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A B S T R A C T   

The improvement of the archaeomagnetic dating method requires compiling new and older data of the Earth’s 
magnetic field (EMF) variations for the last millennia. Combustion events from fumier sequences have been 
proposed as good directional EMF recorders. However, they are subjected to diverse taphonomical processes and 
how these affect the archaeomagnetic record has not yet been studied. In order to evaluate it, here we report the 
first archaeomagnetic and rock-magnetic results on samples from experimentally recreated fumiers since 2014 
under controlled conditions. A facies description with unprecedent resolution was used to study the variation of 
magnetic properties in depth. Rock-magnetic analyses indicate a homogenous magnetic mineralogy dominated 
by pseudo-single domain magnetite as main carrier in all facies, with not very high and similar contribution of 
the finest (superparamagnetic) grains. The low values of anisotropy of magnetic susceptibility (AMS) indicate 
that the studied sample set is mainly isotropic. The directional behaviour in well-preserved burned facies (here 
described as G, LM and DGB), are jointly characterized by highly reversible thermomagnetic curves, high Koe
nigberger (Qn) ratio values and intense, univectorial and normal polarity orthogonal NRM demagnetization 
diagrams. On the contrary, specimens affected by mechanical alteration processes are less magnetic and show 
anomalous directional behaviours. The high thermomagnetic reversibility of ashes indicates that they reached ca. 
600–700 ◦C, in line with the thermocouples’ data. Temperatures of 460 ◦C were obtained for the DGB facies 
(subyacent black carbonaceous facies). Sampling of ashes located on the top of these combustion events should 
be avoided for archaeomagnetism. Being just beneath the last stabling episode they are the most prone to un
dergo mechanical alterations and do not preserve well the Earth’s magnetic field direction. Despite their unli
thified nature and the multiple taphonomic processes that fumier sequences may undergo, under certain quality 
criteria, they are valid geomagnetic field recorders providing both information of archaeological and geophysical 
interest.   

1. Introduction 

One of the main changes that entailed the adoption of agropastoral 
practices since the Neolithic was the occupation of caves and rock 
shelters as livestock-pens. Throughout all the Mediterranean Europe, the 
holocene stratigraphies of many caves contain evidences of dometic 
animal stabling (e.g.: Angelucci et al., 2009 and references therein). 
These contexts are known in the archaeological literature as fumiers 
(Brochier, 1983). They are interpreted as sedimentary sequences 

generated by the intense and recurring combustion of vegetal remains 
and animal dung (e.g.: Brochier et al., 1992; Boschian, 1997; Bur
guet-Coca et al., 2022; Macphail et al., 1997; Vergès et al., 2016a). The 
main objective of these combustion practices was to eliminate the par
asites of the site and reduce the enormous volume of excrements 
generated by the herd (Boschian, 1997; Karkanas, 2006; Vergès, 2011; 
Vergès et al. 2016a, 2016b). 

Fumier-like sequences exhibit a high variability of sedimentary 
facies (some burned intercalated with others unburned), which are 
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recurrently repeated in the stratigraphy. There is no full consensus to 
classify these sequences, although their sedimentological description 
has been addressed through a relatively uniform facies system (e.g.: 
Angelucci et al., 2009). Traditionally, the study of fumier sequences has 
been approached from a paleobotanical and geoarchaeological 
perspective (e.g.: Brochier et al., 1992; Canti, 1999; Macphail et al., 
1997). In addition to the more classic studies of lithic, ceramic or faunal 
remains, other techniques have been applied on bones, sediments or 
paleobotanical remains to characterize the formation and use of these 
sites. For instance, soil micromorphology analyses allow a 
high-resolution sedimentary evaluation to reconstruct the formation and 
alteration conditions (e.g.: Angelucci et al., 2009; Polo-Díaz et al., 2016; 
Macphail et al., 1997). Studies of lipids and faecal biomarkers have 
shown their utility in identifying faunal taxa (e.g.: Gea et al., 2017; 
Vallejo et al., 2022), complementing the more traditional zooarchaeo
logical studies (Martín-Rodríguez and Vergés, 2016a, 2016b). Another 
source of data are isotope studies both on faunal remains to infer the diet 
and seasonality of the stabled livestock (e.g.: Martín-Rodríguez et al., 
2021) and on the sediments and plant remains (ej.: Égüez et al., 2022). 
All this information has proven to be very useful for reconstructing the 
dynamics of occupation and use of caves, as well as their formation and 
diagenesis processes (e.g.: Cabanes et al., 2009; Expósito and Burjachs, 
2016; Expósito et al., 2022; Portillo and Albert, 2011; Shahack-Gross 
et al., 2003; Albert et al., 2008). 

Archaeomagnetism is one of the techniques that have been recently 
applied to the study of these contexts. Studies carried out in several 
European sites propose that, under adequate preservation conditions, 
the combustion events contained in these sequences can record the 
directional changes of the Earth’s magnetic field through time (Carra
ncho et al., 2013, Carrancho and Villalaín, 2012, Herrejón-Lagunilla 
et al., 2022; Kapper et al. 2014a, 2014b). This is of geochronological 
interest since it allows to improve the secular variation curves and 
geomagnetic field models used for archaeomagnetic dating. This is 
possible for several reasons. First, the combustion events present in these 
stratigraphies are generally well dated by radiometric techniques 
(mainly 14C), so their chronological control is adequate and precise. 
Second, these deposits usually present high sedimentation rates, which 
favours their good preservation. For example, Angelucci et al. (2009) 
report peak sedimentation rates of 15 mm/year in certain Neolithic 
levels of the El Mirador cave (Spain). If properly preserved (e.g.: ashes 
over carbonaceous facies showing lateral continuity, etc.), each com
bustion episode is stratigraphically sealed by the rapid burial of the 
upper level, preventing alteration processes. Third, the burned facies 
from these combustion events can preserve a good record of the direc
tion of the Earth’s magnetic field at the time of its last heating and 
subsequent cooling (Carrancho et al., 2009, 2013, 2016; Carrancho and 
Villalaín, 2012; Herrejón-Lagunilla et al., 2022; Kapper et al. 2014a, 
2014b). Thus, the archaeomagnetic study of multiple well-preserved 
and independently well-dated combustion episodes has made possible 
to elaborate the first directional European paleosecular variation (SV) 
curve for the Earth’s magnetic field up to the Neolithic (Carrancho et al., 
2013). This curve can be used for dating and for certain chronologies, it 
reaches precisions comparable to radiocarbon ranging between ±30 and 
± 200 yr (Carrancho et al., 2013). 

Nonetheless, this type of sediments are subjected to diverse syn/post- 
depositional processes, with the implications that it has for the reli
ability of the archaeomagnetic record. Although the acceptance of 
archaeomagnetic directional data are filtered under strict quality se
lection criteria (Carrancho et al., 2013; Herrejón-Lagunilla et al., 2022; 
Kapper et al., 2014b), being able to recognize whether a specific com
bustion event is affected or not by taphonomic alteration processes is 
relevant. The most common post-depositional processes include partial 
or total removal of ashes to clean specific areas of the caves, trampling, 
bio-cryoturbation, etc. Diagenetic processes such as dissolution, fluid 
migration or precipitation may also take place, promoting the redistri
bution, alteration and even disappearance of minerals, including 

ferromagnetic (s.l.) phases. Some of these processes are visible on a 
macroscopic scale, but this is not always the case. Tradicional tech
niques such as soil micromorphology (e.g.: Polo-Díaz et al., 2014), 
zooarchaeology (Martín-Rodríguez and Vergés, 2016a) or paleobotany 
(Burguet-Coca et al., 2020, 2022; Cabanes et al., 2009), along with 
others less standard such as archaeomagnetism (Carrancho et al., 2012) 
or molecular analyses of bones through ATR-FTIR (Del Valle et al., 2022) 
have been successfully applied to distinguish alteration processes 
involved in these sequences. Although the taphonomic processes that 
can affect the archaeomagnetic record are diverse, to our knowledge, 
there is not still any archaeomagnetic work that has studied it in detail 
under controlled experimental conditions. 

Here we report the archaeomagnetic and rock-magnetic results of a 
program of livestock’s residues burned by means of experimental 
archaeology performed since 2014. Thanks to the control of multiple 
variables (number of heatings, temperatures, type and amount of fuel, 
etc.), the objectives of this research are to study how the in situ burning 
of manure heaps occurs under controlled conditions, to characterize 
magnetically in detail the variability of facies generated, and to evaluate 
whether the archaeomagnetic record is affected by post-depositional 
processes. 

2. Materials and methods 

2.1. Experimental recreation 

This experimental burning program of livestock residues began in 
2014 and so far, 4 burning sessions were carried out (2014, 2015, 2016 
and 2018). Each year a herd of 400 heads of livestock (350 goats and 50 
sheeps) has been stabled in the Mas del Pepet pen (Rojals, Tarragona, NE 
Spain), located at 880 m a.s.l. The main objective of this experimental 
program seeks to characterize and interpret how these deposits are 
formed, what formation and alteration processes they undergo and how 
human activity conditions these contexts in relation to the management 
of domestic livestock. 

The pen is a closed and roofed enclosure that reproduces quite well 
what can happen in a similar archaeological cave sequence. The live
stock stabling usually lasts about 6 months, approximately from April/ 
May to October/November. The animals spend the night in the pen and 
during the day they are grazing. During this half year, the herd generates 
a significant amount of excrements which after its stabling period, are 
piled up and burned under controlled conditions. Various variables such 
as the temperatures reached, humidity, location or type and amount of 
fuel are carefully monitored. The realization of 3D models allows the 
exact location of each combustion event and the conditions in which 
they took place. A detailed description of the specific methodology 
followed in this experimentation can be found in Vergès et al. (2016b). 

2.2. Sampling and facies description 

In this study, we sampled Heap 5 which was located at the rear of the 
pen (Fig. 1a). That heap includes at least 3 different burnings because 
the first one (2014) was artificially extinguished with water by fire
fighters, so it cannot be considered a complete cycle. Subsequent 
burnings were extinguished naturally. Heap 5 is an accumulation of 
manure and vegetal remains that in their successive burnings exceeded 
600–700 ◦C. On its ashes and prior to the annual stabling of the herd, a 
thick bed of straw was placed. This action is relatively frequent in cur
rent livestock practices to favour rest and/or feeding of the herd and has 
been inferred in archaeological contexts from paleobotanical analyses 
(Rasmussen, 1993; Alonso-Eguíluz et al., 2017). That heap was selected 
because it is interesting to assess whether these beds of straw really have 
a damping effect on the trampling generated by the herd during its 
stabling in terms of the archaeomagnetic record. 

With the aid of a chainsaw, three hand-blocks were collected and 
magnetically oriented with a Brunton magnetic compass (Fig. 1a–f). The 
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upper part of each block corresponds to a facies of between 1 and 2 cm of 
unburned excrement (from the last unburned stabling episode; Fig. 1c). 
Plaster of Paris was poured on it, leveled horizontally with a methac
rylate plate and two spirit levels (Fig. 1d) and finally, the magnetic north 
was marked before extracting the samples (Fig. 1e and f). In previous 
archaeomagnetic studies of burning events in archaeological fumier 
sequences, a facies of white and/or grey ash of variable thickness (from a 
few millimeters to several centimeters) and a burned carbonaceous 
facies underlying the ash and of dark colour (⁓2 cm) were mainly 
distinguished (Carrancho et al., 2009, 2012, 2013, Carrancho y Villa
laín, 2012; Herrejón-Lagunilla et al., 2022, Kapper et al., 2014a,b). In 
this case study, we distinguished a facies sequence according to the 
variation of texture, colour and thermoalteration degree, as is illustrated 
in Fig. 4, which corresponds to a microprofile from block 1. From top to 
bottom it can be distinguished.  

(i) Facies BB: a facies of unburned excrement (between 1 and 2 cm) 
of dark colour.  

(ii) Facies UM: it contains mixture of unburned excrement (facies 
BB) and a high ash component (facies G). 

(iii) Facies G: Fine grained, light to medium grey colour and rela
tively loose burned sediment. It is basically composed of ash.  

(iv) Facies LYB: Only identified in block 3. It is fine grained, has light 
yellow/brown colour and also contains ashes.  

(v) Facies LM (lower mix): mixture of facies G and DGB. Normally 
compact and with mixture of colours (light-grey-dark compo
nent). In block 3 is a mixture of facies LYB and DGB.  

(vi) Facies DGB (dark grey/black): Compact and fine-grained burned 
facies, dark colour and always subjacent to ashes. It would 
correspond to the carbonaceous facies underlying the ashes 
identified in similar studies. 

In the G, LYB and LM facies (essentially ash facies), 3–5 mm size rock 

Fig. 1. (A–f). Photos illustrating the main steps of archaeomagnetic sampling. (a) General view of the pen after the 2015 burning season (from Vergès et al., 2016b). 
(b) Sampling with an aid of a chainsaw. (c) View of two blocks before being plastered. Note the excrement facies on top (facies BB). (d) After pouring Plaster of Paris 
on top, the surface was leveled horizontally with two bubble levels. (e–f) Magnetic north marked on the samples before extracting them. Note the facies variations. 
Sample 3 is shown in panel e and sample 2 in panel f. Dashed rectangle in panel an indicates the sampled area (heap 5). 
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fragments have also occasionally been observed. The contacts between 
facies are in general clear and distinguishable. However, in block 3 the 
ashes have irregular boundaries and this block is the only one where the 
LYB facies was identified. This along with the lack of lateral continuity 
in the facies suggests a poor preservation or some kind of mechanic 
alteration in this block. During sampling, a partially charred fragment of 
wood cutting its facies was observed. For this reason, although some 
specimens of this block were demagnetized to analyse the signal 
resulting from this presumable poor preservation, they were finally not 
considered for the calculation of the mean direction as explained later. 

The reason to perform such a detailed facies description was to verify 
if actually, there is variation in the magnetic properties and if the 
traditional description of “ashes over underlying carbonaceous facies” 
(Carrancho et al., 2013) is sufficiently diagnostic and descriptive. Each 
hand block was consolidated in the laboratory in a solution of sodium 
silicate with water (75:25). Subsequently, each block was subsampled in 
cubes (10 cm3) respecting the orientation marks drawn in the field and 
noting the depth and type of facies to which they correspond. 

2.3. Magnetic methods 

All magnetic analyses reported here were carried out in the labora
tory of Palaeomagnetism of Burgos University (Spain). The measure
ment of the natural remanent magnetization (NRM) was performed with 
a 2G-755 superconducting cryogenic magnetometer (noise level ⁓5 ×
10− 12 Am2). The magnetic susceptibility and its anisotropy (AMS) were 
analysed at room temperature with a kappabridge KLY-4 (AGICO, noise 
level 3 × 10− 8 S.I.). The AMS values and directions of principal axes 
were determined to characterize the magnetic fabric (MF) calculated 
using the principal susceptibility values (Anisoft 4.2 software; Chadima 
and Jelinek, 2009). The analysis of the directional stability of the NRM 
was carried out by means of progressive thermal demagnetization and 
decreasing alternating fields (AF). AF demagnetization included 15 steps 
up to a peak field of 100 mT using the demagnetization unit attached to 
the cryogenic magnetometer. Thermal demagnetization of the NRM was 
done in 18 steps from room temperature up to 625 ◦C through a TD48-SC 
(ASC) shielded thermal demagnetiser. The analysis of the structure of 
orthogonal NRM demagnetization diagrams and the determination of 
the characteristic remanent magnetization (ChRM) direction was car
ried out by principal component analyses (Kirschvink, 1980) using the 
Remasoft v.3 software (Chadima and Hrouda, 2006). The mean 
archaeomagnetic direction was calculated using Fisher (1953) statistics. 

The magnetic properties of the materials were analysed through 
various experiments in order to identify the composition, concentration 
and granulometric variations of the ferromagnetic mineralogy (s.l.). This 
is important to assess how stable is the remanent magnetization. Using 
bulk sample (⁓ 450 mg) of each facies identified the following experi
ments were performed with a variable field translation balance 
(MM_VFTB): progressive IRM (isothermal remanent magnetization) 
acquisition curves up to 1 T, hysteresis cycles (±1 T), backfield coer
civity curves and thermomagnetic (magnetization vs. temperature) 
curves up to 700 ◦C in air. These experiments were carried out on sub- 
samples extracted at different depths from block 1 in order to evaluate 
how the thermal impact affected the magnetic properties. The deter
mination of the Curie/Néel temperatures was performed using the two- 
tangent method of Grommé et al. (1969). After correcting the hysteresis 
loops for their dia/paramagnetic fraction, the parameters Ms (saturation 
magnetization), Mrs (saturation remanent magnetization) and Bc (co
ercive field) were determined. The remanent coercive field or Bcr was 
calculated from the backfield curves. All these parameters were used to 
represent the so-called “Day plot” (Day et al., 1977; Dunlop, 2002), 
which allows to infer granulometric differences (Mrs/Ms vs. Bcr/Bc). 
Addittional experiments included the measurement of the dual fre
quency susceptibility (Xfd%) with a Bartington MSE2 meter (maximum 
nominal resolution 2 × 10− 6 S.I.) to assess the relative contribution of 
ultrafine superparamagnetic (SP) particles. Normalized absolute 

frequency dependence (Xfs) and normalized relative frequency depen
dence (Xfn; expressed as percentage) were calculated. The percentages 
of susceptibility at two frequencies were calculated as: χFD% = [(χ0.46 
kHz – χ4.60 kHz)/χ0.46 kHz] × 100 (Dearing, 1999). 

3. Results 

3.1. Magnetic properties 

Initial NRM intensity values of the studied collection oscillates be
tween 1.36 × 10− 5 and 3.18 × 10− 4 Am2kg− 1. NRM values are similar 
among facies G, LYB, LM and DGB (basically those facies with a higher 
ash component), while facies UM and BB display slightly lower values 
(Figs. 2 and 3a). Magnetic susceptibility values range from 4.70× 10− 7 

and 1.62 × 10− 6 m3kg− 1 (Figs. 2 and 3b). Again, the most burned facies 
exhibit the highest values and facies BB (excrement layer), the lowest 
ones. The Koenisgberger (Qn) ratio (cf. Stacey, 1967), a parameter 
frequently used in archaeomagnetic studies to evaluate the stability of 
the remanence, oscillates between 0.47 and 6.86 (mean = 3.57; median 
= 3.89). Only one specimen from block 3 exhibits Qn < 1. The highest 
values correspond to facies LM, G and DGB. Slightly lower values but 
also over unity are observed in the BB, UM and LYB facies (Fig. 2a and 
b). The trend towards lower values in LYB facies is influenced by one 
specimen with very low NRM values (Fig. 2a). Moreover, only 4 speci
mens were available for LYB facies. As explained later, LYB facies was 
only identified in block 3, the one with most orthogonal NRM demag
netization diagrams rejected due to mechanical alterations. Most likely, 
some taphonomic (mechanical) alteration disordered the ferromagnetic 

Fig. 2. Koenigsberger (Qn) values by facies. (a) Intensity of the natural rema
nent magnetization (NRM) vs. magnetic susceptibility on a mass-specific basis. 
Isolines indicate constant Qn values from 0.1 to 10. Facies are denoted ac
cording to the legend. (b) Box-plot distinguishing the Qn values by facies 
indicating the number of specimens analysed. 
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Fig. 3. Box-plots for (a) initial NRM intensities; (b) low-field magnetic susceptibility; (c) normalized absolute frequency dependence; (d) normalized relative fre
quency dependence (expressed as percentage). Results are shown by facies and as a function of depth from left to right. 

Fig. 4. Thermomagnetic curves (magnetization vs. temperature) on representative samples collected in depth along the profile of block 1. Colours indicate the 
sampling points from the microsection corresponding to every facies distinguished. Heating (cooling) cycles are indicated in red (blue). Two curves were carried out 
for each facies. 
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grains and explain such a low value. Despite their variability, these Qn 
results indicate that the magnetization in these facies can be considered 
of thermal origin. 

3.1.1. Dual frequency susceptibility 
The box-plots of Fig. 3a-d illustrate the results of the NRM, magnetic 

susceptibility and the susceptibility at two frequencies distinguished by 
facies and as a function of depth. Low-field magnetic susceptibility (Xlf) 
results are shown in Fig. 3b. From top to bottom of each block (from left 
to right of each panel) a decreasing pattern in depth is observed, except 
in the BB facies, which has significantly lower MS than the other facies. 
Facies BB corresponds to the uppermost 2 cm of the blocks and is a facies 
of unburned excrements resulting from the last stabling (Fig. 1c). Ac
cording to its relatively low susceptibility values, the concentration of 
ferromagnetic (s.l.) minerals in this facies is lower compared to the rest 
of the burned facies, especially the ashes (UM, G, LYB and LM facies) and 
to a lesser extent, the underlying carbonaceous facies (DGB). Fig. 3c 
shows the Xfs (normalized absolute frequency dependence) whose re
sults are similar to those explained for Xlf. Again, a decreasing trend in 
depth is observed following the same facies pattern described for Fig. 3b. 
Finally, Fig. 3d illustrates the Xfn or normalized relative frequency 
dependence (expressed as percentage). Interestingly, no significant dif
ferences among facies are observed here with mean values around 
3–4%. This means that the relative content of the finest super
paramagnetic (SP) magnetite particles (~0.01–0.03 μm) is not very high 
in comparison with the values of between 6 and 9% reported for 
archaeological ashes from fumiers (Carrancho et al., 2009; Kapper et al., 
2014a). 

3.1.2. Thermomagnetic curves 
Thermomagnetic curves (magnetization vs. temperature) were per

formed in depth with a subsampling resolution of between 0.5 and 1 cm 
for block 1, trying to characterize each facies identified (Fig. 4). 
Regardless of the type of facies analysed, the dominant presence of 
magnetite is observed with Curie temperatures around 580 ◦C (Dunlop y 
Özdemir, 1997), although other phases are also present. Curves of 
sample BB are clearly irreversible (Fig. 4a). That is, heating and cooling 
cycles differ, generating in this case secondary magnetite in the cooling. 
Considering that it is the facies of unburned excrements with a high 
content of organic matter, it is an expected result. Between 2 and 5 cm 
approximately, various facies of variable grey colour are observed that 
we could generically characterize as ashes (Fig. 4b–d). In addition to 
magnetite, in all of them a slight increase is observed at low tempera
tures in the heating cycles (ca. 180–200 ◦C) and an inflection at inter
mediate temperatures (ca. 300–350 ◦C) in this case, in both cycles. This 
last inflection may be a spinel phase with a high content of substituent 
cations or, more likely, stable maghemite. However, the phase around 
200 ◦C is more difficult to explain, although it has been observed in 
other burned archaeological materials such as bricks from ceramic kilns 
(Herrejón-Lagunilla et al., 2021) or palaeolithic hearths (e.g.: Bradák 
et al., 2021). One candidate might be the recently described low Curie 
temperature high coercivity stable phase (HCSLT) or Epsilon iron oxide 
(ε-Fe2O3), which generally requires high firing temperatures, above 
800–900 ◦C (López-Sánchez et al., 2017; McIntosh et al., 2007). This are 
above those achieved here at least for the DGB facies. However, in our 
opinion, it is unlikely to be the HCSLT phase because that same inflec
tion should be seen around 200–250 ◦C in the cooling cycle and it is not 
observed. The high degree of reversibility exhibited by these ashen 
samples is interesting (Fig. 4b,c,d) and even to a lesser extent Fig. 4e, 
indicating that these facies reached high temperatures, of the order of 
600–700 ◦C (the same as those used in these experiments). The deepest 
sample (Fig. 4e) shows a slightly lower cooling cycle than its heating 
cycle, indicating that hematite has been neoformed. This sample cor
responds to a carbonaceous facies (DGB), but still incorporates a certain 
amount of ash. 

3.1.3. Magnetic granulometry (Day plot) 
The biparametric ratio Mrs/Ms vs. Bcr/Bc, colloquially known as 

“Day et al. (1977) plot”, is represented in Fig. 5. This diagram has 
traditionally been used to infer the domain state (granulometry) of 
ferromagnetic particles in materials dominated by Ti-low titano
magnetites. Recently, Roberts et al. (2018) have questioned its inter
pretative validity. However, in assemblages where the magnetic 
mineralogy is relatively homogeneous and accompanied by other 
mineralogical experiments, it is an additional informative tool. In this 
case, it is remarkable the good grouping exhibited by all the studied 
specimens around the PSD or vortex state area (Roberts et al., 2017), 
near the mixing curves for SD and MD grains described by Dunlop 
(2002). The contribution of fine SP grains does not seem to be very 
significant, in accordance with the not particularly high percentages 
(3–4%) mentioned above for the dual-frequency (Fig. 3d). 

3.2. NRM directional stability 

Paleomagnetic analyses allowed to calculate the mean characteristic 
remanent magnetization (ChRM) direction, which is the direction of the 
Earth’s magnetic field recorded in the last burning. With some excep
tions described below, the orthogonal NRM demagnetization plots of 
most burned specimens are defined by highly magnetic, univectorial 
normal polarity plots (Fig. 8b and c and e-h). Demagnetization steps 
below 10–15 mT (AF demagnetization) and 200–250 ◦C (thermal 
demagnetization) were excluded for the calculation of the mean ChRM 
direction in order to avoid any potential viscous influence. The ChRM 
direction was isolated between 200/250 ◦C and 460/600 ◦C in thermally 
demagnetized specimens. In the case of AF demagnetized specimens, the 
ChRM direction was calculated from 10-15 mT to 80–100 mT. 

In contrast to the good paleomagnetic properties described above, 
some specimens from specific facies and blocks exhibited anomalous 
behaviour which we relate with mechanical alterations. Only one 
specimen of facies BB was demagnetized (not shown here). It corre
sponds to an AF demagnetized specimen with strongly overlapped 
components and anomalous directions (e.g.: negative inclination). It 
should be noted that facies BB is the uppermost facies (ca. 1–2 cm), with 
a fibrous texture and recognizable excrement fragments. It is basically 

Fig. 5. “Day plot” (Day et al. 1977) for the studied sample set. The grey lines 
represent mixing curves taken from Dunlop (2002) for mixtures of 
single-domain (SD) with multi-domain (MD) or superparamagnetic (SP) 
magnetite particles. All samples are well grouped in the PSD or SD + MD 
mixture with ca. 40–50% SD contribution. 
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unburned manure which corresponds to the last episode of livestock 
stabling after the last burning (Fig. 1c). Moreover, the analysed spec
imen comes from block 3, characterized by irregular contacts among 
facies indicative of some sort of mechanical alteration. Anyway, being 

not burned, facies BB was considered of no archaeomagnetic interest. 
Another interesting behaviour that deserves a comment is that of facies 
UM. This facies, just below the BB facies, consists of a mixture of BB 
(excrements) and G facies (grey ashes). Due to its BB content, its 

Fig. 6. (A–h). Orthogonal NRM demagnetization plots of representative specimens from different facies. Blue (green) circles show projections of vector endpoints 
onto the horizontal (vertical) plane. The specimen code, facies, intensity (NRM0) and normalized intensity decay curves are shown for each specimen. In Fig. 6h, the 
final steps of the diagram are blown up to show the presence of a high-temperature (HT) component. p-TRM = partial thermoremanence. 
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magnetic record is rather variable. A representative example of the UM 
facies is illustrated in Fig. 6d. As they incorporate unburned excrement 
in different percentages, they are less magnetic than pure ashes and, in 
addition, they have a multicomponent and directionally anomalous 
NRM structure. Their intensity decay diagrams also show a character
istic drop around 300–330 ◦C which, in the absence of additional 
mineralogical experiments, we suggest it may be some ferromagnetic 
sulphide (e.g.: pyrrhotite). If the ash content in specimens of UM facies is 
higher, thereby they are magnetically more intense. However, in gen
eral, they are less magnetic than the G, LM and DGB facies (Fig. 3a). 
Most of them display very low inclinations, probably because it is 
trampled excrement that incorporates more or less ashes (Fig. 6d), and 
also, they do not have directional coherence (even some with negative 
inclinations). These results indicate some syn/post-burning process of 
mechanical distortion. 

The specimens of block 3 deserve a particular comment. All 
demagnetized specimens from this block, regardless of their facies and 
depth, exhibit unstable orthogonal NRM demagnetization diagrams, 
strongly overlapped components (mainly those demagnetized by AF) 
and/or highly scattered directions (e.g.: not northward). Fig. 6a shows a 
representative example. As mentioned before, the contacts between 
facies in block 3 were discontinuous and irregular and also, much of this 
block was cut by a partially charred fragment of wood. Consequently, 
they were not considered for the calculation of the mean archae
omagnetic direction. Most likely, again, this indicates some kind of syn/ 
post-burning mechanical alteration which affected this block. 

Regarding facies G (Fig. 6b and c), LM (Fig. 6e and f) and DGB 
(Fig. 6g and h), essentially those with the highest ash content, the 
orthogonal NRM demagnetization plots are magnetically intense, stable 
and unidirectional. That is what one would expect in a material burned 
at high temperature and well preserved. In facies DGB, the maximum 
unblocking temperatures (max TUB) of the ChRM direction varies be
tween 460 ◦C up to 600 ◦C. Fig. 6h illustrates one specimen where the 
ChRM direction has been identified as a p-TRM with a max TUB of 
460 ◦C. The high temperature component (ca. 460–600 ◦C), also of 
normal polarity, presumably would correspond to a previous heating 
event. 

The obtained mean direction and its associated statistics were 
calculated both at specimen at sample levels (Fig. 7a and b, respec
tively). Following similar criteria as those used by Kapper et al. (2014a, 
b) and Herrejón Lagunilla et al. (2022) in the same type of materials, all 
specimens with an angular deviation > α95 × 3 respect the mean were 
disregarded. In Fig. 7a (specimen level), this filter was applied consid
ering all the specimens together (not per blocks). In Fig. 7b (sample 

level), it was applied calculating the mean direction of each block. 

4. Discussion 

This study is the first time that archaeomagnetic and rock-magnetic 
analyses have been performed on experimental recreations of livestock’s 
residues burned under controlled conditions. Combustion events in 
fumier sequences are not at all standard materials in archaeomagnetic 
studies. Fumiers sequences have the advantage of being widely 
distributed throughout the circum-Mediterranean region since the 
Neolithic (Angelucci et al., 2009 and references therein), being 
remarkably old and generally well dated by radiometric methods. These 
characteristics make them theoretically suitable materials to obtain data 
on the directional variations of the Earth’s magnetic field (EMF) in the 
past. However, as they are soft (unlithified) materials where the thick
ness of the burned facies is usually thin, they are difficult to sample. The 
accurate collection of oriented samples is essential in archaeomagnetic 
analyses. Our team uses a cylindrical corer with a built-in orientation 
system which is pressed against vertical profiles where the burned facies 
of the combustion episodes are exposed (Carrancho et al., 2009, 2012, 
2013; Carrancho and Villalaín, 2012; Herrejón-Lagunilla et al., 2022). It 
is a minimally invasive technique, allows the collection of multiple 
specimens from each facies and has high precision. Other authors 
(Kapper et al. 2014a, 2014b) have also collected hand samples on hor
izontal surfaces using the classic Plaster of Paris tecnique (e.g.: Tarling, 
1975). Beyond the fact that sampling very thin facies is not straight
forward, the main problem is collecting oriented hand samples with 
ashes on the top because the plaster of Paris percolates through the ash 
remobilizing the grains and hence, distorting the direction. Here we 
used the Plaster of Paris tecnique with the advantage of having on the 
top of the blocks a dung facies (BB facies) of the last stabling episode. 
This not only allowed to accurately sample the blocks but also to study in 
detail the variation of the magnetization by facies and in depth as well as 
carrying out thermal demagnetization experiments. 

The results of magnetic properties indicate that the main remanence 
carrier is PSD magnetite with not very high and relatively similar con
tributions of SP grains depending on facies (Fig. 3d). The dominant 
presence of magnetite indicates that the combustion takes place under 
predominantly reducing conditions. From the mineralogical point of 
view, an interesting aspect is the possible presence of ferromagnetic 
sulphides in the facies few or nothing burned. The drop in intensity 
around 330 ◦C in the UM facies suggests this (Fig. 6d), although addi
tional experiments are necessary to corroborate it. If confirmed, it would 
be the first time that its presence in this type of materials has been 

Fig. 7. Equal area projections showing the mean direction (pink circle) calculated at (a) specimen and (b) sample level, respectively. The 95% circle of confidence or 
α95 is shown in pink. Yellow star indicates the expected field direction. In panel a, specimens from block 1 and 2 are shown in black and blue, respectively. [Nsp/Ns =

number of specimens/samples considered to calculate the mean direction; Nsp’/Ns’ = number of specimens/samples analysed; Dec. = declination; Inc. = inclination; 
α95 = 95 per-cent confidence cone of mean direction and k, precision parameter according to Fisher (1953)]. 
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documented. 
An interesting source of information provided by magnetic analysis 

is to determine the heating temperatures. With the exception of facies BB 
(unburned excrement), and to a lesser extent facies DGB, the other facies 
show high reversibility in their thermomagnetic curves (Fig. 4b–d). This 
indicates that they reached temperatures of the order of 600–700 ◦C, 
which also fits well with the temperature records of the thermocouples. 
With regard to DGB facies, hematite neoformation is inferred by its 
slightly less magnetic cooling cycle than its heating cycle, but also dis
playing a high degree of reversibility (Fig. 4e). Interestingly, the iden
tification of p-TRMs with a max. TUB of 460 ◦C in this facies (Fig. 6h), 
reveals the maximum heating temperature reached by these DGB spec
imens. Actually, the DGB facies would be equivalent to the dark 
carbonaceous facies underlying the ashes identified in similar studies. 
This datum, in addition to being archaeologically interesting, coincides 
very well with determinations of similar temperatures obtained in 
burned facies from fumiers in caves (Carrancho et al., 2009, 2016; 
Herrejón-Lagunilla et al., 2022; Kapper et al., 2014a). 

Following the suggestion of a reviewer, the anisotropy of magnetic 
susceptibility (AMS) results performed on 72 specimens are not shown 
as they cannot be interpreted in terms of anisotropy. Only 6 specimens 
exhibited F values > 5, which means that this sample set is esentially 
isotropic. Regarding the NRM directional results, specimens from the 
most superficial and/or mechanically reworked facies (BB, UM and LYB; 
the latter one only identified in block 3), exhibit less stable NRM 
demagnetization plots than those from the most burned and deepest 
facies (G, LM and DGB) defined by magnetically intense, stable and 
normal polarity NRM demagnetization plots (Fig. 6). This can be 
explained by the mechanical reworking generated by trampling, which 
affects the directional record of most superficial facies. 

Whether the directional behaviour is the expected one depends on 
the material not having undergone severe reworking or mechanical 
alteration processes. Otherwise, the ferromagnetic grains would lose the 
record of the EMF direction acquired at the time of last heating and 
subsequent cooling. There is a direct correlation between anomalous 
directional behaviour and lower NRM intensity (e.g.: UM facies) with 
mechanically altered (not in situ) specimens. In addition to being 
magnetically less intense than the well preseved G, LM and DGB burned 
facies (Fig. 3a), the orthogonal NRM demagnetization plots of facies BB 
and UM are anomalous and usually show inconsistent directions (e.g.: 
negative inclinations). In a sense this is not strange since facies UM is 
just below the BB facies (unburned dung). Therefore, they are more 
prone to be affected by trampling. This anomalous behaviour is 
reflecting what happens on the top of the ashes, which are not always 
pure because they appear mixed in variable percentages with excre
ments from the next stabling episode (BB facies). The directional 

behaviour of the UM facies is interesting because it indicates that sam
pling the top of these combustion events for archaeomagnetic purposes 
should be avoided. Moreover, despite the Qn ratio values of the UM 
facies are slightly over unity (between 1.2 and 5.4), they are the lowest 
of the burned facies (Fig. 2a and b). This indicates that the efficiency of 
the magnetization mechanism of UM facies is lower than that of the 
other ashes. Specimens of facies BB (excrements), UM (trampled ashes 
mixed with excrements) and LYB (reworked ashes from block 3) show 
lower Qn ratio values than those from facies G, LM and DGB (Fig. 2b). In 
other words, a correlation among specimens exhibiting consistent and 
stable directional results (if preserved in situ) and high Qn ratio values is 
observed. In this sense, the uselfulness of Qn ratio is out of doubt. Indeed, 
only specimens from facies G, LM and DGB were selected for the 
calculation of the mean ChRM direction, all with the highest Qn ratio 
values. As proposed in previous studies on fumiers’ sequences (Carra
ncho et al., 2009, 2012, 2013, 2016; Herrejón-Lagunilla et al., 2022; 
Kapper et al., 2014a), our results support that Qn ratio is a useful 
parameter to assess that the material is carrying a stable TRM (or 
pTRM). 

It has been demonstrated how vector analysis of archaeomagnetic 
samples from fumier sequences can determine which specific parts of 
these combustion events are actually altered (not in situ), beyond 
macroscopic observations (Carrancho et al., 2012, 2016). That is, if the 
burned facies have lateral continuity and are not truncated, if their ge
ometry is not irregular, or if the ashes are not mixed. Magnetic methods 
help to determine to what extent these alterations have occurred and a 
good example is the anomalous behaviour of block 3, whose specimens 
were excluded for calculating the mean direction for the given reasons. 

As far as the calculation of the mean archaeomagnetic direction is 
concerned, the ratio of accepted vs. analysed specimens (Nsp/Nsp’) in 
Fig. 7a is 48.6%, which does not seem to be particularly high. It is, 
however, similar to those reported in other studies in this type of con
texts (e.g.: Carrancho et al., 2013; Kapper et al., 2014a). The semi-angle 
of 95% confidence (α95) varies significantly depending on whether the 
direction is calculated at the specimen level (α95 = 2.2◦; Fig. 7a) or at 
sample level (α95 = 9.7◦; Fig. 7b). This is logical because the α95 is 
dependent on the number of samples considered. That is, α95 is smaller 
as more samples are included. As explained, the nature and dimension of 
this heap only allowed us to collect three magnetically oriented 
hand-block samples using Plaster to be as accurate as possile. Anyway, 
from the statistical point of view, the precision parameter (k) is more 
informative than the α95. The quality of the obtained mean direction is 
noteworthy with a very high precision parameter (k = 238 at specimen 
level or k = 622 at sample level; Fig. 7a and b). This is a remarkable 
result considering the non-lithified nature of these materials, as well as 
the diverse post-burning processes affecting them (e.g.: animal 

Fig. 8. Variation of magnetic inclination through time (from 6000 to 1000 cal. Yr. BCE), exclusively obtained from burning events of fumiers’ cave sequences. Data 
shown is according to the legend. The boxes shown with dashes lines indicate different stratigraphic parts (lower and upper) from the same stratigraphic sequence, El 
Mirador cave. See text por explanation. 
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trampling). 
In order to assess the reliability of the obtained direction it was 

compared to the expected one for the site and date (2018) of the last 
burning. This was calculated by means of the Magnetic Field Calculator 
of the National Centers For Environmental Information (NCEI) of the 
National Oceanic and Atmospheric Administration (NOAA) of the 
United States of America, using the 13th generation IGRF model (Alken 
et al., 2021). The expected direction is declination = 0◦, inclination =
56◦ (yellow star in Fig. 7a and b). Although the declination matches the 
expected one, the inclination is around 10◦ lower. It must be noted that 
IGRF does not provide an error associated with the expected mean di
rection and only considerates the main field (not taking into account the 
crustal influence). The ideal scenario for a more accurate estimation of 
the expected direction at the time of last burning would have been the 
use of a magnetometer in the field. Unfortunately, that was not possible. 
Nevertheless, it would not explain that difference of ~10◦ in inclination, 
which probably is an effect of the compactation and/or animal 
trampling. 

There are very few archaeomagnetic studies on cave sequences with 
archaeological fumiers to compare with. Carrancho et al. (2013) studied 
26 prehistoric burning events from three fumiers’ cave sequences in 
northern Spain. Most of the data came from El Mirador cave, specially 
for the VI and V millennia BC. More recently, Herrejón-Lagunilla et al. 
(2022) reported additional archaeomagnetic data from this site. Fig. 8 
illustrates the variation in magnetic inclination through time obtained 
only from fumiers’ sequences of the Iberian Peninula. We have selected 
these data because if we want to check if the inclination is under
estimated due to compaction or analogous processes, this must be 
mainly evaluated by comparing data from the same sequence. El 
Mirador Cave is without doubt where there is more archaeomagnetic 
data. Considering the magnetic and chronological errors (boxes with 
dashed lines), for the time interval between ca. 5000–3800 BCE, the 
inclination values oscillate between 36◦ and 62◦ (Fig. 8). Interestingly, 
these are lower inclinations than those of stratigraphically lower levels 
from the same sequence (El Mirador Cave), whose values oscillate be
tween 52◦ and 69◦ for the VI millennium BC. Even just only considering 
the mean inclination values (excluding the magnetic errors) that pattern 
of variation in inclination would be almost the same for those intervals. 
This is striking and unexpected because theoretically, the lithostatic 
weight should be higher in the lower stratigraphic levels (thus recording 
lower inclinations values) than in the upper ones of the same sequence. 
However, that is not the case looking at El Mirador data shown in Fig. 8. 
It should be noted that all data from El Mirador cave shown in red in 
Fig. 8 come from the same part of the sequence (a 6 m2 survey-pit). The 
two data shown in purple for the Vth millennium BC come from other 
part of the site (Herrejón-Lagunilla et al., 2022). However, they repro
duce quite well the inclination values of the other data for that period, 
which demonstrates that the directional record of the Earth’s magnetic 
field in these burning events is reliable. Kapper et al. (2014a,b) also 
reported archaeomagnetic data from fumiers in Northern Italy but their 
data are still rather sparse and irregularly distributed in time as to 
determine a clear pattern. What seems obvious is that the variations in 
magnetic inclination in cave sequences with fumiers are inhomogeneous 
through time. 

This lends weitght to the argument that compaction by lithostatic 
charges does not generate a systematic reduction in inclination in 
fumiers’ sequences. Inclination flattening is a well-known process in any 
sedimentary environment such as lake, marine or karstic sequences, but 
paleomagnetic data continue to be reported from them. Here we are 
dealing with burned sediments (the Earth’s magnetic field record is 
instantaneous). However, as the material is not lithified, it is susceptible 
to undergo alterations (e.g.: a burrow can also rework the sediment). 
Fig. 8 demonstrates that inclinations vary unevenly through time. Our 
archaeomagnetic results correspond to a specific case of trampling 
shortly after burning and for that reason we interpret them as the likely 
result of taphonomic processes. Nevertheless, that does not necessarily 

make these burned facies invalid as directional recorders of the Earth’s 
magnetic field. Considering the experimental conditions explained, it is 
not without surprise that most specimens are strongly magnetic exhib
iting stable, normal polarity and rather reproducible diretions. If the 
alteration had been severe affecting the whole burning feature, the 
directional result would be totally chaotic and that is not observed. It 
should not be forgotten that the directions must be of normal polarity 
and fall within the range of secular variation as Fig. 7 shows. Even with 
their limitations (as any other material), burned facies from fumiers can 
be considered as valid records of the directional variations of the Earth’s 
magnetic field in the past. Although there are numerous archaeological 
sites in Eastern Europe and SouthwestAsia (e.g.: hundres of multi- 
layered sites are known in Bulgaria, Turkey, Romania or Greece), 
well-dated and even archaeomagnetically investigated (e.g.: Gallet 
et al., 2014; Shaar et al., 2015), they are not present throughout the 
world. Lava flows are also good geomagnetic field recorders but they are 
temporarily discontinuous and also restricted to certain regions. In many 
regions as the Iberian Peninsula, materials of archaeomagnetic interest 
carrying TRM of such ancient chronologies (from Neolithic to Iron Age), 
exposed in continuous sequences and independently well dated, are 
scarce. The compilation of new archaeomagnetic data for the last 6–7 
millennia in fumiers’ sequences, will make possible to improve 
geomagnetic field models which, in turn, can already be used for dating. 

5. Conclusions 

This research represents the first archaeomagnetic and rock- 
magnetic study on an experimental archaeology program of livestock’s 
residues burned almost annually since 2014 under controlled condi
tions. The main conclusions are.  

- The description of facies used here has made possible to differentiate 
various types of ashes by their texture and colour with unprece
dented resolution. Overall, their composition, concentration and 
granumoletry of ferromagnetic minerals is quite homogeneus. It is 
shown that the traditional description of “ashes over underlying 
carbonaceous facies” is equally valid to perfom magnetic analysis on 
these burning episodes.  

- The magnetization is dominated by PSD or vortex-state magnetite 
with not very high and relatively similar contributions of SP grains 
among facies. The presence of stable maghemite has also been 
observed is ashes. Likely, dung facies few or not burned might 
contain ferromagnetic sulphides (e.g.: pyrrothite), although this re
mains to be confirmed.  

- With the exception of facies BB (unburned excrement) and to a lesser 
extent facies DGB (carbonaceous facies), the burned facies show high 
reversibility in their thermomagnetic curves. This indicates that they 
reached high temperatures (ca. 600–700 ◦C), in agreement with the 
thermocouples’ records. The thermal NRM demagnetization of some 
specimens from facies DGB has revealed that they reached maximum 
heating temperature of 460 ◦C. This also agrees well with data about 
this facies from other studies.  

- Remarkably low AMS values have been observed in the sample set 
studied, showing the magnetic behaviour is mainly isotropic.  

- Well preserved burned facies (here described as G, LM and DGB 
facies) show together a high reversibility in their thermomagnetic 
curves, high Koenigberger (Qn) ratio values and intense, univectorial 
and normal polarity orthogonal NRM demagnetization diagrams. By 
contrast, specimens affected by mechanical alteration processes such 
those from UM facies (trampled ashes mixed with dung) and block 3 
are less magnetic and exhibit anomalous directional behaviours. It is 
also confirmed that the Qn ratio is a useful parameter to evaluate the 
NRM stability. 

- There is a direct correlation between anomalous directional behav
iour, lower NRM intensities and Qn values (e.g.: UM facies) with 
mechanically altered specimens. 
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- It should be avoided the sampling of the ashes located on top of these 
combustion events (UM facies). Being just beneath the last stabling 
episode (BB facies), they are the most prone to undergo mechanical 
disturbances and do not preserve well the direction of the Earth’s 
magnetic field. Additionally, it includes unburned remains from BB 
facies, which can bias the magnetic record.  

- A quantitative outlier rejection approach was followed to calculate 
the archaeomagnetic mean direction both at specimen and sample 
level, yielding indistinguishable results. The mean direction ob
tained (Dec.: 359.8◦, Inc.: 45.2◦) exhibits an underestimation of ⁓ 
10◦ the inclination with respect to the expected one (Dec.: 0◦, Inc.: 
56◦). A comparison of archaeomagnetic data from cave sequences 
with fumiers do not detect inclination flattening induced by com
pactation or analogous processes. We interpret our result as a specific 
effect of the animal trampling in this experiment. Despite their un
consolidated nature and the taphonomic processes that these mate
rials may undergo, under certain quality criteria, burning events 
from fumiers’ sequences can be considered as valid recorders of the 
Earth’s magnetic field direction in the past. These data are useful not 
only to reconstruct ancient geomagnetic field variations (geomag
netic interest) but also to improve and extend back in time 
geomagnetic field models, which are used for archaeomagnetic 
dating. 
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i Evolució Social (IPHES-CERCA) has received financial support from the 
Spanish Ministry of Science and Innovation through the “María de 
Maeztu” program for Units of Excellence (CEX 2019-000945-M). We are 
very grateful to Pere Domenech, for the facilities given to carry out the 
experimental program with his livestock and pen, as well as for his help 
and advice. We also thank Anton Vallvey and Ester Trullols, PNIN 
Poblet’s directors, for their help and collaboration. Thanks are also due 
to the members of the brigades of maintenance of Poblet PNIN, for their 
help and support with the fieldwork and also to Aitor Burguet for his 
assistance with the sampling. The experimental program has been fun
ded by MICINN project (PID 2021-122355NB-C32), the Generalitat de 
Catalunya (SGR 2017 1040) and the Municipality of Montblanc. The 
editors of this volume are kindly acknowledged for considering us for 
this contribution. We are also grateful to two anonymous reviewers for 
their useful and thoughtful comments which improved the manuscript. 

References 

Albert, R.M., Shahack-Gross, R., Cabanes, D., Gilboa, A., Lev-Yadun, S., Portillo, M., 
Sharon, I., Boaretto, E., Weiner, S., 2008. Phytolith-rich layers from the late bronze 
and iron ages at tel dor (Israel): mode of formation and archaeological significance. 
J. Archaeol. Sci. 35, 57–75. https://doi.org/10.1016/j.jas.2007.02.015. 
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Cabanes, D., Cáceres, I., Carrancho, Á., Villalaín, J.J., 2022. The fumier sequences of 
el mirador: an approach to fire as a sociocultural practice and taphonomic agent. In: 
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Carrancho, Á., Villalaín, J.J., Angelucci, D.E., Dekkers, M.J., Vallverdú, J., Vergès, J.M., 
2009. Rock-magnetic analyses as a tool to investigate archaeological fired sediments: 
a case study of Mirador cave (Sierra de Atapuerca, Spain). Geophys. J. Int. 179, 
79–96. https://doi.org/10.1111/j.1365-246X.2009.04276.x. 
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