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Lime production structures and their combustion were investigated in the western Yucatan Peninsula (Mexico).
Limekilns were excavated and the specific calcination temperature for each kiln was calculated using Fourier
transform infrared spectroscopy (FTIR). A temperature range of 750-850 °C was estimated for the furnaces used
for lime production. This unambiguously confirms the thermoremanent origin of magnetization carried by kiln
samples and thus the validity of archaeomagnetic dating. Rock-magnetic and magnetic studies were carried out

on eight well-identified limekilns. Archaeomagnetic dating based on the full geomagnetic field vector indicated
that five of the kilns were last used between 900 and 1050 CE and three of the kilns were used between 1460 and
1630 CE. The absolute chronology provided in the present study is linked to the constructive splendor in the
northern plains of the Maya area.

1. Introduction

The remains of ancient limekilns used by pre-Hispanic Maya com-
munities were dated using magnetic methods. The lime production
process requires temperatures generally above 750 °C which makes
limekilns an excellent material to record both geomagnetic field di-
rections and intensity during the last cooling. Lime production in
Mesoamerica has been studied mainly in Teotihuacan and Maya area,
with some studies in Puebla and Tlaxcala (Ortiz-Ruiz, 2019, review).
However, the studies directly dealing with pyrotechnology are almost
inexistent. Evidence of combustion to produce lime has been noted by
archaeologists since the 1970s (Seligson et al., 2019), but systematic
studies of limekilns in Mesoamerica began only five years ago (Ortiz-
Ruiz et al., 2015; Rodas-Cruz, 2018; Seligson, 2016). A detailed in-
vestigation of ancient lime production — including characterization of
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the components of the lime mixtures and dating of the flattened floors
and mortar in the kilns — was presented in Hueda-Tanabe et al. (2004).
Murakami (2016) concluded that social changes in Mesoamerica were
reflected in the consumption and production of lime in Teotihuacan.
However, no limekilns have been reported in Teotihuacan (Barba-
Pingarrén and Cérdova-Frunz, 2010).

Archaeometric studies suggest that the numerous limekilns in the
Maya area on the Yucatan peninsula were dedicated to the production
of lime (Seligson et al., 2019; Barba-Pingarrén, 2013; Ortiz-Ruiz, 2019,
2014). Martin-Arana (1987) and Grove and Cyphers-Guillén (1987)
reported three underground kilns corresponding to the classic period in
Chalcatzingo. In Tepeaca, Castanzo and Anderson (2000) documented
37 lime production furnaces associated with housing platforms, two of
which were dated at 1000 = 90 yr B.C. In the Maya region in Mexico,
a furnace in Copan that was probably used to produce lime was
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reported in Abrams and Freter (1996). Freidel and Sabloff (1984) re-
ported the presence of a kiln in Cozumel, located in the municipality of
Aguada. As the kiln was in front of an altar, the authors postulated that
it was used to produce lime. Limekilns were reported in the Pulltrouser
Swamp in Belize (Villasenor-Alonso and Barba-Pingarrén, 2012) and in
Cauinal (Fauvet-Berthelot, 1986). Sabloff and Tourtellot (1991) re-
ported circular structures that the authors considered to be limekilns.
All these studies propose the presence of kilns in well-defined archae-
ological contexts. However, no pyrotechnological or systematics ar-
chaeomagnetic investigations have been available until now. Ortiz-Ruiz
et al. (2015) combined pyrotechnological and archaeomagnetic tech-
niques to study limekilns excavated in the Maya area of Mexico. Evi-
dence from Kiuic, in the northern Ichkaantijoo region, suggests that the
kilns were pyrotechnological structures dedicated to the production of
lime. Typological and production differences described in Seligson et al.
(2019) suggest that lime production in the Maya area in Mexico con-
sisted of multiple regional sub-industries interacting with each other.

We sampled eight well-identified limekilns west of the Yucatan
Peninsula to estimate the paleotemperatures associated with lime pro-
duction and to determine the chronology of lime production.

2. Limekiln sites and sample collection

The limekilns discovered in the ancient Maya lowlands are typically
circular structures built directly on the ground; only in the case of
Mérida was a kiln built inside the platform room. The construction of a
kiln begins by excavating a hole at an average depth of 1.5 m; the hole
is then covered with a limestone wall. At the top of the wall an annular
bench is built that surrounds the hollow.

Fig. 1 shows geographic distribution of some of the kilns excavated
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during the archaeological rescue campaign at the western part of the
Yucatan Peninsula. The kilns were deep pits in the ground, occasionally
filled with layers of sediments and gravel (Fig. 2). The floor and walls of
the kilns were comprised of sedimentary limestone. We sampled eight
limekilns that had preserved circular architectonical features. The
structural and technological similarity of the kilns suggests that they
were built during the same time period. Pyrotechnological evidence
inside the furnaces contained lime concretions and sediments with
micro-remains of coal, ash, and fragments of calcined rock. The kiln
walls presented fractures caused by their multiple exposures to high
temperature.

Four of the studied limekiln sites are distributed along Federal
Highway 180 (Fig. 1); four other sites are located near La Sombrilla,
Vicente Guerrero, Santa Barbara (close to Maxcanu village), and
Dzoyild at Merida, the capital city of Yucatan State. Twelve or more
standard paleomagnetic cores (112 samples in total) were drilled using
the portable Pomeroy (ASC Scientific) drill and oriented using both
magnetic and sun compasses. To remove, at least partly, the potential
viscous remanent magnetization, all samples were stored in a magnetic
shield with a residual field less than 15 nT for three weeks before taking
laboratory measurements.

3. Laboratory methods and analysis

The specific calcination temperature range for each limekiln sample
was determined using attenuated total reflection Fourier transform in-
frared spectroscopy (ATR-FTIR). ATR-FTIR enables material identifi-
cation by measuring the vibration of molecular bonds (Gueta et al.,
2007). Here, we obtained mineral characterization and identified
physical changes in materials exposed high temperatures during lime
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Fig. 1. Schematic map of the western Yucatan peninsula showing the location of the studied limekilns. Most of the limekiln sites are distributed along Federal
Highway 180, with other sites are located near La Sombrilla, Vicente Guerrero, Santa Barbara (close to Maxcanu), and Dzoyil4 at Merida, the capital city of Yucatan
State.
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Fig. 2. Views of representative limekilns. Each kiln comprised a well-marked cavity in sedimentary rock. The construction apparently took advantage of a cavity in

the mother rock and used to form the walls and floor of the kiln.

production. This technique has been applied in archaeology to study
materials exposed to fire (Berna et al., 2007; Chu et al., 2008; Regev
et al., 2010; Toffolo and Boaretto, 2014; Toffolo et al., 2017; Weiner,
2010).

Each sample was ground using a mortar and agate pistil to produce
a fragment of 0.5-1 cm in diameter, which was place in an Eppendorf
tube. The sample fragments were analyzed with a Bruker Alpha
Platinum portable spectrometer in ATR mode with a diamond crystal.
Spectra were obtained at a resolution of 4 cm~! using 32 scans with
wavenumbers in the range of 400 — 4000 cm™! at the National Science
Laboratory for the Research and Conservation of Cultural Heritage
(LANCIC-Institute of Physics, UNAM).

Mineralogical identification was achieved by comparing the sample
spectra with certified reference materials from the National Institute of
Standards and Technology, SRM 88b and SRM 1D (Chukanov, 2014;
Aldeias et al., 2019; Weiner, 2010). Calcination temperatures in the
limekilns were determined using the methodology proposed by Chu
et al. (2008) and Regev et al. (2010). This allowed us to determine the
molecular changes when the materials were directly exposed to fire.
Samples were analyzed by ATR-FTIR to establish the parameters of
ratio v?/v* with local materials. A calibration curve was created using
the calcination temperatures of geological materials (Ortiz-Ruiz, 2019;
Ortiz-Ruiz et al., in preparation).

During archaeological excavations, at least 10 samples were col-
lected from each kiln following a stratigraphic sequence. The samples
consisted of fragments of stones, sediments, and calcined rock pieces
inside the kilns. Paleomagnetic cores were drilled at almost same areas
in each kiln, thus, there is direct relationship between the paleomag-
netic and FTIR fragments analyzed.

Saturation induced magnetization versus temperature (continuous

thermomagnetic curves), hysteresis cycles, and isothermal remanent
magnetization curves were recorded using a variable field translation
balance (VFTB), also known as Curie balance. Natural remanent mag-
netizations were measured using a JR6-A AGICO spinner magnet-
ometer, and alternating field treatments were performed with a LDA-3
demagnetizer with a maximum field of 95 mT. Primary characteristic
remanent magnetization (ChRM) directions were computed using a
principal component analyses (Kirschvink, 1980) of linear segments
that pointed to the origin of the Zijderveld diagram and represented at
least five alternating field demagnetization steps. The site-mean ar-
chaeomagnetic direction of each limekiln was obtained using Fisher
statistics (Fisher, 1953). As alternating field treatments efficiently re-
moved secondary magnetizations, these treatments were used to sepa-
rate primary remanent magnetization components.

Archaeointensity experiments were performed on the samples using
Coe’s (1978) modification of the double heating Thellier method
(Thellier and Thellier, 1959). A TD48 ASC thermal demagnetizer
equipped with coils was used for these experiments. Measurements
were made in 11 or 12 temperature steps between room temperature
and 515-540 °C. Only three controlled heatings, i.e., partial thermo-
remanent magnetization (pTRM) checks at key temperatures were
performed to minimize thermal remanent magnetization alterations in
the samples during multiple heatings. The samples were cooled down
naturally, thus no cooling rate correction was applied. The Thellier
double heating technique is inconvenient because of the many heating
steps (usually more than 20) required. Additionally, three to five con-
trolled heatings (pTRM checks) and three additional heatings for the
cooling rate experiments are required, which may alter the original
remanent magnetization. Conventional anisotropy correction requires
at least six additional heatings at high temperatures, and usually less
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Fig. 3. Calcination temperatures estimated by Fourier transform infrared
spectroscopy (FTIR). The experiments were carried out with the total atte-
nuated reflectance (ATR) module. (b) is the enlarged (a).

than 10-15% of the original magnetization survives this treatment. To
avoid such potential alterations, we measured anhysteretic remanent
magnetization (ARM) instead of TRM at six positions under the si-
multaneous action of 90 mT alternating and 50 mT direct magnetic
fields. The maximum remanence anisotropy correction factor was
within 1.6% (mostly within 1.2%), therefore, we considered our
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samples to be magnetically isotropic, and no anisotropy correction was
applied to the intensity values.

4. Results

The calcination temperatures of the samples from the studied
limekilns were obtained with ATR-FTIR using the specific calibration
curve for limestone materials. Samples from the interior of the limekilns
had been exposed to temperatures between 750 °C and 850 °C (Fig. 3).
Such temperatures are typical in lime fabrication in pyrotechnological
kilns. Seligson et al. (2017) replicated a kiln in Kiuic and experimen-
tally burned limestone with the help of Mayan artisans who are familiar
with the production of lime by traditional methods. Temperatures be-
tween 800 °C and 830 °C were reached during the limestone burning.
FTIR analysis of these samples yielded an average temperature of
786 °C (Ortiz-Ruiz, 2019). Previous work describing lime production by
Schreiner (2002), Russell and Dahlin (2007), and Villasenor-Alonso and
Barba-Pingarrén (2012), suggest that calcination temperatures were
800-900 °C. Such calcination temperatures confirm the thermo-
remanent origin of remanent magnetization in the studied samples. The
main magnetic carriers responsible for remanence are ferromagnetic Ti-
poor titanomagnetites (almost magnetite). The thermoremanent origin
of primary magnetization, obtained during the last use (heating then
cooling) of a kiln, is ensured by a heating temperature above 750 °C,
that is, above the Curie temperatures of magnetite and hematite. A few
samples appeared to have no thermal footprint; ATR-FTIR examination
showed their temperatures to have been below 50 °C (Fig. 3a). Samples
with no thermal footprint were likely in positions remote from fire
exposure. These samples may not carry any thermoremanent magneti-
zation and were thus excluded from further analysis.

Fig. 4 summarizes the rock-magnetic properties of the samples. The
temperature-induced saturation magnetization curves, which are rea-
sonably reversible, present a single ferrimagnetic phase corresponding
to a Curie temperature between 545 °C and 555 °C, indicative of nearly
pure magnetite or Ti-poor titanomagnetite. Both hysteresis cycles and
isothermal remanent magnetization (IRM) acquisition curves were re-
corded up to 0.85 T. Saturation was reached applying 200 mT, which
attests to the presence of relatively low coercivity ferrimagnetic grains.
The typical ratios derived from the hysteresis cycles (Mrs/Ms = 0.25,
Ber/Be = 2.15) are related to a pseudo-simple magnetic domain state
(Dunlop, 2002).

Some representative, alternative field demagnetization examples
are shown in the orthogonal projection diagrams of Fig. 5. Most of the
samples (upper part of Fig. 5) are trending toward of origin of the
diagram, defining linear uni-vectorial, normal polarity magnetization
components. A minor secondary overprint of probably viscous origin

was sometimes identified during the demagnetizations. Such
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Fig. 4. A summary of rock-magnetic experiments: (a) continuous thermomagnetic curve, (b) hysteresis cycle, (c) acquisition of isothermal remanent magnetization.
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Table 1
Directional results obtained for studied limekilns: n is the number of samples used in the calculation of the site mean direction; N is the total number of samples
measured; ags is the confidence cone in degrees; k is the precision parameter of the Fisher statistics; Dec. is declination; Inc. is inclination.

Site UTM UTM n/N Inc Dec a95 (°) Int (tT) Archaeomagnetic dates (A.D)
©) © k
Dzoyila 230,023 2,317,636 12/14 30.7 350.6 214 3.4 44.1 (2.6) 932-1019/1189-1281
Vicente Guerrero 185,130 2,269,632 7/10 29.9 351.8 426 3.2 934-1047/1213-1273
Santa Barbara 800,758 2,290,606 9/11 24.8 348.7 405 2.7 32.5(2.5) 912-979
Federal Road 180 Kiln 1 188,694 2,274,634 0/8 N.D.
703-879/891-1004/1232-
La sombrilla 185,130 2,269,632 8/9 30.2 353.6 256 3.3 1304
Federal Road 180 Kiln 2 193,808 2,283,580 8/10 33.8 5.5 236 3.6 1498-1622
Material Bank Proser Kiln 1 189,657 2,278,236 8/11 28.1 357.4 325 4.1 707-938
Material Bank Proser Kiln 1 192,103 2,282,959 6/10 37.1 5.8 158 4.2 1459-1644
Table 2

The absolute intensity of geomagnetic field at the sample level using the Thellier-Thellier double heating method: N is the number of heating steps used; f is the
fraction of NRM used for intensity determination; g is the gap factor; g is the quality factor as defined by Coe et al. (1978); y is the angle between the direction of
ChRM and the direction of the composite magnetization equal to NRM(T) if the CRM(T) obtained from orthogonal plots derived from Thellier paleointensity
experiments is zero (Coe et al., 1984; Goguitchaichvili et al., 2015); H is the archaeointensity value and the standard deviation.

Site LAB CODE N Han (uT) + pT () f g q Tmin-Tmax
Dzoyila 14MO001B 8 43.9 3.6 5.8 0.46 0.76 2.8 300-515
Dzoyild 14M002C 8 44.3 3.0 3.6 0.51 0.78 6.7 300-515
Dzoyila 14MO003A 9 44.6 1.9 2.8 0.58 0.80 9.1 250-515
Dzoyila 14M004C 10 40.8 1.6 3.2 0.52 0.82 12.5 200-515
Dzoyila 14MO05A 9 48.6 1.1 3.8 0.55 0.83 14.2 250-515
Dzoyila 14M006A 8 42.8 1.8 4.2 0.49 0.75 6.6 300-515
St. Barbara 14M007B 6 35.2 1.2 1.8 0.64 0.84 16.8 150-475
St. Barbara 14M008C 5 29.3 2.3 3.1 0.54 0.79 8.2 200-475
St. Barbara 14M009C 6 33.9 1.7 2.6 0.66 0.82 10.2 150-475
St. Barbara 14M010C 6 32.8 1.4 3.5 0.61 0.78 11.5 150-475
St. Barbara 14M011C 5 31.5 2.8 4.3 0.53 0.81 4.3 200-475
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Fig. 7. Archaeomagnetic dating with a MATLAB tool provided by Pavén Carrasco et al. (2011, 2014) using a geomagnetic full vector.

components were removed by the field <5-10 mT. For ~80% of the the remanence was carried by low-coercivity minerals, most likely
analysed samples the remanent magnetization was completely removed magnetite (Dunlop, 2002). These samples yielded a maximum angular
beyond the peak alternating field of 60-80 mT. The median destructive deviation (MAD) of 0.8-4.3°. Only a few samples were rejected because
field (MDF) ranges between 20 and 30 mT, indicating, once again, that of unstable behaviour during the magnetic treatments (Fig. 5, sample
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Fig. 8. Archaeomagnetic dating with a MATLAB tool provided by Pavén Carrasco et al. (2011, 2014) using only directional data

SB09), showing MAD values above 5°. Six samples exhibited chaotic
behaviour during the demagnetization without defining any linear
segments (Fig. 5, sample CarFedl-11c). Such samples were from the
group with no thermal footprint, as revealed by ATR-FITR analysis, and
did not carry primary thermoremanent magnetization.

As absolute magnetic intensity, or archaeointensity, experiments are
concerned, we accepted determinations showing no major departure of
natural remanent magnetization (NRM) (the permanent magnetism of a
rock or sediment) end points toward the laboratory field directions. To
acquire mean values of the absolute magnetic intensity we used only
samples that demonstrated low MAD. The maximum values of the angle
y between the direction of characteristic remanent magnetization
(ChRM) and the direction of total magnetization, NRM(T), if CRM(T) is
zero obtained from the orthogonal plots derived from the Thellier pa-
leointensity experiments is below of 6°. We considered at least five

aligned NRM removed — pTRM acquired — points (Fig. 6, Table 2).
Positive partial thermoremanent magnetization (pTRM) checks were
accepted within 15% for the segments from room temperature to
250-300 °C and within 10% above that temperature range. No con-
cavity is observed on the Arai-Nagata diagrams in Fig. 6. The quality
factor q, suggested by Coe et al. (1978), is generally above 5. The re-
manence segment f is about half of the total remanence for all samples.

5. Discussion and concluding remarks

Remains that have been previously heated must carry primary
thermoremanent magnetization acquired during cooling from high
temperatures to qualify for archeomagnetic investigation. The geo-
magnetic validity of the present archaeomagnetic data is supported by
the fact that infrared spectroscopy yielded calcination temperatures
above 750 °C in almost all cases of minerals found in limekiln samples.
Site-mean paleodirections were obtained for seven limekilns (Table 1)
based on 58 successful demagnetizations of 83 treated samples. The low
values in the cone of confidence, ags, range from 2.7 to 4.2° illustrating
the high technical quality of the results. Although full demagnetization
was achieved for eight standard paleomagnetic samples from limekiln

1, situated on Federal Highway 180, no directions were obtained be-
cause of the unstable and chaotic behavior of analyzed samples in al-
ternating field treatments. Out of 24 samples analyzed in the two stu-
died sites, only 11 samples provided acceptable absolute

archaeointensity determinations. The Dzoyila limekiln site provided an
+ 2.6 uT, and the Santa Barbara site yielded

average intensity of 44.1

325 = 2.5T.
For archaeomagnetic dating between 0 and 1900 A.D, we used the

model SHADIF14k and the corresponding MATLAB tool described in
Pavon Carrasco et al. (2011, 2014). A full geomagnetic vector (in-
clination, declination, and absolute intensity) was used in only two
cases (Fig. 7) because no intensity results were obtained for the
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remaining five sites; therefore, only directional data were used for age
interval estimations (Fig. 8). Four sites provided a single time interval
(Table 1), and two kilns yielded two different absolute ages. Three age
intervals were obtained for the kiln at La Sombrilla. A time interval of
900-1050 CE was recurrent in all determinations except for sites Fed-
eral Highway 180 Kiln 2 and Material Bank Proser Kiln 2, which yielded
the significantly younger ages of 1560 and 1630 CE The archae-
omagnetic date indicates the last use of the heated structure, therefore,
it is possible that these two kilns were rehabilitated at the beginning of
the Colonial period.

The absolute chronology provided in our study allows us to refine
the time of the lime manufacturing process. The interval 900-1050 CE
agrees with the ceramic typology of the region (Ancona-Aragon et al.,
2013), and with the data from the Kiuic ovens in the Puuc area
(Seligson, 2016). In the latter study, charcoal samples from four kilns
yielded an age interval of 650-900 CE (calibrated at 2 sigma). Locating
the intensive use of lime production furnaces for this period is linked to
the constructive splendor in the northern plains of the Maya civilization
region. Seligson et al. (2019) compiled available information on lime-
kilns in the Maya region in Mexico and placed their use in the Classic
period, except for four limekilns that were dated by the radiocarbon
technique. The chronology given to the other archaeological sites was
essentially based on the ceramic typology. Two Kkilns yielded post-
conquest ages, and interestingly, both were found very close to the
colonial Haciendas which might indicate that the Spaniards produced
lime to obtain construction material. These new dates allow us to
identify the evolutionary steps in the modifications and adaptations of
limekilns, which in some cases do not preserve any architectural pat-
tern, only a thermal imprint.

The age ranges obtained in this study allow us to refine the
chronology and duration of the lime manufacturing process. The evi-
dence indicates intensive use of limekilns to produce lime in late
Classic/Postclassic periods by the Maya people in the northern plains of
the Yucatan peninsula. Previous data compiled from this area (Seligson
et al., 2019) suggested that the limekilns were used principally in the
Classic period. Our data indicate that some of studied kilns were used
(or reused) during the colonial era. The location of the kilns near co-
lonial towns suggests that the Spaniards used pre-Hispanic production
techniques for lime production. Recent discoveries north of Yucatan
suggest that modifications of the pre-Hispanic features are visible at the
Maxtunil site. For instance, the open chapel built on the Maxtunil site
presents pre-Hispanic materials and evidence of pre-Hispanic con-
struction techniques (Gongora Salas, 2017). The depth and circular
shape of the kilns, the modifications of bedrock to build the kilns, and
the adaptations in the areas of kiln use are almost identical in historical
and pre-Hispanic periods. Based on archeometric and archeological
analyses, we suggest the function of the kilns was to produce lime, at
least from the Late Classic period to the early years of the conquest.
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