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Abstract

Rock-magnetic techniques were used to examine topsoil layer over the “East Hungai” archaeological site on Olkhon Island (Lake Baikal,
Siberia) in an effort to determine the possible sources of magnetic anomalies associated with iron smelting activity at about the BC/AD boundary.
Measurements of surface and subsurface magnetic susceptibility and laboratory measurements of hysteretic parameters have shown a magnetic
heterogenity of strata resulted from the interaction of two factors: the initial differentiation of the bedrock source material and the high intensity of
the sedimentary process that contributed to significant desintegration of bedrock and to easy transporting of the disintegrated products. Because
bedrock on the east and west sides of the valley are different, the distribution of magnetic susceptibility over the excavation area is rather complex.
Nevertheless, susceptibility anomalies corresponding to ore preparation and ore storage zones could be recognized. Most likely East Hungai site
was used during prospecting works and trial iron smelting in promising places, which testifies the remarkable activity of ancient metallurgists on

the western shore of Lake Baikal
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Introduction

In the recent decades, magnetometry became increasingly
popular in the studies of archaeological sites (see e.g. [1, 2]).
However, for its successful application itis necessary to have a priori
information about the magnetic properties of both artifacts and the
geological environment in which artifacts are located. Because,
usually, contrasts in the magnetic characteristics of various objects
vary in wide ranges, magnetic anomalies will also have different
amplitudes and the interpretation of anomalies may be ambiguous
[3-6]. In this case, a rock -magnetic study of archaeological sites
provides information that is unavailable through more traditional
geophysical techniques. It can answer not only archaeological
questions about location of magnetic artifacts but also those

regarding depositional and post depositional processes. Although

@ @ This work is licensed under Creative Commons Attribution 4.0 LicenselOA]AA.MS.ID.000534.

rock-magneticmethod hasbeenusedatsomearchaeologicalsites [5-
8], its potential as a new archaeological tool is still underestimated.
Due to human industrial impact, magnetic properties of topsoil and/
or sediment may undergo specific changes [7]. The most dramatic
changes are usually observed when studying ancient metallurgical
sites [9-10]. Due to high temperatures of bloomery processes, the
magnetic susceptibility of upper soil layers increases due to the
neoformation of magnetic minerals (mainly magnetite) as a result
of the baking of soil organic matter. Such changes allow revealing
and mapping areas which in ancient times were exposed to high
temperatures during iron smelting: slag heaps, baked zones, and
zones of preparation of raw materials and of charcoal production.
Therefore, the rock-magnetic study of archaeometallurgical sites is

promising direction in archaeogeophysics.
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In this paper, we describe and discuss rock-magnetic study
of recently opened archeological site East Hungai on the Olkhon
Island of Baikal Lake (Siberia). The site is represented by remains
of bloomery, slag fragments and pieces of ceramics. The study was
targeted at the following items:

i. to estimate the ‘background’ (typical for the area)
magnetic susceptibility values;

ii. to determine whether there are magnetic susceptibility
anomalies on the study site, and if they are, to find their

possible sources; and

iii. to reveal possible regularities in the distribution of the
magnetic material and a possible mechanism of its transport
over the study area,

iv. to propose the ways of using rock-magnetic data to solve
archaeological problems at the East Hungai site.

Materials and Methods
Site description and sampling

Archaeological site “East Hungai” is located on the eastern
side of Hungay bay on the north-western bank of Olkhon Island (N
53205’45’, E 107213’30"). The site is located in a dry valley formed
by gentle slopes of two low (elevation above Baikal Lake is less than
60m) hills. The site includes remains of an iron making furnace
which is exposed in escarp of the first terrace of Baikal Lake and
covers the adjacent territory about 150 square meters eastward
from the furnace where a few slag fragments were found (Figure
1). The age of the iron-smelting industry at the East Hungai site
is approximately defined from the end of the first millennium B.C.
to the first half of the first millennium A.D by the analogy with
metallurgical sites of Kurma and Barun-Hal [11-12]. These sites are
located on the opposite shore of Lake Baikal in front of the East
Hungai (Figure 1).

A

Figure 1: (a) Iron smelting furnace and (b) slag sample from East Hungai archaeological site.
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The excavation area of 10 x 10 meters was laid in the central
part of the East Hungai archaeological site and is divided into four
5x5 meters squares, designated A1, A2, B1 and B2 (Figure 2). The
boundary between A1, B1 and A2, B2 squares nearly coincides with
the valley line. In addition, two vertical profiles were excavated in

southern parts of squares Al and A2, to a depth of 70 cm. Field
measurements of magnetic susceptibility accompanied by rock-
magnetic sampling for further laboratory studies were performed
every 5 cm down the walls of the profiles (Figure 3).

s N
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Figure 2: (a) Scheme of excavation area with the position vertical profiles; (b) general view of excavation area. The red triangle marks the
position of the furnace.
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In-field surface measurements of magnetic susceptibility were
carried out over all the area of the archaeological site excluding
the slope beneath the scarp of the terrace in squares B1 and B2.
Measurements were performed at three different hypsometric
levels:

a. on the surface;
b. atadepthof30cm;
c. atadepthof 50 cm.

The measurements had different goals and, accordingly, were
performed with different scales: on the surface - on a 1mx1m grid;
at a depth of 30 cm - on a grid of 20cmx20cm; at a depth of 50
cm - on a grid of 50cmx50cm. Surface measurements were aimed
at revealing the “background” magnetic susceptibility values for
the given area and soil type. These values are needed for deciding
whether or not there are magnetic susceptibility anomalies at
the studied area. At the same time, recent sources of anomalies
(metal objects left by tourists) were ignored, and the anomalies
created such sources were not taken into account. Measurements
of magnetic susceptibility at a depth of 30 cm were carried out in
order to detect traces of ancient human activity by searching for
magnetic susceptibility anomalies and recognizing their nature. In
places where archaeological objects (slags, fragments of ceramics,
bonfires) were found, the magnetic susceptibility was measured

Results

Vertical profiles

Volume 2-Issue 2

twice: before and after removing of anthropogenic objects, i.e.
at first near the artifacts and than directly on the surface of the
exposed layer free of artifacts. Measurements at a depth of 50 cm
were performed to estimate variations in the subsoil layer magnetic
susceptibility.

Magnetic measurements

Field measurements of magnetic susceptibility were carried out
using KT-5 susceptibility meter. This instrument gives volumetric
magnetic susceptibility of approximately 5x5x5 cm volume of the
near-surface substance.

Laboratory measurements of mass-normalized magnetic
susceptibility (x) and its frequency dependence (FD %) were
carried out using Bartington MS2 meter with the dual frequency
probe MS2B. Hysteretic loops were recorded using a ] meter
coercive spectrometer manufactured by KFPU (Kazan, Russia) [13].
From the measurement results the following magnetic parameters
were calculated: remanent saturation magnetization (Jr);
saturation ferromagnetic magnetization (Jf) free of paramagnetic
input; paramagnetic magnetization (Jp) in the field of 700 mT;
coercive force Bc and remanent coercive force (Bcr). Domain state
of ferromagnetic grains was determined using Day/Dunlop biplot
of Bcr/Bc and Jr/]f ratios [14-15]. All measurements were made in

accordance with generally accepted methods [7].

Ve

Figure 3: General view of vertical profiles A1 and A2.
\

J

Both profiles have a similar structure which includes steppe
soil: organic (0) and humic (A) horizons, illuvial horizon (B) and
parent rock (C). They are represented by sand and sandy loam of
slope-wash genesis (talus) with debris of bedrock of different size
and composition (Figure 3).

Despite the distance between profiles does not exceed 8 meters,
the magnetic characteristics of soils and underlying sediments in

squares Al and A2 differ significantly (Figure 4). First of all, this
concerns rock-magnetic parameters characterizing mainly the
concentration of ferromagnetic material - magnetic susceptibility
X, magnetizations Jr and Jf. All of these parameters are, on average,
3-4 times higher in the profile of square A1 than in the profile of
square A2. The dependence of these parameters versus depth also
varies significantly (Figure 4).
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Figure 4: Rock-magnetic results for vertical profiles A1 and A2.
Legend: x - mass-normalized magnetic susceptibility; FD% - frequency dependence off magnetic susceptibility; Jr - remanent saturation
magnetization; Jf- saturation ferromagnetic magnetization free of paramagnetic input; Jp - paramagnetic magnetization in the field of 700 mT;
Bc - coercive force; Ber - remanent coercive force.
\ J

First, with a few exceptions (the third point on profile A1), the
underlying strata in square A1l is much more magnetic than soil
horizons, while in the square A2 - the situation is opposite. Secondly,
the correlation between yx and Jr is significantly higher in the Al
square (r = 0.87) than in the A2 square (r = 0.65). Comparison of
other magnetic characteristics reveals a similarity between the
two profiles. The values and trends in the change of the magnetic
susceptibility frequency dependence (FD factor) are approximately
similar, but their correlations with the low-frequency x in two
squares are opposite: in both profiles, the correlation coefficients
have close values but are opposite in sign (rAl =-0.57; rA2 = 0.56).
Variations in FD along profiles indicate the most intense process
of formation (accumulation) of fine-grained magnetic minerals, the
so-called superparamagnetic (SPM) grains occurs at a depth of 30-
40 cm, i.e. in the lower part of the soil profile and on the interface
with the underlying layer.

The behavior of paramagnetic magnetization Jp in both
profiles is approximately the same, which indicates the similar
paramagnetic content and distribution of Jp versus depth: the
highest concentration of paramagnetic minerals is observed in
the upper (to a depth of 15 cm) horizons; with depth, it decreases
gradually in the lower soil horizons and in the underlying layer

(Figure 4).

The coercive characteristics (Bcr, Bc) also exhibit similar
behaviorand values on both profiles, but onlyin soil horizons (Figure
4). At the moment, there is no explanation for the behavior of these
characteristics at point 3 of profile A1, therefore we consider it as
an experimental error and exclude it from consideration. Bc and
Bcr values throughout entire Al profile practically do not change,
their behavior is synchronous, with a correlation coefficient r =
0.75, while in the parent rock of A2 profile Ber and Bc change in
opposite manner with a correlation coefficient r = -0.78.

The biplot of Bcer/Bc and Jr/Jf ratios characterizes the
predominance of multi-domain (MD) particles in the magnetic
fraction in all sediments (Figure 5). In A1l profile, the difference
between

the soil horizon and parent rock is insignificant and the points
on the Day plot occupy a compact area which corresponds to 100%
content of MD grains (Figure 5). On the contrary, on the A2 profile
soil samples show 90% MD content while parent rock samples
are located far from the referent curve [15] due to enhanced Bcr/
Bc ratio values (Figure 5). It may be caused both by very coarse
magnetic grains and mixture of MD and SPM grains.
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Legend: squares - samples from profile A1 (grey symbols - soil; open symbols - subsoil); circles -samples from profile A2 (black symbols - soil;
open symbols - subsoil); black line with triangles - theoretical curve of mixture of SD and MD grains [15]; numbers at the curve - percentage

of MD grains.
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Figure 5: Day-Dunlop plot for samples from vertical profiles A1 and A2.

Surface magnetic measurements

The results of magnetic susceptibility measurement for all three hypsometric levels (present day surface, depth 30 cm and depth 50
cm) are presented in Figure 6.

e N\
a) surface b} depth 30 cm

0 100 200 AD0 4N0 AOD ADO TOO A0 GO0 1000 0 100 200 300 400 500 600 700 800 900 1000cm

Figure 6: Magnetic susceptibility maps for different hypsometric levels. (a) -present day surface; (b) - “natural” susceptibility values at 30 cm
depth; (c) - “anthropogenic” susceptibility values (see text for details); (d) - magnetic susceptibility map for 50 cm depth (see text for details).

Legend: scales at the right side of (b) and (c) panels are given in 10-3 S| units. The scale for the (a) panel is the same as for (b) panel.
\ J
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The distribution of magnetic susceptibility over the excavation
area completely fits the regularities revealed from the study of
vertical soil profiles in Figure 3, where the average magnetic
susceptibility, for example, of the underlying layer is 3-4 times
higher in the square Al than in the square A2. It is clearly seen
that the eastern part of the archaeological site (squares Al, B1)
exhibits enhanced values of magnetic susceptibility at all three
levels. The area of enhanced magnetic susceptibility on the present-
day surface in square A2 with the center at coordinates (X)1050,
(Y) 650 is situated in area occupied formerly by tourist camp and
is caused by the remains of a recent fireplace (Figure 6 a). This
anomaly disappears at a depth of 30 cm and, accordingly, does not
relate to natural phenomena. In the remainder of excavation area
the distribution of magnetic susceptibility is probably determined
by geological processes.

At a depth of 30 cm, the “anthropogenic” (with artifacts) and
“natural” (after removing artifacts) maps are generally similar
but different in details (Figures 6b & c), while both are quite
different from the surface map. First of all, the difference lies
in the values of magnetic susceptibility. Its highest values on the
“anthropogenic” map are due to slags - highly magnetic products of
ancient metallurgy. Most of the slags are found in squares A1 and
B1 (Fig. 6¢). Besides slags, some bedrock fragments are also exhibit
enhanced values of magnetic susceptibility. Such fragments are
represented by yellow-gray to dark gray and black granite-gneiss
(Figure 7a), biotite-amphibolite gneiss and schistized amphibolite.
The rocks were identified during the field campaign by Prof. V.L
Levitsky (Vinogradov Institute of Geochemistry Siberian Branch
Russian Academy of Sciences, Irkutsk, Russia).

The next difference between the “natural” and “anthropogenic”
maps is one in the anomalies source, which causes the mismatch
of the anomalous points with a few exceptions. On the “natural”
map, anomaly points indicate mainly “contamination” of the soil
by very small fragments of strongly magnetic rocks, probably
the product of crushing of large ore pieces (Figure 6b). On the
“anthropogenic map”, anomaly points are due to slags, locations of
the slags fragments are sporadic and in no way associated with ore
fragments (Figure 6¢).

The distribution of magnetic susceptibility at a depth of 50
cm differs sufficiently from that in the overlying horizons (Figure
6d), although the difference in the background values for western
and eastern parts of the excavation area remains. Instead of the
alternation of small-size susceptibility anomalies with different
amplitudes (Figure 6b), large-size anomalies have amplitudes of
2.5-3.5x103SI. They are located in the eastern part of the excavation
area (blue rectangles in Figure 6d) and near the furnace (green
rectangles). Significant anomalies from artifacts on this surface
were not observed.

Discussion

Values and behavior of rock-magnetic parameters of soils
and underlying parent sediments in the squares Al and A2 are
substantially different; these differences are preserved for depth
up to 70 cm. The above differences are follows:

L. The concentration of magnetic minerals in the soil and,
especially, in the underlying parent layer in square A1l is significantly
higher than in square A2;
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IL The sizes of magnetic grains as estimated by their domain
state are much coarser in the underlying layer of square A2 than
in square Al; magnetic grains in soil horizons of the square A2 are
finer than in the similar horizons of the square A1.

Given the proximity of the excavation profiles, this fact, as
such, requires an explanation, which will help to clarify whether
this anomalous phenomenon is natural or artificial, caused by the

ancient iron production activity.
The nature of the difference in magnetic susceptibility.

The East Hungai archaeological site is located in the valley, the
western and eastern slopes of which exhibit significantly different
bedrock magnetic properties The expositions on the east slope
are represented by granite-gneiss (Figue 7a) with high (up to
101-10% SI) values of magnetic susceptibility, while the bedrocks of
west slope are composed by granites and meta-sedimentary rocks
(Figure 7b) with magnetic susceptibilities less than 10 SI. We
suggest that weathering products of the bedrock from both sides
of the valley were transporting along the slopes down to Baikal
Lake by temporary flows and mixing with the upper soil layer. That
resulted in a fairly uniform increase in the magnetic susceptibility
of the soil cover on the eastern slope and relative decrease of
susceptibility on the western slope (Figure 7). This assumption
is strengthened by measurements of the topsoil magnetic
susceptibility outside the excavation site: the surface layer on the
eastern slope is characterized by enhanced susceptibility values
with an average close to that at the archaeological site in squares
A1 and B1. The topsoil from the western slope demonstrates low
“background” values of magnetic susceptibility. Since the center
line of the excavation area, dividing it into squares A1, B1, on the
one hand, and A2, B2, on the other, was laid along the valley line,
the enhanced magnetic susceptibility of the surface soil layer on the
eastern side and lower values on the western side are the result of

natural denudation from the surrounding hills (Figure 7).

However, the valley is dry (annual precipitation is here less
than 200 mm/year), the elevation of surrounding hills is less than
60 m above the level of Lake Baikal and their slopes are very gentle.
It is unlikely that large (up to 10 cm in size) fragments of bedrock
could be transported by slope-wash process in such landscape
environment. That is why we assume it was due to a process with
energy greater than that of the slope wash. This process resulted
in eroding highly magnetic bedrock and depositing thick cover of
sandy loam and loam with bedrock fragments of different sizes.
Such an event could be the impact of the megaflood caused by the
tsunami from the co-seismic landsliding that occurred on Lake
Baikal 11.8-13.4 thousand years ago [16]. Thus, we conclude that
the differentiation in magnetic properties of sediments on the East
Hungai site resulted from the interaction of two factors, namely
of the initial differentiation of the bedrock material and of the
high-energy sedimentary process, which contributed to intensive
desintegration of bedrock and to easy transport of the disintegrated

products.
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The possible iron ore source

The magnetic susceptibility values on the surface layer of
the eastern slope are comparable with those in the topsoil the
Kurma iron-smelting center on the opposite bank of Baikal Lake
[6]; therefore, the concentration of magnetic material in these
two iron-smelting sites is approximately the same. Taking into
account the neighboring location of those two sites (14 kilometers
in a straight line across Lake Baikal) that provide free migration
of the population between sites during the winter over the ice, we
can assume that the iron technology in the center of Kurma and in
the East Hungai site was the same. This means that the ore source
for iron production for the both sites was also the same - the loose
products of weathering of strong magnetic bedrock slope-washed
down the slope (talus).

The nature of susceptibility anomalies at 50 cm depth

Since the fundamental differences in the values of magnetic
susceptibility in the eastern (squares A1l and B1) and western
(squares A2 and B2) parts of the excavation area are stored at all
the three hypsometric levels (0 cm, 30 cm, 50 ¢cm), they have not
anthropogenic but a natural cause, which is already discussed
above. From the archaeological point of view, the most interesting
are the anomalies that appeared only at the depth of 50 cm. Since
the furnace in the study area is located at a depth of 40-60 cm
from the day surface (Fig. 1), these anomalies can be associated
precisely with the process of iron production. It is known that
in the immediate vicinity of metallurgical furnaces, under the
influence of high temperatures, magnetic the susceptibility of the
topsoil increases due to the neoformation of magnetic minerals
(mainly magnetite) as a result of burning soil organic matter [9,
10]. Most likely the anomalies inside the green rectangles on Fig.
6d are connected with furnace operation: the anomaly in the
eastern rectangle is associated with ore storage before charging
into the furnace, while west anomaly with lower intensity may be
considered as smithing zone. The most eastern linearly elongated
group of anomalies (inside the blue rectangle in Figure 6d) located
at some distance from the furnace most likely corresponds to a
large zone of preparation of the material for the melting process.
At least two such zones are known in ancient iron smelting centers:
zone of charcoal production and zone of raw material preparation
(washing, roasting and crushing) [10]. Since no charcoal remains
were found in this area, and fragments of presumed ore found quite
often, we suggest that this area is a raw material preparation zone.

The scale of iron-smelting activity in East Hungai site

The furnace in the East Hungai is the only one in this part of
Baikal shore; no other furnaces were found in the vicinity of Hungai
Bay. The amount of slag found during excavation is rather small,
up to 1 kg in weight, as well as amount of clay pottery fragments
(few pieces only). When compared to slag volumes (up to hundreds
of kilograms) in the neighboring metallurgical sites of Kurma and
Barun-Hal, where iron production has been operating for several
centuries [11,12], the small slag amount at East Hungai indicates
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that only single, probably, trial iron smelting was run here.
Indirectly, this assumption also strengthened by very small amount
ofthe pottery finds of ceramics. Apparently, the quality and/or small
amount of iron ore in the vicinity of the site were not favorable for
a long-lived smelting production here. Thus, as evidenced by the
furnace, the ancient metallurgists were exploring and looking for
convenient and promising places for organization of a large-scale
iron production.

Conclusion

The study of the rock-magnetic properties of the geological
environment at the archaeological site “East Hungai” has
shown that the magnetic anomalies associated with the ancient
metallurgical activity are complicated by the natural geological
setting. High concentration of magnetic minerals in the weathering
products increases the “background” magnetic susceptibilities of
all soil horizons and underlying sediments. The ranges of magnetic
susceptibility of the horizons overlap the magnetic susceptibility
range of most archaeological finds (except slags), and those objects
did not appear on the susceptibility maps at all three hypsometric
levels.

The eastern and western parts of the excavated area exhibit
different rock-magnetic properties (in terms of concentration and
sizes of magnetic grains) due to the interaction of two geological
factors, namely, of the initial differentiation of the source (bedrock)
material and of the high-energy sedimentary process. These
processes contributed to intensive desintegration of bedrock on the
east and west sides of the valley and to easy transporting of those
disentegrated products. The possible reason of this high-energy
sedimentary environment may be co-seismic tsunami in Baikal
Lake 11.8-13.4 Kyr ago. Most likely, the disintegrated material from
highly magnetic granite-gneiss on the eastern side of the valley
served as a raw material for the iron-smelting at the site.

Despite complex magnetic susceptibility distribution on the
50 cm level, it was possible to recognize magnetic susceptibility
anomalies presumably associated with the iron production. The
group of anomalies in the western part of the excavation area
marks the zone of raw material preparation (washing, roasting and
crushing), while the near-to-furnace anomalies mark places of ore
storage for further charging ore into the furnace and, probably, a
smithing work place.

The finding of only a small single furnace and absence of large
deposits of high-magnetic iron ore in the nearby area may indicate
that ancient metallurgists used prospecting works and trial iron
smelting in promising (from their viewpoint) places, which testifies
the remarkable activity of ancient metallurgists on the western
shore of Lake Baikal.
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