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S U M M A R Y

New archaeomagnetic results from four heated/combustion structures recovered from two

archaeological sites in central Spain are reported. They have been dated by archaeological

evidence and in two cases by radiocarbon dating. Rock magnetic experiments indicate low

coercivity magnetic phases, such as magnetite and thermally stable maghaemite, as the main

carriers of the remanent magnetization. Haematite has been observed in poorly heated baked

clays. Archaeomagnetic directions have been obtained from either alternating field or thermal

demagnetization experiments performed on 57 specimens coming from 46 independently ori-

ented samples. The four well-defined archaeomagnetic directions obtained are in good agree-

ment with previous archaeomagnetic data and with recent regional and global field models.

They define the beginning of easterly declination drift that was initiated around 350–400 AD

and culminated around 800–850 AD, and delineate the maximum in inclination that took place

around 600–650 AD. In addition, classical Thellier–Thellier experiments including thermal

remanent magnetization anisotropy and cooling rate corrections were conducted on 23 spec-

imens. Only 13 specimens, corresponding to well-defined single component behaviour, gave

reliable results. New mean archaeointensities have been obtained for two of the four studied

structures (VBK1, 64.2 ± 5.0 μT and VBT1, 62.4 ± 2.6 μT). The new data suggest that two

relative intensity maxima occurred in Western Europe around 320 and 630 AD, being of lower

magnitude that observed in Eastern Europe.

Key words: Archaeomagnetism; Palaeomagnetic secular variation; Rock and mineral

magnetism; Europe.

1 I N T RO D U C T I O N

Knowledge of the secular variation of the geomagnetic field in

the Iberian Peninsula has been considerably improved over recent

years and new archaeomagnetic directions and archaeointensities

are now available for this region (Gómez-Paccard et al. 2006a,c,

2008; Catanzariti et al. 2007, 2008; Ruiz-Martinez et al. 2008;

Hartmann et al. 2009). The archaeomagnetic directional database

published by Gómez-Paccard et al. (2006a) has been used to pro-

pose the first archaeomagnetic secular variation curve for the Iberian

Peninsula (Gómez-Paccard et al. 2006b). This curve was computed

by Bayesian modelling using a total of 134 archaeomagnetic direc-

tions, with ages ranging from 775 to 1959 AD, coming from the

Iberian Peninsula, Northern Morocco and Southern France. The re-

cent archaeointensity data obtained for Spain (Gómez-Paccard et al.

2008) and Portugal (Hartmann et al. 2009) constitute the first sys-

tematic studies of archaeomagnetic material for this region that help

to constrain the geomagnetic dipole moment evolution in Western

Europe during the past 2000 yr.

Despite this effort, the Iberian archaeomagnetic data are still

sparse in comparison with other countries where archaeomagnetism

has a traditional history, such as France (Thellier & Thellier 1959;

Bucur 1994; Gallet et al. 2002) or Bulgaria (Kovacheva et al. 1998;

Kovacheva et al. 2009). This is especially relevant for the period

spanning the 4th and the 10th centuries AD—and more significantly

for archaeointensity data—for which a detailed evolution of geo-

magnetic field changes is still lacking. The scarcity of data for this

time period is a problem not only in the Iberian Peninsula but also

in Western Europe (Gómez-Paccard et al. 2006c, 2008; Genevey

et al. 2008; Donadini et al. 2009).
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Spain has a rich historical past and several archaeological sites

corresponding to this period have been the subject of intensive ar-

chaeological investigation during the last years (e.g. Vigil-Escalera

2007; Ramı́rez-González 2008). This study has benefited from these

investigations and focuses on the archaeomagnetic study of four

heated/combustion structures recovered from two archaeological

sites located in central Spain: Vega Baja (Toledo) and Ruiseñor

(Guadalajara). The sites date back to the 3rd and the 7th centuries

AD. The new archaeomagnetic directions and archaeointensities

will enhance the Iberian and Western Europe datasets and will con-

tribute to future refinement of the Iberian regional palaeosecular

(PSV) curves and geomagnetic field models. In addition, better es-

tablished PSV curves or geomagnetic field models will increase the

precision of the archaeomagnetism-based dating method for this

region (Pavón-Carrasco et al. 2011).

2 A RC H A E O L O G I C A L C O N T E X T

A N D DAT I N G

2.1 Vega Baja

The archaeological site named Vega Baja (Toledo, Lat. 39.9◦ N,

Long. 4.0◦ W) was revealed during the construction of a new ur-

ban project. The remains correspond to the suburbs of the ancient

capital of the Hispano-Visigoth kingdom (507–725 AD). Parts of

the Palatine complex (the San Pedro y San Pablo basilica), the Ro-

man Circus and the old Santa Leocadia basilica were discovered,

with chronologies between the 4th and 9th centuries AD (Rojas &

Gómez-Laguna 2009).

The archaeological structures studied from this site consist of

the remains of a hypocaust associated with a thermal bath complex

(structure VBT1) and the combustion chamber of a kiln used to

make ceramics (structure VBK1). The former (VBT1) is a burnt

soil surface about 4 m long and 1.5 m wide representing part of

the hypocaust floor. Zones with variable colouring can be distin-

guished. Dark brown colours are related to poorly consolidated

baked sediments that include carbon fragments and ashes, and pale

grey colours that are associated with highly calcinated, hard clay

materials (Fig. 1a). The structure also includes remains from two

pilae that supported the caldarium floor, part of the preaefurnium

and some water draining structures.

The second structure studied (VBK1) consists of a pit of about

1.5 m long, 1 m wide and 1 m depth, surrounded by three walls

covered by a baked clay surface that is 3–4 cm thick (Fig. 1b). A

large amount of ceramic materials was recovered from the struc-

ture, indicating that it represents the praefurnium of a ceramic kiln.

The firing chamber or other building elements have not been pre-

served. Both the hypocaust and the combustion chamber are in situ

structures that were built using the same argillaceous sediments that

compose the subsoil of the Vega Baja site. Depending on the fir-

ing temperatures these sediments have been transformed into baked

clay material of variable hardness.

The VBT1 hypocaust structure has been dated on the basis of

archaeological and stratigraphical evidence and by means of two

radiometric analyses (14C), which were carried out on different char-

coal fragments taken from the baked hypocaust surface (Table 1).

A Terminus Ante Quem was provided by several wall structures that

cut the hypocaust surface at an upper stratigraphic level. Rojas &

Gómez-Laguna (2009) relate these new structures to the second

occupation phase of the site (‘hispano-visigodo clásico’), falling

between the second half of the 6th century and the first half of the

7th centuries AD.

The two 14C ages provide a combined mean age that has been

used to calculate the calendar age using the calibration software

OxCal v 4.10 (Bronk Ramsey 2009) and the IntCal09 calibration

curve (Reimer et al. 2009). This gives a calendar age of between

596 and 657 AD at the 95 per cent probability level.

Figure 1. Photographs of the structures sampled at Vega Baja. (a) VBT1 and (b) VBK1.

Table 1. Radiocarbon ages available from the Vega Baja archaeological site. CCR: Centre for Chronological Research,

Nagoya University, Japan. CEDAD: Centro di Datazione e Diagnostica dell’Universitá del Salento, Lecce, Italy.

Combined calibrated date

Sample Uncalibrated date (at 95.4 per cent confidence level) Laboratory

UE323/INV167 1449 ± 27 BP CCR
Hypocaust VBT1 546–657 AD

UE323 (LTL3438A) 1382 ± 35 BP CEDAD

UE23-UE1/INV1690BIS 1729 ± 27 BP CCR
Kiln VBK1 249–384 AD

UE40.23 (LTL3439A) 1726 ± 35 BP CEDAD

C© 2012 The Authors, GJI
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A combined calendar age of 249–384 AD (95 per cent probability

level) has been determined from two charcoal fragments from kiln

VBK1, following the same procedure. This has been taken as the

age of the last use of the kiln (Table 1).

2.2 Ruiseñor

The Ruiseñor archaeological site (Guadalajara, Lat. 40.6◦ N, Long.

3.2◦ W) was revealed during construction of the new campus of

Guadalajara University. It includes a Visigoth cemetery and the re-

mains of a hamlet with grain silos and various burnt soils that may

be associated with hearths/cooking ovens. The structures studied

from this site are two combustion chambers, RSC1 and RSC4, di-

rectly excavated from the ground and interpreted as the remains of

ovens used for cooking food (Ramı́rez-González 2008; Figs 2a and

b). Both combustion chambers have a diameter of about 1 m. For

RSC1, the bottom surface is located at a depth of 40–50 cm below

this ground surface, whilst for RSC4 the bottom surface is located

at a depth of about 30 cm. The bottom surface of RSC1 is covered

with a layer of tile fragments, whereas an ash horizon is present

on the bottom surface of RSC4. The materials are represented

by poorly consolidate baked clay sediments containing a sandy

fraction.

The chronology of the studied ovens (RSC1 and RSC4) is based

on archaeological criteria, ceramics associated with the ovens, and

on analogies with other archaeological sites from central Iberia, such

as the ‘Vega’ of Jarama, Guadarrama and Henares (Vigil-Escalera

2007). The layout of the site is considered typical of small Visigoth

villages that existed in Iberia from the end of the 5th century AD

up to the 7th century AD (Ramirez-González 2008). The ovens

are associated with negative structures related to cabin basements

excavated into the ground, small silos for grain storage and wa-

ter wells. Such features are considered the classic configuration of

Visigoth villages. At Ruiseñor, this chronology is corroborated by a

Visigothic cemetery including several tombs, all aligned in a W–E

direction, where typical Visigothic jewels have been found. There-

fore the last use of both structures has been placed within a large

interval: 450–700 AD. The archaeological information is not suffi-

cient to establish a more precise chronology for the abandonment

of the structures.

3 S A M P L I N G A N D L A B O R AT O RY

P RO T O C O L S

3.1 Sampling

Samples taken from both sites consist of pseudo-rectangular blocks

of baked argillaceous sediments of variable hardness, with size

varying from several centimetres to a few decimetres. Samples

from Ruiseñor (RSC1 and RSC4) include 21 independently ori-

ented blocks of soft baked sediments and 10 oriented ceramic tile

fragments (previously baked at high temperature and re-used as

floor elements in the RSC1 combustion chamber). In contrast to the

poorly consolidated baked sediments, tile fragments are referred to

as hard materials. Samples from Vega Baja (VBT1 and VBK1) are

21 well-consolidated block samples with grey-red/pale colouration

due to the intensive heating of the original argillaceous lithology,

together with six soft samples whose material is a mixture of soft

burnt argillaceous sediments with carbon fragments and ashes. Only

hard samples were taken from the kiln VBK1.

Sampling of soft material taken from both sites has been car-

ried out by means of gypsum bandages and plaster of Paris. In

Figs 3(a) and (b) images describing the fieldwork at Vega Baja and

Ruiseñor site are shown. Pseudo-rectangular blocks were first iso-

lated from the surrounding ground, then vertical walls of each block

were wrapped in gypsum bandages to give them a higher physical

resistance. The upper faces were covered by a flat plaster surface

(Fig. 3a). After drying, the upper surfaces were oriented using a

magnetic compass and the lower surfaces were cut by means of a

thin aluminium sheet. Similar procedures were followed for VBT1,

RSC1 and RSC4, where the only difference resides in the sample

position inside the structures (from the floor in the case of VBT1,

from both the floor and wall for RSC1 and RSC4; Fig. 3b). The

compass readings have been corrected by the local declination of

the studied sites.

Sampling procedures were simpler for hard materials from RSC1

and VBK1. Here, flat plaster surfaces adhering on selected sampling

points were prepared and oriented by a magnetic compass. Tile

fragments from RSC1 were then manually taken off the structure

whilst sample blocks from VBT1 were cut using an handsaw and a

chisel.

Standard cubic palaeomagnetic specimens were cut at the

University Complutense of Madrid obtaining at least one

Figure 2. Photographs of the structures sampled at Ruiseñor. (a) RSC4 and (b) RSC1.

C© 2012 The Authors, GJI
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Figure 3. Photograph showing the sampling protocol.

specimen from each sample. Soft materials were previously consol-

idated by impregnation in ethyl-slicate (commercial name Silbond

40).

3.2 Magnetic measurements

The archaeomagnetic directions and rock magnetic properties were

studied in the Palaeomagnetism Laboratory of the Complutense

University of Madrid (UCM). Archaeointensity determinations

were carried out at the Palaeomagnetism Laboratories of the Insti-

tute of Earth Sciences Jaume Almera (UB-CSIC) in Barcelona, and

Géosciences-Rennes (CNRS-Université de Rennes 1) in Rennes.

An AGICO JR5 spinner magnetometer and a 2G Enterprises

755–4K SRM cryogenic magnetometer were used to measure the

natural remanent magnetization (NRM) of Ruiseñor and Vega Baja

samples, respectively. Low field magnetic susceptibility (κ) of each

specimen was measured using an AGICO KLY3 susceptibility me-

ter. Stepwise thermal (TH) demagnetization of NRM was carried

out using a Schonsted Instruments TSD-1 thermal demagnetizer in

30–60◦C steps up to 580–680◦C. Stepwise alternating field (AF) de-

magnetization was conducted using a Schonsted Instruments GSD-

5 tumbling demagnetizer, in 5–20 mT steps up to the maximum

available peak AF of 100 mT.

Additional rock-magnetic measurements were made using a Co-

ercivity Meter (Iasonov et al. 1998), which generates magnetic

hysteresis curves, along with stepwise acquisition and reverse-field

acquisition of isothermal remanence (IRM) that allowed deriving

the following parameters: coercivity (Hc), saturation magnetization

(M s), saturation remanence (M rs) and coercivity of remanence (Hcr).

The maximum applied field was 500 mT. A Petersen Instruments

MMVFTB variable field translation balance was used to measure

thermomagnetic curves. Magnetization was measured in an applied

field of 107 mT, with heating and cooling carried out in air.

Parallel to the directional and rock magnetic studies, archaeoin-

tensity experiments involving all the different material typologies

were carried out following the classical Thellier palaeointensity

method (Thellier & Thellier 1959). This method is based on the

comparison of the NRM lost and the partial thermoremanent mag-

netization (pTRM) gained in a known laboratory field at progressive

higher temperature steps. Remanent magnetization was measured

using a 2G Enterprises 755R SRM superconducting magnetometer.

Specimens were heated in a Magnetic Measurements MMTD-80

thermal demagnetizer from 100◦C to temperature up to 565◦C. A

laboratory field of 50 or 60 μT was applied along the Z axis of the

specimens. Between 8 and 19 temperature steps were performed.

TRM anisotropy tensor was calculated for each specimen from

the acquisition of a TRM in six different directions. In order to

avoid magneto-chemical changes the TRM anisotropy tensor was

measured during the Thellier experiments at temperatures at which

around 70 per cent of the NRM intensity is lost. The cooling rate

dependence of TRM intensity was also determined by measuring

four additional TRM acquisition steps after the end of Thellier ex-

periments. Comparison between rapid (typical laboratory cooling

time of about 1.5 hr) and slow cooling results (about 24 hr) allowed

the quantification of the cooling rate effect upon archaeointensity

estimates for each specimen. For a detailed description of the ex-

perimental procedures followed in the archaeointensity protocol see

Gómez-Paccard et al. (2006c).

4 RO C K M A G N E T I C R E S U LT S

Initial NRM intensity and κ vary between 3.5 × 10−3 and 8.0 A m–1

and between 5.1 × 10−5 and 0.12 SI. As shown in Fig. 4, where

NRM versus κ is plotted together with constant lines of Koenigs-

berger ratios (Qn), the parameters define a bimodal distribution that

is related to the hardness of the sampled material. High NRM and κ

values, typical for well-baked argillaceous materials, are observed

for hard baked clays that include tile fragments from kiln RSC1,

grey/red pale specimens from the hypocaust VBT1 and all the spec-

imens from kiln VBK1. Lower values correspond to soft, baked

clays from ovens RSC1 and RSC4, and to soft, dark brown speci-

mens from the hypocaust VBT1. Values of Qn between 1 and 100

support a thermoremanent origin of the NRM.

Representative samples of hard and soft material have been stud-

ied in more detail. Both types of samples exhibit hysteresis curves

that reach reversible behaviour by 300 mT, beyond which the in-

crease in magnetization has been considered as being dominated by

paramagnetic behaviour and/or by high coercivity magnetic phases

(Figs 5a and b). The parameters Ms and Hc have been calculated

after high field correction, determined from the slope of the curve

between 300 and 500 mT.

Hard baked clay and tile samples exhibit much higher

concentration-dependent parameters than do soft material samples

(Table 2). They exhibit IRM acquisition curves that approach sat-

uration by 300 mT (Figs 5a and b). Values of Hc and Hcr range

between 8–16 and 17–36 mT, respectively. Thermomagnetic curves

exhibit a single slope change in both the heating and cooling curves

C© 2012 The Authors, GJI
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Figure 4. Intensity of natural remanent magnetization (NRM) versus bulk susceptibility (κ). Lines indicate constant Koenigsberger ratios between 0.1 and

1000.

Figure 5. Representative rock magnetic results. (a) and (b) hysteresis curves, (c) and (d) normalized magnetization versus temperature curves.

(Fig. 5c). Curie temperatures, estimated from the heating curves

using the second derivative of the heating curve (Tauxe 1998) of

578 and 630◦C are observed. The thermomagnetic curves are ap-

proximately reversible, showing a minor loss in magnetization on

cooling. Together with the low coercivities, this suggests that mag-

netite and thermally stable maghaemite are the magnetic carriers in

the hard baked clays and tiles.

Soft baked clay samples are much less magnetic than the hard

samples (Table 2). IRM acquisition curves do not reach saturation by

500 mT (Fig. 5b) and values for the S ratio (S = –IRM−0.3T/IRM0.5T)

range between 0.77 and 0.93 (Table 2). They have Hc values of

8–12 mT and Hcr values of 25–36 mT. Thermomagnetic curves are

highly non-reversible, showing a peak in magnetization on heat-

ing to 500 ◦C and an increase in magnetization on cooling. Curie

C© 2012 The Authors, GJI
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Table 2. Summary of rock magnetic properties of representative samples of hard and soft materials. The

saturation magnetization (M s), saturation remanence (M rs), coercivity (Hc), coercivity of remanence (Hcr),

S-ratio (defined as –IRM−0.3T/IRM0.5T) and Curie temperature (Tc) are given.

Sample M s (Am2 kg–1) M rs (Am2 kg–1) Hc (mT) Hcr (mT) S ratio Tc (◦C)

VBK1-6 (hard) 0.186 3.26×10−2 8.4 17.9 0.99

VBK1-8 (hard) 0.204 5.29×10−2 12.8 25.6 0.99 578

VBT1-14-2 (hard) 0.096 2.52×10−2 15.9 33.0 0.99

VBT1-16 (hard) 0.157 4.27×10−2 15.8 36.3 0.99 630

RSC1-8C (hard) 0.252 6.44×10−2 9.0 17.0 0.99

VBT1-7-3 (soft) 5.06 × 10−3 9.09×10−4 10.4 26.8 0.93

RSC1-14A (soft) 2.56 × 10−3 3.84×10−4 9.6 35.4 0.77 580

RSC1-16A (soft) 2.49 × 10−3 4.51×10−4 12.1 36.1 0.78

RSC4-7A (soft) 4.36 × 10−3 5.64×10−4 8.2 30.2 0.83 578

RSC4-10B (soft) 4.05 × 10−3 7.39×10−4 9.3 24.8 0.87

temperatures of 580–587 ◦C were calculated from the cooling curve

(Fig. 5d). This suggests that magnetite was produced during heat-

ing, probably masking any contribution of the original magnetic

minerals present in the samples. Rock magnetic tests do not iden-

tify the high coercivity phase(s). However, maximum unblocking

temperatures of NRM of 650–680 ◦C for soft baked clay specimens

(Section 5) strongly suggest haematite as the carrier of the high

coercivity remanence.

5 A RC H A E O M A G N E T I C D I R E C T I O N S

Well-grouped, northerly and positive initial NRM directions were

obtained from the baked clay materials from all four structures

(Figs 6a–c and e). In contrast, the tile specimens from RSC1 showed

dispersed NRM directions (Fig. 6d).

At least one specimen per sample has been demagnetized. Rep-

resentative plots of stepwise TH and AF demagnetization of the

NRM and typical intensity decay curves are shown in Figs 7 and 8,

respectively.

The behaviour during TH demagnetization varied in function of

the type of sampled material. Hard baked clay specimens exhibited

a single, stable component up to 580–630 ◦C comprising more than

95 per cent of the initial NRM (e.g. Figs 7a and b and 8a). Soft

baked clay specimens had a well-defined, stable component up to

400–430 ◦C. For specimens from VBT1 this component represented

more than 90 per cent of the initial NRM, with the remainder de-

magnetized by 580 ◦C (e.g., Figs 7c and 8a). For specimens from

RSC1 and RSC4 this component carried 80–85 per cent of the

initial NRM, along with an unstable component with maximum de-

magnetization temperatures of 650–680 ◦C (Figs 7h and l and 8c).

The tile specimens from RSC1 exhibited two stable components be-

tween room temperature and 230–350 ◦C and between 300–350 and

580 ◦C (e.g. Figs 7i and j). Varying degrees of overlap between these

two components were observed leading to curved demagnetization

vectors in all but two specimens.

AF demagnetization of baked samples yielded better-defined de-

magnetization curves than TH demagnetization (e.g. Figs 7b, d,

f, g and k). A stable component could be identified between 5

Figure 6. Initial natural remanent magnetization (NRM) directions measured for (a) VBK1, (b) VBT1, (c, d) RSC1 and (e) RSC4.

C© 2012 The Authors, GJI
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New Roman–Visigothic archaeomagnetic results 7

Figure 7. Representative orthogonal vector projections of the remanent magnetization (Zijderveld diagrams) obtained from stepwise thermal (TH) and

alternating field (AF) demagnetization. Left-hand panel: Vega Baja, right-hand panel: Ruiseñor. In the demagnetization diagrams the open (closed) symbols

are projections upon vertical (horizontal) planes.

and 100–110 mT that represented between 75 and 95 per cent of

the initial NRM. The soft baked clays tended to exhibit higher

proportions of AF-resistant NRM, with between 17 and 25 per

cent of NRM remaining after 100 mT (e.g. Figs 8b and d). AF

demagnetization was used with one tile specimen only, as it did

not separate the magnetic components observed during thermal

treatment.

For both the hard and soft baked clay specimens the stable com-

ponents isolated by AF or TH yielded similar directions. This direc-

tion has been considered the characteristic remanent magnetization

(ChRM) direction and is most likely related to a TRM acquired

during the last use of the relevant structures. With respect to the

tile specimens, great circle analysis (Fig. 9d) indicated a common

northerly direction of the demagnetization trajectories that coin-

cided with the best-fit directions obtained from the two linear, low

temperature components and is in broad agreement with the direc-

tions obtained from the baked clay specimens from the same kiln.

Therefore the low unblocking temperature component is consid-

ered the ChRM component, associated with the last use of the kiln.

The high unblocking temperature component carries dispersed di-

rections and is most probably associated with the TRM acquired

during original fabrication of the tiles.

The mean direction for each structure has been calculated by

combining the best-fit directions obtained from both AF and TH

demagnetization of the soft and hard baked clays. Two specimens

were rejected for RSC1 and RSC4 due to poorly defined demagne-

tization curves and incomplete isolation of the ChRM component.

The directions obtained from the tile fragments have not been used

due to the incomplete isolation of the ChRM component. A hierar-

chical approach was adopted (Lanos et al. 2005), taking the mean

of specimens from the same (independently oriented) sample, fol-

lowed by the mean between samples, using Fisher (1953) statistics.

The results are shown in Fig. 9 and summarized in Table 3. They

are characterized by low semi-angles of confidence α95 (<3◦) and

high precision parameters, k, and thus represent well defined mean

directions.

C© 2012 The Authors, GJI
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Figure 8. Representative natural remanent magnetization decay curves.

Figure 9. Stereoplots of characteristic remanent magnetization directions at the specimen level (black symbols), together with the mean direction and α95 (in

grey) for each of the new structures studied. RSC1 tile samples have been treated separately from the rest of the RSC1 specimens (c). Remagnetization circles

were used to determine mean RSC1 tile directions.

6 A RC H A E O I N T E N S I T Y

D E T E R M I NAT I O N S

Archaeointensity determinations were attempted on 23 specimens

(from independent samples) from Ruiseñor and on 15 from Vega

Baja. For the former, nine tile fragments from RSC1 and 14 soft

baked sediments specimens from RSC1 and RSC4 structures were

selected. From Vega Baja, two soft baked sediments specimens from

VBT1 and six and seven hard baked sediment samples from VBT1

and VBK1 structures, respectively, were analysed.

C© 2012 The Authors, GJI
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Table 3. Site-mean characteristic remanent magnetization directions

for the studied sites. N , Number of independently oriented samples

used for the calculation; D, declination; I , inclination α95, semi-angle

of confidence; k, precision parameter and rsum, resultant vector (Fisher

1953).

N D I α95 k rsum Age

RSC1 9 7.4◦ 64.5◦ 2.8◦ 339 8.976 450–700 AD

RSC4 10 7.3◦ 60.9◦ 2.1◦ 544 9.983 450–700 AD

VBT1 16 2.2◦ 60.5◦ 1.5◦ 571 15.974 596–657 AD

VBK1 11 354.7◦ 53.6◦ 2.2◦ 441 10.977 249–384 AD

Results were interpreted using NRM-TRM diagrams together

with the corresponding Zijderveld plots. As expected, success of

archaeointensity experiments depended on the type of material

analysed. Only specimens corresponding to hard material and well-

defined single components of magnetization trending toward the

origin (VBK1 and VBT1) gave reliable results. Here, high qual-

ity linear NRM-TRM diagrams (with successful pTRM checks)

were obtained (Figs 10a–d). This component is very stable and has

been interpreted to be the TRM acquired during the last use of the

structures. The last point retained for archaeointensity determina-

tion corresponds to the last temperature step before any evidence of

changes in the magnetic mineralogy, detected by changes in pTRM

acquisition or by the concave-up shapes on NRM-TRM plots (Hervé

et al. 2011). Maximum temperature steps between 430 and 565 ◦C

have been retained. The other group of specimens shows a more

complex or unstable behaviour during Thellier experiments. This

group corresponds to soft baked sediments specimens which were

rejected due to the poor stability of the magnetic phase during heat-

ing, and the tile fragments that did not gave any useful results due

to the difficulty in isolating the different remanent magnetization

components (Figs 10e and f). In order to consider only high quality

archaeointensity determinations these more complicated specimens

have not been considered for further analysis. The archaeomagnetic

behaviour observed during Thellier experiments results is in agree-

ment with the rock magnetic and demagnetization experiments de-

scribed in Sections 4 and 5.

Several criteria were used to select specimens with high qual-

ity archaeointensity determinations. Here the same acceptance cri-

teria as those described by Gómez-Paccard et al. (2006c) have

been used. Thirteen specimens gave reliable archaeointensity results

(Table 4). All the results retained meet the acceptance criteria with

the exception of one (specimen VBK1–6), for which the CRM pa-

rameter, i.e. the maximum potential error to the intensity caused by

chemical remanent magnetization defined by Chauvin et al. (2005),

is slightly higher than 15. As the other parameters meet the quality

criteria this specimen has also been retained.

The influence of the anisotropy of the TRM and of the cooling

time upon TRM intensity was investigated following the proto-

col described in Gómez-Paccard et al. (2006c). TRM anisotropy

correction upon intensity estimates were calculated for all the spec-

imens, except for three that broke during the experiments. Low

TRM corrections were generally obtained, with differences between

the uncorrected and corrected TRM values lower than 5 per cent.

Only specimens VBK1–8 and VBT1–5 gave higher results: 6.4 and

16.0 per cent, respectively. To calculate mean site intensities, TRM

anisotropy corrected values were retained when available (10 from

the 13 studied specimens, see Table 4). The cooling rate effect

was also investigated in all the specimens except two, which also

broke during the experiments. Archaeological information suggests

that the natural cooling time for the analysed structures could be

much higher than typical laboratory cooling times (about 1.5 hr).

Although no strong evidence of the real ancient cooling time is

available, a cooling time of about 24 hr has been used to perform

the cooling rate protocol. Comparison between rapid (about 1.5 hr)

and slow cooling results (about 24 hr) has been used to quantify

the cooling rate effect upon TRM intensity estimates at a specimen

level (Table 4). Cooling rate correction factors were generally low

(<5.5 per cent) except for specimens VBK1–9 and VBT1–20-I for

which correction factors of 14.8 and 8.0 per cent were obtained,

respectively.

In general, archaeointensity determinations from specimens from

the same structure were very similar (e.g. VBK1–1 and -8 or

VBT1–15-II and –16-I). However, some differences were also ob-

served (e.g., VBK1–4 or VBT1–20-I). This highlights the need to

study several independent samples per structure to obtain accurate

mean intensities. Weighted mean-site intensities were calculated

using the weighting factor per specimen proposed by Prévot et al.

(1985). This procedure takes into account the different qualities of

the archaeointensity determinations at specimen level as expressed

by the quality parameters given in Table 4 (Coe et al. 1978; Prévot

et al. 1985).

Two mean intensities of 64.2 ± 5.0 and 62.4 ± 2.6 µT were

obtained for VBK1 and VBT1, respectively. They have been derived

from Thellier classical experiments including TRM anisotropy and

cooling rate corrections performed on several independent samples

per site. The standard deviations around the means are lower than

10 per cent in both cases. As both the cooling rate and the TRM

anisotropy effects upon TRM intensity are low, very similar standard

deviations are found before and after the corrections. Therefore the

mean site intensities obtained can be considered as highly reliable.

7 D I S C U S S I O N A N D C O N C LU S I O N S

7.1 Degree of heating and the suitability of baked clays

for archaeomagnetism

The material studied here consisted of baked clays with varying

degrees of hardness, with the hardness governed by the heating

temperatures. The hard baked clay (and tile) samples have suffered

the highest temperatures and their magnetic properties are domi-

nated by magnetite or thermally stable maghaemite. These minerals

are often present in the original clay material. Heating may also

give rise to the formation of new ferrimagnetic phases, for example

through the reduction of haematite (Evans & Heller 2003) or the

alteration of iron oxyhydroxides (Gendler et al. 2005). Such mag-

netic enhancement is a common feature of baked clays and probably

explains the high values of the concentration-dependent parameters

observed in this study. If the formation of these new phases preceded

the last heating and cooling of the baked clays, then such material

is ideal for archaeomagnetic studies—as the wealth of studies over

the last 100 yr or more has shown.

The soft baked clays appear to have suffered a much lower de-

gree of heating and they are much less magnetic than the hard

baked clays. Magnetic enhancement is much less pronounced and

they probably preserve more of their original iron oxide mineral-

ogy, including a detectable haematite contribution. Whilst this does

not necessarily mean that they are incapable of acquiring a stable

TRM, poorly or moderately heated clay material presents two main

problems for archaeomagnetism. The first is that their low degree of

physical stability makes field sampling and laboratory sub-sampling

C© 2012 The Authors, GJI
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Figure 10. Examples of typical NRM-TRM diagrams for Vega Baja specimens together with orthogonal vector projections of the remanent magnetization

in sample coordinates. Open (solid) circles are projections upon vertical (horizontal) planes. Diagrams are normalized to the initial NRM intensity. Closed

circles in the NRM-TRM diagrams are data used for the archaeointensity determinations. The field obtained (F) together with the percentage of the initial

NRM involved in the slope calculation (f parameter) are indicated.

C© 2012 The Authors, GJI
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difficult. As shown in this study, careful sampling procedures, along

with consolidation where necessary, can overcome this difficulty.

Second, and more importantly, soft baked clays tend to un-

dergo thermally induced alteration during laboratory heating (e.g.,

Jordanova et al. 2003). As such they are often avoided in archaeo-

magnetic studies. The thermal instability clearly affects the results

of Thellier-type intensity experiments. None of the soft baked clay

specimens studied here yielded a reliable archaeointensity determi-

nation. However, they did provide a well-defined archaeomagnetic

direction that was isolated by AF demagnetization (to 100 mT) or

by thermal demagnetization up to 400–430 ◦C. For the RSC1 and

RSC4 structures, whose mean directions were defined from soft

baked clay specimens only, the mean directions displayed α95 val-

ues less than 3◦ (Table 3). This is more than adequate for both

geomagnetic and archaeomagnetic dating purposes.

It is worth highlighting these results as they demonstrate that

poorly consolidated baked clays that may have only been heated to

moderate temperatures may still be suitable for directional studies.

The baked clays in this study have an NRM that is predominantly

carried by ferrimagnetic minerals and both AF and TH demagne-

tization could be used to isolate their characteristic directions. In

clays with a similar proportion of low coercivity magnetic minerals,

similarly positive results might be expected.

7.2 New archaeomagnetic data for Western Europe and

geomagnetic models

The four new archaeomagnetic directions obtained in this study

have been compared with the archaeomagnetic Spanish database

(Gómez-Paccard et al. 2006a) and with the dataset used to derive

the PSV curve for Iberian Peninsula (Gómez-Paccard et al. 2006b),

which also includes data from northern Morocco and southern

France relocated to Madrid coordinates via the virtual geomagnetic

pole (Figs 11a and b).

Directions from the oldest structure, VBK1, are consistent with

the previous Iberian archaeomagnetic directional dataset. The three

data from RSC1, RSC4 and VBT1 cover the lack of Iberian archaeo-

magnetic information for the early Middle Age period. They are in

agreement with the archaeomagnetic data from southern France.

The new data help in defining the beginning of the easterly shift

in declination of the geomagnetic field that was initiated around

350–400 AD and culminated around 800–850 AD. In addition the

new data confirm the maximum in inclination suggested by Bayesian

Iberian SV curve, which took place around 600–650 AD.

The recently developed regional geomagnetic model

(SCHA.DIF.3K) of Pavón-Carrasco et al. (2009) predicts

variations, both in declination and inclination, that are confirmed

by the new data of this study (Figs 11c and d). In addition, the

new data are also in agreement with the latest global geomagnetic

model (ARCH3K.1, Korte et al. 2009).

Fig. 12(a) shows the new archaeointensity data from this study to-

gether with the available data from southwestern Europe (including

northern Morocco) relocated to Madrid. The SW Europe database is

still scarce, but consistent. It delineates a coherent trend of palaeoin-

tensity variations from 200 BC up to 600 AD and from 1050 AD up

to 1600 AD. A relative maximum is observed at around 1550 AD,

followed by a probably sharp minimum. A considerable gap is still

observed between 600 AD and 1050 AD and few data are available

after 1600 AD.

In order to compare the new intensities with other previous data

from Western Europe, they have been relocated to the latitude of

C© 2012 The Authors, GJI
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Figure 11. Declination (a) and inclination (b) values of archaeomagnetic data reduced to the reference site of Madrid. The new data are plotted (stars, highlighted

by the dashed arrows) together with previous available data from the Iberian Peninsula (black dots) and northern Morocco and southern France (grey dots).

In (c) and (d) the PSV curve for the Iberian Peninsula obtained from Bayesian modelling (Gómez-Paccard et al. 2006b) and the regional SCHA.DIF.3K and

ARCH3K.1 global geomagnetic field model results (Pavón-Carrasco et al. 2009, Korte et al. 2009) are also shown. The grey area in the Iberian PSV curve

corresponds to the 95 per cent error envelope.

Paris through the virtual axial dipole moment (VADM). Previous

data available from Spain, Portugal, France, northern Morocco,

Belgium and Switzerland have also been compiled. For this purpose

the archaeointensity compilation of Genevey et al. (2008) has been

supplemented with new data from Gómez-Paccard et al. (2008),

Donadini et al. (2008), Spassov et al. (2008), Genevey et al. (2009),

Gallet et al. (2009) and Hartmann et al. (2009). Fig. 12(b) shows

the new archaeointensity data obtained for central Spain together

with the mentioned compiled data from Western Europe.

The intensity obtained for the VBK1 site is in good agreement

with previous results and indicates an intensity value of around

70 μT during the 4th century in Western Europe. No data are avail-

able in this region for the time of the VBT1 structure. This new data

constrains the starting age of the strong maximum in intensity that

occurred around 850 AD (Genevey & Gallet 2002; Donadini et al.

2008; Gallet et al. 2009).

The new intensity results have also been compared with the

intensity reference curve available for Western Europe (Gómez-

Paccard et al. 2008) and with the results derived from the regional

(Pavón-Carrasco et al. 2009) and global (Korte et al. 2009) geo-

magnetic field models (Fig. 12b). A reference intensity curve for

Western Europe (Gómez-Paccard et al. 2008) was derived using

C© 2012 The Authors, GJI
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Figure 12. (a) Comparison between the new archaeointensity data obtained in this study (black stars) and previous available data for the Iberian Peninsula,

northern Morocco, southern France and Portugal (Gómez-Paccard et al. 2008; Hartmann et al. 2009; Kovacheva et al. 2009). All data and curves are relocated

to the latitude of Madrid. (b) Comparison between the new archaeointensity data and previous archaeointensity data available for Western Europe (see Genevey

et al. 2009 and references therein). The reference curve available for Western Europe (Gómez-Paccard et al. 2008), the results derived from the regional

SCHA.DIF.3K and ARCH3K.1 global geomagnetic field model (Pavón-Carrasco et al. 2009, Korte et al. 2009) are also shown. The grey area in the Western

European curve corresponds to the 95 per cent error envelope. All data and curves are relocated to the latitude of Paris. (c) The archaeointensity database from

Bulgaria (Kovacheva et al. 2009). All data relocated to Sophia coordinates.
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Bayesian statistics (Lanos 2004) and a selection of the most re-

liable data available in 2008 from Western Europe. The Bayesian

reference curve for Western Europe is clearly too smooth to de-

scribe the detailed evolution of geomagnetic field intensity changes.

The global ARCH3K.1 archaeomagnetic model, based on archaeo-

magnetic data derived from archaeological material and volcanic

rocks recently published by Korte et al. (2009), and the regional

SCHA.DIF.3K archaeomagnetic model—only based on archaeo-

magnetic data, derived from archaeological structures—available

for Europe (Pavón-Carrasco et al. 2009), have also been used for

comparison. The new archaeointensity data from this study are in a

reasonably good agreement with both models and the entire West-

ern Europe database fit very well the mean curve derived from the

SCHA.DIF.3K model. Both data and model results suggest that two

relatively minor intensity maxima took place in Western Europe

around 320 and 600 AD before the high maximum that took place

around 850 AD.

It is worthwhile noting that no previous archaeomagnetic data

were available for the Iberian Peninsula between 500 and 1000 AD,

and only five data were published from Western Europe for this

time period. Very few data are still available for the Middle Ages in

Western Europe, in a period when both global and regional models

predict that the geomagnetic field reached its highest intensity of

the last 2000 yr.

The Western Europe database has also been compared with

the recent compiled database from Eastern Europe (the Bulgarian

database, Kovacheva et al. 2009), shown in Fig. 12(c). It provides

more data for the considered time period. There, a maximum that

occurred between 600 and 650 AD is clearly recorded. This maxi-

mum is suggested by the new data from this study, but its magnitude

is lower, or it occurred after the age of the VBT1 structure. In addi-

tion, variations more rapid than those predicted by the models could

also have occurred during the 600–1000 AD time interval, accord-

ing to the Eastern Europe database. Pavón-Carrasco et al. (2009)

proposed the existence of a rapid change of geomagnetic field

around 775–825 AD and suspected another rapid change around

650–700 AD. However, more data are still necessary to confirm the

latter.

Finally, the rate of intensity field variations that occurred dur-

ing the early Middle Ages seems to be higher than previously

expected by global geomagnetic field models. According to the

SCHA.DIF.3K regional model (Pavón-Carrasco et al. 2009), and

corroborated by recent results, the rate of increase in palaeointen-

sity, observed at Paris, between 700 and 800 AD is about 0.22 ±

0.11 μT yr–1, followed by a decrease (between 800 and 1000 AD) of

about –0.12 ± 0.10 μT yr–1. These are higher values than the rate of

decay estimated for the period 1650 and 1900 AD (around –0.02 ±

0.04 μT yr–1) from both the regional SCHA.DIF.3K and the global

GUFM1 (Jackson et al. 2000) models. They are also even higher

than the rate of decrease observed in the last century in southern

Africa, of about –0.1 μT yr–1, according to the 11th IGRF model.

In terms of dipolar decay, from 900 to 1900 AD, the estimated rate

is 14 ± 2 nT yr–1 according to SCHA.DIF.3K (or 5.0 ± 0.5 nT yr–1

predicted by the ARCH3K.1) and for the 800–1000 AD it is about

48 ± 1 nT yr–1, higher than the decay of the last century, 18 nT yr–1

(11th IGRF, Finlay et al. 2010). Are these rapid intensity variations

real or are they an artefact produced by palaeointensity determina-

tions? The extreme variation of the geomagnetic field that seems to

be occurred during the Middle Age period (the highest produced

in historical times) should be studied more in depth to help in the

understanding of present day field variations.
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Gómez-Paccard, M., Chauvin, A., Lanos, P., McIntosh, G., Osete, M.L.,

Catanzariti, G., Ruiz-Martı́nez, V.C. & Núñez, J.I., 2006b. First ar-
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