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Abstract The Pliocene is considered an analog for future climate. Insolation is found the dominant forcing
for Asian precipitation over the late Pliocene, evidenced by magnetic enhancement of Chinese loess caused

by formation of nanometer-scale ferrimagnetic grains during pedogenesis corresponding to high precipitation.
However, lack of European loess limits understanding of Pliocene European climate. We identified likely
similar magnetic enhancement mechanism between Pliocene alluvial sediments from Spain and Chinese loess
despite different depositional settings. This provides an opportunity to improve understanding of Pliocene
climate in Europe. Spectral analysis shows that European wet-dry variations during the early Pliocene were
forced by insolation and during the late Pliocene by both insolation and ice sheets development. During

the Quaternary, in contrast, the forcing was dominantly from high latitude. These results demonstrate the
importance of insolation during warm climates and the growing importance of ice sheets with global cooling in
controlling Northern Hemisphere precipitation changes.

Plain Language Summary Loess plays an important role in understanding past environmental
variations in China. However, loess records in Europe extending back to the warm Pliocene, a potential analog
interval to future climate, are lacking. Here we find that the magnetic susceptibility enhancement mechanism
for a set of distal alluvial fan sediments in the Teruel Basin of northeastern Spain is similar to that of Chinese
loess. This provides us a unique chance to understand environmental variation during the Pliocene in Europe.
We found that insolation plays a more important role than high latitude ice sheets over the Pliocene in
comparison with the Quaternary. Together with paleoenvironmental records from the other parts of Europe
and China, these results reveal that Northern Hemisphere (NH) environment variations over the Pliocene were
consistently controlled mainly by insolation. This finding has implications for understanding how the future
environment in the NH will react to high and low latitude forcing.

1. Introduction

The Pliocene is considered a potential analog for future climate and the Pliocene Model Intercomparison Project
(PlioMIP) working group has formed specifically focused on understanding climate of this interval (Dowsett
et al., 1994, 2010, 2016; Haywood et al., 2010, 2016). Generating high resolution paleoclimate records over the
Pliocene period is an important task of the paleoclimate community.

Magnetic parameter records have played a key role in extracting Pliocene East Asian monsoon variations from
Chinese loess sequences (An et al., 2001; Guo et al., 2002; Sun et al., 2006). Many recent studies demonstrate
that magnetic enhancement of the Pliocene loess (also called red clay due to its reddish color) is caused by
neoformation of nanometer-scale ferromagnetic grains (magnetite and maghemite) during pedogenic process
(Nie et al., 2007), similar to the overlying loess-paleosol sequences deposited over the Quaternary (Bloemendal
& Liu, 2005; Liu et al., 2004; Maher & Taylor, 1988). Particularly, the content of nanometer-scale ferromagnetic
grains is strongly correlated with annual mean precipitation, whereas its correlation with annual mean temper-
ature is weak (Nie et al., 2010). Therefore, magnetic susceptibility records are proposed to be able to record
precipitation variations on the Chinese Loess Plateau (CLP), which are caused by intensity variations of the
East Asian summer monsoonal circulation (An et al., 2001; Bloemendal & Liu, 2005; Maher & Taylor, 1988;
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Sun et al., 2006). However, the Pliocene is characterized by higher air temperature and smaller amplitude of
temperature variations than the Quaternary, resulting in more magnetic minerals transforming to hematite. As a
result, magnetic susceptibility, which shows apparent orbital timescale variations in the Quaternary loess-pale-
osol sequences on the CLP, shows weak orbital timescale variations for the Pliocene red clay sequences (Sun
et al., 2006). In order to extract orbital band precipitation variations from the Pliocene red clay sequences, Luo
et al. (2020) used content ratio of ultrafine ferromagnetic minerals over hematite (represented by y,/HIRM) as
a precipitation proxy and reconstructed precipitation variations over the middle Piacenzian. The records show
prominent precessional band cycles. This benefits from the introduction of the y,/HIRM proxy which represents
the content variation of magnetic minerals produced by wetter climate over those produced by drier climate (Liu
et al., 2013; Nie et al., 2017, 2020).

European sites do not have continuous loess records over the Pliocene (Li et al., 2020) and understanding of past
environmental variations focused mostly on the lacustrine sediments over the Quaternary (Palchan et al., 2017; Wald-
mann et al., 2009). Few records are available for the Pliocene interval, with some exception of discontinuous or low
resolution pollen records (Jiménez-Moreno et al., 2010, 2013, 2019; Salzmann et al., 2011; Suc, 1984; Suc & Pope-
scu, 2005), preventing a full understanding of the Pliocene precipitation variations in European region. Although
many workers used Mediterranean records to infer past environmental variations, these records are mostly affected
by African monsoons (Colleoni et al., 2012; Emeis et al., 2000; Herbert et al., 2015; Rossignolstrick, 1983, 1985).
Therefore, high resolution records recording orbital-band paleoclimate variations in other European region are rare.
Finding the right proxy to reconstruct paleo-precipitation or finding new archives would deepen our understanding
of past environmental changes in this region. Here we target magnetic property analysis of a set of alluvial sediments
over the Pliocene in the Teruel Basin in order to promote understanding of past environments in this area.

One surprising finding is that the magnetic enhancement mechanisms of the alluvial sediments in the Villalba
Alta (VA) section of the Teruel Basin (Figure S1 in Supporting Information S1) is similar to the Chinese loess
sediments on the CLP. This gives us an opportunity to explore the underlying environmental variation signal from
this set of sediments and compare underlying forcing mechanisms across both European and Asian sites.

2. Geographic and Geologic Setting

The Teruel Basin, which is located on the eastern Iberian Peninsula (northeastern Spain; Figure Sla in Support-
ing Information S1), covers an area of about 100 km in length and 15 km in width (Figure S1b in Supporting
Information S1; Alonso-Zarza & Calvo, 2000; Alonso-Zarza et al., 2012; Van Dam et al., 2001). The formation
of the basin is related to the extensional tectonics linked to the rifting of the Valencia Trough (western Mediter-
ranean Sea) during the Miocene (Anadon et al., 1989; Roca & Guimera, 1992). There are many active normal
faults trending NNE-SSW and NNW-SSE located in the eastern parts of the basin, and the basin is regarded as
an intra-mountain graben trending NNE-SSW (Ezquerro et al., 2014, 2019). The basin is filled by a Neogene
succession with a thickness of 500 m, consisting of siliciclastic, carbonate, and gypsum deposits from alluvial fan
and shallow lacustrine environment (Ezquerro et al., 2014, 2019). The Teruel Basin region currently belongs to
the middle mountainous Mediterranean climatic domain (Domingo et al., 2009), which is characterized by wet
winters and dry summers.

The studied VA section is located at the northern margin of the Teruel Basin (Figure S1b in Supporting Infor-
mation S1). The bottom of the section is located at 40° 36’54”N, 0° 58°33”W, which is to the south of the road
that crosses the escarpment west of VA and the top of the section is located by the hairpin turn in the road just
above the escarpment (Figure S2 in Supporting Information S1). Previous paleomagnetic work has assigned a
late Pliocene to early Pleistocene depositional age range for this set of strata (Opdyke et al., 1997). We found a
more continuous section about 520 m south of the outcrop studied by Opdyke et al. (1997), which constitutes the
research focus of our study (Figure S2 in Supporting Information S1).

3. Materials and Methods

The VA section consists of two depositional environments: alluvial fan (Unit IT 13.2-22.4 m and Unit IV 35.4—
90.6 m) and lacustrine (Unit I 0—13.2 m and Unit III 22.4-35.4 m; Figure 1). Unit I consists of gray soft limestone
and hard white limestones, interpreted as shallow lacustrine environment. Unit II consists of red mudstone and
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Figure 1. Magnetic parameters, lithology, and age model from the Villalba Alta (VA) section. The left panel shows the magnetic parameters. (a) x,;, (b) ¥, (¢)
anhysteretic remanent magnetization (ARM), (d) gy (€) saturation isothermal remanent magnetization. The right panel shows lithology and magnetostratigraphic
results for the VA section. VGP: virtual geomagnetic polarity; GPTS: geomagnetic polarity time scale (Ogg, 2020). Blue dashed lines represent two maker layers

(limestone and conglomerate).

calcareous mudstone, interpreted as alluvial environment. Unit III consists of laminated limestone at the bottom
half and black mudstone at the top half, typical sediments of lacustrine setting. Unit IV consists of red mudstone,
sandy mudstone, sandstone, and some conglomerates. Carbonate nodules and root traces are commonly observed
in this unit. We interpret this unit as alluvial setting, consistent with previous interpretation (Alonso-Zarza &
Arenas, 2004; Ezquerro et al., 2019).

Environmental magnetism samples were obtained at an interval of 20 cm from the VA section with thickness of
90.6 m. In the laboratory, the samples were crushed and packed in the non-magnetic boxes of 2 X 2 X 2 cm for
magnetic measurements. We measured the low and high frequency magnetic susceptibility (y,; and y ), saturation
isothermal remanent magnetization (SIRM) and anhysteretic remanent magnetization (ARM) of these samples
(see Text S1 in Supporting Information S1). Frequency-dependent magnetic susceptibility (), can be calculated
as X = Xy — Xne Which can indicate content of nanometer-scale ferrimagnets close to superparamagnetic and
stable single domain boundary (Bloemendal et al., 1992). The ARM is often expressed as the ARM suscepti-
bility () ,gy)> Which is obtained by normalizing to the 0.05 mT direct bias field. The y,,, values are sensitive
to the stable single domain (SD) and smaller pseudo single domain (PSD) ferrimagnetic mineral concentration
(such as magneite or maghemite). Detailed rock magnetic experiments, including stepwise isothermal remanent
magnetization (IRM) acquisition curves, hysteresis loops, and first-order reversal curve (FORC) diagrams, were
performed on the representative samples at different stratigraphical levels and lithology to identify the magnetic
minerals of sediments in the VA section (see Text S2 in Supporting Information S1).

Paleomagnetic samples were taken at 1-3 m intervals from the VA section using a portable battery-powered drill
and were oriented with a Brunton compass in the field. We note that no paleomagnetic sample was obtained for
the 75.4-90.6 m formation because rocks are too fragile. For the limestone-dominated intervals, we focused on
sampling gray-colored limestone and avoided the white limestone with the assumption that magnetic minerals are
partially preserved in gray-colored limestone but have been completely dissolved for white limestone intervals.
The oriented samples were subjected to systematic stepwise thermal demagnetization (see Text S3 in Supporting
Information S1).

To identify dominant frequencies, we performed spectral analysis on the y,, time series of the VA section with
software Acycle v2.2 (Li et al., 2019). The detailed steps are shown in Text S4 in Supporting Information S1.
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4. Results
4.1. Age Model

The age model has been established by Opdyke et al. (1997), and there are two marker layers (Figure S2 in
Supporting Information S1) that allow us to correlate our section to the one studied by Opdyke et al. (1997).
Therefore, the age model of our section has been pre-determined by the work by Opdyke et al. (1997). The
demagnetization results of representative specimens are shown in Figure S3 in Supporting Information S1. Posi-
tive bootstrap reversal test (Tauxe, 1998) results indicate that we recovered the primary characteristic remanent
magnetizations (ChRMs; Figure S4 in Supporting Information S1). Four normal and three reversed polarities are
observed from the VA section (Figure 1), and these polarity intervals can be readily correlated to the established
age model by Opdyke et al. (1997). We further update the age model using the geomagnetic polarity time scale
2020 (GPTS 2020; Ogg, 2020). According to this correlation pattern, the four normal polarities N1, N2, N3,
and N4 should correspond to C2An.1n, C2An.2n, C2An.3n, and C3n.1n of the GPTS 2020 (Figure 1), respec-
tively. The reversed polarities R1, R2, and R3 can then correspond to C2An.1r, C2An.2r, and C2Ar (Figure 1),
respectively. The limitations of the paleomagnetic data and the age model is discussed in Text S5 in Supporting
Information S1.

The ages of the strata with a thickness of 90.6 m span from 4.3 Ma to 2.65 Ma (Figure 1 and Figures S5 in
Supporting Information S1). We note that the ages for strata of 0-7.85 m and 69-90.6 m were based on extrapo-
lation and thus have large uncertainties (Text S5 in Supporting Information S1). However, the interval 7.85-69 m
are bracketed by the reversal ages, which correspond to the time interval 4.187-3.032 Ma. Thus, spectral analysis
was performed only on the interval 4.187-3.032 Ma.

4.2. Environmental Magnetism Records

Figure 1 and Figure S5 in Supporting Information S1 show the variations of the magnetic parameters from the
VA section, which can be divided into four intervals (Figure 1): 4.3—4 Ma (Unit I, 0-13.2 m), 4-3.65 Ma (Unit
1L, 13.2-22.4 m), 3.65-3.5 Ma (Unit 111, 22.4-35.4 m), and 3.5-2.65 Ma (Unit IV, 35.4-90.6 m). These intervals
are consistent with lithology divisions (Figure 1). In Units I and III, magnetic parameter values are close to zero.
Magnetic parameter values increase in Unit II, but lower than those in Unit IV. y;, ¥z, ARM, X,z\ and SIRM
exhibit strong linear correlation in alluvial fan sediments (Units II and I'V; Figures 2a-2d), but they exhibit weak
correlation in lacustrine sediments (Units I and III; Figures 2e-2h).

IRM acquisition curves, hysteresis loops, and FORC diagrams provide insights into the magnetic mineralogy for
the alluvial and lacustrine units. For alluvial samples, the magnetic minerals are dominated by superparamag-
netic (SP) and stable single-domain (SSD) ferrimagnetic particles (Figure S6 in Supporting Information S1). For
lacustrine sediments, however, the concentration of ferrimagnetic minerals is low, and the content of hematite is
higher (Figure S6 in Supporting Information S1). The detailed explanations for the rock magnetic experiments
are shown in Text S2 in Supporting Information S1.

4.3. Spectral Analysis

We performed spectral analysis on the y;, record, a proxy that we will use for precipitation variations in this
region, as we will explain later, for the intervals 4-3.65 (early Pliocene) and 3.5-3.05 Ma (late Pliocene), which
have good age control. Our average sampling resolution is ~7.4 ka for the interval from 4 to 3.65 Ma and ~3.2 ka
for the interval of 3.5-3.05 Ma. However, we observe clear precessional cycles over the low resolution interval
4-3.65 Ma. Furthermore, the interval 4-3.65 Ma is characterized by strong 100-kyr-band but weak 41-kyr cycles
(Figure 3 and Figure S7a in Supporting Information S1). Two non-Milankovitch signals (63 and 29 kyr) also
exist likely because of harmonics of main orbital cycles (Figure S7a in Supporting Information S1). By contrast,
we observe weak precessional cycles over the high-resolution interval 3.5-3.05 Ma (Figure 3 and Figure S7b in
Supporting Information S1); particularly, the interval 3.3-3.18 Ma (highlighted by three vertical gray bars) is
characterized by strong 41-kyr cycles but weak 20- and 100-kyr-band cycles (Figure 3 and Figure S7b in Support-
ing Information S1).
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Figure 2. The relationship between y,. Versus . ¥; VEISus X agm» Xra VEISUS Xorm and ¥, versus saturation isothermal remanent magnetization in the Villalba Alta
section. (a—d) alluvial fan sediments (II and IV); (e-h) lacustrine sediments (I and IIT). N: Number of samples.

5. Discussion
5.1. Magnetic Enhancement Mechanisms of the Alluvial Sediments of the VA Section

One surprising finding is that y, shows strong correlation with y, and .\ in the VA section (Figure 2), similar
to the pattern on the CLP (Liu et al., 2004; Nie et al., 2007), despite that the VA site is far from the CLP and the
climates of these two locations are not similar.

It is well known that magnetic enhancement in the sediments on the CLP was caused by production of nanome-
ter-scale ferrimagnetic particles during pedogenesis (Liu et al., 2004; Nie et al., 2007). Magnetic susceptibility
increase in Chinese loess is attributed to monsoonal climate (Ahmed & Mabher, 2018; Zhou et al., 1990), which
can produce many oxidation-reduction cycles associated with seasonal precipitation followed by climate drying.
Some propose a different magnetic enhancement mechanism for Chinese loess: ferrihydrite converted to — magh-
emite (Barrén et al., 2003; Hu et al., 2013; Torrent et al., 2006). However, recent electron microscope evidence
demonstrates limited maghemite grains in the nanometer-scale grains of Chinese loess (Ahmed & Maher, 2018);
instead, the nanometer-scale ferrimagnetic grains in Chinese loess are magnetite. Therefore, this new evidence is
consistent with linking magnetic susceptibility enhancement of Chinese loess to monsoonal precipitation which
produces many oxidation-reduction cycles (Maher, 1998; Maher & Taylor, 1988).

The similar correlation pattern between magnetic parameters (strong correlation between ;. and ¥, X;r and ¥ s gn»
Yga and X spyp X and SIRM) in the Spain section suggests a similar magnetic enhancement mechanism as the
CLP. We argue that seasonal dry and wet variation can also produce the oxidation-reduction cycles responsible
for production of nanometer-scale ferrimagnetic grains in the Teruel Basin. In winters, when abundant precip-
itation fills pore space of the alluvial fan sediments, a reducing environment forms and Fe* can be reduced to
Fe?*. Then, in summers, dry climate creates oxidic environment in pore spaces of the alluvial fan sediments.
Therefore, nanometer-scale magnetite can form in this situation and the amount of nanometer-scale magnetite is
controlled by how many Fe?* ions can form (because Fe3* is readily available in soils receiving seasonal precip-
itation). This explains the link between high magnetic susceptibility and precipitation amount, both for Chinese
loess and for the alluvial fan sediments in Spain. The existence of many layers of pedogenic carbonate including
cemented carbonate, calcite nodules, clast coatings and filaments in this section (Alonso-Zarza & Arenas, 2004),
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Figure 3. Comparison of the paleoclimate records from (a) Teruel Basin (this study); (b—c) Mediterranean (Colleoni et al., 2012; Emeis et al., 2000; Rossignol-
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parameters of eccentricity, obliquity and precession (Laskar et al., 2004). The black lines represent sapropels (Kidd et al., 1978), which contains more than 2% of
organic carbon. The gray lines are gray layers that contains less than 2% of organic carbon. The red lines represent African monsoon index (Colleoni et al., 2012;
Rossignol-Strick, 1983, 1985).

formation of which requires seasonally wet-dry variations, supports our pedogenic model for magnetic suscepti-
bility enhancement in the VA section. Modern soils in Spain are also reported to have similar magnetic enhance-
ment mechanisms as Chinese loess, providing further support to our interpretation (Liu et al., 2016; Torrent
et al., 2006).

We note that some studies suggest that summer drying in the study area did not begin until around 3.3 Ma and
before then climate was generally arid without much precipitation seasonality (Jiménez-Moreno et al., 2010;
Suc, 1984; Suc & Popescu, 2005). This is consistent with lower degree of magnetic enhancement over 4-3.65 Ma
for the alluvial fan deposits (Unit II), in comparison with those after ~3.5 Ma (Unit IV; Figure 1).
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One difference between pedogenesis in the studied section and the CLP is that for the CLP sediments, pedogen-
esis occurred mostly after deposition (Maher & Thompson, 1991; Zhou et al., 1990). However, pedogenesis or
chemical weathering here may have occurred over the source region, during transportation, and after deposition.
That is, intensified pedogenesis, as can be inferred from increased magnetic parameter values likely driven by
high insolation, reflects an integrated effect of weathering over source region, during transportation, and after
deposition. Therefore, the magnetic parameter variations may indicate precipitation variations in this region
instead of precipitation variations at the site of deposition. There are many references studying magnetic enhance-
ment timing in soils and the common view is that it occurs within a couple of hundreds of years, if not shorter
(Hallberg et al., 1978; Maher & Hu, 2006; Maher et al., 2003; Nie et al., 2010). Nie et al. (2015) demonstrate
that storage could be a concern in places that have low relief such as the middle Yellow River. Sites bounding
mountains do not belong to this category, except as local scale, and work in the Qaidam Basin demonstrates that
magnetic enhancements track insolation forcing well (Nie et al., 2017; Su et al., 2019). These lines of evidence
suggest that significant (on the scale of tens of thousands of years) delay of transport due to storage is unlikely in
the study site, which is bound by mountains. Although we feel that these references support our working hypothe-
sis, we admit that geomorphic factors, vegetation, and thresholds can potentially complicate our interpretations of
magnetic enhancement mechanisms in Europe, especially for sites that are far from mountains. We also note that
the ., values are above 15% for many samples of the studied section (Figure S8 in Supporting Information S1),
whereas this is rarely observed for Chinese loess. This difference indicates that the studied Spain sediments have
a narrower distribution of pedogenic ferrimagnetic grains (Worm, 1998; Worm & Jackson, 1999), which may
be caused by climatic difference between these two regions: summer precipitation versus winter precipitation.

In contrast with the alluvial fan sediments, magnetic parameter records do not show a strong correlation in the
lacustrine sediments (Figure 2) and the magnetic susceptibility values in these two intervals (Units I and III)
are more than one order of magnitude lower than those of the alluvial fan deposits (Units II and IV), with the
absolute values similar to sediment in which magnetic mineral dissolution has occurred (Ao et al., 2010; Wang
et al., 2021). These observations indicate that magnetic minerals might have dissolved or the carbonate intervals
initially had very few magnetic minerals, and thus magnetic parameters cannot be used to infer paleo-precipita-
tion variations in Units I and III.

5.2. Contrasting Orbital Cycles Between the Early and Late Pliocene Spain Records

The early Pliocene alluvial fan y;, record from the VA section provides clear evidence for insolation, instead
of high latitude ice volume, forcing of the precipitation variation. Interestingly, the late Pliocene portion (ca.
3.3-3.18 Ma) shows contrasting orbital cycles in comparison with the lower portion (4-3.65 Ma).

Over the interval ca. 4-3.65 Ma, three high y;, value intervals are aligned with three high eccentricity periods
(Figures 3a, 3f, 3g and 3h). Wavelet and power spectral analysis show strong 100-kyr variations, clear 20-kyr-band
variations, but weak 41-kyr variations (Figure 3 and Figure S7a in Supporting Information S1). This result is
consistent with regional wet-dry variations in the Mediterranean region associated with African monsoon inten-
sity variations (Figures 3b and 3c), which reveal clear eccentricity and precession forcing.

By contrast, the 41-kyr signal is intensified over the 3.3-3.18 Ma, as can be told by three cycles over the 120-kyr
interval, and the precessional signal is weak (Figure 3 and Figure S7b in Supporting Information S1). We note
that this interval is characterized by low eccentricity and past research suggests that obliquity cycles can intensify
in paleoclimate record during low eccentricity intervals (Holbourn et al., 2013). Abels et al. (2009) demonstrated
obliquity control of lithofacies and depositional environmental variations over the interval of 405 kyr eccentricity
minima, using the Miocene distal alluvial sediments within the Teruel Basin as examples. The strong obliquity
cycles over 3.3-3.18 Ma corresponding to low eccentricity is consistent with the pattern reported by Abels
et al. (2009). Another two intervals of 405 eccentricity minima occurred over 4.1-4 and 3.7-3.6 Ma (Figure 3).
However, magnetic mineral dissolution may have destroyed the otherwise strong obliquity cycles over these two
periods in the VA section. Interestingly, both 4.1-4 and 3.7-3.6 Ma correspond to lacustrine sediments, and
3.3-3.18 Ma correspond to intensified precipitation, all corresponding to wet environments, maybe a result of
eccentricity forcing of environmental variations in this basin. We therefore attribute intensification of the 41-kyr
cycles and weakened precession cycles over this time period to damped insolation at 20-kyr band associated with
low eccentricity. Eccentricity is higher before and after than it is during 3.3-3.18 Ma and although the upper
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alluvial fan y, record from outside the eccentricity minimum is short, it contains no clear 41-kyr cycles. We
interpret this as a piece of evidence suggesting insolation forcing of wet-dry variations of northeastern Spain.

The weakened precessional band signal is also observed in other regional climate records. For example, calculated
African monsoon index (MI) values based on summer insolation gradient between tropics and equator (Rossign-
ol-Strick, 1983, 1985; Colleoni et al., 2012) and observed sapropel appearances in the Mediterranean Sea sedi-
ments show weak precessional band variations over the interval ca. 3.3-3.18 Ma (Figures 3b and 3c), consistent
with our findings. Even the monsoonal record from the CLP shows lower amplitude variation at the 20-kyr band
in part of this interval (3.3-3.18 Ma) in comparison with the following period 3.18-3 Ma (Figure 3d). These
results consistently demonstrate variability in the insolation forcing of Northern Hemisphere (NH) precipitation
during the late Pliocene.

We note that it is also possible that ice sheets played a direct role in amplifying the observed clear 41-kyr wet-dry
cycles in Spain and we note that the M2 event is clearly observed in the x, record. However, the benthic oxygen
isotope record shows that ice sheets had a monotonic trend from 3.3 to 3.18 Ma, inconsistent with the trend of the
Y Variations in Spain (Figure 3e and Figure S9 in Supporting Information S1). Instead, the trend is more consist-
ent with insolation variation, with the highest value at ca. 3.25 Ma and lower values at ca. 3.28 and 3.21 Ma
(Figure S9 in Supporting Information S1). Therefore, ice sheets variations may have only played a minor role
in accounting for the clear 41-kyr wet-dry cycles in Spain over the late Pliocene. This is in direct contrast with
many Quaternary records which show dominant high latitude ice sheets forcing of regional climate (Colleoni
et al., 2012; Dinares-Turell et al., 2003; Herbert et al., 2015; Popescu et al., 2010). That said, the data do show
that ice sheets could have impacted Iberian climate during certain events, such as M2 (3.3 Ma). Insolation did
not show abrupt change near this time, so the climate drying slightly before 3.3 Ma, as indicated by magnetic
parameter value decrease, can be reasonably interpreted by expanding NH ice sheets size (Kleiven et al., 2002),
considering age model uncertainties. It is well known that ice sheets expansion and high latitude cooling could
modify North Atlantic atmosphere pressure gradients and thereby change precipitation patterns in the study area.

6. Conclusions

We reported detailed rock magnetic analysis results on the late Pliocene alluvial-lacustrine sediments of the VA
section in the Teruel Basin. Our results suggest that the magnetic enhancement in the alluvial sediments of the
VA section in the Teruel Basin was likely caused by neoformation of nanometer-scale ferrimagnetic magnetite/
maghemite particles during pedogenesis, similar to the situation of CLP, where more frequent oxidation/reduc-
tion cycles in soil pore space associated with seasonably wetter climate tend to produce more finer ferrimagnetic
particles and higher degree of magnetic enhancement. This finding allows a deeper understanding of the precip-
itation variations recorded by this set of sediments. Spectral analysis results suggest that diverse manifestations
of insolation forcing of climate changes in the northeastern Spain between the early and late Pliocene. For the
interval 4-3.65 Ma, the wet-dry variations in Spain are dominated by eccentricity and precession cycles. By
contrast, over the low eccentricity interval 3.3-3.18 Ma, obliquity forcing intensified. These results demonstrate
insolation forcing of NH wet-dry variations over the Pliocene. Therefore, the periodicities of NH wet-dry vari-
ations can be largely explained by insolation variations. Without the complication of ice sheets forcing over the
late Pliocene, insolation seems to be the only reasonable major forcing for NH environmental variations at the
orbital bands. The importance of ice sheets for controlling Iberian climate is apparent for events such as the M2
glaciation, suggesting the growing importance of high latitude forcing with global cooling. Using the late Plio-
cene as an analogue, our result suggests that future climate would be primarily characterized by 20-kyr variations
under natural forcing.
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