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ABSTRACT 

We report new rock magnetic results from a cave in the “Sierra de Atapuerca” (Burgos, North of 
Spain), that is one of the most important archaeological and palaeontological sites of Lower to Middle 
Pleistocene in Europe. Our samples are taken in cave sediments of Gran Dolina Cave. Rock magnetic 
analyses allowed us to determine changes in grain size, composition, and concentration in both cave-
entrance and cave-interior sediments. Generally, the cave-entrance sediments are characterized by a 
high concentration of magnetic minerals while the cave-interior presents a more variable 
concentration. Because rock magnetic properties, in particular the iron oxides, are affected by 
environmental factors (such as the intensity of physical and chemical weathering) they offer an 
important reconstruction proxy for better understanding the paleoenvironmental conditions at the 
time the earliest hominins began to migrate into Europe. The main goal of this study is to identify 
magnetic proxies that help to better reconstruct the environmental conditions of this archaeological 
and palaeontological site.  

Keywords: Environmental magnetism, rock magnetic analysis, cave, Sierra de Atapuerca, 
Pleistocene, Spain 

1. Introduction 
The Sierra de Atapuerca (Northern Spain) holds one of the most important 

archaeological and palaeontological sites of Middle and Early Pleistocene age in 
Europe (Fig. 1). Its importance is based on the presence of human remains, attributed 
to the earliest known hominins in Western Europe (Carbonell et al., 2008). One of the 
sites, known as Gran Dolina, has produced thousands of fossils and artifacts since 1995, 
when the first hominin remains were reported, and soon became a Pleistocene 
landmark in studies of early human settlement outside the African continent (Carbonell 
et al., 1995; Carbonell et al., 2008). The chronology of the site was initially based on 
paleomagnetic dating at Gran Dolina which revealed a switch from reverse to normal 
geomagnetic polarity above the TD6 stratigraphic level; interpreted as the Matuyama-
Brunhes polarity boundary (MBB), providing a minimum age of 0.78 Ma for the 
archaeo-palaeontological artifacts in this layer (Parés and Pérez-González, 1995; 
Carbonell et al., 1995; Parés and Pérez-González, 1999; Carbonell et al., 2008). In a 
later study Parés et al. (2018) published new Electronic Spin Resonance (ESR) 
analyses on quartz grains throughout the lower stratigraphic sequence and provided an 



age between 0.77 and 0.85 Ma for the upper limit of TD6 and an age of 0.91±0.25 Ma 
for the lower limit of TD4. The age provided by ESR for TD6 is consistent with recent 
luminescence analysis, which estimates a mean age of 846±57 ka for the hominid-
bearing horizon (Demuro et al., 2014). The combination of ESR, luminescence, 
biostratigraphy and paleomagnetism supports a post-Jaramillo and pre-MBB age for 
layer TD4 in Gran Dolina (Parés et al., 2013). 
While there is an abundance of geochronological and biochronological data, detailed 
environmental information is rather scarce for the time at which the sediments were 
deposited in the cave (e.g., Bógalo et al., 2021).  

In the past few decades, environmental magnetism has revealed itself to be a 
powerful technique to understand changes in climatic conditions. It is based on the 
application of rock and magnetic mineral techniques to situations in which the 
transport, deposition or transformation of magnetic grains is influenced by 
environmental processes in the atmosphere, hydrosphere and lithosphere (Evans and 
Heller, 2003). Magnetic properties can be used to reconstruct paleoenvironmental and 
paleoclimatic conditions at the Earth’s surface at the time of deposition because the 
sediments analysed are well protected both in the interior and at the entrance of the 
cave systems. In addition, many cultural sequences and archaeological artefacts are 
well preserved in rockshelter and cave sediment records and can be used for 
paleoenvironmental interpretations (Aidona et al., 2013). In environmental magnetism 
three different categories of analysis can be commonly distinguished. (a) The use of 
mineral magnetic assemblages in the geological record to study physical processes in 
depositional environments; (b) Studies of depositional and post depositional 
mechanical processes that affect sediments; (c) In situ changes and transformations of 
magnetic minerals in sedimentary environments, including pedogenesis, 
authigenetic/diagenetic formation of ferrimagnetic phases, and dissolution of magnetic 
minerals (Evans and Heller, 2003). Recently, Bógalo et al. (2021) published a study on 
rock-magnetism of Galería cave deposits, which emphasizes that such karstic 
sediments are amenable for paleoenvironmental reconstructions. 

Both stratigraphic/sedimentologic (e.g., Campaña et al., 2017) and paleontologic 
(Cuenca-Bescós et al., 2011) data suggest paleoenvironmental changes through the 
Gran Dolina stratigraphic record. Our goal is to furnish a rock magnetic study of the 
infill sediments that provides an independent proxy for environmental conditions in 
order to better understand the evolution of this occupation site.  

2. Regional setting 
The Sierra de Atapuerca corresponds to a gentle anticlinal ridge, structurally related to 
north-west edge of the Iberian Range, and is located in the NE Duero Basin (Pineda, 
1997). The mountain range is mostly made of Late Cretaceous limestones and 
dolostones, although in the northern end, some Early Cretaceous and Jurassic rocks 
outcrop.  



The changing phreatic level, as reflected by the Quaternary fluvial terraces of 
the Arlanzón River, played an important role in the generation of a multi-level 
endokarst system in the Late Cretaceous carbonates of the Sierra de Atapuerca (Benito-
Calvo, 2004; Ortega et al., 2013; Parés et al., 2016). The Sierra de Atapuerca multi-
level system consists of 4.7 km of explored passages (Martín-Merino et al., 1981), 
composed mainly of three sub-horizontal levels (Ortega, 2009; Ortega et al., 2013). 
The Gran Dolina cavity is located in the intermediate karst level, a sinuous sub-
horizontal phreatic passage about 500 m long and at 1000-1003 m in altitude, possibly 
associated with the period of stability represented by terrace T3 (+70-78 m, dated to 
1.14±0.13 Ma) (Ortega et al., 2013), during the Early Pleistocene (Benito-Calvo et al., 
2008; Moreno et al., 2012). Gran Dolina is a WNW conduit with a keyhole or mixed 
morphology that connects towards the WNW with the Penal cavity (Ortega, 2009). The 
opening of the caves to the outside during the Early Pleistocene resulted in 
allochthonous sediment input and the accumulation of archaeo-paleoanthropological 
remains. 
The Gran Dolina stratigraphy has been traditionally divided into 11 main units termed 
TD1 to TD11 from bottom to top (Gil et al., 1987). This stratigraphy reflects an 
evolution that includes cave interior deposits at the bottom (including both silts, clays 
and flowstones) below the TD4 unit, and an assemblage of diamictons and gravels 
often showing channel cut-and-fill structures with abundant sand and silts from TD4 
to the top of the sequence, TD11 (Campaña et al., 2016). A detailed study of these 
sediments is underway, but it is already known that the source of these cave interior 
sediments includes fluvial deposits and filtrates from soils (terra rossa). A study of 
pollen to study the vegetation of past in the Sierra de Atapuerca by García-Antón 
(1995) provided evidence that lower and middle Pleistocene changes are correlated 
with the glacial-interglacial stages. These changes are well represented in TD6, and 
details can be found in Campaña et al. (2016). 

The so-called “entrance sediments” in a cave, refer to those deposited in the parts 
of the cave within the reach of daylight, but mostly not exposed to direct sunlight, for 
this reason vegetation is not present or is minimal and it can be the site of human and 
mammalian habitation (for its protective nature). In contrast, the “cave interior 
sediments” are in constant total darkness, contains vast deposits of fluvially deposited 
sediments and speleothems, and under such conditions the cave sediments are often 
preserved from erosion and pedogenesis. 

Our sampling was focused on the cave entrance deposits TD5-TD6, where there is 
an important sedimentary change; moving up section the sedimentary record suggests 
a change from diamicton facies and floodplain facies (Campaña et al., 2017). We also 
studied older cave interior deposits, loosely labelled as TD1. 

3. Material and methods 



Due to low or non-existent cementation of the studied cave deposits, samples were 
obtained by pushing standard 8 cm3 cubic or cylindrical plastic boxes into a clean, 
vertical surface. In more indurated layers, sediments were collected in plastic bags with 
a ceramic knife (non-magnetic). Rock magnetic analyses were carried out at the 
Paleomagnetism Laboratory at the University Complutense of Madrid (UCM) and at 
the Archaeomagnetism Laboratory at the CENIEH (Burgos, Spain). A total of 210 
samples have been analysed in this study.  
The rock magnetic analyses included, first of all, the bulk susceptibility – the capacity 
of a sample to be magnetized – measured in sedimentary sections, which can be 
interpreted in terms of environmental changes occurring at the time of deposition. The 
susceptibility measurements were carried out with different instruments: at UCM we 
used a Bartington sensor MS-2B, with operating frequencies of 0.465 kHz and 4.65 
kHz, whereas at the CENIEH an Agico MFK1-FA was used at two frequencies, 976 
Hz and 15616 Hz. The great advantage of the second device is that the in-phase (𝜒𝜒′) 
and out-of-phase (𝜒𝜒′′) susceptibilities are obtained simultaneously.  
The susceptibility of particles in between the blocked and unblocked states at the 
SP/SSD boundary can be described by the formula introduced by Néel (1949) and later 
further developed by Egli (2009), using terms of linear dynamic susceptibility: 𝜒𝜒 =
𝜒𝜒′ − 𝑖𝑖𝜒𝜒′′, where χ represents the Phi – parameter; as follows: 𝜒𝜒𝑠𝑠𝑠𝑠/𝑠𝑠𝑠𝑠 = 𝜒𝜒𝑠𝑠𝑠𝑠 �
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The so-called ‘frequency dependence parameter’ was then computed using 
𝜅𝜅𝑓𝑓𝑠𝑠 = 100 ∙ 𝜅𝜅𝑙𝑙𝑙𝑙−𝜅𝜅ℎ𝑙𝑙

𝜅𝜅𝑙𝑙𝑙𝑙
  where 𝜅𝜅𝑙𝑙𝑓𝑓  and 𝜅𝜅ℎ𝑓𝑓 are susceptibility at low and high frequency 

respectively. 
 
Hysteresis cycles were measured with a Coercivity Spectrometer J-Meter with a 
maximum applied field of 500 mT and sample size is 8x10x24 mm, ≈1.5-2.0 g. Due to 
the low magnetic signal, most samples were also measured with a Magnetometer 
MicroMag 3900 VSM (Vibrating Sample Magnetometer - Princeton Measurements) 
with a maximum operating field of 500 mT. About 0.1-0.2 g of sediments were 
encapsulated in small gel capsules with 0.13 ml volume for the VSM. Hysteresis 
derived parameters, Ms, Mr and Hc (saturation magnetization, saturation remanence 
and coercive force respectively) have been computed for all samples (Dunlop and 
Özdemir, 1997). Saturation Isothermal Remanent Magnetization (SIRM) up to an 



applied field of 500 mT and further static back-field SIRM demagnetization has also 
been measured with the J-coercivity meter. The coercivity of remanence (Hcr) has been 
derived from those measurements. Progressive acquisition of isothermal remanent 
magnetization (IRM) was imparted with the Pulse magnetizing ASC Scientific Model 
IM-10-30 (up to 2 T) on selected sample. Additionally, we measured the Anhysteretic 
Remanent Magnetization (ARM) at 50 µT with an AC field of 100 mT with a cryogenic 
magnetometer, SRM 755-4K, with built-in demagnetizer and ARM system (2G 
Enterprises). The ARM susceptibility (κARM) is the mass-normalized ARM per unit 
bias field.  
To determine the magnetic minerals present we analysed the susceptibility versus 
temperature curves, obtained with the CS-3 Temperature Control Unit that, in 
connection with the AGICO KLY-4S Kappabridge, can measure the temperature 
variation of low-field magnetic susceptibility of minerals in the temperature range from 
ambient temperature to 700 ºC in an Ar atmosphere in order to suppress chemical 
changes upon heating.  

A number of parameters were used in order to better characterize the magnetic 
properties. The S-ratio provides an estimation of the relative amount of high-coercivity 
(“hard”) remanence to low-coercivity (“soft”) remanence. In many cases, this provides 
a fair estimate of the relative importance of antiferromagnetics (such as hard hematite) 
versus ferrimagnetics (such as soft magnetite). The procedure is to impart a 1 Tesla 
field in the forward direction (SIRM) and the expose it to a backfield (typically equal 
to 0.3 T); in our case, we derived this parameter using the Coercivity spectrometer J-
Meter. The S-ratio is obtained by dividing the “backwards” remanence SIRM at 300 
mT by the magnetization at the maximum field (500 mT). Values close to unity indicate 
that the remanence is dominated by soft ferromagnetic grains such as 
magnetite/titanomagnetite. We acknowledge that the measurements of this ratio in 
particular, are subjected to the noise and instability of the instrument, and therefore 
some values can be slightly above the unit. Two more ratios that are taken as grain size 
indicators for magnetite are ARM/SIRM and SIRM/κlf. When the dominant magnetic 
mineral is magnetite, the 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴 𝜅𝜅𝑙𝑙𝑓𝑓⁄  ratio provides a means of assessing grain sizes 
(King et al., 1982). This is because both ratios increase linearly with increasing 
magnetite concentration, but smaller grains are relatively more efficient at acquiring 
remanence. Thus, if the two parameters are plotted on a graph of 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴 and 𝜅𝜅𝑙𝑙𝑓𝑓 often 
referred as to King plot (with 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴 as the ordinate), smaller grains yield steeper slopes 
(Evans and Heller, 2003).  
In order to summarize hysteresis derived parameters, we have plotted Mrs/Ms and 
Hcr/Hc in the so called Day plot (Day et al., 1977) or the modified version proposed by 
Dunlop (2002a). The Day plot is commonly used to describe the bulk domain state or 
fraction of domain state end-members (Dunlop, 2002a; Dunlop and Özdemir, 1997).  



Lastly we used the method developed by Kruvier et al. (2001) for analyzing isothermal 
remanent magnetization (IRM) acquisition curves based on cumulative log Gaussian 
analysis. It is based on curve fitting of the IRM acquisition curve versus the logarithm 
of the applied field with: i) the acquisition curve on a linear scale, ii) the acquisition 
curve expressed as a gradient, and iii) the acquisition curve on a probability scale. Even 
when a sample is not saturated, its magnetic properties can be defined, although with 
less certainty. The number of magnetic components required for an optimal fit to a 
measured IRM acquisition curve is evaluated statistically. The method discriminates 
on the basis of different mineral coercivity. Each coercivity component is characterized 
by the median destructive field (B1/2) and the dispersion parameter (DP). 
For a simplified understanding of the manuscript, all the acronyms used are in the Table 
1. 
 

4. Results 
The bulk susceptibility at low field of the entrance facies is an order of magnitude 

higher than the interior facies (Fig. 2a), which a priori suggests a greater concentration 
of magnetic minerals. This is also shown in the larger values of Ms at the entrance 
facies with respect to the interior facies (Fig. 2b). ARM (Fig. 2c) measurements 
indicate the presence of two groups of data with the interior facies and the values are 
principally one order of magnitude lower than in the entrance facies. The ARM/SIRM 
ratio (Fig. 2d), a ratio sensitive to grain size, shows that the interior facies presents a 
smaller grain size with respect to the entrance facies as already evidenced by visual 
inspection of the sediments.  

Hysteresis loops for level TD6 samples (entrance facies) show that the high-field 
magnetization rises beyond the closure of the ferrimagnetic hysteresis, due to the 
presence of paramagnetic or antiferromagnetic minerals (Fig. 3a). In the other 
examples of hysteresis cycles saturation is achieved (Figs. 3b-d); moreover in Figs. 3c-
d we can see the wider loops above and below the middle section, due to the presence 
of mixtures of minerals. We have carried out a set of IRM acquisition curves up to 2 T 
in some representative specimens per facies (Fig. 4). Full saturation is not reached at 
the maximum applied field (2 T). Most samples seem to have a slight inflexion or 
plateau at 200 mT (Figs. 4a, c) with the exception of the entrance facies (Fig. 4d). This 
suggests the presence of a low coercivity phase in the interior facies sediments with a 
high coercivity phase in all samples.  

The study of Álvarez-Posada et al. (2018) of sediments from TD4, produced IRM 
acquisition curves with a low coercivity phase, with saturation around 100 mT, 
indicating that the main carrier of magnetization in TD4 is magnetite. Almost all 
thermally demagnetized samples revealed two components: a low unblocking 
temperature component, between 20 ºC to 350 ºC, and high unblocking temperature 
component which reaches 530 ºC. Both observations, mid-unblocking temperature and 
the saturation curves of the IRM experiments at low fields, confirm magnetite as the 



major ferromagnetic mineral phase present in the sediments. This result is consistent 
with a number of existing paleomagnetic and rock magnetic analyses (Bógalo et al., 
2003; Parés et al., 2013).  

In order to further identify the magnetic minerals, we used K-T thermomagnetic 
curves to determine the Curie/Néel temperatures of ferromagnetic facies (s.l.) and 
chemical transformations upon heating (Fig. 5). Most analysed samples show a rise in 
the magnetization of the heating curve and a further decrease which starts at either 320 
ºC (Fig. 5a) or 400 ºC (Figs. 5b-d). The cooling curve in all samples shows an inflexion 
point at 580 ºC which indicates the thermal transformation upon heating gives 
magnetite as the final product. The thermomagnetic curve for sample 16GD6-10 (Fig. 
5a) shows a decrease at the Curie temperature of the magnetite at 580 °C, as well as a 
peak at around 320 °C, indicative of iron sulphides (Martín-Hernández et al., 2006). In 
sample 15AT8-60 (Fig. 5b), we note a drop/sharp decrease at a temperature 580 ºC, 
Curie temperature of the magnetite. Right before such a drop, there is a peak that we 
attribute to the Hopkinson effect. In sample 16GD10-1 (Fig. 5c), we note the same 
behavior. For the entrance facies, sample GD028 (Fig. 5d) shows an abrupt intensity 
drop at a temperature of 580 ºC, which corresponds to the Curie temperature of 
magnetite, so we can conclude that the magnetite is the principal magnetic mineral of 
this sample. The heating curve has an increase in susceptibility at 400 °C up to 500 °C 
and a further decrease until 580 °C. This feature has been extensively described in the 
literature as the breakdown of pyrite into magnetite upon heating (Jagadeesh and 
Seehra, 1981), although the presence of such a sulphide needs to be verified. Cooling 
curves show an increase in susceptibility starting at 580 °C to a maximum value of 500 
°C suggesting the presence of newly formed magnetite of similar characteristics. 

 
4.1 Entrance Facies profiles 

Low field bulk magnetic susceptibility is mostly an indicator of the concentration of 
magnetic phases, and also depends on para- and diamagnetism of other mineral phase. 
The profile of low field susceptibility (Fig. 6a) shows a clear correlation with 
stratigraphic units: upward into unit TD4 we observe a progressive decrease of 
susceptibility that in TD5.2 starts to increase until a peak in TD5.1. In unit TD6, there 
is an appreciable slow but steady decrease, followed by an abrupt decrease of the 
susceptibility at the boundary TD6-TD7.  

The frequency dependence parameters (Figs. 6b and c) for the entrance facies 
shows an overall increase stratigraphically upwards in the profile. In particular, we 
notice that in levels TD5.2 and TD4 the values are significantly lower than the upper, 
younger levels (Fig. 6c). We foresee two variables that could potentially explain the 
slight decrease of SP particles concentration with depth: the presence of water and 
sunlight, both as controlling factors of in situ wetting-drying cycles and hence 
promoting fermentation processes of SP particle growth (Evans and Heller, 2003). If 
the change in SP particles with depth is connected with the quantity of available water 



in the sediment, it would show that water, coming from the cave floor, would 
progressively percolate downwards and dissipate with depth. On the other hand, if 
sunlight was the primary promoter of SP particles (e.g., Bógalo et al., 2014), the 
observed pattern in Gran Dolina would indicate a progressive, increasing influence of 
sunlight into the cave with time, possible associated with the gradual opening of the 
cavity to the open air.  
Saturation magnetization (Ms) can be considered as a proxy for low coercivity 
ferromagnetic concentration. In the entrance facies (Fig. 7a) profile, we observe a 
similar trend of Ms with respect to the bulk susceptibility (Fig. 6a), suggesting that 
magnetic susceptibility is mostly due to the ferromagnetic fraction. In particular, we 
notice a sharp change just at the lithological boundary between TD6-TD7. The low 
values in level TD7 would then correspond with a much lower concentration of 
magnetite.  
The intensity of the magnetization can be estimated from the SIRM, which is higher 
for low coercivity phases but it also reflects higher coercivity fractions. In the entrance 
facies, we observe a pronounced upsection decrease of the magnetic mineral 
concentration at the boundary TD6-TD7 (Fig. 7b), which is consistent with the changes 
in both susceptibility and Ms described above. Lastly, ARM intensity is particularly 
sensitive to the presence of SD and PSD grains of magnetite. The stratigraphic profile 
of the entrance facies shows an overall decrease upwards in unit TD4. Just at the 
boundary with unit TD5.2, ARM values begin to increase, reaching a maximum value 
at the base of TD5.1. Stratigraphically upwards ARM values progressively decrease 
until the boundary between TD5.1 and TD6, and in the latter there is a slight increase 
followed by a more pronounced decrease until the limit between TD6-TD7 (Fig. 7c). 
Quantification of the high coercivity fraction of magnetic mineral can be derived from 
S-ratio (Fig. 8a). When the remanence is dominated by soft ferrimagnets, the values of 
the S-ratio are near unity. In our profile, we see values near to 1.05 for the lower units 
but, again, a pronounced decrease between TD6-TD7. This indicates that in unit TD7 
the magnetic minerology is dominated by a low coercivity fraction, likely magnetite, 
while the presence of hematite and/or goethite is confirmed in the rest of the profile.  

Various ratios based on the above magnetic parameters are commonly used for 
estimating the grain size of magnetic particles. Among these, the ratio of the intensity 
of ARM over SIRM, as well as SIRM/χlf are commonly used in environmental studies 
(Evans and Heller, 2003). The general trend of ARM/SIRM and SIRM/χlf ratios (Figs. 
8b and 8c respectively) shows that the grain size of magnetic particles in the entrance 
facies does not display strong variations. 

Modeling of IRM acquisition curves (Fig. 9), reveal two major components: 
component 1 (contribution to the total SIRM of the subsamples ~ 70-73 %) with B1/2 ~ 
25.7 mT and DP ~ 1.9 mT; component 2 (contribution to the total SIRM of the 
subsamples ~ 30-23 %) with B1/2 ~ 500 mT and DP ~ 2.5 mT. There is also a very low 
coercivity component evidenced in the gradient acquisition plot GAP (Fig. 9b), which 



is not significant in this work. This very low coercivity component most likely arises 
from thermal activation effects common in PSD and MD magnetite grains (Egli and 
Lowrie, 2002; Heslop et al., 2004); which result in left-skewed distributions (Egli, 
2003) and hence the component cannot be fitted with the Kruvier et al. (2001) 
approach. Standardized acquisition plots (Fig. 9c) have a significant concave curvature 
at higher fields, which is indicative of a presence of a non-saturated high coercivity 
component (Kruvier et al., 2001).  
  

4.2 Interior Facies profiles 
The low field bulk magnetic susceptibility (Fig. 10a) shows a slight increase 

stratigraphically upwards to around 650 cm depth. The frequency-dependence profile 
(Fig. 10b) reveals values of dominantly higher than 14, suggesting the presence of SP 
particles. The profile of Phi – parameter, refer to Table 1, (Fig. 10c) shows an abrupt 
change at the depth of 660 cm, coincident with the bulk susceptibility change. 
Remanence parameters, including Ms, SIRM and ARM (Fig. 11), also reveal a change 
at the depth of 650 cm, supporting the susceptibility pattern. Overall, these results 
reveal a rather uniform concentration and grain size in the lower part of the section, 
below 650 cm. From the SIRM profile in particular (Fig. 11b), we deduce that the 
concentration is particularly constant in the lower part, a pattern that is also revealed 
by the ARM intensity (Fig. 11c). 
 The S-ratio parameter (Fig. 12a) reveals a rather constant value in the upper 
part of the profile, close to unity and hence revealing an almost exclusively magnetite 
as the dominant ferromagnetic fraction from 450 to 672 cm. Although quite variable 
below a depth of 670 cm, it appears that a high coercivity phase (probably hematite) is 
also present. The ARM/SIRM ratio (Fig. 12b) reveals a slight yet appreciable increase 
upsection starting at a depth of 670 cm. This reveals that the change in ferromagnetic 
concentration is accompanied by a change in grain size and composition, an important 
consideration to better understand the history of this environment.  
 

5. Discussion 
In sedimentary environments where the dominant magnetic mineral is magnetite, such 
as the case in this study, the dimensionless ratios such as 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴/𝜅𝜅𝑙𝑙𝑓𝑓 and ARM/SIRM 
provide a means of assessing grain sizes (King et al., 1982). This is because ARM and 
𝜅𝜅𝑙𝑙𝑓𝑓 increase linearly with increasing magnetite concentration, but smaller grains are 
relatively more efficient at acquiring remanence (Evans and Heller, 2003). Thus, 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴 
and 𝜅𝜅𝑙𝑙𝑓𝑓 parameters are plotted against each other (with 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴 as the ordinate), smaller 
grains yield steeper slopes. Such a graph is often referred to informally as a King plot 
(Evans and Heller, 2003). The King plot (Fig. 13a) for the entrance facies shows a quite 
linear distribution of values of constant grain size (which is estimated to be 0.1 µm, 
King et al., 1982). Such size uniformity is the same revealed by the ARM/SIRM ratio 
(Fig. 8b). For the interior facies the King plot reveals three different groups of data 



(Fig. 13b): the lower stratigraphic level samples fall in the lowest part of the plot, which 
corresponds to the larger grain size (around 200 µm), whereas the mid and upper levels 
indicate a medium grain size (around 1 µm).  
 The Day plot (Fig. 14) summarizes hysteresis ratios and shows values 
consistent with a PSD state. However, results do not lay on the theoretical mixing 
curves and are rather shifted to the right side of the plot, suggesting the presence of a 
significant amount of SP fraction (Dunlop, 2002b) or a mineralogy different than 
magnetite/titanomagnetite (Peters and Dekkers, 2003). Since the coercivity of the hard 
fraction is in the range of 500 mT, according to the median destructive field computed, 
hysteresis loops reveal mostly the magnetite like content. For this reason, the presence 
of a SP fraction seems to be more likely.  
Because ARM resides preferentially in SD particles, it can be concluded that the 
enrichment of ferrimagnetic particles also occurs in the SD range. Thus, it is possible 
that fine particles of SP and SD size have been pedogenically produced in addition to 
the original depositional magnetic material.  
 We notice a significant difference in rock magnetic properties between the 
interior facies and entrance facies. The entrance facies seems to contain a higher MD 
content while the samples from interior facies have larger SD content (Fig. 14). 
Similarly, the overall magnetic susceptibility from the entrance facies and interior 
facies have significant different values (Fig. 2a). The values of interior facies are on 
average much lower than the ones from the entrance facies (Fig. 2a) as well as Ms (Fig. 
2b), and ARM (Fig. 2c), consistent with a lower concentration of ferromagnetic 
minerals. On the other hand, the ARM/SIRM ratio, a proxy for grain size, is also 
generally higher in the entrance facies sediments, which is in agreement with the 
sedimentology (visible grain size and sorting) of the interior facies (Fig. 2d). 
 Generally speaking, increased magnetic susceptibility values are considered to 
be indicative of warmer climatic conditions. The rationale is that pedogenesis in the 
cave surroundings (the ultimate source for most sediment input), determines the 
amount and/or specifications of Fe-oxides. During warm conditions soil-forming 
processes outside the cave are enhanced and therefore more magnetic minerals are 
produced. Pedogenesis could lead to the production of ultrafine magnetite particles 
(<100 nm, Evans and Heller, 2003), which concentration, and hence magnetic 
susceptibility, would increase as the degree of soil development progresses. In the 
Chinese loess plateau, the correspondence of high magnetic susceptibility with warmer, 
wetter interglacial is now a well-established fact (Evans and Heller, 2003). 

Ellwood et al. (1996) and Šroubek et al. (2001) have also proposed paleoclimatic 
reconstructions of cave sites from the Mediterranean region based on magnetic 
susceptibility variations. These variations have been traditionally attributed to the 
growth of extremely fine-grained magnetite and/or maghemite formed by pedogenic 
processes during warm and humid climatic periods and redeposition into the cave sites. 
Ellwood et al. (1998) argue that the climate signal is controlled by pedogenesis outside 
the cave followed by wind and/or water transport and preservation of the resulting 
material into the protected environment within the cave. Glacial processes are more 



physical, eroding coarser magnetic grains; interglacial processes are more chemical, 
producing authigenic byproducts, including many that reduce the magnetization of 
sediments. Pedogenic processes produce abundant magnetic minerals such as 
maghemite, magnetite, hematite and possibly greigite during periods when climate is 
relatively warm and wet; this increases the magnetic susceptibility signature in the 
sediments. Šroubek et al. (2001) describe a correlation between magnetic susceptibility 
and climatic conditions and again appeal to the pedogenic production of magnetic 
minerals (magnetite and/or maghemite) during warm interglacial periods.  
At Gran Dolina, variations of the warm/cold regime are reflected by the variability of 
the depositional sedimentary environment. Hence, during periods of high availability 
of water, presumably, warm periods (or interglacials and interstadials), a larger amount 
of magnetic minerals is transported and deposited inside the cave resulting in higher 
magnetic susceptibility values. An additional factor in the production of detritus and 
magnetic particles is the role of the vegetative cover. During warm intervals soil 
physical erosion is minimized and hence less detritus is available. Conversely, during 
colder periods where protective vegetative cover is reduced, more sediment is available 
on the slope hills and therefore higher sediment volumes can accumulate in the system.  
Previous studies have used different proxies to reconstruct the climatic and 
environmental conditions at the time when the Gran Dolina sediments accumulated 
(Table 2). Cuenca-Bescós et al. (2005) provided a detailed study of the presence and 
distribution of small mammalians. The study of Blain et al. (2008, 2009) considers the 
squamate reptile and amphibian as a paleoenvironmental proxy since their distribution 
depends especially on the temperature and moisture. We note in our data a progressive 
trend that occurs within unit TD5, where climate conditions change from warm and 
dry (open arid environment) to more humid and cold conditions (Blain et al., 2008; 
Blain et al., 2009; Cuenca-Bescós et al., 2005). Eventually, towards the top of unit 
TD6, where conditions become again warmer and drier, such warm periods would be 
a priori favorable to hominin survival, also due to the presence of megafauna, as 
evidenced by large mammal remains found in Gran Dolina (Blain et al., 2009). 
It is interesting to notice that the rock magnetic parameters seems to agree with such a 
general trend. Both bulk susceptibility and saturation magnetization Ms profiles in the 
entrance facies (see Fig. 7), reveal a maximum in the upper part of TD5, followed by 
a progressive decrease, and then, albeit mostly seen in the Ms profile (Fig. 7a), another 
gentle increase in magnetization. Such bulk correspondence between rock magnetic 
parameters and the (limited) information on climatic conditions, would suggest that 
during the humid and cold intervals is when the production of more magnetic minerals 
occur, or at least accumulated in the cave system. 
The sharp decrease of all magnetic parameters (bulk susceptibility, Ms, SIRM and 
ARM) from TD6 to TD7 is also striking. A possibility is that the abundance of forest, 
and hence more abundant vegetative cover, at the time of TD7 deposit (García-Antón, 
1995), prevents significant sediment supply and therefore less iron oxides are available 
and accumulated into the cave system. 



Since the Matuyama-Brunhes is found at the top of TD7 (Parés et al., 2018), it might 
well be that TD7 formed during MIS19. 
Lately, Sierra de Atapuerca may represent an idyllic place for the success of fossil 
hominin because of its position in the Bureba corridor at the confluence between Ebro 
and Duero rivers basin (migration routes of large mammals), its proximity to the 
Arlanzón river and the nearby sources of flint and quartzite; but the main favorable 
conditions for the sustainability of various human settlements is the temperature-warm 
climate (Blain et al., 2009).   
 

6. Conclusions 
Rock magnetic analyses demonstrate important differences between entrance and 

interior sediments in the Gran Dolina cave. In the entrance facies, we find progressive 
decrease of magnetic minerals in TD4, it could indicate a progressive decrease of 
temperature. The interpretation of unit TD5 is more complex, because it presents 
different climate conditions in its subunits: in TD5.2 we observe a sharp increase of all 
magnetic parameters (bulk susceptibility, Ms, SIRM and ARM) that coincides with an 
increase of temperature, coherent with all studied proxies. In TD5.1 these magnetic 
parameters decrease, indicating colder conditions. The environmental reconstruction 
of unit TD6 appears complex because within the same unit we find a different 
concentration of magnetic minerals. At the base of the unit we find a homogeneous 
concentration of magnetic minerals at the boundary TD5.1-TD6, while at the top, we 
note a small increase of magnetic parameters that denotes a gradual passage from cold 
to warm conditions. Again, our interpretation supports the previous studies. Our 
profiles establish that the most important change in climate conditions occurs across 
the TD6-TD7 boundary. At this boundary we observe a pronounced decrease in 
parameters such as magnetic susceptibility, Ms, SIRM and ARM, which may reflect a 
change from warm to colder climatic conditions (bearing in mind the correlation 
between warmer conditions and pedogenic processes). 

 In the interior facies, two major changes are observed in rock magnetism (at a depth 
of 520 cm and ca 650 cm). We suggest that the magnetic enhancement at 520 cm 
probably corresponds to an increase in pedogenic processes; while at 650 cm such 
favorable conditions for the pedogenesis diminish. Such changes do not have any 
significant lithological expression, yet they could indicate important 
paleoenvironmental changes in the source area.  

From a semi-quantitative point of view, we generally observe a higher concentration 
of low coercivity and ferromagnetic minerals (probably magnetite) at the top of the 
interior facies, whereas grain size and compositions seem rather constant. As far as the 
presence of SP grains, which vary through the entrance sediments, we notice that in 
addition to the high frequency changes (tens of centimeters), there is a general, long 
term increase in their concentration stratigraphically upwards, possibly reflecting a late 
in-situ magnetic fermentation (partial dehydration and reduction of ferrihydrite to 



magnetite taken place in the presence of excess Fe2+). Such a process could relate to a 
progressive decrease of water content downwards into the sediments. Alternatively, it 
is plausible that the progressive cave opening development through time promoted a 
decrease of darkness and hence an increase of the fermentation processes that would 
lead to the formation of fine to ultrafine magnetic particles (e.g., Bógalo et al., 2014). 
Such hypothesis needs to be further explored with additional sections in more locations 
within the cave.     
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Fig. 1. A) Location of the Sierra de Atapuerca within the Iberian Peninsula. B) Map view of the railway trench (“Trinchera”) with 
location of the Gran Dolina Cave. C) 3D model of the Gran Dolina. Brown layers indicate different stratigraphic units. Grey areas are 
the walls and roof of the cave (Campaña et al., 2016). D) Stratigraphic units (TD1 to TD11) and sedimentary facies of the Gran Dolina 
site (Campaña et al., 2016). 



 
Fig. 2. Histogram of bulk magnetic properties of interior facies (blue bars) and entrance facies (open bars). a) low field bulk magnetic 
susceptibility; b) saturation magnetization Ms reached at 500 mT; c) anhysteretic remanent magnetization (ARM) acquired with AF 
and DC of 100 mT and 0,05 mT respectively; d) ARM/SIRM ratio with a maximum applied field of the SIRM of 500 mT. 



 
Fig. 3. Representative magnetic hysteresis cycles from samples of different stratigraphic levels of both interior and entrance facies 
obtained with the Magnetometer MicroMag 3900 VSM (Princeton Measurements Corp.) up to a maximum applied field of 500 mT. 



 
Fig. 4. Progressive acquisition of isothermal remanent magnetization (IRM) up to 2 T of representative samples of each facies. 



    
Fig. 6. Magnetic susceptibility parameters profiles from the entrance facies: a) low field bulk susceptibility as a function of depth, note the pronounced decrease in susceptibility stratigraphically 
upwards from TD6 to TD7; b) frequency dependence of magnetic susceptibility and c) Phi – parameter, the rest of in-phase and out-of-phase susceptibility. 
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Fig. 7. Magnetic parameter profiles from the entrance facies where: a) saturation magnetization (Ms) and b) saturation isothermal remanent magnetization (SIRM) are derived from hysteresis loops 
up to 500 mT and c) anhysteretic remanent magnetization (ARM). 
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Fig. 8. Magnetization derived ratios from the entrance facies. a) S-ratio; b) ARM/SIRM; c) SIRM/χ lf. 
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Fig. 9. Analysis of the coercivity components of sample 16GD6-10 following the protocole outlined by Kruvier et al. 
(2001). a) Total IRM acquisition and corresponding IRM components on a log-linear scale (LAP). Squares and solid 
line represent measured and modelled data, respectively. b) Gradient curve (GAP). c) Standardised acquisition plot 
(SAP). 



 
Fig. 10. Profile of low field susceptibility parameters of the interior facies. a) Low field bulk susceptibility as a function of depth; b) frequency dependence parameter as defined on the text and c) 
Phi – parameter – sum of in-phase and out-of-phase susceptibility – shows a sharp increase of the values at the same depth of the first profile. 
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Fig. 11. Profiles of rock magnetic parameters from the interior facies. a) Ms; b) SIRM; c) ARM. 
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Fig. 12. Profile of some important magnetic ratios from the interior facies. a) S-ratio defined in the text and b) ARM/SIRM. 
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Fig. 13. King Plot, anhysteretic magnetic susceptibility 𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴 versus mass-specific susceptibility from a) entrance facies; b) interior 
facies. 



Reviews letter of the article “Magnetic properties of cave sediments at 
Gran Dolina Site in Sierra de Atapuerca (Burgos, Spain)” 

We accept all grammatical recommends. 
Some figures have been edited for simplified the lecture – especially the 
profiles of the entrance and interior facies present different colour of the 
marks. 
 

- 1. Introduction 

We add the recent published study of Bógalo et al. about the environmental 
magnetic approach of the cave Galería. 

- 4.1 Entrance Facies profiles 

In the analysis of coercivity, each component is characterized by the median 
destructive field (B1/2 or MDF) or mean value of the normal distribution 
fitted, the dispersion parameter (DP) or standard deviation of the normal 
distribution, the relative extrapolated contribution of each component to the 
total magnetization (EC). We represented the different plots of the 
coercivity: a) linear acquisition plot (LAP); b) gradient acquisition plot 
(GAP); c) standardized acquisition plot (SAP). We explain and spell out 
these acronyms at the end of the paragraph 3 (Material and methods). 

- 6. Conclusions 

The magnetic fermentation is a partial dehydration and reduction of 
ferrihydrite to magnetite thar may take place in the presence of excess Fe2+, 
giving rise to enhancement of soil magnetic properties (for more details 
about this, we remainder to the article of Dearing, J.A., Hay, K.L., Baban, 
S.M.J., Huddleston, A.S., Wellington, E.M.H., Loveland, P.J., 1996. 
Magnetic susceptibility of soil: An evaluation of conflicting theories using a 
national data set. Geophysical Journal International 127, 728-734. 

- Figure 8 

The S-ratio parameter, represented in the figure 8 for the entrance facies and 
figure12 for the interior facies, is obtained dividing IRM0,3T/SIRM. The 
values above the unit may be influenced to the noise and instability of the 
instrument. We specify this concept in the paragraph 3 (Material and 
methods). 
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