p. 36, Keay et al. 2009, p. 162, Correia 2019, pp. 106-8).

The third use of geophysics is to test specific hypotheses and it is here that archaeolog-
ical science becomes scientific archaeology. Based on prior work at a site (which may or
may not itself be geophysical), ideas about its nature and extent may be developed. Geo-
physical methods, being relatively quick and inexpensive to use, may provide a suitable
way to test these ideas. The results are said to either be consistent or inconsistent with
the hypothesis (rather than prove or disprove). This is because it is usually difficult or
outright impossible to say that something does not exist based on geophysical results.
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Furthermore, a result that is consistent with one hypothesis may be also consistent with
another. Hypothesis testing can be used to follow one of the previous schemes. By utilising
additional geophysical methods to test the hypotheses developed from previous surveys,
greater confidence in an interpretation is often achieved. Alternatively, surveying with
multiple techniques from the outset can achieve the same result. Because hypothesis test-
ing is an incrementally iterative process building towards a model, it is likely that there are
more examples of it than can be discerned from the literature. However, one the earliest
geophysical surveys provides a good example where the presence of a stone vault buried
under a church in Williamsburg, USA was suspected from historical records. In 1938 an
electric equipotential method was chosen to test for the presence of such a highly resistive
object. The results were consistent with the hypothesis although it was later found that
this was due to changes in the porosity of the soil (Bevan 2000). This demonstrates how
results that are consistent with hypotheses do not prove them.

In practice these three schemes (summarised in fig. 3.19) for using geophysical methods
in archaeology are often mixed and it may not be always clear how their use fits into the
broader archaeological methods within the researcher’s mind. Thinking carefully about
how geophysics is to be used in a study can help produce more rigorous thinking about
the nature of the results. It may also temper unrealistic expectations about the conclu-
siveness of any findings. For example, if a geophysical survey is done as a preliminary
prospecting step before any excavation, the results should be understood as preliminary
and there should not be any expectation that they will reveal very much other than the

locations of features of potential interest.

3.2 Sediment Analysis

3.2.1 Magnetic Susceptibility

Magnetic susceptibility is a physical property of materials that governs how strongly a
material develops its own magnetic field in response to an external magnetic field. The
definition for magnetic susceptibility of an object is the ratio between its induced magnetic
field (M) and the applied magnetic field (H).

This is known as the volume susceptibility which is a dimensionless quantity. Magnetic
susceptibility is often given as mass susceptibility (denoted by y) which is derived by
dividing this by the density of the material resulting in units of m® kg™ (in SI units). The
difference between magnetometry and magnetic susceptibility is that the former measures
M (induced by Earth’s magnetic field - no other field is applied by the user) while the latter
measures M and compares it to the known applied H. This makes magnetic susceptibility
more inherent to the material being studied (Clark 1996, pp. 99-100, Evans and Heller
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Figure 3.19: Flowcharts describing the processes of prospection (a), extrapolation (b) and
hypothesis testing (c) as applied to the use of geophysics in archaeology.
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2003, p. 9, Witten 2006, pp. 79-81).

Magnetic susceptibility can be measured via an alternating magnetic field with a particular
frequency. When a sample is place within the field, an induced magnetism is generated
which combines with the applied field such that the variation of the resulting magnetic
field B over time is different in amplitude and frequency than the applied field H (Clark
1996, p. 102). These quantities are related in the following way where the constant y1 is

the magnetic permeability of free space.
B = po(M + H)

This allows for the measurement of magnetic susceptibility which, as previously stated, is
the ratio between M and H. When the applied field is alternating in direction, the mag-
netism induced in the sample will decay as thermal agitation causes magnetic moments
to become anti-aligned (Evans and Heller 2003, pp. 16-7). For single-domained magnetic
grains, the time this takes(t) can be modelled as follows where V is volume, T is tem-
perature, K is a mineral-specific constant of magnetic anisotropy, and k is the Boltzmann
constant. This is called the relaxation time. Most importantly, it depends on the size of
the grain such that a larger grain size requires a longer relaxation time (Morrish 1965, pp.
360-1, Worm and Jackson 1999, p. 416).

KV
T = Tpe kT

If the oscillation period of the applied magnetic field is faster than the relaxation time of the
grain, it produces an out-of-phase signal to the applied field. This is known as hysteresis.
If the oscillation period of the applied field is slower than the relaxation time of the grain,
the induced magnetic field for that grain is in-phase with the applied field. For single-
domain grains, there is a critical size (for a given frequency, temperature and mineralogy)
under which they behave in a way similar to paramagnetism meaning they do not have
a remanent magnetic field when H = 0 (fig. 3.20). However, their magnetic moments are
much larger than those of paramagnetic materials. This property is called superparamag-
netism. The implication is that, for magnetic grains near the superparamagnetic boundary,
changes in the frequency of the applied field will result in changes in measured suscep-
tibility (Grant and West 1965, pp. 360-1, Evans and Heller 2003, pp. 52-53). This leads
to the concept of frequency dependence which captures the difference between induced
magnetic fields from low frequency and high frequency applied fields (Clark 1996, pp.

103-4).
fd = XLF — XHF % 100

XLF
Frequency dependence shows how much of the magnetic material in a sample is made of

these tiny, superparamagnetic grains.

Magnetic susceptibility can be used for both horizontal and vertical investigations of the
sediments at archaeological sites. Although magnetic susceptibility is not used as fre-
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Figure 3.20: Plot of how the induced magnetic field M of a paramagnetic material responds
to changes in an external magnetic field H.

quently for landscape studies as magnetometry, it does have the benefit of being able to
detect magnetic features (such as might be produced from burning) in the immediate sur-
face while buried features remain undetected because of the instrument’s poor depth pen-
etration as compared to total field magnetometers (Clark 1996, p. 99, Gaffney and Gater
2003, p. 120). Studies have shown that magnetic susceptibility and frequency dependence
measurements are capable of detecting areas of intensive human occupation (Marmet et
al. 1999) and of determining the distribution of burning with a landscape setting for
more sparse occupation (Linford and Canti 2001). The magnetic susceptibility down strati-
graphic columns is frequently measured as part of a suite of sediment analyses. Changes
in magnetic susceptibility or frequency dependence can be used in conjunction with other
methods to delimit stratigraphic facies (Narantsetseg et al. 2013), to detect pedogenesis
and infer palaeoclimate (Evans and Heller 2003, pp. 136—44, Kravchinsky et al. 2008), to
date loess-palaeosol sequences (Heller and Tungsheng 1984, Maher 2011, pp. 121-3) or to
detect changes in human burning activity through sedimentary strata (Jones et al. 2022).

3.2.2 Grain Size

The size of sedimentary grains is a basic property of sedimentary rocks and unconsol-
idated sediments. The standard way of classifying grain size is with Wentworth size
classes. Each size class differs from adjacent classes by a factor of two. The common
categories include very coarse sand (1.0-2.0 mm), coarse sand (0.5-1.0 mm), medium sand
(0.25-0.5 mm), fine sand (0.125-0.25 mm), very fine sand (0.0625-0.125 mm), silt (1/256 -
1/16 mm) and clay (sub 1/156 mm). These are summarised in table 3.3. Sizes above sand
are called gravels and can be divided into granules (2-4 mm), pebbles (4-64 mm), cobbles
(64-256 mm) or boulders (greater than 256 mm). Another way of reporting these sizes is
with the phi scale which is calculated as the negative base two logarithm of the grain size
in millimetres (Boggs 1995, pp. 79-81).

¢ = —logad
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Diameter (mm) Wentworth Class

Above 2 Gravels

1-2 Very coarse sand
0.5-1 Coarse sand
0.25-0.5 Medium sand
0.125-0.25 Fine sand

0.0625-0.125 Very fine sand
Below 0.0625 Silts and clays

Table 3.3: Table of Wentworth classes for sands and their corresponding diameters in mil-
limetres.

The size of a clast plays a major role in the velocity of the transporting medium (along
with other factors such as depth in the case of rivers) that is required to pick up and de-
posit that clast. Therefore, the size of clasts deposited can inform us about the transport
regime (Prothero and Schwab 2013, pp. 36—40). However, the applicability of sedimentary
grain size studies to the understanding of both ancient and modern depositional environ-
ments and processes is not always straightforward and there can be considerable vari-
ability within the same depositional system due to factors such as differential sediment
supply and local variations in the energy of a transport system (Boggs 1995, pp. 91-3).
Nevertheless, it is frequently used in combination with other records in order to delimit
stratigraphic units and to ascertain the depositional processes at sites of interest (Horiuchi
et al. 2000, Ma et al. 2013, Narantsetseg et al. 2013).

3.2.3 X-Ray Fluorescence

X-ray fluorescence is a technique that provides a measure of the elemental composition
of a sample. It works by bombarding the samples with photons (light). Sometimes the
photon will impart enough energy for one of the non-valence electrons to escape its orbital
and become a free electron. This leaves the newly created ion in an unstable state and an
electron from a higher energy orbital will move to fill the vacancy in the lower energy
orbital. The difference in energy between the two orbitals is then released as an x-ray (fig.
3.21). There are multiple allowable (according to quantum mechanics) energy changes
within most atoms depending on which orbitals the ejected electron and in-filling electron
came from but each element has a different signature of ejected x-rays. Therefore, the
relative abundance of different elements in a sample can be known from measuring these
x-rays (Margui and Van Grieken 2013, pp. 1-4). The release of energy from an electron
dropping to a lower orbital can result in an emitted x-ray as described but it may also be
absorbed by another electron which is then ejected from the atom as well (Auger effect).
Most of the energy is released as x-rays in larger atoms but for smaller atoms the Auger
effect is dominant. This makes XRF unsuitable for detecting the light elements (Margui

and Van Grieken 2013, p. 1). X-ray fluorescence (and other techniques for determining
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elemental composition) have a wide range of applications in archaeology for studying
pigments, ceramics, obsidian and other artefacts. The technique is especially popular in
provenance and manufacturing studies on artefactual objects (Shackley 2011, Donais and
George 2018). In sedimentological studies, elemental compositions derived from XRF and
other methods are used as proxies for environmental and climatic conditions. Different
proportions and ratios for elements (especially between calcium, iron, titanium, silicon
and aluminium) have been used to make inferences about environmental conditions and
climatic events (Fedotov et al. 2004, Murakami ef al. 2010, Choi et al. 2014, Pennington et
al. 2019).

Figure 3.21: Diagram of x-ray fluorescence. a) The incident photon imparts enough energy
to a non-valence electron that it can escape the electron shell and be emitted. b) An outer
electron fills the inner vacancy left behind and the difference in energy levels between the
two orbitals is emitted as electromagnetic energy.

3.2.4 Loss on Ignition

Loss on ignition is a method used to calculate the amount of organic matter and carbonates
that a sediment or rock holds. It does so by heating the sample in a muffle furnace to
a temperature where a chemical reaction produces carbon dioxide. This gas is released
which reduces the mass of the sample. The procedure is divided into three stages (Dean
1974). First the samples are heated to at least 100 °C to drive off any unbound water and
leave them dry. Then the samples are heated to 550 °C which combusts any contained
organic material. Finally the samples are heated to 1000 °C which causes carbonates to
break down into oxides and release carbon dioxide gas according to the following equation

(using calcium carbonate as an example).

Heat

CaCO3 — CaO + CO,

The proportion of mass lost at the second two steps can be easily calculated from the raw
mass lost at that step over the mass of the dry sample (after heating to over 100 °C). Since
samples are weighed in their crucibles at each step, the mass of the crucible also needs to be
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subtracted from each mass measurement. The weight percentage of the organic material
in the original dry sample is difficult to determine since the chemistry of it is generally
unknown. The weight percentage of carbonates can be determined by multiplying the
mass lost in the third step (heating to 1000 °C) by the molar mass of carbonate ions (60 g
mol™!) and dividing by the mass of the dry sample and the molar mass of carbon dioxide
(44 g mol™) (Heiri ef al. 2001, p. 102).

(m(S1000) — m(Ss50)) M (COs*)

wt%(carbonate) = m(S100) M (CO3)

One major potential problem that is likely to occur in most situations is that clays contain
electrostatically bound water within their lattices that is also lost during the 1000 °C heat-
ing stage. This can cause significant error in samples that are rich in clay minerals and
poor in carbonates (Dean 1974, p. 243). Other sources of error variability include position
in the furnace, time spent under maximum temperature and the mass of the sample. The
effect of these can be made negligible by rotating sample positions, heating for at least four
hours at 550 °C and two hours at 1000 °C, and reducing variability in sample size (Heiri
et al. 2001). The organic carbon content and carbonate content of sediments (whether
measured through loss on ignition or in some other way) has been used to estimate the
abundance of plant life (and hence palaeoenvironment and palaeoclimate) and make in-
ferences about the changing sources and rate of sediment transport respectively (Horiuchi
et al. 2000, Fedotov et al. 2004, Murakami et al. 2010, Narantsetseg et al. 2013).

3.3 Radioarbon Dating

As cosmic radiation hits Earth’s atmosphere, it causes a cascade of reactions. One of these
is the formation of *C nuclei from nitrogen. These nuclei are mixed throughout the at-
mosphere and eventually are taken up by plants and animals. While the organism is still
alive, the ratio of 1*C to >C remains in equilibrium with the atmosphere because the decay
of C back to *N is balanced by the intake of new “C. However, once the organism dies,
it no longer takes in any new *C and what is left decays at a predictable rate (Gillespie
1986, p. 1, Taylor 1987, p. 2). Carbon dating measures the proportion of 14C remaining in
organic remains and calculates when that organism died. Conventionally this was done
by counting the number of decay events recorded in a given time which required com-
paratively large samples. With the advent of accelerator mass spectrometry (AMS) dating
which differentiates between isotopes based on their masses the sample size required is
much smaller (Gowlett 1987, pp. 129, 132, Taylor 1987, p. 73).

When collecting samples for dating, care must be taken to account for any possible con-
tamination. This can include modern roots intruding on a layer of interest and carbon-
ates in water systems. These contaminants can alter the amount of C in the sample and
should be removed if possible (Gillespie 1986, p. 7). Wood samples can also pose further
difficulties because the tree to which it belonged may have been centuries old when it
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died. This can inflate the age of such samples if they were cut off from equilibrium with
the atmosphere significantly before the death of the tree (Gillespie 1986, p. 25, Taylor 1987,
p. 45). Finally one must account for the fact that the rate of *C production has not been
constant throughout time and so its proportion of total atmospheric carbon has not been
constant either. A calibration curve must be used to correct the calculated age (Gillespie
1986, p. 28).

3.4 Photogrammetry

Photogrammetry is a process whereby a collection of photographs can be used to create a
three dimensional model of an object. The process involves importing many photographs
taken from a variety of angles and finds tie points that it can identify across multiple im-
ages. It then stitches the images together using distortions in the two-dimensional spatial
arrangement of these tie points to infer how they, as well as the camera positions, sit in
three dimensions. This process is known as structure-from-motion (Westoby et al. 2012).
Positioning co-ordinates can be input by putting down flags in the field at known posi-
tions before taking the photographs and then marking them as special key points in the
software during processing. The tie points are used as a base structure to fill in a denser
point cloud representing the surface which can in turn be used to generate a mesh model
and other georeferenced models. See Agisoft (2021) for a description of the general work-

flow for generating and georeferencing photogrammetry models.
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Chapter 4

Methods

The data used in this thesis was obtained from Soyo, Mongolia over two field seasons.
Ground penetrating radar data were collected in 2016 and seven stratigraphic test pits
were dug at the western end of the site. These pits provided direct stratigraphic informa-
tion and sediment samples for later analyses. Positioning for the GPR survey and strati-
graphic test pits was provided by a static GPS. In 2019 the same area was covered by elec-
trical resistivity tomography and magnetometry surveys. A further seven stratigraphic
test pits were dug and more sediment samples were taken. The aerial photographs were
retaken with a drone for more consistent quality. Positioning was done using a total station
and real time kinematic system (RTK). In both seasons charcoal samples were collected for
radiocarbon dating. The extent of the geophysical surveys and locations of test pits can be

seen in fig. 4.1.

4.1 Geophysics

4.1.1 Electrical Resistivity Tomography

One of the primary goals in the 2019 field season was to conduct an ERT survey over the
area previously covered by the GPR survey in 2016 (fig. 4.1). Due to the need to cover a
large area in a relatively short two weeks, some sacrifices had to be made. An electrode
spacing of one metre for each line (the largest distance allowed by our specialised cables)
meant that the resolution of data was not sufficient to resolve thin layers in the sediments
such as particularly palaeosols which were typically less than 20 cm thick at the site. It is
not expected that one metre electrode spacing is sufficient to resolve features on that scale.
One the other hand, it gives us good depth coverage down to several metres in order to
detect the broader glacial deposits, bedrock and permafrost. The spacing between lines
was set at a consistent 20 m.

The equipment used for the survey was a ZZ Flash-Res 64 channel resistivity meter (fig.

4.2). This immediately presented a problem since most of the GPR grids were 90 m long

while 64 electrodes at one metre spacing cover only 63 m. To solve this a single roll-along
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Figure 4.1: Map of Soyo showing extent of geophysical surveys and locations of test pits.
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Figure 4.2: Photograph of ERT line.

was done where needed. A second ERT line was done starting at the 37 m mark of the first
line and the two output files were later combined. This extended each line to 100 m with
a 41% overlap between the two component lines. In two cases a third extension was done
for a total of 137 m. Every ERT line was collected from South to North. The arrays used
were the Wenner and dipole-dipole arrays. These were chosen as complementary meth-
ods since the Wenner array is better at horizontal resolution while the dipole-dipole has
better vertical resolution (Loke 2004, pp. 29-30). While the primary goal is to determine
the stratigraphic (generally horizontal) nature of Soyo, the high number of boulders on
and under the surface (Putnam 2016, pp. 1-2) calls for good resolution of vertical bound-
aries as well. The relatively small electrode spacing for ERT surveys meant that a lower
voltage was necessary to avoid blowing the fuse on the instrument. This is because closer
electrodes results in a lower resistance between adjacent electrodes and thus a higher cur-
rent drawn from the power supply. Therefore, the moderate option of 120 V was chosen.
Contact resistances were typically in the range of 500-2000 © depending on the ground
conditions. Average current per measurement was typically around 0.8-2.3 A. Currents
below 0.006 A were filtered. Each measurement was taken over one second to ensure a
stable reading and provide a measure of quality for the data. The measurements were
accordingly taken as the average reading over that period. The Wenner arrays were taken
with parameter k£ = 15 (see fig. 4.3 for how k and L determine array length) meaning the
maximum electrode spacing allowed was 15 times the smallest spacing. Since the small-
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est spacing is one metre, the maximum array length allowed was just 45 m. This would
correspond to a theoretical maximum depth of about 8 m using the median sensitivity
depth. The dipole-dipole arrays were taken using parameters k = 10, L = 5 meaning the
maximum multiplier for electrode spacing was 10 but the distance between the current
and potential pairs could be multiplied by a further factor of up to five. This put the the-
oretical maximum array length at 70 m which is longer than the actual physical length of
the survey line. Therefore, the maximum depth was constrained by the physical length of
the cables rather than by survey parameters and theoretically comes to around 13 m. In-
creasing both k and L together also increases the number of data points for dipole-dipole
surveys. However, increasing k too much lowers the signal which can reduce the quality
of results. This is especially the case with the dipole-dipole array because of the lower
overall current. Increasing L slightly increases the depth of investigation but less than in-
creasing k. Therefore, the density and resolution of data is increased by increasing L since
the gap in depth between using k = n and k = n + 1 is filled in.

1a 1a 1a

1a ija 1a
(i=1,2,3,..k)
(G=1,2,..1L)

Figure 4.3: Diagram of Wenner(above) and dipole-dipole (below) arrays showing how
parameters k and L affect array length. i € [1,k], j € [1, L] both natural numbers. By
increasing these parameters, you increase the maximum possible length, and therefore
depth, of the array.

The ERT data were processed using Boundless ERT (BERT) which is free/libre resistivity
software. Lines were processed with the topography obtained from the survey positions
obtained for every electrode using RTK GPS and a total station. These elevations were
pasted into the correct data files (*.dat) generated by the configuration setup. Inversion
of ERT data is highly dependant on geometry. Artefacts due to any deviation from flat
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topography will be introduced into the results if it is not taken into account during inver-
sion (Schmidt 2013, pp. 90-1). Because the ZZ acquisition software does not output the
data in a format that is recognisable by third party inversion software, a python file had to
be used to convert them into the format defined by Geotomo for their software Res2DInv
which could be read (Geotomo Software 2019, pp. 13-8). The files were also manually
expunged of outlier data points. As for the inversion process, most parameters were left
as the default. In particular, the ratio of mesh discretisation size to electrode spacing at
the surface was kept at 0.3 so that resistivity could be more smoothly modelled around
the electrodes. For the modelling method, two approaches were taken. The first was to
use the default L? norm and the default regularisation (A = 20) in order to get a baseline
smoothed image of the subsurface. The second approach was to use the L! norm by setting
the parameters ROBUSTDATA and BLOCKYMODEL in the configuration file. This allows
larger resistivity contrasts which should better model the boundaries between materials
of very different electrical properties. The regularisation parameter was chosen by means
of the L-curve which aims for an optimal compromise between model simplicity and fit
(Glinther 2004, pp. 21-23, Gunther et al. 2006, p. 509). As indicated by Vogel (1996), some
of the inversion models converged very slowly using the optimised regularisation param-
eter, taking well over a dozen iterations to reach the convergence criterion of x? < 1. The
term Y2, which estimates the fit of the model within the measurement errors, decreases
each iteration and x? = 1 indicates a best fit within the input error level (3%) and input
voltage error (100 pV) assumed by the program (Giinther and Riicker 2019, p. 8). Under
both inversion settings, the Jacobian matrix was recalculated in each iteration. This greatly
increases the processing time but it is necessary for best results. One important parameter
that was not used was z-weighting which controls the assumed vertical anisotropy of the
model (useful for layered media) (Giinther and Riicker 2019, p. 11). However, it wasn’t
clear how to choose an appropriate value without prejudicing the results and introducing
artificial layers where there were none in the ground. Therefore, it was decided not to use
this parameter. Finally, images of the completed results were saved for interpretation and
comparison to other results. The colour scale used was “viridis” which is a perceptually
uniform and continuous colour scale. This is important because discrete colour scales hide
the true variation in the data and give dangerously false impressions of sharp boundaries
where there may be none. Even in cases where there should be sharp boundaries, it is not
known if they overlap with the boundaries generated by the colour scale unless a clever
choice in cutoffs is chosen by analysing and clustering the data beforehand. Furthermore,
most continuous maps are not perceptually uniform which means they have “plateaus”
that group a large range under a perceptually indistinguishable colour and steep gradi-
ents where a lot of perceived change happens over a comparatively small range in the
data (Bergman et al. 1995, Kovesi 2015). A perceptually uniform colour map solves this
problem by plotting data as lightness rather than hue which is easier to interpret in data
with high spatial frequency (Kovesi 2015, p. 5).
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4.1.2 Ground-Penetrating Radar

During the 2016 field season to Soyo, an extensive GPR survey covering 42,000 m? (fig.
4.1) was done as part of Anthea Vella’s masters thesis (Vella 2018). The survey was sep-
arated into several grids labelled A to F (fig. 4.5) beginning with grid A at the western
end of the site where there is known to be archaeological material. The survey from there
proceeded eastward until it reached a sand blowout. The lines in each grid were collected
in a zigzag fashion whereby the first line was collected heading north, the second head-
ing south, and so on. A 500 MHz Mala X3M antenna collected data with a 1.9 cm trace
increment and 1024 samples per trace over a 75 ns two-way time window. Half a metre
separated the individual parallel lines in every grid (Vella 2018, pp. 35-6). The use of a
higher frequency antenna limits depth penetration but allows for higher resolution (Cony-
ers 2013, p. 25) which was important for targeting thinner strata, especially any palaeosols.

Although several grids of GPR data were col- . .
lected, only grid A had been previously pro- 'L"Ilng'.u'lal Filtered
cessed and interpreted. With this thesis all
grids have now been processed. Before import-
ing the GPR profiles into Reflex, it was nec-
essary to obtain topographic profiles to match
each one. To do this, the DEM of the site was
loaded into QGIS where a custom plugin was
used to generate a grid of utm files by sam-
pling elevation at the correct line spacing, trace
increment and orientation. Only the four cor-
ners of each grid and the DEM raster layer it-
self needed to be provided. The output files
were tab-delimited text files with the follow-
ing fields: trace increment, northing, easting,

elevation, utm zone. This format could be im-

ported alongside the data files in Reflex using
the WKSTRANS option. Further batch process-

Fi 44: E le t howi ig-
ing scripts (written in Python) were used to 1gure xampre trace Showing otlg

. . . . inal versus after energy decay gain step.
correct the orientation and numbering of lines 8y Y8 P

where the acquisition or naming has been in-

consistent (for example two adjacent lines collected in the same orientation).

The GPR profiles were processed in Reflex using time correction, dewow, gain function,
bandpass filter and background removal steps. The same settings were used in each step
for all profiles across the site to facilitate ease of processing. The values for parameters
were chosen based on looking at many profiles in different parts of the site to determine
the best choices overall. Although a careful approach of tailoring the processing steps to
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Figure 4.5: Map of labelled GPR grids.
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each line would naturally give better results, it was infeasible to do this over hundreds
of lines. It was also unnecessary as the interest is in the broad stratigraphic trends rather

than local stratigraphic variations. An average soil velocity of 0.12 m ns™!

was applied as a
general value which was obtained by hyperbola fitting on many lines from different parts
of the site. Doing a time correction is important in order to get accurate depths for features
since the receiving antenna opens before the transmitting antenna. A point around where
the ground wave first breaks was chosen as time zero because it was easy to identify by
sight. This meant that 2.4 ns of time was taken off the beginning of every trace which, at
a soil velocity of 0.12 m ns’!, equates to approximately 14 cm of depth. Leaving this extra
depth in could have made it more difficult to align the radar and stratigraphic profiles.
The dewow step was done with a 2 ns time window in order to remove drift in the sig-
nal. Gain was achieved via an energy decay curve which is automatically calculated from
a mean of every trace in the profile (Sandmeier 2020, p. 337). The amplitudes are then
multiplied by a scaling factor which was chosen as 0.1 so that the maximum amplitudes
all down the traces are contained within the possible integer range of the profile. The
energy decay curve was chosen over other gain functions because it resulted in the most
even amplitudes across the profile (see fig. 4.4). This made it so that reflections would
not disappear and reappear and could be followed more easily. The relative amplitudes of
reflections mattered less than being able to identify their extents. A Butterworth bandpass
filter was applied to remove low and high frequency noise which would make it more
difficult to interpret the profiles. The high and low cutoffs of 750 MHz and 200 Mhz were
chosen such that the bulk of the main peak of the spectrum was included (fig. 4.6). The last
processing step to be done was a background removal which was done in order to remove
background noise. The average trace to be subtracted was taken over the entire profile
so that only consistently horizontal banding would be removed and not any important
reflections that happened to be locally horizontal.

200 MH= Jal MH=

Original
.'"'\-/'"-/

biltered /N\f\ﬂ

Figure 4.6: Example of fequency spectrum showing before and after a bandpass filter. 200
MHz and 750 MHz are shown in vertical lines.

After being processed, the profiles were “picked” which means identifiable boundaries as
indicated by radar reflections were drawn over in Reflex. These picks were given different
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codes according to their interpretation. They could then be exported as xyz data files and
recombined into files that contained all xyz points in a grid for one pick code to give ele-
vation models for each identified surface. However, only every fifth profile was included
for picking due to the large scale of the survey and time consuming nature of the process.
It was deemed unnecessary to have horizontal resolution of half a metre for a study of the
broad stratigraphy across such a large area.

4.1.3 Magnetometry

A Bartington Grad 601 gradiometer was used in 2019 to map the magnetic landscape of
Soyo. The survey was done as a series of 20 m x20 m grids. The purpose of collecting these
grids was to map areas where the magnetically enhanced soil layers were near the surface
or outcropped and also to map potential areas of human occupation by identifying areas
of burning. A recently built fence had cut off the western extremity of the site from easy
surveying so the initial grids were placed on the east side of that fence about 40 m from
the western edge of the GPR grids. From there, more were adjoined heading eastward
until the last day of the trip whereupon they had extended 60 m beyond the last ERT and
GPR lines, covering more of the sandy dune-blowout area (fig. 4.1). Within each grid
the data was taken in a north-south zigzag fashion with 0.5 m between each transect and
eight samples taken per metre. For the first three grids, a range of 1000 nT was used for
the instrument but this was lowered to 100 nT for subsequent grids. The magnetic data
was imported into the software program Snuffler for processing and exported as images in
blocks of contiguous grids. Vertical and horizontal destripe filters as well as interpolation
was used. These images were loaded into QGIS and georectified.

4.2 Photogrammetry

Although aerial photographs were taken by kite in 2016, many of these proved to be of
poor quality or out of focus resulting in an inaccurate elevation model for parts of the site.
Aerial photographs were retaken using a DJI Mavic Air drone in 2019 and combined into
a 3D model using Agisoft’s Metashape. Global positioning was incorporated from five
known co-ordinates that were marked on the ground before taking the photographs. The
photographs were first pruned of unfocused and poor quality images before being aligned
into a sparse cloud which was then georeferenced using the five aforementioned known
positions. High accuracy and no preselection options were used in order to increase the
accuracy of the fit at the expense of time taken. The dense cloud was generated with
the medium quality setting. Mild depth filtering was used as Soyo is a mostly open site
with only a few scattered trees and, therefore, there is little in the way of abrupt elevation
changes. Metashape allows for points in a dense cloud to be classified into user-defined
categories. Two additional categories were created in order to classify river points and
tree foliage points. These categories were taken out when creating the DEM as we are only
interested in the land surface. The dense cloud (with all categories) was also used to make
a 2.5D mesh and orthophoto. Both the DEM and orthophoto were exported as geoTIFFs
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which preserved the global positioning information so that they could be combined with
other survey data in a geographic information system (GIS). The orthophoto shows a rec-
tified view of the surface which removes parallax so that the view is directly top down at
every point. The effect is similar to a satellite image but at greatly enhanced resolution.
Such a high resolution image of the site was necessary for identifying and tracing fine
surface details such as outcropping of palaeosols and obstructions such as boulders and
fences. The digital elevation model provides a topographic view of the site and was used

for extracting elevation data for processing the geophysical surveys.

4.3 Stratigraphic Pits

Six stratigraphic pits and three excavation pits were dug in 2016 most of which were clus-
tered at the western end of Soyo. The six stratigraphic pits combined with excavation unit
six, were linearly aligned such that they lay along the length of one GPR profile (line 13
of grid A). This was so that the interpretation of the GPR in that location could be tightly
constrained by observed geology. This interpretation would then be extended by corre-
lating reflections between GPR lines (Clark and Bayarsaikhan 2016, Vella 2018, p. 38). To
augment these, seven more stratigraphic pits were opened in 2019 to extend direct strati-
graphic control over a larger portion of the site. Primarily these were in the sandy dune
area west of a fenced enclosure comprising GPR grid B (fig. 4.1). Their locations were
determined from a preliminary review of the GPR data and it was hoped that these pits
would resolve some of the confusing reflections seen. A summary of the test pits is pre-
sented in table 4.1. In general the pits were one metre wide and one to three metres long.
Depth also varied between 1.0-1.8 m. Three pits (TP01, TP02 and TP08) were excavated
down until they hit a buried boulder. The other four (TP03, TP05, TP07 and TP14) were
terminated either because the depth of the pit caused risk to the excavator or because of
time constraints. Like in previous seasons each of the seven pits was logged. Stratigraphic
units were identified based on visual appearance and their properties were recorded (grain
size, sorting, angularity, colour and any other notable features). The depths of boundaries
between each unit were measured from the top of the pit and all four walls were drawn to
scale. At the end of the season, all of the pits were backfilled.

4.4 Sediment Analysis

In addition to the stratigraphic information obtained from the test pits, sediment samples
were taken of each identified stratigraphic unit for a suite of sediment analyses. The pur-
pose of these analyses was to increase the ability to correlate strata across different test pits
and also to determine the environmental and depositional history of Soyo. The order of
each analysis was performed was chosen to preserve the samples for as long as possible
by doing non-destructive analyses before destructive ones.
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Pit GPR Grid Depth (cm) Area (m x m)

T1.2 A 150 0.5x0.5
T1.3 A 93 0.5x0.5
T1.4 A 86 0.5x0.5
T1.5 A 85 0.5x0.5
T1.6 A 83 0.5x0.5
T1.7 A 123 0.5x0.5
Unit6 A 165 2.0x2.0
Unit7 F 150 20x2.0
Unit8 F 80 2.0x2.0
TP01 D 120 1.3x0.6
P02 D 100 1.4x04
P03 B 115 1.1x05
TPO5 B 160 1.8x0.4
P07 B 130 1.0x0.5
TPO8 B 140 22x0.5
P14 C 110 1.5x0.5

Table 4.1: Depth, area and general location of test pits from 2016 (top) and 2019 (bottom).

4.4.1 Magnetic Susceptibility

Magnetic susceptibility was the first analysis done so that the use of metal equipment
for later analyses did not interfere with the magnetic properties of the sediments. Each
sample typically weighed between 16 g and 24 g. A Bartington MS2B instrument con-
nected to a laptop was used to record mass specific mass susceptibility and frequency
dependence at 0.465 kHz and 4.65 kHz. Measurements were repeated until five reason-
ably concordant frequency dependence results were obtained. “Reasonably concordant”
here means within the same order of magnitude. This was not always satisfactorily pos-
sible in the case of very low frequency dependence. However, the mass-specific suscep-
tibility measurements were always reasonably concordant indicating that the differences
between measurements at low and high frequency for many samples were too small to
be accurately measured by the instrument. It was found that moving the instrument to
the centre of the room away from electrical outlets and wiring, and especially ensuring
the laptop’s wireless network adaptor was disabled, helped tremendously in getting more
consistent result. People taking phone calls and moving metal trolleys around in the room
always necessitated a new measurement. The purpose of testing magnetic susceptibility
and frequency dependence was to determine degree of pedogenesis and possible burn-
ing in the sample. Soil formation causes increased magnetic susceptibility as iron-bearing
minerals are converted into magnetite. The intense heat from human burning activities
increases this to a substantial degree as it allows for the more intense formation of highly
magnetic magnetite and maghaemite (Clark 1996, pp. 100-1). Frequency dependence in
particular allows for the better identification of human occupied surfaces as those tend to
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accumulate very tiny superparamagnetic grains. Such grains display lower susceptibility
under a higher frequency magnetic field (Clark 1996, p. 103).

4.4.2 Sieving

Next the sediments were sieved using a series of meshes ranging from 4 mm to 62.5 um
which were stacked on top of each other in order of coarsest at the top and finest at the
bottom. The sequence of mesh sizes came in powers of two millimetres so that each frac-
tion’s grain size range was half of the previous in accordance with the Wentworth size
classification of grain size (Boggs 1995, p. 81). The sediment sample was first lightly bro-
ken up using a mortar and pestle (being sure not to crush the sample) then placed into the
top sieve. The entire stack was vibrated for five minutes to ensure all of the particles had
been thoroughly sorted. Each fraction was weighed along with the total amount both be-
fore and after. A brush was used to sweep remaining sediment from the sieve to minimise

sediment loss. The percentage loss of sediment was generally under 1%.

4.4.3 X-Ray Fluorescence

X-ray fluorescence was done using a Bruker Tracer 5i pXRF instrument to obtain the ele-
mental composition of each sample. The samples were placed inside plastic bags to avoid
contamination of the measurements. A calibration sample (OREAS 45d) was measured
five times over the course of the measurements and one of the samples was measured
thrice to determine how variable the measurements could be. The acquisition method
used was GeoExploration 2020 which is designed for geological materials. The results
were output as a spreadsheet containing the amounts (ppm) and errors for a wide range
of elements (Z > 12).

4.4.4 Loss on Ignition

A small amount of each sample (10 — 15 g) was taken from each bag for use in loss on ig-
nition. The sub-samples were placed into crucibles (fig. 4.7). Care was taken not to touch
any of the crucibles with bare hands which would leave oily residues and reduce the ac-
curacy of the results. Instead plastic tongs or nitrile gloves were used to handle them.
Because the crucibles could not be labelled, it was necessary to organise them into a grid
and record the location of each relative to the back of the oven. The loss on ignition proce-
dure was broken up into three stages. The samples are first heated to 105 °C for 12 hours
in a forced convection oven, then to 550 °C for four hours, and finally to 1000 °C for two
hours in a programmable mutffle furnace. These steps were chosen in order to ascertain the
dry weight of the sample, the weight of organic carbon material contained and the weight
of inorganic carbonates contained respectively. Measurements of the weight of the sample
plus crucible were made before and after each step as well as the empty crucible at the
beginning. All weights were measured without the crucible lid.
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Figure 4.7: Image of sediment samples after Lol treatment.

4.5 Geopositioning

Positioning at Soyo was done using a Leica total station and Emlid RTK. When the total
station was used, it was resectioned off the RTK base station locations. The start and end
points of every ERT line was decided in advance in order to cover the same area as the
GPR survey. These points were found in the field using the RTK. As each ERT survey
was being conducted, a position was taken at every electrode for more accurate positions
and so that elevation data could be obtained for the inversion process. The magnetometry
grids were constructed in an ad hoc way using tapes to cover approximately the same area
as the ERT and GPR surveys. The co-ordinates of the grid corners were collected as well
as the corners of each test pit and other notable features at the site. Co-ordinates from the
RTK were output in WGS84 in the UTM 47N projection which was used as the project co-
ordinate system throughout the data processing. The geographic datum used in Mongolia
is Monref 97 which is based on WGS84 with a UTM projection. However, elevations are
still done under the old System 42 Baltic datum (Mugnier 2003). Therefore, we used GNSS
elevations which had to be corrected for geoidal separation after the fact. Afterwards,
the points were imported into QGIS along with the orthophoto and DEM of the site so
that inconsistencies in naming could be fixed and stray or wildly incorrect data points
could be removed. Positioning data inherited from the 2016 field season was taken using
a CHCX90+ Static GPS for control points and post-processed by AUSPOS (Vella 2018, p.
37).
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4.6 Radiocarbon Dating

Carbon dating was used to give chronological control to the stratigraphic layers. Carbon
samples (N = 23) were retrieved from most test pits in 2019. The vast majority of these
were of charcoal or wood. Seven of these — collected from four pits — were selected for AMS
carbon dating on the basis of being at or below the most recent palaeosol to minimise the
risk of dating modern samples and contamination from modern roots (table 4.2). Further-
more, these samples would have the greatest potential to address problems with previous
dating of the site in 2016. Twelve bone samples had been collected from a single excava-
tion unit, of which nine underwent AMS dating, but the results encompassed a bigger age
range than expected (Vella 2018, p. 53). The 2019 collection aimed to confirm the previous
results and resolve the chronology in more detail. The samples were sent to Australia’s
Nuclear Science and Technology Organisation (AP12910) where they were cleaned with
a scalpel and checked for rootlets. An acid wash of 2 mol L HCI at 60 °C was done for
over an hour to dissolve carbonates and fulvic acids followed by repeated alkali washes
of NaOH until all humic acids had been dissolved. The samples were then put back into
2 mol L} HCl to remove any CO2 that may have been absorbed during treatment. Finally,
the samples were freeze dried and converted to graphite using the H,/Fe method. This
process converts CO, to graphite by the following equation (Vogel et al. 1984).

Fe catalyst

COs5 + Hy C +2H50

0°

Pit Unit Depth (cm) Weight (g) Material

TPO3 83 0.43 Charcoal
TP08 68-73 4.08 Charcoal
TP08 81-100 0.43 Charcoal
TPO8 100-120 0.43 Charcoal
TP14 60 0.97 Charcoal
TP14 75 0.45 Charcoal
TP02 68/89 0.33 Wood

Table 4.2: Carbon samples taken from test pits during the 2019 field season at Soyo.

Once the final results had been reported, they were calibrated using the R package “rcar-
bon” with the IntCal20 calibration curve.
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Chapter 5

Results

5.1 Photogrammetry

The two products obtained from photogrammetry using Agisoft’s Metshape were an or-
thophoto and digital terrain model (DTM) of the part of Soyo that has been surveyed under
this project to date. Both were exported as georeferenced TIFF files. On the orthophoto it
is possible to see both fine details on a scale of centimetres (each pixel is 1.5 cm across) and
thus how the surface features change across the whole site. Two areas of significant sand
coverage dominate the western and eastern ends of the site. Both have erosional escarp-
ments that reveal palaeosols. These zones of bare sand are partially ringed with marginal
bands of patchy tussock grass in sand which give way to turf. Towards the north and east
of the rectangular enclosure that sits in the middle of the site, there extends a field of boul-
ders in varying degrees of submersion below the ground. The site is flanked on the north
by the Hog River and on the south by a lateral moraine with exposed boulders and scree.

Looking at the DTM (fig. 5.1), it becomes clear that the axis of the site, in terms of to-
pography, runs from East to West. There is an elevated ridge through the middle which
slopes down to the river on its northern side. On its southern side, a slight decrease in
elevation (up to a metre) sits between the ridge and the southern lateral moraine. At the
western and eastern ends the elevation changes more drastically due to the mobile dunes

and erosional escarpments that lie there.

5.2 Surface Geology

The orthophoto was used as the basemap for most of the geographic data interpretation
and presentation in QGIS because it makes visible the surface features of Soyo. The surface
of the site is divided into a few geological facies which are shown in the surface geology

map in figure 5.2.
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Figure 5.1: Digital terrain model of Soyo.
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Figure 5.2: Surface map showing the extent of the different geological facies at Soyo.
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First, the site is bounded on the southern side by a lateral moraine (over 15 m high as seen
from the modern topograpy) and associated scree. The moraine extends from Soyo Hill
(just off the map to the southwest) eastward. Much of the moraine is capped by soil and
grass but there are many boulders protruding through the ground surface and collected
at the bottom of the slope. On the northern side lies the River Hog which exits the Sayan
Mountains and winds its way within the glacial moraine valley. The bed of the river is
made of pebbles and sand.

There are two large regions of loose sand at Soyo. At the western end, the sand forms
a series of dunes. These dunes have patches of tussock grass growing around the margins.
To the North of the dunes is loose, eroded sand extending downslope to the river. The
eastern zone of loose sand covers the majority of the eastern third of the site and is mainly
exposed by blowouts and erosion. Loose surface sand also occurs in several small beach
coves along the river bank as well as on islands in the river.

A great number of exposed soil and palaeosol outcrops are associated with the areas of
loose sand. The western sands host one line of exposed palaeosol which divides that patch
of sand in half. It extends broadly east to west but curves around northwards to the river
at its eastern end. At the western extremity of this unit, there appear to be two palaeosols
close together. The eastern zone of sand is riddled with multiple palaeosol outcrops and it
isnot clear how these relate to each other. They may represent either two or three horizons.
Along the river there are multiple small erosional exposures which are from the modern

surface soil being eroded into the water.

The boulder field is extensive across the eastern half of Soyo. There are four main sub-
fields: one lies within the eastern blowouts, one wedged between the northern blowout
margin and the river, and one each to the east and west of the blowouts. The boulder field
is situated on the northern margin of the south bank where the terrain slopes down from
the elevated part of the site to the river. It also lies to the east of the elevated central portion
of the site. Grass grows between the boulders throughout the field.

The remainder of the site is covered by soil in which grass is growing. This is concen-
trated mainly in the central region of Soyo and along the the moraine and river margins.
Where this soil coverage meets the bare sand, there is often a transition zone of patchy
tussock grass. At the western end of Soyo and along the river, the grass is a deep green
but it takes on a bluish hue in the centre, along the moraine and within the boulder field.

5.3 Geophysics

5.3.1 Electrical Resistivity Tomography

The resistivity survey covers the approximate area of the other geophysical surveys. Each

profile was taken with both the Wenner and dipole-dipole arrays and were processed us-
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ing the L' and L? norms using BERT. See Section 4.1.1 for further details. All of the L?
norm inversions completed within the maximum set iteration limit (almost always after
four or five iterations) and so for all of these models the iterative change in the objective
function to be minimised has reached a suitable small percentage (A® < 2%). The two
exceptions were Wenner lines 15 and 16 which terminated inversion because they reached
a x? error value of less than one. Because of this, most of the L? inversions have larger x>
values than the L' inversions. This is usually around one to five but extremely high values
do occur such as 130.60 for Wenner line 5. For the L! norm inversions, the process in some
cases reached the maximum set number of iterations (20) and so some of the results have
higher than desired x? errors but much less than for the L? inversion. In particular, for
the dipole-dipole inversions, line 18 (x* = 1.65), line 19 (x* = 1.27), line 22 (x* = 1.07)
and line 23 (x? = 1.19) had values greater than 1.00. For the Wenner inversions, line 2
(x* = 1.17), line 5 (x* = 5.60) and line 18 (x? = 1.16) had large errors. The x? values for
every inversion can be seen in table 5.1.

Three main facies of resistivity are made apparent. The underlying basal facies of the site
is highly resistive (3000-10,000+ {dm) with an irregular geometry. That is to say, this fa-
cies does not have a flat upper boundary and it does not usually extend across the whole
North-South width of Soyo but is instead bounded laterally (see fig. 5.3). In some places it
also seems as if there are deep channels (several metres deep) cut into this facies but these
do not line up from profile to profile (see fig. 5.4 for example). The upper boundary lies
at a depth of at least 2-3 m and often deeper. The lower boundary is not visible and the
facies extends at least 10-15 m below the modern surface. A moderately resistive (1000-
3000 Qm) facies sits on top and around the first. In some lines the boundary between the
basal high resistivity facies and the moderate resistivity facies is sharp and in other lines
the boundary is gradual. There does not seem to be any systematic distribution to this
difference. The upper boundary of this facies is much more level that that of the deeper,
resistive facies and usually follows the topography at a depth of 2-3 m. The third facies has
the lowest resistivity (300-700 2m) and blankets the site. It is nearly always distinguished
from the other two by a sharp boundary. It was expected and initially thought that the
highest resistivity facies would correspond to underlying coarse glacial till deposits and
that the low and medium resistivity would represent different sedimentary units on top of
that. However, after a comparison of the available data sets, it was judged that the glacial
till is actually represented in the medium resistivity facies and that the highest resisitivty
probably represents a deeper bedrock. Therefore, almost the entire package of overlying
sediments at Soyo is contained within the lowest resistivity facies. This interpretation is
further elaborated on in section 6.3.1.

The distribution of resistivity values can be seen in fig. 5.5. The exact values were extracted
from the inverted L? data. This plot suggests that there is a normally distributed subset
of the data (transformed with the natural logarithm) with a mean resistivity of about 6.35
(570 Om) and standard deviation of approximately 0.6. The frequency of values in this
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Line L?Wenner L?*DpDp L' Wenner L'DpDp

0 244 0.98 0.88 0.45
1

2 3.26 4.28 1.17 0.74
3 2.74 3.54 0.70 0.82
4 2.77 20.20 0.98 0.94
5 130.60 247 5.60 0.52
6 1.80 2.53 0.96 1.00
7 2.63 5.03 0.83 0.95
8 237 477 0.89 0.97
9 3.29 10.81 0.95 1.00
10 441 15.45 0.97 1.00
11 2.74 6.92 0.94 0.99
12 3.35 13.90 0.88 0.94
13 2.35 16.28 0.98 0.99
14 241 6.23 0.87 0.98
15 0.74 1.73 0.63 0.61
16 0.98 26.50 0.48 0.94
17 1.68 4.85 0.97 0.91
18 7.35 19.00 1.16 1.65
19 5.95 11.23 0.99 1.27
20 1.97 5.33 0.99 0.98
21 1.53 4.98 0.52 0.91
22 2.69 7.46 0.96 1.07
23 3.57 8.37 0.98 1.19
24 2.58 5.52 0.96 0.86
25 1.65 491 0.80 1.02

Table 5.1: Table of ERT inversion errors.
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Figure 5.3: ERT line 6 dipole-dipole L' inversion.
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Figure 5.4: ERT line 2 dipole-dipole L' inversion showing presence of channel at 70 m.

range is disproportionately high compared to the low area taken up by such low resistiv-
ity cells on the inverted profiles because the mesh grows in cell size with depth. Therefore,
there are many small cells near the surface with lower resistivity and comparatively few
deep cells where the highest resistivity was located. This makes it difficult to discern if
there are any further categories distinguishable solely from the distribution of resistivity
values. However, the moderate facies was distinguished from the highly resistive one in
order to characterise the morphology of the resistivity changes in the ground. The highest
resistivity areas appear as “"blocks” within moderate resistivity surrounds in many lines
but only under the L2 inversion (see fig. 5.6 for an example).

The differences between the results for the L' and L? inversions is showcased for line 11
in fig. 5.7. All four show the same approximate situation. There is a basal layer of a few
to several thousand ohm-metres resistivity. This layer is at its most resistive in a zone at
x = 65 m to x = 85 m. On top of this sits a layer a few metres thick of sub-1000 Qm. The
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Figure 5.5: Histogram showing the frequency of log resistivity values for ERT at Soyo.

sharpness of the resistivity facies boundaries in the two L' inversions is the salient dif-
ferentiating feature. This is due to the use of the L' norm during inversion which allows
for steep changes in resistivity between neighbouring cells. This allows for greater confi-
dence in identifying geological boundaries in the ground. However, the L? dipole-dipole
inversion contains information that the other three do not. Particularly, a series of round
features of about 2000 Qm within the low resistivity facies. This feature is present in many
of the other L? dipole-dipole inversions but not on the L! dipole-dipole inversions. This
many be because of the use of the BERT inversion parameter ROBUSTDATA=1 which may
reduce resolution in the inverted profile (Giinther and Riicker 2019, pp. 10-1). Another
feature in the L? dipole-dipole inversion is the apparent change in the resistive facies at x
= 60 m. This is indistinct in the L' inversion and not present in the two Wenner inversions
which is unsurprising since the Wenner array is ill-suited for defining vertical features.
However, they do display a general zone of moderated resistivity in the middle section of
the profile (40-60 m). In general, these differences between the inversions are replicated in
other lines. In the end, the dipole-dipole array (and particularly the L! inversion of such)
was used for the interpretation of the electrical model of the ground at Soyo. This is be-
cause of its visibly higher resolution so that smaller features are visible and its lower errors
as seen in table 5.1. The L! inversion was especially relied on because of the sharper and
more distinct boundaries between resistivity facies it allows. It is expected that this will be
more useful for the interpretation of stratigraphy at Soyo since the stratigraphic units in
a glacial setting will contain varying amounts of gravel and boulder sized clasts that will
affect the bulk resistance of the ground. This means it would be expected that resistivity
should change dramatically and (relatively) sharply across stratigraphic boundaries rather
than over a gradual gradient.
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Figure 5.6: ERT line 10 dipole-dipole L? inversion.

5.3.2 Ground-Penetrating Radar

The GPR profiles reveal several recurrent
features. These are later associated with
a Greek letter coded stratigraphic scheme
in Chapter 6 with « at the top of the se-
quence and 7 at the bottom. A schematic
representation of this, along with the sed-
imentary interpretation of the facies that
will be reached, is available in fig. 5.8 to
orient the reader for this section. One of
the most prominent is a strong, mostly un-
broken reflection that is present in grids A
and B which are to the west (see fig. 4.5
for locations of GPR grids throughout this
section). The feature corresponding to this
reflection (labelled gamma) is buried up
to a metre underneath the modern surface
for much of the length of each GPR pro-
file but emerges at the surface where the
palaeosol outcrops on the slope down to
the river. This reflection is easy to track
between GPR lines and decreases in depth
until it disappears into the ground wave
towards the eastern extremity of grid B.

(X (Dune sand)
|
Y (Palaeosol) [-D’ (Soil)
| |
|
6 (Sand)
I EE:KI&%@%@}:::E
C (Sand)
|
T'] (Till)

Figure 5.8: Harris matrix of the stratigraphic
scheme derived from the GPR and sediment
analysis along with the basic interpretation
of each unit.

This reflection is highlighted in purple in figs. 5.9 and 5.10. Further GPR lines are given
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Figure 5.7: Comparison of ERT inversions using line 11.
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in appendix B. In the subsequent grids to the east, it was possible to follow a related re-
flection (fig. 5.11) which is identified as marking the lower boundary of this feature (now
the soil on the surface) and the top of the next feature below. This reflection covers most
of the central portion of the survey area but becomes less represented in the boulder field
and terminates before the eastern blowouts.

The isopach map for the deposit of sand above this feature (called alpha) can be seen in
fig. 5.12. Isopach maps show the variation in thickness for a stratigraphic unit. In this
thesis, “thickness” means vertical thickness so that the isopach map is the elevation map
for the top interface minus the elevation map for the bottom interface of a stratum. The
isopach map for unit o shows that the thickest part of the sand overburden corresponds to
the dunes which are visible on the surface with a maximum thickness of 1.6 m on the cen-
tral, round dune (about 17 m by 25 m across) and 1.3 m on the elongated dune (70 m long)
to the west. Another area of greater thickness was on the southern margin (74 m long) at
the base of Soyo Hill where the thickness increases to at least 1.4 m. The areas of lowest
thickness were around the northern edge where the thickness was a few centimetres thick
at most. This corresponds to where the palaeosol had been exposed on the surface and
was eroding away. Where the lower boundary of the gamma unit was identifiable, the
thickness between that and the modern surface was uniformly 30-40 cm (fig. 5.13).

The most prevalent feature across all GPR grids was a mass of broken reflections and hy-
perbolae (labelled eta). This is marked in blue in figs. 5.9, 5.10 and 5.11. This occurred
below almost all other reflections at a depth of around one to two metres in grids A and B.
This depth reduces to half a metre or less by grid F. Therefore, the layer of material above
this feature becomes less thick heading east. In some places, it protrudes through the over-
lying layers as seen in fig. 5.10. Another change that occurs is that in grid A and part of
grid B, this feature does not underlie the entire length of the GPR line. Instead there is a
large gap in the southern half of the line which separates the two sections of this feature.
This gap disappears elsewhere in the site.

The entire thickness of all the sediments overlying this reflection eta (fig. 5.14) decreases
from west (up to 2.2 m beneath the dunes; typically 0.7-1.5 m elsewhere) to east (typically
10-50 cm). These lowest easterly values correspond to the boulder field regions. There is
a substantially thicker strip of sediment between the two main fields covered by the GPR
survey (1.0-1.5 m).

The thickness of the sediments between eta and gamma (including the latter) is lowest to
the west in the range of 10-50 cm (fig. 5.15). This rises to about 60-120 cm on average
further east (a distance of about 150 m). There are multiple dark and light features (a few
metres across in size) which correspond to abrupt and limited changes in thickness. This
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Figure 5.9: GPR grid B profile 20 showing gamma (palaeosol) reflection in purple and eta

(till) reflection in blue.
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Figure 5.11: GPR grid C profile 150 showing delta reflection in brown, eta reflection in
green and eta (till) reflection in blue.



Figure 5.13: Isopach map of surface soil facies.
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Figure 5.14: Isopach map of all sediments overlying eta facies.
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is due to changes in the topography of the eta unit surface.

Figure 5.15: Isopach map of Sediments between gamma and eta reflections.

Moving to the east, the thickness of sediments between eta and the bottom of the gamma
unit begins at around 60-130 cm in the area immediately adjacent to the thickest part of the
previous isopach map. This steadily declines to the east (over a distance of approximately
200 m) until the thickness is reduced to 0-10 cm at which point the unit has tapered out
(fig. 5.16).

Another reflection, which is constrained to grids B and C in the middle of the survey area,
is labeled as “epsilon” (see figs. ?? and 5.11). It generally sits between 0 cm and 50 cm
above the eta facies and is 140 m long and 95 m at its widest point. This reflection divides
the sediments that lie between the gamma and eta facies into two. The upper is called
delta while the lower is called zeta.

The thickness of the delta facies is slightly higher to the west at 30-70 cm (increasing to

140 cm at the southern margin of the survey area). At the eastern end of GPR grid C, the
thickness decreases to a range between 0 cm and 60 cm (fig. 5.17).
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Figure 5.16: Isopach map of sediments between the surface soil and the eta facies.
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Figure 5.17: Isopach map of delta facies.
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The thickness of the zeta facies varies wildly up to 110 cm. On average, it is slightly thicker
in the middle of its area (20-110 cm) and thinner around the edges (0-40 cm). Throughout
the isopach map (fig. 5.18), but especially at its extremities, there are numerous features
(typically 2-8 m across) that represent “thicknesses” of less than 0 cm. These are where
the undulations of the eta facies surface break through and interrupt the epsilon reflective

feature.

Figure 5.18: Isopach map of zeta facies.

5.3.3 Magnetometry

The magnetometry survey grids were divided into their contiguous blocks and georecti-
fied in GIS as seen in fig. 5.19. The data is plotted on a scale between -20 nT (white) and
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+20 nT (black). Beginning from the western block of grids, there two features visible on
the northern edge which is a total of 60 m from west to east. The second one appears V-
shaped with the point of the ”V” pointing south and the arms disappearing off the grid.
Its dimensions are approximately 23 m by 25 m. These features are overlain with numer-
ous magnetic dipoles and positive magnetic poles with values typically in the range of +20
nT. In the centre of the survey is a linear feature (width varies between 3-4 m) that runs
north-south for about 40 m. The magnetic strength of this feature is mostly between +30
nT. The northern end overlaps a dense, elongated cluster of strong magnetic poles that is
oriented East-West. This field of magnetic readings is 170 m across its longest axis and 50
m across but it is almost certainly longer than that as it likely extends beyond the reach of
the survey bounds. The strength of individual magnetic poles varied widely up to +100
nT but typical common values lay around +30 nT to +50 nT. To the east of this is another,
smaller cluster of strong poles separated by a relatively quiet (magnetic strength within
+10 nT) strip. This second cluster is smaller at only 80 m by 30 m across but also likely
extends outside the survey area. The range is magnetic strength is the same as for the
first cluster. There is a sinuous feature (total curve length of 75 m, width between 1-3 m)
at the eastern extremity that sits in an otherwise quiet (between +1 nT) region. This had
a low magnetic strength of around +10 nT. Throughout many of the survey grids, there
are numerous, more widely spaced magnetic poles which do not appear to be part of any
particular structure but are strongly associated with the modern, topsoil unit, palaeosol
outcrops and the boulder field (fig. 5.2). These reach comparatively extreme magnetic
strength deviations of over 100 nT which can make the identification of weaker signals
difficult.

5.4 Stratigraphic Pits

The locations of the seven pits from 2019 can be seen in the map in fig. 4.1. This shows how
the newer pits are spatially related to the previously excavated ones. The stratigraphic logs

from each pit have been digitised as figures.

Test pit 01 (fig. 5.20), lying within the area of the boulder field with topsoil cover, is one
of the most complicated at the site. It has the most number of separately labelled units (8).
The boundaries between the upper strata are fairly flat and there are roots visible in the
sediments but the lower strata have no roots and display signs of significant disturbance
or discontinuity. This is seen by the undulating, and sometimes unclear boundaries. In
one such disturbed area, there is a region of reddish discolouration as unit 01D protrudes
into unit 01F. A boulder appears at the bottom of the pit beginning at one metre below the
ground surface. The top layer was a soil interspersed with many roots. It was noted that
mica grains were found throughout most of the layers except 01F and 01E. Unit 01E had
some flecks of a dark mineral.

Test pit 02 (fig. 5.21) was located in the soil-covered area central to the area of investiga-
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Figure 5.19: Map of magnetometry survey. Scale is +20 nT.
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1A: Silt with occasional very fine sand grains. organic rich, heavily rooted. 10YR 2/2 "very dark brown."

1B: Very fine sand with abundant silt (~40%) and common mica grains. Abundant roots. Diffuse boundary with IA. Mottled 2.5Y 4/3
"olive brown."

1C: Fine grained sand with sporadic mica grains, moderately sorted and rounded. Clear border with 1B. Coarsening upwards from
very fine - fine grained. 2.5Y 3/4 "light olive brown."

1D: Fine grained sand with mica particles and common organics, weakly developed palaeosol? 2.5Y 4/2 "dark greyish brown."

1E: Very fine grained sand with rare dark minerals. Very well sorted, subrounded and low sphericity. Appears as an obvious light
coloured layer. 10YR 6/2 "light brownish grey."

1F: Very fine grained sand and very well sorted, subrounded and high sphericity. Clear border with 1E. 10YR 5/3 "yellowish brown."

1G: Fine grained sand, moderately sorted, rare mica particles, subrounded, low sphericity. 10YR 6/2 "light brownish grey."

1H: Granite boulder, decaying, onion skin weathering.

Figure 5.20: Stratigraphic log for test pit 01. Star indicates location of sediment sample
taken. ”S” marks indicate roots present.

tion at Soyo. It was comprised of three identified units although the middle one was only
partially laterally traceable. It was a moderately sorted, subrounded fine to very fine sand.
The sediment sample for that unit was taken from the most identifiable region of that unit.
The top of a boulder appears at 90 - 100 cm but there are no other notable features. The
top layer was an organic rich soil containing some mica grains while the lowermost sand

was lighter coloured and well sorted very fine sand.

2A: Silt with 10-15% very fine sand. Organic rich, heavily rooted with grass. Well developed soil. 2.5YR 2.5/1 "reddish black."

2B: Fine to very fine sand, moderately sorted, subrounded, subspherical. No trend in grain size within the unit. 2.5Y 5/4
"light olive brown."

2C: Very fine sand, well sorted. 2.5Y 6/4 "light yellowish brown."

2D: Granite boulder.

Figure 5.21: Stratigraphic log for test pit 02. Star indicates location of sediment sample
taken.

Test pit 03 (fig. 5.22) was located in a sandy area with tussock grass cover. In this pit was
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uncovered a palaeosol which lay around 70 cm beneath the ground and was 10 - 20 cm
thick. Above this were two separate layers of fine sand. The upper was well rounded and
sorted with some clay while the lower was subrounded and less well sorted with mica
grains. Below the palaeosol was another fine sand, well rounded and sorted with mica
grains visible. The boundary layers were horizontal and there was no note of any sig-
nificant disturbance except in that the unit boundaries were diffuse in some places. Both
plant roots and mica grains were found throughout the pit. This pit terminated in uncon-

solidated sand.
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3A: Fine sand, well sorted, well rounded, high sphericity, well rooted, some clay present. 7.5YR 4/4 "normal brown."
3B: Very fin sand with a bundle of mica grains, high sphericity, subrounded, poorly sorted. 2.5Y 5/3 "light olive brown."
3C: Palaeosol. Fine sand, some clay present, high sphericity, well rounded, well sorted. 2.5Y 3/3 "dark olive brown."
3D: Fine sand, roots present, evidence of mica grains, high sphericity, well rounded, well sorted. 5Y 4/3 "olive."

Figure 5.22: Stratigraphic log for test pit 03. ”S” marks indicate roots present.

Test pit 05 (fig. 5.23) was opened on top of a sand dune in the western part of Soyo. The
idea was to test the thickness of the dune above the palaeosol so the pit was only taken
down so far. Most of the removed sediment was a fine grained sand with rare, if any, mica
and some organic material in at least the upper portions. This sand is interposed by a
darker layer with undulating boundaries. Roots dominate this layer and the sand above.
The sand above and below the interposing layer was thought to be the same unit by the
excavators and there is accordingly no sediment sample from the lower unit. Neverthe-
less, there is obviously at least a difference in plant activity between the two strata. At the
base of the pit (120 - 140 cm) there was found a developed palaeosol unit; however, the pit

was not continued past this point so its thickness and substrate material is unknown.

Test pit 07 (fig. 5.24) was opened in an area of topsoil cover but close to the sand dunes to
the west. It shows some complex stratigraphy. Below the surface soil there was an olive
brown layer with decayed roots whose boundary was difficult to trace. The layer pinches
out and has wildly varying thickness up to 55 cm indicating that post-depositional pro-
cesses had disturbed the sediment in this pit. Near the base of the pit, a distinct lens of
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5A: Fine grained sand, moderately sorted with quartz grains throughout. High sphericity, suspected mica particles rare, organic activity. 7.5YR 4/4 "brown."
5B: Very fine sand, poorly sorted, subangular, low sphericity, inconsistant granular size, thick rootage. 2.5Y 6/3 "light yellowish brown."
5C: Silt with occasional very fine sand grains, very well sorted, rounded sphericity, not very porous. Well developed palaeosol. 10YR 2/2 "very dark brown."

Figure 5.23: Stratigraphic log for test pit 05. Star indicates location of sediment sample
taken. ”S” marks indicate roots present.

well sorted, high sphericity, subrounded very fine sand (unit 07D) lay horizontally. This
lens displayed climbing ripples (fig. ??) but it did not appear to compass the entire perime-
ter of the pit. The surrounding matrix of light-coloured, well sorted fine sand was given
the label of unit 07C but a sediment sample was taken from both above and below unit
07D. This light sand contained occasional mica, roots and some white laminations. No

palaeosol or boulder was discovered in pit 07.

Test pit 08 (fig. 5.25), located in the middle of the site and west of the fenced enclo-
sure, showed level stratification without significant disturbance although the boundaries
were often indistinct. The topsoil layer contained frequent roots but these were not noted
throughout the rest of the layers. Like pits 03 and 05, there was a palaeosol: this time at a
depth of 30 - 40 cm and 10 - 40 cm thick. The soil rests in fine grained sands which were
distinguished based on their colour. As in pit 01 there was a red discolouration in one of
the units (unit 08D). Unfortunately, the depth and location at which this sample was taken
is unknown. However, the sample bag records it as “red leeching into E.” Therefore, a
depth of 100 cm has been assigned to this sample which is about the depth of the bound-
ary between unit 08D (very fine sand, angular, low sphericity, well sorted) and unit 08E
(fine sand, moderate to well sorted, subangular with black flecks throughout). Below 130
cm depth lay a large boulder which prevented further digging.

Test pit 14 (fig. 5.26) was the only pit to lie within the fenced enclosure in the middle of
Soyo. The pit is capped by soil which sits on a light coloured sand (unit 14B). This sand
was noted to have occasional roots in the upper portion and undergoes a mottled brown
colour change which led to multiple sediment samples being taken. Two structures ap-
pear towards the bottom of the pit. Unit 14C is a light sand with black flecks that forms
a narrow intrusion into unit 14B. Given the shape of it, it is possible that it was an animal
burrow. Unit 14D is less clear and may be sedimentary or biogenic. It forms a horizontal
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7A: Very fine sand with abundant silt, well sorted, subrounded to rounded, high sphericity grains. Well rooted.
10YR 2/2 "very dark brown."

7B: Very fine grained sand, moderately sorted with occasional mica particles. Subrounded, low sphericity, moderately
rooted. Decayed root structures throughout unit. 2.5Y 4/4 "olive brown."

7C: Fine sand and well sorted, subrounded, high sphericity, occasional mica present. Occasional root structures evident
in unit, occasional white laminations, occasional bioturbation. 2.5Y 6/3 "light yellowish brown."

7D: Very fine sand, well sorted, high sphericity, subrounded grains. More quartz? Laminations, rippling with various
degrees of dipping, distorted bedding. Climbing ripples? 2.5Y 6/2 "light brownish grey."

Figure 5.24: Stratigraphic log for test pit 07. Star indicates location of sediment sample
taken. ”S” marks indicate roots present.

lens of light sand. This time no black flecks are noted. A reddish discolouration was again
noted in this pit and a sediment sample was collected at a depth of 76 cm (marked on the
sample bag). Unfortunately, it was not recorded on the stratigraphic diagram where it was
taken but that depth would place it immediately above unit 14D. There was no boulder

recorded in this pit. Excavation was ended because of time constraints.

5.5 Sediments

The sediment samples were taken per stratigraphic unit (table 5.2): the assumption be-
ing that each was sufficiently representative of the layer. The depth of each sample is
represented by a light grey, dotted line on the stratigraphic plots in each of the figures
in appendix C. However, there were some peculiarities that need to be noted. First is the
case of “subunits” that had a different appearance but were not judged in the field as being
worthy of their own unit label. This occurs in TP01 where unit D has a “"black” sample and
a "red” sample which was noted to cut into the underlying unit F on the form. This also
happens in TP08 where there is a similar “red” part that is wedged between units D and
E. As stated earlier, the location of this sample went unrecorded and an estimated depth
had to be determined from the description on the sample bag. It also was found in TP14
where there were three different samples taken from unit B. Furthermore in TP14 there
were two structures labelled as units C and D from which a sample each was taken. These
were taken from almost the same depth but from different sides of the pit. Nevertheless,
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8A: Fine grained, subangular, high sphericity sand. Well sorted with moderate rooting. Dark organic visible, soil formation. 10YR 3/2 "very dark greyish brown."

8B: Fine to very fine grained sand, moderately sorted, medium to high sphericity, subrounded or subangular grains. 2.5Y 4/3 “olive brown."

8C: Very fine grained sand, well sorted, mostly homogeneous, medium sphericity, gular to moderately palacosol. 2.5Y 3/2 "very dark greyish brown."
8D: Very fine grained sand, angular, low sphericity and well sorted (some larger grains visible). 10YR 5/4 "yellowish brown."

8E: Fine grained, moderately to well sorted, subangular grains. Black flecks throughout unit. 2.5Y 5/2 “greyish brown."

8F: Large rock

Figure 5.25: Stratigraphic log for test pit 08. Star indicates location of sediment sample
taken. ”S” marks indicate roots present.

14A: Very fine, well sorted, organic rich sand with roots. High sphericity, subrounded. 10YR 3/2 "very dark greyish brown."
14B Very fine, well sorted, occasional roots in upper portions, high sphericity, subrounded. 2.5Y 6/4 "light yellowish brown."
Undergoes colour change (mottled). Mottling is 7.5 YR 5/4 "brown" and 7.5YR 6/4 "light brown."
14C: Fine sand, well sorted, subangular, medium sphericity, no roots, contains some black flecks/minerals. 2.5Y 6/3 "light yellowish brown."
14D: Very fine, high sphericity, subrounded. 2.5Y 6/3 "light yellowish brown."

Figure 5.26: Stratigraphic log for test pit 14. Star indicates location of sediment sample
taken.

it seems likely that unit C represents a burrow rather than primary deposition. Second is
the case of one interpreted unit being split into two parts by an intervening unit. This is
the case in TP05 where both the top and third-from-top units were interpreted in the field
to be the same and a sample was only taken from the top portion. Likewise in TP14 where
a sliver of unit B lies at the bottom of the pit but not in TP07 where a sample was taken
from both the top and bottom sections of unit C.

5.5.1 Magnetic Susceptibility

The magnetic susceptibility reported here is the low frequency (0.465 kHz) mass suscep-
tibility () in m® kg!. These values had typical ranges of between 5x107 and 1.5x10® m?
kg!. The frequency dependency was generally quite low (under 2%) but the higher values
corresponded to soil formation, either ancient or modern, which was to be expected.
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The magnetic susceptibility of TP01 shows
two phases.  The upper strata hold
steady at a high susceptibility (around
1.0x10° m? kg!) while the lower levels
are quite lower (around 6.0x107 m® kg?)
but with a peak in magnetic susceptibil-
ity (1.2x10% m? kg?) at around 95 cm.
The frequency dependence is uniformly
low (0% to 0.4%) except for near the sur-
face where it jumps to 2.1%. This coin-
cides with the surface soil layer at that lo-

cation.

In TP02 both the magnetic suscepti-
bility and frequency dependence un-
dergo a uniform decrease.  Both are
at their highest in the topsoil (8.5x107
m? kg?, 1.7%) and lowest in the under-
lying very fine sand (6.3x107 m?® kg?,
0%).

Test pit 03 has a noticeable spike in fre-
quency dependence (1.1% compared to
0.14% - 0.25%) at a depth of 78 cm which
is within the palaeosol unit found in that
pit.
bility does not see a significant corre-

However, the magnetic suscepti-

sponding elevation there but rather at the
top of the column instead (1.4x10° m3

kg™).

Test pit 05 likewise has a higher fre-
quency dependence (0.9% compared to
0.0% - 0.1%) for its palaeosol but a
significantly reduced magnetic suscep-
tibility (8.6x107 m?® kg compared to
1.5x10° m?® kg!) for the other two lay-

ers.

Test pit 07 has an increase in frequency de-
pendence (1.5% compared to 0.0% - 0.3%)

in its soil layer and a gentle decline in mag-

Pit Unit Depth (cm)
TPO1 1A 5
1B 23
1C 50
1Dred 74
1Dblack 76
1F 86
1E 95
1G 112
TP02 2A 10
2B 32
2C 70
TP03 3A 18
3B 50
3C 78
3D 113
TPO5 5A 45
5B 80
5C 162
TPO7 7A 12
7B 44
7Ctop 80
7D 99
7Cbottom 110
TP08 8A 12
8B 33
8C 53
8D 79
8Dred
8E 112
TP14 14A 13
14Bupper 33
14B 40
14Bred 76
14C 87
14D 89

Table 5.2: Table of sediment samples ob-
tained from 2019 test pits.

netic susceptibility down the pit from 1.1x10° m? kg™ to 4.0x107 m> kg™'. There is a spike
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in magnetic susceptibility (1.4x10° m3 kg™') in unit D towards the bottom of the pit which
was the lens in which climbing ripples were identified.

Test pit 08 has two levels of magnetic susceptibility. The upper strata sit at 1.1x10° m?
kg while the lower sit at around 5x107 m? kg™'. Frequency dependence is highest at 0.8%
at a depth of 53 cm. This corresponds to the palaeosol level in this pit. Other samples with
moderately elevated frequency dependence include near the surface (0.4%) and in a very
fine sand at a depth of 79 cm (0.5%). Otherwise, frequency dependence ranged from 0.1%
to 0.2%.

Test pit 14 showed elevated frequency dependence only in its uppermost two layers (1.6%
and 0.8%). Otherwise the frequency dependence was below 0.25%. Magnetic susceptibil-
ity was higher in the upper three layers (1.1x10% m? kg™!) and lower below that (down to
5.8x107 m® kg!) except for a sharp increase in the lens of unit D which is at 1.3x10° m?
kgl

5.5.2 Grain Size

The grain size of sediments at Soyo was categorised into five bins which corresponded to
Wentworth size classes from coarse sand to silt and clay (Boggs 1995, tbl. 4.1). The coars-
est bin coalesced all of the fraction sizes greater than 0.5 mm which is coarse sand and
above. The other fractions were 0.5-0.25 mm (medium sand), 0.25-0.125 mm (fine sand),
0.125-0.0625 mm (very fine sand) and under 0.0625 mm (silt and clay). Each fraction cutoff
was half the size of the previous. In general, the sediments at Soyo were very fine grained
with substantial fractions in the smaller three sizes and comparatively little above 0.25
mm. The grain size plots seen in the figures in appendix C show the “shape” of the frac-
tion proportions for each sediment sample with coarse sand on the left and silt plus clay
on the right. The y-axis of each subplot follows a common scale so that the thickness of
each can be fairly compared. The plot forms can be broadly categorised into five shapes as
seen in fig. 5.27. The first form’s most abundant grain size is very fine sand (0.125-0.0625
mm). It also has abundant silt/clay and fine sand fractions with gentle tapering into the
medium and coarse sand range. This indicates poorer sorting No doubt with finer siev-
ing, the shape of the plot would become a lozenge. The second form is like the first except
that it has a more extreme concentration in the very fine sand range with a sharp drop off
into the coarser ranges indicating that the sediment was well sorted. There is still a strong
proportion of silt and clay. The third form, on the other hand, is most dominated by fine
sand (0.25-0.125 mm). It has a very sharp drop off in material bigger than 0.25 mm but the
amount of finer material tapers off evenly. This indicates biased sorting. The fourth form
is also centred around the fine sand fraction but has a gentler taper into the medium and
coarse fractions. This is the rarest of the five since there was not a lot of these grain sizes
in any of the sediment samples. The final form had equally abundant very fine sand and
silt/clay with little and any of the larger fraction sizes. This form was also rare and could
be considered a sub-type of the second form.
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Test pit 01 began with poorly sorted
sediments with a large fine sand frac-
tion (32% - 47%) but predominantly

changes to mostly very fine sands (38%

Crain Size
Coarse - Silt/Clay

Centred on very fine sand, poor sorting

Centred on very fine sand, good sorting

- 53%) with varying degrees of sort-
ing. A notable change occurs at the 3
level at a depth of 76 cm. The sed-
iments revert back to being fine sand-
dominated (50%). Overall, the sort-
ing in this pit appears to stay moder-
ate. Figure 5.27: The five categories of sediment

Centred on fine sand, good sorting

Centred on fine sand, poor sorting

XIZY

Centred on very fine sand, silt and clay

by grain size.
Test pit 02 showed no change in grain size
or sorting with all three samples being of the poorly sorted very fine sands. The percent-

age of each fraction that was made up by very fine sand ranged from 39% to 48%.

The sands above the palaeosol (depth 78 cm) in TP03 were primarily composed of fine
sand (52% - 58%). The plots change to be more dominated by very fine sands (34% - 48%)

within the palaeosol and below. The palaeosol sample also shows the least sorting in this

pit.

Test pit 05 shows a very similar situation to TP03. The upper sands are dominated by
fine sand (55% - 56%) while the palaeosol, at the bottom of the column, is less sorted and
has more very fine (38%) than fine sand.

The sediment plots for TP07 show poorly sorted sediments centred around the very fine
fraction except for the two samples from unit 7C (depths 80 cm and 110 cm) which are
more highly sorted. This indicates a change from poorly sorted but still mostly very fine
sand (36% - 40%) to well sorted very fine sand (57% - 59%). An exception occurs in the
lens of sediment at 99 cm which is poorly sorted again but most characterised by fine sand
(39%).

Test pit 08 is much like TP03 and TPO5 in that its upper sands are dominated by well
sorted fine sand (48% - 52%) and sit on a sequence of very fine sands (36% - 44%) capped
by a palaeosol (depth 53 cm). The sample with the higher-than-normal proportion of silt
and clay at a depth of 100 cm was the reddish sediment described above.

The sediments from TP14 are almost completely poorly sorted with the largest fraction
being very fine sand. The size of the very fine fraction ranges from 35% to 46%. The two
exceptions at the bottom of the pit come from lenses or burrows. The upper (87 cm) is
centred around the fine sand fraction (46%) while the lower (89 cm) has a great abundance
of both very fine sand (42%) and silt/clay (46%).
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5.5.3 X-Ray Fluorescence

The elemental composition obtained from each sample included a large range of elements
from magnesium to uranium. Most of the concentrations of these elements were either
negligible or had error ranges larger than the actual results. A selection of eight elements
(Al, Si, S, K, Ca, Ti, Mn, Fe) to analyse was made on the basis of their being present in
appreciable amounts and having low enough error to be usable. This list was further
trimmed to just five (Al, Si, K, Ca, Fe) as the most meaningful and important elements for
a geological interpretation. These five are the five included in the stratigraphic plots. Of
them, aluminium and potassium stand out as being the more minor elements. Aluminium
ranged between 3000 ppm and 6000 ppm while potassium was between 6000 ppm and
11,000 ppm. Silicon was expected to be high since it is a principal component of quartz
and thus sand. Indeed it was an abundant element at concentrations of 15,000 - 50,000
ppm. Interestingly, its rise and fall through the stratigraphy was the reverse of calcium so
that high calcium corresponded to low silicon and vice versa. Calcium displayed the most
extreme range in concentration with most samples falling in a similar range as silicon but
those samples marked as “red” reaching as high as 150,000 ppm. The final element, iron,
ranged between 20,000 ppm and 45,000 ppm. One might expect it to be more concentrated
in soil layers and to follow the magnetic susceptibility curves but it only does so some-
times. In particular, there are notable samples where the iron is lower than normal but
magnetic susceptibility spikes or vice versa such as in TP01, TP05 and TP14.

The salient feature of TPO1 is the abrupt change in silicon, potassium and calcium at 74
cm. This occurred in a particularly reddish sediment. What is most notable is the ex-
tremely high calcium content (128,000 ppm) which is significantly higher than most other
samples collected from Soyo. Silicon is reduced to 21,900 ppm from the 40,000-50,000 ppm
measured from the rest of the pit. Above and below this point, there are two different ele-
mental profiles. The upper sediments contained more potassium (9800-10,000 ppm versus
7200-9100 ppm), more iron (30,700-35,900 ppm vs 22,400-29,700 ppm), and less calcium
(7400-13,400 ppm versus 25,400-41,500 ppm) than the lower sediments. Silicon stays fairly
steady with the exception of the drop at 74 cm while aluminium fluctuates within a similar
range throughout.

In TPO2 there is a decrease in silicon content from 43,800 ppm at 10 cm to 27,300 ppm
at 70 cm. There is also a general increase in calcium from 15,500 ppm to 68,100 ppm. Alu-
minium is highest in the top layer (4700 ppm compared to 4400 ppm) while unit B (32 cm)
holds the highest content for potassium (9800 ppm compared to 9300-9400 ppm). Iron is
lowest towards the base of the pit at 29,200 ppm as compared to 34,900-36,800 ppm to-
wards the top.

Test pit 03 has relatively low calcium content in the upper two samples (12,900-15,100

ppm) which increases with depth up to 20,900 ppm. The content of the other four elements
fluctuate throughout the pit. Unit B (at 50 cm depth) contains the highest proportion of
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aluminium (4500 ppm) and silicon (53,400 ppm). The palaeosol (78 cm) contains the most
potassium (10,600 ppm) and iron (36,900 ppm) and the least silicon (34,400 ppm).

In TPO5 there is an increase in all elements except silicon in the lowermost sample (162
cm) which is a palaeosol. Aluminium (5800 ppm compared to 3200-4300 ppm), potas-
sium (11,300 ppm compared to 7400-9100 ppm), calcium (29,800 ppm compared to 18,500-
20,700 ppm), and iron (46,000 ppm compared to 27,400-28,700 ppm) are all higher in the
palaeosol than in the overlying sands. The one exception is silicon which was highest at
80 cm (40,200 ppm) compared to the palaeosol (38,500 ppm) and uppermost sand (37,500

ppm).

The unusual sample from TP07 is from unit D (99 cm) which was the lens of sand showing
climbing ripples. This sample contained significantly lower aluminium (2900 ppm com-
pared to 3600-4600 ppm), potassium (6900 ppm compared to 9000-9900 ppm), and iron
(18,800 ppm compared to 31,700-36,200 ppm). Silicon fluctuates between 35,500 ppm and
42,900 ppm without any strong pattern. Calcium steadily increases from 13,500 ppm to
31,000 ppm going down the stratigraphic column with a slight bump to 35,500 ppm at 99

cm.

Test pit 08 likewise has a sample which strongly differs from the rest which is the reddish
pocket of sediment at a depth of 100 cm. This possessed lower silicon (15,700 ppm com-
pared to 34,300-46,800 ppm), potassium (6300 ppm compared to 8800-10,300 ppm), and
iron (22,300 ppm compared to 28,500-40,000 ppm). It also had higher aluminium (5600
ppm compared to 4100-5100 ppm) and extremely high calcium (150,000 ppm compared to
12,900-17,500 ppm). The lowermost sand sample (112 cm) also had an elevated calcium
content at 43,400 ppm. Units C (53 cm, palaeosol) and D (79 cm, sand) show increased iron
(36,600-40,000 ppm) and decreased aluminium (4100-4500 ppm) compared to the overly-
ing sands (Fe: 28,500-30,700 ppm; Al: 4700-5100 ppm).

The sample from a depth of 76 cm in TP14 shows significantly different elemental com-
position to the three samples high up the pit. This was another reddish-coloured sedi-
ment of the same type as found in TP01 and TP08. Compared to the overlying sediments,
this unit has significantly decreased silicon (14,200 ppm compared to 38,700-44,700 ppm),
potassium (6500 ppm compared to 9200-10,300 ppm), and iron (21,400 ppm compared to
31,700-37,400 ppm) while having increased aluminium (5900 ppm compared to 4600-5100
ppm) and extremely high calcium (148,000 ppm compared to 13,400-14,800 ppm). The
two lowermost samples, from lenses or pockets of sediment, at depths 87 cm and 89 cm
are similar to the upper sediments in terms of aluminium (4600-5200 ppm) content with
slightly increased silicon (47,900-52,200 ppm) and moderately increased calcium (30,000-
38,900 ppm). Their iron content (25,100-25,600 ppm) is more in line with the reddish outlier
sediment and they are split both ways with potassium (9300 ppm and 7600 ppm).
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5.5.4 Loss on Ignition

The values for loss on ignition are given as the percent weight of the carbon and carbonate.
For the organic carbon this was calculated as the mass lost between heating the sample to
105 °C and 550 °C times the molar mass of carbon (12 g mol!) and divided by the molar
mass of carbon dioxide (44 g mol!). For carbonate this was calculated by taking the mass
lost between heating the sample to 550 °C and 1000 °C, multiplying it by the molar mass
of carbonate ions (60 g mol™) and dividing by the molar mass of carbon dioxide. There-
fore, the results represent the percent weight of the carbon atoms themselves (not the total
weight of organic molecules) and the percent weight of just the carbonate ions themselves
rather than of calcium carbonate. The assumption made here is that loss of water of hydra-
tion from clay particles was negligible. Soyo is a sandy site and there is not a lot of clay but
at least a small amount was reported from some of the stratigraphic units. In general the
carbonate levels go up and down with the levels of calcium derived from XRF with only
a few exceptions which supports this assumption. Typically the values lie in the range of
6% or less with three exceptions clustered around the 15% mark. The values for organic
carbon all lay below 2.6% and mostly increase in units that have undergone soil formation.
Higher organic content in non-soil units might indicate some incipient soil formation that

was not visible to the eye or else it might indicate the localised breakdown of roots.

Test pit 01 had an elevated level of organic carbon (1.8%) in its surface soil layer compared
to the baseline of sub-0.4%. Both organic carbon (1.4%) and carbonate (14.5%) content are
increased in the reddish sample at 74 cm. The carbonate content is much lower for the rest
of the pit but the sediments above this point have lower (0.7% - 0.8%) carbonate than the
sediments below (3.8% - 6.0%).

Test pit 02 also displayed elevated organic carbon (2.3%) in its surface soil. However, there
is more of it in the underlying layers (1.1% and 0.8%) than in TP0O1. Carbonate increases
with depth from 1.0% to 6.3%.

In TPO3 organic carbon is noticeably increased (1.9%) in the palaeosol at 78 cm depth com-
pared to the sub-0.4% in the other three units. Conversely, carbonate drops at this point to
1.0% from its otherwise 1.8% - 2.2%.

The same situation occurs in TP05 where the palaeosol at 162 cm contains more organic
carbon (2.6%) and less carbonate (1.5%) than the other two samples which were 0.3% -
0.4% and 2.3% - 2.4% respectively.

In TP07 the organic carbon content is relatively constant (0.1% - 0.5%) except in the soil
at the top of the pit where it jumps to 1.6%). Carbonate content generally increases down
the pit from 0.8% at the top to 5.5% at the bottom. There is a slight reversal of this trend at
99 cm depth where the carbonate content dips to 3.1%.
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Figure 5.28: Probability distributions of the six non-modern dates from Soyo 2019. The
95% confidence intervals are highlighted in darker grey.
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ANSTO Code Pit Depth (cm) Material Weight(g) %C  BP Error (61) cal. BP (62)
OZAK34 TP14 60 Charcoal 0.97 60.90 3680 20 4088-3965
3946-3927
OZAK35 TP14 75 Charcoal 0.45 63.87 6985 25 7927-7896
7870-7732
OZAK36 TP02 68/89 Wood 0.33 48.72 80 20 Modern
OZAK37 TP08 69-73 Charcoal 4.08 64.96 2545 20 2742-2699
2634-2616
2587-2534
2532-2518
OZAK38 TP08 81-100 Charcoal 0.43 62.03 2150 20 2298-2257
2155-2048
2018-2007
OZAK39 TP08 100-120 Charcoal 0.43 67.32 2025 20 2039-2029
2002-1921
1908-1891
OZAK40 TP03 83 Charcoal 0.43 58.80 2240 20 2333-2298
2260-2156

Table 5.3: Table of 2019 carbon dates. Calibrated using IntCal20.

Test pit 08 contains comparatively little carbonate in the upper layers (0.9% - 1.8%) but a
large amount (16.2%) in the reddish sample from 100 cm. The unit below this (112 ¢cm)
contains a lesser, but still elevated, amount of carbonate (5.9%). The organic content fluc-
tuates in this pit. The highest amount was 1.6% from the palaeosol at 53 cm depth. The
reddish sample with high carbonate also had high organic content of 1.3%. Organic carbon
throughout the rest of the samples ranged from 0.3% to 0.6%.

The soil layer at the surface in TP14 has notably higher organic carbon (1.8%) than most
of the rest of the samples (0.2% - 0.6%). The exception is the reddish sample at a depth of
76 cm which was 1.3%. This reddish sample also contained 14.0% carbonate which was
much higher than the rest of the pit. The two sediment samples below (87 cm and 89 c¢m)
had a moderate 3.8% and 4.6% carbonate but the samples in the upper half of the pit had
very little carbonate content (0.9% - 1.2%).

5.6 Radiocarbon Dates

The carbon dates obtained from ANSTO are summarised in table 5.3. These dates are well
within the range of dates previously established at Soyo. The oldest two at 7927-7732 cal
BP and 4088-3927 cal BP come from TP14 in the middle part of the site. They were taken
from within a sand layer beneath the modern topsoil at depths of 75 cm and 60 cm. One
sample was taken directly from the palaeosol in TP03 and is dated to 2333-2156 cal BP.
Three further samples from beneath this same palaeosol but in TP08 to the North date
to 2742-2518 cal BP, 2298-2007 cal BP and 2039-1891 cal BP. The final sample was from a

different part of the site and was found to be modern. All of the non-modern samples
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were charcoal and contained between 58.80% and 67.32% carbon. The weights of each
sample ranged from a third to one gram with the exception of one sample which was just
over four grams. Figure 5.28 shows the six relevant dates from Soyo plotted as probability
distributions with 62 probability in darker shading.
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Chapter 6

Discussion

This chapter continues from the previous by integrating the results into a unified model
for the stratigraphy and chronology of Soyo. First the stratigraphic layers from each test
pit are correlated into a master stratigraphy using the GPR, ERT and sediment analysis
results. A comparison with previous interpretations of the stratigraphy at Soyo is made.
The full synthesis of all geological and archaeological data obtained as Soyo follows. This
dates the stratigraphic layers at Soyo and compares the ages with the regional climate
record to help inform depositional environments for each of them. The archaeology found
in previous years at Soyo is given stratigraphic and chronological context. Finally, the
implications for this kind of geoarchaeological research and for Mongolian archaeology in

general are explored and some lines for future research are suggested.

6.1 A Correlation of Data and a Model of Soyo

The stratigraphic pit layer units that have been presented in Latin letters (A, B, etc) are
specific to the pit they were found in (see Section 5.4 for these). The first step, therefore,
towards an overarching model of Soyo’s structure and site history is to draw all of the
individual pits into one master stratigraphic scheme. Based on the geophysical results, the
sediment analysis and the surface features, it is possible to construct such a scheme.

There are seven master stratigraphic units (marked in Greek letters) that have been iden-
tified in this study. They are, starting from the modern surface, o deposits of modern
aeolian sands which have collected in dunes across the site; § the modern topsoil which
covers much of the central part of the survey area including within the boulder field; y the
main upper palaeosol in the western part of Soyo which appears to have a relationship to
unit f3; 3 the substrate sand unit in which palaeosol v lies and which topsoil § also overlies;
e which is not a layer as such but appears in the lower part of 5 and is comprised of the
pockets of unusual reddish calcium carbonate sediments mentioned in chapter five; { a
lower unit of sand which has many distinctive characteristics that differ from unit 5; n the
glacial lodgement till underneath Soyo. These are summarised in table 6.1. This section
aims to demonstrate the existence of these seven units and to explain the precise relation-
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Stratum Unit | TPO5 TP03 TP08 TP07 TP14 TP02 TPO1

Modern dunes | o AB AB AB

Topsoil B A A, Buypper AB  AB

Palaeosol Y C C C

Upper sands 0 D D B B C C
Dred Bred Dred

Lower sands C E Ciop/D,Chottom G

Till n F D H

Table 6.1: Master stratigraphy scheme for Soyo showing correlation of 2019 test pits.

ship between them. The test pits with the clearest correlation are from GPR grid B (fig.
4.5) (TP08, TP07, TPO3 and TP05) so it is sensible to begin there and discuss the easterly
pits afterwards. Furthermore, the palaeosol identified in this part of the site is the clearest
feature imaged in the GPR and the most salient feature there. Correlation of the palaeosol
to the correct set of GPR reflections will provide a foundation for the interpretation of the
rest of the site.

The first fact known about the palaeosol is that its northern extent is known from its out-
cropping. The identification of the palaeosol in the GPR should be made on a reflection
that is bounded by its erosional limit. The palaeosol was identified in TP08, TP03 and
TPO05. In TP08 it appears at a depth of 30-40 cm. In the GPR lines that cross the pit, there is
a reflection at 30 cm to correspond to this (fig. 6.1). Likewise, the palaeosol in TP03 occurs
at 70 cm depth which corresponds to a strong reflection at the same depth in the GPR (fig.
6.2). Importantly, the two reflections identified here correlate horizontally to each other in
the GPR data as one y feature. This y feature is easy to correlate between lines and to mark
where it outcrops at the surface in the GPR data. Regarding TP05, the palaeosol appears
at the bottom of the pit at a depth of 150 cm. In the GPR, the vy reflection which extends
from the previous interpretation of palaeosol is at a depth of 100 cm (fig. 6.3). This is likely
due to a substantial dune of loose aeolian sand which has a different dielectric permittiv-
ity to the site average and has caused the depth estimates at this particular point to be
incorrect. The grain size plots for this sand («) indicate that it is generally coarser-grained
than most other sediments at Soyo (mode size fine sand) and its position on top of the site
(and the fact that the GPR survey was taken in Summer) suggests the possibility that the
dune is drier due to evaporation. Therefore, the radar waves would pass through with
a higher velocity because the energy is propagated less by the slower alignment and re-
laxation of water molecules and more by the faster atomic displacement and relaxation in
sand. Extrapolating the vy reflection interpreted as palaeosol produces the desired north-
ern boundary (fig. 6.4) so it is doubtlessly the correct interpretation regardless of depth
inconsistencies in TP05. This interpretation also matches the previous GPR interpretation
made by Vella (2018) which will be discussed in detail later.
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Figure 6.1: GPR profile over TP08 showing the interpretation of stratigraphy.
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Figure 6.2: GPR profile over TP03 showing the interpretation of stratigraphy.

The other GPR facies that is easy to identify is the mass of hyperbolae and broken reflec-
tions labelled n which makes up a large part of the GPR profiles across Soyo. This facies
is identified as the glacial lodgement till that forms the base of the site. Three of the pits
dug in 2019 were taken down to a boulder (TP01, TP02 and TP08). In TP01 the top of the
boulder lies at a depth of 100-120 cm. The 7 facies at this point in the GPR lies at a depth
of 100 cm (fig. 6.5). The very top of the small boulder in TP02 is at 90 cm depth which is
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Figure 6.3: GPR profile over TP05 showing the interpretation of stratigraphy. The left half
shows the test pit stratigraphy with its true depths while the right half has been com-
pressed so that the palaeosol aligns with the correct GPR reflection.

the same depth as the 7 facies there as well (fig. 6.6). Test pit 08 was excavated down to
a boulder at 130-140 cm which is close to the 150 cm depth of the 7 facies in that location
(fig. 6.1). For the remaining test pits (TP03, TP05, TP07 and TP14), it is easy to verify that
the 1 facies in the GPR is too deep to have been reached. Test pit 03 reached a maximum
depth of 115 cm but the GPR shows the 1 facies as being at a depth of 180 cm (fig. 6.2). The
GPR shows a depth of around 210 c¢m for the 7 facies underneath TPO5 (fig. 6.3) so, even
without considering the likely underestimation of depth (see previous paragraph on the
palaeosol), that pit was too shallow to reach it. Test pit 07 was 130 cm deep while the GPR
shows 7 facies depth of around 110 cm (fig. 6.7). However, it appears that the pit was dug
between two hyperbolae so it is possible that the excavation just missed hitting a boulder.
In the location of TP14, the GPR does not show any of facies n underneath (fig. 6.8). There
is a large, quiet region in the GPR which may indicate high attenuation in this area or it

may indicate a buried topographic shallow with a fairly homogeneous fill.

In between the palaeosol and till levels, there is sand which is divided into two parts (6
and {) by one further stratigraphic boundary which can be identified in the GPR. The up-
per sand (8) contains pockets of reddish sediment which are denoted by stratigraphic level
e. The € level appears in pits 01, 08 and 14 as a reddish, calcium carbonate-rich sediment.
In TPO8 the boundary between & and { lies at a depth of 90-100 cm. In the GPR profiles
that cross this pit, there is a clear reflection at 95 cm which corresponds to this. In TP07
the GPR reflection is visible at a depth of 55 cm which is approximately the depth of the
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Figure 6.4: Map showing the extent of vy palaeosol from GPR (lines of cyan dots) compared
to the palaeosol outcrop (solid red line).

boundary between pit units 07B and 07C although the boundary between those units in
the pit undulated quite a lot. In TP14 there is no evidence of the boundary within the pit
itself. However, it is visible in the GPR on either side of the pit with an appropriate break
in the reflection. The depth this reflection would be at for TP14 is about 100 cm which is
surprisingly close to the lens of very fine sand to silty clay (14D) between 80 cm and 100
cm depth and a potential burrow (14C) which is found between 70 cm and 100 cm depth
(perhaps there was build up of sediment around the mouth of the burrow to explain its
shallower depth compared to the lens). This might indicate the existence of a surface at
this location although there was no discernible corresponding stratigraphic change. Test
pit 01 is difficult to understand in relation to the rest of the site due to having more strati-
graphic units than the other pits and being situated on the marginal edge of many of the
GPR facies that are more clearly represented in the pits farther to the west. However, it
is plausible that the spatially limited, upward-bowing GPR reflection siting just above the
till facies (80-90 cm depth at the location of TP01) is this boundary. Unfortunately, the fact
that this reflection only horizontally extends for five metres before disappearing into the
till reflections means this boundary is very difficult to correlate with any certainty to the
other pits. The fact that it becomes difficult to trace in this part of the site is a consequence
of the overall thinning to the east of the entire sediment package above the lodgement till
as seen in the isopach map fig. 5.14. Whether this level truly ends somewhere between
GPR grids C and D (fig. 4.5) or continues on within the till level is a question that is im-
possible to answer with the data at present. The boundary is not visible at all in TP02 or
in the GPR profiles there which further supports the conclusion that it has already begun
to disappear from the super-till sediments by GPR grid D. The level is also not visible in
TP03 and TP05 because neither of these pits were deep enough. The is no indication of an
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Figure 6.5: GPR profile over TP01 showing the interpretation of stratigraphy.

appropriate GPR reflection between the palaeosol and till facies for TP05 which indicates
a western limit as well. In the GPR profiles over TP03, the reflection at a depth of 140 cm
corresponds to this. Overall, the data shows that the sand that lies between the lodgement

till and the soil levels is divided into two parts with an unclear event between them.

The structural interpretation of the site developed above can be further supported with the
sediment analysis data. The data shows clear clustering in all four analyses (magnetic sus-
ceptibility, grain size, XRF and loss on ignition) which supports the stratigraphic model
of Soyo. Plotting the carbonate content against organic carbon content for each sample
results in fig. 6.9. The points naturally split into four categories. A high carbonate clus-
ter which is the three reddish samples from TP01, TP08 and TP14; a high organic carbon
cluster which is the soils and palaeosols from each pit; and two further clusters, one with
moderately higher carbonate and one with moderately higher organic carbon content. The
distinction between these last two clusters is as follows. For the cluster with more organic
carbon and less carbonate, the samples come from master stratigraphic units a (modern
dunes above the palaeosol) and & (upper sand unit below palaeosol and top soil). Two
further samples (1B and 14Bupper) are included here which are not fully part of either
unit but are instead probably transitional units between § and 3 (top soil). The cluster with
more carbonate and less organic carbon is comprised of the samples belonging to master
stratigraphic unit {. The two lower stratigraphic units from TP02 (02B and 02C) are rather
anomalous by having significantly more organic carbon content than the main clusters.

A plot (fig. 6.10) showing the scatter of frequency dependence and magnetic susceptibility
is similarly revealing. First of all, the data is fairly continuous along the magnetic suscep-
tibility axis while there is some more obvious clustering along the frequency dependence

axis. The four clustered points at the top of the frequency dependence axis are in fact the
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Figure 6.6: GPR profile over TP02 showing the interpretation of stratigraphy.

four modern top soil samples from TP01, TP02, TP07 and TP14. The palaeosol units are
found in the two clusters of points with moderate frequency dependence along with two
more samples that are probably sub units of the top soil (02B and 14Bpper). The remaining
collection of points with low frequency dependence and the full range of magnetic sus-
ceptibility can be divided into three parts. The sediments belonging to master unit { are
almost entirely in the low susceptibility region. The sediments belonging to master unit
0 are entirely in the middle range of susceptibilities. The sediments from the upper dune
sands o are a mix of medium and high susceptibilities. This once again shows a clear dis-
tinction between the master units 5 and { and less of a distinction between & and o.

Because the grain size data has five dimensions (one for each of the five size categories),
it was necessary to reduce the number of dimensions using principal component analysis.
In this analysis, 60% of the variation is explained by PC1 and 30% by PC2. The modern
dune sands o form a group of their own in the low PC1 and high PC2 corner of the plot.
This group is quite separated from the other points with the exception of two to four out-
liers which will be discussed later. The samples from master stratigraphic units {3, v, § and
{ form a sequence from the upper right (high PC1, high PC2) to the centre of the plot. The
samples from unit {are spread over the high PC1 half of this range. The samples from unit
0 form a tighter cluster that overlaps with the lower PC1 end of the range encompassed
by unit {. Most of the palaeosol (y) and top soil (3) samples also form their own cluster
at the opposite end of the continuum to unit { with two exceptions. Test pit unit 01A is
an outlier point at the extreme low ends of both principal components. Unit 01B from the
same pit is within the cluster of unit a points previously mentioned. Other outlier points
include 01Dy, which is also close to the unit a points; unit 14C which is likely to be infill
from a burrow, 14D which has very different grain size characteristics to 14C despite the

potential for them to have been the same structure; and 7D which displays unique climb-
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Figure 6.7: GPR profile over TP07 showing the interpretation of stratigraphy.

ing ripples at the site and so it’s outlier grain size composition may reflect the process that
caused those ripples to be formed. It was expected that the three reddish sediments should
form a tight cluster due to their unusual chemistry and other properties but this did not
turn out to be the case. None of the three points are close to each other (as compared to
the closeness of points for the other master stratigraphic units) although two of them are
within the range of the 3-y-8-C sequence.

The master stratigraphic units were the least clearly distinguished in the principle com-
ponent analysis for the XRF data (fig. 6.12) of all the sediment analyses. It is possible
this is because the variation in the data is not well explained with only two dimensions.
Forty-three percent of the variation could be explained by PC1 and 30% by PC2. Principle
component three was responsible for a further 21% of the variation. Therefore, there is a
substantial amount of differentiation between different samples that cannot be captured
in a two-dimensional chart. First it should be noted that the three reddish sediments are
not included in the chart. This is because their extremely high calcium content dominates
the variance and makes it difficult to differentiate between the other samples. The three
reddish sediment samples, when they are included, form a distinct cluster far from the rest
of the samples. There is a large overlap between the samples from units 3, y and & which
are on the low end of PC1. This is fitting with the interpretation that the soil levels 8 and
y are formed within the & substrate. Units o and { have a wider spread in the middle and
upper ranges of PC1. They also overlap. No master stratigraphic unit seemed to show any
patterning along the PC2 axis.

152



DISTANCE METER]

TIME [ns]
[surulzi-o=n e [ 20l Hidaa

Figure 6.8: GPR profile over TP14 showing the interpretation of stratigraphy.

6.2 Comparison and Integration with Previous Geophysi-

cal Interpretations at Soyo

The previous study of the stratigraphy at Soyo (Vella 2018) identified many units of sed-
iment in stratigraphic pits. Of these, two palaeosols and the lodgement till (labelled
moraine) were interpreted into the GPR profiles. The upper palaeosol in Vella (2018) is
the same as the palaeosol identified in this study (y). The strong reflection in the GPR
profiles clearly link this upper palaeosol (unit C in the 2016 excavation unit 6) to the ones
found in the 2019 test pits. The lower palaeosol found in the 2016 test pits was not found
in 2019. This suggests that it is spatially limited to the western part of Soyo. The GPR
reflections identified as the lower palaeosol have a limited presence within each profile of
GPR grid A (fig. 4.5) although they are reported as being present in the majority of those
profiles. It is suggested here that these reflections may actually be due to the lodgement
till or else the Soyo Hill limestone. Apart from this, the identification of lodgement till in
the GPR is the same between both studies.

One major difficulty in joining the two studies together is the much greater complexity
of stratigraphy in the 2015-2016 pits as opposed to the 2019 pits. While the boundaries
between the latter strata were by no means perfectly horizontal, they were approximately
so most of the time and deviated within only about ten to twenty centimetres. The former
pits displayed stratigraphy that was not only non-horizontal, with units cross-cutting into
one another in many cases, but that also differed remarkably between the four walls of the
pit. This makes it effectively impossible to produce a simple schema of one sedimentary
unit stacked on the next with boundaries between units given an approximate or average
depth. Therefore, it becomes difficult to match them with GPR reflections. This issue is
compounded by confusions and inconsistencies in the reports and primary data available.
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Figure 6.9: Plot showing the relationship between organic carbon and carbonate percent
by weight for each sediment sample. Data points are coloured according to their master
stratigraphic interpretation.

Many of the digitised stratigraphic drawings provided by Vella (2018, app. B) are not la-
belled consistently with the original drawings which raises some questions over which
drawings belong to which pit. It is assumed here that the original drawings provide cor-
rect information where this differs from the published drawings. Lastly, the categorisation
of sediments provided in Vella (2018, sec. 5.4) is inconsistent with itself both in terms of
the total number of sediment categories present and in their names. Because of this and
the generally mixed stratigraphy in much of the pits, the collation of adjacent and similar
sands is unavoidable. Unfortunately, this means that the complexity of stratigraphy at the
scale of one pit makes it impossible to see any broad-scale subtle changes. In particular,
it may not be possible to find any evidence of a boundary between two sand layers cor-
responding to units 6 and { as it was in the 2019 pits. This extra sedimentary complexity
in the west of Soyo may be why the 6-{ boundary disappeared from the GPR towards the
western end of GPR grid B (fig. 4.5). One possible explanation for this added complexity
is that this part of the site lies adjacent to the northern side of the Soyo Hill meaning it may
lie in shadow for much of the day during parts of the year. Permafrost and frost wedging
was discovered in the 2016 field season in some of the pits but this was not found in any of
the pits dug in 2019 farther east. Therefore, it is proposed that the difference in complexity
in the stratigraphy between field seasons is related to a difference in taphonomic ice action.

The stratigraphic model produced by this thesis compares favourably with the prelimi-
nary interpretation offered by Putnam (2016). His stratum I (limestone bedrock) was only
visible in the ERT data and does not appear in the model here which starts with the glacial
till (). This corresponds to Putnam’s stratum II. Stratum III is reported as a glaciofluvial
gravel and possibly glaciolacustrine sand that was deposited within the interstices of the
till. No gravel sized clasts were found in the pits in 2019 but this stratum is very likely
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Figure 6.10: Plot showing the relationship between magnetic susceptibility and frequency
dependence for each sediment sample. Data points are coloured according to their master
stratigraphic interpretation.

to be the lower, fluvially reworked sand {. The gravel reported by Putnam is likely to be
specific to the western end of the site where it was found. Stratum IV (angular limestone
colluvium) was not represented at all in the 2019 pits or in the stratigraphic model pre-
sented here. This is probably another feature that is specific to the part of the site that is
close to the Soyo hill. Stratum V was a lower palaeosol which was also not found in 2019.
As argued in this thesis, it is probably spatially limited to the western end of Soyo. Stratum
Vlis reported as an aeolian sand with incipient palaeosol formation. It was also suggested
that this sand corresponds to the earliest archaeological finds at Soyo. This layer corre-
sponds to unit & in the model here. This interpretation is supported by the results of this
thesis which has produced two firm dates for this unit of 7732-7927 cal. BP and 3927-4088
cal. BP (see Section 6.3.2 for the dating of layers). This encompasses the date of 5938-6546
cal. BP reported for the Mesolithic-Neolithic hearth found at Soyo (Bayarsaikhan et al.
2005, Fitzhugh 2005). Stratum VII was the upper palaeosol which corresponds to master
stratigraphic unit vy in this thesis. Putnam noted that this unit is continuous with the mod-
ern surface soil (corresponding to 8 here) which is again supported by the results of this
thesis. The final layer (stratum VIII) is the dune sands present on the surface of Soyo. This
corresponds to unit o here. It was noted that the sand for this unit likely comes from the
channel bars of the Hogiin Gol. This interpretation is in agreement with this research (see
Section 6.3.2).
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Figure 6.11: PCA chart of the range of grain sizes across all samples. Data points are
coloured according to their master stratigraphic interpretation.

6.3 Full Synthesis of all Information Related to Soyo

6.3.1 Comparison between GPR and ERT

The resistivity profiles have less resolution than the GPR profiles (1.0 m horizontal, 0.2
m vertical for dipole-dipole ERT; 1.0 m horizontal, 0.5 m vertical for Wenner ERT; 1.9 cm
horizontal, 15 cm vertical for GPR) but much greater depth. In order to see how these
two data sets compare, each ERT profile was lain over its corresponding GPR profile. Ef-
fectively, the GPR profile is coloured according to resistivity. What is revealed is that the
palaeosol (unit y) and the underlying sand units (5 and {) on the GPR occupy the facies
with lowest resistivity (under 1000 2m) on the ERT. This is likely because of moisture held
in these sands and the lack of massive resistive objects like rocks to obstruct the flow of

current. These sands, comprising the bulk of the material studied at Soyo, provide the best
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Figure 6.12: PCA chart of the elemental composition across all samples. Data points are
coloured according to their master stratigraphic interpretation. The three reddish ¢ sedi-
ments are not included because their extreme calcium content dominates the results.

conditions for electric conduction at the site.

The modern sand dunes (o) perched on top of the palaeosol are clearly of a higher re-
sistivity (approximately 600-1500 Q2m) than the palaeosol and underlying sands although
this is only visible in ERT line 5 (fig. 6.13. Note the layer of medium resistivity above the
palaeosol (y) pick in that line. This is probably because this unit has a coarser grain size
(mode size fine as opposed to very fine sand) and so the moisture within either drains to
lower strata or evaporates more readily due to the increased pore space in the sediment.
This would give stratigraphic unit « a lower water saturation than the other sediments.
An alternative explanation could be that the highly conductive sands (6 and {) have higher
clay content which would greatly improve the conductivity of the soil through their own
conductivity and electrostatic attraction of water. While these sands do contain a lot more
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clay and silt-sized clasts than the coarser, resistive sand (o), they did not display any par-
ticularly noticeable plasticity in the field characteristic of clay sediments. Neither does
the GPR support such an explanation. If there were significant amounts of conductive
clays present, it would be expected that the radar signal would have attenuated. How-
ever, reflections are clearly visible from the underlying lodgement till so it is likely the
the difference in resistivity is primarily a difference in moisture content. The reason this
sand only clearly shows up in ERT line 5 is probably because that is the location where the
modern dunes are the thickest (over a metre). The o stratum is probably not thick enough
elsewhere to be visible. Notably, this medium resistivity sand overlying the palaeosol in
the west of Soyo does not appear to overlie the potentially unrelated palaeosols in the east-
ern blowouts area. There, the palaeosol is overlain by more low resistivity sands as seen
in fig. 6.16 and more in appendix of picked ERT lines.

Line 5 Dipole-Dipole L1

Elevation (m)

0 20 40 60 80 100

Distance (m)

100 316 1000 3162 10,000
Resistivity (Qm)

Figure 6.13: Overlay of GPR picks onto ERT line 5.

The glacial lodgement till as seen in the GPR did not correspond to the highest resistivity
facies as was expected but rather to the medium resistivity facies (1000-3000 2m). This
suggests two alternate hypotheses: that the lodgement till unit n is not a densely packed
mass of rock but contains quite a bit of sediment between boulders and rock fragments;
and that the ERT has detected a much higher resistivity feature underneath the lodgement
till which may be bedrock or permafrost. Given the undulating top interface of this facies
(elevation varies by at least several metres), the bedrock hypothesis is more believable.
Bedrock to glacier interfaces can exhibit complex scouring patterns from glacial erosion
even over short scales of tens of metres (Nishiyama ef al. 2019). It is feasible that the com-
plex, undulating interface between high and moderate resistivity facies at Soyo is a result
of glacial action. If this were a permafrost surface, it would be expected that its topogra-
phy would more closely match the modern surface.

The profile that best illustrates the overlap of these features is ERT line 5 in figure 6.13.
There the modern dune above the palaeosol is shown to reach up to 1500 Qm while the
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palaeosol itself and the sand units it overlies range from as low as 40 Qm to 500 Qm in this
particular part of the site. The very low resistivity found there on the southern end of the
profile is likely due to water collection in the local topographic low. The same pattern is
found on other ERT lines and the GPR profiles show strong reflections there even in the
unprocessed data. This is the area just north of the southern moraine and lies in a shal-
low dip as seen on the topography. Throughout the field season, it rained on several days
and it appears as though this dip collects water without draining as readily as other areas
at Soyo. The till facies as seen in the GPR profile corresponds not to the highest resistiv-
ity values but primarily to values in the 1000 2m to 3000 Qm range. This is seen in the
following figures 6.14, 6.15 and 6.16 where the top of the till facies r in the GPR broadly
corresponds to the boundary between the medium resistivity facies and the overlying low
resistivity facies. At the deepest level reached by the GPR and below, the resistivity in-
creases beyond that to as high as 20,000 QOm.

6.3.2 The Stratigraphic Structure of Soyo and its Depositional Environ-

ment

The proposed overall structural model of Soyo can be seen in the cross-section in fig. 6.17.
This shows how the major stratigraphic units sit in relation to each other on an East-West
axis. The location of the line was chosen to be central along the axis of the site and to cover
as many features as possible. The bedrock surface was derived from the L! norm dipole-
dipole resistivity profiles because they showed the clearest, sharpest boundaries between
the bedrock and the overlying units. The apparent jagged nature of the contact is a result
of the coarse 20 m line spacing between ERT surveys.

From this diagram, it becomes apparent that there is a general downward slope of strata to
the East. The bedrock surface has peaks and troughs with a range in elevation of over ten
metres. This is something that is seen in individual (North-South) ERT lines so there is a
complex pattern of glacial scouring. That is, it is not a matter of simple, straight channels.
There are three major troughs along the profile line shown. These are at 210 m, 300 m and
430 m. These are filled with moderate resistivity material which is likely to be the glacial
till since it is indistinguishable in the ERT profiles from that (6.18). It is possible that the
overall decrease in elevation represents the buried slope of Soyo Hill or it may simply rep-
resent the grade of the glacier. The till facies sits upon the bedrock and follows a slightly
different topography. Its western end is highest as with the bedrock but it forms a shelf
from about 230 m to 300 m. This causes the till to increase in thickness over the central
portion of the profile. It is not clear what caused this.

This facies has been hitherto interpreted as glacial lodgement till that was laid down un-
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Figure 6.14: Overlay of GPR picks onto ERT line 0.
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Figure 6.15: Overlay of GPR picks onto ERT line 15.
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Figure 6.16: Overlay of GPR picks onto ERT line 24.
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Figure 6.17: Cross section of Soyo stratigraphy from West to East. Stratigraphic units are
colour coded according to the legend.
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Figure 6.18: The L! dipole-dipole inversion of ERT line 20 showing troughs in the bedrock
that are filled with the medium resistivity facies which is interpreted as lodgement till fill.

derneath the glacier as it retreated. However, there is another possible explanation. It may
be that the majority of the surveyed area of Soyo does in fact rest on a recessional moraine.
The main reason for suspecting this comes from the morphology of the glacial deposit. Not
far west of the site under investigation here, the modern topography abruptly drops sev-
eral metres to the level of the river. This suggests a broadly wedge-shaped glacial deposit
that may be either a recessional moraine or a later terminal moraine. There are potential
problems with this interpretation such as the subroundedness of the boulders (fig. 6.19)
which is something that is typical of active transport such as basal transport (Benn and
Evans 2010, p. 360) although non-basal transport within glaciers can also be active trans-
port (Benn and Evans 2010, p. 356). The example shown does not bear parallel striations
which would be indicative of basal lodgement but striations do not always clearly appear
on rocks with different resistances to erosion (Benn and Evans 2010, p. 361) as is evident

from the relief on the surface. The parallel linear features seen in the figure are in relief not
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Figure 6.19: Example of a schist boulder from the boulder field at Soyo.

abraded and are likely to be intrusions from processes prior and unrelated to glacial trans-
port. The bimodal distribution of grain size (boulders and sand-silt-clay with no gravel or
cobbles in between) is also unusual whether it is interpreted as lodgement till or moraine.
Glacially deposited materials tends to contain a full range of sizes but there was very little
gravel-sized material found at Soyo. Finally, the steep drop which would be the ice-contact
side of the hypothetical recessional moraine is situated between Soyo Hill (limestone) and
a limestone outcrop (a few metres across and several metres high) (fig. 6.20). On the other
side of the outcrop is the river. The presence of the outcrop here presents a problem. It
is undoubtedly in the path of a former glacier since there are multiple lateral moraines
downriver. Therefore, the glacier must have either gone entirely around it or split into two
with the outcrop as a midglacial ridge. The question is whether the full difference in eleva-
tion from the river to the top of the steep slope is due to entirely to glacial and post-glacial
deposition or whether the Soyo Hill limestone bedrock contributes significantly. It is to be
expected that the River Hog has carved into the underlying glacial deposits and possible
bedrock on the northern side of the valley where it currently is. Therefore, it would not be
too surprising if the bedrock was elevated on the southern side of the valley as opposed to
the northern side. If there is a difference in bedrock elevation, it might indicate that there
was no recessional moraine and that the landform was caused by fluvial erosion. If there
was no difference, it would indicate a recessional or terminal moraine. In order to test this
idea, it would be necessary to do further survey work at this part of the site.
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Figure 6.20: The limestone precipice marking the western end of Soyo. Soyo Hill is to the
right out of frame. The photo looks downriver in the direction of the site which is hidden
from view.

Unfortunately, the cosmogenic dating planned to be done on 21 boulders from the site
was unable to be undertaken so there is still no firm idea of the timing of glaciation at
the site of Soyo itself except that it probably postdates the large terminal moraine south
and southwest of Soyo from which three dates have been obtained (38.6 kya, 24.9 kya and
14.2 kya). Although these dates have a large range, it is thought that the moraine dates
to MIS2 with the older dated boulder having inherited beryllium (Gillespie et al. 2008, p.
178). Cosmogenic dates are exposure dates so the younger date could easily be due to
that boulder being buried within the moraine for significant periods of time and exposed
by erosion later. This would give time for the smaller glacial valley, in which Soyo sits, to
be cut through the large terminal moraine with potentially multiple advances and retreats.

The { sand unit is nestled on a shelf in the till surface from 125 m to 265 m in fig. 6.17.
It is bounded on the western side by a rise in the till’s elevation. On the eastern side, it is
lost in the transition between GPR grids C and D (fig. 4.5). Boulders sit above or protrude
above this sand unit in multiple places. It is probably more accurate to say that unit { is a
deposit which largely lies in the spaces between glacial boulders. It would be impossible
to determine from the GPR data whether or not it extends farther west as the reflection
would be completely obscured by boulder reflections. The only test pits in the relevant
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area to test this were made during the 2016 field season. It is entirely plausible that some
of the deep sands uncovered between the boulders there also belong to unit . Unfortu-
nately, it is not possible to satisfactorily answer this question with the data available at
the present time. The interpretation of this facies is glacial deposits reworked by either a
braided stream or alluvial fan. The braided stream interpretation is slightly favoured due
to the presence of climbing ripples in one of the test pits. One further reason for believing
that unit  is water-deposited rather than wind-deposited is its higher content of calcium
carbonate in comparison to the other sand units at Soyo. Since limestone bedrock is present in
the region (and importantly upstream from Soyo), it is easy to suggest it as the source for
calcium carbonate within the sediments at Soyo and for the River Hog to be its mode of
transport. The calcium carbonate was probably precipitated from solution as there is no
evidence of larger clasts. However, it is unknown where it fits into the range of grain sizes
within the total sediment. The possibility of aeolian transport for this sediment cannot be
ruled out entirely since it is possible that it was drawn from an already calcareous source

or that the calcium carbonate was precipitated out into an aeolian sand.

There was only one carbon date retrieved from unit { and it is unfortunately younger
than dates from overlying units even within the same pit. The sample in question dated to
1891-2039 cal. BP while two more samples from superior positions in the same pit dated
to 2007-2298 cal. BP and 2518-2742 cal. BP. This inversion of dates could be explained by
mixing of sediments which leaves the time period of { sediments in question. This sample
was likely to have intruded into the  unit from above. Given the large depth range given
for the sample in question (100-120 cm), it is also not especially clear whether it was found
on the boundary between strata or deep within unit {. It is not possible to definitively
correlate this unit to the western stratigraphic pits excavated in 2016 but, if it does extend
that far, it is likely found in the disturbed pockets of sediment found between boulders
there which might be indicative also of a braided stream environment. The dates from
those sediments cover a huge span of time from 1060-1242 cal. BP to 12,747-12,892 cal. BP.
It is very likely that the pockets and lenses of sediment (units E to Q) in excavation unit 6
below the palaeosol and associated sand represent intense post-depositional disturbance.

Likely this was cryogenic given the presence of permafrost in one corner of that pit.

The & sand unit blankets much of this part of Soyo (0 - 360 m on the diagram). West of
around 125 m it appears to partially lie within the glacial till () and likewise east after
270 m (fig. 6.17). Beyond 360 m, it appears to wholly submerge into the till facies. It is
difficult to understand what the mode of deposition could be. One of the chief problems
with the interpretation (of all the sand units: not just this one) is that it is a massive sand
deposit without any visible internal structure. It is possible that this is due to biological
and ice activity mixing the material. If that is the case the the mixing must be substan-
tially limited to within each unit identified. Further evidence for at least some disturbance
comes from a possible burrow identified in TP14 although this was burrowed into the sed-
iments of {. As well as that, the inversion of carbon dates discussed below might suggest
that the sediments of unit 5 have been disturbed after deposition. It may also be that the
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sand deposit was originally deposited as a massive bed and there never was any visible
stratification. Taphonomic processes may have still played a role in the inversion of dates
but, additionally, it may be the case that the charcoal collected came from in situ roots
that had been burned. The dates would then have represented the age of the surface for
that plant (wherever that may be) rather than the age of deposition at the location of the
sample. Unlike in unit , there were found no surviving sedimentary structures in unit &
that might give a clue as to its depositional environment. However, it has been interpreted
as aeolian sands for these reasons. First, the chemistry and physical properties of sands &
and ( are different and particularly in regards to carbonate content. This mildly suggests
a different source for the material but it’s not conclusive. Second, the likely presence of a
burrow within the unit in TP14 indicates that it was not submerged under water since the
mouth of the burrow was well within stratigraphic unit 8. Third, the increased amount of
organic carbon in unit § possibly indicates periods of long term stability and incipient (but
invisible or disturbed) palaeosol formation which would be conducive to an interpretation
of a dune system that has periods of growth and stabilisation culminating in one major pe-
riod of stabilisation in which the palaeosol y formed. Fourth, the present day deposition is
primarily wind-dominated and it is easy to imagine that this situation extended back into
the past especially considering the more arid conditions present during much of the age
range (see Section 2.5).

Four (possibly five) dates were obtained from unit § which indicate a lengthy period of
deposition. Two dates from TP08 were 2518-2742 cal. BP and 2007-2298 cal. BP. If the sam-
ple from unit { discussed previously was intrusive, it would also belong here. Two further
samples came from TP14 and were dated to 7732-7927 cal. BP and 3927-4088 cal. BP. This
represents a total age range of some six thousand years. However, there are some prob-
lems with the results from TP08. There is an inversion in the three dates with the oldest
at the top and the youngest at the bottom. As suggested earlier, this might be explained
by post-depositional disturbance. However, it might also be explained as in situ root char-
coal. This would suggest, rather, an older and narrower age range for the 6 sediments as
the younger, first millennium BC dates would correspond to a vegetated surface (probably
the palaeosol; see below). Not only would this explanation be parsimonious with the date
of the palaeosol obtained, it would explain how an inversion could occur across a strati-
graphic boundary while keeping that boundary largely intact (although it is true that the
(-6 boundary is the most poorly understood of the stratigraphic boundaries at Soyo).

Within the & sand were found pockets of reddish sediment in three pits (TP01, TP08 and
TP14) (figs. 6.21, 6.22, 6.23). These pockets of sediment were highly rich in calcium car-
bonate and relatively low in quartz as indicated by the XRF and loss on ignition results.
The explanation for these pockets is obscure. One possibility is that calcium carbonate
was precipitated out from ground water or river water. One then has to ask the question
why it was precipitated in such a local fashion and not as sheet-like calcrete structures
as would be expected in that case. Furthermore, the sediments are loose rather than ac-
creted into a calcrete structure. Another possibility is that limestone rocks (which had
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Figure 6.21: The reddish sediment from TP01 on the left. The contrast and brightness of
the photograph have been altered to improve its visibility.
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Figure 6.22: The reddish sediment from TP08 in the centre left. The contrast and brightness
of the photograph have been altered to improve its visibility.
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Figure 6.23: The reddish sediment from TP14 in the top right. The contrast and brightness
of the photograph have been altered to improve its visibility.
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been deposited by water or gravity) disintegrated due to weathering and left behind the
sediments in question. To this it must be asked how the limestone could break down so
perfectly into very fine sand to silt that not even small fragments remained. It might also
be expected that, if this were the result of limestone weathering, the calcium carbonate
would be dissolved away rather than remaining in concentration. Furthermore, limestone
was not generally found in the pits except in two that were dug during 2016 which were
closer to Soyo Hill. Neither of these solutions are particularly satisfying. One other, and
perhaps very surprising, consideration is that these pockets of sediments are the remains
of ancient fires. It has been shown that the major component of wood ash is calcium car-
bonate (especially in pine which is common in Mongolia) and related minerals such as
potassium-calcium carbonates (Karkanas 2021). To further bolster this idea, each of the
three sediment samples also contained elevated quantities of organic carbon matter. There
are some difficulties with this interpretation. First, the nature of the fire. The pockets of
sediment are not very large (several centimetres across). Furthermore, the vertical dimen-
sion of the sediments is significant and their boundaries can be quite irregular. Therefore,
an interpretation of anthropogenic fire is not supported by their geometry. To counter this,
we may suggest that in all three cases only a corner of a hypothetical larger unit was seen
in the test pits. It is also noted in the previously cited paper that, while many fires would be
necessary to produce the thickness of these deposits, the overall area of the ash deposits
does not change according to the number of fire events (Karkanas 2021, p. 34). If these
were the remains of campfire, that would, therefore, indicate long lived use of the same
spot (perhaps weeks or months at a time). Given that three out of seven test pits opened
in 2019 contained these deposits, we should expect them to be reasonably common across
Soyo as well. This would make Soyo quite an active site in terms of human occupation.
This was not borne out in the finding of any associated artefacts or other archaeological
remains in the relevant test pits. It is also possible that the calcium carbonate remains of
the fire have leeched into the surrounding sands creating a deeper affected zone and lead-
ing to an overestimation of the length of occupation. An interpretation of natural fire is
much more attractive as two of the three sediments were found in proximity to large root
structures. It is more likely the case that these sediments are the result of these particularly
deeper roots burning (which would shield them from being eroded by wind) followed
by the calcium carbonate leeching out into the surrounding sediments. The second major
problem with the fire hypothesis is the fact that the magnetic susceptibility of all three
samples was low. Had there been significant heating of these sediments, one would ex-
pect the formation of more magnetic iron minerals. To this it can be said that, while the
magnetic susceptibility is low, so too is the concentration of iron. The former may simply
be due to the latter. The interpretation of root burning from natural fire is the probable ex-
planation. One final note is the markedly lower potassium in all three samples. This may
be illuminating in regards to the species and firing temperature experienced as discussed
in Karkanas (2021).

Appearing at the top of unit § from 0 - 180 m on the diagram is the main palaeosol at
Soyo which is denoted by the Greek letter y. This is a layer of soil formation that lies
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within the underlying sand and represents a stable, long-lived period for the dune sys-
tem in that area. There was only one sample retrieved in 2019 for dating from within the
palaeosol which came from TP03 and has been dated to 2156-2333 cal. BP. This is inter-
esting because it fits in the range of the three out-of-sequence dates from TP08 discussed
previously (2518-2742 cal. BP; 2007-2298 cal. BP; and 1891-2039 cal. BP). If we accept the
possibility of these being in situ root charcoal, a broad period of at least 800 years (c. 1.9
kya to c. 2.6 kya) appears as part of the age range for soil formation at this part of Soyo.
The lifespan of the palaeosol may, of course, extend earlier or later than that range. The
2016 carbon dates indicate that it extended at least in the younger direction. Two samples
came from within the palaeosol and one below it. The two within were dated to 32-256
cal. BP and 156-424 cal. BP. The date from the stratum below the palaeosol was 734-907
cal. BP. This shows it was present at a substantially more modern time as well. The early
date is assumed to be associated with the period of soil formation and was disturbed from
its original position. Since it was a bone sample, it cannot have been derived from burned
roots. It is most likely that the period of dune stability and soil formation lasted a long pe-
riod of time from the early to mid-first millennium BC to relatively recent. At the eastern
limit of the palaeosol, it emerges at the surface and becomes the modern topsoil (denoted
by B). This is also a layer of soil formation within the sand unit § and it is taken as all but
certain that the two soil layers are, in fact, one. This means that the soil § probably had an
even longer lifespan than y since they must have begun formation at approximately the
same time. No dates were taken from unit 3 anywhere on the site since it was assumed
any samples would be modern. Given that unit {3 is definitely on the surface today and it is
taken to be continuous with the palaeosol v, that provides further support for a hypothesis
of very long term stabilisation and soil formation into present times.

The magnetometry data (fig. 5.19) reveals an interesting connection between the numerous
magnetic poles visible and this 3-y combined soil complex since most of them are located
in areas of modern topsoil, areas where palaeosols are outcropping on the surface, but
also especially within the boulder field. The one major exception to this is that there are no
such poles visible in association with the S-shaped palaeosol at the far eastern end of the
survey. The magnetic features within the boulder field can be assumed to result from the
increased magnetism of igneous rocks since many of the boulders are granitic. The dipoles
and positive poles that appear in association with the palaeosol outcrop at the western end
of the survey may represent anthropogenic burning in hearths. Hearths have been found
in this part of the site previously (Bayarsaikhan ef al. 2005, Fitzhugh 2005). Other such
magnetic features scattered around areas located far from the boulder field (especially in
GPR grids A, B and C) may also represent either anthropogenic or natural burning. A
despike filter was applied to the data to remove features caused by iron objects; however,
it is still difficult to definitively determine if the remaining features represent burning or
not. In and near the area of the boulder field, it is impossible to tell if there are any po-
tential areas of burning since the magnetism of boulders on and just under the surface is a

reasonable explanation for any magnetic feature found there.
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Stratigraphic Unit | Dates cal. BP

o 24-263; modern; modern

B-vy 2518-2742(r); 2156-2333; 2007-2298(r);
1891-2039(r); 734-907; 156-424; 32-256
7732-7927; 3927-4088

12,747-12,892

Table 6.2: Table of stratigraphic units and dates associated with them. (r) indicates samples
found in a lower stratum but believed to be derived from roots.

On top of the elevated, western end of the diagram lies the modern sand unit o which has
coalesced into a few dunes on the surface. This unit pinches out at around 180 m but it ex-
tends farther westward beyond the surveyed area. In fact it appears to grow in thickness
towards the westernmost extremity compared to the § sand unit it overlies. This unit has
been interpreted as an aeolian sand as well. However, while § was formed by windblown
grains, the source of the sand in « is proposed to be deposited fluvial sand from the nearby
River Hog. This sand would have been transported via saltation or traction to its present
location. This would explain the larger grain size for unit o as compared to other aeolian
sands at the site (since it was originally fluvial rather than aeolian). It is not known what
the original source of the § sediments was. It may have been from ten metres away or from
a hundred kilometres away. However, the small separation between o and 6 samples on
the elemental PCA chart on the axis of PC1 (fig. 6.12) suggests a different source. No dates
were taken from this unit in 2019 but there were three from 2016. Two of them were dated
as modern with the third falling in the range of 24-263 cal. BP. These dates combine with
the terminus post quem dates from the underlying palaeosol indicate a very young age for
the o dune sands. The ages for all of the sediment layers is summarised in table 6.2.

6.3.3 Climate

From the LGM through MIS2, the Darkhad Basin was submerged under a large palaeolake
which reached a maximum elevation of either 1711 m a.s.l. or 1670-1679 m a.s.l. (Gillespie
et al. 2008). The level of the lake was 1670 m a.s.1. by 14 kya after which it declined precip-
itously (Batbaatar and Gillespie 2016, p. 1771). Such high lake levels would have meant
Soyo was under water until after this point. Unfortunately, the state of the lake during the
subsequent period until 9.5 kya is contested. The two competing views are that there was
a low lake level of around 1560 m a.s.l. for most of that time followed by a medium lake
level at 1602 m a.s.l. between 11-10 kya (Gillespie et al. 2008); and that there was no lake
during that period (Krivonogov et al. 2012, Narantsetseg et al. 2013). In either case, the
lake level is not expected to have reached Soyo during this time. Although this is much
higher than the elevations at Soyo reported here, the elevations reported in the literature
are 40 m higher than the elevations from the Soyo project. This is almost certainly due to
a mistake in this thesis taking the height above ellipsoid instead of the height above geoid
which is a 40 m difference according to the GPS processing report files.
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The fact that there is bone dated to 12,747-12,892 cal. BP from the lowest reachable lev-
els at Soyo (sands within the boulder till n) demonstrates that the site had emerged as dry
land. Unfortunately, the identification of the animal is unknown. The climate for this pe-
riod of time after 14 kya according to the records within the Darkhad basin was cold and
dry. Since the valley in which Soyo sits develops out of the breach in the large terminal
moraine (MIS2) west of Soyo and given its much smaller width, it is likely that the "Soyo
glacier” postdated it. Furthermore, no terminal moraine has ever been discovered for this
glacier but only lateral moraines which end a few kilometres downstream. Critically, the
lateral moraines end at close to the same elevation (1580 m a.s.l.) as a hypothesised el-
evated lake level which reached a new local maximum during 11-10 kya and which was
dammed by the Tengis Gol outwash fan (Gillespie et al. 2008, p. 180). It is also close to
the same elevation as beach deposits at the Jarai Gol exit into the Darkhad Basin (Gille-
spie et al. 2008, p. 173). Therefore, it is suggested that the “Soyo glacier” calved directly
into the palaeolake as it was rising to its maximum level and was active during the period
following lake level fall at 14 kya (since lateral moraines are not expected to have formed
under water) and before about 12.8 kya due to the presence of carbon dated material. There
was a cosmogenic date from the terminal moraine upstream from Soyo from 14 kya which
demonstrates that glaciation may have been active at this time. However, if the 1602 m
a.s.l. lake was glacially dammed, it seems unlikely that its bursting could be associated
with glacial advance. This is also earlier than the reported time for renewed lake level
rise. Multiple clam and snail shells supposedly associated with this lake level were dated
to 14-13 kya by Gillespie et al. (2008) including specimens from about 10 km SSE of Soyo
but a later date was chosen on the basis of larch charcoal due to the likelihood of a hard
water effect for the mollusc remains (Gillespie et al. 2008, p. 180). This puts the proposed
timeframe for the lake later that the animal bone date from Soyo. Therefore, the Soyo
glacier cannot have been at the same time of maximal lake extent. It may still be possible
that the 1602 m a.s.l. lake existed earlier than the stated range of 11-10 kya at a lower level
before reaching its maximum. However, given all the evidence available, it is difficult to

be confident of a 14-13 kya extensive glaciation building the lateral moraines at Soyo.

Perhaps the more likely possibility is that the Soyo glacier is much older and dates to the
19-17 kya glaciation. Under this hypothesis, the Hogiin Gol glacier would have reached the
large terminal moraine at which point a finger of ice protruded from an existing breach
where the river flows through today. Glaciers are able to be hemmed in by their own
moraines given sufficient sediment deposition and may be constrained to exiting through
a breach left by a previous proglacial lake outburst (Benn and Evans 2010, p. 489). This
glacial finger advanced to meet the rising palaeolake where it terminated without an end
moraine. While perhaps this explanation is easier to fit into the proposed timeline of palae-
olakes and glaciation in the Darkhad, it does run into one problem. The glacial valley cuts
through the lake deposits on the plains surrounding Soyo. Furthermore, no evidence for
lake deposits has been found within the site. Therefore, it is more parsimonious on this
basis to assume that the Soyo glacier postdates the Darkhad palaeolakes that reached to
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that elevation and that the glacier simply ploughed through the lake sediments removing
them entirely.

During the period following lake drainage at 14 kya, whether there was a glacier at Soyo or
not, it is to be expected that the climate there was harsh and cold. The climate in the Dark-
had has been projected to be cold and dry during the Late Pleistocene and Early Holocene
with precipitation only increasing around 9.5 kya (Narantsetseg et al. 2013). This stands in
contrast to neighbouring Lakes Hovsgol and Baikal where climate amelioration began two
millennia earlier. Although the dating of layer  is uncertain, it can be said that it probably
formed under cold but wettening conditions in the Darkhad prior to 8 kya. At the time of
the 1602 m a.s.1. lake, Soyo lay four to six kilometres from the nearest shorelines (fig. 2.22).
The surrounding dry but low lying land beyond the terminal moraine (area about 40 km?)
was connected to other such areas in the southern part of the basin by a thin strip of land
between the lake and mountain (325 m between 1600 m a.s.l. and 1700 m a.s.l. contours).
The site itself doubtlessly hosted a braided stream of glacial meltwater. It is entirely pos-

sible that humans or animals occupied the area at this time.

The deposition of unit 8 took place during the warm Holocene optimum and the sub-
sequent mid-Holocene arid phase of northern Mongolia. At the time, the lake level was
supposed to be lower again (under 1570 m a.s.l.) which puts Soyo at least 10 km from the
palaeolake shoreline at this time (fig. 2.23). The site and its surrounding landscape would
have been far more easily accessible to humans and wildlife due to the lowered lake level.

The timing of the local Holocene optimum in the Darkhad is suggestive as it begins around
the same time as the earliest date for layer 6 (7732-7927 cal. BP) which is proposed to repre-
sent a change in depositional mode from fluvial to aeolian. This aeolian regime apparently
predominated at Soyo from prior to 7.8 kya to 2.6 kya which spans a range of climatic con-
ditions proposed in the literature. Aeolian-palaeosol sequences in Mongolia have been
previously interpreted in terms of climatic history over very large time scales. Palaeosol
formation is supposed to have occurred under warm, wet conditions and aeolian deposi-
tion under colder, dryer conditions (Feng et al. 2007, p. 515). At Soyo the aeolian sequence
begins with, or at least covers, the warm, dry Holocene optimum in northern Mongolia
and continues through the subsequent arid period in the mid-Holocene. Why aeolian ac-
cumulation occurred during a time when soil formation might be expected and why the
deposition did not appear to change moving into a more arid climate is a challenging
question. The answer probably lies in the local conditions at Soyo. One can never quite
forget the possibility of erosion hiding large portions of the past. With aeolian dunes, it
is quite reasonable to suppose there may have been both deposition and erosion even at
the same time as dunes shift across the site. This is true of Soyo today. There are recent
accumulations of sand into dunes in some parts of the site and erosion happening in oth-
ers. Therefore, it may be that the apparent homogeneity in environment is false and that
the true depositional history is more complex. Multiple weaker and localised palaeosols
were found elsewhere at Soyo so perhaps there was additional subdivision of unit 5 that
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has become lost over most of the site. Another local reason for the change in deposition
may be a change in the river system such that it no longer was able to deposit material
on top of the site in the normal course of events (outside of flash flooding). The upstream
end of the site is marked by an abrupt drop in elevation to the river with large limestone
outcropping. Therefore, it may be the case that the Soyo site has been shielded from fluvial
action. Finally, the change in deposition may be due to a greater availability of airborne
dust in the region. This may be due to a decrease in vegetation. However, pollen records
in northern Mongolia (Ma ef al. 2013, Fukumoto ef al. 2014), Lake Baikal (Tarasov et al.
2007), and the Altai (Blyakharchuk ef al. 2004) all show that tree cover (mainly pine) was
high during much or all of the relevant period from 8 kya to 3 kya (indicating a trend away
from desertification). There is significant local variation between these records so it re-

mains possible that plant cover had diminished within the Darkhad basin.

The later Holocene is represented in Dood Nuur sedimentary cores by a clay which is
described to have formed under wetter conditions after 5.8 kya but during a time of lake
level decline supposedly due to drying conditions (Narantsetseg et al. 2013, p. 20). In a
study on Lake Hovsgol (Prokopenko et al. 2007), it was found that the ratio of precipitation
to evaporation increased after 3 kya. A similar result was obtained from pollen records in
northern Mongolia (Ma et al. 2013). At Soyo, the main palaeosol (y) is dated to the mil-
lennium following this event. This might indicate that the climate had shifted to favour
pedogenesis or simply that the local dune system at Soyo had stabilised at this time as has
been explored above. The aeolian deposits at the confluence of the Orkhon and Selenge
Rivers show that the late Holocene was marked by intermittent palaeosol formation in
that area including one projected (but not dated) to around 3 kya (Feng et al. 2007, Ma et al.
2013). Critically, a palaeosol from the northern Darkhad basin yielded two carbon dates
of 3410-3620 cal. BP and 3360-3560 cal. BP which was attributed to an end in post-glacial
loess deposition (Gillespie et al. 2008, p. 180). This, combined with the results from Soyo,
suggest the possibility of basin-wide palaeosol development at this time. In any case, it ap-
pears that the period of palaeosol formation and subsequent dune sands («) was a period
where the climate was approaching the modern one.

6.3.4 The Archaeology of Soyo

The most common artefacts found at Soyo are lithic tools, flakes and fragments. Other ar-
chaeological materials include pottery and evidence of fire and there was also animal bone
found at the site. Several monumental structures (deer stones and khirigsuurs) and other
stone structures are present in the surrounding area. The total surveyed area surround-
ing Soyo as of 2017 is about 13.5 km? (Clark and Bayarsaikhan 2017, pp. 31-2). Over 100
”sites” as defined and mapped in Section 2.3.2 Regional Survey Surround Soyo have been
identified in the area. Over the course of 2015 to 2016, thousands of artefacts from from
at and around Soyo were collected and recorded during excavation and pedestrian sur-
vey. This included a total of 1667 lithics, 590 ceramic fragments and 1299 bone fragments
(Clark 2015, Clark and Bayarsaikhan 2016). Detailed study on most of these has not been
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done; however, there has been one study on a select sample of stone artefacts from the
excavation units which will be discussed below.

There were 189 ceramic fragments recovered from the excavation units of 2015 and 2016.
Most of these (127) were found together in excavation unit 1 at a depth of 45-50 cm. A
further 39 were found in the subsequent 5 cm spit below. All of the ceramic fragments in
excavation unit 1 were located within the group of palaeosol horizons as identified by the
excavators. Despite the numerous hearth features in excavation unit 4, only 12 ceramic
fragments were found. All of them were located at a depth of 55-60 cm. It is not clear
whether these fragments were found within a hearth feature or not but it is interesting
that 634 bone fragments were recovered from the same spit. This (along with the stone
artefacts) suggests intensive use of this area and the multiple hearths at different levels
indicates this use went on for a long period of time. In excavation unit 6, only six ce-
ramic fragments were found which were at a depth of 70-85 cm. This puts them below
the well defined stratigraphic layers (A-D in the local pit nomenclature) and in the highly
turbated sediments below. Therefore, it unlikely these were in situ. None of the other
excavation units contained any ceramics (with the exception of excavation unit 8 which
contained a single specimen) nor did any of the stratigraphic test pits dug in 2016. Ceram-
ics were less represented among the pits than stone artefacts but, where they were present,
were present at the same depths reached by the lithic artefacts. That is to say, there was
no obvious pre-ceramic cultural level at Soyo. The one exception is in excavation unit 6
where there were lithic artefacts found up to 45 cm below the lowermost ceramics. Due to
the turbation in this pit, a sorting effect on the artefacts can’t be ruled out. The ceramics
may have had more of a tendency to move upwards as compared to the stone artefacts.
Since pottery is the defining feature of the Mesolithic-Neolithic in this part of the world,
that means there was likely not a Palaeolithic occupation of the site after the last glacial
retreat. That is likely to be the case in at least the studied area of Soyo but it does not pre-
clude earlier Palaeolithic activity prior to the last glaciation that may have been stripped
away. Excavation unit 6 contained the oldest date at Soyo (12.8 kya) so, if there is any place
within Soyo that might contain such material, it may be there. The type of ceramic was not
recorded by depth in any of the excavation units so it is unknown how the ceramic tech-
nology changed over time. However, the coarse, sandy greyware and redware are thought
to be from the Mesolithic-Neolithic and Bronze Age respectively which is reminiscent of
the Gobi ceramic scheme put forth by Janz et al. (2012, 2017, 2021). A lot more study needs

to be done before any definite link can be made (Julia Clark pers. comm. 2023).

The general landscape beyond Soyo itself is full of archaeological features and sites (fig.
2.17). The pedestrian survey done both upriver and downriver of Soyo has revealed ex-
tensive activity in the area. The most common type of feature found were unspecified
stone features (such as rings and mounds) and lithic scatters. These were found in two
distinct clusters along the Hogiin Gol: one directly surrounding Soyo and extending up-
river and one further downstream at a bend in the river. Given the distinct clustering,
this may represent a temporal shift in land occupation or a contemporaneous territorial
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distinction. Further work would need to be done to explore these possibilities. Khirigsu-
urs were clustered within a 0.5 km? area about 6 km ENE of Soyo in this second cluster
of stone features. There was also a deer stone 2 km SE from this and 7 km from Soyo.
Given these kinds of LBA monuments may have served (among other functions) to mark
territory (Wright 2006), this cluster of monuments suggests that the area might have been
important to people of that time. Furthermore, the stone features in the Soyo cluster of
sites appear along the pass into the larger glacial valley upriver, on the southern side of
Soyo Tolgoi and eastward along the river. This would put them in the path of any visitor
to Soyo. Although these stone features are not khirigsuurs and they remain undated, this
pattern might strengthen arguments connecting monuments and territoriality.

At least four other non-monumental sites along the river aside from Soyo have been inves-
tigated. Bayanii Am 1, on the northern side of the river across from the Soyo hill, produced
1096 stone artefacts (mostly bladelet and microbladelet fragments) and 424 faunal remains
(Clark and Bayarsaikhan 2017). This shows that the archaeological landscape around Soyo
does locally extend beyond the confines of the area studied in this work. Bayanii Am 3,
located about 2 km upriver, was mentioned as a possible pre-LGM site that had survived
the glaciation on a terrace in the mountain valley. Four quartz artefacts were found (two
unipolar flake cores, a core-edge removal piece, and a scraper) (Clark and Bayarsaikhan
2017). If this is true, it provides direct evidence that the area around Soyo was indeed
utilised by pre-LGM populations. Any trace of their activity near Soyo will have been
obliterated by glaciation, outburst floods and the formation of the Soyo glacial valley but
further remains may be found on similar terraces. This might be a promising future line
of inquiry. The most important site (archaeologically speaking) near to Soyo is Bagsagiin
Bulan. This site (4 km ENE of Soyo in the direction of the khirigsuur cluster) was identified
as a LBA habitation site on the basis of the ceramics and the presence of a (structural) post
hole (Clark and Bayarsaikhan 2017, 2018). This demonstrates that people were camping
along the Hogiin Gol during at least the LBA. Numerous smaller scatters of lithics and
ceramics along the river attest to more occupation in the area than just what is seen at the
named sites. The spatial distribution of these correspond well with that of the monuments
meaning they also form two clusters in the same locations. This suggests that the choice of
occupation sites and monument sites are related. This stands in contrast with the findings
of Clark (2014). However, it is possible that this clustering is spurious and derives from
the small sample size (the “small sample size” in this case meaning the smallness of the
survey area compared to the size of the clusters). The clustering may disappear once the
survey area is extended significantly as new sites are discovered in the landscape.

It is tempting to consider interpreting the occupation at Soyo in light of other habitation
studies elsewhere in Mongolia. For example, Houle (2010) identified a system of short
range LBA migrations between Summer camps by the Khanuy River and Winter camps
in the nearby sheltered valleys. Summer camps were noted by Houle to yield far lower
quantities of archaeological material than Winter camps (Houle 2010, p. 52) which may
indicate that Soyo was primarily occupied in Winter after the rise of nomadic pastoral-
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ism as archaeological material is highly concentrated there compared to elsewhere in the
area (Julia Clark pers. comm. 2023). Soyo lies between the areas for modern Summer,
Winter /Spring and Autumn campsites (but on the margins of the Winter distribution) ac-
cording to a local map drawn in 2016 (Clark 2017). Using modern campsite distribution to
talk about past practices is, of course, questionable at best. The boundaries between camp-
ing areas probably shifted quite a lot over time but it does show that it is reasonable for
Soyo to be a Winter camp depending on the climate and environment at the time. A trail
of artefact scatters upriver from Soyo is suggestive of a possible movement route further
into the valleys although it is impossible to say whether these are of the same time period
as the occupation at Soyo. Unfortunately, since the bounds of the pedestrian survey are
still largely limited to a small stretch of the river, it is impossible to do much more than
speculate and await further data. Nevertheless, the monumental landscape and occupa-
tion pattern around Soyo indicate a long period of use and that Soyo is just one of many
important locations in that part of the Darkhad.

The most extensive study on the stone artefacts of Soyo was undertaken by Gribble (2021).
Multiple macroscopic metrics plus XRF were used to detect changes in the record over
time. It was argued that there was a change towards longer-duration habitation episodes
combine with more developed trade networks. This was tentatively interpreted as repre-
senting the Mesolithic-Neolithic to Bronze Age transition (Gribble 2021, p. 124). The new
understanding of site stratigraphy developed in this thesis will be of some help towards
the dating of the archaeological record.

The sample used by Gribble (2021) consisted of 92 lithics which were discovered in six
different excavation units (1, 2, 4, 5, 6, 7) across 2015-2016 (fig. 4.1) and four lithics found
on the surface for 96 total. Of these, two (units 2 and 7) are located outside the bounds of
the geophysical survey so it is presently impossible to correlate the strata for these pits on
the basis of the geophysical data. This represents 30% of the total sample. Unfortunately,
the most productive excavation (containing 40% of the lithics in the sample) was located
in the eastern part of Soyo which has not been confidently correlated to the rest of the
site. This is due to the shallower stratigraphy compressing detail in the GPR profiles and
the fact the the geophysical survey area did not cover all of the exposed palaeosols in the
dune blowout area. Nevertheless, it is possible to give some likely time frames here. The
remaining three excavation units (4, 5 and 6) contained the last 30% of the material (N=18,
N=7, N=1 respectively). Most of the following accounts of the excavated finds are derived
from Gribble (2021).

In excavation unit 1, the largest share of the lithic material was buried at 50 cm below
the datum used (cmbd) which is within the “B soil horizon” (as described on the field
diagrams using soil horizon notation (Retallack 1990, pp. 30—4)) of the middle palaeosol
of the eastern blowouts. This was at the bottom of the excavation pit although an augur
was used to continue for another metre below that. This B soil horizon contained the most
lithic artefacts and the largest variety of lithic materials. It is also the level where a large
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number of ceramic fragments were found (see above). Although excavation unit 2 is out-
side the bounds of the geophysical survey, it is very close (33 m north) to excavation unit
1 and has similar stratigraphy. Excavation unit 2 had fewer artefacts overall but the bulk
of them were found at 40 cmbd which corresponds to the same B soil horizon as 50 cmbd
in unit 1. This supports the finding of a concentration of lithics in that horizon. Unfortu-
nately, the relation between the palaeosols in the blowouts area and the main stratigraphic
model for Soyo is unclear. This means the age of that palaeosol (and associated artefacts is
unknown) although it is probable that it formed during the proposed main period of soil
formation at Soyo (2.6 kya onward).

In excavation unit 4, the majority of artefacts, along with the only non-chert examples,
were found at 20-30 cmbd. This places them above the youngest palaeosols. No direct
date has been obtained from unit 4 but the sequence of palaeosols here are collectively
part of stratigraphic unit y. Excavation unit 4 is horizontally close to unit 6 so, if we accept
this means the palaeosols are close in age, this means that these artefacts are very young
(within the last 350 years but probably even younger than that). Another sharp increase in
lithic artefacts was found at 60 cmbd in excavation unit 4 possibly in relation to a hearth,
charcoal, bone and other artefacts found there below the lowest palaeosol. Multiple ex-
amples of these hearth features were found at different levels in excavation unit 4. The
early Deer Stone Project reports found similar features. Although it is unclear where that
team excavated and collected material for dating, it was in the vicinity of excavation unit
4 based on the descriptions and photographs available. Two palaeosol units were discov-
ered 10 cm apart which accords reasonably well with what was observed in excavation
unit 4. One of the lower hearth features excavated in 2003-2004 was identified as Neolithic
and dated to 6510-5940 cal. BP (Bayarsaikhan et al. 2005, p. 228, Fitzhugh 2005, p. 18). It is
not explicitly explained how it related to the palaeosols there but the implication was that
it was associated with the lower one. This may not actually be the case considering the
existence of at least one hearth in excavation unit 4 below the lowest palaeosol. Putting
all this together, the lithic record in unit 4 likely spans a period of time from the mid-
Holocene to recent with the bulk of the material being from those two end points. This
makes it impossible to reasonably talk about when a change in the lithic technology may
have occurred based on the sample presented in this unit.

There were comparatively few lithics found in excavation unit 5. All were located in the
first few centimetres of soil (8) that cover the surface in this area (20 cmbd) which, as has
been demonstrated in this work, is related to the main palaeosol (y) found farther west
at Soyo. This sub-assemblage contained the variety of artefacts (in this case bifaces, non-
chert specimens and chert with alternate chemistry) that was characteristic of upper level
artefacts in other pits and was suggested by Gribble (2021) as representing the transition
to EBA (defined as being characterised by the advent of pastoralism).

Only a single lithic from excavation unit 6 was included in the sample. This was a black
chert flake tool from 125 cmbd which puts it in the same stratigraphic unit (G or adjacent
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K) that was dated variously to 12.8 and 1.1 kya according to Vella (2018). Unfortunately,
very few artefacts total - five according to the full finds catalogue (Julia Clark pers. comm.
2022) - were found in excavation unit 6 despite the promising stratigraphy there.

Most of the lithic sample presented in Gribble (2021) were associated with the complex
of soils denoted here by 8 and y which has been argued here to have begun forming
by 2.6 kya. In light of the new model for site stratigraphy proposed here, it is very dif-
ficult to maintain the conclusion proffered by Gribble (2021) that the change towards in-
creased artefact variety and material provenance represents the transition from Mesolithic-
Neolithic to Bronze Age. Pastoralism in Mongolia is thought to begin in the EBA (i.e. prior
to the LBA when pastoralism was well established but after the Mesolithic-Neolithic when
hunter-gatherers were prevalent) (Clark 2014, p. 52). The Afanasievo culture thought re-
sponsible for the introduction of pastoralism into Mongolia has been shown through the
dating of monuments to appear from 3000 BC (Taylor et al. 2019) making this the likely
beginning of the EBA in Mongolia. This is borne out in the changing material culture
and subsistence patterns in the Gobi oasis economies (Janz ef al. 2021, p. 2). In contrast,
the LBA is attested from the later second millennium BC through the new deer stone and
khirigsuur monumental forms and the domestication of the horse (Clark 2014, pp. 45-6,
Taylor et al. 2019, Wright 2021, p. 440). The period of soil formation (containing the tran-
sition identified by Gribble (2021)) begins well after the start of the LBA and, in fact, after
the start of the Iron Age at 800 BC (Wright 2021, p. 451). The full period of palaeosol
formation may extend a little further back into the LBA but it is unlikely that the artefacts
found within units $ and v are related to the Mesolithic-Neolithic or EBA and the transi-
tion identified by Gribble (2021) is likely to be an Iron Age one.

This conclusion presents a conundrum because of the presence of material that has been
identified as “Neolithic” at Soyo. The original identification of Soyo as a "Neolithic” site
on the basis of the small finds combined with the mediaeval dates (Fitzhugh 2005) has
caused a difficulty in the understanding of chronology at Soyo that has been a major prob-
lem in research at the site to the present. Subsequent radiocarbon dates (Bayarsaikhan et
al. 2005, Vella 2018) have extended the range of the time period attested without satisfac-
torily explaining the chronology of archaeological remains. A major part of the problem
is that spatially close or related samples have been dated as thousands of years apart. The
main examples of this are the “"Iron Age” and “Neolithic” palaeosols 10 cm apart from the
Deer Stone Project and the more than ten thousand year gap between dated bone samples
within a single stratigraphic feature in excavation unit 6. It is clear that there is cultur-
ally Mesolithic-Neolithic material at Soyo but a definite palaeosurface or definable strati-
graphic unit exclusively from that time period has not been found. The practical implica-
tion of this is that there is not a convenient way to stratigraphically link this older material
culture together across Soyo. It might be necessary to date every Mesolithic-Neolithic fea-
ture of interest if temporal correlation between separate features is desired.

As for the explanation of why no widespread Mesolithic-Neolithic palaeosurface or defin-
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able stratigraphic unit has been found throughout the rest of Soyo, the culprit is probably
erosion. There may have been such a surface (pedogenesis optional) or defined strati-
graphic unit but much of the sediment was eroded down before either fresh sediments
were deposited on top creating a paraconformity or the land surface stabilised and pedo-
genesis began. The paraconformity was not evident in the field but it is the best explana-
tion of the facts. It would exist within stratigraphic unit 8. The Mesolithic-Neolithic hearth
discovered and dated by the Deer Stone Project was certainly taken from the western end
of Soyo where there is an erosional escarpment in GPR grid A (fig. 4.5). Excavation unit 4
(dug 2015) revealed a number of stacked hearths and palaeosols together in the same part
of the site. The stratigraphic diagram (fig. 6.24) shows that the lowermost hearth is 10 cm
below the lowermost palaeosol indicating that this is not the surface associated with that
hearth. Itis not clear the precise relation between the hearth and lower palaeosol identified
by the Deer Stone Project but it may be a similar situation. There may have been a large
erosional time break between two generations of hearths (the ones below the palaeosol
and the ones associated). This would mean the palaeosol surface may be younger than
the Mesolithic-Neolithic hearths at Soyo. The disparate dates within the same strata in
unit 6 was likely caused by severe cryoturbation (and possibly bioturbation) of the sed-
iments as seen in the lower sediments there but a paraconformity may have also played
a role in bringing bones fragments with such widely differing ages closer together in the
strata. This process would mean that Mesolithic-Neolithic artefacts would be accumulated
onto the paraconformity as the sedimentary matrix is eroded and the land surface steadily
lowers. It has not been noted in the catalogues if artefacts are found within or without
any features (only their depth is recorded) so it cannot be determined if the large clusters
of stones tools and bone found at certain depths in excavation unit 4 are a result of this
surface lowering or were associated with a hearth. If they were associated with hearths,
that would not be surprising as it can be assumed that a lot of material would have been

deposited there. If not, that would lend support to the presence of a paraconformity.

Given this explanation, it would seem that whatever erosional process was responsible for
eliminating the hypothetical Mesolithic-Neolithic strata was very thorough. No palaeosol
at Soyo has been dated to that period assuming the hearth discussed above was unrelated
to the palaeosol. Furthermore, no unexplained, site-wide candidate reflections were iden-
tified in the GPR data. It would seem, then, that it likely did not survive anywhere within
the area of the site that has been studied so far. This does not preclude its survival in the
unstudied parts of Soyo (which are extensive) but it does call into doubt the prudence of
hunting for it.

A secondary explanation might be that the same or similar lithic and other small finds
material culture was used in the Darkhad well into the Bronze and Iron Ages by at least
some groups. Given the remoteness of the region and the natural barriers that separate it
from the rest of Mongolia, it is not impossible that local traditions may have persisted for

longer.
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Figure 6.24: Stratigraphic Diagram of the south wall of excavation unit 4 dug 2015.

6.4 Implications for Mongolian Archaeology

There are few well stratified sites that have been discovered in Mongolia and fewer still
from the Mesolithic-Neolithic period. It has been a commonly expressed sentiment that
Mongolian habitation sites are low visibility and ephemeral with poor potential for de-
tailed study of chronology and domestic practices (Honeychurch et al. 2007, p. 373, Houle
2010, p. 49, Clark 2014, p. 175, Honeychurch 2015, p. 132, Wright 2021, p. 450). The reason
for this dearth of stratified sites is probably partly because of the fact that Mongolia’s land-
scape is generally non-aggradational meaning sediment is not net accumulated in great
quantities to form stratigraphy (Houle 2010, p. 82). Furthermore, the nomadic practices
of the ancient inhabitants of Mongolia meant they did not leave as many material remains
at each site. Therefore, most sites in Mongolia are shallow palimpsests of material from a
wide range of time periods. It is very difficult to then disentangle material culture by time
period since excavatable contexts are poorly preserved or absent. The zone of artefacts
at habitation sites rarely goes deeper than half a metre (Houle 2010, p. 82, Clark 2014, p.
96). The typically sparse remains per site only compound this problem. It has been hoped
that Soyo would be able to shed some light on the chronological changes that took place
during this time and into the EBA because Soyo is an aggradational site. In particular, it
is not so much the depth of stratigraphy that was promising (although it is deeper than
the typical Mongolian site) but that the net aggradation of sediments allowed multiple
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palaeosols to be formed. This means that there should be multiple definable, and most
importantly dateable, palaeosurfaces that would have been occupied. This is not typically
true for other Mongolian sites. However, hoping for stratified sites to solve the problems
in Mongolian chronology may be asking too much. Although Soyo promised much, the
complex and disturbed stratigraphy, the fact that only one palaeosol appears to be present
across most of the site, and the fact that archaeological materials are sparse all mean that
the site did not enable a comprehensive and definitive chronology of occupation. The ab-
sence of the deeper palaeosols across most of Soyo has huge implications for the location
of archaeological material. As mentioned, artefacts at most archaeological sites in Mon-
golia are shallowly buried and the same is true for Soyo. Taking into account the depth
from the nearest palaeosol above (not just the depth from the modern surface), the major-
ity of artefacts at Soyo were buried within a depth of 35 cm. This apparent shallow burial
is argued to be the result of the period of erosion or non-deposition of sediment prior to
palaeosol formation. The other point about the scarcity of archaeological material is also
an important one. Even had the stratigraphy at Soyo been well preserved and easy to
understand, the low density of archaeological materials of a campsite may still have ham-
pered the development of a Darkhad archaeological chronology. Barring the discovery of
an exceptionally well preserved and extensively occupied site, most sites in Mongolia are
likely to be as complex and difficult to understand as Soyo. The reason Soyo is stratified
at all has nothing to do with occupation levels being stacked on top of each other (as it is
in sedentary settlements with intensive occupation such as Near Eastern tells) but because
it sits within a glaciofluvial system where sediment is naturally accumulated. There are
probably many similar sites in northern Mongolia but research on early occupation sites
in the area is extremely limited. This distinction between modes of stratification is impor-
tant to note because it means that the sediments themselves are not culturally deposited
but rather the cultural deposits lie within naturally deposited sediments. Therefore, the
relationship between the archaeological material and the dated stratigraphic layers is less
direct. An illustration of this problem arose during this research when there was ambi-
guity in excavation unit four over whether the Mesolithic-Neolithic hearth feature was
connected to any of the palaeosols there. This highlights the importance of still collect-
ing samples for carbon dating from any important features or artefact clusters rather than
relying on tenuous and difficult-to-interpret stratigraphic connections to indirectly date
features of interest. In fact, dating of individual features in the landscape has already been
used with apparent success to build a chronology of burial types (Taylor et al. 2019). An

acceptance of the limitations of the Mongolian archaeological record may be necessary.

The present work has produced some more dates towards a chronology of Darkhad ar-
chaeology. It has been shown that much of the lithic material shedding from the eroding
palaeosol at Soyo is probably LBA or later in age. Nevertheless, there is some Mesolithic-
Neolithic component at the site as shown by the characteristic artefacts and a securely
dated hearth (Fitzhugh 2005). There is a stratigraphic unit (5) belonging to this approx-
imate age which has probably been an unstable surface with discontinuous periods of
deposition, non-deposition and erosion. This study has succeeded in its goal of filling the
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large chronological gap in stratigraphy identified by Vella (2018). These new dates have
covered a period from 7.9-1.9 kya although there is still a substantial five thousand year
gap between this and the oldest of dates at Soyo (c. 12.8 kya). An investigation of this
older gap (if desired) must look to even deeper strata that could not be identified using
the methods herein and which were deposited between glacial till boulders. These sed-
iments were probably a mixture of eroded and new sediment as the pro-glacial stream
reworked the fine till sediments. The most likely location at Soyo for success in this en-
deavour would be west of the current survey area and north of the Soyo Hill (west of GPR
grid A). Extending the geophysical survey into that area may reveal deeper stratigraphy.
However, it is likely that cryoturbation in that area will have made untangling the earliest
postglacial period of Soyo’s site formation history very difficult indeed. The deepest, most
extensive stratigraphy was visible in GPR grid B but no archaeological remains were un-
covered in any of the test pits in that area so it is unlikely that future excavations there will
find success. The dates presented here complement previous dating programs at Soyo by
not only filling much of the chronological gap in stratigraphy at the site but also approxi-
mating the general range of previous dates (subtracting the 12.8 kya date) beginning with
a c¢. 7 kya natural timber horizon and c. 6.5-6.0 kya Neolithic hearth (Fitzhugh 2005) and
ending with Iron Age to modern deposits.

The interpretation presented here that the stable palaeosol land surface began to form after
2.6 kya is significant in the context of other dates taken from the Darkhad basin. Most of the
archaeological dating work done there has been on monuments such as deer stones and
burials and most of these lie in the range of 4.2-3.6 and 3.2-2.8 kya. Therefore, there was an
extensive human occupation of the Darkhad prior to the concentration of archaeological
material in the Soyo palaeosol complex. The Neolithic hearth at Soyo remains the oldest
dated archaeological material in the Darkhad but it must be remembered that most of the
dated material there came from the conspicuous Bronze Age monuments (many taken by
a research project entitled “The Deer Stone Project”) so it is only natural that the acquired
dates would be predominantly from that time period and later. Whether Soyo was occu-
pied from a particularly early period compared to the surrounding region is a question
that can only be answered with a lot of further research on the pre-Bronze habitation of
the Darkhad. It would appear likely prima facie that the earliest sites should be found to-
wards the southern (or perhaps northern) margin of the basin as well as near Soyo both
because one would expect them to be proximal to the mountain passes and because the
southern end of the basin was the most unaffected by the Holocene palaeolake flooding.
There are numerous rivers along the southern and eastern sides of the basin which exit the
mountains onto tongues of land above 1600 m a.s.l. and could have provided depositional
regimes that formed stratified sites even during the 1600 m a.s.l. lake (11-10 kya). A search
for the earliest human occupation in the Darkhad after 14 kya (the end date for the 1670
m a.s.l. palaeolake) should begin along these rivers (fig. 6.25). Whether the areas on the
eastern side were above 1600 m a.s.l. at the time (and hadn’t emerged above that level
due to more recent deposition) is unknown. The range for potentially stratified sites in
the Darkhad only increases during the Holocene as the palaeolake from 9.5 kya was sig-
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nificantly lower and gradually diminished until 3.9 kya. Since the main period of general
land surface stability at Soyo is now shown to have started in the LBA, it can be said that
the artefact assemblage associated with the main palaeosol complex is probably related
to this period of monument construction. Particularly, the three unspecified “mounds” at
Soyo dating to the range of 3172-2489 cal. BP (Fitzhugh and Leader 2006, p. 78) show that
monument construction was already underway by this time. This is not to say that the
Soyo camp site was directly related to the construction activity itself but merely that the
same groups of people who built the nearby monuments at this time probably sometimes
occupied the site itself (and other undiscovered sites as well).
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Figure 6.25: Map of the Darkhad showing a 1600 m a.s.l. palaeolake in blue. Areas in red
are those where other old and stratified sites similar to Soyo may potentially be found.
DEM is JAXA ALOS 3D 30 metre DEM v3.2 (2021).

The overarching question in Mongolian archaeology of the nature and timing of the tran-
sition to nomadic pastoralism that is thought to have occurred during the EBA has been
the driving question behind the Nomad Science project at Soyo. However, this research
suggests that Soyo might not actually be the right site to answer this question. The reason
is that, while chronological gaps in the sedimentary record of the site have been partially
filled, the key temporal gap between the Mesolithic-Neolithic period and the LBA has
been shown to be poorly or not represented at all. Very likely, the desired sediments have
been largely eroded away or perhaps this was a period of non-deposition at Soyo. The sole
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relevant date thus far obtained from Soyo (4088-3927 cal. BP) comes from an area with lit-
tle archaeological material and was not itself associated with any archaeological feature or
artefacts. It remains possible that unsurveyed areas of Soyo, or perhaps the as of yet poorly
understood blowouts, may prove fruitful in this regard. However, there is no indication
from the results of the present research that Soyo will be able to provide the archaeological
sequence necessary to definitively resolve the timing of transition to nomadic pastoralism.

How pottery spread after its initial invention in East Asia is another ongoing debate with
some (Hartz et al. 2012, Gibbs and Jordan 2013) advocating for a diffusion of the technol-
ogy westward while others (Kuzmin 2013a, 2013b) arguing for local invention in Eurasia.
The earliest date for pottery at Soyo comes from the hearth feature at 6.5-5.9 kya. By com-
parison, pottery emerged in the Gobi at 9.6 kya (Janz et al. 2021, tbl. 1), in the Cisbaikal
region around 7.8 kya (Weber 1995, p. 156) and in the Transbaikal region around 14 kya
(Tsydenova et al. 2017). While the Mesolithic-Neolithic date for the early pottery at Soyo is
by no means necessarily representative of the earliest pottery in the Darkhad, it is younger
than all three other regions. Possibly this is due to the remoteness of the basin. It is far to
early to draw any firm conclusions about how pottery arrived in the Darkhad but, given
the younger date here, it is possible that the idea of pottery was able to arrive from either
Cisbaikal (there is a pass from there into the Darkhad) or possibly from the Gobi through
central Mongolia. A lot of further work needs to be done on the chronology of pottery in
the Darkhad and their possible technological or stylistic relation to other pottery traditions
before either of these routes can be tested.

6.5 Implications for Geophysics and Landscape Reconstruc-

tion Archaeology

One of the chief problems in this research has been the complexity in stratigraphy at Soyo.
Cryoturbation and bioturbation appear to have been significant processes which made
dating the stratigraphy difficult. That the site was underlain by glacial till deposits proved
especially difficult since post-glacial deposition was able to nestle between what would
have been a surface boulder field at the time. This made tracing these earlier features with
the GPR impossible since their reflections were completely dominated by the reflections
from the till boulders. This presents a real difficulty in any geophysical investigations of ar-
chaeological sites in former glacial valleys. Original sand, silt and clay clasts deposited by
glacial action can be expected to have been reworked and partially eroded by pro-glacial
streams with newer, younger deposits replacing them. Therefore, it can be expected that a
significant portion of the earliest history of a site like Soyo would be invisible to GPR and
probably other geophysical methods as well. Archaeologists who work in rock shelters
face a similar problem with roof fall hiding deeper and older stratigraphy. They often use
geophysics to try to identify if rock reached in excavation is the true bedrock or merely roof
fall. The difference between the two scenarios (glacial sites versus rock shelter sites) is that
the latter involves a fairly homogeneous layer of rock fall and the geophysics is used to test
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for further sediments beneath it. The former, involves a mixed stratum of boulders and
sediment and the archaeologist is interested in material within that stratum. The success
of geophysics in solving this problem in rock shelters does not translate to equal success

in a glacial environment.

On the other hand, without the GPR data, any correlation of strata across this site would
have also been impossible. The massive sands and unhelpful carbon dates made correla-
tion via sedimentological characteristics, as in Vella (2018), very difficult over longer dis-
tances. Without GPR, any correlations made on the basis of the sediment analysis would
have been tenuous at best. Although the GPR faced some severe limitations at Soyo, it was
nevertheless instrumental in piecing together its stratigraphy. One of the main successes
of the GPR at Soyo was proving that the palaeosol found in 2019 was the same one as the
upper palaeosol found in 2015 and 2016. Based on the reported dates, that would seem
unlikely in the extreme. The GPR data was able to prove they are related and form the
cornerstone of the stratigraphic reconstruction.

While GPR was able to pick out some more subtle stratigraphic boundaries, the ERT data
(both Wenner and dipole-dipole arrays) proved less helpful for this purpose. Most of the
sediments lying above the glacial till (with the exception of the modern, loose sand dunes)
fell within the same resistivity facies and no distinction could be made within them. The
exception was the modern dune system (o) which did show up as a moderately resistive
facies (fig. 6.13). In particular, the palaeosol was indistinguishable from the underlying
sediments in every relevant ERT profile. The problem was almost certainly a lack of reso-
lution. One metre spacings between electrodes were chosen because of the need to cover
a large area but it came at the cost of having a chance to resolve fine detail. The resistiv-
ity survey was, however, very useful for understanding the bigger geological picture. It
was able to find the bedrock beneath the lodgement till and situate the archaeologically
interesting sediment package in its overarching geological context. If ERT is to be used to
detect thin layers in the subsurface, a very small spacing (perhaps no more than 25 cm)
between electrodes should be used. Unfortunately, this is at odds with the scale of inter-
est for landscape reconstruction. Doing this also sacrifices depth of investigation so it is a
difficult balancing act for the geoarchaeologist. Ideally, the choice of parameters should be
guided by the research question and previous knowledge of the site.

The differing problems faced by GPR and ERT suggest that using them together is a good
idea. Indeed, it was a good idea at Soyo since the alignment between ERT and GPR profiles
showed that the glacial till layer, as seen in the GPR, corresponded to the moderate resis-
tivity facies in the ERT. This helped increase understanding of the site by reinforcing the
interpretation of till in the GPR and by suggesting that the highly resistive layer beneath
this should be bedrock. Having both sets of data increased confidence in the interpretation
and sidestepped limitations in both techniques. It should be recommended to use multiple
complimentary techniques in any geophysical survey of an archaeological site. It has been
found at other sites that the integrated use of ERT and GPR can overcome the weaknesses
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of either method (Imai et al. 1987, Howard et al. 2008, Gaber et al. 2021) and particularly
that the use of one to constrain the other can help resolve subsurface complexity (Negri et
al. 2008) and improve depth estimates (Orlando 2013).

6.6 Future Research

The easiest and most immediate continuation of the research project at Soyo should be to
date the moraine samples collected from the field in 2019. Cosmogenic dates were orig-
inally intended to supplement this research and would have answered currently unre-
solved questions about the beginning of the stratigraphic sequence at Soyo and, therefore,
its potential chronological range in archaeology. In particular, knowing the timing of the
multiple generations of lateral moraines north of the site as well as the timing of the final
glaciation which carved the valley in which Soyo sits would be greatly beneficial to under-
standing the geological context that existed prior to human occupation of the site. It may
also then help understand the environmental context of human migration into the area.
An examination of the stratigraphy of the inter-moraine shelf north of the River Hog may
also help towards this end.

A more focused approach to dating the archaeology at Soyo is recommended. The palaeosol
complex in the blowouts area of Soyo particularly demands attention and it would be
beneficial to have dates from each of the levels. Much of the lithic material examined by
Gribble (2021) falls within this part of the site which has no direct dates and whose rela-
tion to the main stratigraphic scheme is unknown. Whether or not the palaeosols there
can be conclusively demonstrated to be of the same age as the rest of the site would be of
great help to clarifying their relation to the rest of the site and assessing Soyo’s suitability
for direct diachronic research. Targeting specific areas of the site that have sequences of
palaeosols would also be useful for disentangling the occupational palimpsests.

Since the site is mostly sand, luminescence dating could be a potentially useful technique.
There were about two dozen carbon samples retrieved from Soyo that were not submitted
for dating so there is no shortage of suitable material for radiocarbon dating. However, a
targeted study involving luminescence dates would be useful if directed at trying to dis-
cern exactly where the paraconformity between Mesolithic-Neolithic and LBA dates lies
as well as to estimate how much of that time, represented by deposited sediments, is miss-
ing. In the case of this specific question, luminescence dating would be the superior dating
technique as it can date the last burial of the sediments directly instead of hoping for suit-
able organic samples to be present in sufficient density.

Clay and pollen analysis would provide a more direct way of investigating the environ-
mental changes over Soyo’s formation history. Using X-ray diffraction to investigate the
clay types present in sediments is an established tool in the attempt to reconstruct palaeo-
climates. In particular, the differences in hydrolisation regimes between warmer and wet-
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ter climates and cooler and drier climates has an impact on the clays that are available for
deposition (Chamley 1989, chap. 17). Clay analysis has been used at Lake Baikal to make
these kinds of inferences about palaeoclimate but also to infer the source of clay sediments
and therefore the degree of fluvial transport (Horiuchi et al. 2000). Pollen is widely used
to reconstruct vegetation cover in the area. In Mongolia this has been used to calculate the
presence of steppe versus forest species as well as temperature and moisture indices over
time (Feng et al. 2007, Tarasov et al. 2007, Ma et al. 2013). Clay analysis was planned for this
research but was cut so indirect comparison by chronology to existing palaeoclimate mod-
els had to be made. Furthermore, there is a dearth of climatic data from the Darkhad basin
and so studies from the neighbouring Lakes Hovsgol and Baikal as well as from around
Mongolia were consulted. This presents a problem as it is not guaranteed that the climatic
changes were the same in timing and severity between regions. The existing information
available in the literature suggests that indeed they were not. Having this data from Soyo
would be invaluable for the study of the relationship between ameliorating climate and

migration into the region.

The biggest improvement to the methods used here would be to use a high density sam-
pling strategy in the stratigraphic pits. While this would have undoubtedly greatly in-
creased the time required to analyse the sedimentology, taking only one sample per field-
identified stratigraphic unit meant that only broad stratigraphic units that could be identi-
fied by eye were analysed and there could be no understanding of internal structure such
as, to take one possible example, fining upward sequences which would have been indis-
pensable for a truly robust model of deposition regimes at Soyo. It was always planned to
go back to the site in years subsequent to 2019 to take more and better data as need would
be indicated from the results of that year. This would have included better stratigraphic
control and likely the extra techniques mentioned above. Unfortunately, this became im-
possible. Taking samples at regular intervals (say every 2 cm) would have resulted in
much more detailed information about the stratigraphic sequence and greatly aided the
correlation between pits. It would also have been good to use a down-hole sensor for
magnetic susceptibility which would have provided more detailed changes of magnetic
susceptibility through the stratigraphic sequence without needing to open an excavation
to take sediment samples. However, it may be difficult to keep a hole open at Soyo due to
the sandy soil (Dalan 2008, p. 5). This would have provided extra (but limited to changes
in magnetic susceptibility) stratigraphic control over a wider area.

One final, intriguing possibility for future study would be to map the spatial distribu-
tion of sites in the Darkhad basin according to various archaeological categories (presence
of pottery, presence of domesticated faunal remains, deer stones, efc.) in comparison to
the extent of the lower palaeolakes. This should, assuming no preferential use of higher or
lower ground, reveal a rough chronology of changes in the material culture. To accomplish
this, it would be necessary to conduct large scale survey looking for sites of all, but espe-
cially earlier, time periods. This task would be slightly complicated by the fact that sites on
dry land during a high lake stand would be available for occupation under a low stand as
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well. Therefore, it should contain both early and late material while low lying sites should
bear only later material. A further difficulty in this idea is that the chronology for Darkhad
palaeolakes is not yet at the fine detail that would be desired by archaeologists. There is
also some active disagreement over the level of some of the lakes. In particular, the 1602
m a.s.l. lake supposedly present from 11 kya to 10 kya according to Gillespie et al. (2008)
but not according to Krivonogov et al. (2012) and Narantsetseg et al. (2013). An inter-
disciplinary project around improving the palaeolake chronology would be rewarding for
the archaeologist and geologist alike.
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Chapter 7

Conclusion

Existing research on the Mesolithic-Neolithic and EBA periods of Mongolia is limited.
These periods are poorly understood and there is an even greater lack of information for
them from the Darkhad basin. This is despite the assumption that critical behavioural
transitions such as the move towards pastoralism happened during this time (Clark 2014,
p- 52). The site of Soyo in northern Mongolia has been intensively studied using a variety
of methods. The geophysical surveys, stratigraphic test pits, aerial photography, sediment
analysis and radiocarbon dating have been combined to create a stratigraphic model and a
history of site formation. This enabled conclusions to be made about the timing of human
occupation and the environmental context of that occupation. It was found that, while
the site has strata dating back to at least 7900 years ago, the complex system of palaeosol
occupation layers found in previous years are spatially limited. General soil formation
across Soyo appears to have taken place largely during and after the Iron Age.

7.1 Research Questions

The three research aims presented in Chapter 1 have been achieved. A stratigraphic model
for Soyo was able to be built using geophysical survey data in conjunction with direct
stratigraphic information from excavations and test pits. All of the major stratigraphic
units thus identified were either dated directly with radiocarbon dating or given reason-
able interpretations of their likely ages through age constraints. The resulting chronology
was able to be compared with palaeoclimate record to infer past environmental conditions
at Soyo. This stratigraphic and chronological foundation leads to answering the higher
research questions that lie behind this thesis.

How do the dates acquired by Vella (2018) relate to the rest of Soyo and are there surviving, datable
strata between 12,900 and 1250 years BP?

The answer to this question is that there was probably significant enough turbation in
this part of the site to bring widely disparate dates (10,900 BP to 1200 BP) together into one
stratigraphic unit. It is therefore unclear how the oldest date relates to the site stratigraphy
since it can be assumed to not be in situ. However, it is proposed that this date represents
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the earliest period of post-glacial deposition that survives at Soyo. The other recent (under
1000 years old) and modern dates are related to the main palaeosol-soil complex (master
stratigraphic units y and 3) which, combined with the dates presented in this thesis, show
that the period of general soil formation lasted for at least two and a half millennia. Not
all areas of Soyo were stable enough at any given time for soil formation to occur. How-
ever, this period marks a phase when at least some parts of the site had sufficient stability
for this process. The dates presented by Vella (2018) are in fact unusually young with the
exception of the extraordinarily old example. The dates presented here all fall within this
large gap (ranging from about 7.9-1.9 kya) and help fill in much of that missing period in
the stratigraphy. This solves one of the major problems with Soyo’s stratigraphy which
was a lack of dated strata between 12.8 kya and 1.2 kya. There is still a substantial gap in
dates between the oldest date reported here (7.9 kya) and that by Vella (12.8 kya). How-
ever, it is argued that a well defined stratum dating to this period is unlikely to be found
because the deposits would lie within the till as a fluvially reworked sediment. Cryoturba-
tion may also increase in significance at these depths. This is demonstrated in excavation
unit 6 where Vella’s oldest date was found and such an old date may not represent archae-
ologically interesting sediment deposits.

What is the date of the material culture at Soyo and particularly the date of the transition in stone
tool artefacts identified by Gribble (2021)?

This thesis has shown that much of the site of Soyo only bears one palaeosol or top soil
stratigraphic unit and that the multiple palaeosols found in western Soyo in previous field
seasons are likely all horizontally related to this unit. To put it another way, the multiple
palaeosols (in western Soyo) are part of a combined loess-palaeosol sequence that formed
as the palaeolandsurface experienced temporary periods of stability and instability. In the
central part of Soyo, the surface appears to have been stable the entire time or, at least, there
is no evidence of a cycle of stability and instability. The multiple palaeosols to the eastern
end of the currently surveyed area are a possibly separate system of sand and soil but fur-
ther survey work would need to be done to confirm this. At present, they do not appear
to be easily relatable to the current stratigraphic model of Soyo. The main palaeosol-soil
complex has been dated from the Iron Age to the present. Therefore, the likely time of the
transition in stone technology identified by Gribble (which centred around that complex)
is the Iron Age. This is substantially different from the EBA transitional period that was
assumed.

Is Soyo a good choice in site for research into the advent of pastoralism in Mongolia which is
thought to have taken place in the Early Bronze Age?

It is difficult to make firm statements in the negative but it can be said that the area in west-
ern Soyo that has been extensively studied is a poor place to understand transitions taking
place in the EBA. This is not only because of the apparently compressed stratigraphy there
but also because, as it is argued here, significant sections of the relevant stratigraphy have
been eroded away leaving a paraconformity. This means the archaeological record of that
time period will be incomplete or not in situ. For much of the rest of the area surveyed so
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far, there is only one identifiable soil unit. It is possible for archaeological remains to be
left on sandy, unstable surfaces as well, of course, but the quantity of them was, in real-
ity, far lower than in the western area with multiple palaeosols and the eastern area with
the blowout dunes and multiple palaeosols. It remains possible that suitable areas for in-
vestigating the advent of pastoralism exist elsewhere at Soyo. The palaeosol complex in
the eastern blowouts is as of yet undated and it may prove to hold distinguishable strata
of the right age. Otherwise, there are still large areas at Soyo on both sides of the river
that remain largely unexplored. Further geophysical surveys may be able to identify well
preserved stratigraphy and potential candidates for future work.

7.2 Problems and Recommendations

The biggest problem faced during this research was undoubtedly the sampling strategy
used to take sediment samples from the test pits. Taking one to two bulk samples per
discernible stratigraphic unit made it difficult to use them to aid the GPR in correlating
between pits. Furthermore, changes within major strata have been averaged into one sam-
ple meaning that potential valuable substratigraphic information has been lost. This in-
formation may have been valuable for finer reconstruction of depositional environments,

palaeoenvironmental reconstruction and stratigraphic correlation.

The complex stratigraphy present at Soyo and particularly the complexity of the GPR pro-
files made them difficult to interpret. While the palaeosol was easy to identify by GPR,
other stratigraphic boundaries were not so easy as they often disappeared and reappeared
from line to line. The massed reflections representing the glacial till are presumed to hide
potentially significant stratigraphy that is inaccessible to GPR and also to a practical ex-
cavation program. This made reconstructing the older history of the site tricky. The ERT
survey proved of limited use in this regard since it was unable to distinguish between sed-
iment layers but it was useful for identifying the till bedrock units.

Another big limitation is the area covered by the different methods. It is true that the
geophysical surveys only cover approximately a third to half of the area on the south side
of the river but, even more importantly, the stratigraphic test pits dug do not extend east
beyond the midpoint of the GPR survey area (fig. 4.1). This means the GPR grids E and F
(fig. 4.5) are almost entirely without any kind of stratigraphic verification beyond what can
be inferred from surface morphology. The one exception is excavation unit 1 (dug 2015)
which lies at the eastern extremity of GPR grid F. This means that the stratigraphy in that
part of the site is less certain and this is one of the primary reasons why the blowout dunes
were not able to be incorporated into the stratigraphic model. The other major reason is
that the GPR survey does not cover the entire area but only one of the three palaeosols
visible there.

For future work at Soyo, it is recommended that the blowout dune area be fully surveyed
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with GPR. ERT is unlikely to be necessary as the partial coverage by existing profiles from
this research project will probably be sufficient for the purpose of determining the depth
of bedrock. The GPR survey should be augmented with a few more test pits in appropri-
ate locations (particularly over the southern ”S-shaped” palaeosol). Exploratory surveys

in unexplored parts of Soyo would also be a good idea.

The cosmogenic dating of the moraines and boulder field that was intended to be done
for this project should also be a high priority. This would solve certain problems in the
timing of glaciation at Soyo and the formation of the glacial valley through the lake sedi-
ment plain.

The efforts to understand the chronology of Mongolia’s Mesolithic-Neolithic and EBA pe-
riods and its pastoral transition would be better redirected to other parts of the site or to
other sites. The blowout dunes are a possibility but by no means a certainty.

Nevertheless, Soyo is still an important site for the archaeology of the Darkhad and for
Mongolia. The Mesolithic-Neolithic remains that have been found there are still impor-
tant clues for uncovering past behaviours even if the site does not have well preserved
stratigraphy from those periods that can be used to draw conclusions about changes in
the material culture across that critical transition. This research project has gone a long
way towards understanding the site’s formation and putting the archaeological finds in
their proper chronological context. This should provide a framework for future research

at Soyo moving forward.
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Appendix B

Examples of Picked GPR Profiles
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Appendix C

Sediment Result Plots
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Figure C.1: Stratigraphic plot showing sediment analysis results for test pit 01.
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Figure C.2: Stratigraphic plot showing sediment analysis results for test pit 02.
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Figure C.3: Stratigraphic plot showing sediment analysis results for test pit 03.
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Figure C.4: Stratigraphic plot showing sediment analysis results for test pit 05.
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Figure C.5: Stratigraphic plot showing sediment analysis results for test pit 07.
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Figure C.6: Stratigraphic plot showing sediment analysis results for test pit 08.
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Figure C.7: Stratigraphic plot showing sediment analysis results for test pit 14.
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Appendix D

ERT Profiles with GPR Picks
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