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Abstract: Magnetic properties of iron oxides provide invaluable data for environmental reconstruction during 
sediment deposition. Encouraged by the results of our previous studies in the near Gran Dolina site, we investigate 
the GI waterlain facies sediments that fill Galería Complex cave (Sierra de Atapuerca, Spain), in particular the 
Covacha de los Zarpazos cave considering two vertical profiles at different walls and comparing them with two 
profiles previously analysed. For the first time in this cave, we propose a correlation among these two walls based 
on the low field susceptibility values. An environmental reconstruction is proposed based on the pedogenesis and 
weathering processes, and water activity influencing the composition, concentration and grain size of magnetic 
minerals. In order to have a more comprehensive interpretation, elemental geochemistry was also analysed. The 
results allow to identify three different sections with the alternation of environmental characteristics.
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1. Introduction
Environmental magnetism (EM) provides invalu-

able proxies for paleoenvironmental reconstructions 
based on the measurement of magnetic properties of 
sediments. Since the beginning of this science, the EM 
has been successfully applied to lake sediments, loess 
deposits, deep sea sediments and, in the last decades, 
also centred on cave sediment despite the difficulty 
derived by the numerous processes that affect the cave 
sediment (pedogenesis, erosion, post-depositional 
deformation, groundwater activity, weathering pro-
cesses) [1–5]. The basis of the EM is the knowledge of the 
composition, the concentration and the grain magnetic 
size of the magnetic minerals present in the samples 
and, from these data, reconstruct the environmental 
characteristics and climate variations considering the 
different processes that could affect the sediments in 
those conditions. The knowledge of the depositional 
environment of the sediments and the processes re-
sponsible for the formation of secondary magnetic 
minerals, allows to better understand the interaction 
of human activity and the environment [6].

From the sedimentological point of view, cave sedi-
ment was divided into entrance facies, waterlain facies 
and interior facies [7]. The entrance facies are com-
posed of deposits a few meters just inside and outside 
the cave; in which there are different depositional and 
post-depositional processes from various sources. The 
waterlain facies represent part of much older phreatic 
deposits. Underground rivers transport inside the cave 
clastic sediments similar to fluvial deposits in the open 
air. These sediments are well sorted in narrow chan-
nels, and become finer upward; the sandy component 
is moderately well sorted with fining and coarsening 
upward sequences with common interbedding with 
silts and clays and fine laminated bedding [7]. Moreover, 
they could present small erosional channels that form 
cut-and-fill structures and some imbrication shown 
by the gravels. The erosional processes may continue 
also in the presence of hominin occupation and such 
remnants are redeposited as colluvium or solifluction 
deposits within the cave. The interior facies represent 
the accumulation of gravity-fall deposits derived from 
the roof and walls; finer-sized sediments can also be 
produced by bedrock weathering [7]. The rock fall ac-
cumulations vary depending on their location in the 
cave and the sedimentation rate of finer sediments 
(both geogenic and anthropogenic). These deposits are 
accumulated in remote parts of the cave, typically with 
no fossil content and, due to the dynamic environment 
of the cave interiors, they represent a series of deposi-

tional and erosional events (sedimentary cycles) [7]. 
Due to the numerous and well-preserved hominin 

remains of five distinct species (Homo antecessor in-
troduced in this site), the karst of the Sierra de Atapu-
erca (Figure 1a) is one of the most important archeo-
paleontological sites for understanding human evolution 
in Europe during the Early and Middle Pleistocene. For 
its unique testimony of hominins evolution, this archaeo-
logical site was added to UNESCO’s World Heritage List in 
2000 (https://whc.unesco.org/en/list/989/). 

We focus on the Galería Complex site, in detail on the 
Covacha de los Zarpazos cave, dated on 500–250 ka [8–14]. 
Due to the phreatic/vadose conditions in this cave [15], its 
paleoenvironmental reconstruction needs to consider 
different processes that affect the magnetic properties 
of cave sediments: pedogenesis, weathering, and water 
activity. 

A previous study [5] centred on the Galería section 
documented the presence of three main components 
on the magnetic signal: the magnetite and the fine-
grained antiferromagnetic minerals, hematite and 
goethite, of pedogenic origin. Since the pedogenesis 
processes lead to the preferential formation of he-
matite over goethite, the variation of goethite versus 
hematite may be considered a proxy for the degree of 
soil maturity [16]. Since the organic matter and iron-re-
ducing bacteria may foment, during pedogenesis, a lo-
cal reducing environment, favourable to the reduction 
of hematite to magnetite and subsequent oxidation 
to maghemite [17], the goethite/hematite ratio may be 
considered as a proxy of climatic deterioration. On the 
other hand, the elemental geochemistry analysis may 
suggest the degree of weathering and pedogenesis pro-
cesses, as explained by reference [18]. Finally, the water 
activity variations were observed on the anisotropy of 
magnetic susceptibility in Galería site [19].

This paper pretends to propose a paleoenviron-
mental reconstruction based on these different factors 
(pedogenesis, weathering and water activity) that af-
fect the waterlain deposits in Covacha de los Zarpazos 
analysing four profiles: two, GA1 and GA3, located in 
the NE wall and other two, GA2 and GA4, in the NW 
wall (Figure 2). All the profiles are in stratigraphic 
connection and at a short distance, allowing a strati-
graphic correlation among these walls taking into 
account the inclination of the strata towards SW and 
on the basis of the low field susceptibility. The results 
thus shed light on the correlation of the magnetic sig-
nals with the development of climatic conditions, the 
hydrological changes of the groundwater river respon-
sible for deposition of the waterlain facies and post-
depositional weathering processes.

https://whc.unesco.org/en/list/989/
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2. Geological setting

Sierra de Atapuerca karst is divided into three 
sub-horizontal levels, formed in the Late Cretaceous 
limestones and dolostones in relation to the evolution 
of the middle Arlanzón River [20,21]. The intermediate 
level (approx. 995 m a.s.l.) includes, among others, the 
“Trinchera del Ferrocarril” (Railway Trench). Among 
the caves in the Trinchera, the waterlain facies of cave 
sediments were found only in the lowest part of the 
Gran Dolina site and Galería Complex [22,23] and, on the 
basis of 2D and 3D ERT imaging, a conduit was pro-
posed to connect them [24]. The waterlain facies of the 

Gran Dolina cave were studied for chronologic study [25], 
for a stratigraphic and sedimentological reconstruction [26]  
and also an environmental reconstruction was proposed 
in our previous study [1]. In the waterlain facies of the 
Galería Complex, only a recent study [15] provides a de-
tailed reconstruction of depositional environments of its 
sequence.

Galería is a complex sedimentary sequence (section 
represented in Figure 1b) characterised by strong lat-
eral lithological variations and three separate conduits 
(sub-sections) that contributed to its sedimentary 
infilling: Covacha de los Zarpazos (TZ) to the north, 
Galería itself (TG) in the centre — the main sub-hor-

Figure 1. Location of the archaeological site in the Sierra de Atapuerca. (a) Geomorphological map of the Sierra 
de Atapuerca, with Galería Complex highlighted. (b) Section of Galería Complex with the position of profiles 
analysed in Covacha de los Zarpazos and borehole at the entrance of Galería section. The red lines represent the 
exposed sediments and the grey one the limestone wall; following the reconstruction proposed by reference [15].

Figure 2. Details of the facies analysed, with the respective profiles considered. (a) Galería stratigraphic column, 
with indication of the analysed interval shown as a red rectangle (modified from reference [15]); (b) Detailed view 
of the NW wall, with profiles GA2 and GA4. (c) Detailed view of the NE wall, with GA1 and GA3 profiles. 
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izontal gallery, and vertical shaft (TN), northernmost 
infill segment of the neighbouring Tres Simas cavity, 
located at the southern end of the Galería site [20,27]. 
Studies focused on the lithic assemblage and faunal 
remains suggest the use of this cave as a marginal area 
for knapping activities and sporadic visits in pursuit 
of animal resources, providing interesting information 
to reconstruct the occupational pattern of the entire 
Sierra de Atapuerca [28–31]. In addition, at the entrance 
of Covacha de los Zarpazos, in the upper sedimentary 
units, a human mandibular fragment and a cranial frag-
ment were found [32]. The entire sedimentary sequence 
of Galería is composed of fluvial sediments; probably 
coming from the southern contact between the Sierra 
de Atapuerca with the Arlanzón River [15,21].

A recent environmental magnetism study in TG [5] 
documented a pedogenic origin of magnetite concen-
tration and proposed the goethite presence as a proxy 
for climate-stratigraphic correlation at Galería since 
its fluctuating values may be due to alternating humid 
and dry conditions.

The Galería Complex is constituted of five main fill-
ing units (from GI to GV, from base to top) and one 
paleosoil GVI [22]. The cave is dated by different meth-
ods in previous studies [8–9,10,12]; as a result, the time-
frame of the cave is between 500 ka and 250 ka. GI 
unit detected the transition from reverse (Matuyama) 
to normal (Brunhes) polarity (770.2 ± 7.3 ka; critical 
stratigraphic marker on the definition of Lower-Middle 
Pleistocene [33,34]), which confirmed a substantial sedi-
mentation hiatus in this lowermost part of the profile 
in the central part of Galería area [14]. 

The GI represents a unique sedimentary unit of wa-
terlain sedimentary facies: laminated silts, limestone 
breccia, and speleothems related to flowing or stagnant 
waters. At the boundary with GII, a collapse of the roof 
cave generated the opening at external influence docu-
mented in successive entrance facies characterised by 
gravity flows and erosional processes [35,36]; humid and 
wooded conditions were proposed for this unit [37]. In the 
GIII unit, a displacement of the hominin to the TZ area 
was documented, as a clear consequence of the reduc-
tion of the cave environment and the loss of the effec-
tive natural tramp; moreover, the presence of trampling 
suggests dry conditions and a decrease of wooded [31].  
These two units, GII and GIII, represent the single fertile 
sequence of Zarpazos cave: the right adult mandible 
fragment, assigned to Homo heidelbergensis [38], was 
found in the GII unit [32], and a neurocranial fragment of 
an adult human discovered at the base of the GIII unit [39].  
The GIV unit presents a merely clastic sedimentation, 

cold conditions were identified in the GV unit and fi-
nally, a maximum warm was testified by a relict soil in 
the GVI unit [40].

The GI unit is divided into two subunits: GIa and 
GIb above; evidenced also by sedimentation changes, 
probably due to changes in hydrological conditions. In 
Covacha de los Zarpazos, the entire GI sedimentary se-
quence is affected by soft-sediment deformation struc-
tures, including five main faults in the NW wall of the 
conduct. As evidenced by reference [15], the GIa subunit 
was deposited during the Early Pleistocene in phreatic 
or epiphreatic conditions while GIb presents impor-
tant erosion events and reworking materials during 
the Middle Pleistocene in vadose conditions. Both units 
were subdivided into six subunits. 

In detail, the lowest subunit of GI, GIa.6, is formed 
by at least four cycles of dropping in the water table, 
in epiphreatic conditions. In a vertical discordant 
boundary succeed the GIa.5 subunit that, composed 
of sandy silts with some cross-lamination, suggests 
phreatic conditions inside the cave. The GIa.4—locally 
deposited only in Covacha de los Zarpazos and absent 
in the Galería area—indicates an energy drop in the 
system and less turbid water with respect to the previ-
ous subunit. The energy of the environment increases 
again in the successive sandy silt layer with no clear 
lamination, GIa.3 subunit, under stable phreatic condi-
tions with water table rise. Some speleothems present 
in GIa.2 indicate a break in the sedimentation process 
for a long period in vadose conditions before the last 
deposit of Early Pleistocene, GIa.1, discordant with the 
underlying layers and cut by erosion surface. As men-
tioned before, from the GIb subunit the sedimentation 
in the Galería Complex changes, passing from mainly 
epiphreatic to vadose conditions [15]. 

3.Material and Methods
Four profiles in two different walls of Covacha de 

los Zarpazos, in stratigraphic connection and at a short 
distance were studied (Figure 1). A total of 300 non-
oriented and unconsolidated samples were collected 
with standard cubic plastic boxes of 8 cm3 pushed 
directly on the outcrop. A rockmagnetic analysis was 
conducted at the Archaeomagnetism Laboratory at the 
CENIEH (Burgos, Spain) and at the Paleomagnetism 
Laboratory at the University Complutense of Madrid 
(UCM). The magnetic susceptibility parameters repre-
sent the first approach in a rockmagnetic study since 
they provide the concentration of magnetic miner-
als present. In particular, the low field susceptibility 
provides an estimation of the ferromagnetic material 
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present in the samples. The magnetic susceptibility 
was analysed at CENIEH at two different frequencies 
(976 Hz and 15616 Hz) with an Agico MFK1-FA Kap-
pabridge, for this first analysis the samples were con-
sidered as well as extracted from the cave (mass sam-
ples of around 13–14 g). This equipment also provides 
the phase angle, defined as the difference between in-
phase and out-of-phase susceptibility [41,42]. Consider-
ing the susceptibility at two frequencies, we are able 
to consider the frequency-dependence parameter, χfd = 
100(χlf – χhf)/xlf (%) as defined by reference [43], where  
fhf and flf are high and low frequencies, respectively. 
Another important rockmagnetic analysis realised is 
the hysteresis loops measured with a MicroMag 3900 
VSM (Vibrating Sample Magnetometer, LakeShore in-
strument), with a maximum field of 0.5 T. The samples 
used for this instrument were prepared in small quartz 
capsules of ~8 ml volume, so the mass sample analysed 
for this study was around 1 g.

A three-axes SQUID cryogenic magnetometer (SRM, 
2G Enterprises) was used to measure the remanent 
magnetization (natural and anhysteretic, NRM and 
ARM respectively); the IRM, was performed at 1 T 
and, in the opposite direction, at 0.3 T; in this case, the 
samples were disposed in standard 8 cm3 cubic plas-
tic boxes or in the small quartz capsules used for the 
VSM. These two measurements consent to calculate 
the S-ratio (defined by the backward remanence at 0.3 
T with the IRM at 1T [44]) and “hard” isothermal rema-
nent magnetization (HIRM, defined as 0.5 × (IRM0.3T + 
IRM1T)), quantification of the relative and absolute con-
centrations, respectively, of antiferromagnetic minerals 
(hematite and goethite) in mineral mixtures (limits of 
these parameters exposed in reference [45]). Moreover, 
progressive IRM acquisition curves up to 1 T were ob-
tained for some selected samples in order to deduce 
and analyse the different magnetic minerals present 
through their coercivity using the “Kruiver method” [46].  
This method fits the derivate of the IRM acquisition 
curve in a logarithmic scale into a series of normal dis-
tributions characterized by references [46,47]: the satura-
tion isothermal remanent magnetization (SIRM), the 
median destructive field (B1/2), and the width of the 
distribution half of the maximum intensity (dispersion 
parameter, DP).

With a view to the magnetic properties, the key ra-
tio for magnetic grain size, IRM1T/χlf, was used, taking 
into account its relative limits [48].

The relative concentration of minerals present was 
obtained by a combination of saturation magnetization 
(SIRM) of 5 T, reached by an impulse magnetizer (ASC 

Scientific, Model IM10-30), then an alternating field 
demagnetization at 100 mT to remove the contribution 
of any ferrimagnetic minerals and finally a thermal de-
magnetization at 130 ºC to remove the goethite contri-
bution. The relative contribution of magnetite versus 
goethite and hematite is obtained by the ratio:

(1)

and the ratio of the relative contribution of goethite 
versus hematite (as suggested by reference [49]): 

(2)

It was considered the Day plot ([50] and revisited 
by reference [51]), by correlating the Mrs/Ms with Hcr/
Hc, obtained by hysteresis loops and back field IRM, to 
infer the domain state of the iron oxides, and the King 
plot [52], in order to analyse the relative magnetic grain 
size of the particles by the slope obtained comparing 
ARM susceptibility with the low-field susceptibility.

For more complete information about the mineral 
composition, an in situ analysis was conducted with 
a portable XRF analyzer NITON Ultra XL3t (manufac-
tured by Thermo Fisher Scientific Inc.) equipped with 
a 45 mm2 Silicon Drift Detector (SDD) and an Ag anode 
of 50 kV. This instrument provides the elements of 
geochemistry in percentage, to indicate possible post-
depositional dissolution of magnetic minerals [3] and 
elements ratios considered as weathering products [53]. 

Susceptibility versus temperature curves was ac-
quired at UCM by the CS-3 Temperature Control Unit 
in connection with the AGICO KLY-4S Kappabridge 
analysing the susceptibility of minerals in the range 
from ambient temperature to 700 ºC to discern the 
magnetic minerals present in the samples from their 
corresponding Curie temperatures.

4. Results

4.1 Magnetic Composition Analysis

To characterise the relative contribution of the fer-
romagnetic and para/diamagnetic materials, we ana-
lysed the hysteresis loops of all samples (four repre-
sentatives are shown in Figure 3, mass normalised and 
corrected for para/diamagnetic contribution, shown in 
red). There is a strong similarity in the shape of loops 
belonging to the same profile (Figure 3a,b; Figure 
3c,d). In samples from GA1 (Figure 3a,b), we notice 
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that sample GA1-42 presents a loop slightly more open 
than GA1-50. Greater contribution of the high coerciv-
ity minerals is also observed in samples of GA2 (Figure 
3c,d); moreover, the wider loops above and below the 
middle section reveal the presence of mixtures of min-
erals with very different coercivity being important for 
the high coercivity contribution. The para/diamagnetic 
susceptibility correction has been carried out using 
the upper branch slope of the curve, despite not being 
completely saturated.

The thermomagnetic evolution of the susceptibility 
(Figure 4) up to 700 ºC provides further information 
about the magnetic mineralogy identifying the Neel/Cu-
rie magnetic transitions; red lines indicate the heating 
while grey lines the cooling. In particular, in the heating 
of Figure 4a, there is a weak decrease around 500 ºC 

and an evident decrease at 580 ºC, Curie temperature, 
TC, of magnetite in all analysed samples. Figures 4a,b 
show the cooling curve lower than the heating curve. 
However, samples from GA2 show a similar higher 
intensity in the cooling curve (Figure 4c,d). The cool-
ing curve shows the susceptibility values greater than 
those of the heating; the cooling axis is represented in 
grey at the right side of the figure. In addition, there is a 
clear secondary formation of magnetite as evidenced by 
the increase of the cooling curve between 580–450 ºC  
and the second weak increase around 300 ºC (Figure 
4d). Samples from GA1 display a jump in the suscepti-
bility curve at about 350 ºC indicating the presence of 
maghemita (Figure 4a,b). In some cases, (Figure 4d) it 
is possible to distinguish a little decrease of the heating 
curve at the beginning of the experiment until 120 ºC. 

Figure 3. Examples of magnetic hysteresis loops from samples of GA1 and GA2 profiles up to a maximum applied 
field of 500 mT, mass normalised. The red curves represent subtracting paramagnetic contribution while the 
black curves represent the hysteresis with paramagnetic contribution. (a,b) samples from GA1; (c,d) samples 
from GA2.
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From the IRM progressive acquisition curve up to 
1 T, normalised by the maximum value (Figure 5), it is 
possible to distinguish two different distributions of 
the samples: GA1-43 and GA2-385, samples from the 
bottom of the profiles, show a rather initial increase, 
suggesting that a low coercivity phase ferromagnetic 
fraction in a substantial amount, which very likely is 
magnetite; while the other two, from the upper part 
of the profiles (GA1-10 and GA2-360), are dominated 
by high coercivity component since the saturation was 
not reached at 1 T (goethite and/or hematite).

The same samples considered for IRM acquisition 
curves are shown in Figure 6 in order to estimate the 
difference between non-saturated curves (Figures 6a,c) 
and semi-saturated ones (Figures 6b,d). Samples are 
characterized by two-three components of medium, 
high to medium and high coercivity (Table 1). Samples 
are characterized by more than one component. Some 
curves are fitted exclusively by two populations of co-
ercivity of low and mid to high coercivity while others 

by three. The low coercivity could be identified with 
magnetite while the medium-high and high could be 
different proportions of maghemite, hematite and/or 
goethite [47,54–57]. A summary of the input parameters 
considered in the modelling of the Kruiver method is 
shown in Table 1, divided into the different compo-
nents identified.

4.2 Magnetic Concentration Analysis

Comparing all the profiles analysed, arranged in 
their spatial disposition and in relation to their depth 
(Figure 7), it is possible to distinguish three different 
parts of the entire sedimentary sequence analysed: the 
top one, on GA3 and GA4 profiles, presents the highest 
susceptibility values, the bottom one, largely present 
on GA1 and GA2 profiles, shows greater values of low 
field susceptibility, and finally a middle section with 
lower values of susceptibility than others sections. As 
shown in Figure 7, the different sections are identified 
with different markers.

Figure 4. Thermomagnetic curves of the representative samples of GA1 and GA2 profiles. The red line indicates 
the heating curve while the grey the cooling: (a,b) GA1 samples; (c,d) GA2 samples. Figure 4d presents the y-axis 
of the cooling curve at the right side in grey.
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Figure 5. Progressive acquisition of isothermal remanent magnetization (IRM) up to 1 T of two samples of each 
profile. The resulting curves are normalised by the maximum value.

Figure 6. Analysis of the Linear Acquisition Plot (LAP) with the Kruiver approach of the samples illustrated in the 
IRM progressive acquisition. The squares represent the measured data of the IRM acquisition curve on a linear 
scale and the solid line is the modelled one (thin lines indicate the components derived from the model). The 
non-saturated samples of GA1 and GA2 are illustrated in (a) and (c). The saturated ones of the respective profiles 
are illustrated in (b) and (d).
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Table 1. Input parameters (SIRM, B1/2, and DP) of the model proposed for components individuated for each unit 
in the Kruiver approach.

Sample
Component 1 Component 2 Component 3

SIRM B1/2 (mT) DP (mT) IRM (%) SIRM B1/2 (mT) DP (mT) IRM (%) SIRM B1/2 (mT) DP (mT) IRM (%)

GA1-10 5 × 10–1 200 1.66 43 6.6 × 10–1 692 1.70 57

GA1-18 6.5 × 10–1 120 2.00 57 5 × 10–1 759 1.58 43

GA1-43 5.7 × 10–1 52 1.51 56 2.3 × 10–1 214 1.74 23 2.1 × 10–1 600 1.45 21

GA1-44 7.5 × 10–1 52 2.00 71 3 × 10–1 630 1.51 29

GA2-233 5.9 × 10–1 295 1.82 54 5 × 10–1 676 1.51 46

GA2-360 6 × 10–1 195 2.20 55 5 × 10–1 692 1.51 45

GA2-385 6.5 × 10–1 52 1.86 62 4 × 10–1 500 1.74 38

Figure 7. Low field susceptibility of all profiles analysed in the spatial correlation. Note the distinction of two 
intervals with higher values of susceptibility: the top of GA3 and GA4 profiles and the bottom of GA1 and GA2 
profiles.
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In the absence of other proxies for a detailed lateral 
correlation among the profiles, the low susceptibility 
values of GA1 are correlated with GA2 and GA3 with 
GA4 profiles, allowing to clarify the relation between 
the NW and NE walls. We decide to consider the profiles 
in NW wall, GA2 and GA4, as references for this correla-
tion since they reach greater depth. In order to better 
understand the concentration of magnetic minerals 
present in the samples, we extend the correlation previ-
ously proposed to that including the isothermal rema-
nent magnetization measured at 1T (IRM1T) and HIRM, 
defined by 0.5 ×(IRM1T + IRM0.33T), which provides the 
ferrimagnetic material contribution and the high coer-
civity fraction (hematite and goethite), respectively. The 
low field susceptibility (Figures 7 and 8a) evidences a 
major concentration of magnetic minerals at the bottom 
part of the profiles; in detail, GA1 presents higher values 
than GA2. On the contrary, the IRM1T (Figure 8b) param-

eter suggests a higher concentration of the high coerciv-
ity minerals for GA2 than GA1, especially in the upper 
part of the profiles. The presence of high coercivity 
minerals is later confirmed by the HIRM profile (Figure 
8b,c). The results suggest that the susceptibility trend at 
the bottom of GA1 is caused by changes in the content 
of ferrimagnetic and high coercivity minerals, while at 
the upper part of GA2, the susceptibility profile mimics 
the HIRM distribution. However, similar tendencies at a 
different depth and amplitude indicate a different sedi-
mentation rate, perhaps due to intensity variations of 
floods and/or their altering frequency, as suggested by 
other authors focusing on cave sediments [3]. 

GA3 and GA4 profiles are characterized by a larger 
amplitude in the variation of their magnetic proper-
ties in the ferromagnetic fraction (Figure 9a), total 
magnetic contribution (Figure 9b), and high coercivity 
minerals (Figure 9c) particularly in the top section.

Figure 8. Magnetic parameters at GA1 and GA2 profiles with depth. (a) Low magnetic field susceptibility; (b) 
IRM1T and (c) HIRM, defined as (IRM1T + IRM0.33T)/2.
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In order to discriminate the relative concentration 
of each magnetic component in GA1 and GA2 profiles, 
the relative contribution of magnetite versus goethite 
and hematite, M/GH (Figure 10a), is illustrated, and 
goethite versus hematite, G/H (Figure 10b). GA1 is 
characterized by three different intervals. The bottom 
part where the M/GH demonstrates that the higher 
susceptibility is provided by abundant magnetite at 
GA1 than GA2. In the upper part, another two intervals 
with a different magnetite contribution are identified: 
one until around 180 cm depth and a final increase of 
magnetite upward. These variations of magnetite on 
the upper part were not identified on the susceptibility 
record, probably covered by the significant presence of 
high coercivity minerals (Figure 7).

4.3 Magnetic Grain Size Analysis

Figure 11 shows the results of magnetic grain size 
analysis from sections GA1 and GA2 where it has been 
evidenced the position of the samples from the top and 

bottom part of the section. All the samples considered 
fall in the Pseudo-Single Domain (PSD) field although 
those of the bottom section are distributed near the 
SD-MD mixing curve and the other samples are located 
at the middle of the PSD area, indicating a higher SP-SD 
concentration (from the guide curve proposed by ref-
erence [51]). This observation can also suggest a higher 
contribution of maghemite [58].

A further plot to analyse the magnetic grain size, 
based on the relationship between anhysteretic and 
low field susceptibilities, is the King plot [52]. It presents 
steeper slopes for smaller grains. Figure 12 summa-
rizes the results of the four profiles subdivided into 
the three sections identified. Data can be grouped into 
three different grain size categories: the smaller frac-
tion is mainly composed of the bottom section samples 
and some samples of GA3 and GA4 profiles; the highest 
grain size is composed of the middle section samples. 
Finally, the samples from the middle section present a 
mid-grain size.

Figure 9. Magnetic parameters of GA3 and GA4 with depth. (a) Low magnetic field susceptibility; (b) IRM1T and (c) 
HIRM, defined as (IRM1T + IRM0.33T)/2.
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Figure 10. Magnetic mineral discrimination of GA1 and GA2, in detail: (a) Concentration of magnetite versus 
goethite and hematite; (b) Concentration of goethite versus hematite.

Figure 11. Day-plot diagram for samples from GA1 and GA2. Open symbols correspond to the top part of the 
sections and full symbols to the bottom part as defined in Figure 7.
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A closer look into the magnetic grain size distribu-
tion in relation to the depth is presented in Figure 13 
with the IRM1T/χlf ratio with respect to depth. This ra-
tio varies inversely with magnetic grain size, could be 
influenced by the presence of high coercivity minerals, 
and is particularly sensitive to higher grain particles 
(>10 μm [48]).

The magnetic grain size does not present significant 
variations on the GA2 profile (Figure 13a), except on 
the upper part where lower values propose an increase 
of grain size. The GA1 profile shows a higher grain size 
at the upper part. Through GA3 and GA4 profiles (Figure 
13b), the ratio reveals a progressive increase of grain 
size upward and a slight decrease at the top. The lower 
values of the ratio on the GA3 profile reflect a higher 
grain size than GA4. The variation of grain size at the 
lower part of the profiles was not evidenced on the oth-
er concentration parameters, while the trend at the top 
corresponds with higher contributions of ferrimagnetic 
and canted antiferromagnetic minerals.

Elemental geochemistry is usually used to detect 
post-depositional dissolution of magnetic minerals that 
affect the magnitude of magnetic properties [59]. Figure 
14 shows the percentage of S, P and Fe compared to 

the corresponding low field susceptibility from profiles 
GA1 and GA3 (raw data of elemental geochemistry 
is shown in Table S1). A relevant concentration of S 
(Figure 14a) at the top shows a good correlation with 
higher values of low field susceptibility at the top of the 
GA3 profile (Figure 14d), coincident with lowest values 
of P (Figure 14b) and a relative increase of Fe (Figure 
14c). The presence of sulphur may be found in the deg-
radation of bat guano, coming from the upper GII unit. 
In fact, among the minerals produced by the fungal deg-
radation of bat guano, we found crandallite as a result 
of the interaction between a slightly acidic phosphate 
solution and Ca-Al sediments [60]. The presence of cran-
dallite was documented in GIa [15] and GIb [10].

The Fe trend shows a good correlation with the low 
field susceptibility at the top and middle profile, while at 
the bottom a slight decrease of Fe corresponds with the 
enhanced susceptibility of the GA1 profile (Figure 14c,e).

The presence of phosphorus was already detected 
in previous studies and attributed to the leaching from 
the GII unit [15]. A delimited interval with high values 
of P near the boundary with the top section could be 
due to different sedimentological characteristics of this 
part that delay the leaching process.

Figure 12. King plot of all the profiles considered in the study with a distinction of the top of GA3 and GA4 and 
bottom of GA1 and GA2. The bottom section of all four profiles shows a small grain size, the middle section larger 
particles and the top section a mid-size particles.
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Figure 13. Magnetic grain size analysis with ratio IRM1T/χlf with respect to the depth: (a) GA1 and GA2; (b) GA3 
and GA4.

Figure 14. Plots of: (a) S; (b) P; (c) Fe in % with depth and in comparison with (d) low field susceptibility of GA3 
and GA1.
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Some elemental ratios have been used to emphasise 
the different mobility of elements preferentially hosted 
in different minerals [53]: Rb usually is concentrated in 
phyllosilicates and K-feldspar, Sr could be found in pla-
gioclase in most weathering conditions (more easily 
removed during the weathering; [61–63]) and Fe, mainly 
contained on the Fe oxide minerals, is relatively mo-
bile under common post-depositional conditions [3].  
Figure 15 shows the ratios Sr/Ba, Rb/Sr and Ti/Fe with 
the low magnetic field susceptibility of GA3 and GA1 pro-

files. These ratios evidence a higher weathering degree at 
the top of GA3, related with higher values of the low field 
susceptibility, and at the bottom of GA1; a similar situa-
tion was described and interpreted by references [53,64]. 
Moreover, the Ti/Fe ratio, a proxy of the presence of iron 
oxides (strictly magnetite and hematite, [65]), provides a 
good correlation with low field susceptibility variations 
at the bottom, a weak enhancement in the middle and a 
decrease at the top section. A decrease of this ratio may 
indicate an increase of erosion in the source area.

5. Discussion

The overall stratigraphic record analysed in the cave 
of Covacha de los Zarpazos includes a GI unit, made of 
waterlain deposits. Despite a complete sedimentary re-
construction of this unit that was recently presented by 
reference [15], this work provides the first rockmagnetic 
analysis of these sediments. Three different aspects 
have been taken into account for the environmental re-
construction: the pedogenic processes, the water-flow 
activity and geochemical indicators of weathering.

For the magnetic mineral assemblages and their cli-
mate interpretation, a previous environmental recon-
struction of the GI unit from the Galería site [5] suggests 
a humid environment, with increased precipitation and 
decreasing vegetation cover for the GIa subunit. This 
conclusion is based on the coarser composition of sand 
with evidences of surface erosion and fine-grained 
goethite. GIb subunit, on the contrary, presents a re-
duced presence of magnetite and high goethite concen-
tration, close-cave conditions, a thin and discontinuous 
bat guano horizon and an alternation of humid and dry 

Figure 15. Plots of: (a) Sr/Ba; (b) Rb/Sr; (c) Ti/Fe with depth and in comparison with (d) Low field susceptibility 
of GA3 and GA1 profiles.
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periods, as suggested by the fluctuations of goethite 
presence. Also, hematite presence was documented in 
all Galería samples.

In our study, the main magnetic minerals present 
have been found to be magnetite (dominant), traces 
of maghemite, hematite and goethite (Figure 4). This 
identification is supported by hysteresis loops in sam-
ple GA1-42 showing the presence of a larger contribu-
tion of high coercivity minerals than GA1-50 (Figure 
3a,b). In detail, all samples show the presence of he-
matite in the thermomagnetic curves (Figure 4), which 
is identified by the disappearance of susceptibility at 
700 ºC. Goethite is identified by a slight decrease of the 
heating curve at the temperature range of 100–120 ºC 
(Figure 4d), although its hidden presence on the other 
samples could be due to the high crystallinity size/de-
gree. Furthermore, the cooling curves lower than heat-
ing (Figure 4a,b) could indicate a partial oxidation of 
magnetite to maghemite that after heating is oxidised 
to hematite in samples from GA1 profile [66]. The differ-
ence in progressive acquisition curves of IRM (Figure 
5) suggests variations in the contribution of magnetite 
and hematite/goethite. The coercivity analysis (Figure 
6) infers a dominant presence of magnetite in the low-
er part of GA1 and GA2 profiles and a major concentra-
tion of high coercivity minerals upward.

We distinguish three different sections on the entire 
sedimentary sequence analysed, namely the bottom, 
middle and top section. The bottom part is character-
ized by a low variability of the low field susceptibility in 
the four analysed profiles (Figure 7). Low field suscep-
tibility correlates well with IRM at 1T suggesting the 
dominance of ferromagnetic phases (magnetite/magh-
emite) to the overall contribution of the sediments 
(Figures 8 and 9), associated with warm and temper-
ate climatic conditions in soils [67] and intervals not 
significantly pedogenic altered [68]. Moreover, although 
the G/H ratio (Figure 10b) presents weak variations, 
suggesting a relatively constant redox condition along 
the profiles, a slightly higher contribution of goethite is 
identified at the bottom section, particularly in the GA1 
profile. The predominance of goethite versus hematite 
indicates higher humid conditions, as well as appar-
ent climatic deterioration at the deposition time [3].  
The higher goethite concentration could be due to: the 
low intensity of pedogenic processes, inhibiting climat-
ic conditions for hematite formation (e.g., more acidic 
environments [69,70]); local reducing environment re-
sponsible for the reduction of hematite to magnetite [71];  
a secondary formation of goethite caused by the hydra-
tion of hematite [72].

Higher up in the sequence, the middle part presents 
a slightly lower value of the low field susceptibility 
(Figure 7), accompanied by the decrease of magnetic 
minerals concentration (Figures 8 and 9), which may 
suggest a cold interval inhibiting the formation and/
or deposition of magnetite [67]. The increased hematite 
concentration at this middle section may suggest ven-
tilated areas [70] and confirm colder conditions. These 
characteristics could represent the preparation phase 
of the cave for the imminent opening to the outside.

The other factor to consider in the cave analysed is 
the water activity since the interior of the GI unit was 
individuated in the passage from epi-phreatic to vadose 
conditions [15]. Generally, reducing conditions are sug-
gested by the presence of Fe2+ just below the vadose-
phreatic boundary [73] and seasonal fluctuations of wa-
ter table levels usually promote the cyclic dissolution of 
both ferrous and ferric minerals [74]. Also, the magnetic 
minerals could indicate a particular hydrodynamic con-
dition. The predominance of hematite usually indicates 
environments with low water activity [75], as observed 
in the middle section.

A previous study on Galería Complex [19] analyses the 
anisotropy of magnetic susceptibility in order to recon-
struct the underground water activity. They observe a 
slightly higher anisotropy value for GI unit, suggesting 
a relatively higher hydrodynamic regime with respect 
to the GIII unit.

In the absence of anisotropy measurements here, 
grain size analysis might provide information about the 
water flux intensity (Figure 12). The smaller magnetic 
grain size observed on the bottom section could be due 
to less intensive floods as proposed by reference [3]. The 
mid magnetic grain size is shown on the top section 
and the lower grain size on the middle section.

Finally, the elemental geochemistry analysis provides 
information about the weathering processes suffered by 
sediments. The elemental ratios analysed in this study 
suggest a higher weathering degree on the bottom and 
on the top of our profiles. Also, the presence of high co-
ercivity minerals (hematite and goethite) could indicate 
oxidative weathering and soil-forming processes [76].  
Among the weathering processes of this facies was 
identified the acidic leaching of the bat guano deposit 
of the GII unit, forming phosphates like crandallite, 
CaAl3(PO4)2(OH)5·H2O present in nodules in most layers 
of GIa [10,14,15]. The infiltration of these phosphate solu-
tions through the cave sediments depends on moisture 
(influenced by local climate and cave types) and lithol-
ogy/porosity of the sedimentary sequence.

The weathering development could correlate also 
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with the magnetic grain size since the high coercivity of 
less weathering samples could be caused by low-tem-
perature oxidation of the coarsed-grained (PSD and MD) 
magnetic particles whereas the low coercivity of mag-
netic minerals could indicate newly pedogenic products 
and probably they located just above the SP/SD bound-
ary resulting completely oxidated into maghemite [17]. 
The middle section is mainly composed of high coerciv-
ity minerals arranged near the SP/SD curve (Figure 11), 
confirming the oxidation to maghemite (observed in 
Figure 4). The low field susceptibility seems to be also 
correlated to the Sr/Ba and Rb/Sr ratios, suggesting a 
significant degree of weathering (Figure 15).

The top part of the section is only represented by 
GA3 and GA4 and shows the highest values of suscepti-
bility probably due to a local reducing environment for 
the higher presence of organic matter [77]. These condi-
tions allow the hematite to be reduced to magnetite [71] 
and subsequently oxidized into maghemite. The higher 
weathering degree of this section, evidenced by Sr/Ba 
and Rb/Sr, suggests higher pedogenesis intensity [18]  
and warmer intervals. Finally, the top section represents 
probably the final deposition step before the ceiling col-
lapse, in which the decrease of Ti/Fe ratio (Figure 15) 
indicates local erosional processes and the presence of 
sulphur documented in arid conditions [78,79].

6. Conclusions
The analysis of magnetic properties and elemental 

geochemistry applied to waterlain facies of the Cova-
cha de los Zarpazos cave sediments provides features 
of the depositional environment and post-depositional 
processes:

• �The presence of different magnetic minerals is 
identified: low coercivity minerals (magnetite 
and trace of maghemite) and high coercivity 
minerals (hematite and goethite).

• �NE and NW walls of the cave are correlated for 
the first time by means of low field susceptibility 
values.

• �Three different sections are identified into the 
GI unit, provide a more detailed environmental 
reconstruction than stratigraphic and sedimen-
tological approach.

• �Warm, template and humid conditions are sug-
gested for the bottom section, with no signifi-
cantly intense pedogenesis process.

• �The middle section shows colder conditions and 
ventilated areas.

• �Finally, the top section presents a reducing envi-
ronment and warmer conditions.

This study thus shed light on the correlation of the 
magnetic signals with the development of climatic con-
ditions, the hydrological changes of the groundwater 
river responsible for the deposition of the waterlain 
facies and post-depositional weathering processes. 
Further analysis aimed at quantifying each magnetic 
mineral could provide more details on the environ-
mental changes, and accurate dating analysis of these 
sediments could provide precious information on the 
Quaternary climate fluctuations.
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