PALEOMAGNETIC LABORATORY
SECTION “EARTH MAGNETISM”

Palaeomagnetic Laboratory at NIGGG is unique for Bulgaria and possesses specialized
scientific instrumentation for magnetic and palaeomagnetic studies. It was established in year
1961 by Prof. Dr. Petar Nozharov and remains continuously working since that time. The
main research directions developed from classical palaecomagnetic and archaeomagnetic
studies at the beginning and continuing now days to incorporation of recently developed
magnetic studies on sediments, soils, vegetation, anthropogenic and synthetic materials. It
contributes to the establishment of a wide area of expertise of the team members of the
research group.

The main research directions are:

e Archaeomagnetism
e Environmental magnetism, including:

- Paleoclimate reconstructions based on magnetic properties of loess-paleosol
sediments

- Magnetic properties of soils in Bulgaria

- Application of magnetic methods for fast and efficient mapping of the degree of
anthropogenic pollution of soils, sediments and urban areas

Equipment

Paleomagnetic Laboratory posses unique for Bulgaria specialized equipment for studies of
magnetic properties of solids. It was recently modernized with new instruments for
measurements of magnetic remanence and susceptibility of rocks (JR6A and MFK-1, AGICO,
Brno); Franz magnetic barrier separator LB-1 (S.G. Franz Co Inc., USA); laboratory mill and
dry/wet sieving machines (Pulverisette 6, Analysette 3 PRO, Fritsch, Germany); Laboratory
furnace for stepwise thermal demagnetization and in-field magnetization MMTD (Magnetic
Measurements, UK); Bartington dual frequency susceptibility meter and field probe (MS2D
and MS2F) (Bartington, UK); Alternating filed demagnetizer with a unit for acquisition of
anhysteretic remanence (Molspin, UK); centrifuge Sigma 2-6 (SIGMA Laborzentrifugen
GmbH), muffle furnace MF306 (NUVE, Turkey) with maximum temperature of 1200°C; mu-
metal shielded boxes.



RESEARCH TOPIC: Archaeomagnetism

Scientists, working on this subject: Assoc. Prof. Dr. Maria Kostadinova-Avramova; Prof.
DSc. M. Kovacheva (retired); Assist. Prof. Dr. Deyan Lesigyarski

The residual magnetism of archaeological remains of burned clay is a major source of
information for the state of the Earth’s magnetic field in the past. This determines the
significance of archaeomagnetism for both — geophysics and archaeology. The recovery of the
three main geomagnetic field's elements (defining its direction and intensity) recorded in well
dated archaeological materials, leads to the accumulation of an unique local database that
cannot be obtained by other methods. These data are further used for elucidating the
geomagnetic field origin and for the elaboration of the so-called archaeomagnetic reference
curves that represent local geomagnetic field variations for a certain period. The existence of
such a local geomagnetic field model ensures the application of archaeomagnetic dating
method. At the same time, based on the available archaeomagnetic determinations only,
relative synchronizations of spatially remote archaeological sites from a given territory can be
done. Other important applications of archaeomagnetism for archaeology are establishment
(without any doubt) whether some structure is discovered in situ (i.e. in the position of its last
cooling) or it has been secondary displaced and reliable determination of maximum
temperatures of firing/burning of various clay remains.

The Bulgarian archaeomagnetic database can be considered as the longest local dataset in the
world, covering almost fully the last 8000 years going back to Neolithic (Kovacheva et al.
2014). The Bulgarian reference curves are calculated based on over 300 reference points,
which are included in the GEOMAGIA50.v3 global database (http://geomagia.ucsd.edu)

(Figs. 1, 2). Among the other archaeomagnetic laboratories, the Sofia laboratory was the first
to be engaged in the simultaneous determination of the full geomagnetic field vector (D, I, F)
from one and the same material.
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Figure 2

The most valuable materials for archaeomagnetic investigations are various structures of
burned clay that are well dated by other methods and are supposed to be discovered in situ
(i.e. in the position in which they have cooled down in the antiquity).
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.. The sampling is a very important stage of any
~archaeomagnetic study because the accuracy of
the determined geomagnetic field direction
depends on the precision of the samples’
~orientation during the fieldwork (Fig. 3).

Figure 3 — Sampling procedure




APLICATION OF ARCHAEOMAGNETISM IN ARCHAEOLOGY — EXAMPLES

1. Absolute dating of archaeological structures and comparison of the results with those
obtained by other methods

The values obtained for the three geomagnetic field elements (I — inclination, D — declination
and Fa — intensity) are compared with the reference curves corresponding to the considered
period. As a result, for each geomagnetic field element several archaeomagnetic dating
intervals can be determined. After that, the determined dating intervals for each geomagnetic
field element are combined and the most probable period of the last burning of the studied
structure is established (Fig. 4). Dating by the three geomagnetic elements is a prerequisite for
most precise archaesomagnetic dating compared by dating using one or two geomagnetic field’
characteristic.
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Figure 4 — Examples of archaeomagnetic dating using the three geomagnetic field
elements

The precision of the performed archaeomagnetic dating depend on the accuracy of the
experimental archaeomagnetic results, the accuracy of the reference curves used and the
change (rapid or smooth) of the Earth’s magnetic field elements.

2. Relative dating (synchronization) of archaeological structures from different
archaeological sites

The resulting archaeomagnetic determinations for three late Neolithic archaeological sites are
compared (Table 1). Obviously, the values determined for the three geomagnetic field
elements (I, D and Fa) are very similar for two of the studied sites (Sharkov Chiflik and
Chavdarova cheshma — given in the same colour in the table), while these for the third site
(site 14, near Mursalevo village) differ significantly. Hence, settlements Sharkov Chiflik and
Chavdarova cheshma are very likely synchronous, but not simultaneous with Site 14, near the
village of Mursalevo.



Site 1(®) | D(°) | ags(°) | Fa (uT)| o (uT)

Site 16, Sharkov chiflik 59.7 9.9 2.9 40.89 2.23
Site 14, Mursalevo 49.1 355.6 2.9 30.58 2.73 Table 1.
Chavdarova cheshma 56.4 0.7 2.4 37.94 2.92

3. Resolving the state of an archaeological structure — in situ (in the position of its last
cooling) or secondary displaced

Archaeomagnetic study of a kiln for pottery production discovered in the Thracian site Halka
Bunar indicate that the materials collected have not cooled in the position in which they have
been discovered. The directional (I, D) results obtained are highly scattered and in many cases
unrealistic. This is evident from the presented stereographic projections (Fig. 5).

Figure 5

Burned dwelling plasters from Site 14 near the village of Mursalevo discovered in the
position of their last cooling. The directions obtained are well grouped around an average
value shown in red on the stereo plot (Fig. 6).

Figure 6
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4. Determination of maximum temperatures of firing/burning of clay remains
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The methodology is based on the
magnetic and mineralogical
transformations occurring in the burned
materials, which affect significantly their
magnetic susceptibility (Rasmussen et
al, 2012). The maximum firing
temperature (Tmax) IS determined by

() subjecting the analysed samples to step

wise laboratory re-heating and measuring
their magnetic susceptibility at room
temperature after each heating step. The
ancient firing temperature (Tmax) matches
the most significant change in magnetic
susceptibility (Fig. 7).

Figure 7

4.1. Investigation of household ceramic
fragments, representative for some of the
basic ceramic groups of the site “Ruler's
Church” in Veliki Preslav — Byzantine
period (10-11 c.) and the period of Second
Bulgarian Kingdom (12-13 c.). There is no
significant difference in the range of the
maximum firing temperatures obtained (Fig.
8). This suggests that probably similar kilns
have been used for the ceramic production
in both periods (Kostadinova-Avramova et
al., 2018).
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4.2. Magnetic study of burnt destructions from dwellings of the Neolithic site Mursalevo
Deveboaz

Magnetic study of a large collection of burnt clay materials from dwellings of the Neolithic
settlement Mursalevo — Deveboaz gives an independent analytical prove for the maximum
burning temperatures and the firing conditions, as well as allows to suggest a hypothesis for
the mechanism of the observed burnings at extremely high temperatures. Magnetic diagnostic
experiments revealed the presence of strongly magnetic iron oxides — magnetite and
maghemite, as well as hematite, all being of very fine nanometer grain sizes. Determined
maximum firing temperatures range from 680°C up to 1140°C, suggesting the presence of
extreme temperatures in most of the burnt houses (Fig. 9). Comparing the color, magnetic and
spectroscopic characteristics of the studied Neolithic burnt clay destructions with published
studies in the field of pigments’ synthesis through solution combustion, a new hypothesis is
proposed, suggesting that iron oxides in the Neolithic burnt clay destructions originate from
such a process. The results are published in Journal of Geophysical Research — Solid Earth
(Jordanova et al., 2018).
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Figure 9 — histograms of the distribution of maximum firing temperatures of the burnt clay
destructions from Mursalevo Deveboaz shown separately for samples with different colors —
a) orange-red and purple; b) brown and yellow.
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RESEARCH TOPIC: Paleoclimate reconstructions based on magnetic properties of
loess-paleosol sediments from north Bulgaria

Team members working on this subject: prof. Dr. D. Jordanova, Prof. DSc. N. Jordanova,
Assistant Prof. Dr. P. Petrov

European loess cover, including that on the Bulgarian territory, had formed during the glacial
Pleistocene. Sedimentary sequences, consisting of alternating loess and paleosol horizons
reflect the cyclic changes of cold (glacial) and warm (interglacial) conditions. Loess horizons
formed during the glacial times as a results of intense dust sedimentation, arid conditions and
poor vegetation cover. During the warm interglacial epochs, paleosols developed on loess,
reflecting the effects of improved climate conditions (temperature and precipitation), rich
vegetation and soil fauna. The magnetic properties of the loess/paleosol profiles provide
sensitive records of paleoclimate due to the high sensitivity of the concentration, type and
properties of the iron oxides along the sequence to environmental change.

On the other hand, chronostratigraphy of the loess/paleosol sequences is complicated because
of lack of strict biostratigraphic markers and inherent methodological problems with the use
of common dating techniques such as OSL, radiocarbon, Ar-Ar dating, etc. in this time
interval. Thus, paleomagnetic dating and magnetostratigraphy using correlation of
loess/paleosol magnetic properties with the global oxygen isotope records are good available
methods for dating and correlation of terrestrial sedimentary sequences.

Detailed investigations of a number loess-paleosol profiles from north Bulgaria have
been carried out during the last 15 years (Fig. 10). A correlation of the obtained magnetic
susceptibility variations along the profiles with stacked global oxygen isotope record from the
Atlantic has been done, revealing the dynamics of environmental change at the Bulgarian
territory (Fig. 11).
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Fig. 2 Loess thickness (Evlogiev, 2006). Studied loess-palaeosol sections: 1 —
Gomotartzi; 2 — Koshava; 3 — Orsoja; 4 — Harletz, 5 — Lubenovo; 6 — Viatovo, 7 —
Kaolinovo; 8-Koriten, 9 - Durankulak
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Figure 11

Valuable stratigraphic marker is obtained through identification of the Brunhes — Matuyama
paleomagnetic reversal at the bottom part of the sixth paleosol and upper part of the lower
seventh loess horizon in Viatovo section (Jordanova et al., 2008).
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RESEARCH TOPIC: Magnetic properties of soils in Bulgaria

Team members working on this subject: Prof. DSc. N. Jordanova; Prof. Dr. D. Jordanova,
Assistant Prof. Dr. P. Petrov

Iron and its particular phase composition and partitioning existing in natural soils, is one of
the link elements among the two of the major Earths’ cycles — carbon cycle and dust cycle. As
a part of the mineral soils’ composition, pedogenic iron oxides play important role in
regulation of the interaction processes between terrestrial and water ecosystems, as well as
their interaction with the atmosphere. One of the main advantages of the magnetic methods
applied in the studies of soil iron oxides, is their high sensitivity in identification of even
minor amounts of iron oxides (less than 1wt%), which cannot be identified by other
mineralogical methods such as XRD or Moessbauer spectroscopy. Depth variations of
different magnetic parameters are utilized for obtaining a precise reconstruction of the
particular micro-environmental conditions in different genetic soil horizons.

Major part of the carried out soil magnetic studies are summarized in a scientific monograph
»S0il Magnetism. Applications in Pedology, Environmental Science and Agriculture* by
Neli Jordanova, Academic Press (Elsevier publisher), 2016, 1ISBN:9780128092392
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The main results obtained can be summarized in the following:

1) Detailed characterization of the type, concentration, grain sizes, mineralogical
transformations and stabilities of the magnetic fraction in the natural soils from major soil
groups on Bulgarian territory is carried out.

2) Using high-resolution 2cm sampling interval, detailed behavior of the magnetic parameters
along depth of various soil types allows for precise monitoring of the changes in physical soil
properties (Fig. 12).
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Figure 12. Depth variations of a set of magnetic parameters along Planosol profile from the
region of Primorsko. The following magnetic parameters are plotted: magnetic susceptibility
(x), frequency dependent magnetic susceptibility (), percent frequency dependent
susceptibility (y#%), anhysteretic remanent magnetization (ARM), ratio of anhysteretic
magnetization to magnetic susceptibility (xarm/y) and the ratio of isothermal remanent
magnetization to magnetic susceptibility (IRM2t1/y)

3) The link between magnetic characteristics and various geochemical parameters is revealed
for representative samples from different soil horizons.

4) Magnetic data base on topsoil (0 — 20cm depth) magnetic properties from the Bulgarian
non-agricultural land is compiled and geospatial maps of different magnetic characteristics are
prepared.

5) Soil magnetic properties are applied as classification criteria in genetic soil classification
system and are utilized for evaluation of the ecological status of different soil types from
Bulgaria.

6) Magnetic parameters “frequency dependent magnetic susceptibility (yf)” and “percent
frequency dependent magnetic susceptibility (yw%)” reflect the absolute and the relative
amount of strongly magnetic pedogenic iron oxides and that’s why they are among the most
informative on the direction and intensity of different soil processes.

Figure 13 gives an overview of the range of variations of different magnetic parameters for
the topsoils from various soil groups from Bulgaria. Median values along with the statistical
estimates (range, quartile, outliers) are plotted. The most significant variations are observed
for magnetic susceptibility of soil groups, which are not primarily affected by climate —
Leptosols, Fluvisols, Vertisols.
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Figure 13. Magnetic parameters for the major soil types in Bulgaria, represented as box-and-
whisker plots — magnetic susceptibility (), frequency dependent magnetic susceptibility (yfd),
percent frequency dependent magnetic susceptibility (yt%). Column N gives the number of
samples in each soil group.
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Figure 14. Interpolated maps of the lateral distribution of different magnetic parameters of
the topsoils from Bulgaria: a) magnetic susceptibility; b) frequency dependent magnetic
susceptibility; ¢) anhysteretic remanent magnetization; d) isothermal remanent magnetization
(Mrs)

The map of magnetic susceptibility of the topsoils (Fig. 14a) reflects mainly the changes in
parent rock lithology and the concentration of strongly magnetic iron oxides in the parent
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rock. Magnetic characteristics, influenced mainly by the presence of fine grained pedogenic
iron oxides (Fig. 14b — d) show different lateral patterns, which depends on the changing
climate conditions.

Sub-topic: Evaluation of the erosion and soil redistribution on agricultural land using
magnetic methods

Magnetic mapping of an agricultural experimental plot near the village of Trastenik (Rousse
district) had been carried out on a regular grid 10x10m. The obtained map of magnetic
susceptibility distribution shows well expressed features related to the local peculiarities of
the field (vegetation remains, soil compaction, rows, etc.) except the main effect of the
removed various parts of the uppermost soil layers due to erosion. Maps of cumulative soil
loss are prepared, using two different magnetic characteristics (Fig. 15). It is shown that in the
uppermost parts of the plot, showing shallow slope (1-5°), tillage operations are the major
factor, influencing the soil redistribution. For locations downslope, characterized by steeper
slopes (11-15°), water erosion dominates and causes significant wash-out of the upper soil
horizons. The mean estimated erosion rate is 8 - 6.8 t/haly, supposing a period of 50 years of
agriculture using conventional tillage. This result corresponds very well with the erosion
estimates for this particular region, using standard pedological methods.

estimated depth of cumulative erosion
proxy parameter - ()

depth (cm)

Figure 15. Estimates of soil erosion (in cm) using the parameter “frequency dependent
magnetic susceptibility” (Jordanova D., Jordanova N., Petrov P., 2014. Pattern of cumulative
soil erosion and redistribution pinpointed through magnetic signature of Chernozem soils.
Catena, 120, 46-56)
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RESEARCH TOPIC: Application of magnetic methods for fast and efficient mapping of
the degree of anthropogenic pollution of soils, sediments and urban areas

Team members working on this subject: Prof. DSc. N. Jordanova; Prof. Dr. D. Jordanova,
Assistant Prof. Dr. P. Petrov

Environmental pollution originating from the emissions of various industrial activities causes
significant damages to soils, air, water, and the human health. The magnetic methodology for
detection of the degree of pollution of the environment has been successfully applied during
the last 15 years in Europe, as well as in Bulgaria for screening and monitoring of soils and
sediments. The main parameter utilized is magnetic susceptibility. It reflects the concentration
of the strongly magnetic iron oxides in a given material. The application of the magnetic
method for detection of anthropogenic pollution is based on the well known fact, that different
waste products and emissions from industrial processes contain certain fraction of strongly
magnetic minerals (generally magnetite, maghemite or native iron) along with the toxic heavy
metals. Thus, this anthropogenic magnetic fraction causes magnetic enrichment of the
polluted matter as compared to the natural non-polluted counterpart. Using fast field
measurements of magnetic susceptibility, large areas can be screened for initial evaluation of
the lateral distribution of the pollutants.

Thus, identification of anomalous high magnetic susceptibility values of natural
materials, exposed to anthropogenic influences can be used for:

- application of the magnetic method for initial fast and cost-effective
estimate of the ecological situation of a certain area.

- long time monitoring of the state of environment after pollution accident
or remediation action
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- utilization of vegetation as a passive samplers of atmospheric pollutants
and use of their magnetic signal for estimation of the degree of anthropogenic pollution.

Examples:

Identification of the degree of anthropogenic pollution of the Danube floodplain

1.
sediments along the Bulgarian part of the river (Fig. 16).
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Figure 16.

Magnetic susceptibility is a highly sensitive parameter, reflecting the cumulative

anthropogenic load in the river sediments.

2. High-resolution study of the anthropogenic pollution of soils around Varna —
Devnja industrial complex
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Figure 17. Evaluation of the degree of anthropogenic pollution of soils using: a) laboratory
magnetic measurements of mass-specific magnetic susceptibility and b) field measurements
of volume magnetic susceptibility (Jordanova et al., 2008).
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3. Magnetic studies of the degree of urban environmental pollution using settled dust

Magnetic studies in urban areas utilize settled dust from roads, outer surfaces with
accumulation of dust, and indoor settled dust. The mineral magnetic fraction in the urban dust
samples originates mainly from traffic-related emissions (exhaust and non-exhaust), industrial
emissions and natural dust. The amounts of the traffic-related emissions depend on the
number of vehicles as well (e.g. from the population size).

- Magnetic study of settled road dusts from 26 urban areas in Bulgaria
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Figure 18. Magnetic susceptibility of settled road dust shows linear relationship to the
population size of the corresponding urban area. The results for urban sites with heavy
industries follow separate tendency. Results are published in Jordanova et al. (2014)
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The observed relationship between magnetic susceptibility of the settled road dusts and the
population size of the urban area, from which dust is gathered, shows that the main source of
pollution is transport.

4. Relationship between magnetic properties of urban dusts and health
indicators

We have studied the magnetic properties of settled indoor and outdoor dusts from several
Bulgarian cities and explored the relationship of magnetic properties with the health
indicators, such as mortality caused by different medical factors. Figure 20 presents the
relationship obtained between the ratio of magnetic susceptibility of indoor dust to magnetic
susceptibility of outdoor dust, and the mortality caused by cardiovascular diseases.

The results are published in: Jordanova, D., Jordanova N., Lanos, Ph., Petrov P. Tsacheva
Ts. 2012. Magnetism of outdoor and indoor settled dust and its utilization as a tool for
revealing the effect of elevated particulate air pollution on cardiovascular mortality.
Geochemistry, Geophysics, Geosystems (AGU journals), 13 (8), article Q08Z49,
d0i:10.1029/2012GC004160

b) cardiovascular diseases
2400 -
|

»O'
~ I o ® 2009

2200
2000 —

1800 —

1600 I e
=

mortality caused by cardiovascular
diseases (per 100 000 persons)

1400 ' T T T 1
04 06 08 1

Zindoorlxouldoor

Figure 19.
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