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1.  Introduction

At the end of the 20th century, vast settlements attributed to 
the Bronze Age (21st–18th century BC) were discovered in 
Russia, in the steppe zone of the Southern Urals (Figure 1) 
(Gening et al., 1992). The earliest stage of the investigation 
was related to the decoding of aerial photos that allowed the 
specialists to discover and identify the majority of Sintashta – 
Arkaim – type settlements (Zdanovich and Batanina, 2007). 
The Sintashta settlements are typical by enclosed systems of 
fortification in contrast to other steppe Eurasian Bronze Age 
sites. The internal space has a very structured organization 
and it is almost entirely occupied by standard buildings that 
are organized into regular blocks. The total area of individual 
settlements ranges from 0.8 to 3.5  ha. The architecture of 
the settlements is almost completely destroyed; the earth 
walls of fortifications, ditches and housing depressions have 
been ploughed up. In modern times, the leading role played 

by geophysical research has directed investigations to the 
detection of the inner structure of sites.

Geophysical methods have been applied in archaeology 
for more than half a  century. Resistivity methods and 
magnetometry have been applied in Europe since the 1950s 
(Atkinson, 1952; Aitken, 1974). Electromagnetic profiling 
and GPR surveying were introduced into archaeology in the 
1980s–1990s (Dalan, 1991; Dabas et  al., 2000). Significant 
advances in the study of various archaeological sites have been 
achieved using geophysical methods (Gaffney et  al., 2002, 
Epov et  al., 2016). Magnetic gradient surveys (Fassbinder, 
2019), electrical resistivity tomography (ERT) (Tsokas et al., 
2008) and ground penetrating radar (GPR) (Conyers, 2016) 
constitute the most informative geophysical methods for 
conducting archaeological research. In Siberia, the magnetic 
gradient method developed by German geophysicists has been 
successfully applied at the Chicha settlement (Late Bronze 
Age) which covers an area 400×200 m (8  ha) (Becker and 
Fassbinder, 1999; Molodin et al., 2002).

Geophysical studies of several Sintashta fortified 
settlements (Arkaim, Kamennyi Ambar, Konoplynka, 
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A B S T R A C T

The settlements and cemeteries of the Sintashta – type (21st–18th century BC) are concentrated in 
the southern Trans-Urals steppe. The earliest stage of investigations was related to the decoding of 
aerial photos that allowed specialists to discover and identify the majority of the settlements. This 
report presents the results of a geophysical investigation at the Andreevskoye settlement, where 
we conducted micro-magnetic and ground penetrating radar (GPR) surveys. Magnetic studies have 
provided new information on the structure of the fortifications and the number and location of 
houses in the settlements during their occupancy, as well as on the many wells discovered inside the 
houses. Drawing on our data, a new plan of the settlement was produced, more accurate than the one 
prepared solely from interpretations of aerial photographs. The settlement consists of multiple layers 
and is characterized by a complex configuration formed from three rectangular systems of defensive 
structures. We obtained GPR deep sections along three profiles, indicating the ditches and dwellings of 
the ancient settlement under sediments and the ruins of walls. Based on these data, we conclude that 
the depth from the modern surface of the earth to the occupation layer in the dwellings of the ancient 
settlement is approximately 50–70 cm. Our results provide archaeologists with reliable data that are 
necessary for the selection of excavation sites.
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Ustye, Sarym-Sakly, Ulak, etc.) have been carried out 
(Tibelius, 1995; Merrony et  al., 2009; Noskevich et  al., 
2012; Patzelt, 2013; Hanks et al, 2013; Fedorova et  al., 
2014; Bakhshiev et  al., 2018). Geomagnetic prospection 
has been effective in the investigation of fortifications 
and interiors due to a great variety of soils with magnetic 
properties higher than the surrounding ground. Magnetic 
anomalies reveal the exact position of outer defensive walls 
and ditches, the layout of buildings inside the settlements, 
and the existence of wells, household pits and ovens. The 
maps of magnetic anomalies indicate sites for further, more-
detailed, study using archaeological and other geophysical 
methods, thus significantly reducing the risk of conducting 
blind excavations. GPR surveying allows the structure of 
fortifications to be determined, as well as the depth of ditches 
and wells to be inferred (Noskevich et al., 2012; Epimakhov 
et al., 2016).

As a part of the continuing geophysical research on the 
Sintashta-Arkaim settlements, this article presents our latest 
results regarding the Andreevskoye site. The micro-magnetic 
gradient survey covered the whole territory of the settlement 
(200×240 m), while the GPR survey was conducted in 
several sections of the fortifications.

2.  Brief description of the Andreevskoye settlement

The ruins of the Andreevskoye fortified settlement attributed 
to the Bronze Age are located on the left bank of the 
Sintashta River (7.7 km southeast of the Andreevsky village, 
Chelyabinsk region, Russia). The modern riverbed, together 
with the ancient one, form a peninsula (Figure 2a).

The site is located on the very edge of the floodplain 
terrace, on the bank of the ancient riverbed of the Sintashta 
River. No full-scale archaeological excavations have been 
carried out at this site. Small exploration works had been 
carried out in two pits in the northern and southern parts of 
the settlement (Tairov et al., 1995). Fragments of ceramics 
presumably belonging to the Sintashta culture (21st–18th 
centuries BC) were found. In similar settlements (Kamennyi 
Ambar, Bersaut, etc.), radiocarbon analysis confirms these 
dates (Epimakhov, Krause, 2013). The total dating interval 
for Sintashta constitutes the period 2010–1770 BC. (Molodin 
et al., 2014).

The ruins of the defensive ditches and walls outline 
the borders of the site. The settlement has multiple layers 
and is characterised by a complex configuration, which is 
formed by three rectangular systems of defensive structures 

Figure 1.  Trans-Ural with the fortified 
settlements of the Sintashta-Petrovka 
group (1–21) and the Andreevskoye 
settlement (19); after Zdanovich, Batanina, 
(2007). 1  –  Stepnoye; 2  –  Chernorechye 
II; 3  –  Bakhta; 4  –  Paris (Astafievskoe); 
5  –  Ustye; 6  –  Chekatay; 7  –  Kuisak; 
8 – Sarym-Sakly; 9 – Rodniki; 10 – Isiney; 
11  –  Konoplanka; 12  –  Zhurumbay; 
13  –  Kamennyi Ambar; 14  –  Kizilskoe; 
15 – Arkaim; 16 – Kamysty; 17 – Sintashta; 
18  –  Sintashta  II; 19  –  Andreevskoye; 
20 – Alandskoye; 21 – Bersout.

0                                          100 km
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(Tairov  et  al., 1995). Drawing on aerial photographs 
and ground-based archaeological research, a plan of the 
settlement had been produced (Zdanovich and Batanina, 
2007), featuring three settlements (A, B and C) that 
were heterogeneous in time (Figure  2b). The earliest is 
settlement A. Settlement B emerged in the southern part of 
settlement A after it ceased to be used. Settlement C, which 
appeared when settlement B was still in operation, reflects 
the late stage in the life of the settlement.

The photographs revealed that the ruins of defensive walls 
vary from 2.5 to 15 metres. Zdanovich and Batanina (2007) 
interpret the numerous gaps in them as entrances to the 
settlements. Their plan shows 9 entrances. There are housing 
depressions within the settlement, with their sizes ranging 
from 3×5 m to 10×23 m.

According to the archaeological excavations, the 
inhabitants of the settlements like Sintashta – Arkaim were 
mainly engaged in cattle breeding (Koryakova et al., 2018). 
Preliminary results of isotope studies indicate that in the 
first half of the 2nd millennium BC, both people and animals 
(herds) did not leave the river valley for long distances, 
leading, in general, a sedentary lifestyle (Koryakova et al., 
2019).

3.  Micro-magnetic survey

The territory of the site constitutes an area of 200×240  m 
(Figure 2), which was covered by the magnetic survey (at 
a scale of 1:50). For convenience in conducting the survey, 
this territory was divided into square sections (40×40  m), 
with one of the sides being aligned with the magnetic 
meridian. The modulus of magnetic induction was measured 
in each square with 0.5  m station spacing and 0.5  m line 
spacing. In order to reduce the errors associated with the 
operator and data acquisition equipment, all measurements 
were performed in one direction – from south to north.

Measurements were made using gradient magnetometers 
(a Canadian SM-5 Navmag and a Russian MMPG-1), with 
their sensors being arranged vertically at heights of 0.3 and 
2 m from the surface of the earth, respectively.

When performing measurements using MMPG-1, the 
lower sensor of the magnetometer was located exactly above 
the station. The survey error came to ±1 nT. Measurements 
with the SM-5 Navmag gradient magnetometer were 
performed continuously, with the recording interval being 
set at 1 second; the coordinates of the measurement points 
were determined using a GPS receiver (Garmin 78, USA) 
with waypoint averaging method accuracy less than ±3 m. 
Studies have shown that continuous mode increases the 
measurement error to ±3 nT, mainly due to inaccuracies 
in coordinate references. On the magnetic map, this is 
manifested in the slightly blurred features of anomalies. 
Given that the anomalies over the fortification reach 5–25 nT, 
we have been able to determine the position of the defensive 
walls, as well as other walls within the settlement.

4.  �Magnetic map and the reconstruction 
of the settlement plan

Drawing on the results of field measurements, a map of 
magnetic anomalies was produced, which constitutes the 
difference between the measured values of the modulus of 
magnetic induction at the heights of 0.3 m and 2 m (Figure 3a). 
We performed calculations and generated derivative maps in 
different directions, which more clearly identify anomalies 
caused by fortifications and the inner walls dividing the 
space into housing sectors – dwellings. Using these data, the 
plan of the settlement was reconstructed (Figure 3b).

Linear magnetic anomalies reveal the position of defensive 
walls. Geophysical and archaeological studies carried out at 
the excavations of other Bronze-Age settlements such as 
Kamennyi Ambar and Konoplyanka (Noskevich et al., 2012; 

Figure 2.  a: Present view of the Sintashta river valley (Andreevskoe settlement is inside the black rectangle); b: Plan of the settlement based on deciphering 
aerial photographs; after Zdanovich, Batanina, (2007). 1 – defensive walls; 2 – ditches; 3 – depressions from houses; 4 – floodplain terrace.

0                                    400 m 0                          40 m
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Fedorova et al., 2014) indicate that the defensive walls are 
composed of earthen blocks and linear anomalies above the 
fortification are created by the layers of light-yellow loam 
(30–50 cm in thickness). The loam was used to strengthen 
the outer surface of the earth wall and the ditch up to its near-
bottom part (Epimakhov et al., 2016).

Unlike the interpretations of photographs, geophysical 
studies reveal that the fortification walls of all three 
settlements had a thickness of 4–5 m. As previously noted, 
the thickness of walls in the plan-reconstructed drawing 
on the photographs (Figure  2b) varies from 2.5 to 15  m, 
as during aerial photography only the ruins of walls were 
recorded. Magnetic anomalies help “see” deeper horizons 
and infer the size of the foundation for the walls.

The breaks in linear magnetic anomalies above the 
defensive walls indicate that the entrance to settlement 
A was located in the middle of the eastern wall, whereas 
another passage, which, evidently, was preserved during the 
functioning of settlement B, was in the middle of the western 
wall. Another entrance to this settlement was in the middle 
of the eastern fortification. The entrance to the additional 
southern settlement C was situated in its north-eastern part. 
It appears that a section of the southern wall in settlement A 
was destroyed, and the ditch there was filled in. The same 
conclusion follows from the results of the GPR survey given 
in the next section.

Therefore, the magnetic anomalies data do not confirm 
the presence of numerous passages in the defensive walls, 
discovered using aerial photographs and interpreted as 

entrances to the settlement. In addition, the magnetic survey 
does not confirm the complex structure of the defensive 
system at the entrances to settlements A and B, as well as in the 
southern part of the settlement where it separates villages B and 
C. Figure 2b shows that thick walls extend beyond settlements 
and form corridors having a length of 8–25 m.

The inner walls of villages manifest themselves differently 
in the magnetic field. The walls of settlement A, adjacent 
to the northern fortification wall, stand out quite clearly in 
the magnetic field. Negative magnetic anomalies having 
a width of 1.5–2 m are observed above them. Eighteen walls 
extend from the northern defensive wall, whose length can 
be confidently inferred on the basis of magnetic anomalies 
(10–20  m). Consequently, there were 19  buildings in this 
row. The width of housing sectors varies from 5 to 9 metres. 
The position of dwellings adjacent to the northern wall is 
consistent with the housing depressions discovered as 
a result of interpreting aerial photographs.

A lot of intense positive magnetic anomalies are observed 
inside a number of buildings in settlement  A, which are 
adjacent to the northern fortification. It can be assumed that 
there was a fire in this part, and as a result of oxidation, the 
magnetic minerals of soil and walls containing iron acquired 
high magnetisation. The accumulation of this material 
reveals the foundation pits of structures. The accumulation 
of this material makes it possible to clearly distinguish the 
foundations of dwellings.

The next row of dwellings in settlement A is manifested 
by low-contrast anomalies on the magnetic map, most of 

Figure 3.  Andreevskoye settlement: a: Map of magnetic anomalies (straight lines show the position of the GPR profiles); b: Reconstructed settlement plan. 
1 – fortification walls; 2 – boundary ditches; 3 – interior walls; 4 – well or household pit; 5 – entrances to the settlement.
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them having a length of 5–10  m. Only in the eastern part 
the recorded anomaly a has length of 12–15  m. All these 
anomalies were generated by the walls breaking off in the 
zone of an extended linear negative anomaly, which is caused 
by the ditch of the fortification of settlement B.

Along its entire length, the negative anomaly above the 
ditch has a fairly constant width of about 5–6 m. On our plan, 
the northern edge of this anomaly is indicated by a dashed 
line. Therefore, the walls in the second row of dwellings in 
settlement A were destroyed during the construction of the 
northern fortification wall and the ditch of settlement B.

In the south-eastern part of the settlement A, there are 
several more dwellings from the third and fourth rows, 
whose long walls are parallel to the eastern defensive wall. 
The rest of the dwellings in these rows are attributed to the 
settlement B. Thus, the first settlement A consisted of four 
rows of dwellings, whose total number could have reached 
65–70.

Then, presumably, the population of this settlement 
decreased by more than half and the northern part of 
settlement A was no longer used. Some of the houses (maybe 
25 or 26) in the two southern rows of dwellings were fenced 
off with a new fortification, thus forming settlement  B. 
Therefore, geophysical data confirm the conclusion drawn 
by Zdanovich and Batanina (2007) that settlement A is the 
earliest with settlement B built later.

In settlement B, it is not possible to outline the boundaries 
of dwellings as confidently as in the northern part of 
settlement  A. In most cases, the walls of the houses are 
manifested only by low-intensity anomalies of a  small 
length. Along the southern defensive wall, 12 isometric local 
anomalies can be clearly identified. These anomalies are 
observed almost in a straight line, with the distance between 
them being approximately the same (8–9 m).

Studies carried out at the excavations of other Bronze-
Age sites (Kamenny Ambar and Konoplyanka) revealed that 
similar local anomalies are noted over wells, household pits, 
and the remains of ovens (Multidisciplinary investigations, 
2013; Fornasier et  al., 2014). Local anomalies are also 
observed in the northern row of dwellings; however, they 
are not positioned as regularly as in the southern row. Thus, 
settlement B consisted of two rows of houses and their total 
number was reduced to 25. The width and length of the 
dwellings came to 8–9 m and 15–20 m, respectively.

Southern village  C was divided into 10  sectors, whose 
sizes reached 9  m in width and 14–17  m in length. In 
some dwellings, anomalies from wells, or household pits, 
are observed. Linear magnetic anomalies are observed on 
both sides of the southern defensive wall in settlement  C, 
with their intensity reaching 25 nT and being significantly 
higher than over the defensive walls of settlements A and 
B. It appears that a different technology was used in the 
construction of the southern fortification; both sides of the 
wall were strengthened and a different material was used. 
Perhaps these were bricks or slabs of baked clay.

Thus, magnetic surveys provided new information on the 
structure of the fortifications and the position of dwellings 

within settlements during their operation, their number, 
as well as on numerous wells identified inside the houses. 
Drawing on these data, a plan of the settlement was produced 
which was more accurate than the one prepared on the basis 
of the results of interpreting aerial photographs.

5.  Ground-penetrating radar survey

In order to study the fortifications, GPR surveys were carried 
out along the profiles (Figure 3a) intersecting the eastern and 
southern defensive walls of all three settlements. The survey 
was conducted using the SIR 3000 GPR  system with 400 
MHz and 270 MHz antennae. The profiles were 34–42 m in 
length, with 0.1 m station spacing.

Obtained radargrams show the amplitudes of the reflected 
electromagnetic waves, with the positive part of the wave 
being marked black and the negative one being marked white. 
The raw data on the ordinate axis indicate the time of waves 
propagating from the antenna to the reflector and back to the 
receiver. Time-depth conversion requires the estimation of 
the velocity of electromagnetic waves, which depends on the 
physical properties of soils. To that end, measurements were 
performed along an additional 15 m profile with 0.1 m station 
spacing according to the common-depth-point method using 
two 100 MHz antennae.

The velocity of electromagnetic waves was estimated 
according to the cross-correlation of traces in a gather using 
a module of the RADAN 7 software (GSSI, 2008). As a result, 
the velocity was estimated at 0.135 m/ns. The obtained value 
is consistent with the tabulated values of the velocity range 
(0.122  m/ns–0.150  m/ns) for dry loams making up soil in 
the study area (Finkelshteyn et al., 1986; Conyers, 2016). At 
a known value of wave velocity, the time-depth conversion 
was completed for these sections.

Figures 4–6 show the results of the GPR 3 surveys and 
its interpretation, with highlighting for the boundaries 
of reflections from fortifications and the interior of the 
settlements A, B, C interior. Profile 1 intersects the eastern 
fortifications of settlements  A and B, as well as partially 
the inner structures of settlement A. The remains of these 
structures are noted in the interval 12–22 m. In the interval 
of 0–12 m, the fortifications of settlement B (wall and ditch), 
superimposed on the remains of the inner buildings of 
settlement A, are observed. The walls of the houses indicated 
by magnetic anomalies are clearly visible in the deep 
section. This indicates a later construction of the fortification 
in settlement  B in the territory of the settlement  A. The 
most intense reflections are noted from the outer ditch in 
settlement A (interval 33–39), with the difference in depth 
reaching 0.5–0.7 m.

Profile 2 also intersects the eastern fortifications of 
settlements  A, B and the structures of settlement  A. In 
addition, intense reflections from the wall separating the 
houses in settlement B are observed at the beginning of the 
profile. This profile is shorter than profile 1 (only 34 m in 
length); it ends above the wall of settlement A.
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Figure 4.  Results of the GPR (270 MHz) 
measurement processing and possible 
interpretation of the profile 1.

Figure 5.  Results of the GPR (270 MHz) 
measurement processing and possible 
interpretation of the profile 2.
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Figure 6.  Results of the GPR (270 MHz) 
measurement processing and possible 
interpretation of the profile 3.

Profile 3 starts at the junction of the south-eastern wall in 
settlement B and the southern wall in village A, then running 
across settlement C and its southern fortification. The section 
reveals that the remains of the southern wall in settlement A 
are much more destroyed, with the surface elevation 
coming to 10 cm, as compared to the outer defensive wall 
in settlement C. The changes in the modern relief associated 
with this wall come to 30 cm.

In addition, in the interval of 21–24 m, profile 3 intersects 
a local magnetic anomaly created by an  ancient well or 
a  utility pit. The section clearly shows reflections from 
the walls of a well at depths of 0.5–0.9  m. Therefore, the 
floor of the structure is currently at a depth of 0.5 m. The 
interval of 6–9 m reveals weak reflections from the edges of 
the ditch located on the outside of the wall in settlement A. 
Evidently, this ditch was filled up during the construction of 
settlement C.

A  comparison of the schematic plan of the settlement 
prepared on the basis of the magnetic survey with the results 
of the GPR survey allows us to conclude that the remains of 
the walls of houses, and even a well, indicated by magnetic 
anomalies are clearly visible in deep sections. Drawing 
on the interpretation, we can infer that the depth from the 
modern surface of the earth to the occupation layer in the 
dwellings of the ancient settlement comes to 50–70 cm. The 
ditches surrounding the villages were shallow (0.5–1 m) and 
2–4 m in width.

Zdanovich and Batanina (2007) concluded that settlement C 
was the most recent, based on the height of the ramparts 
above the fortifications. We also draw this conclusion from 
the measurements on the GPR profiles. Figures 4–6 show that 

the height of the ramparts above the defensive walls of the 
settlement A and B is 0.1–0.3 m, and above the wall of the 
settlement C is much higher – circa 0.5 m.

6.  Conclusion

Geophysical studies have helped reconstruct a detailed plan 
of the Andreevskoye site, featuring three settlements A, B and 
C, that were heterogeneous in time. Like other settlements 
of the Sintashta-Arkaim type, all three settlements (A, B 
and C) were surrounded by closed fortification systems. 
The external defensive walls were about 4–5 m thick. The 
ditches surrounding the villages were shallow, 0.5–1 m and 
2–4  m in width. The interior space had a very structured 
organization and was almost entirely occupied by standard 
buildings arranged in regular blocks. The width and length 
of the dwellings came to 8–9 m and 15–20 m.

Our studies have confirmed the time sequence of the 
development phases of the settlement, established as 
a result of archaeological excavations (Tairov et al., 1995) 
and interpretation of aerial photographs (Zdanovich and 
Batanina, 2007). New details have been revealed about the 
layout of settlements, the location of wells, the size of houses 
and their number at different stages.

The earliest settlement  A had a rectangular shape 
(165×100  m) and consisted of four rows of dwellings 
divided by two streets. The total number of houses was 
approximately 65–70.

Then it appears the population of this settlement decreased 
by more than half and the northern part of settlement A was 
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no longer used. Some of the houses in the two southern 
rows of dwellings were fenced off with a new fortification, 
in this way forming settlement B. Thus, settlement B had a 
rectangular shape (115×60 m) and the total number of houses 
was reduced to 25–26.

Southern settlement C which appeared when settlement B 
was still occupied, reflects the late stage in the life of the 
settlement. This annex was also rectangular in shape 
(95×25 m), consisting of only one row of houses and was 
divided into 10 buildings.

Intensive local anomalies were found inside the dwellings 
of settlements  B and C, which were created by wells and 
household pits.

We obtained GPR sections along three profiles, indicating 
the ditches and probably the dwellings of the ancient 
settlement under the sediments and ruins of walls. Based on 
our data, we can conclude that the depth from the modern 
surface to the occupation layer in the dwellings of the ancient 
settlement comes to 0.5–0.7 m.
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