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ABSTRACT  

This study presents new high precision age and full-vector archaeomagnetic data from a 

kiln excavated in the Roman archaeological site of Mitreo’s house (Mérida, Badajoz, 

Spain). The age of the kiln was obtained by the stratigraphic method and by the 

ceramological study of the italic and sigillata pottery found with a very precise age date 

of 55 ± 15 years AD. Rock-magnetic experiments pointed towards magnetite as the 

main carrier of remanence and highly reversible thermomagnetic curves suggested that 

the studied samples were suitable for archaeoeointensity determinations.Paleomagnetic 

experiments including thermal and stepwise alternating field demagnetization yielded 

the following mean direction for the kiln: declination D = 0.6°; inclination I = 54.0°; (k 
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= 481; α95 = 2.5°). Archaeointensityexperiments with the Thellier – Coe protocol on 28 

samples yielded successful determinations in 27 cases. Anisotropy factors between 0.90 

and 1.04 were obtained from anisotropy of thermoremanent magnetization (ATRM) 

experiments. A mean anisotropy-corrected archaeointensity value F =56.3 ± 5.5 µT was 

obtained. 

The geomagnetic model SHA.DIF.14k was used for an archaeomagnetic dating yielding 

a chronological interval between 40 BCE and 150 AD. This low age resolution when 

compared with the pottery-based age data is related to the behavior of the geomagnetic 

field in the Iberian Peninsula during the Roman period, which does not allow to 

differentiate well between results corresponding to those centuries. However, it is also 

related to the fact that the Iberian archaeomagnetic dataset in the analyzed time range is 

highly scattered. A high quality full-vector data with a very precise age have been 

obtained which contribute to improve the Iberian secular variation curve and 

geomagnetic databases. 

KEY WORDS 

Archaeomagnetism, Archaeointensity, Paleoecular Variation Curve, Magnetic 

properties, Roman period, Iberian Peninsula 

1. INTRODUCTION 

The archaeomagnetic dating technique, is based on the knowledge of the directional 

and/or intensity variations of the Earth´s magnetic field (EMF) with time, and it is a 

valuable tool increasingly used to date archaeological combustion structures for the last 

millennia (e.g.: Ruiz-Martinez et al., 2008; Casas et al., 2018; Carrancho et al., 2017). 

In addition, information about temporal variations of the EMF is necessary to 

understand and model the characteristics of the field.  
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The archaeomagnetic technique is based on the ability of burnt archaeological materials 

(e.g.: kilns, potteries, bricks, etc) to register the direction and/or the intensity of the 

EMF when, after being heated above its Curie temperature, the archaeological material 

cools down in the presence of the EMF to room temperature, acquiring a thermal 

remanent magnetization (TRM). One of the advantages of archaeomagnetic dating (e.g., 

García-Redondo et al., 2020; Casas et al. 2018) on materials carrying a TRM signal is 

that this technique dates the precise time of the last heating to which the analyzed 

material has been subjected. The last heating of an archaeological combustion structure 

is usually associated with the end of its use or the abandonment of the site (e.g., García-

Redondo et al., 2019; Casas et al., 2018). By comparing the mean direction and 

archaeointensity values of the samples with a geomagnetic field model or an available 

regional secular variation curve the age of the magnetization (its last use) can be 

determined. This yields valuable information in comparison with other dating 

techniques such as radiocarbon, whose age is determined on samples that may have 

been burnt multiple times but the dating does not necessarily correspond to the last one. 

Another advantage is that radiocarborn, a widely used dating technique in archaeology, 

has a plateau between 800 and 400 BCE (the Hallstattian plateau), not allowing to date 

with 
14

C with a precision lower than ~ 400 years (Hervé and Lanos, 2018). Moreover, in 

archaeological combustion structures used multiple times such as pottery kilns or 

dometic ovens, it is likely that the magnetization is recorded through a full TRM. This 

ensures a reliable and instantaneous magnetic record at the time of last burning and 

subsequent cooling.  

The EMF variation pattern changes at a global and regional scale. Paleosecular variation 

curves (PSVc) and regional geomagnetic field models (e.g.: Pavón-Carrasco et al. 2009) 

provide information about how the Earth’s magnetic field changes at a regional scale 
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during specific periods of time. Current archaeomagnetic databases are now available 

covering the last 2-3 millennia for several European regions like, for example the 

Iberian peninsula (Molina-Cardín et al, 2018; Gómez-Paccard et al, 2006), Germany 

(Schnepp and Lanos, 2005; Schnepp et al, 2020), ), France (Gallet et al. 2002 ; Hervè et 

al. 2013), Greece (De Marco et al., 2008) or Austria (Schnepp and Lanos., 2004), 

among others. However, records covering longer periods are also available in other 

parts of Europe or elsewhere (e.g.: Cai et al. 2016; Carrancho et al. 2013; Kovacheva et 

al. 2014; Tema et al. 2013; Tema and Kondopoulou 2011). 

Specific regional geomagnetic field models have been developed from archaeomagnetic 

and archeointensity data obtained from archaeological burnt materials and lavas (e.g: 

Pavón-Carrasco et al., 2010; Pavón-Carrasco et al., 2014). This type of models allows 

determining a secular variation curve avoiding the relocation error. Following the 

tendency of the EMF, the maximum errors due to the relocation have increased during 

the last 400 years (Casas and Incoronato, 2007). For Europe they amount to around 

0.25°/100km and 100-200 nT/100 km. (Casas and Incoronato 2007). In this way, it is 

currently possible to apply archaeomagnetic dating for the last 2-3 millennia (e.g. 

Palencia-Ortas et al., 2017; Ruiz-Martínez et al., 2008), although the resolution , which 

oscillates from decades to centuries (e.g.: Casas and Tema, 2019 ) can vary between 

different chronologies due to the various factors such as the amount and quality of data, 

the specific changes that the Earth’s magnetic field undergoes at a regional scale. 

However, the data from the Iberian PSVc for the Roman period (ca. 200 yr BCE – 200 

yr AD) present some limitations for archaeomagnetic dating. Firstly, during the Roman 

period the declination has a low variation in the region. Secondly, the inclination values 

for the 1
st
 and 2

nd
 centuries AD are very similar to the inclination values observed 

between the 3
rd

 and the 5
th

 centuries AD. These problems make it difficult to 
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differentiate between the directional results obtained from certain time intervals during 

the Roman period (Gómez-Paccard et al., 2013). Although a relatively large amount of 

data is already available, the uncertainty on direction, intensity and ages is rather high 

(see Geomagia 50.v3.3, Brown et al., 2015). 

Therefore, to increase the accuracy of archaeomagnetic dating in the Roman period a 

full-vector of the geomagnetic field (declination, inclinations and intensity) is needed to 

differentiate results from the aforementioned centuries. 

Despite their importance, there are still few reliable archaeointensity data in the Iberian 

Peninsula. Specifically, while directional data are relatively abundant for the Iberian 

PSVcin the Roman period, intensity data and especially full-vector determinations are 

still rather scarce (Molina-Cardín et al., 2018).  

A Roman pottery kiln in Calahorra (La Rioja) was used to carry out the first 

archaeointensity study in the Iberian Peninsula (Kovacheva et al., 1995). Later, the 

database was increased with 24 new archaeointensity data for the last 2000 yr by 

Gómez-Paccard et al., (2006, 2008). More recently, Hartman et al., (2009) contributed 

with 24 data from 1550 to 1750 yr AD, being the first archaeointensity results from 

Portuguese potteries. Another 31 new data were obtained for the last three millennia 

during the last decade (Catanzariti et al., 2012; Osete et al., 2016). Molina-Cardín et al 

(2018) have analysed 247 samples from fifteen different archaeological sites whose 

chronologies range between the 11
th

 century BCE and the 19
th

 century AD. Osete et al., 

(2020) have recently reported 14 new directional and 10 paleointensity results from 17 

combustion structures (8
th

-5
th

 centuries BCE) from the eastern part of Spain. Evans and 

Correia (2018) reported four new dates from Roman kilns in Portugal although based 

only on directional results. The number of paleointensity determinations in Iberia has 

significantly increased for the last 2-3 millenia including also the Roman period. 
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However, their quality is variable and not always fulfils quality criteria (Paterson et al., 

2014) and / or they lack a good chronological control.  

One reason for the limited availability of reliable paleointensity data are the difficulties 

inherent to palaeointensity experiments. The Thellier-type protocols are based on a set 

of assumptions that may not be fulfilled (e.g., Dunlop, 2011): a) the primary remanence 

must be a TRM; b) while the samples are heated during the experiments no chemical, 

mineralogical or physical changes in the samples should occur, because they will lead to 

erroneous paleointensity estimations (e.g., Thellier and Thellier. 1959); c) the samples 

must obey the Thellier laws of reciprocity, independence and additivity of partial 

thermoremanences (pTRM) acquired in intervals of temperature that do not overlap 

(Thellier and Thellier, 1959).  

Another reason for inaccurate archaeointensity data is the absence of corrections for the 

anisotropy of thermoremanent magnetization (ATRM) and cooling rate (e.g. Palencia-

Ortas et al., 2017). During the manufacture of archaeological samples, a preferred 

alignment of the ferromagnetic (s.l.) particles, specially on pottery, may significantly 

distort the magnetization record (Biedermann et al., 2019), generating discrepancies 

both in intensity and directional studies, with serious implications on the quality of the 

data and for archaeomagnetic dating purposes (e.g.: Osete et al. 2016; Palencia-Ortas et 

al. 2017).  

In the present study, we have performed a full-vector archaeomagnetic determination on 

a Roman kiln to provide new high quality archaeomagnetic and archaeointensity data 

for the Iberian Peninsula during the Roman period (ca.218 BCE – 5
th

 century AD 

(Pavón, 2019). The studied kiln provides an extraordinary chance to obtain high quality 

data for the Iberian Peninsula dataset thanks to the very high accuracy of the 
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chronological control of the site, which is based on the pottery typology. The pottery 

found associated to the kiln presents a specific chronotypology, as italic and gallic 

sigillata that allows us to date the archaeological site and the kiln between 40 – 70 yr 

AD., thus yielding a very precise age date of 55 AD ± 15 years (Bustamante and Detry, 

2019). 

2. MATERIAL AND METHODS 

2.1 The archaeological site and the studied materials 

In 2017 archaeologists re-started to excavate the north area of a Roman archaeological 

site called Mitreo’s house in Mérida (Badajoz, Extremadura;Southwestern Spain; Figure 

1a) (Bustamante and Detry, 2019), located in the Southern suburb of the capital of the 

Lusitania province. The renewed archaeological excavations began with the discovery 

of pottery fragments of local production, as “thinwalled” pottery, glazed pottery or 

common ware, from a previous phase of the construction of this Domus. To flatten the 

unevenness of the floor to build the house, pottery remains were placed onto the ground. 

Because of the finding of these potsherds at the beginning of this research, 

archaeologists had suggested that an artisanal installation dedicated to the production of 

pottery may have existed in the surrounding of the house. Later, an archaeological 

excavation started in the north area of the house during which a kiln was discovered 

(Figure 1a-b).  

The kiln has a size of 2.48 x 2.48 meters. Its structure was delimited by “green bricks” 

which helped to isolate the kiln from the adjacent archaeological structures and the 

color oscillations made by the temperature changes. Despite the fact that many 

constructive elements of the house were built directly on top of the grill of the kiln, the 

structure is archaeologically very well preserved. The grill has a length is of 1.74 meters 
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and has ventilation openings like ducts (pipes that carry air out of the kiln). For the 

construction of the grill two master walls were built. “Green bricks” (28 x 21 x 7.5 

centimeters) were put perpendicular to the master wall to build a mesh. The nozzle 

holes were raised on this lattice (Fig. 1b).  

2.2 Archaeomagnetic sampling 

The kiln was sampled collecting 11 independent hand blocks (~7cm x 7cm) and 

oriented with a magnetic compass and with the aid of plaster to ensure the highest 

accuracy and prevent the breakage of the samples. An horizontal surface was obtained 

on each hand block by dripping plaster of Paris and gently pressing a piece of 

methacrylate onto the plaster while wet and using bubble levels for levelling. Before 

removing each sample, a line pointing the magnetic North measured with a Brunton 

magnetic compass was drawn onto the dry plaster. 

Samples were collected from the best burnt parts and from different parts of the kiln, to 

increase the significance of our results. Later, in the laboratory, the hand blocks were 

consolidated with sodium silicate and cut into cubic regular specimens (~2.2cm side 

length), always keeping the sampling orientation marks.  

Also unoriented material obtained while cutting the hand blocks and associated to the 

latter was collected for absolute archaeointensity and rock–magnetic analyses.  

[FIGURE 1] 

2.3 Paleomagnetic and rock-magnetic analyses  

All experiments were carried out at the paleomagnetic laboratory of Burgos University, 

Spain. The natural remanent magnetization (NRM) was measured with a 2G SQUID 

magnetometer (noise level 5 x 10
-12 

Am
2
). The magnetic susceptibility was measured at 
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room temperature initially and after each thermal demagnetization step using a KLY-4 

susceptibility meter (AGICO; noise level 3 x 10
-8

 S.I) to detect the possible occurrence 

of mineralogical alterations during the experiments.  

In order to correct the effect of local declination the latter was obtained from the World 

Magnetic Model (WMM) on the National Oceanic and Atmospheric Administration 

(NOAA) web page (https:/www.noaa.gov). According to the site and the date, the 

difference between geographic and magnetic North is 1° W. The progressive 

demagnetization of NRM was performed both by stepwise thermal (TH) and alternating 

field (AF) demagnetization. Firstly, we carried out a pilot study to select the most 

appropriate demagnetization sequence. According to the results of the pilot study, the 

TH demagnetization was performed in 10 steps using a TD48 – SC (ASC) thermal 

demagnetizer. The AF demagnetization was carried out in 12 steps up to a maximum 

peak field of 100 mT, with a demagnetization unit included in the 2G magnetometer.  

The direction of the characteristic remanent magnetization (ChRM) of all specimens 

was determined by principal component analysis (Kirschvink, 1980) including at least 

seven demagnetization steps, and using the Remasoft software (Chadima y Hrouda, 

2006). The mean paleomagnetic direction was calculated using Fisher (1953) statistics 

following a hierarchical averaring approach (Lanos et al. 2005 ). The hierarchical mean 

direction was first calculated averaging specimens of each hand-block and then all 

independently orientated hand-blocks.  

The magnetic properties of the studied material were analysed with a Variable Field 

Translation Balance (MM_VFTB). The principal objective of these experiments is to 

identify the main magnetic carriers, their domain states and thermomagnetic stability 

and preselect the best samples for paleointensity experiments. The following 

experiments were performed: measurement of progressive isothermal remanent 
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magnetization (IRM) acquisition curves, hysteresis loops (±1T), backfield curves and 

thermomagnetic magnetization vs. temperature (Ms – T) curves up to 700°C in air. All 

these experiments were carried out on powdered samples (~300 mg) belonging to each 

of the 11 hand blocks sampled of the kiln. 

Hysteresis parameters like the saturation of the remanent magnetization (Mrs), the 

saturation magnetization (Ms) and the coercive field (Bc) were obtained from the 

hysteresis cycles after correction for the paramagnetic fraction with the 

Rock_Mag_Analyzer software (Leonhardt, 2006). The coercivity of remanence (Bcr) 

was obtained from the backfield curves. Curie temperatures were determined from 

magnetization vs. temperature thermomagnetic curves with the two tangent method of 

Gromme et al. (1969). 

2.4 Archaeointensity experiments 

For archaeointensity experiments small irregular sample fragments were glued into 10 

mm diameter borosilicate vials which had a carved orientation mark. Paleointensity 

determinations were carried out using a Thellier-type method (Thellier and Thellier, 

1959) as modified by Coe (1967) in the paleomagnetic laboratory of Burgos University, 

Spain. The experiments were performed under air, using a TD48 – SC (ASC) thermal 

demagnetizer. The experiment was performed in eleven temperature steps from room 

temperature to 580°C. Temperature reproducibility between the two heating cycles at 

the same temperature could be held with a precision of ±2°C. The laboratory field 

strength was set to 40µT. Four control heatings (pTRM-checks) were carried out in 

order to check if mineralogical alterations occurred during the experiments. The first 

control heating was done after four heating steps (340 °C) and subsequently, after each 

two heating steps (420, 490 and 550 °C). During the experiments, argon gas was used to 

minimize the possibility of having mineralogical alterations. Samples were left cooling 
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down naturally overnight and, for this reason, no extra measurements to correct for the 

cooling rate dependence of TRM were necessary (Calvo-Rathert et al., 2019). It is 

possible that this type of kilns had a cupola (e.g.: Cuomo Di Caprio, 2007), although 

there is no direct archaeological evidence in this case. However, experimental 

recreations indicate that the cooling of this type of kilns lasted several hours (e.g.: Coles 

2014). A duration of some days cannot be completely excluded but is unlikely. Our 

cooling procedure tries to approach the natural cooling conditions as much as possible. 

Archaeological materials are often characterized by a non-negligible magnetic 

anisotropy of remanent magnetization (e.g., Aitken et al., 1981). For this reason, we 

corrected our archaeointensity determinations for TRM anisotropy by determining the 

anisotropy of TRM tensor (ATRM) and corrected all archaeointensity values following 

the method of Veitch et al. (1984) and using the PimagPy software (Tauxe et al., 2016). 

These measurements were carried out after completion of the palaeointensity 

experiments by inducing a pTRM (500°C to room temperature with a laboratory field 

strength of 40 µT) in six sample directions (i.e. -x, +x, -z, +z, -y, +y) to sister specimens 

belonging to each of the studied hand blocks to ensure similar characteristics. Hand 

blocks have a small size, allowing the sampling of highly homogeneous archaeological 

material. This homogeneity in the magnetic properties is indicated also by some 

magnetic experiments like the thermomagnetic curves (Fig. 3) explained below. All 

samples were AF demagnetized at 100 mT before each pTRM acquisition and the 

remaining magnetization value was used as a baseline. Finally, an extra pTRM 

acquisition step was performed at the same field and temperature in the same direction 

than the first step in order to check if mineralogical changes had occurred during the 

anisotropy experiment.  

3. RESULTS 
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3.1 Magnetic properties 

Two different IRM acquisition curve types can be distinguished. While some samples 

are nearly saturated below 1 T (fig. 2a), others are still not saturated at this field (fig. 

2b). Nevertheless, all have reached at least 90% saturation at 300mT (Fig. 2), showing 

the dominance of low coercivity minerals. Backfield curves yield Bcr values between 22 

and 45 mT, also indicating that the magnetization is mainly carried by low coercivity 

minerals. Results are shown on Supplementary material Table 1. 

 [FIGURE 2] 

Thermomagnetic curves (magnetization vs. temperature) were measured for 14 

powdered samples. Each thermomagnetic curve includes a heating cycle up to 700°C 

and a cooling cycle. Two representative examples of curves are shown in Figure 3(a-b). 

The magnetization in both IRM and Ms - T curves is dominated by a low coercivity 

fraction (magnetite), but also a high coercivity fraction (around 20% of magnetization) 

can be recognized in the IRM acquisition curves (Fig. 2). However, in the Ms-T curves 

the magnetic signal of this high-coercivity phase is probably hidden by the main carrier 

(magnetite). Only a single ferromagnetic (s.l.) phase could be recognized in all cases, 

and its Curie temperature has been estimated around 570°C, suggesting that the main 

magnetic carrier is Ti-poor titanomagnetite. All curves showed a high degree of 

reversibility. 

[FIGURE 3] 

Results from thermomagnetic and IRM acquisition curves suggest that the remanence of 

the analyzed samples is mostly carried by magnetite. Although interpretation of results 

plotted in a Day diagram in terms of domain state analysis can be highly ambiguous, 

because hysteresis parameter ratios can be influenced by several conditions (Roberts et 
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al., 2018), the apparently simple composition of the samples from the present study may 

allow a qualitative interpretation. The observed hysteresis ratios (Supp. Fig. 1) vary 

between 0.30 ≤ Mrs/Ms ≤ 0.16 and 1.94 ≤ Bcr/Bc ≤ 5.97, suggesting that most of the 

samples lie in the pseudo-single domain (PSD) region. The dashed lines show that 

samples have a tendency towards SD + SP grains in the Day diagram (Supp. Fig. 1) 

Two of the samples have a high coercivity component in the IRM curves (Figure 2b), 

which would explain their shift to the right in the Day diagram (Fig. 1 Supp. Material) 

Hysteresis loops present both wasp-waisted and pot-bellied shapes. However, samples 

shifted to the right coincide with a wasp-waisted shape (Supp. Fig. 1c) due to the 

coexistence of magnetite and the high coercivity phase, most probably hematite given 

the reddish colour of the samples. 

3.2 Archaeomagnetic directions 

The Königsberger ratio Qn (Königsberger, 1938; Stacey, 1967), is the ratio between 

remanent and induced magnetization [Qn=NRM/ (χH)], where χ is the magnetic 

susceptibility and H the intensity of the local magnetic field. This parameter can be 

useful to characterize burnt archaeological materials. It can be considered a measure of 

stability to indicate a rock's capability of maintaining a stable remanence.  

In the present study, Qn ratio values, (Fig. 4), vary between 5.19 and 25.05, indicating 

that the mechanism of magnetization has a thermal origin (TRM) (e.g.: Gómez-Paccard 

et al., 2012, Schnepp et al. 2004). Most samples are well clustered.  

 [FIGURE 4] 

Archaeomagnetic directions were determined from thermally and AF-demagnetized 

specimens. All show a single normal-polarity component which is removed at 86 mT or 

550°C. In addition, in all samples a very weak viscous component can be distinguished, 
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which is easily erased at fields below 17-23 mT (Fig. 5a-c) or temperatures below 200-

300°C (Fig. 5d-e).  

Figure 5f shows the directional results obtained from the analysis of 32 specimens from 

8 different hand blocks. The directional results are detailed both at specimen and sample 

(block) level in supplementary Table 2. All analysed specimens provided reliable results 

and have been taken into account to calculate the hierarchical mean direction (Lanos et 

al. 2005): declination D = 0.6°; inclination I = 54.0°; precision parameter k = 481; α95 

(radius of 95% confidence cone) = 2.5°. The studied kiln thus yields a reliable high-

quality archaeomagnetic direction characterized by a very low scatter.  

 [FIGURE 5] 

3.3 Archaeointensity results 

28 fragments associated to seven hand blocks were preselected for paleointensity 

determination experiments. All analysed blocks showed a high directional stability and 

suitable rock magnetic properties. In the present study, absolute archaeointensity 

determinations were carried out with a Thellier-type double heating method (Thellier 

and Thellier, 1959) as modified by Coe (1967).  

A paleointensity determination is accepted as reliable depending on a set of criteria to 

assess their quality, discarding those with evidence of the occurrence of alteration 

and/or the presence of remanence carried by multidomain (MD) grains. To assess the 

reliability of our samples, successful archaeointensity determinations had to fulfil the 

following requirements, which discriminate between two quality levels of different 

stringency, A and B: 

1) Al least five TRM-NRM points of the Arai plot (N) must be used for the 

paleointensity determination (both class A and B). 
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2) The ratio β (β = standard error/absolute slope of the slope of the best fit line) on 

the Arai diagram must be less than 0.1 (class A) and less than 0.15 (class B). 

3) NRM fraction factor (f) (Coe et al., 1978) must be higher than 0.50 (class A) and 

0.35 (class B).  

4) The quality factor (q) (Coe et al., 1978) must be higher than 5 (class A) and 

higher than 1 (class B). 

5)  The maximum absolute difference observed in the pTRM check, normalized to 

the total TRM ((ck), Leonhardt et al., 2000) must be less than 7 (class A) and 

less than 9 (class B). 

6) Directions of NRM end-points at each step obtained in the zero-field steps of the 

experiment must draw a straight line pointing to the origin in the interval chosen 

for palaeointensity determination. Its mean angular deviation (MAD) must be 

less than 6 (class A) and less than 15 (class B).  

7) The angular difference α between the free-floating data selected for 

palaeointensity determination (anchored to the centre of mass of the data) and 

the best-fit directions (anchored to the origin) must be less than 15 for both 

classes A and B. The directions of the natural remanent magnetization (NRM) 

obtained from Thellier-Coe experiments have to fall along a reasonably straight 

line.  

8) Curvature (k’) (Paterson, 2011) of the sector of the Arai plot selected for 

paleointensity determination should be less than 0.164 (quality level A) and less 

than 0.27 (quality level B). 

9) In addition, at the site level, the threshold values require a standard deviation 

σsite ≤ 15% of the mean (Cromwell et al., 2015).  
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These criteria are all included in the ThellierTool criteria set (Leonhardt et al., 2004) 

except curvature k’ (Paterson, 2011). Thresholds applied to the ThellierTool based 

criteria are mostly those proposed by Paterson (Paterson et al., 2014), except for fraction 

factor f. In this case, the original threshold f  0.5 has been kept for class A 

determinations (instead of the lowered f  0.35 value) while the modified threshold f  

0.35 has been accepted for class B determinations (instead of the f  0.30 value of the 

original ThellierTool set). 

Twenty-seven out of 28 samples (96.4%) yield successful determinations (Tab. 1). 

Figure 6 shows Arai plots of an accepted (a) and a rejected (b) determination. Between 

9 and 12 TRM-NRM points of the Arai plot have been used in all cases. Fraction factor 

f varies between 0.53 and 1.01, and the quality factor q between 7.3 to 61.1. Only a 

single archaeointensity determination had to be rejected. Although all parameters 

fulfilled the aforementioned requirements, the obtained intensity value of 25 µT, was in 

complete disagreement with the remaining 27 samples (Tab. 1), which displayed rather 

homogeneous results so that we considered this determination as a rejected sample. At 

the site level, scatter is low with σsite below 15% of the mean intensity. 12 samples fulfil 

class A (42.86%) and 15 fulfil class B (53.57%).  

Before anisotropy correction, the mean archaeointensity value obtained from the 27 

samples that have passed the selection thresholds, yields FNC = 57.7 ± 3.9 µT; (58.0 ± 

2.0 µT if only class A determinations are considered). 

ATRM experiments were carried out on new specimens from all blocks from which we 

had taken samples for archaeointensiy experiments. One specimen from each block was 

analysed. In all investigated samples ATRM is low. The anisotropy factor varies 

between 0.90 and 1.04, and after ATRM correction, the corrected result yields a slightly 
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lower value FANIS = 56.3 ± 5.5 µT; (56.5 ± 3.9 µT for class A determinations). Some 

archaeological samples such as pottery are very anisotropic because of their 

manufacture (e.g. Rogers et al., 1979; Veitch et al., 1984; Osete et al., 2016). However, 

the construction of a kiln usually implies less anisotropy because during its construction 

not so much manual pressure is necessary to mold and form it than as with potteries 

(e.g. Kovacheva et al., 2009).  

 [FIGURE 6] 

 [TABLE 1] 

4. DISCUSSION 

We have carried out an archaeomagnetic study in a kiln excavated in the archaeological 

site of Mitreo’s house (Mérida, Spain). This study has allowed us to obtain a high 

quality full archaeomagnetic vector of the Earth´s magnetic field from the Roman 

period. The hierarchical mean archaeomagnetic direction (Lanos et al., 2005) from 8 

samples is the following: declination D = 0.6°; inclination I = 54.0° (k = 481; α95 = 

2.5°); the mean archaeointensity value after anisotropy correction is 56.3 ± 5.5 µT (27 

determinations of both class A and B); (56.5 ± 3.9 µT ifonly the 12 class A 

determinations are considered). 

The kiln has associated pottery fragments, some of them providing an exceptionally 

well defined chronological control based on their characteristic typology. Indeed, while 

the general typology of the pottery associated with the kiln yields the 1st century AD, a 

rather wide chronological range, some of the fragments are of italic and gallic sigillata 

pottery; indicating a chronological interval from 40 to 70 AD. These are comparable 

with Drag. 30 type or local thin-walled as form Mayet XLIII / XLIV, XXXVII whose 

production started during the reign of Emperor Claudius (Bustamante, 2011). We can 
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also use the ab silentio criterium (Bustamante, 2011) with the absence of hispanic 

sigillata, of which trade started at the begining of the Flavian dinasty, ca. 70 AD. The 

age interval of the kiln has been assigned to the age range of the pottery because of the 

relationship between them. Despite being a relative age determination, the well-

constrained time interval allows us to include the full-vector data obtained into a SV 

curve or geomagnetic field model. Certainly, the obtained data are of high precission, 

both for the good quality magnetic data and for the excellent chronological constrain.  

The high precission of the data obtained in the present study can be used to assess in 

how far models allow a reliable age determination. We have compared our mean 

direction and archaeointensity values with the SHA.DIF.14k geomagnetic field model 

(Pavón-Carrasco et al., 2014) using the archaeo_dating software (Pavón-Carrasco et al., 

2011), in order to check the quality of an archaomagnetic dating using our results with 

the presently available geomagnetic data. We have selected this geomagnetic field 

model because it is based only on archaeomagnetic and lava flow data (excluding 

sedimentary data) for the last 14000 years. One of the limits of using PSVc for dating is 

the problem of the relocation error, which depends on the distance (Casas and 

Incoronato, 2007). Conversely, the use of geomagnetic field models for 

archaeomagnetic dating prevents this error as synthetic secular variation curves are 

calculated at site coordinates (e.g.: Pavón-Carrasco et al. 2011). For this reason, the use 

of geomagnetic models is preferred as opposed to the standard archaeomagnetic dating 

based on regional SV curves, which are not always available for certain regions or 

contain gaps in their temporal distribution. According to the probability density function 

of the SHA.DIF.14k model, the last use of Mitreo’s kiln was between 40 BC and 150 

AD or between 290 AD and 516 AD, both at the 95% confidence level (Figure 7a). If 

we only use class A data for dating, ages between 65 BC and 158 AD or between 264 
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AD and 524 AD (95%) are obtained (Figure 7b). There is hardly any difference between 

using all or only type A data. Moreover, by using only type A data, the first interval is 

narrowed but the second one is extended. 

The archaeological context suggests the 40 BC – 150 AD (95%) age interval (Figure 7a) 

or the 65 BC – 158 AD (95%) age interval if only class A results are used (Figure 7b) as 

the most plausible. On the other hand, despite the high quality of the data obtained, 

archaeomagnetic dating would only be able to give the rough estimation that probably 

the last time that the kiln was used was between the 1
st 

and 2
nd

 century AD. 

 [FIGURE 7] 

The reason for this high uncertainty is related to the behavior of the Earth’s magnetic 

field in the Iberian Peninsula during the Roman period and the low quality or scarcity of 

paleointensity data. Because the declination during this period shows a low variation, 

similar values are found both between the 1st and 2nd century AD and the 3rd to 5th 

century AD (Gómez-Paccard et al., 2006; 2013). Inclination, on the other hand, has 

three peaks intercalated with two minima (Molina-Cardín et al., 2018). Results of 

Palencia-Ortas et al., (2017) indicate the same behaviour as in our study, with minor 

fluctuations in declination between 300 BCE and 200 AD. However, around 200 AD 

the inclination decreases from 70° to 50° (Palencia-Ortas et al., 2017). Similarly, the 

intensity (Figure 7) value of the EMF observed between 400 BCE and 500 AD in the 

Iberia Peninsula shows hardly any variation, remaining around 60 µT (Molina-Cardín et 

al., 2018) and hampering precise archeomagnetic dating in this time period.  

Figure 8(a-c) shows archaeomagnetic directions and intensities from the Iberian 

Peninsula from 500 BCE to 500 AD (Geomagia 50.v3.3, Brown et al., 2015Osete et al., 

2020) together with the results from the present study shown in red. Blue squares 
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represent selected declination, inclination and intensity data from the Iberian Peninsula 

(updated Geomagia database, Brown et al., 2015; Osete et al., 2020) and black circles 

the declination, inclination and intensity data from the Iberian Peninsula (updated 

Geomagia database, Brown et al., 2015) not meeting selection criteria. During this 

period, declination does not show significant variation. However, data display a rather 

large scatter of nearly ±20 for the same age (Fig. 8a). Declination and age uncertainties 

are often large. Inclination data, on the other hand, exhibit a decrease after the 1
st
 

century (Fig. 8b), but this observation is overshadowed by an especially large 

uncertainty of data in this age range. Intensity data between approximately 400 BCE 

and 200 AD display a moderate drop (Fig. 8c). However, as with declinations, a large 

intensity scatter is observed for data of the same age, and age uncertainties are rather 

large. 

Thus, directional and intensity data display a very high dispersion and large 

uncertainties (Figure 8a-c). We have compared the results from the present study with 

published data (Brown et al., 2015; Osete et al., 2020) applying specific selection 

criteria to take into account only those data which may present geomagnetic 

significance. The following criteria proposed by Molina-Cardin et al. (2018) were 

applied: (i) age error ≤ 250 years; (ii) more than 4 specimens had to be used to 

determine mean directions; (iii) α95 ≤ 5.0°; (iv) paleointensity experiments must be 

based on Thellier-type methods with pTRM checks and TRM anisotropy correction for 

samples where it is necessary. Only 56 data remained after performing the selection. 

The selected data are also showed in Figure 8 for declination (a), inclination (b) and 

intensity (c). However, even after having performed the selection, declination presents a 

large scatter (Figure 8a) and inclination (Figure 8b) large uncertainties. In the selected 
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intensity data it is now possible to distinguish better (Figure 8c) the drop between 400 

BCE and 200 AD, although with the same high uncertainties.  

An increase of available high-quality full-vectors will thus help to sharpen the 

archeomagnetic dating tool and constrain the EMF’s variations. A larger amount of 

high-quality data like those from the present study are necessary to improve the quality 

and resolution of the Iberian SVC, allowing to better discriminate between centuries 

during the Roman period in the Iberia Peninsula.  

 [FIGURE 8] 

5. CONCLUSIONS 

An archaeomagnetic and archaeointensity study was carried out on a kiln discovered in 

the archaeological site of Mitreo’s house (Mérida, Spain). The age of the studied kiln is 

constrained with very high precision by the typology of pottery (italic and gallic 

sigillata) associated to the kiln, between 40 – 70 AD.  

Our study has provided the following conclusions: 

1) A well-defined high quality hierarchical mean archaeomagnetic field direction 

was obtained from8 samples (32 specimens): declination D = 0.6°; inclination I 

= 54.0°; (k = 481; α95 = 2.5°).  

2) Archaeointensity determinations were performed on 28 specimens using the 

Thellier – Coe protocol. Successful results were obtained on 27 specimens, with 

a success rate of 96.4%. The mean non-anisotropy corrected archaeointensity 

value obtained is F = 57.7 ± 3.9 µT. If only paleointensity results of samples 

fulfilling a more stringent criteria set are considered (class A results) F = 58.0 ± 

2.0 µT. 
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3) Both the directional and intensity data obtained agree well with the variation 

observed in the iberian PVS curve and regional databases, which exhibit a 

significant scatter for the Roman period. 

4) Anisotropy of thermoremanent magnetization (ATRM) experiments were 

carried out to correct archaeointensity results for anisotropy effects. ATRM 

proved to be low (anisotropy factor f= 0.90 to 1.04). The mean anisotropy 

corrected archaeointensity value is 56.3 ± 5.5 µT (56.5 ± 3.9 µT for class A 

specimens). 

5) High-quality directionaland intensity data along with an exceptional 

chronological data are reported. These type of results are very important to 

improve geomagnetic field databases in which the number of high quality full-

vector data are very scarce. This is particularly important during the Roman 

period in the Iberian Peninsula because the small variation of the magnetic field 

vector components requires especially high-precision data to be able to perform 

reliable archaeomagnetic dating during this period.  
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Figure captions 

Figure. 1. Map of the Iberian Peninsula with the location of Mitreo’s house 

archaeological site and the kiln sampled for this study. 

Figure 2. (a-b) Normalized progressive IRM acquisition curves up 1 T of representative 

samples. Figure 2b shows examples where the high-coercivity contribution is more 

easily detected. 

Figure 3. (a-b) Representative thermomagnetic curves. Heating (cooling) cycles are 

indicated in red (blue) with their respective arrows. Sample codes and magnetization 

intensities are indicated. 

Figure 4. Königsberger ratio (Qn) diagram showing NRM intensity (A/m) versus bulk 

magnetic susceptibility values. Königsberger ratio isolines indicating constant Qn values 

from 0.1 to 1000 are shown. 

Figure 5. Representative orthogonal NRM demagnetization diagrams showing the 

behavior during (a, b and c) alternating field and (d and e) thermal demagnetization. 
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Green (blue) symbols represent the vertical (horizontal) projections of vector endpoints. 

Sample code, initial NRM intensity values and main demagnetization steps are shown. 

(f) Equal-area projection showing all ChRM directions, with the mean hierarchical 

direction and the α95 confidence circle (in red). n/N, number of samples 

considered/analysed; Dec., declination; Inc., inclination; k, precision parameter; α95, 

semi-angle of confidence. 

Figure 6. (a-b) Two representative examples of accepted (a) and rejected (b) Thellier-

Coe archaeointensity experiments. The NRM-TRM diagrams are shown with 

orthogonal vector projections of the remanent magnetization (Zijderveld diagrams) and 

with M-T plot.  

Figure 7. Probability of age density functions obtained with the MATLAB tool from 

Pavón-Carrasco et al. (2011) comparing the SHA.DIF.14k model with the declination, 

inclination and intensity values at site coordinates from the kiln studied. Results are 

expressed at 95% probability. (a) includes intensity class A and B; (b) includes intensity 

class A.  

Figure 8. Archaeomagnetic data (declination (a), inclination (b) and intensity (c)) in the 

Iberian Peninsula between 500 BC and 500 AD. (Geomagia 50.v3.3, Brown et al., 

2015). Osete et al., 2020. Red squares: Results from the present study. In the intensity 

plot, mean results of both type A determinations and all successful determinations 

(types A and B) are shown. Both means are virtually indistinguishable. Blue squares: 

Selected declination, inclination and intensity data from the Iberian Peninsula (updated 

Geomagia database, Brown et al., 2015; Osete et al., 2020) (see text). Black circles: 

Declination, inclination and intensity data from the Iberian Peninsula (updated 

Geomagia database, Brown et al., 2015) not meeting selection criteria. The selected 

published data correspond to the following studies: Carrancho et al. 2013; Casas et al. 
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2014; Gómez-Paccard et al. 2006; 2008; 2013; Kovacheva et al. 1995; Molina-Cardín et 

al. 2018; Osete et al. 2016; 2020; Oyamburu et al. 1996; Palencia-Ortas et al. 2017; 

Parés et al. 1992; Ruiz et al. 2008.  
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Table 1. 

Table 1. Archaeointensity data for the studied specimens. Specimen: name of the 

specimen; Class (see text), N: number of data points within this temperature interval; 

Tmin-Tmax: interval temperature used for the slope calculation; f: fraction of NRM used 

for the slope calculation; β: the ratio of the standard error of the slope to the absolute 

value of the slope; δck: alteration factor; k’: curvature factor; q: quality factor; MAD: 

the maximum absolute difference produced by a pTRM check, normalized by the total 

TRM; α: the angular difference between the anchored and free best-fit directions; Braw: 

uncorrected intensity value before anisotropy corrections; BAn corr: intensity value 

corrected for anisotropy effects. 

  

SPECIMEN CLASS N T min-T max f β δck k’ q MAD α 
Braw 

[µT] 

BAn corr 

[µT] 

CM1-9 B 11 0-550 0.77 0.05 4.26 0.164 12.52 8.1 1.75 50.5 48.48 

CM1-10 B 10 0-520 0.53 0.06 4.32 0.054 7.31 9.4 9.40 51.9 49.82 

CM1-11 B 11 0-550 0.76 0.051 4.44 0.145 12.54 10.7 3.35 52.5 50.4 

CM1-12 B 11 0-550 0.8 0.035 3.71 -0.018 19.33 6.8 2.04 53.3 51.16 

CM3-13 B 11 0-550 0.94 0.022 7.85 -0.125 37.18 8.7 1.21 65.5 68.12 

CM3-14 B 12 0-580 1.01 0.029 7.24 0.03 30.51 4.1 0.18 57.2 59.48 

CM3-15 B 12 0-580 1 0.025 4.08 0.191 34.13 2.8 0.52 59 61.36 

CM3-16 B 12 0-580 0.99 0.019 5.46 0 44.95 7.2 1.74 64.6 67.18 

CM5-17 B 12 0-580 0.96 0.038 5.26 0 22.52 6.3 2.68 55.4 52.07 

CM5-18 B 12 --- 1 0.018 3.98 0 50.19 5.2 1.45 25.1 Rejected 

CM5-19 A 12 0-580 0.99 0.029 5.82 0.053 29.79 4.6 1.66 60.4 56.77 

CM5-20 B 10 0-520 0.88 0.044 1.80 -0.178 16.86 2.6 1.08 52.8 49.63 

CM7-21 A 12 0-580 0.97 0.027 4.48 0 31.41 2.8 0.86 53.2 47.88 

CM7-22 B 12 0-580 0.96 0.035 6.13 0 24.07 7.5 2.27 59.9 53.91 

CM7-23 A 12 0-580 0.97 0.018 4.54 0.003 47.69 5.9 2.15 58.1 52.29 

CM7-24 B 12 0-580 0.94 0.061 5.56 0 13.69 11.2 3.98 56.6 50.94 

CM9-25 A 12 0-580 0.99 0.018 4.74 0.104 47.71 4.2 1.12 59.7 57.90 

CM9-26 B 12 0-580 0.98 0.054 7.00 0 15.64 7.5 1.65 66 64.02 

CM9-27 A 12 0-580 0.98 0.028 6.20 0 31.37 5.1 1.23 57.7 55.96 

CM9-28 A 12 0-580 0.99 0.019 6.65 0 44.97 4.4 0.57 60.2 58.39 

CM10-29 A 12 0-580 0.99 0.014 4.26 0.029 61.14 3.1 0.83 60.3 62.71 

CM10-30 B 9 0-491 0.78 0.08 5.97 0 8.08 11.8 1.96 56.2 58.44 

CM10-31 A 12 0-580 0.98 0.027 5.79 -0.058 30.91 4.6 1.21 58 60.32 

CM10-32 A 12 0-580 0.99 0.017 3.72 0.008 52.51 3.9 0.96 58.1 60.42 

CM11-33 A 12 0-580 0.97 0.022 3.06 -0.054 38.9 5 1.79 56.4 54.71 

CM11-34 B 12 0-580 0.99 0.021 8.76 -0.012 41.16 5.6 2.08 60.2 58.39 

CM11-35 A 12 0-580 0.95 0.031 4.01 -0.15 27.12 4.8 1.90 57.9 56.16 

CM11-36 A 12 0-580 0.95 0.038 3.70 0 21.99 4.4 1.59 56.9 55.19 

  Mean = 57.7 ± 3.9 56.3 ± 5.5 
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HIGHLIGHTS  

 New high quality full-vector archaeomagnetic data from a Roman kiln in Spain. 

 Exceptional archaeointensity success rate (96%) on 27 specimens with Thellier 

method. 

 Well constrained typological pottery dating (40-70 AD) confirmed with 

archaeomagnetism. 

 A new high-quality result for Iberian archaeomagnetic database is reported. 
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