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Abstract 22 

The Galería Complex is a cave sediment succession at the Atapuerca 23 

paleoanthropological site (Burgos, Spain) that offers detailed environmental information 24 

about the late Middle Pleistocene, especially the period between marine oxygen isotope 25 
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stages MIS10 and MIS7. Previous studies have reconstructed the chronology and detailed the 26 

environmental development of this key succession. We introduce rock magnetic climate 27 

proxies from the sedimentary units of the Galería succession that we correlate with the global 28 

climate record as represented by the marine oxygen isotope record. The cave sediment 29 

sequence consists of five infilling phases, four of which were sampled at high resolution 30 

across a 5 m thick composite profile. We propose a novel goethite climate proxy along with a 31 

frequently used ultrafine ferrimagnetic mineral proxy for paleoclimate reconstruction and 32 

detailed chronostratigraphic correlation with isotope stages and substages MIS10/MIS10-9, 33 

MIS9e-a and MIS8. The proxies reveal new paleoenvironmental information about 34 

paleoprecipitation and indicate that MIS9e was a humid (~650 mm/year maximum annual 35 

precipitation) and intense interglacial in northern Spain that declined in steps into the globally 36 

weak glacial stage MIS8. MIS8 consisted of drier periods with 430 to 510 mm/year annual 37 

precipitation and at least one humid substage (600 mm/year).  38 

 39 

Keywords: Galería Complex; Atapuerca; Western Europe; late Middle Pleistocene; 40 

paleoclimatology; MIS9; MIS8; sediment mineralogy; environmental magnetism; goethite 41 

proxy. 42 
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 46 

                                                
1 χlf - mass specific low field and low frequency magnetic susceptibility; χfd - frequency dependent susceptibility; χhf - mass specific high 
frequency magnetic susceptibility; SP - superparamagnetic; SD - single domain; MD - multidomain; ARM - anhysteretic remanent 
magnetization; χARM - ARM susceptibility; IRM - isothermal remanent magnetization; SIRM - saturation isothermal remanent magnetization; 
AF - alternating field; B1/2 or MDF - field at which half of the SIRM is reached or destroyed; DP - dispersion parameter; S - skewness; 
IRMRR - IRM acquired and measured at 293 K (room temperature); IRMRL - IRM acquired at 293 K (ca. 20°C) and measured at 77 K (ca. -
196°C, liquid nitrogen temperature); IRMLL - IRM acquired and measured at 77 K; SPLC - absolute content of low coercivity 
superparamagnetic grains; SP%LC - relative content of low coercivity superparamagnetic grains; G - absolute content of goethite; g% - 
relative content of goethite; SPHC - absolute content of imperfect antiferromagnetic (e.g. goethite and hematite) SP grains; SP%HC - relative 
content of imperfect antiferromagnetic SP grains; H(b+d)-beam and diffuse solar irradiation; H(r) - reflected solar irradiation; MBB - 
Matuyama/Brunhes geomagnetic polarity reversal Boundary; MAP - mean annual precipitation; TT-OSL - thermally transferred optically 
stimulated luminescence; IRSL - infrared stimulated luminescence; pIR-IR - post-infrared IRSL; ESR - electron spin resonance. 



 

1. Introduction 47 

Cave sediments reflect environmental changes, document microenvironments, and 48 

register human activities (for inhabited caves). Cave infill consists of autochthonous and 49 

allochthonous sediments (Goldberg and Sherwood, 2006). Entrance facies are formed by 50 

allochthonous deposits that include fine-grained sediments transported from outside the cave 51 

by wind or water. Coarser clasts may be transported into the cave by slope processes. Interior 52 

facies include autochthonous sediments that can be classified as clastic or chemogenic 53 

deposits (i.e. speleothems), which often formed under vadose conditions. These clasts may 54 

consist of fluvial gravels and sands or deposits of laminated silts and clays often intercalated 55 

with speleothems. This facies could also contain colluvial material and clastic sediments from 56 

external environments, which can be frequently re-deposited and/or injected into the cave 57 

from long distances (e.g. Gillieson, 1998; Ford and Williams, 2007). Transportation and 58 

sedimentation of cave sediments are complex processes, although both the entrance and 59 

interior facies depend strongly on and reflect terrestrial climatic characteristics (e.g. 60 

Vallverdú i Poch, 2017). 61 

The appearance and nature of human activity must also be considered in caves with 62 

multiple periods of human occupation, such as at the Sierra de Atapuerca archeological site. 63 

The Sierra de Atapuerca, located in Northern Spain (Fig. 1), provides a large amount of 64 

paleontological and archeological data documenting the first human appearance in Eurasia 65 

(e.g. Carbonell et al., 1995, 2008; Parés and Pérez-González, 1995; Arsuaga et al., 1997, 66 

2014; Bermúdez de Castro et al., 1997) and has been added to UNESCO's World Heritage 67 

List in 2000. Excavated since 1976, various Atapuerca cave sites have provided a vast 68 

amount of fossils, including hominin remains of Homo sp. aff. heidelbergesis and Homo 69 

antecessor (ca. 800-900 ka), and lithic tool assemblages in a stratigraphic context that spans 70 

almost one and a half million years (e.g. Carbonell et al., 1999; Berger et al., 2008; Bermúdez 71 



 

de Castro et al. 2010; Rodríguez et al. 2011; Ollé et al., 2013). The multilevel karst system of 72 

Atapuerca hosts a practically continuous paleontological succession from the Early and 73 

Middle Pleistocene, with stratigraphic sequences thicker than 15 - 20 cm that record 74 

environmental, chronological, faunal, human and cultural evolution. The multidisciplinary 75 

approach of the Atapuerca Team on Quaternary Research  has shown that the high-resolution 76 

records give evidence of the continuity and configuration of the human populations 77 

throughout Southwestern Europe (e.g. Carbonell et al., 2010; Cuenca-Bescós et al., 2011; 78 

Bermúdez de Castro and Martinón-Torres, 2013; Mosquera et al., 2013). 79 

 80 

Figure 1. (a) Location of the Sierra de Atapuerca karst system in Northern Spain and (b) the 81 

main prehistoric sites in the Atapuerca paleo-archeological site. Gran Dolina, Galería, Cueva 82 



 

del Compresor, Elefante and Cueva Peluda are located along the Trinchera del Ferrocarril. 83 

UTM coordinates are used in (b) (modified from Ortega et al. (2013)). Abbreviations: At – 84 

Austria; Be – Belgium; CH – Switzerland; Cz – Czech Republic; IE – Ireland; Lu – 85 

Luxemburg; Nl – Netherlands, and UK – United Kingdom.   86 

 87 

Ferromagnetic minerals (sensu lato) in sedimentary sequences reflect environmental 88 

formation conditions. The type and concentration of magnetic minerals are related to 89 

environmental factors, such as erosion, wind activity, rainfall or hydrodynamic forces, 90 

biological productivity, as well as post-depositional processes, such as dissolution, 91 

diagenesis, iron mobilisation or precipitation (e.g. Maher and Thompson, 1999; Evans and 92 

Heller, 2003; Liu et al., 2012a). 93 

Cave deposits have been studied using various magnetic methods: magnetic studies of 94 

clastic sediments deposited in caves for paleoclimatic and paleoenvironmental 95 

reconstructions (e.g. Ellwood et al., 2001; Sroubek et al., 2007; Djerrab and Aïfa, 2010; 96 

Warrier et al., 2011; Pennos et al., 2014; Temovski et al., 2016), mineral magnetic studies of 97 

burned cave sediments (e.g. Kean et al., 1997; Carrancho et al., 2012; Herrejón et al., 2019) 98 

and dating clastic cave sediments using magnetostratigraphic correlation (e.g. Pospelova et 99 

al., 2007; Hajna et al., 2010; Pruner et al., 2010; Herries and Shaw, 2011; Bosák et al., 2011; 100 

Häuselmann et al., 2015; Bella et al., 2019). At the Atapuerca archeological site, Carracedo et 101 

al. (1987), Parés and Pérez-González (1999) and Parés et al. (2000, 2006) reported crucial 102 

magnetostratigraphic results for the Gran Dolina, Sima de los Huesos, and Sima del Elefante 103 

caves (cf. Fig. 1) and established the occurrence of the Matuyama/Brunhes polarity reversal. 104 

A magnetic fabric study of Galería, Gran Dolina and Sala de los Cíclopes (Parés et al., 2010) 105 

revealed a higher degree of anisotropy in autochthonous deposits compared to allochthonous 106 

deposits and suggested a stronger hydrodynamic regime in the former. 107 



 

Our research is focused on the sedimentary succession of the Galería Complex, 108 

Atapuerca site, Spain. Most of the archeological units of the Galería site date back to the late 109 

Middle Pleistocene (Grün and Aguirre, 1987; Falguères, 1986; Falguères et al., 2001, 2013; 110 

Berger et al., 2008; Demuro et al., 2014). This study aims to obtain a high-resolution 111 

paleoclimatic and paleoenvironmental record in the Galería Complex and to correlate the 112 

stratigraphic units with the stages and substages of global climatostratigraphy. 113 

Paleoenvironmental conditions during the late Middle Pleistocene glacial and interglacial 114 

phases (especially between MIS10 and early MIS7) on the northern Iberian Peninsula are 115 

reconstructed in detail. 116 

 117 

2. Regional setting 118 

2.1 (Paleo)climatic characteristics 119 

The Sierra de Atapuerca (Atapuerca Range) is located to the north of the Meseta plain at 120 

an altitude of 1085 meters above sea level (masl), in the province of Burgos (N Spain). 121 

Today, this area is part of a climatic zone Cfb following the Köppen-Geiger classification 122 

modified by Peel et al. (2007), which corresponds to a temperate climate with dry seasons 123 

and temperate summer. The mean annual temperature and precipitation calculated for 124 

Atapuerca during the period 1981-2010 were 9.9 ºC and 646 mm/year, respectively (Agencia 125 

Española de Meteorología, AEMET). 126 

The Iberian Peninsula has a variable climate resulting from several factors: 1) the 127 

geographic location between two large continental masses and between the Atlantic Ocean 128 

and the Mediterranean Sea at the southern border of the temperate zone; 2) the influence of 129 

Mediterranean, Atlantic and subtropical air masses; 3) the general Northern Hemisphere 130 

atmospheric circulation pattern, e.g. the Mediterranean and the North Atlantic Oscillation, 131 

which have high interannual climatic variability; and 4) the orography (e.g. Moreno, 2005; 132 



 

Vicente-Serrano et al., 2017). The Iberian Peninsula possesses a relatively wide coastal area 133 

and a central plain with a mean altitude of 650 masl that is segmented by several mountain 134 

ranges with altitudes up to 2000 m. Hence, the climate regimes vary across the Iberian 135 

Peninsula. Subtropical climate influences increase and temperate conditions decrease from 136 

north to south, and Mediterranean air masses predominate Atlantic air masses increasingly 137 

from West to East. The interior of the peninsula (Spanish Meseta) has a typical continental 138 

climate. 139 

Glacial-interglacial climate variations are expected during the Pleistocene for the Iberian 140 

Peninsula (Blain et al., 2018). Numerous caves developed in the Sierra de Atapuerca in the 141 

Middle Pleistocene (Demuro et al., 2014) when warmer than present day mean temperatures 142 

prevailed. These caves are generally thought of as important centres of biotic refugia (Hewitt, 143 

1999; Blain et al., 2018).  144 

Consistent with most terrestrial records presented by the Past Interglacials Working 145 

Group of PAGES (2016), Blain et al. (2018) reconstructed mean annual temperature (MAT) 146 

and mean annual precipitation (MAP) for Atapuerca and proposed a less warm MIS9 147 

compared to the warm MIS11c, although MIS9 was still significantly warmer (ΔMAT +2.8 148 

°C) than the present MAT in Burgos city near the Atapuerca excavation sites. The MAP in 149 

MIS9 also was higher than present (ΔMAP + 292 mm). The (temperate) Mediterranean 150 

landscape may have been characterized by a mosaic of dry meadows, rocky or stony areas, 151 

open scrubland and quiet rivers with gallery forests (20%). Possible unrecognized hiatuses of 152 

the cave sediment sequences (e.g. in the smooth transition between MIS9 and MIS8) may 153 

have caused difficulties for correlating the various sites and units of the Iberian Peninsula 154 

with global marine records (Blain et al., 2018).  155 

 156 

2.2 Geological setting 157 



 

In the “Sierra de Atapuerca”, a cave system has developed in Upper Cretaceous 158 

limestones and dolomites (Fig. 1b). Geomorphologic and speleogenetic studies (Benito-Calvo 159 

et al., 2008, 2017; Ortega, 2009; Ortega et al., 2013, 2014) indicate that this cave system 160 

contains three inactive subhorizontal passages interconnected by shafts and chambers (Fig. 161 

1b). These multilevel caves are perched at around +90 m, +70 m, and +60 m above the 162 

current course of the Arlanzón River and were cut in association with Plio-Pleistocene fluvial 163 

base levels (Ortega et al., 2013).  164 

At present, 4.7 km of passages in the Cueva Mayor-Cueva del Silo system, Cueva 165 

Peluda, and Cueva del Compresor caves, as well as many sediment covered cave entrances, 166 

have been explored in the Atapuerca cave system (Ortega et al., 2013) (Fig. 1b). Some of 167 

these caves, including Gran Dolina, Galería, and Sima del Elefante, were discovered in an 168 

early 20th century railway trench. The Galería Complex (42º 21’ 5’’ N lat., 3º 31’ 11’’ W 169 

long.), which is situated about 50 m south of Gran Dolina, corresponds to the vestibule of an 170 

old cave that is exposed on the eastern railway trench wall and its occupation is associated 171 

with the middle karst level (Fig. 1b) (Ortega et al., 2014). It has been partially excavated from 172 

1979 to 1995 and from 2002 to present. Typical cave infill sediments with faunal remains and 173 

lithic artefacts were discovered in a well-established stratigraphic context (Pérez-González et 174 

al., 1999; Carbonell et al., 1999; García-Medrano et al., 2017). The cave now opens to the top 175 

(Fig. 2). 176 



 

 177 

Figure 2. Studied section. (a) Cross-section of the Galería cave and its deposits (modified 178 

after Ortega (2009)). (b) Detailed stratigraphic subdivision of the studied sequence. Legend: 179 

(1) Upper Cretaceous limestone and dolomite (wall of Galería cave); (2) speleothems; (3) 180 

limestone blocks and cobbles; (4) fine-grained material of unit GI; (5) dominantly 181 

clayey/silty material of unit GII; (6) fine sediment of unit GIII; (7) sediment with 182 

gravel/breccia (unit GIV); (8) lateral facies variation dominated by clay loam (poorly sorted 183 

clayey-sandy silt in equal proportion); (9) lateral facies variations from clay loam to gravel 184 

(left-hand side) and from gravels to breccia (right-hand side); (10) cut and fill; (11) major 185 

stratigraphical boundaries; (12) bat guano level; (13) limit of unit GII layers; (14) Matuyama-186 

Brunhes reversal boundary (Pérez-González et al., 2001); (15) recent soil; (16) main 187 

stratigraphic units; (17) red sampling profiles A - F represent the study section and cross 188 

stratigraphic layers GI - GIV, whereas the blue horizontal profile GH was sampled to 189 

investigate the possible influence of solar irradiation on sediment magnetism; (18) cross-190 

section of the model sinkhole for (19) solar irradiation calculations (see Supplement 2 and 191 

text below); (20) secondary carbonate; (21) manganese patches and concretions; (22) strong 192 

clayey (pedogenic) structure; (23) clayey (pedogenic) fragments; and (24) speleothem debris. 193 

The yellow circle symbolizes the Sun, i.e. solar irradiation source. A colour figure can be 194 

found in the online version, and detailed information about the stratigraphic units (e.g. 195 

Munsell colour) is provided in Supplement 1.  196 

 197 



 

The sedimentary infill of the Galería consists of five lithostratigraphic units (from bottom 198 

to top) called GI to GV and a soil developed on unit GV (Fig. 2a and b). Unit GI (closed cave 199 

unit; subunits GIa and GIb) represents mainly an interior or autochthonous facies of 200 

laminated silts, limestone breccia and speleothems related to flowing or stagnant waters. The 201 

top of GI is composed of massive and bioturbated interbedded clastic sandy facies, with mud-202 

balls from the reddish-brown lower clay substrate (Pérez-González et al., 1995), which may 203 

have been deposited in a high-energy hydrodynamic regime and under some external 204 

influence. In addition, an interstratified thin and discontinuous layer of bat guano occurs at 205 

the top. This unit does not contain fauna and is archeologically sterile.  206 

GII, GIII and GIV (open cave units) are allochthonous units that fill the section of the 207 

cavity (Fig. 2) and were generated by gravity flows and erosional processes (e.g. sheet-wash) 208 

under an external influence. They are separated from each other by erosional unconformities 209 

and consist of heteromorphic carbonate clasts and debris flows that transform northward into 210 

detrital facies of fine laminated sandy clay-loam. The latter facies interfinger with debris flow 211 

facies derived from further north. Organic facies formed of bat guano interstratified with red 212 

shales are found at the bottom of GII (subunit GIIa) (Fig. 2b). In addition, fallen limestone 213 

blocks give evidence of the event that opened the cave ceiling. Polygonal patterns are 214 

observed in the red clay GIIb horizon. Such polygonal patterns may be related to exsiccation 215 

(e.g. seasonal drying) or permafrost activity. No sign of cryoturbation or any other marks of 216 

intense permafrost have been observed in the unit, which supports the interpretation of 217 

exsiccation by seasonal drying. Units GII and GIII both contain hominin tools and fauna. The 218 

top of the cavity infill (units GIV and GV) also consists of heterogeneously sized limestone 219 

clasts (Pérez-González et al., 1999, 2001; Valverdú, 1999; Valverdú i Poch, 2017). A more 220 

detailed description of the Galería Complex stratigraphy can be found in Vallverdú i Poch 221 

(2017) and references therein. 222 



 

Parés et al. (2010) correlated their magnetic susceptibility anisotropy results with higher 223 

hydrodynamic forces during the deposition of unit GI and quiet depositional conditions in 224 

unit GIII. The GI–GII boundary is coeval with the collapse that generated an opening in the 225 

ceiling of the Galería cave. This opening, which is about 6 m wide and is probably due to a 226 

transverse fracture, allowed material input from cave surroundings (Fig. 2a). Moreover, it 227 

acted as a window that allowed solar irradiation into the cave. 228 

The Matuyama-Brunhes polarity transition (770.2 ± 7.3 ka; Suganuma et al., 2015; 229 

Singer et al., 2019) was detected in unit GI (Pérez-González et al., 2001), whereas units GII 230 

to GIV have been dated by thermoluminescence and infrared stimulated luminescence (IRSL) 231 

from 503 ± 95 ka at the bottom of GII to 185 ± 26 ka at the top of GIV (Berger et al., 2008). 232 

The speleothem overlying unit GIV in the central Galería Complex has been dated by 233 

uranium series at 118 +71/-49 ka and by electron spin resonance (ESR) at around 200 ka, and 234 

ages earlier than 350 ka have been assigned by the same methods to the GII base and GI top 235 

(Falguères, 1986; Falguères et al., 2013; Grün and Aguirre, 1987) (Fig. 2). The existing 236 

chronological data, based on both ESR and optically stimulated luminescence (OSL) 237 

methods, suggest uninterrupted sedimentation from units GIb to the base of GIV (Demuro et 238 

al., 2014). A sedimentary hiatus divides unit GI into two subunits, since the Matuyama-239 

Brunhes boundary was observed between subunits GIa and GIb, and ages in GIb are much 240 

younger (350 – 400 ka). The archeological interest of the site lies in the hominid fossils found 241 

in units GII and GIII (Carbonell et al., 1999), which have a paleontological Middle 242 

Pleistocene age, in bones of Homo heidelbergensis (Arsuaga et al., 1999; Rosas and 243 

Bermúdez de Castro, 1999) (Fig. 2), in Mode 2 industries (Acheulean) (Ollé et al., 2013; 244 

García-Medrano et al., 2017) and in GIII soils that contain evidence of archeological 245 

occupation (Lorenzo and Carbonell, 1999). 246 

 247 



 

3. Material and methods  248 

3.1. Sampling 249 

Non-oriented and unconsolidated samples were taken at 4 – 8 cm intervals across a 500 250 

cm composite profile in the north-central cavity, near the cave’s ceiling entrance (Fig. 2). 251 

Each sample represents a 3 – 4 cm thickness of various horizons (Supplement 1). The 252 

magnetic properties of 87 samples were measured. In the laboratory, grain-sizes smaller than 253 

1 mm were separated by sieving. The remaining samples were packed into 3.6 cm3 254 

cylindrical plastic boxes and were weighed for rock magnetic analysis. Magnetic 255 

measurements were carried out at the Paleomagnetic Laboratory of Burgos University 256 

(Spain) and at the Laboratory for Natural Magnetism, ETH Zürich (Switzerland).  257 

 258 

3.2. Room temperature experiments 259 

Mass specific magnetic susceptibility (χ) was measured using a Kappabridge KLY-2 260 

system (AGICO). A dual frequency (0.47 and 4.7 kHz) MS2 susceptibility meter (Bartington 261 

Instruments) was used to determine the relative frequency dependent susceptibility (χfd%; 262 

Maher, 1986; Dearing et al., 1996a): 263 

���% = 100
�	


��	
 ,     (1) 264 

where χfd = χlf – χhf and χlf and χhf are the low field magnetic susceptibility measured at low 265 

and high frequency, respectively. This parameter indicates the contribution of fine-grained 266 

magnetite (near the SP/SD boundary, where SP = superparamagnetic and SD = stable single 267 

domain states) (Dearing et al., 1996a). Anhysteretic remanent magnetization (ARM) was 268 

induced in a peak alternating field (AF) of 140 mT in the presence of a direct current (DC) 269 

bias field of 0.1 mT using an AF demagnetization device coupled to a 2G Enterprises 270 

cryogenic magnetometer. The susceptibility of ARM (χARM) was obtained by dividing the 271 



 

ARM by the DC bias field. Next, samples were subjected to stepwise isothermal remanent 272 

magnetization (IRM) acquisition up to 2 T (IRM2T or SIRM) using a pulse magnetizer. 273 

Frequency dependent susceptibility (χfd%) and χARM/SIRM have been used to analyze the 274 

grain size distribution of ferrimagnetic components (magnetite and/or maghemite) (e.g. 275 

Maher and Taylor, 1988; Maher and Thompson, 1999; Evans and Heller, 2003). To avoid the 276 

high coercivity mineral contribution and to assure that the same magnetic components affect 277 

both χARM and IRM, we use the IRM acquired at 100 mT (IRM0.1T) instead of SIRM (Geiss et 278 

al., 2008). 279 

Eleven selected samples that were subjected to ARM experiments were demagnetized by 280 

applying progressive AF demagnetization up to 140 mT. Next, they were subjected to 281 

stepwise IRM acquisition up to 2 T with a pulse magnetiser and subsequently stepwise AF 282 

demagnetized up to 300 mT and measured on a 2G Enterprises cryogenic magnetometer 283 

model 755. Unmixing coercivity distributions resulting from ARM and IRM demagnetization 284 

curves (Robertson and France, 1994; Egli, 2003) were performed using the MAX UnMix 285 

software (Maxbauer et al., 2016a), with SGG (skewed generalized Gaussian) functions (Egli, 286 

2003, 2004). Each coercivity component is characterized by the median destructive field (B1/2 287 

or MDF) or peak of the coercivity distribution, the dispersion parameter (DP), the relative 288 

extrapolated contribution of each component to the total magnetization (EC), and a parameter 289 

describing skewness (S) (Egli, 2004; Maxbauer et al., 2016a). 290 

A variable field translation balance was used to measure IRM acquisition and back-field 291 

coercivity curves, hysteresis loops (± 1T), and thermomagnetic curves. The latter were 292 

measured by heating in air to 700 °C in a 38 mT constant field and were then cooled to room 293 

temperature. Hysteresis parameters were calculated using the RockMagAnalyzer 1.0 software 294 

(Leonhardt, 2006). Finally, representative samples were consolidated using plaster and were 295 

subjected to thermal demagnetization of a composite three-axis IRM (orthogonally induced at 296 



 

2, 0.4, and 0.12 T, respectively) according to the method proposed by Lowrie (1990) 297 

following Márton et al. (1980). 298 

 299 

3.3. Low temperature experiments 300 

Techniques that employ remanence measurements at room and low temperatures to avoid 301 

chemical alteration have been used in environmental magnetism to infer magnetic mineralogy 302 

and granulometry (e.g. Banerjee et al., 1993; Fang et al., 1999; Dearing et al., 1997; France 303 

and Oldfield, 2000; Maher et al., 2004; Lagroix and Guyodo, 2017). In this study, we use the 304 

method of Bógalo et al. (2001) to calculate the following proxies (see Supplement 2). Grains 305 

near the SP/stable SD boundary at room temperature can became blocked thermally when 306 

cooled to 77 K, so the following parameter is defined: 307 

���  = (����� − �����)�.�� ,    (2) 308 

where SPLC (“LC” = low coercivity) indicates the total magnetization of ferrimagnetic 309 

minerals in the SP state. These fine low coercivity minerals can be related to pedogenic (or 310 

also bacterial) magnetite/maghemite. IRMLL denotes IRM values induced in a relatively small 311 

field (0.1 T) and measured both at low temperature (77 K; ca. -196 °C; “L” subscript) and 312 

IRMRL when the remanence was acquired in a 0.1 T field at room temperature (293 K; ca. 20 313 

°C; “R” subscript) and measured at low temperature (77 K) (Bógalo, 1999; Bógalo et al., 314 

2001; and Supplement 2). The relative content of SP grains in the ferrimagnetic fraction can 315 

be expressed by the normalized ratio: 316 

�%�� = 100 ·
(����� ���!�)".#$

(�����)".#$
 .    (3) 317 

To estimate the contribution of ferrimagnetic SP grains, two methods have been used: the 318 

frequency dependent magnetic susceptibility (χfd and χfd%) and the difference between 319 

remanences acquired at 0.1 T at low and room temperature (SPLC and SP%LC) (Fig. 6 and Fig. 320 

S3 in Supplement 2). The relative frequency dependent susceptibility (χfd%) is diagnostic of 321 



 

the presence of SP ferrimagnetic grains near the SP/SD threshold size, which is related to 322 

pedogenic mineral formation (e.g. Forster et al., 1994; Dearing et al., 1996a; Liu et al., 2004; 323 

Long et al., 2015). However, if the magnetite content is low, paramagnetic and MD 324 

(multidomain) ferrimagnetic mineral fractions, whose susceptibility is frequency 325 

independent, may lower χfd values considerably (Hrouda, 2011). Determination of SPLC and 326 

SP%LC enables us to check the interpretation of frequency dependent susceptibility because 327 

paramagnetic grains do not contribute to remanence and when the possible presence of MD 328 

grains can be evaluated (Bógalo et al., 2001 and Supplement 2). 329 

A comparison of IRM acquired at room temperature in a 2 T field (well above the 330 

saturation field of ferrimagnetic minerals) and measured at room temperature (IRMRR) with 331 

the same IRM measured at low temperature (IRMRL) is denoted as the G parameter (see 332 

Supplement 2). This comparison is based on the fact that goethite is the only magnetic 333 

mineral whose spontaneous magnetization strongly increases with decreasing temperature 334 

below 20 °C. Therefore: 335 

% = (����� − �����)&� .     (4) 336 

This parameter can be taken as a proxy for evaluating the presence of goethite. A normalized 337 

version of this parameter enables evaluation of the relative goethite content: 338 

'% = 100 ·
(���!� ���!!)($

(���!�)($
 .      (5) 339 

A possible contribution of antiferromagnetic SP minerals (goethite and/or hematite) can 340 

be deduced by comparing the increase in the slope of IRMLL acquisition and IRMRL curves, 341 

following Bógalo et al. (2001) (see Supplement 2): 342 

�)� = (���&� − ����.��)�� − (���&� − ����.��)�� .  (6) 343 

The term in the second set of parentheses is the remanence increase in goethite due to any 344 

increase of spontaneous magnetization with decreasing temperature. The term in the first set 345 

of parentheses is controlled by both the variation in goethite spontaneous magnetization and 346 



 

SP behaviour in antiferromagnetic grains at 293 K that becomes blocked when cooled to 77 347 

K. 348 

The percentage of antiferromagnetic SP contribution will be: 349 

�%)� = 100 ·
(���($ ���".#$)�� (���($ ���".#$)!�

(���($ ���".#$)��
 .   (7) 350 

Therefore, low (magnetite/maghemite) and high coercivity (goethite/hematite) minerals in 351 

different magnetic states can be estimated quantitatively using low temperature IRM 352 

experiments. 353 

 354 

4. Results 355 

4.1 Rock magnetic results 356 

The low field, bulk magnetic susceptibility χlf includes contributions from dia-, para-, 357 

ferri- and antiferromagnetic minerals. To verify the significance of the ferrimagnetic 358 

contribution, the relationship χlf vs. (IRM2T)RR (ferrimagnetic proxy; see Methods and Fig. 359 

S1, Supplement 2) was used. It has a strong linear correlation between χlf and the 360 

ferrimagnetic components (correlation coefficient r2 > 0.95).  361 



 

 362 

Figure 3. Rock magnetic characteristics (I). Hysteresis loops (a, b, and c with insets of loops 363 

corrected for high-field contributions and strong-field thermomagnetic curves (d, e, and f) for 364 

three selected samples from the Galería profile. Note the high coercivity contributions, 365 

especially in samples from unit GI (interior facies). The nearly reversible thermomagnetic 366 

curve for unit GIII with well-defined Curie temperature around 580 °C is also common in 367 

units GII – IV (entrance facies). 368 



 

 369 

Wasp-waisted hysteresis loops are observed for most of the measured samples (Figs. 3a, 370 

b, and c). They are usually interpreted as a mixture of magnetic minerals with different 371 

coercivities or in different domain states (Roberts et al., 1995). Hysteresis loops for samples 372 

from unit GI and a few from lower part of unit GII do not close at fields above 0.5 T (Figs. 3a 373 

and b). Hysteresis loops for the remaining samples from units GII to GIV close at 0.2 – 0.3 T 374 

(Fig. 3c). 375 

The most common feature of the heating curves identified in most samples is a gradual 376 

magnetization decrease from room temperature that reaches near-zero values at 560 – 580 °C, 377 

which is the Curie temperature (Tc) of magnetite (Figs. 3d and f). Some samples have a 378 

magnetization left above 580 ºC that fades at around 660 – 680 ºC, which is characteristic of 379 

hematite. A hyperbolic heating curve is observed in some weakly magnetic samples between 380 

room temperature and 350 ºC (Fig. 3e), which confirms the substantial paramagnetic 381 

contributions to the high-field slope of hysteresis curves (e.g. Fig. 3b). In some curves, a 382 

small inflection is identified between 160 and 250 ºC, and the maximum is at around 180 – 383 

200 ºC (Figs. 3d and f). Thermomagnetic curves for all samples, except for two from the 384 

upper part of unit GI and the lower part of GII, are mostly reversible. 385 

Thermal demagnetization of a 3-axis IRM with 17 temperature steps between room 386 

temperature and 680 °C was performed (Figs. 4a, b, and c). The soft component (0.12 T 387 

applied field) has a maximum unblocking temperature between 580 and 600 ºC. The 388 

intermediate coercivity component (0.4 T) for most samples unblocks at around 300 ºC. The 389 

highest coercivity component (2 T) has maximum unblocking temperatures of 80 – 120 ºC 390 

and > 650 ºC. Despite these similarities, samples from the lowest part of unit GI and from 391 

units GII to GIV (with exceptions at 143 and 341 cm), have an initially soft magnetization 392 

component (0.12 T) up to 10 times stronger than those of the intermediate and hard 393 



 

components (Figs. 4a and c). On the other hand, samples from the upper part of unit GI (GIb, 394 

81 cm), which have low susceptibility, have similar initial remanence intensities along the 395 

three axes (Fig. 4b). 396 

 397 

Figure 4. Rock magnetic characteristics (II). a–c) Thermal demagnetization of a 3-axis IRM 398 

(IRMRR) imparted in fields of 2.0, 0.4, and 0.12 T. The three samples have contributions from 399 

magnetite in the soft component and goethite and hematite in the hard component. 400 

Intermediate and hard components are expanded for clarity in insets for samples with high 401 

magnetite concentrations (a and c). d–f) IRM acquisition at room (20 °C) and liquid nitrogen 402 

temperatures (-196 °C). Note that the first IRM subscript denotes the temperature (L = low or 403 

R = room) at which remanence was acquired and the second denotes the temperature at which 404 

remanence was measured: IRMRR: remanence acquired and measured at room temperature 405 



 

(20 °C); IRMRL: remanence acquired at room temperature and measured at low temperature (-406 

196 °C) and IRMLL: remanence acquired and measured at low temperature. 407 

 408 

IRM acquisition curves measured at 293 K and 77 K (Figs. 4d–f) indicate two 409 

characteristic behaviour types (see Supplement 2). 1) IRMRR curves (red squares) for samples 410 

from the bottom of GI and units GII to GIV are nearly saturated at around 100 mT (Figs. 4d 411 

and f). When the remanence is measured at low temperature (green dots: IRMRL), a small 412 

increase of the slope of the curve with respect to IRMRR is observed but the difference IRMRL 413 

– IRMRR at 100 mT is small or negligible. At low temperatures, IRMLL (blue triangles) has 414 

much higher intensity than IRMRR at low fields (100-200 mT) and an additional increase of 415 

slope with respect to the IRMRL curve. 2) IRMRR curves for several samples from unit GI, 416 

especially for low susceptibility samples (Fig. 6a) that do not saturate at the maximum field 417 

of 2 T (Fig. 4e). Both the remanence intensity and slope of the IRM curve increase strongly at 418 

low temperatures, and IRMLL imprinted and measured at 77 K is much more enhanced. 419 

Unmixing of AF demagnetization curves of IRM and ARM provides information about 420 

the coercivity distributions of magnetic components. The decomposed curves and the 421 

characteristic parameters are shown in Supplement 2 (Fig. S2 and Table S1). The first 422 

derivative of the ARM demagnetization curve can be fitted by a single component (Comp. 1) 423 

in nine of the eleven analysed specimens. This component has a median destructive field of 424 

ARM (MDFARM) between 20.6 mT (dispersion parameter DP = 0.28) and 15.6 mT (DP = 425 

0.28). Samples from unit GI (49 and 72 cm) have been fitted with two components. The low 426 

coercivity component has similar MDFARM values as other specimens and accounts for 86% 427 

of the ARM, although an additional higher coercivity component (Comp. 2) is necessary to 428 

obtain a good fit. This component has MDFARM values of 107.3 mT (DP = 0.28) and 94.6 mT 429 

(DP = 0.21). All IRM demagnetization curves can be decomposed using a two-component 430 

model. Comp. 1 has MDFIRM between 16.3 mT (DP = 0.29) and 27 mT (DP = 0.36). Comp. 2 431 



 

has different mean coercivities depending on the unit. Samples from unit GI (49 and 72 cm) 432 

were fitted with a component with MDFIRM of 624.2 mT (DP = 0.47) and account for up to 433 

65% of the IRM, whereas samples from the other units have values between 286.5 mT (DP = 434 

0.58) and 75.6 mT (DP = 0.79).  435 

 436 

 437 

Figure 5. Rock magnetic characteristics (III). a) Unmixing results of MDFARM projected onto 438 

an Egli diagram (Egli, 2004). Numbers close to the symbols indicate sample height (cf. Fig. 439 

2). PD+EX = pedogenic + extracellular magnetite, D = detrital particles, BS = biogenic soft, 440 

BH = biogenic hard, ED = eolian dust, L = loess, and UP = atmospheric particulate matter 441 

produced by urban pollution. b) Semiquantitative plot of �fd (%) versus χARM/IRM0.1T 442 

(Dearing et al., 1997). 443 

 444 



 

Results for the low coercivity component (Comp. 1) from the decomposed ARM and 445 

IRM curves are compiled in Table S1 and plotted partly in the Egli diagram (Fig. 5a), which 446 

assigns different field regions to different magnetic mineral types in sediments (Egli, 2004). 447 

χARM/IRM for component 1 plotted against MDFARM in Fig. 5a. Higher χARM/IRM values 448 

indicate finer magnetic grain sizes up to fine SD particles (e.g. Maher, 1988; Peters and 449 

Dekkers, 2003). All samples, except those from unit GI, are well grouped into the area for 450 

PD+EX particles (Egli, 2004). This result is also supported by Fig. 5b where χfd% (an 451 

indicator of the relative amount of ferrimagnetic SP grains is plotted versus χARM/IRM0.1T 452 

(Dearing et al., 1997). Samples from units GII to GIV are well grouped in the right-hand 453 

corner of the plot with χfd% values between 12 and 15 % and χARM/IRM values higher than 454 

1.6×10-3 m/A. Results from unit GI are more scattered with lower χfd% values.  455 

 456 

4.2 Stratigraphic distribution of magnetic parameters 457 

Stratigraphic profiles of magnetic properties are shown in Fig. 6 and Fig. S3. In unit GI, 458 

parameters related to the bulk magnetic mineral concentration, such as χ (Fig. 6a, b), χARM 459 

and (IRM2T)RR (Fig. S3), have higher values in the lowermost part, whereas χ values are one-460 

fiftieth of those in the overlying units GII to GIV. The variable magnetic mineral 461 

concentration in lower unit GII (GIIa) reaches maximum values at the bottom of unit GIIb. 462 

From the middle of unit GII to unit GIV, these parameters decrease gradually upward and are 463 

more homogeneous. The room temperature ratio IRM0.1T/IRM2T (Fig. 6c) in unit GI differs 464 

from that in units GII to GIV. 465 



 

 466 

Figure 6. Stratigraphic distribution of selected magnetic parameters along the composite 467 

profile from Galería cave. a) Low-field magnetic susceptibility χlf; b) enlarged low-field 468 

magnetic susceptibility χlf for units GIa and GIb; c) IRM0.1T /IRM2T, both measured and 469 

acquired at room temperature (293 K); d) frequency dependent susceptibility χfd; e) total 470 

goethite content G; and f) total antiferromagnetic SP content. Lithological units to the left are 471 

as in Fig. 2. 472 

 473 

The absolute SP content in the ferrimagnetic mineral fraction estimated by χfd (Fig. 6d) 474 

and SPLC (Fig. S3) follows a similar pattern as χ or (IRM2T)RR (Fig. 6a and Fig. S3). The low 475 

χfd and SPLC values in unit GI increase rapidly from the bottom of unit GII to 150–170 cm 476 

and then decrease toward the youngest unit. χfd% (Fig. S3) varies between 19 and 4% in unit 477 

GI, although it is nearly uniform from unit GII to GIV, with values around 14% (exceptions 478 

at 158 and 431 cm). All goethite parameters G and g% (eq. #4 and 5) are positive and range 479 

mostly between 2.5 and 6 × 10-4 Am2/kg, except for the upper part of unit GII (Fig. 6e). 480 

Hence, although the presence of hematite might smooth the increased IRMRL values, goethite 481 

is omnipresent. The relative goethite concentration (g%) (Fig. S3) has high values in unit GI, 482 

which has the lowest χ, χARM and (IRM2T)RR values (Fig. 6) because of its low ferrimagnetic 483 

mineral concentration. The g% profile mirrors IRM0.1T/IRM2T. The absolute contribution of 484 



 

antiferromagnetic SP grains (SPHC) (Fig. 6f) has a maximum in unit GII at the same position 485 

as the peak of ferrimagnetic SP grains (χfd in Fig. 6d) and SPLC (Fig. S3). The percentage of 486 

antiferromagnetic SP grains (SP%HC in Fig. S3) is homogeneous from unit GII to GIV, with 487 

only one exception at 347 cm (topmost unit GIII). 488 

 489 

5. Discussion 490 

5.1 Magnetic mineral identification 491 

The significant linear correlation of (IRM2T)RR and χ (Fig. S1, Supplement 2; correlation 492 

coefficient r2 > 0.95) indicates that the magnetic parameters are controlled predominantly by 493 

ferrimagnetic minerals, which is characteristic of soils that developed in warm and moist 494 

temperate continental and Mediterranean climates (Jordanova, 2016). However, the general 495 

similarity between χfd% and SP%LC (Fig. S3) indicates that paramagnetic, diamagnetic, and 496 

MD ferromagnetic s.l. contributions play a subordinate role. Magnetite is the main 497 

ferrimagnetic contributor as indicated by the pre-dominating magnetic phase with Curie 498 

temperature of 560 – 580 ºC (Fig. 3d–e) and maximum unblocking temperatures between 580 499 

and 600 ºC (Fig. 4a–c). The gradual magnetization decrease during heating is typical of a 500 

distribution of SD magnetite grains. The occurrence of stable maghemite cannot be excluded 501 

because maximum unblocking temperatures of about 600 ºC are also observed (e.g. Özdemir 502 

and Banerjee, 1984; Gehring et al., 2009). High values of χfd, χARM/IRM0.1T and SPLC (Fig. 5b, 503 

6d and S3) indicate a significant fine-grained magnetite concentration (SD/SP) in most 504 

samples (e.g. Maher and Taylor, 1988; Forster et al., 1994; Dearing et al., 1996a). High χfd% 505 

values are related to pedogenic magnetite (e.g. Dearing, 1996a; Liu et al., 2007). The low 506 

coercivity component in the ARM and IRM curves (Comp. 1; Fig. S2) is associated with 507 

magnetite-like minerals, for which data always fall into the PD+EX field of the Egli diagram 508 

(Fig. 5; Egli, 2004). χARM/IRM0.1T and MDFARM suggest grain-sizes finer than 0.02 μm (see 509 



 

Maher, 1988). This component is weak in unit GI and less well grouped (Fig. 5a) because of 510 

the presence of fine-grained high coercivity minerals (hematite/goethite). 511 

Fine-grained ferrimagnetic minerals dominate the magnetic signal throughout the profile, 512 

although their concentration is low in parts of unit GI, which represent interior cave facies. 513 

The open cave sediments of units GII to GIV carry variable SP ferrimagnetic mineral 514 

concentrations, with a peak in the bottom of subunit GIIb (depth 150–200 cm). Pedogenic 515 

magnetite can be related to allochthonous minerals originating from soil erosion near the cave 516 

entrance. Although units GII and GIII contain fossils and evidence of human occupation 517 

(Rosas et al. 1998; Carbonell et al. 1999; Ollé et al. 2013), there is no archeological evidence 518 

of burned material (Vallverdú, 1999; Huguet et al., 1999). Therefore, we rule out SP 519 

magnetite formation as a result of human activity, such as burning. 520 

The profile is near the opening of the cave ceiling, so it is possible that the currently 521 

visible large hole was already present during sedimentation and enabled solar irradiation to 522 

reach the cave interior (Fig. 2). Solar irradiation controls various environmental factors, such 523 

as moisture, temperature or evapotranspiration (e.g. Irmak et al., 2003; Wang and Dickinson, 524 

2012; Helm et al., 2016), and these factors could condition pedogenic processes and the 525 

creation/transformation of magnetic grains. In this case, irradiation solid angles subtended by 526 

the cave roof opening vary along the horizontal profile GH (blue rectangle in Fig. 2). To test 527 

the possible effect of insolation, χfd as a proxy of pedogenic magnetite was measured along 528 

GH. The horizontal profile intersects the vertical profile C at 166 cm height (GIIb) where it is 529 

characterized by maximum magnetic proxies such as χ, χfd, χARM and IRM2T. χfd values along 530 

the horizontal transect are plotted against average annual irradiation H(b+d) (beam + diffuse 531 

irradiation; see Supplement 2) assuming a circular opening (eccentricity of the opening, e = 532 

0) in Fig. 7. No large boulders or blocks are identified in sedimentary units above the 533 



 

horizontal profile. Therefore, we assume that the hole has not changed significantly during 534 

deposition of the GH horizon (5 cm thick) (Fig. 2). 535 

 536 

 537 

Figure 7. Influence of solar irradiation on magnetic mineral formation: frequency dependent 538 

susceptibility (χfd) vs. annual H(b+d) (beam + diffuse irradiation) plot. The data originate from 539 

the horizontal profile GH in Fig. 2 along the level of maximum χfd in the vertical sequence C 540 

(cf. Fig. 6a). Diamonds correspond to sites that receive only reflected radiation. See 541 

Supplement 2 for further explanation. 542 

 543 

χfd tends to decrease toward the cave interior (Fig. 7). The positive correlation between 544 

irradiation energy and the environmental magnetic proxy allows a possible solar influence on 545 

magnetic mineral neoformation in the cave sediments. The reconstructed theoretical solar 546 

irradiation into the cave could have favoured intermittent wetting and drying of the sediments 547 

to foster the formation of ferrihydrite and subsequent authigenic SP ferrimagnets by a 548 

fermentation process in the sediment of units GII and lower part of GIII (e.g. Schwertmann, 549 

1988; Dearing et al., 1996b; Maher, 1998; Barron and Torrent, 2002; Jiang et al., 2018). 550 

Some sediment components in units GII to IV stem from surface soil horizons near the cave 551 



 

entrance, which may provide excess iron required for the fermentation process. Thus, 552 

pedogenic magnetite/maghemite might have formed in these sediments. 553 

Rock magnetic experiments also document the presence of antiferromagnetic minerals 554 

(goethite and/or hematite). The occurrence of hematite is indicated in Fig. 3e and Fig. 4a–c 555 

with Curie and maximum unblocking temperatures between 650 and 680 ºC. Unmixed ARM 556 

and IRM acquisition curves reveal a high coercivity component (Comp. 2) associated with 557 

variable grain-size distributions of goethite+hematite (Supplement 2: Fig. S2). SD goethite 558 

has been recognized through several procedures. Thermal experiments reveal a magnetic 559 

phase with Curie temperature of  around 120 ºC and unblocking temperatures of 80–120 ºC 560 

(Fig. 3d and Figs. 4a–c), which are consistent with the occurrence of goethite. The 561 

characteristic strong spontaneous magnetization increase of goethite with decreasing 562 

temperature is also observed in IRM experiments (Figs. 4d–f). In addition, a high 563 

antiferromagnetic mineral concentration is inferred from IRM0.1T/IRM2T in unit GI (Fig. 6c), 564 

where the ferrimagnetic mineral concentration is low. Values of this ratio from ~0.8–0.9 in 565 

the upper units could indicate lower high coercivity mineral concentration, with respect to 566 

unit GI. However, the goethite G proxy (Fig. 6e) varies along the entire profile, with 567 

maximum goethite concentration in the middle of subunit GIIb. Differences between the 568 

proxies may be due to IRM0.1T/IRM2T underestimating the high coercivity content (e.g. 569 

Roberts et al., 2020).  570 

Antiferromagnetic hematite and goethite are often closely associated in soils formed in 571 

warmer regions. Their competing formation processes depend on environmental factors, such 572 

as soil temperature and moisture, pH, rate of Fe release or organic matter (Schwertmann, 573 

1971, 1988), and hence can record climatic information. The proportions and genetic 574 

relationship of pedogenic hematite, goethite and maghemite is an open issue for red 575 

Mediterranean soils (e.g. Barron and Torrent, 2002; Torrent et al., 2010a, b; Liu et al., 2010, 576 



 

2016). The origin of the fine-grained antiferromagnetic minerals at the Galería site is not 577 

clear. They could be of detrital origin and come from surrounding soils (detrital or formed by 578 

pedogenic processes) or of authigenic origin related to pedogenesis in the cave and possibly 579 

activated by direct insolation. The positive trend between pedogenic magnetite/maghemite 580 

(identified by χfd and SPLC) and fine-grained hematite and/or goethite (identified by SPHC) 581 

(Fig. S4; Supplement 2) supports a pedogenic origin of these minerals (cf. Balsam et al., 582 

2004; Torrent et al., 2006, 2010a, 2010b). Additional experiments are necessary to separate 583 

SP goethite and hematite contributions and to explain their formation mechanism. 584 

 585 

5.2 Paleoenvironment and climatostratigraphical correlation 586 

Our high-resolution environmental magnetic record provides a climatostratigraphical 587 

subdivision and paleoenvironmental correlation for the Galería site. In Fig. 8, low field 588 

magnetic susceptibility and goethite content are correlated with the terrestrial biosilica record 589 

from Lake Baikal (Prokopenko et al., 2006) and the global marine benthic stable δ18O stack 590 

(LR04) of Lisiecki and Raymo (2005). Field observations, abruptly changing magnetic 591 

proxies and age data (Falguères et al., 2013; Demuro et al., 2014) require a substantial 592 

sedimentation hiatus in the lowermost part of the profile between units GIa and GIb because 593 

the Matuyama-Brunhes Boundary (MBB at 770.2 ± 7.3 ka; Suganuma et al., 2015) was 594 

observed between units GIa and GIb in the Galería Complex (Pérez-González et al., 2001), 595 

whereas the luminescence age in GIb is much younger (350 - 400 ka) (Falgueres et al., 2013; 596 

Demuro et al., 2014). 597 

 598 



 

599 



 

Figure 8. Climatostratigraphical correlation of rock magnetic and paleoenvironmental 600 

proxies. a) Age-height model including absolute data by Grün and Aguirre (1987), Falguères 601 

(1986, 2013), Berger et al. (2008) and Demuro et al. (2014). Symbol numbers refer to various 602 

dating techniques such as 1: single-grain TT-OSL, 2: pIR-IR225, 3: ESR/U-series on fossil 603 

teeth, and 4: IRSL; b) low field magnetic susceptibility, �lf; c) total goethite content, G; d) 604 

MAP using the climofunction of Maher and Possolo (2013). The shaded grey area indicates 605 

95% confidence bounds. Dashed lines for confidence bounds indicate poorly constrained 606 

intervals due to weak susceptibility and heterogeneous material (GI, closed cave) with low 607 

reliability. Maximum and minimum uncertainty values outside the Maher and Possolo (2013) 608 

climofunction are omitted (for details see Supplement 2); e) Lake Baikal biogenic silica 609 

record (Prokopenko et al., 2006); and f) marine benthic oxygen isotope stack δ18O between 610 

400 and 230 ka (Lisiecki and Raymo, 2005). Green dashed lines indicate the possible way of 611 

correlations between the upper sections of the applied environmental magnetic proxies and 612 

globally used records (for more information please see the text). 613 

 614 

Sandy unit GIa represents an interior cave facies in which the sediment has been 615 

transported by water through the cave system (Pérez-González et al., 1995). The coarser sand 616 

points to intensified surface erosion and transportation probably due to increased 617 

precipitation and decreasing vegetation cover. Along with surface erosion, the presence of 618 

fine-grained goethite may also indicate a humid environment (Schwertmann, 1971; Cornell 619 

and Schwertmann, 2003). Unit GIb is characterized by extremely low magnetite but relatively 620 

high goethite concentration. The unit generally has low magnetic mineral concentrations. The 621 

fluctuating goethite values may be due to alternating humid and dry periods. The sedimentary 622 

environment of unit GIb is described as a closed-cave facies with a thin and discontinuous bat 623 

guano horizon (Pérez-González et al., 1995). Demuro et al. (2014) dated the sediment 624 

(374±33 ka) and a speleothem fragment (318±60 ka) in unit GIb. Based on the age results and 625 

its stratigraphic position the unit is most likely dated back to MIS10. 626 

Susceptibilities χlf and χfd of unit GIIa follow the alternating water-lain yellow sandy silt 627 

and red clay laminae (i.e. deposited by sheet wash or in a temporary cave pond) of the unit 628 



 

and were possibly triggered by heavy rainfall events. Higher χfd peaks are related to 629 

redeposited soil laminae. The appearance of these sediments is ascribed to the cave ceiling 630 

collapse, which might have introduced increased surface material into the cave. Intensive 631 

precipitation and pedogenesis (Fig. 8) is attributed to a more humid and moderate 632 

environment at the MIS10/MIS9 transition (and early MIS9), as defined by the age dating. 633 

Waterlogged ground conditions are supported by palynomorph studies of Expósito et al. 634 

(2017). 635 

The intermittent guano at the GIIa/GIIb boundary provides evidence of a relatively stable 636 

sedimentary environment without erosion. The transition from a dry to a more humid period 637 

is documented by the gradual change from silt to the overlying red clay horizon. Enhanced 638 

susceptibility and other concentration dependent magnetic parameters indicate increasing 639 

surface pedogenesis. Micromorphological studies of Vallverdú i Poch (2017) recognized 640 

mollisol complexes in unit GIIa with characteristic analogues to Mediterranean terra rossa 641 

soils that form in humid climates with forest vegetation. In contrast, Expósito et al. (2017) 642 

emphasize an open habitat as characteristic of the paleoenvironment. 643 

The red clay of unit GIIb, which has high χlf, χfd and G, indicates that intense pedogenesis 644 

occurred on the surface and that mineral neoformation may have occurred in the cave, which 645 

we interpret to have been fostered by solar irradiation onto exposed surfaces under the 646 

collapsed ceiling. The age data of Demuro et al. (2014) connect the intense pedogenesis and 647 

the magnetic parameter peaks to MIS9e, the climax of this interglacial. Polygonal patterns 648 

observed in the uppermost red clay are represented by a step in χfd and G curves (ca. 220-250 649 

cm; Fig. 8). The decreasing magnetic intensities and step-like features may be related either 650 

to aridification or seasonal wetting/drying during MIS9 (Fig. 8). Short arid (less humid) 651 

periods may have been followed by intensified precipitation, which led to surface erosion and 652 

increasing surface material infiltration through the extended ceiling hole forming the red clay 653 



 

horizon with massive limestone clasts. The step-like feature [ca. 220–250 cm] followed by a 654 

peak [ca. 250–300 cm] (Fig. 8) may represent a drier and a more humid period during the 655 

second part of MIS9. The step-like feature would represent MIS9d (arid) and MIS9c and the 656 

peak would represent MIS9a (for some additional information about the correlation of the 657 

peaks located between MIS9c and a, please see the text below). The magnetic parameter 658 

peaks correspond to the vertisol, inceptisol and entisol complex of Vallverdú i Poch (2017) in 659 

unit GIIb. Vertisol formation is favoured by semi-arid to sub-humid Mediterranean climates, 660 

with alternating wet and dry seasons (development of polygonal structures) and characteristic 661 

vegetation, such as savanna, natural grassland and/or woodland. 662 

Unit GIII and the uppermost unit GIV consist of a finer grained sedimentary matrix, fine 663 

laminated horizons, fine-grained pebbles and debris possibly transported and deposited by 664 

sheet-wash processes and also rock fragments probably falling from the collapsed ceiling. χlf 665 

and G decrease gradually (Fig. 6a, e and 8b, c) thus, reflecting a transition from a humid 666 

period (e.g. MIS9 interglacial) to a drier glacial phase (e.g. MIS8 glacial). The peak around 667 

the boundary between units GIII and GIV can be connected to a shorter interglacial phase, 668 

e.g. MIS9a, or an interstadial during MIS8. Expósito et al. (2017) suggested mildly 669 

alternating steppe/Mediterranean climate during GIV. In agreement with Vallverdú i Poch 670 

(2017), the (slight) increase of SP components and goethite content indicate weak pedogenic 671 

activity (Fig. 8). 672 

 673 

5.3 Goethite proxy 674 

Numerous studies have used diffuse reflectance spectroscopy to determine the hematite-675 

goethite ratio in various sediment successions, such as loess (Liu et al., 2007; Torrent et al., 676 

2007; Hao et al., 2009; Hu et al., 2013) and Mediterranean soils (Torrent et al., 2006, 2010a 677 

and b; Liu et al., 2010). These studies developed a commonly used climate proxy related to 678 



 

the ratio of hematite and the sum of hematite and goethite content (Hm/[Hm+Gt]) of 679 

sediments (e.g. Torrent et al., 2007; Balsam, 2004; Long et al., 2011, 2016). The suggested 680 

reflectance parameters together with magnetic parameters, such as the ratio between hematite 681 

and pedogenic ferrimagnetic content (Hm/χfd), have been used directly or indirectly as 682 

paleoenvironmental proxies. Torrent et al. (2006, 2010a, 2010b) found large amounts of 683 

goethite (usually higher than the hematite content) in Spanish soils. Although hematite seems 684 

to be present in virtually all Galería samples, we conclude that hematite plays a less important 685 

role as a paleoclimatic proxy in our cave sequence than goethite. Therefore, we concentrate 686 

on the identification of goethite and test its reliability as a paleoclimatic proxy.  687 

Along with the commonly used magnetic susceptibility proxy, the goethite proxy can 688 

play an important role in identifying climate fluctuations in regions with a Mediterranean 689 

climate. Its sensitivity can be traced to common processes in Mediterranean soils, such as 690 

rubefaction i.e. reddening due to hematite formation (Kämpf and Schwertmann, 1983). 691 

Previous studies (e.g. France and Oldfield, 2000; Bógalo et al., 2001; Maher et al., 2004; Hao 692 

et al., 2009; Torrent et al., 2010a, 2010b; Liu et al., 2010, 2012b; Jordanova, 2016) and our 693 

results indicate that goethite and hematite co-occur in various soils and sediment sequences. 694 

The studies of Schwertmann (1971, 1988) and Cornell and Schwertmann (2003) suggest that 695 

goethite and hematite formation (and their alteration with respect to each other) requires 696 

appropriate environmental conditions, including temperature, humidity, pH, hydrological 697 

conditions (e.g. free drainage), Fe release rates and organic matter contents. Factors in 698 

addition to humidity favour the formation of goethite over hematite. According to Cornell 699 

and Schwertmann (2003), there are two key factors for the goethite/hematite 700 

formation/alteration: temperature and pH. Goethite formation prefers relatively low 701 

temperature (below 15 °C) and low pH (i.e. more acidic environments). The cave 702 

environment seems to fulfil these two key conditions and provides favourable conditions for 703 



 

goethite formation. The Atapuerca archeological site is located at relatively high altitude 704 

(1085 masl) and with relatively low annual average temperatures. At present, MAT is 9.9 °C 705 

and the estimated MAT for MIS9 is between 12.7 ± 1.3 °C and 11.3 ± 2.1 °C (Blain et al., 706 

2018). Low pH (below ~ pH 5) reduces hematite formation significantly. A more acidic 707 

environment during Galería cave sedimentation could be achieved by i) formation of carbonic 708 

acid when groundwater migrates through the limestone and ii) pedogenic organic acid 709 

infiltration from surface soils and soil units in the cave sequence. Organic material may also 710 

favour goethite formation instead of hematite (Schwertmann, 1971). Expósito et al. (2017) 711 

identified higher but irregular charcoal concentration values in samples from units GII and 712 

GIII, with highest values at the top of GIIa, which correlate with the goethite curve (Fig. 8c). 713 

Goethite variability in the Galeria succession has been compared and correlated with marine 714 

oxygen isotope stages as follows: unit GIIa represents MIS10/MIS10-9, lower unit GIIb 715 

correlates with MIS9e, upper unit GIIb formed during MIS9d–c, lower unit GIII represents 716 

MIS9a–c and the GIII/GIV boundary is correlated with the MIS9a or MIS8 interstadials (Fig. 717 

8). There remains some uncertainty in the chronostratigraphical correlation of the section 718 

with the global records, especially in the upper part of unit GIII and at the boundary GIII/IV. 719 

The increasing goethite content in the upper part of unit GIII may relate to a weak pedogenic 720 

period at the end of MIS9 (c or a), and the peak at the boundary GIII/IV may represent a 721 

shorter warm period in MIS9 (MIS9a) or an interstadial during MIS8 (Fig. 8).  722 

We suggest the following model for goethite formation in the Galería succession. 723 

Although calcareous rocks in general are not rich in iron minerals, there are multiple sources 724 

which provide resources for goethite formation during the development of the Galería 725 

succession. Atmospheric dust, various clastic sedimentary rocks in the vicinity of the profile 726 

(Pérez-González et al., 1995) and the paleosols on the surface may contain silicate minerals 727 

(e.g. phyllosilicates) which can be the source of iron during goethite forming.  728 



 

Interglacial periods had relatively high temperatures, although lower temperatures will be 729 

observed for the cave than the surface due to the higher altitude site and largely reduced 730 

insolation. The interglacial climate favoured intense pedogenesis, which led to increased 731 

organic acid infiltration via precipitation into the cave system. In general, the pH range in the 732 

surroundings is between 5.5 and 7.5 (Calvo de Anta et al., 2020) and the estimated average 733 

pH in temperate Mediterranean soils based on the European topsoil database survey 734 

(LUCAS) is 6.7 (Jones et al., 2015). Along with carbonic acid, organic acids would have 735 

lower the pH significantly to 4-5, thus fostering goethite formation. In glacial periods, colder 736 

temperatures generally favour goethite formation, although due to the lack of intense 737 

pedogenesis (less organic acid and organic material formation), goethite formation was 738 

reduced compared to interglacial periods.  739 

 740 

5.4 Reconstruction of surface annual precipitation   741 

Pedogenic magnetite/maghemite production depends largely on precipitation (MAP) (e.g. 742 

Heller et al. 1993; Maher et al., 1994, 2002; Maher and Possolo, 2013; Panaiotu et al., 2001; 743 

Geiss et al., 2008; Balsam et al., 2011; Bradák et al., 2011; Maxbauer et al., 2016b; Ahmed 744 

and Maher, 2018; Gao et al., 2019). The occurrence of several relict/reworked soil horizons 745 

in the Galería Complex (Valverdú i Poch, 2017) and the demonstrated SP mineral 746 

assemblages are used here to estimate the annual (paleo)precipitation on the land surface 747 

(Fig. 8d). The paleoprecipitation curve in Fig. 8d was constructed using the climofunction of 748 

Maher and Possolo (2013), which describes the relationship between MAP and χfd in 749 

paleosols on the Chinese Loess Plateau and the Russian steppe. We have chosen this 750 

climofunction because the pedogenic susceptibility of Spanish river terrace soils studied by 751 

Bógalo (1999) fits the Maher and Possolo (2013) climofunction reasonably well. In addition, 752 

the fermentation process proposed by Barrón and Torrent (2002) and Torrent et al. (2006, 753 



 

2010a, b) to explain the magnetic enhancement in Spanish Mediterranean soils has also been 754 

applied to Chinese loess-paleosol systems (e.g. Liu et al, 2007; Hao et al., 2009; Torrent et 755 

al., 2007; Zhao et al., 2017), so it could also apply to pedogenic magnetite formation in the 756 

Galería Complex.  757 

Assessment of uncertainties for MAP estimation is important for quantitative 758 

paleoclimatic interpretations (Heslop and Roberts, 2013). Each sedimentary unit (GI to GIV) 759 

was divided into subunits that consider pedological and physical macroscopical 760 

characteristics, grain size, debris occurrence and Munsell colour (Supplement 1) to evaluate 761 

the MAP uncertainty (cf. Supplement 2 for detailed MAP reconstruction). Probable in situ 762 

mineral neoformation by solar irradiation may also give rise to different precipitation 763 

estimates. Therefore, we calculated MAP for samples that originate from the same 764 

stratigraphic unit (GIIb) but are displaced horizontally (GH horizon, Fig. 2). Although the 765 

difference between the calculated MAP for one sample that was not exposed to solar 766 

irradiation (600 + 20/-undetermined mm/year) and for another sample that was probably 767 

exposed to the sun (680 ± 70 mm/year) is small, the observed data trend suggests increased 768 

syn-depositional mineral neoformation under solar irradiation. Slightly intensified MAP 769 

values (by ~10%) might, therefore, be expected for the potentially irradiated sample sections 770 

C-D, whereas sections E and F were always in shade (cf. Fig. 2).  771 

 772 

5.5 Annual precipitation at Galería during MIS9 and MIS8 773 

Lower unit GIIa (122-145 cm) has scattered MAP values between 400 and 620 mm/year 774 

(Fig. 8d). However, uncertainty (~120 mm/year) is high (Fig. 8d; dotted line) and related to 775 

the character of the material (laminated sediment); therefore, these paleoprecipitation data 776 

should be treated with caution. Slightly higher and less scattered MAP values of 490-660 ± 777 

120 mm/year are reconstructed in uppermost part of GIIa (150-160 cm). We propose the 778 



 

following scheme to describe the “extreme” precipitation differences observed in GIIa. The 779 

higher annual mean paleoprecipitation in GIIa of 620-660 mm/year may represent an 780 

interglacial or warmer interstadial when pedogenesis was enhanced during an earlier warm 781 

phase than MIS9. The remains of such paleosols (representing high precipitation) were mixed 782 

and are preserved together with their parent material (represented by low precipitation) by 783 

redeposition before MIS9. Estimated 650-570 ± 60 mm/year MAP values during MIS9e 784 

(GIIb) are similar to those of the preceding interglacial (older than MIS9), which is preserved 785 

in the redeposited material of GIIa and are similar to recent precipitation (646 mm/year in 786 

Atapuerca village, AEMET, 2019) and lower than the estimates of Blain et al. (2018). The 787 

environmental magnetic parameters of GIIb indicate a strong interglacial period, most likely 788 

MIS9e, which was assigned a strong interglacial by Past Interglacials Working Group of 789 

PAGES (2016). 790 

The potential remains of a weakly developed soil in unit GIII suggested by Vallverdú i 791 

Poch (2017) are correlated with MIS9c (or a, see above at 5.3) with an estimated 530-560 ± 792 

40 mm/year MAP (Fig. 8d). These slightly lower values than in peak MIS9e indicate a drier 793 

pedogenic environment and are consistent with development of a weaker paleosol. The 794 

minimum precipitation estimated at the end of MIS9 is characteristic of drier Mediterranean 795 

or continental areas, and the gradual aridification possibly indicates the transition toward the 796 

MIS8 glacial. The magnetic peaks at the boundary between units GIII and GIV may be due to 797 

a shorter warm phase at the end of MIS9 interglacial (MIS9a) or a relatively humid (600 ± 90 798 

mm/year) period during MIS8. The reconstructed MAP at 420-520 ± 70 mm/year in unit GIV 799 

is lower than the recent annual precipitation in Atapuerca village.  800 

 801 

5.6 Global and regional (Iberian) paleoclimate during MIS9 and MIS8 802 



 

Following the observations, assignments and schemes of Lang and Wolff (2011) for 803 

glacial periods and the Past Interglacials Working Group of PAGES (2016) interglacial 804 

periods, the global climate trends during MIS9 and 8 can be summarized as follows. Based 805 

on climate proxies from Antarctica, the SW Pacific, eastern equatorial Pacific and North 806 

Atlantic oceans and from ice core CH4, MIS9e seems to be the strongest interglacial among 807 

those of the past 800 ka (Past Interglacials Working Group of PAGES, 2016). In contrast, 808 

most terrestrial records document contrasting patterns compared to marine and ice core 809 

proxies. Key paleoclimatic records, such as arboreal pollen from Tenaghi Philippon 810 

(Tzedakis et al., 2006), biogenic silica from Lake Baikal (Prokopenko et al., 2006) and Si/Ti 811 

from Lake El´gygytgyn (Melles et al., 2012) and Xifeng loess (Guo et al., 2009), indicate a 812 

strong interglacial in MIS11c but a slightly weaker MIS9e. In most of these suggested 813 

records, MIS11 is one of the most intense interglacials among the interglacials in the last 800 814 

ka. MIS9e is a warm and intense interglacial (if not one of the most intense) in the Middle 815 

and Late Pleistocene (Past Interglacials Working Group of PAGES, 2016). MIS8 does not 816 

have strong and intense glacial characteristics among the glacials of the last 800 ka (Lang and 817 

Wolff, 2011). 818 

Reconstructed paleoprecipitation values and characteristic paleoclimatic proxy peaks, 819 

such as magnetic susceptibility and the goethite proxy (χlf and G), from the Galería Complex 820 

are consistent with global tendencies and indicate an intense MIS9 interglacial. Our 821 

paleoprecipitation estimates from the Galeria succession do not change abruptly but rather 822 

decrease smoothly from MIS9 to MIS8 (Fig. 8), thus mimicking the global climate change. 823 

In a regional context, the reconstructed slightly higher Galeria precipitation during MIS9 824 

is lower than that of Blain et al. (2018) (ca. 800-1000 mm MAP). Blain et al. (2018) 825 

suggested a slightly cooler MIS9 compared to MIS11c, but a warmer and more humid 826 

climate compared to the present-day regional climate. Our results do not indicate such 827 



 

differences between MIS9 and the  present day. During MIS8, a MAP value of 460 ± 70 828 

mm/year is reconstructed for the Galería Complex. It has an opposite tendency compared to 829 

results from eastern and central Spain. Although there have been only a few Iberian MIS8 830 

paleotemperature and precipitation estimates, Blain et al. (2017, 2018) suggested that colder 831 

(ΔT: -2.2-2.5 ºC) and wetter (ΔMAP: +291.9 and +282.3 mm) conditions occurred in Eastern 832 

Spain and that cooler and moister conditions with total rainfall higher than present occurred 833 

in central Spain. 834 

Along with such paleoclimatic information, Roucoux et al. (2006) reconstructed details 835 

of MIS9 to MIS7 environments for the Southwestern Iberian Peninsula. They identified the 836 

most extreme glacial conditions during early MIS8, which was followed by a warmer, 837 

interstadial period (~263 ka). This warmer period might also be observed in the climate 838 

proxies from the Galería Complex (Fig. 8). Characteristic peaks are found in the magnetic 839 

susceptibility, goethite and MAP curves at the boundary of units GIII and GIV (~350 cm; 840 

Fig. 8), which possibly represent the warmer MIS8 as suggested by Roucoux et al. (2006). 841 

 842 

6. Conclusions 843 

Detailed rock magnetic studies have enabled identification of environmentally sensitive 844 

fine-grained ferrimagnetic minerals (magnetite/maghemite) across a well-developed 5m thick 845 

section of cave sediments in the Galería Complex, Atapuerca archeological site (Northern 846 

Spain), which consists of four major sedimentation units (GI – GIV). The highest magnetite 847 

concentration, most likely of pedogenic origin, appears in unit GIIb. Solar irradiation 848 

introduced through the ceiling opening to the cave possibly favoured intermittent wetting and 849 

drying conditions of the cave sediment and fostered authigenic SP ferrimagnetic particle 850 

formation by a fermentation process. Single domain and superparamagnetic goethite and 851 

hematite are also identified. Some magnetic proxies (e.g. goethite content G) based on IRM 852 



 

experiments at room and liquid nitrogen temperature provide estimates of the stratigraphic 853 

distribution of goethite. They indicate maximum goethite concentration also in the middle of 854 

unit GIIb, at ~300 ka. 855 

The goethite content is a key proxy for climato-stratigraphic correlation in the Galeria 856 

Complex. Its formation was favoured over that of hematite because cave sedimentation took 857 

place under cooler temperatures (due to higher altitude and subsurface formation) and acidic 858 

pH conditions (decreasing pH due to carbonic and organic acids). The goethite proxy and the 859 

commonly used magnetic susceptibility proxy work well (Fig. 8) when correlating the 860 

Galería profile with other global paleoclimatic proxies. The luminescence-dated (Demuro et 861 

al., 2014) magnetic proxies correlate positively with marine δ18O stages and with some 862 

substages, which gives new insights for Iberian Middle Pleistocene terrestrial paleoclimate 863 

reconstructions.  864 

Reconstructed paleoclimatic trends and paleoprecipitation are consistent with global 865 

tendencies but also record regional differences. Paleoprecipitation estimates indicate a humid 866 

climate similar to present-day conditions for the MIS9 interglacial (~650 mm/year maximum 867 

annual precipitation), which changed gradually to a mild and only slightly cooler and less 868 

humid (420 to 520 mm/year) MIS8 glacial period. This mild glacial might be interrupted 869 

once by a warmer interstadial period. The magnetic MAP estimates from the Galería 870 

Complex result in significantly lower values compared to previous paleoprecipitation for the 871 

Iberian Peninsula during MIS9 and MIS8.  872 
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