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Abstract
For geoarchaeologists the use of multiproxy and multimethod integrative approaches has become common for studying the 
sedimentary context of archaeological materials. In this paper, we introduce a novel approach that combines rock magnetic 
analysis with micromorphological analysis. We first conduct a brief examination of the magnetic properties of organic 
resins used in micromorphology to understand the potential impact of the resin and manufacturing process on the magnetic 
signature. It is crucial to understand the original production of the samples to ensure that endothermic reactions do not 
compromise the magnetic data. We illustrate the advantages of this approach through a case study of a pit hearth from the 
Neanderthal archaeological site of El Salt in Alcoi, Spain. This study utilises archived micromorphological samples of a pit 
hearth (combustion structure H77) initially described by Leierer et al. (J Archaeol Sci 123:105237, 2020). Rock magnetic 
analysis of multiple magnetic parameters—including magnetic susceptibility, natural remanent magnetization, and progres-
sive isothermal remanent magnetization—reveals that each microfacies type exhibits a unique magnetic pattern, even if there 
is overlapping in signatures across some magnetic parameters. The interpretation of the magnetic data aligns with the results 
and microfacies descriptions previously provided by Leierer et al. (J Archaeol Sci 123:105237, 2020), further supporting the 
interpretation of the combustion feature as being in situ with a history of repeated use. The approach presented here offers 
an enhanced tool for micromorphologists to better understand the magnetic characteristics of microfacies units in higher 
resolution and establish direct connections to the micromorphological results.

Keywords Archaeomagnetism · Micromorphology · Microarchaeology · Geoarchaeology · Neanderthals · Archaeological 
sciences · Archaeological methodology

Introduction and background

Geoarchaeology has expanded its scope in recent years, 
focusing on the holistic integration of analytical methods to 
achieve more profound interpretations. Presented here is a 
pilot study for directly integrating rock, or environmental, 
magnetic analysis with archaeological soil micromorphol-
ogy. We highlight that rock magnetism and micromorphol-
ogy can be performed on the same samples increasing the 
analytical resolution of the magnetic study. By integrating 
these methods, new interpretative potentials can be achieved, 
allowing rock magnetism to integrate more thoroughly 
with other geoarchaeological analyses. The study includes 
an analysis of the magnetic properties of organic resins to 
understand what magnetic alterations may occur during the 
production of micromorphological samples. This is fol-
lowed by an opportunistic case study of a pit hearth from the 
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archaeological site of El Salt in Alcoi, Spain. We analysed 
the rock magnetic properties of archived micromorphologi-
cal samples originally described by Leierer et al. (2020) to 
highlight the strengths of this approach.

Soil micromorphology is an important tool used by geo-
archaeologists to examine the microscopic composition of 
archaeological soils and sediments—the primary context for 
archaeological material and an artefact in itself (Karkanas 
and Goldberg 2018, Goldberg and Berna 2010). Micromor-
phology is a robust tool for combining different types of 
analysis, including chemical and mineralogical analytical 
methods to reconstruct past human behaviour (see chapters 
in Nicosia and Stoops 2017; Wilson 2017; Mentzer 2017; 
Berna 2017). Since its inception in the 1970s (Goldberg 
1979), micromorphology has become crucial in under-
standing the original geogenic, biogenic, or anthropogenic 
processes that form archaeological contexts (Karkanas and 
Goldberg 2018; Goldberg and Aldeias 2018), which can 
reveal otherwise invisible anthropogenic contexts such as 
bedding structures (Goldberg et al. 2009; Miller et al. 2013), 
manipulated soils (Karkanas et al. 2015), and anthropogenic 
processes forming combustion features (e.g., Mallol et al. 
2013; Mallol and Henry 2017; Leierer et al. 2020; Karkanas 
2021). Micromorphology is frequently integrated with other 
geoarchaeological methods such as Fourier transforms infra-
red spectroscopy (see Weiner et al. 1993, 2002; Karkanas 
et al. 2000; Miller et al. 2016), X-ray fluorescence, scan-
ning electron microscopy, and X-ray diffraction (Berthold 
and Mentzer 2017; Mentzer 2017; Wilson 2017), as well 
as the study of archaeological biomarker (e.g., Mallol et al. 
2013; Connolly et al. 2019; Leierer et al. 2019; Rodríguez 
De Vera et al. 2020) and ancient DNA analysis (Massilani 
et al. 2022). Integrated geoarchaeological analysis using 
micromorphology is often conducted on the same material 
or directly in association between samples (e.g., Mentzer 
2017; Berna 2017; Miller et al. 2016). This reuse of the 
micromorphological material allows for a direct association 
between what is described in the thin section and what is 
interpreted from the data.

Magnetic analysis has two primary applications in 
archaeology. Firstly, the study of the Earth’s magnetic field 
and its direction is commonly used for the dating of archae-
ological sites (e.g., Herries and Adams 2013; Dirks et al. 
2017) and to understand diachrony within archaeological 
palimpsests (Carrancho et al. 2016a, b; Zeigen et al. 2019). 
Secondly, environmental or rock magnetism is a method 
which studies the magnetic characteristics of iron-bearing 
minerals identifying the processes which formed them 
(Evans and Heller 2003; Dearing et al. 1996; Dearing 1999), 
which can be utilised as proxies for interpreting the anthro-
pogenic, geogenic, or biogenic actions behind those pro-
cesses within the archaeological context (Carrancho et al. 

2016a, b; Church et al. 2007; Herries and Latham 2009; 
Zeeden and Hambach 2021). In palaeolithic contexts, this 
technique explores human behaviour relating to combustion 
(Herries and Fisher 2010; Dinçkal et al. 2022). More recent 
rock magnetic studies in archaeology explore processes of 
site formation (Ozán et al. 2019; Bradák et al. 2020), with 
some studies noting a need for micromorphology to help 
interpret magnetic data (Bradák et al. 2020; Dinçkal et al. 
2022). Although both micromorphology and rock mag-
netism explore the consequences of anthropogenic-driven 
processes, they operate at different scales. Therefore, while 
there are many examples of sites which utilise both method-
ologies, there are fewer examples of studies which use them 
in tandem (e.g., Kapper et al. 2014; Lowe et al. 2018; Ozán 
et al. 2019; Leierer et al. 2020; Reidsma et al. 2021). Even 
in these examples, studies lack deep integration between the 
methods and only achieve superficial corroboration in the 
final interpretations. This paper will provide a pilot study 
for how to approach this integration and highlight the inter-
pretive potentials which can be achieved. El Salt, Alcoi, in 
Spain (Fig. 1), is a Neanderthal open-air site with deposits 
dating between 60.7 and 45.2 ka ago (Galván et al. 2014). 
The deposits consist of mostly well-stratified, horizontally 
deposited geogenic sands containing a high concentration 
of archaeological remains and dense combustion features 
organised in 13 lithostratigraphic units (Galván et al. 2014). 
The deposits at El Salt have been extensively studied: lith-
ics and archaeo-stratigraphy (Machado et al. 2017; Pérez 
et al. 2020; Mayor et al. 2020, 2022), zooarchaeological 
and microfaunal analysis (e.g. Marin-Monfort et al. 2021; 
Fagoaga et al. 2019), and archaeobotany (Vidal-Matutano 
2017; Vidal-Matutano et al. 2017, Vidal-Matutano et al. 
2018). This has included a host of multi-method geoarchae-
ological research including micromorphology and archaeo-
magnetism exploring the combustion material on the site 
(Mallol et al. 2013; Leierer et al. 2019; Herrejón Lagunilla 
et al. 2019; Leierer et al. 2020), biomarkers exploring lipid 
components within the site (Mallol et al. 2013; Leierer et al. 
2019, 2020; Sistiaga et al. 2014) and aDNA to understand 
the formation of the Neanderthal gut biome, which was 
identified for the first time through the integrated use of 
micromorphology and biomarker analysis (Rampelli et al. 
2021). For this pilot study, we conducted rock magnetic 
analyses on micromorphological material previously studied 
by Leierer et al. (2020). Leierer et al. explored a potential 
pit hearth with the use of micromorphology in combination 
with lipid biomarkers, zooarchaeological assessment, burn-
ing experiments on substrata, and the use of archaeo- and 
rock magnetism. Our study focuses on the analysis of two 
archived micromorphological monoliths, aiming to under-
stand what magnetic data we can draw from them and how 
this may help the interpretations of the pit hearth.
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Methods and material

The Pit Hearth—combustion structure H77

The Pit Hearth (combustion structure H77) is located at 
the base of lithological unit XB (see Fumanal García 1994; 
Galván et al. 2014), beginning between facies LSG14 and 
LSG11, and cuts into lithological unit XI. Leierer et al. 
(2020) interpret the combustion structure as in situ based 
on its well-stratified nature as well as the sharpness of the 
contact between the Red Layers (RL) and White Layers 
(WL). Micromorphological descriptions identify four micro-
facies units (MFUs) composing the pit hearth sequence (see 
Table 1). The lowest is ‘XI’, a dark brown unit composed of 
rich charcoal and other organic components with a micro-
scopic brownish yellow groundmass (Fig. 1D, brown layer in 
Salt-18–9 schematic). Above is the Red Layer (RL) (Fig. 1D, 
Red units in micromorphological schematics), described as 
being similar to XI with a heavy reduction in organic mate-
rial towards the hearth edge, in Salt-18–9, with almost no 

organic material at its centre (Salt-18–8). Experimental work 
conducted by Leierer et al. (2020) demonstrated that when 
microfacies type XI is burnt, it rubifies, indicating that RL 
is a thermally altered form of XI. The RL sharply transitions 
into the White Layer (WL) MFU, a dominant ash unit with 
some presence of faunal fragments and Celtis australis seed 
coats but little else. The WL once again transitions sharply, 
now into the MFU LSG11.

Archaeomagnetic analysis in Leierer et al. (2020) reveals 
a stable magnetic signature with a well-preserved directional 
record, something unlikely to occur if the hearth were an ash 
dump. Microscopic observations also show minimal evidence 
of rip-up clast and disturbance of the ash structures. There is 
evidence for repeated use of the combustion feature, primar-
ily in the form of two ash lenses separated by an interloping 
RL, potentially an artefact of the pit wall structure crumbling, 
as well as the WL’s thickness indicating multiple accumula-
tions of ash (Leierer et al. 2020; Karkanas 2021). Fuel sources 
included wood and unknown plant fuel, with temperatures in 
the RL layers rising to around 500 and 600 °C.

Fig. 1  A Location of El Salt in the Iberian Peninsula. Map taken from 
Google Earth. B Location of El Salt in the region around the city of 
Alcoi, 3D map from Google Earth showing the general landscape of 
the surrounding region. The Wall of El Salt refers to the overhanging 
cliff face which signifies the main wall of the rock shelter. C 
Orthophoto of the El Salt excavation area. Black box indicates the 
location of the pit hearth. D Schematic of the pit hearth and location 
of the micromorphological monoliths (green boxes). Black lines 
indicate location of thin sections in Leierer et al. (2020), while blue 

rectangles indicate location of micromorphological slabs subsampled 
for this study. Schematic of slabs shown to the right, White portions 
indicate White Layers (WL), Red portions indicate Red Layers (RL). 
Dark Brown portions refer to microfacies unit XI, and Light Brown 
zones refer to microfacies unit LSG11. Each of the slabs shows the 
divisions of their cubic samples, while cubic sample A1 for Salt-
18–8 demonstrates an example of how microfacies samples were 
subdivided
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Sample preparation

Organic micromorphological resin samples were prepared 
at the Archaeological Micromorphology and Biomarkers 
(AMBI) Laboratory. Two sets of samples were prepared for 
the analysis of the organic resin’s magnetic parameters. One 
utilised epoxy and one utilised a polyester styrene mixture, 
with the addition of > 1% accelerant. The artificial acceleration 
of the hardening can take as little time as a couple of hours 
depending on the sample, through an endothermic reaction 
which can heat the samples, as high as ~ 200 °C depending 
on the size and surface area of the sample (Jongerius and 
Heintzberger 1975; see Fig. 2B). Artificial heating can enhance 
magnetic signatures and cause the neoformation of magnetic 
minerals in previously unheated archaeological material. 
Heating does not exceed ~ 60 °C without accelerant, but the 
process can take weeks for the polyester resin to solidify. 
Artifical heating is not present with epoxy impregnation or 
samples without accelerant, and heating is reduced the smaller 
a sample is, or with an increase in surface area. 

Polyester styrene mixture was utilised for our control 
sediment samples. Volcanic beach sand from Las Caletil-
las (Tenerife, Spain) was utilised due to the iron-oxide 

concentration in volcanic sand, which would highlight any 
magnetic enhancements through the use of accelerant during 
production. Two sets of samples were organised. One was 
impregnated in a rectangular shape with 1 lt of resin, while 
a second set of samples were impregnated in a cubic shape 
with 3.5 l of resin. A set of unconsolidated loose samples 
were utilised as a control.

Archaeological samples from El Salt were taken from 
archived material utilised by Leierer et al. (2020). Sample 
preparation can be found there. Only Salt-18–8 and Salt-
18–9 had enough material to be analysed (see Fig. 1D for 
locations of samples). Sample preparation for magnetic anal-
ysis was conducted at the University of Burgos’ Palaeomag-
netism Laboratory. All samples were cut into 10-cc-sized 
cubes utilising an aluminium (non-ferromagnetic) bladed 
saw. Archaeological samples were similarly divided into 
fifteen 10-cc cubic samples, and three 8-cc samples, with 
a final number of 18 samples (referred to as archaeological 
cubic samples from here, see Fig. 1 for sample locations). 
After initial magnetic measurements, each of the cubic 
samples was subdivided into a further three samples which 
targeted distinctive microfacies units; these are labelled as 
Microfacies (MF) samples throughout the paper. From the 

Fig. 2  Results for resin control analysis. A χLF for organic resins uti-
lised in micromorphological samples. The results indicate very low 
or negative magnetic susceptibility indicating the resin is diamagnetic 
and unlikely to influence samples’ own magnetism. B Thermocouple 
data for organic resins which have hardened with the use of acceler-
ant. Three measurements taken from a sample with 1  l of resin uti-
lised (red, green, and blue lines), and a single measurement taken 
from a 3-l sample (purple line). The maximum temperatures achieved 

were around 180  °C depending on the size of the sample and loca-
tion. C Susceptibility values of volcanic sand impregnated with 
accelerant-induced resin demonstrating the influence of the potential 
chemical kinetic reactions. Red indicates volume susceptibility, and 
blue indicates mass correct susceptibility. Samples were normalised 
to the maximum value of each measurement type. D Frequency-
dependent susceptibility percentages of volcanic sand results
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same set of cubes, 18 additional samples were subsampled 
to be measured with a Variable Field Translation Balance; 
these are referred to as balance samples in this paper.

Magnetic analysis

Magnetic susceptibility is the ease a material can be mag-
netised; it is often dictated by the concentration and type of 
ferromagnetic (s.l.) minerals as well as their granulometry 
(Dearing 1999; Tauxe 2010). Measurements were conducted 
utilising both a KLY-4 Kappabridge (AGICO, noise level 
3 ×  10−8 S.I.), denoted in this paper as MS, and a Bartington 
MS2 Dual Frequency susceptibility metre, denoted in this 
paper as χLF for mass corrected values and κLF for volume 
susceptibility. Dual Frequency Magnetic Susceptibility 
(χFD) can identify ferrimagnetic minerals in the range of 

Multi-domain (MD), Single-Domain (SD), and Superpara-
magnetic (SP) domain sizes by comparing the magnetic sus-
ceptibility attained at a high (χHF or κHF) and low-frequency 
(χLF or κLF) magnetic field (Dearing 1999). Finer domain 
structures contribute less to the magnetic signature at higher 
frequency magnetic fields, and the percentage difference 
between the two measurements can identify compositional 
concentrations of different domains (Dearing et al. 1996).

Natural Remanent Magnetization (NRM) was measured for 
archaeological samples with a 2G SQUID magnetometer (noise 
level 5 ×  10−12  Am2). NRM refers to the magnetization a sample 
retained outside of an applied field (Evans and Heller 2003). 
Sixteen MF samples were selected for progressive acquisition 
of Isothermal Remanent Magnetization (IRM) analysis utilis-
ing a Magnetic Measurements MMPM10 5 T pulse magnetizer 
along with the 2G SQUID magnetometer. Progressive IRM 

Fig. 3  Results for cubic samples. A χLF values. SALT-18–8 has 
a mean value of 2.71 ×  10–6  (m3kg−1). SALT-18–9 has a mean of 
1.38 ×  10−6  (m3kg−1). The difference in χLF can be explained as 
Salt-18–8 is taken from the centre of the pit hearth structure and 
has a larger concentration of ash compared to Salt-18–9. B Natural 
Remanent Magnetization values; susceptibility patterns are repeated 
in the NRM. Salt-18–8 has a mean of 9.80 ×  10−5  (Am2kg−1), once 
again higher than Salt-18–9, with a mean of 4.669 ×  10−5  (Am2kg−1). 

C χFD%. all but a single sample is 9% > indicating that the driver of 
magnetic susceptibility is superparamagnetic particles. D Qn ratios 
for cubic samples. Salt-18–8 are consistently with a mean of 1.139. 
Salt-18–9 has a mean of 0.99. Salt-18–9 has supposedly less com-
busted units explaining why values are lower. However, samples with 
the highest Qn ratios are S189B3 and S189C3, which are composed 
of theoretically not combusted unit XI (see Fig. 1)
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slowly magnetises a sample with a steadily increasing magnetic 
field until the sample’s magnetization reaches saturation. Dif-
ferent compositions of ferrimagnetic minerals saturate at dif-
ferent fields, with low coercivity minerals, such as magnetite or 
maghemite, saturating before 300 miliTesla (mT), while high-
coercivity minerals, such as hematite and goethite, saturate at 
above ~ 1000 mT. All samples were magnetised until 2000 mT.

Eighteen microfacies samples were analysed utilising the 
Variable Field Translation Balance (MM_VFTB) to calcu-
late further progressive isothermal remanent magnetization 
(IRM) curves, as well as hysteresis loops (± 1 T) and back-
field coercivity curves. These parameters reflected the com-
positional magnetic mineralogical assemblage with hyster-
esis loops providing further information that can be utilised 
in understanding grain size and domains of ferrimagnetic 
minerals (Tauxe et al. 1996, 2002). High temperature ther-
momagnetic experiments (e.g., magnetization or susceptibil-
ity curves) were not carried out because the samples were 
resin impregnated. However, ferromagnetic composition is 
known for these samples from Leierer et al. (2020).

Statistical analysis of the data was conducted using R Stu-
dios (Team, R. C. 2021) and the ggPlot2 package (Wickham 
2016). Balance data was analysed utilising the RockMag 
Analyzer program (Leonhardt 2006).

Results and discussion

Results: resin control analysis

Measurements of organic resins show weak magnetic sus-
ceptibility values ranging from − 0.0113 ×  10−6  (m3kg−1) 
to − 0.009 ×  10−6  (m3kg−1) (see Fig. 2A), indicating the pre-
dominance of diamagnetic minerals. Therefore, this should 
not alter the overall magnetic signature of samples with a 
prevalence of ferromagnetic (s.l.) minerals (like H77), essen-
tially replacing the influence of air.

Temperatures reached during accelerant-induced harden-
ing of resin exceeded 150 °C (Fig. 2B). Figure 2C highlights 
an issue that may occur when comparing consolidated sam-
ples with unconsolidated samples. The diamagnetic resin 
is insignificant in altering the magnetic signature of our 
samples, replacing the influence of air. However, resin is 
heavier than air. When mass corrections are applied to the 
κLF values, the added weight of the resin artificially dilutes 
the magnetic signature. Blue boxes in Fig. 2C show the mass 
corrected susceptibility (χLF), where we find that the loose 
bulk samples appear more enhanced than the impregnated 
samples. As the impregnated samples have been heated to 
between 150 and 200 °C, it is expected that they would be 
more enhanced, not less. In κLF (Fig. 2C, red boxes), this 
pattern is completely reversed. It is important to note that 
this impregnation itself should not change the quantity of 

magnetic minerals within the volumetric space—if anything, 
it is the heat that may generate a magnetic enhancement—or 
alter the fabric of the sedimentary unit, as this would defeat 
the purpose of micromorphological analysis. Therefore, the 
primary explanation is an artificial dilution of the magnetic 
signature caused by the greater weight of the resin (com-
pared to air). This artificial dilution does not affect the pat-
terns in the magnetic parameter; thus, it does not alter the 
analysis conducted on the samples. It only makes it difficult 
to compare impregnated samples to non-impregnated mate-
rial with mass-corrected measurements. Direct analysis of 
data between the two sets of samples in different mediums 
should be conducted with volumetric magnetic susceptibility 
assuming the volumes of the samples are the same.

The values of magnetic susceptibility per volume of 
the volcanic sand samples (Fig. 2C, values in red) show 
a clear enhancement of the magnetic signature occurring 
within the samples consolidated with resin, as those in the 
resin are significantly more enhanced than loose samples. 
However, this does not seem to have occurred with the sam-
ples’ domain structures, where all the samples sit at ~ 2% 
χFD margin (Fig. 2D). The heat reached through accelerant 
use does enhance the magnetic signature, but the propor-
tion of superparamagnetic (SP) minerals does not change 
completely. This highlights the importance of understanding 
if the samples were annealed utilising accelerating agents, 
leading to endothermic effects during production. Samples 
influenced by accelerants will have altered magnetic signa-
tures and are not suitable for study.

Archaeological samples

Tables 1 and 2 present descriptions of the microfacies units 
and their magnetic properties. Figure 3 presents the mag-
netic parameters of cubic samples, while Figs. 4 and 5 pre-
sent magnetic parameters for MF units and associated IRM 
results respectively. All the microfacies have baseline similar 
magnetic parameters. They are composed of magnetite with 
varying compositions of Single-Domain and Superparamag-
netic grains. This is visible within both the MF samples ana-
lysed as well as those in the balance. Corrected hysteresis 
loops possess pot-bellied morphologies and plot within the 
Pseudo Single Domain (PSD) region of Day plots (Day et al. 
1977, Dunlop 2002). The Day plot PSD region is not entirely 
informative of the PSD dominance of the grains, and many 
samples can plot in that region for reasons such as the heavy 
admixture of SD/SP-grained minerals (Tauxe et al. 1996, 
2002). This admixture of SD/SP domain grains is further 
reinforced by the χFD%, which shows mean values for all of 
the MFU between 8 and 11%.

We can broadly compare the magnetic susceptibility and 
NRM results with those published by Leierer et al. (2020); 
direct comparison of results is not possible as the data is 
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derived from samples consolidated in different mediums. 
However, the overall patterning is complimentary. Leierer 
et al. (2020) present results which indicate that the WL lay-
ers are significantly more enhanced in their magnetic sus-
ceptibility and NRM than the RL. This differentiation is 
also in the intensity of the remanent magnetization, with 
the WL having significantly higher SIRM than the strongest 
RL samples.

The Konigsberger (Qn) ratio (cf. Stacey 1967), 
[NRM/χH], being χ the magnetic susceptibility by H the 
local Earth’s magnetic field, provides an understanding of 
the thermal stability of the sample set. Ratios above unity 
(Qn = 1) are generally assumed to carry a thermal remanent 
magnetization (TRM) or a partial TRM (pTRM) (Stacey 
1967; Carrancho et al. 2009). Leierer et al. (2020) published 
Qn results obtained in standard (⁓10 cc) cubic specimens 
which were centred at unity (Qn = 1) with only a single 
specimen falling below that value. In our case, while there 
is more variability within the cubic samples’ Qn ratios, the 
measurements taken from the centre of the hearth (Salt-
18–8) follow this same pattern (Fig. 3D). Measurements 
taken from the edge of the hearth (Salt-18–9) have distinc-
tively more variability with some samples being well below 
unity while others being above. When we compare the cubic 
samples to the MF samples, we find that the overall val-
ues of the MF Qn ratios increase (Figs. 4E and 6; Table 3). 
Figure 6 demonstrates that MF samples (mean Qn = 2.58) 
have higher Qn ratio values than those of the cubic sam-
ples (mean Qn = 1.05). Table 3 highlights the stark eleva-
tion of Qn ratios from individual cubic samples compared to 
their MF subsamples, which occur when a single sample is 
reduced to its microfacies units. There is a single exception 
to this pattern—S188A1, which is composed completely of 
WL (see Table 3). MF subsamples A1.1 and A1.3 follow the 
standard pattern of Qn ratios (at least twice that of A1 cube). 
However, MF sample A1.2B has a Qn ratio of 0.55, less than 
half of A1 (Qn ratio = 1.23). Similarly, A1.2 MF sample, 
which is taken from the same location as A1.2B, does not 
show strong increase either (Qn = 1.42). Sample S188A1.2B 
is anomalous as it is from the WL, thus thermally altered. 

The sample contains the lowest values of MS and NRM of 
WL, with χFD% above 10%, indicating the lower concentra-
tion of ferrimagnetic minerals, which are dominantly SP. 
SP grains do not contribute to magnetic remanence (which 
would lower NRM values; Butler 1973), but does contribute 
to susceptibility. This may cause the Qn ratio to tend towards 
lower values. Leierer et al. (2020) note minimal evidence for 
bioturbation affecting this unit. Therefore, it is unlikely that 
the severe reduction of Qn ratio is driven by the intrusion 
of unburnt material into the deposit or noticeable disorder 
affecting the remanent record.

Cubic samples with the lowest Qn ratios are typically 
found at the edges of the hearth (Salt-18–9; Fig. 3D), 
which is not unexpected given the likely increase of 
uncombusted material towards these areas. However, 
an interesting anomaly is observed in some areas where 
the micromorphological analysis identifies combustion 
materials, but Qn ratio values are lower than those from 
supposedly unheated specimens. All the samples with 
Qn ratios lower than unity (e.g., S189A2, S189B1, and 
S189B2) contain multiple distinctive microfacies units (as 
shown in Fig. 7 and Table 3), containing any combination 
of RLs, WLs, and XI. In contrast, samples that are uni-
form but supposedly uncombusted, e.g., microfacies XI 
(Sample S189A3 and S189B3), exhibit higher Qn ratios. 
The reduced Qn ratios may result from different magnetic 
behaviours across multiple stratigraphic units conflicting 
with each other. As highlighted by samples S189A2 and 
S189B1, which have the lowest Qn ratios for the cubic 
samples, values increase significantly when subdivided 
into individual MF units. This increase in the Qn ratio 
is most prominent in combusted microfacies units, while 
samples which are supposedly uncombusted, MFU XI, 
show minimal enhancement in microfacies samples. It is 
interesting to note that the highest level of enhancement 
experienced from cubic to microfacies samples is those 
from the centre of the hearth (Salt-18–8). Except for the 
previously discussed Salt188A1.2B, all microfacies sam-
ples measured here are distinctively more enhanced. Cubic 
samples are mostly uniform in WL or RLs with no obvious 
microstratigraphy outside of the microfacies units. It is 
possible that the increase in Qn ratios within these units is 
not reflective of conflicting magnetic behaviours of multi-
ple microfacies units, but conflicting magnetic behaviour 
of multiple microstratigraphic depositions within a single 
microfacies unit. In this situation, the significant increase 
of Qn ratios from cubic to the microfacies samples could 
be evidence for multiple micro stratigraphic depositions.

The presence of multiple microstratigraphic domains 
could be stronger evidence for multiple depositions, par-
ticularly in the ash layers. Ash layers have been previ-
ously shown to heavily deflate over time, with thicker 
ash sequences being representations of either repeated 

Fig. 4  Results for microfacies samples. A χLF (x-axis) and χFD% 
(y-axis) plotted against one another with indication on the primarily 
identified domain ranges. Distribution of B χLF, C NRM values, and 
D χFD% separated by microfacies. WL has the strongest enhancement 
of magnetic susceptibilities and remanence but also contains a wide 
range of χFD% domains. E Qn ratios separated by microfacies, both 
X and Y axis are on a logarithmic scale. F. Day plots are separated 
by microfacies. The primary differentiating factor is MS and NRM, 
which is particularly visible in plot (E) highlighting the Qn ratios. 
All but two samples are above unity. These two samples are samples 
S188A1.2B, Qn = 0.54, and S188C3.2, Qn = 0.97, which are a WL 
and an RL respectively. All other measurements have Qn ratios above 
unity, indicating that there is some level of thermal alteration to all 
microfacies units

◂
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burnings or a single very extensive burning (Karkanas 
2021). However, a single extensive burning is more likely 
to create a singular homogenous magnetic signature 
and may not contain this pattern of microstratigraphic 
domains—unless churned up by factors of bioturbation. 
Leierer et al. (2020) indicate little evidence for biotur-
bation disturbing the hearth’s microstructure and does 
indicate some evidence for repeated burnings in the form 
of multiple ash layers and red soil being found present 
between those ash lenses. This anomaly within the Qn 
ratios may further reinforce this interpretation. However, 
further experiments are needed to investigate this anoma-
lous behaviour. Furthermore, the increase in Qn ratios 
across all microfacies units indicates that whether affected 

by the H77 combustion feature directly or not, there is 
some thermal influence on the magnetic signature of all 
microfacies explored in this study, even those XI units 
which are thermally unaltered.

While the variation between microfacies is easy to 
note, the level of heterogeneity within samples should 
also be highlighted. Figure 7 shows the location of the 
primary magnetic properties analysis for all samples 
within the two slabs. Leierer et al. (2020) pointed out the 
general trend that magnetic values decreased with depth 
in the combustion structure and this trend is primarily 
reflected in the difference between the microfacies, as 
the WL layers being strong than those of RL layers in 
both χLF and NRM (Fig. 7B, D). XI and the RL have 

Fig. 5  All measured magnetic parameters for samples measured 
with IRM analysis. A χLF, B NRM, C SIRM, D S-ratios. Samples 
are dominantly low-coercive minerals (e.g., magnetite). All non-RL 
units have a mean S-ratio of 0.99 or 1 indicating almost complete 
dominance of low coercive minerals. RL have a mean S-ratio of 0.96, 
indicating a slight increase in high-coercive mineral concentration. 
Sample with lower S-ratios are from the edges of the hearth. This is 
minimised but reflected in balance measured S-ratios which range 
from 0.98 through unity (see S.I). The small increase in high-coer-
cive minerals is important to the identification of the RL, which is 

rubified, a process occurring when hematite is formed through com-
bustion (Canti and Linford 2000; Mentzer 2014). Despite the distinc-
tive red colour, the ‘hematite’ concentration in these measurements 
appears low. Higher χFD% likely contributes to this as SP particles 
do not express within remanence, i.e., NRMs or IRM measurements 
(Butler 1973). If the high-coercive component is primarily SP, then 
the overall expression in the S-ratio will be minimised. This minimi-
zation is especially highlighted at the centre of the hearth, where RL 
is at its most rubified but S-ratio shows no high-coercive minerals
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a large amount of overlap in both their χLF and NRM 
(Fig. 7B, D). This overlap occurs in the lower range of 
RL values, and their maximum χLF and NRM values are 
higher than those from XI (see Fig. 4). However, we 
find that the RL NRM measurements physically closer 
to WL MFs tend to have stronger values. There is still a 
fair amount of heterogeneity within the distribution of 
the values. Leierer et al. (2020) described the difference 
between the two deposits being due to the presence of 
a large organic component within the XI and then in 
the RL layers. Organic material, which would primarily 
be diamagnetic in magnetic signature, would likely act 
as a diluting component to the XI magnetic signature, 
along with the thermal magnetic enhancement altering 
the RL closer to the combustion area would thus define 
the variation in the magnetic signatures between these 
two layers.

In the WL layers this heterogeneity is not reflected in 
the χLF, which is uniformly high, but is visible in both the 
χFD% (Fig. 7C) and the Qn ratios (Fig. 7E). The χFD% for 
WL varies from 2.5% through > 14%. It is interesting to 
note that, when comparing the NRM to the χFD% we find 
that the sample with the lower χLF% in the hearth’s centre 
(Salt-18–8 A1.2, A1.3, A2.1, B2.2) tends to correspond to 
greater NRM expression. This trend is less pronounced in 
more peripheral samples (Salt 18–8, C1.1, and Salt 18–9 
A2.1), which exhibit lower χFD% and more moderate NRM 
values. An explanation for the reduced χFD% in combusted 
layers could be in the mechanical removal of superpara-
magnetic particles. Leierer et al. (2020) note that layers 
XI and RL have the largest evidence for decalcification. 

Decalcification occurs within soil primarily due to the 
movement of slightly lower pH water through the deposit. 
Such a process is also often noted to remove finer mag-
netic mineral and SP domain particles from deposits (Her-
ries 2006). Despite this, the RLs have the highest χFD% of 
any microfacies unit (Fig. 7C). This could have multiple 
explanations. Decalcification somehow occurred during the 
burning process, or just before the formation of the finer SP 
domain magnetic minerals. Conversely, finer SP particles 
were introduced after the burning, and after the decalcifica-
tion. A cause of this could be found in the translocation of 
SP minerals from the WL ash component, which is expected 
to have a higher χFD% compared to the RL due to its expo-
sure to more burning (Herries and Fisher 2010; Dinçkal 
et al. 2022). The original deposition of ash has extremely 
low mass density with extreme porosity, more than 85% of 
the volume being air, after initial combustion (Karkanas 
2021). During the formation of the overlying deposit, strong 
compression could move finer particles through this highly 
porous deposit into the RLs. This could be further helped 
with some movement of water through the WLs. Although 
the WL layer has little evidence for decalcification, there 
is evidence for recalcification indicating some moisture 
movement (Leierer et al. 2020). A further explanation is 
the action of repeated burnings has been noted as a likely 
depositional mechanic in this pit hearth. Furthermore, as a 
combustion feature is exposed to more burnings, the χFD% 
increases due to an increased SP grain concentration (Her-
ries and Fisher 2010). The increase in RL χFD% compared to 
the WL occurs despite the WLs being exposed to more fre-
quent burning events. However, it has also been noted that 

Fig. 6  Comparing 
Koeningsberger (Qn) ratios for 
cubic, circles, samples and MF, 
triangles, samples
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after a set number of burnings, the χFD% decreases to around 
8%, potentially due to the aggregation of finer magnetic 
minerals acting like SD particles (Carrancho et al. 2009; 
Herries and Fisher 2010; Dinçkal et al. 2022). This pattern 
is reflected within the study here, as the χFD% of WL layers 
are distinctively lower than those of the RL layers, sitting 
around a mean of 8.1%. Repeated burnings would impact 
RL less due to increasing insulation by the WL, preventing 
a reduction in the χFD%.

The results achieved by this opportunistic analysis of the 
El Salt pit hearth complement those published by Leierer 
et al. (2020), while also further reinforcing interpretations 
of the pit hearth. Here, the magnetic results seem to further 
indicate that there is a consistent deposition and relighting 
of the combustion structure over a sustained period. Fur-
thermore, the anomalies of the Qn ratios seem to further 
reinforce that the hearth was not formed by a sustained 
long-term combustion event but by repeated reuse of the 
hearth itself.

Viability of methodology and future application

In this paper, we demonstrated the feasibility of con-
ducting some detailed rock magnetic analysis on samples 
impregnated by micromorphological resins. There are 
two major constraints to such analysis. If an accelerant 
is used during sample manufacture, it will cause samples 
to heat thus altering magnetic properties. Conversely, 
due to the resin’s toxicity when combusted, thermal 
rock magnetic analysis cannot be conducted. Research 
design should take these two constraints into account 
when applying. Our study was opportunistic, utilising 
archived material, and thus sampling was not designed 
around our application. Future research considering this 
approach from the onset will likely achieve more robust 
interpretations of the results.

Directly being able to analyse micromorphological 
material integrates rock magnetic analysis with micro-
contextual geoarchaeological analysis. Contextualising 

Table 3  Qn values of cubic 
samples compared to their MF 
subsamples

Salt -18–8 Salt-18–9

Sample Primary MF Qn Sample MF Qn Sample Primary MF Qn Sample MF Qn
A1 WL 1.23 A1.1 WL 2.14 A1 RL 1.35 A1.1 LSG11 3.27

A1.2 WL 1.42
A1.2B WL 0.55 A1.2 RL 2.40
A1.3 WL 3.96 A1.3 RL 2.52

A2 WL 1.44 A2.1 WL 3.92 A2 WL 0.63 A2.1 WL 2.70
A2.2 WL 1.77
A2.2B WL 1.54 A2.2 RL 2.47
A2.3 RL 6.56 A2.3 RL 1.73

A3 RL 0.86 A3.1 RL 2.78 A3 XI 1.13
A3.2 RL 3.19 A3.1 XI 1.74
A3.2B RL 4.56 A3.2 XI 1.78
A3.3 RL 2.56 A3.3 XI 1.74

B1 WL 1.59 B1.1 WL 5.69 B1 RL 0.85 B1.1 LSG11 3.09
B1.2 WL 5.44 B1.2 RL 3.57
B1.3 WL 2.91 B1.3 RL 3.28

B2 WL 1.11 B2.1 WL 3.05 B2 RL 0.28 B2.1 RL 2.70
B2.2 WL 5.11 B2.2 RL 2.05
B2.3 RL 2.71 B2.3 XI 1.85

B3 RL 0.90 B3.1 RL 2.42 B3 XI 1.79 B3.1 XI 2.30
B3.2 RL 1.64 B3.2 XI 2.62
B3.3 RL 1.15 B3.3 XI 3.17

C1 WL 1.03 C1.1 WL 1.72 C1 RL 0.48 C1.1 RL 1.70
C1.2 RL 1.47 C1.2 RL 1.49
C1.3 RL 3.21 C1.3 RL 3.24

C2 RL 1.02 C2.1 RL 2.37 C2 XI 0.67 C2.1 XI 1.64
C2.2 RL 2.39 C2.2 XI 1.11
C2.3 RL 2.93 C2.3 XI 1.20

C3 RL 1.07 C3.1 RL 2.60 C3 XI 1.79 C3.1 XI 2.68
C3.2 RL 0.98 C3.2 XI 1.35
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magnetic results this way increases the resolution in which 
the archaeological magnetic data can be analysed and 
interpreted. For example, our study highlighted enhanced 
Qn ratio on finer individual microfacies sample data which 
may be a product of relighting or multiple-combustion-
driven depositions. However, rock magnetic reference 
work is lacking for the magnetism of microfacies units ‘in 
situ’. Further experimental work is required to interpret 
these patterns. This approach provides the opportunity 
to look at archived micromorphological material for new 

magnetic analysis, allowing for new data without resam-
pling a site. However, this is only possible if the original 
recipe for the samples manufacture is recorded.

While the results presented here are promising, this is 
simply an opportunistic pilot study. Utilising micromor-
phology as a connective tissue between different meth-
ods, further research can and should focus on integrating 
this magnetic analysis more thoroughly with other geo-
archaeological methods of mineralogical, chemical, and 
elemental analysis.

Fig. 7  Distribution of magnetic parameters. A Position of cubic sam-
ples (colours as in Fig. 1), sample A1 for Salt-18–8 provides a graphi-
cal representation of how all cubic samples were subdivided into MF 
samples. B Location of MS samples, C location of XFD% values. D 

Location of NRM values and E location of Qn ratios. Note, samples 
S188A1.2B, S188A2.2B, and S188A3.2B are not represented within 
these figures as they correlate to the same position as associated sam-
ple numbers
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Conclusions

Within this paper, we have analysed the magnetic influence 
of sedimentary samples impregnated with organic resins, 
finding that the resin is diamagnetic, and should not influ-
ence the magnetic behaviour of sedimentary samples, as 
long as an accelerant is not used in the samples manu-
facture. We have conducted a further analysis of archived 
micromorphology samples at the neanderthal site of El 
Salt, Alcoi, that explored the in situ magnetic properties 
of separate microfacies units as presented by Leierer et al. 
(2020). This provides an increased level of resolution to the 
interpretation of magnetic data, while directly integrating 
it with micromorphological interpretations. The rock mag-
netic data indicates that while different microfacies have 
overlapping magnetic properties the sum of their magnetic 
behaviour was unique. Furthermore, enhancements in the 
Qn ratios between cubic and microfacies samples seem to 
emphasise the likelihood of multiple depositions, which 
further reinforced the interpretation of multiple combus-
tion events from micromorphological results. Overall, we 
have found that the addition of rock magnetic analysis 
directly upon micromorphological samples provides a new 
approach to geoarchaeology analysis, providing meaningful 
data at higher resolutions for the interpretation of com-
bustion features. Future work should look at connecting 
this method with other geoarchaeological methods as well 
as developing experimental work exploring the magnetic 
behaviour of microfacies units.
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