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ABSTRACT

We present a detailed archaecomagnetic study of the remains of seven lime kilns
and one pottery kiln discovered at the Danube bank in North Eastern Bulgaria.
These kilns belong to four structures according to their spatial distribution, and
relate to the beginning of our era. The collection of samples shows favourable
rock magnetic properties, ensuring reliable archaeomagnetic measurements. In
this work we studied both directions (Declination D, Inclination I) and intensity
(Ba) of the geomagnetic field at the time of the last use of the kilns. These results
can be used as reference points for ameliorating the Bulgarian palaeosecular ar-
chaeomagnetic curves as well as for global and regional geomagnetic field models,
which can be in turn used for archaeomagnetic dating.

Part of the collection was studied at the Scripps Institution of Oceanography in
San Diego, and part at the Palaeomagnetic laboratory of the Geophysical Institute
of the Bulgarian Academy of Sciences (Sofia). The excellent agreement between
these independent measurements indicates the high quality of the material and
the validity of the methods applied.

The results are summarized as structure averages, which represent units of
kilns. Structure 1 to 3 are assumed to be contemporaneous, and yield D: 353.6°, I:
60.7°, Ba: 67.2 uT (Structure 1), D: 356.2°, I: 56.6°, Ba: 63.2 uT (Structure 2), D:
356.5°, I: 57.4°, Ba: 67.9 uT (Structure 3 - the big twin kilns). Structure 4 appears
older based on archaeological evidences, and produces D: 359.9°,1: 67.6°, Ba: 69.0
uT. Statistical test to compare the average directions from the four structures also
reject the hypothesis for a common mean between structure 4 and the others at
95% confidence interval. This indicates that the time when structure 4 (pottery
kiln) was last used differs from the time when the other structures were fired.

These new results partly fill up one of the gaps (150 BC to 85 AD) in the
Bulgarian master curves, and show that improvements of ancient geomagnetic
field modelling can be achieved only with new archaeomagnetic studies of well
dated collections.

INTRODUCTION
The geomagnetic field slightly changes its pole position during the centuries, as
well as its intensity. These changes are tied to processes occurring in the outer core

of the Earth, and can be described by moving non dipolar parts of the geomagnetic
field (Merrill et al. 1996).
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From a global perspective, it is possible to model the geomagnetic field changes
using spherical harmonics, and the accuracy of these models is proportional to
the amount and the distribution of measurements available.

Direct measurements from magnetic observatories cover in detail the past 3 to
4 centuries, and so archaeological artefacts represent the main source of measure-
ments to constrain the geomagnetic field evolution before this time.

At aregional level, the employment of master curves (e.g. Donadini et al. 2009,
for a review) or other spherical (cap) harmonic models (Lodge and Holme 2008;
Pavon-Carrasco et al. 2008 and 2009) to date archaeological sites has become a
widely used technique. Its accuracy can be pretty high.

In particular, various master curves constructed with data from a particular
region are available (Kovacheva et al. 1998; LeGoft et al. 2002; Tema et al. 2006;
Gomez-Paccard et al. 2006; Schnepp / Lanos, 2006; Marton 2010). The Bulgarian
one is at present one of the most detailed ones, and consists of about 320 inde-
pendent directional and/or intensity studies covering the longest interval of time
(the last 8000 years). Despite that, there are still gaps in this database, and one of
these appears between 150 BC and 85 AD. The Krivina kilns are archaeologically
around the beginning of our era, and they represent time intervals where there
are very few data in Bulgaria. Including new data for this period will increase the
accuracy of the local master curve used for dating purposes.

MATERIAL STUDIED

The material is represented by well baked to partly vitrified clay from the walls
of seven remnants of lime kilns belonging to the Legio I Italica about 2000 years
ago, and one earlier pottery kiln. Most kilns were very well preserved; most lime
kilns were still intact, whereas only the floor of the pottery kiln was still preserved.
More precisely, structures 1 to 3 are archeologically dated at the last third of the 1*
century AD, whereas structure 4 has an age of 1* century BC to beginning of the
1* century AD (Vagalinski in press a, b). For this study we transformed the dates
in absolute age intervals: 70 to 100 AD for structures 1 to 3, and 60 BC to 30 AD
for structure 4. This dating relies on the archaeological context (well known pres-
ence of the Roman Legion at that time) as well as on the stratigraphic information
(Structure 4 comes from a lower horizon compared to the other structures). The
kilns are located near the village of Krivina, Svishtov district in North Bulgaria, at
43.64°N and 25.59°E.

In total, 59 oriented hand samples (fig. 1) were collected from the four struc-
tures. Orientation marks were done using both a magnetic and a sun compass on a
horizontal plaster of Paris surface. The samples were well baked and consolidated,
so they could be directly cut into specimens without problems. In general, 3 to 10
specimens were obtained from each sample depending on its size.

MEASUREMENTS PERFORMED

Part of the measurements was carried out at the Scripps Institution of
Oceanography in San Diego, and part at the Bulgarian Academy of Sciences in
Sofia, using slightly different methods and equipments. By this way, we obtain
independent measurements that allow a cross-validation of the results.

The baked archaeological clay carries a ThermoRemanent Magnetization
(TRM), which gives the possibility to recover the geomagnetic field elements
(Declination, Inclination, and Intensity) for the date and place of its last heating.

Rock magnetic measurements aiming to define the magnetic carriers com-
posing the clays, as well as to check the level of alteration of the minerals while
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Structure I (70 - 100 AD). Lime kiln
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Fig. 1: a — Location of the
Roman kilns at Krivina
displayed on a DEM map

of Bulgaria using GMT
(Wessel / Smith 1991); b —
distribution of samples from
the different structures.

. Lvi4 o
Lv13

Lv31 @

Lv30

heating, consisted of high temperature susceptibilities, hysteresis cycles, thermal
demagnetization (Lowrie 1990) of three axes laboratory imparted Isothermal
Remanent Magnetization (IRMs), thermal demagnetization of Saturated
Isothermal Remanent Magnetization (SIRM), with re-saturation at each thermal
step (Jordanova et al. 1997), Lowrie-Fuller (1971) test (L-F), and viscous tests.

Archaeomagnetic and archaeointensity determinations were carried out with
a good knowledge of the magnetic mineralogy. Magnetic directions were deter-
mined as a mixture of alternating field, thermal demagnetizations, and viscous
cleaning of the specimens.

To obtain the final directions (declination D and inclination I) for each struc-
ture we adopt the hierarchical approach (e.g. Lanos et al. 2005) where first samples
averages are considered and then structure ones. To define the scatter of direction
we adopt Fisher statistics (Fisher 1953), which includes the precision parameter
K and the a,,. The K describes the dispersion between individual results, and it
is high when results are well clustered. The a,, is the semi angle of the cone of
confidence for the calculated average direction. Small values of a,, correspond to
a best defined average direction.

Intensities were determined using the IZZI protocol (Tauxe / Staudigel 2004)
at Scripps, or using the Coe (1967) protocol at Sofia. Average intensities are calcu-
lated at a structure level using weighted statistics (Kovacheva / Kanarchev 1986).
The results are given as average and 1 standard deviation. To identify suitable
results, we determine the Difference Ratio Sum (DRATS; Tauxe et al. 2009), which
indicates the percentage of change in magnetic acquisition after heating the speci-
men at a higher temperature. In this case a small percentage of change is indicative
for reliable samples. We also define the f fraction (Coe 1967), which represents
the percentage of magnetization used to define the paleointensity. The larger



F. DONADINI / M. KOVACHEVA / M. KOSTADINOVA-AVRAMOVA

26

*SUTy a1} Jo susawdads snoLrea 10§ sjjnsal onoudew Yooy T A[qe],

1.6V 6Tl 869¢ | I6°¢I 8 81 LSAT
00 ‘08% 004 029 11 01 9SAT
9ATNISOd - - 0¥Ss Nd /8C0 8¢ o1 id! CSAT
05°9¢C €L'EY | 9861 | C8L 01 4\ TISAT
ADISOd - - 029 ‘0¥S | NG/ 1€°0 Sl L L 0SAT
2A11S0q - - 08S | WA/8T0 | ¥I L | v | epar | EPIS
MM L8°¢1 67'C €6 LE | LTOT MONMOMMmN 00Z ‘091 0T9°0%S | dS/Sc0 14 ¢l 7 AT
. . . . XN .
08'8T1 0CTve | 0L8T | €L6 9ATISOq djelopowt 0cs - - 0%S ‘ . Syl L LENT
as/1co
MM 1£°06 0TI ev'ec | S8L djelopowt (1" S SEANT
Wd /%<0 61 6 ¢ TEAT
0€°C8C 08'IS STLT | 68L djelopout G6S ‘TLT 14 L 9 6CAT
cEvs 97’6 0861 | 606 965 LTNT b 1onng
0%'9C1 8%'SC | 9961 | 896 QANISOq auou 08¢s - - 079 ‘0¥S | INd /150 Sl S 01 9CAT
an .
QATJISO
d 0S¢ 0S¢ 0%S /850 Syl 8 8 YCAT
MM 8T'¥¢C 919 12°¢8 | #191 auou 699 6 01 6TAT
QATIISOq 00Z ‘0%C 00L 00Z ‘0%S yugut 14 6 6 9TAT
LL9T 6CY €8°6¢ | LS'01 6 4! SIAT
JATIISO, - - .
n1sod 079 as/cco 81 9 01 TIAT 7 1onng
0L°L¥1 GG'8C | 10°€T | 8¥°01 y3ry £9S ‘08% CIAT
00£ ¢ . prey
JATIISO ¢ ¢ TuTur
1sod 086 ‘05T 00Z -081 08¢S -00¢ ragut 00} 9 9 CIAT
09°Cv1 ceST | VILTL | ¥9L 8 9 TTAT
00°'68¢ YOvS | €9°CC | L®'S 00Z 091 - ovs as/€tro 14 L 6 80AT
g /8C0 81 ¢l L SOAT T 1o1ns
0€¥0¢ 0S'0F | 8191 | S¥'L QANISOq 00L - 079 '0¥S | AS/600 0T 6 L TOAT
[0.]a1 [0.]19pL [0.]19pL [0.]19pL
uonesd
ad4y, | [8/mws] | [8/nwd] | [pur] | [Luw] 1593 AMIS HeLIy odwia, sy | piey | JjerpaundluI | 3jos 1991 41 [ro] | [%] | [%] spdureg
dooTg SIN SIN OH SH AAW | PRI | AS
2sng dway, ySiy 159) WI-€




Frequency

40 T

30 T

Frequency

12
Sv (%)

ARCHAEOMAGNETIC STUDY OF ROMAN LIME KILNS (IST C. AD) AND ONE POTTERY ... 27

part of magnetization taken into account, the more
reliable is the result. To quantify the influence of non
ideal grains, the Natural Remanent Magnetization
(NRM) measurements can be repeated after a
Partial ThermoRemanent Magnetization (pTRM)
is imparted at a certain temperature. In this case we
perform a tail check (Riisager / Riisager 2001), where
we monitor the change in NRM; a small change is
16 20 24 More indicative of well behaving samples.

ROCK MAGNETIC RESULTS
— Our rock magnetic investigations indicate that the
material is highly suitable for archaeomagnetic
studies. The main results of the various tests are sum-
marized in table 1. Viscous magnetization lost during
three weeks of sample storage in zero field, inside
mu-metal shields, is about 8-12% (fig. 2a). Figure 2b
shows the frequency dependent susceptibility (Kfd)
, , : |_| = histogram, and indicates large contribution of very

Fig. 2: a — Histogram of
the viscous coefficient

Sv; b — Histogram of the
frequency dependent
magnetic susceptibility Kfd
(Dunlop / Ozdemir 1997).

0 15 14 More fine superparamagnetic (SP) grains. Most likely, the

Ky (%) large amount of SP grains is also responsible for the

rather large Sv values. These very fine particles origi-

nate in antiquity during heating in oxidizing condi-

tions, e.g. from the exterior of the walls (Herries /
Kovacheva 2007). Specimens from the inner vitrified part of the kiln wall (fig. 3b,c)
were formed under reductive conditions and have less contribution of SP grains
(e.g. sample LV23 has lowest Kfd values). Samples formed in reducing conditions
have generally grey-black colour, whereas oxidized ones are red-orange. For our
paleointensity analyses we discarded samples that have viscous coefficients (Sv)
larger than 8%.

Lowrie-Fuller test (Lowrie / Fuller 1971) was performed on 14 selected speci-
mens from the four structures. Grain size distinction based on Dunlop (1983)
classification indicates a mixture of bimodal (i.e. both fine and coarse grains) as
well as only single domain carriers. This is consistent with the hysteresis param-
eters measured on 14 specimens, which in general show that samples lie at the
MD-SD mixing line (Dunlop 2002) boundary on the Day plot (fig. 4a). Exceptions
are represented by samples that present more or less pronounced wasp-waisted
loops. Hysteresis loops show that saturation is reached in general at about 300 pT,
indicative for magnetite as a carrier (fig. 4b). In few cases, the loop does not close
up to 1T, showing the presence of other hard magnetic phases (fig. 4c).

High temperature susceptibilities were measured on 7 specimens (table 1,
fig. 5). In general, (titano)magnetite was detected as a main magnetic carrier
(Curie Temperature around 540-580°C). This is in agreement with the Median
Destructive Field (MDE, table 1, column 5) obtained by the L-F test. The most
important observation from these experiments is that only minor thermochemi-
cal changes appear during heating. Only sample LV13 shows a sharp increase of
susceptibility on the cooling curve, which may be attributed to hematite reduction
into magnetite. This sample was excluded from further analyses.

Three-axes IRM tests (Lowrie 1990) were also performed on 13 specimens. In all
specimens soft magnetic component is the prevailing carrier and it is associated with
low titanium magnetite (Tc at about 540°C). Specimen LV12 shows an additional
soft component with Tc around 300°C which can be attributed to maghemite.
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Structure 2 Vitrified samples Structure 3

b

3 2 : L . .
Fig. 3: a, d — Photo of Lime kiln number 2 and 3, respectively; b, ¢ — Photos of the vitrified samples
from the inside of the furnaces. Photos of the two structures provided by L. Vagalinski.
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Fig. 4: a — Day plot indicating the values of samples from the four structures;
b, ¢ — Typical hysteresis loops obtained from the Krivina samples.



Fig. 5. High temperature
susceptibility curves for six
analysed samples. Heating
(cooling) curve denoted
by closed (empty) circles.

Fig. 6: a, b — Three-axes IRM
experiments for samples
LV24 and LV43, respectively.
LV24 has soft components
Tc around 580°C corre-
sponding to magnetite, as
well as Tc for small hard

and medium components at
around 250°C; ¢, d — SIRM
tests for the same samples.
In both cases no alteration
while heating is observed,
indicating good thermal sta-
bility of the magnetic phases.
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Hard components are detected in quite some specimens, although there might not
be an evidence of it in the hysteresis loops from sister specimens. This is especially
true when the soft magnetic component is dominant compared to the intermedi-
ate or the hard one. We observe in many cases hematite (Tc above 680°C). In most
of cases its contribution to the signal is insignificant (table 1 and fig. 6a). In few
cases we observe a well expressed hard phase with Tc around 250°C. This latter
might be not yet precisely defined substituted hematite as suggested by McIntosh
et al. (2007).

All the SIRMs performed (10 specimens) indicate that no mineralogical change
occurs while heating, and so all tests are positive (table 1, fig. 6). This behaviour is
a prerequisite for reliable paleointensity experiments, which involve several heat-
ing steps at various temperatures (Jordanova et al. 2003).

In summary, the rock magnetic analyses indicate that the main carrier is associ-
ated with (titano)magnetite. Based on 3IRM tests, samples LV12, LV16 and LV41
contain greatest or considerable concentrations of magnetically hard components.
This observation is backed up in case of LV41 by its wasp-waisted hysteresis loop.
Sample LV19 shows a very pronounced wasp-waisted loop; however no 3IRM test
was made on this sample, but viscosity and Kfd tests point to considerable SP
fraction. In the case of the next observed wasp-waisted loop (LV37 - table 1) the
studied material obviously is taken from the orange outer part of the hand sample
with a developed considerable fraction of SP grains (3IRM test has not shown any
hard magnetically component).

Both SIRM tests and high temperature susceptibility experiments are consistent
with each other and point to minor to no mineralogical changes during heating.
This stable behaviour is one of the main prerequisites for reliable archaeomagnetic
investigations.

The carbon released during lime production ensures reducing conditions in
the inside of the kiln, and leads to formation of brownish-gray, vitrified parts. The
outside of the kiln lies in an oxidizing atmosphere, and so the colour of the clays
becomes more orange-red. Our rock magnetic analyses support this evidence:
samples from the reducing side (e.g. LV35 and LV37) have Curie temperatures of
540°-580°C, typical for magnetite, small Sv coeflicients (i.e. less SP grains), and do
not show evidences of hard magnetic phases as hematite (e.g. from 3IRM test).

DIRECTIONAL RESULTS

Directional data are obtained from oriented hand samples that are collected in
situ. These hand samples are then cut in the laboratory in many cubic subsam-
ples (specimens) that fit the magnetometer. These procedures might sometimes
produce errors: for example, if the sample is badly oriented in the field, or if the
cutting into subsamples is difficult, as in the case of fragile samples. In our analysis
we had to reject some of the results where an operator mistake was obvious. In
total, the results of six specimens were rejected for these reasons. Similarly, if the
average of a sample yields directions that are clearly inconsistent with the ones
of other samples in the same structure, then these are also rejected (here sample
LV23, Structure 2, marked with ** in table 2).

Table 2 gives the directional results at sample level for all structures, includ-
ing statistics. There are only 3 cases for which only one specimen was cut (LV49,
LV57, and LV58), and so no statistical evaluation was possible.

At a sample level, results were accepted in case the average of the specimens
has a a, <6, and so sample LV26 was rejected (marked with * in table 2).



Table 2. Directional results
of samples and averages for
each structure. Dcorr is the
corrected declination (D)
after the sun compass con-
sideration, I is inclination.
The number of specimen (n),
the vector resultant R (which
approaches n when the pre-
cision is high), the precision
parameter K, and the cone of
confidence a,, are also given.
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Sample | D[] Dcont | Dcorr[*] |I['] |n R K a, []
LVo1 347.4 5.7 353.1 62.3 6 5.999 3891.9 1.1
LV02 345.8 5.7 351.5 63.4 7 6.974 231.6 4.0
LVO03 351.6 5.7 357.3 609 |4 3.991 314.8 5.2
_ LVo04 334.1 5.7 339.8 63.8 |8 7.992 834 1.9
g | LVO5 342.4 5.7 348.1 598 |4 3.995 570.2 3.9
§ LVO06 356.5 5.7 362.2 592 |3 3.000 4247.9 1.9
% LvVo7 352.9 5.7 358.6 57.3 5 4.999 2732 1.5
LVO08 358.6 5.7 364.3 58.7 11 10.986 732.8 1.7
LVO09 344.1 5.7 349.8 61.5 4 3.992 394.7 4.6
LV10 343.2 5.7 348.9 57.8 3 2.999 2869 2.3
Mean 353.6 60.7 10 | 9.975 362.4 2.5
LV11 351.8 3.6 355.4 56.9 3 3.000 8163.3 1.4
LV12 351.9 3.6 355.5 54.3 6 5.973 183.5 5.0
LV14 356.7 3.6 0.3 57.1 4 3.992 373 4.8
2 LV15 352.7 3.6 356.3 52.7 3 2.998 1020.9 3.9
E LV1e6 352.1 3.6 355.7 52.2 7 6.989 529.4 2.6
é Lv17 356.9 3.6 0.5 57.5 5 4.997 1269.8 2.1
©» | LVI9 346.2 3.6 349.8 62.9 2 2.000 3612.4 4.2
LV20 351.5 3.6 355.1 59.0 10 | 9.989 792 1.7
Lv23** | 7.4 3.6 11.0 479 |3 2.999 2062.9 2.7
Mean 356.2 56.6 |8 7.984 425.8 2.7
LV35 354.2 1.7 355.9 57.5 4 3.998 1181.1 2.7
LV36 348.9 1.7 350.6 56.8 2 2 154202 0.7
LV37 351.8 1.7 353.5 57.0 5 4.995 858.1 2.6
LV38 350.8 1.7 352.5 60.0 8 7.971 243.5 3.6
LV40 351.1 1.7 352.8 58.3 4 3.997 935.7 3.0
Lv41 343.5 1.7 345.2 62.7 5 4.988 329.6 4.2
Lv42 349.8 1.7 351.5 56.8 8 7.995 1294.7 1.5
LV43 344.8 1.7 346.5 61.8 7 6.996 1602 1.5
Lv44 349.3 1.7 351.0 574 |4 3.998 1579.5 2.3
LV45 349.8 1.7 351.5 56.0 5 4,991 419.3 3.7
2 LV46 359.9 1.7 1.6 56.7 4 3.993 399.4 4.6
E Lv47 346.3 1.7 348.0 57.0 3 2.999 1866.1 2.9
E Lv48 3.6 1.7 5.3 56.0 2 2.000 2190.6 5.3
©» | LV49 2.2 1.7 3.9 55.7 1
LV50 358.8 1.7 0.5 54.4 10 |9.977 388.1 2.5
LV51 6.2 1.7 7.9 525 |4 3.995 568 3.9
LV52 356.1 1.7 357.8 576 |7 6.995 1268.4 1.7
LV53 352.2 1.7 353.9 538 |5 4.998 1958.9 1.7
LV54 350.3 1.7 352.0 58.1 5 4.996 896.1 2.6
LV55 6.4 1.7 8.1 50.2 |4 3.997 857.6 3.1
LV56 14.2 1.7 159 59.7 3 2.999 3604.0 2.1
LV57 359.7 1.7 14 58.2 1
LV58 344.2 1.7 3459 59.4 1
Mean 356.5 574 |23 | 22911 247.8 1.9
Lv24 347.7 5.9 353.6 64.2 10 9.990 854.7 1.7
« LV26* | 351.5 5.9 3574 68.5 2 1.997 347.1 13.4
g | LV29 341.1 5.9 347.0 67.8 3 2.997 645.9 4.9
‘§ LV30 0.5 5.9 6.4 68.1 3 2.999 1550 3.1
% LV31 6.9 5.9 12.8 62.7 |9 8.996 2217.4 1.1
LV32 351.6 5.9 357.5 736 |3 2.999 2027.8 2.7
Mean 359.9 67.6 |5 4.979 190.6 5.6
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All thermal (TH) and alternating field (AF) treatments isolate a single compo-
nent with little viscous overprint, removed in general at 100°C or 5-10 uT (Insets
of fig. 7). For this reason, the results of most of the sub-samples were simply taken
using the NRM measured after 3 weeks of storage in zero-field to eliminate the
unstable viscous components.

Strongly magnetized bodies like our kilns lead to a deviation of the magnetic
orientation which can be corrected using a sun compass. At Krivina it was not
possible to get a sun direction for all samples, and so we decided to take an average
of all existing sun marks in a corresponding structure to correct the final magnetic
declination. Directions are given as raw values (D in table 2) and corrected for the
average present declination value at the structure (Dcorr in table 2).

The accepted samples were averaged to calculate a site mean for each of the
structures. The hierarchical approach proves to be better because our results are
better clustered, and is in agreement with observations after Lanos et al. (2005).
Structures 1 to 3 yield results with good internal consistency defined by the high
precision parameters K and small a,,. Results from structure 4 appear more scat-
tered, and so we get an a, of 5.6°.

PALEOINTENSITY RESULTS

In total, 43 specimens were measured for determining the ancient field intensity.
Acceptance criteria for these measurements were set as DRATS smaller than 16%,
f fractions > 0.4, tail checks smaller than 10%, and standard deviation of the cal-
culated intensity smaller than 10% absolute intensity value. Of these, only 4 were
rejected. Individual specimens, and averages for each structure are presented in
table 3.

Table 3. Paleointensity

(Ba) results for the various
samples and average for each
structure. Quality factor g,

f fraction (Coe 1967), and
alteration checks (DRATS)
are also indicated. The
temperature interval is
defined between minimum
temperature (minT) and
maximum temperature
(maxT), and the paleoin-
tensity can be calculated
with the number of points
defined by nPI. Declination,
inclination, and MAD are
also given. Sample names
marked with asterisks corre-
spond to those experienced
in San Diego laboratory.

Ba (AARM) correspond

to values obtained after
applying the correction for
the magnetic anisotropy.

. 5 . . . . . | Ba sBa | Ba sBa Drats

Sample | MinT [C] |MaxT [°C] |D[°] |I['] | MAD[’] | nPi (wT] | [T] | (AARM) | (AARM) q f [%]

Structure 1
Lvla* 100 580 3489 | 613 |19 15 1628 |1.6 64.1 1.6 41.8 1094 | 5.8
Lv2v* 100 580 3458 | 612 | 1.8 15 | 648 |38 64.8 3.8 13.9 | 0.69 | 10.3
Lv8z* 100 540 358.6 | 585 | 1.9 14 170.7 |21 70.3 2.1 38.7 1 0.90 | 3.9
Lv8k 150 520 3544 | 589 |27 10 |68.8 |23 68.8 4.5 20.8 | 0.83 | 12.9
Lv10a* | 100 540 3433 | 563 |25 15 169.2 |33 69.2 3.3 18.0 | 0.71 | 10.8
Lviog | 100 460 3444 | 583 |24 10 |66.4 | 1.5 66.4 2.8 32.510.84 | 12.7
Mean 6 66.5 | 2.8

Structure 2
Lvi2v |20 460 345.7 | 59.3 | 6.4 11 |67.1 |64 67.1 6.4 56 |0.48 |68
Lvl2g* | 100 580 3479 | 572 |3.1 15 632 |22 63.2 2.2 27.510.82 | 8.1
Lvl4g | rejected
Lvl6a* | 100 580 350.5 | 504 | 2.2 15 | 585 |23 58.5 2.3 239 0.88 | 5.6
Lv20g |20 430 348.7 | 61.0 |99 10 629 |29 62.9 2.9 64 03416
Lv23v |20 400 44 47.6 |49 9 71.0 |3.0 71 3 16.2 | 0.80 | 5.7
Lv23g* | 100 580 8.5 48.0 | 2.6 15 593 |22 59.3 2.2 26.6 | 0.96 | 6.5
Lv23d* | 100 580 9.3 48.1 |15 15 1609 |3.0 60.9 3.0 18.7 | 0.93 | 4.6
Mean 7 62.1 | 3.8

Structure 3
Lv35a* | 150 580 355.1 |569 |14 14 |61.6 |09 61.6 0.9 63.50.87 | 1.3
Lv35b |20 430 353.1 |59.2 |34 9 642 | 3.0 64.2 309092 |73




ARCHAEOMAGNETIC STUDY OF ROMAN LIME KILNS (IST C. AD) AND ONE POTTERY ... 33

Sample | MinT [*C] | MaxT ['C] | D[] |1['] | MAD['] | nPi ﬁf‘T] ?E;] ?X ARM) ?iZRM) g |f 3/3‘“
Lv36a |20 360 349.1 | 56.7 |7.3 6 67.2 | 4.0 67.2 4 34 103489
LV37a | 400 580 3464 | 59.1 |33 5 71.5 | 2.8 71.5 2.8 12.6 | 0.73 | 2.0
Lv37e* | 100 580 349.7 | 585 |14 15 1699 |1.0 69.0 1.0 71.3 1 0.97 | 5.6
Lv38g |20 580 350.5 | 584 |2.6 11 669 |14 66.88 1.4 40.7 1 0.97 | 6.0
Lv38e 100 620 351.7 | 609 |2.7 12 1672 |15 33.0 1 0.92 | 15.8
Lv40a* | 100 580 355.1 | 559 |28 15 629 |28 63.8 2.8 16.3 | 0.64 | 4.6
Lv40b 150 620 353.6 594 |44 10 | 693 |58 69.3 5.8 14.5 | 0.71 | 8.7
LV41g* | rejected
Lv42b |20 620 346.3 | 594 |3.8 13 1632 |42 63.2 4.2 22.6 1 0.95 | 0.9
Lv43b |20 460 342.0 [ 623 |19 12 | 63.6 |27 63.6 2.7 36.7 | 0.99 | 12.8
Lv45a | 200 580 350.6 | 51.2 |24 8 72.5 | 2.5 72.5 2.5 21.6 | 0.93 | 3.8
Lv48a |20 520 3.7 59.0 |3 10 | 715 |22 71.5 2.2 24.5 | 0.88 | 8.7
Lv50e* | 20 580 4.4 56.8 | 3.6 16 803 |24 80.3 2.4 26.5 | 0.87 | 12.2
Lv52a* | 230 540 356.5 | 57.1 |1.2 11 |71.3 | 2.0 71.8 2.0 37.1 1 0.83 | 5.8
Lv52e 240 580 0.7 57.6 |5 8 703 | 3.9 70.3 3.9 25.8 1 0.90 | 104
Lv54a | 20 460 353.7 | 589 |3.7 10 | 65.7 | 5.1 65.7 5.1 16.3 | 0.77 | 3.5
Lv55v | rejected
Lv56a* | 150 580 147 |58.7 |23 14 | 725 | 6.5 72.5 6.5 10.3 | 0.98 | 11.3
Mean 18 |67.2 |45

Structure 4
Lv24a | 100 460 345.2 | 652 |23 9 624 |29 62.4 2.9 12.2 | 0.68 | 3.9
Lv24e* | 100 580 343.7 | 642 | 1.4 15 | 63.7 |22 63.7 2.2 30.0 | 0.88 | 3.2
Lv26a* | 230 580 319.3 1622 | 1.1 12 | 719 |3.8 71.9 3.8 21.3 1 0.90 | 6.7
Lv29a | 200 580 338.1 | 67.3 |34 10 | 70.8 | 1.7 70.8 1.7 31.1 | 0.85 3.3
Lv30a* | 230 580 0.9 65.8 | 1.7 12 | 72.1 | 2.6 72.1 2.6 29.510.84 | 2.1
Lv31la* | 230 580 8.4 61.7 | 1.8 12 | 708 | 2.7 70.8 2.7 26.9 1 0.82 | 7.6
Lv31g* | 230 580 7.5 61.5 |15 12 | 725 |23 72.5 2.3 33.6 1 0.84 | 7.8
Lv31k* | rejected
Lv32b |20 580 347.5 1 71.8 | 3.1 12 | 720 | 1.8 72 1.8 29.7 1092 | 8.3
Mean 9 69.8 | 3.5

Anisotropy of the Anhysteretic Remanent Magnetization (AARM) is de-
termined and used to minimize the influence of magnetic anisotropy on the
paleointensity result. This method was introduced by Veitch et al. (1984), and it
was applied to a number of specimens studied in San Diego. In our study we did
not spot significant differences (see the columns Ba and Ba (AARM)). This result
supports observation made by Kovacheva et al. (2009a) on similar materials.

Figure 7 presents pairs of paleointensity determinations from Sofia and from
San Diego. We always notice a good agreement between the interlaboratory
comparisons.

DISCUSSION AND CONCLUSIVE REMARKS

A summarizing table 4 showing the average directions and intensity for each
structure is presented. The second column of table 4 gives the laboratory numbers
(Sofia Lab. #, see Kovacheva et al. 2009b) attributed to these structures, and the
third column gives the available independent archaeological age (Vagalinski in
press a, b).
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Fig. 7. Comparison between
paleointensity experiments
from Sofia (left column), and
San Diego (right column).
Each plot shows the Arai
diagram (Arai 1963) from
which the paleofield can

be determined, and the
Zijderveld plot showing

the directions (Declina-
tions (Inclination) as circles
(squares)) in the inset.



Table 4. Summary of the
geomagnetic field data for
the four structures, together
with the median archaeolog-
ical age and its uncertainty.

Fig. 8. Declination, inclina-
tion, and intensity curves of
geomagnetic field during the
past 3000 years. Black circles
are the available Bulgarian
data for this time interval,
the lines are the available
regional and global models
(see text for details). The
new measurements are given
as an empty black star (pot-
tery kiln, structure 4), and
as empty black circles (lime
kilns, structures 1 to 3).
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Structure Isdzgfi# Age | oAge |n | D[] |I["] |a,[] K nPi ][S:T] Ff;]
1 346 85 15 10 | 353,6 | 60,7 | 2,5 362,4 | 6 66,5 | 2,8
2 347 85 15 8 356,2 | 56,6 | 2,7 4258 |7 62,1 |38
3 348 85 15 23 1356,5 | 574 | 1,9 247,8 | 18 67,2 | 4,5
4 345 -15 | 45 5 359,9 | 67,6 | 5,6 190,6 | 9 69,8 |35

The agreement of the geomagnetic field values between lime kilns (structures 1
to 3) indicates that these were last used very closely in time. Structure 4 (pottery
kiln) shows values that are slightly distinguishable from the other ones, and so
suggests that it was used in other times. This conclusion is better seen in figure 8,
showing the geomagnetic field variations (inclination, declination, and intensity)
during the past 3000 years as based on part of the Bulgarian dataset (black closed
circles, Kovacheva et al. 2009), on 3 available models (lines), and on the results of
the present study (lime kilns as black empty circles and pottery kiln as an empty
black star).

The Bulgarian master curves have been used successfully in past studies
(Kovacheva et al. 2004; Kostadinova / Kovacheva 2008; Herries et al. 2008), and
will continue to be an excellent tool for new undated archaeological sites. That is
why its further refinement is a prerequisite for reliable dating.

The results presented in figure 8 clearly indicate that a gap in the Bulgarian
Master Curve of Kovacheva et al. (2009) around AD 0 is partly filled with these
new, well constrained and well dated archaeomagnetic data. These new data will
also provide useful constraints for regional modelling (e.g. Pavon-Carrasco et al.
2008 and 2009; Lodge / Holme 2008; Korte et al. in press).

75

70

5L o

s
o
2 60}
< O O Lime kilns . o . f
G 55}{% ¥ Pottery kiln gy R oo 8
£ — CALSTK2 ¢ v ':';0 - . . ‘. .

50l - - ARCH3K.1 e s

SCHA_DIF.3k o g, Ce
3?.000 -500 0 500 1000 1500 2000

Declination [°]

Intensity [pT]

—(I\OOO -500 0 500 1000 1500 2000
Age [Years AD]



36 F. DONADINI / M. KOVACHEVA / M. KOSTADINOVA-AVRAMOVA

This study also confirms the archaeologist assumption that all the lime kilns
are from one and the same period (the directional and intensity results are very
close - fig. 8, black empty circles). Directions from the 4th structure (the pottery
kiln, black empty star) plot distinctly away from the ones of the other structures.
To check this, we performed a bootstrap test for common mean (Tauxe et al. 2009)
of the four structures. We used the sample averages presented in table 2, as well
as the individual specimens’ data. Results indicate that structures 2 and 3 have a
common mean, but when the other structures — and in particular structure 4 - are
compared this hypothesis is rejected at 95% confidence interval. This observation
proves the contemporaneous use of the lime kilns from structures 2 and 3, and
suggests that the pottery kiln (structure 4) was last used during another time.

Figure 8 also shows the fit of three models (CALS7K.2, Korte / Constable
2005; ARCH3K.1, Korte et al. in press; SCHA.DIE 3k, Pavon-Carrasco et al. 2009)
with the Bulgarian data. The CALS7K.2 model is a global one covering the past
7000 years, and cannot reproduce the small variations of the geomagnetic field.
A better fit to the real data is achieved with the ARCH3K.1 model (Korte et al. in
press), which is constructed using only archaeomagnetic data. A similar excellent
fit is also produced by the SCHA.DI.00-F model (Pavon-Carrasco et al. 2008). In
particular, this model is able to reproduce a minimum intensity at around AD
1400.

Although reference curves rely on independent dating of the structures (e.g.,
stratigraphy, archaeological context, "C, dendrochronology), we calculated the ar-
chaeomagnetic date as comparison. We used the Lanos algorithm (Lanos 2004) to
calculate the probable age of the structures using the available Bulgarian reference
curves from 2002. Obtained age intervals are very similar for all structures (about
15 BCto 15 AD), they are very precise, but do not allow for further discrimination
between the firing of the older Structure 4 and the more recent ones because of
the existing gap in the reference curve.

Finally, we will use these new, well constrained data, together with their ar-
chaeological date for further improvements of the Bulgarian master curves.
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ApxeoMarHUTHO M3CIe[BaHe HA PUMCKY IeNy 3a

Bap (1 B. cm. Xp.) u emHa KepammnyHa 1ei (1 B. mp.

Xp. - 1 B. cn. Xp.) kpait ceno Kpusuna, bpnarapus,
KaTo MPUHOC K'bM aPXEOMarHNTHOTO JaTUpPaHe

®a6muo JOHAIVHN / Mepu KOBAYEBA /
Mapusa KOCTAOVHOBA-ABPAMOBA

(pesrome)

CraTuATa npefcTaBs AeTaii/THY apXeOMarHUTHYU U3CNeIBaHNsA Ha OCTAaHKUTE OT
7 Iell[u 3a Bap U effHa KepaMI4Ha Iell], pasKpuTu Kpaii ceno KpusuHa, Pycencko,
Ha Opera Ha p. [lynaB B CeBepoustouna boarapus. Tesu meumm ca rpynmpanu
B 4 CTPYKTYpM CIOpell TAXHOTO NPOCTPAHCTBEHO PA3IO/NIOKeHNe U ce OTHACAT
KBM HAa4aj0TO Ha Hamata epa. Konmekiusara obpasiy mokasaxa OmarompusaTHu
MaTrHUTHU CBOJCTBA, OCUTYpPsBAaIlM HOCTOBEPHM apXEOMaTHUTHM M3MepBaHMUsL.
B tasu paboTa Hue M3cIeABaxMe eNHOBPEMEHHO ITOcoKaTa (gekmuHauys D u
MHKMMHanyA 1) n unTensutera (Ba) Ha reOMarHMTHOTO IIOJIe, OTHACAIIN Ce 32
BpeMeTO U MACTOTO Ha MOCHAEeNHOTO OlNajBaHe Ha IeluTe. Te3u pesynraTu Ie
ObHaT M3NONM3BaHM KaTo pedepeHTHN TOUYKM 3a IOJoOpsiBaHe Ha OBArapCKuUTe
[1aJIe0OBEKOBY apPXeOMATHITHY KPUBH, KAKTO ¥ 32 [IOOATHNUTE M PeTrMOHATHI MO-
Teny Ha TeOMarHUTHOTO T1071e, KOMTO MOTaT ChIIO Aa ce M3I0/I3BaT 3a JaTupaHe
B apXeo/IoTuATA.

Yacr ot Konmekuusata 6e nscnenpana B Ckpurc MHcTutyt 1o Oxeanorpadus
Can [luero, a gact B ITaneomaruutHara naboparopus Ha leopusnuen VHcTuTyT
Ha BAH (Co¢us). VI3KIIOUNTETHOTO CHOTBETCTBUE MEXAY Te3M He3aBUCHMM
U3MepBaHMA IIOKa3Ba BMCOKOTO KaueCTBO Ha MaTrepuana M BaJMJHOCTTA Ha
IPUIOKEHNUTE METONM.

Pesynrarute ca 00001eHN KaToO CPeHY IO CTPYKTYPU, KOUTO IPEfCTABSIT
pasnuuHuTe nemn. [I'bpBa 10 TpeTa CTPYKTypa ce NpefosaaraT efHOBpeMEHHI
u umar pesynrartu: D: 353.6°,1: 60.7°, Ba: 67.2 uT (1-Ba ctpykrypa), D: 356.2°, I:
56.6°, Ba: 63.2 uT (2-pa cTpykrypa), D: 356.5°, I: 57.4°, Ba: 67.9 uT (3-ta cTpyk-
Typa). 4-Ta CTPYKTypa e IO-CTapa 10 apXeoJIornyecKyl JaHuu u gage: D: 359.9°,
I: 67.6°, Ba: 69.0 uT. CraTucTudyecknTe TeCTOBE 3a CPaBHEHME HA OCPeIHEHNUTe
IIOCOKY Ha YeTUPUTE CTPYKTYPU CHLIO OTXBBP/IAT XMUIOTE3aTa 3a 0010 CPETHO
MeXIy 4-Ta CTPYKTYpa 1 oCTaHanuTe Ha 95% fosepuTenHo HuBO. ToBa oKa3Ba,
ye BpeMeTo, KOraTo 4-TaTa CTPyKTypa (KepaMy4HaTa IIell]) e M3I0/I3BaHa 3a I10-
CllefieH IIBT, Ce pas3indaBa OT BPeMeTO Ha IOC/IeHOTO Oa/lBaHe Ha OCTaHAINUTE
CTPYKTYpHU.

Te3u HOBU pe3y/nTaTy IOII'B/IBAT YACTUYHO eHA OT IPAa3HOTUTE B O'BITapCKu-
te pedepentan KpuBu (150 r. mp. Xp. — 85 . ci1. Xp.) u mokassar, 4e ofoodpeHne
[0 OTHOILIEHME Ha MOJEIMPAHETO Ha BapMallMMUTe HAa TEOMArHUTHOTO IO7ie B
MIHA/IOTO MOXKe Jja ce IIOCTUTHE C apXeOMarHUTHO M3CIIefiBaHe Ha HOBY, JOOpe
TaTUPaHM KONMEKIUN.
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