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Abstract The late Quaternary paleoclimate of the North Atlantic region has been widely studied, but the
local terrestrial response to broader climatic variations remains underexplored. The Azores Archipelago,
influenced by the North Atlantic Oscillation (NAO) and the Azores High, is a strategic target to investigate such
interactions. Here, paleosols developed in equilibrium with the atmosphere recorded environmental variations
in their geochemistry, and volcanic units sealing those paleosols allow for their precise dating. Clay
mineralogical transfer functions from paleosol geochemistry and geochronological data were used to track
paleoclimatic and paleoecological changes in this region over the past 1.3 Myr. Mean annual precipitation and
air temperature reconstructions range from 620 to 1,520 mm yr~" and 14-26°C, with the latter tightly coupled
with previous reconstructions of sea surface temperature. New K-Ar ages evidence pulsed soil formation
periods under weathering-favorable wet and warm conditions, suggesting periods of a persistent negative NAO
with a weakened or more southern Azores High after glacial Terminations I, IL, IV, V, IX, and X. Our humidity
province reconstructions indicate a prevailing moist to wet forest under cool temperate to subtropical
conditions, with less variability than continental Europe. A rapid paleoecological shift occurred at ~430 ka in
Sao Miguel Island, probably associated with the high amplitude of Termination V. Paleoecological changes
younger than 430 ka could be related to local, not large-scale, climate changes. Average past precipitations were
~170 mm yr~" lower than in the present, which suggests that modern weathering rates are higher than observed
in our record.

Plain Language Summary In this work, we studied the local climate of the Azores volcanic islands
in response to broader climatic changes over the past 1 million years. By studying the chemistry of paleosols—
ancient soils incorporated into the geological record—we reconstructed the conditions of precipitation and
temperature at the time of their formation. Air temperature reconstructions are similar to previous
reconstructions of sea surface temperatures, suggesting a close relationship between atmospheric and sea
surface temperatures in the North Atlantic region. The age determination of volcanic units allowed us to
constrain the ages of paleosols. We observed that most paleosols developed quickly after the end of glacial
periods, under wet and warm conditions that favored the fast transformation of volcanic products into soils. This
indicates periods over which the Azores High—an atmospheric high-pressure system that impacts the Azores'
climate—was weakened or centered farther to the south of its current position. The chemistry of the paleosols
registered fast environmental changes and suggests that the present annual precipitations are higher than over
the past million years, which could impact the local economic activities and even the global climate, due to the
capture of atmospheric CO, through the weathering of volcanic rocks.

1. Introduction

The climate of the North Atlantic and neighboring regions is impacted by regional-scale oceanic and atmospheric
currents. For instance, Kim et al. (2007) identified millennial-scale cooling trends off northwest Africa, associated
with variations in the North Atlantic Subtropical Gyre and changes in the pressure gradient between the Icelandic
Low and the Azores High (Figure 1a). The latter, also known as the North Atlantic Oscillation (NAO), has been
the focus of several studies, due to its impact on the climate of densely populated areas, such as the east coast of
North America and Western Europe (e.g., Wanner et al., 2001). Positive phases of the NAO bring humidity to
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Northern Europe, promote dryness in southern Europe, and track tropical cyclones closer to the East coast of the
U.S., while negative phases of the NAO carry warmth and humidity to Southern Europe and Northern Africa
(Cresswell-Clay et al., 2022, and references therein). The paleoclimate of the broader region has also been
extensively studied for the late Quaternary, largely relying on the study of marine sediment cores. For example,
Martrat et al. (2007) and Rodrigues et al. (2017) estimated the sea surface temperature (SST) over the late
Quaternary in the central North Atlantic based on the study of phytoplanktonic alkenones, and Martin-Gar-
cia (2019) tracked north-south migrations of the Arctic Front through the study of alkenone- and foraminifera-
based SST reconstructions. Both studies consider the impacts of the NAO on the European climate. Neverthe-
less, the scarcity of terrestrial paleoclimatic archives makes it hard to compare the oceanic and terrestrial pale-
oclimates. Thatcher et al. (2020) tracked the teleconnection between the SST and the continental European
climate during the Holocene through the study of 8'°C and 8'%0 in stalagmites in Portugal. Nevertheless, sta-
lagmites, as well as tree rings, are not often preserved deep enough in time to study the terrestrial impact of
oceanic paleoclimatic changes at glacial-interglacial temporal scales. In summary, our current understanding of
the relationship between oceanic and terrestrial climate remains limited for most of the Quaternary, particularly
on volcanic islands, where terrestrial paleoclimatic archives are scarce. In this context, the Azores Archipelago
represents a key target for studying the response of the local climate to broader drivers in the Central North
Atlantic Ocean over the late Quaternary.

Directly under the influence of the Azores Current and the Azores High Pressure (Figure 1a; Cresswell-Clay
et al., 2022; Frazdo et al., 2022; Martin-Garcia, 2019), the Azores Archipelago encompasses nine volcanic
islands spreading ~600 km over the triple junction of the North America, Nubia, and Eurasia lithospheric plates
(Figure 1b), allowing observations and comparisons at local to regional scales. Most of these islands have been
volcanically active over the past 1 million years (Myr), with periods of relative quiescence (e.g., Costa et al., 2014,
2015; Hildenbrand, Madureira, et al., 2008; Hildenbrand et al., 2012, 2014; Marques et al., 2018; Sibrant
et al., 2015). This period is particularly interesting in terms of paleoclimate, as it is characterized by high-
amplitude glacial-interglacial transitions (e.g., Lisiecki & Raymo, 2005; Martin-Garcia, 2019). In addition, the
Azores Islands preserve numerous paleosols (PSs), ancient soils developed in contact with the atmosphere and
incorporated into the geological record once sealed by volcanic deposits. Except when diagenesis is extensive,
PSs record valuable environmental information including the paleoclimatic conditions under which they were
formed (Sheldon & Tabor, 2009). Indeed, the geochemistry of both soils and PSs in non-anthropogenic systems
results from the interaction of five factors: the parental rock, climate, topography, organic activity, and time
(Jenny, 1941). Among these factors, the parental material composition and climate are dominant, as topography
should not play a major role in the flat lowlands of volcanic islands, and organic activity depends on climate
(White, 2005). Also, fast weathering occurs during the first few thousand years of soil formation, which tends to
equilibrate due to cation depletion and the precipitation of stable clay minerals, limiting the impact of time, as
indicated by several studies (Borker et al., 2019; Chadwick et al., 2022; Rad et al., 2011, 2013; Sowards
et al., 2018). PSs developed on volcanic rocks have been extensively used to make paleoclimatic reconstructions
in different volcanic contexts (e.g., de la Horra et al., 2012; Orr et al., 2021; Sheldon, 2006), including a recent
study on Sao Miguel Island, at the eastern end of the Azores (Hevia-Cruz et al., 2024). They showed that PSs can
effectively record fast climatic changes (glacial-interglacial transitions) during the volcanic lifespan of volcanic
islands, with a good correlation with SSTs. The aim of this work is to understand the regional paleoclimatic
evolution of the Azores Archipelago and to track variations of the Azores High-pressure system through a
geochemical study of PSs in the islands of Pico, Faial and Sdo Jorge (Central Azores, Figures 1b and Ic),
combined with precise geochronological constraints.

2. Methods
2.1. Fieldwork Strategy

We carried out a fieldwork campaign in June 2022 to Pico, Faial and Sao Jorge islands, in the Central Azores
(Figure 1). These islands were selected for several reasons: they are under the influence of the NAO (Figure 1a);
the volcanic activity of these islands complements one another in time, providing a temporal window to study the
climate of the past 1 Myr (Costa et al., 2014, 2015; Hildenbrand, Madureira, et al., 2008; Hildenbrand et al., 2012,
2014; Marques et al., 2018; Sibrant et al., 2015); and they preserve numerous PSs intercalated in their volcanic
stratigraphy. In addition, the different islands of the Azores are distant enough from Sdo Miguel Island to allow us
to make regional comparisons with previous results (Hevia-Cruz et al., 2023, 2024), but close enough to each
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Figure 1. Location and general context of the Azores. (a) Scheme of the North Atlantic Subtropical Gyre (black arrows) and the atmospheric pressure systems: Azores
High (orange “H”) and Icelandic Low (blue “L”; Cresswell-Clay et al., 2022; Frazdo et al., 2022; Martin-Garcia, 2019). The red rectangle indicates the location of panel
(b); (b) Distribution of the Azores islands and their tectonic context after Hildenbrand et al. (2014). In black are highlighted the Central Azores islands, studied in this
work: Pico (Pi), Faial (Fa) and S&o Jorge (SJ). In gray is shown the previously studied Sao Miguel Island (SMi; Hevia-Cruz et al., 2024). In white are the islands not
considered in this work: Flores (Flo), Corvo (Co), Graciosa (Gr), Terceira (Ter) and Santa Maria (SMa). ATJ: Triple junction of North America (N.A.), Nubia (Nu) and
Eurasia (Eu) lithospheric plates. TR: Terceira Rift; (c) Location of the sampled paleosol profiles. Full stratigraphic profiles for each paleosol can be found in the Data
Repository by Hevia-Cruz et al. (2023).

other to move between islands easily. We targeted PSs that were “bracketed” (under- and overlain) by volcanic
units which enabled constraining their formation age and timing. We sampled 14 fresh lava flows for K-Ar
geochronological analyses on groundmass separates. Our temporal constraint of PSs also includes six previ-
ously published ages (Costa et al., 2014, 2015; Hildenbrand et al., 2012). A total of 70 PS samples were collected
over eleven PS profiles (Figure 1c), including parental rocks, for geochemical analyses. The superficial and the
uppermost parts of the PSs were avoided or removed to prevent contamination with recently weathered or
thermally altered materials, respectively.

2.2. K-Ar Geochronology

The unspiked K-Ar technique (Gillot & Cornette, 1986) has been extensively used to date lavas with low K
content in the Azores Archipelago (e.g., Costa et al., 2014, 2015; Hevia-Cruz et al., 2024; Hildenbrand,
Madureira, et al., 2008, 2012). The isolation of fresh groundmass through magnetic and heavy liquids separation
ensures avoidance of inherited phenocrysts with excess Ar, obtaining eruption ages. K content and argon isotopes
(*°Ar and *°Ar) were measured separately in two aliquots of the same homogeneous preparation by flame
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absorption and magnetic mass spectrometry, respectively. Standards were measured under the same conditions
for quality control and calibration: MDO-G (Gillot et al., 1992) and BCR-2 (Wilson, 1997) for K; HD-B1 for
4OAr*, with a recommended age of 24.18 £ 0.09 Ma after Schwarz and Trieloff (2007). The decay constants and
isotopic ratios employed are from Steiger and Jager (1977) calculated after Renne et al. (1998). This technique
allows for the measurement of precise ages, with a few thousand years as typical uncertainties. Further details
about this method can be found in Gillot et al. (2006) and Hildenbrand et al. (2018).

2.3. Geochemistry

Those PS profiles with vertical continuity that were geochronologically constrainable were selected for
geochemical analyses. Every horizon of each profile was sampled at least once, after removing ~10 cm of the
surface to avoid contamination, including the parental rock. After drying and powdering, the major elements of
PS samples were analyzed in an iCap6500 ICP-OES (SARM, France; uncertainties generally <5%, detailed in
Table S1 in Supporting Information S1). Selected trace elements (REE, Zr, Rb) were analyzed in a Thermo-
Scientific Element XR-HR-ICP-MS (GEOPS, France), and standards (BHVO-2, SL-1, BCR-2, BXN, JSd-1)
were measured for quality assurance and control, with standard measurements within the recommended ranges
(<10%; Hevia-Cruz et al., 2023). Major and trace elements were analyzed on all 70 samples.

Carbon and nitrogen concentrations were measured in a Costech ECS4010 analyzer (GRiTS lab, Earth and
Environmental Sciences Department, University of Michigan; analytical precision better than 0.3 wt%), whereas
8'°C measurements were made in a Costech ECS4010 elemental analyzer coupled to a MAT253 isotope-ratio
mass spectrometer (University of Connecticut; analytical precision better than 0.1%o). C and N were measured
on 41 samples, and 8'*C on 35 samples.

2.4. Paleoclimatic and Floral Humidity Province Reconstructions

Major elements of B horizons were utilized to reconstruct mean annual precipitation (MAP) and mean annual air
temperature (MAAT). B horizons are preferred for paleoclimatic reconstructions because their geochemistry
results from equilibrium processes (e.g., accumulation of clays developed under atmospheric conditions by
illuviation), and because they make it possible to avoid short-term (annual-multi-decadal) variability (Sheldon &
Tabor, 2009; Tabor & Myers, 2015). The samples used for the paleoclimatic reconstructions correspond to B
horizon samples with a Chemical Index of Alteration Minus Potash (CIA-K; Maynard, 1992) increase greater
than 5 relative to the parent material; lower values were excluded based upon contamination or alteration after
field and geochemical characterization of the whole profile. Two geochemical climofunctions based on the CIA-
K and the Clayeyness Index (C; Retallack, 2001) were used as follows:

MAP = 221.12e@0197*CIAK) where R? = 0.72 and the standard error is +181 mm yr~' (Sheldon et al., 2002).
MAAT = 46.9C + 4, where R* = 0.96 and the total error is +2°C (Sheldon, 2006; Sheldon & Tabor, 2009).

These climofunctions were derived from modern soils all over the US and its territories, which encompass almost
every climatic regime on Earth, except for tundra. By comparing the actual MAP and MAAT with the soils'
geochemistry, Sheldon et al. (2002) and Sheldon (2006) found good correlations between climatic parameters and
the geochemical composition of B horizons. The data set used for this corresponds to the US government soil
survey by Marbut (1935). Both weathering indices were computed using molecular ratios (oxide wt% divided by
molecular weight), with CIA-K calculated as 100 X Al,03/(Al,05 + CaO + Na,0) and C as Al,05/SiO,. In both
cases, the uncertainties correspond to the standard error of the relation between the respective weathering index
and the actual climatic parameters measured. All of the soils used for the climofunctions construction are younger
than 100 ka (Sheldon, 2006; Sheldon et al., 2002), thus including the maximum formation time of all the PSs
studied in the present work. Driese et al. (2005) performed a cross-validation of the MAP estimation using modern
soils that were not part of the original data set used by Sheldon et al. (2002). They reconstructed the actual
precipitation comfortably within error, and found consistency between MAP estimations and previous paleo-
precipitation reconstructions in the Appalachian region based on independent proxies.

Humidity and floral provinces were reconstructed after Gulbranson et al. (2011), using their 33°N transect
equations, as the temperatures of the Azores Archipelago are closer to that transect's temperature range. Energy
from net primary production (Eypp) Was calculated using their Equation 8; energy from precipitation (Eppy) with
their Equation 7 and a value of 26.2%Eppy (Inceptisol in their Table 2); evapotranspiration (ET) was calculated
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with their Equation 6; and effective precipitation (P.¢) with their Equation 11. All equations are included in
Table S2. Reconstructions for Sao Miguel Island were based on the data reported by Hevia-Cruz et al. (2024).

3. Results
3.1. Paleosols Characterization

PSs were classified as Andisols (those developed over Strombolian deposits) and Inceptisols (those developed
over the upper brecciated parts of lava flows; Soil Survey Staff, 2014), or as Protosols according to the paleosol-
specific classification of Mack et al. (1993). A horizons are often absent, and typical horizonation is Bw-C-R or
Bt-C-R, similar to what was observed in Sdo Miguel Island by Hevia-Cruz et al. (2024). PS profiles generally
show a reddish coloration, with thicknesses between ~20 and ~100 cm, with an exception that reached ~5 m.
Detailed physical descriptions (location, USDA soil taxonomy classification system, general profile and horizon
descriptions, Munsell color, thicknesses and sampling depth) and temporal constraints of each PS and horizon can
be found in Hevia-Cruz et al. (2023).

The 14 new K-Ar ages reported here range between 1,326 + 21 ka and 46 + 2 ka (Table 1). They are consistent
with previously published ages and the general age distribution of Pico, Faial and Sdo Jorge Islands (Costa
etal., 2014, 2015; Hildenbrand, Madureira, et al., 2008, 2012, 2014; Marques et al., 2018; Sibrant et al., 2015; and
references therein). Together with six previously published ages, the new data allow us to group PSs in clusters
around ~1,325 ka, ~870-830 ka, ~325 ka, and ~110-45 ka (Figure 2).

The PSs were developed on picro-basaltic to basaltic Strombolian deposits and on basanitic to basaltic lava flows
(Figure S1 in Supporting Information S1; Le Bas et al., 1986). The geochemistry and the texture of the parental
rock are much more homogeneous in the Central Azores than what was observed in S3o Miguel Island, where
differentiated (trachytic) tephra are more abundant (Hevia-Cruz et al., 2024). All profiles show an upward in-
crease of CIA-K, except for profiles Pi22B and Pi22H2, both in Pico Island, for which CIA-K is steady (Pi22B)
and decreases (Pi22H2) (Figure S2 in Supporting Information S1). The profiles generally show low variability of
Ti/Al ratio (<20%, Figure S2 in Supporting Information S1), although some show an up-profile decrease in Ti/Al
and some uppermost samples are very different compared to their parental rock (up to almost 60% difference,
Figure S2 in Supporting Information S1). Carbon and nitrogen contents are low, all of them have <1.5% of carbon
and <0.4% of nitrogen. 5'°C ranges between —38.14%0 and —11.32%o, with a mean of —25.84%o, mostly
consistent with C; vegetation (Tipple & Pagani, 2007). Full geochemical analyses are reported in Hevia-Cruz
et al. (2023).

3.2. Paleoclimatic Reconstructions

MAP and MAAT reconstructions are in the ranges ~620-1,270 mm yr~' and 14-26°C, with one sample

(FA22D2 in Table S3 in Supporting Information S1) that reaches ~1,520 mm yr~' and almost 28°C (Figure 2;
Table S3 in Supporting Information S1). The PSs Pi22B and Pi22H2 were not considered for paleoclimatic re-
constructions, as their CIA-K do not increase up-profile, which might be associated with the incorporation of
allochthonous material (such as ash-fall), and thus their geochemistry is not the result of equilibrium with the
atmosphere (Figure S2 in Supporting Information S1; Sheldon & Tabor, 2009). The reconstructed MAPs are
generally modestly lower than the present-day precipitation near sea level of ~1,100 mm yr™ in Pico Island, and
~960 mm yr_1 in Faial Island (Figure 2; AEMET & IM, 2012). In turn, MAAT reconstructions are generally
higher than, or similar to, the present mean temperatures of ~17.5°C (Figure 2; AEMET & IM, 2012).

If we consider the entire time interval, the mean reconstructed MAPs and MAATS are slightly higher for the
Central Azores compared to Sdo Miguel (Figures 3a and 3d), consistent with present conditions (AEMET &
IM, 2012). The only time interval with available data for both the Central Azores and Sdo Miguel Island is for PSs
younger than ~130 ka, that is, after Termination II. The MAP and MAAT reconstructions for this period overlap
between the two areas, except for an exceptionally high MAAT of almost 26°C at ~114 ka in Faial Island, in the
Central Azores (Figure 2b). Mean MAP and MAAT reconstructions (without full uncertainties) in Sdo Miguel
Island are generally lower than those of the Central Azores (Figures 3a—-3f).

Regarding the 8'3C of all the PSs (Figure 3g), besides being statistically equivalent, the mean value in the Central
Azores is slightly lower (more negative) than in Sdo Miguel. The same is observed for the PSs younger than 200
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;i:):eA:;es Obtained in Groundmass Separates, Reported at 1o Confidence Level

Name UTM N UTM E K% OAr*% OAr* (10"at/g) Age [ka] 1o [ka]

Pi22D1 4249858 393884 1.064 2 5.123 46 2

3 5.037 45 2

Mean 46 2

(1) PilIOAE 4250217 394268 - - Mean 46 4

Pil0Z 4255801 405466 0.893 2 4.696 50 3

2 4.140 44 3

Mean 47 3

Pil0Y 4255791 405337 0.975 1 5.789 57 6

1 5.455 54 6

Mean 55 6

Pi22G 4250101 394275 0.910 3 5.927 62 3

3 5.923 62 2

Mean 62 2

(1) PiIOL 4249872 393814 - - Mean 70 4

Pi22E 4249824 393811 1.005 1 7.092 68 7

1 7.616 73 7

Mean 70 7

Pi22i 4249824 390836 1.011 3 8.065 76 3

3 7.893 75 3

Mean 76 3

Fa22B 4276511 355607 2.241 8 24.126 103 2

9 23.219 99 2

Mean 101 2

Pi22H 4249824 390836 1.280 5 14.275 107 3

5 14.003 105 3

Mean 106 3

(3) FalOB 4276578 355673 - - Mean 127 3

(2) PilOH 4255843 405050 - - Mean 130 2

SI15A 4287585 392904 1.603 10 52.977 316 6

8 54.565 326 6

9 52.766 315 6

Mean* 319 3

SI22B 4287648 392831 1.740 10 60.859 335 6

9 59.157 325 6

Mean 330 6

Fa22E 4269211 359663 2.428 38 211.007 832 12

36 211.623 834 12

Mean 833 12

(3) AZ05-AL 4268290 359795 - - Mean 846 12

(3) AZ05-AM 4268290 359795 - - Mean 848 12

Fa22D 4269270 359553 1.429 27 129.676 869 13

32 129.145 865 13

Mean 867 13

SJ22D 4267068 425374 1.415 20 193.106 1,306 20
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Table 1
Continued
Name UTM N UTM E K% OAr% YOAr* (10"%t/g) Age [ka] lo [ka]
19 198.331 1,341 20
Mean 1,323 20
S122C 4267068 425374 1.372 17 189.512 1,329 20
14 188.706 1,323 21
Mean 1,326 21

Note. Decay constants and isotopic ratios from Steiger and Jiger (1977). Projection Zone 26S (WGS 84). “As the three
individual ages of SJ15A are consistent, the mean age was weighted by the inverse of the variance. In italics are shown the
ages previously reported by (1) Costa et al. (2014), (2) Costa et al. (2015), and (3) Hildenbrand et al. (2012). Detailed relations
between lava flows and PS horizons can be found in Hevia-Cruz et al. (2023). Reported K% corresponds to mean values from
at least two independent measurements with uncertainties lower than 1% (1o).

ka (Figure 3h), but for those between 750 ka and 850 ka (Figure 3i) it is the opposite, although in this case, the
8'>C values are even more similar than in the case of the younger PSs.

3.3. Paleoecological Reconstructions

Humidity province reconstructions oscillated mainly between moist and wet forests in both the Central Azores
and Sao Miguel Island (full equations and calculations in Table S2). For the latter, the floral humidity province
reconstruction (Figure 4a) evolved from a wet forest to a moist forest between ~820 and ~780 ka, then it passed
quickly and for a short period to a wet forest at ~429 ka, to change back to a moist forest at ~427 ka. After ~170
ka, a wet forest prevailed, except at ~110 ka, when rainforest conditions were reached (Figure 4¢). In the Central
Azores, a moist forest prevailed between ~1,325 ka and ~847 ka. Then, between ~324 ka and ~95 ka a wet forest
was developed, it passed to a moist forest at ~91 ka, and changed back to a wet forest from ~87 ka to ~58 ka
(Figures 4c and 4e).

The Holdridge life zone classification system categorizes ecosystems based on temperature, precipitation, and
potential evapotranspiration, visualized in a triangular diagram (Holdridge, 1947). It allows the visualization of
dominant climate regimes, associated vegetation types, and potential responses to changing environmental
conditions. According to this diagram, all PSs of Sao Miguel were formed under a moist forest in a humid
province, ranging from cold to warm temperate latitudinal regions. The only exception occurs at ~430 ka, where it
reached conditions between a warm temperate and a subtropical latitudinal region (Figure 4b). In the Central
Azores, all PSs were developed in a moist forest in a humid province too, passing from a cool temperate latitudinal
region at ~1,325 ka to subtropical at ~850 ka, to warm temperate at ~847 ka, and finally to a cool temperate
region between ~324 and ~54 ka, except for 2 PSs developed in a warm temperate latitudinal region at ~114 and
~91 ka (Figure 4d).

At present, the vegetation cover of all the sampling sites corresponds to Coastal Woodland and Lowland Forests,
with mean annual temperature and precipitations of ~14-20°C and ~1,000-1,600 mm yr~" (Elias et al., 2016).
This corresponds to a Warm Temperate Moist Forest according to the same classifications used in Figure 4 after
Gulbranson et al. (2011), which matches the younger PSs' humidity province (Figure 4d), although it is slightly
wetter according to the Holdridge life zone classification (Figure 4c).

4. Discussion
4.1. Pulsed Soil Formation Tracked the Azores High's Position

As shown by our new geochronological constraints, the PSs studied in the Central Azores concentrate temporally
after glacial stage terminations (Figure 2). This concentration of PSs after glacial terminations was also observed
in the Eastern Azores (Hevia-Cruz et al., 2024), evidencing pulses of soil formation at a regional scale. A major
sampling bias toward PSs formed after glaciation terminations is unlikely, as there were no PSs observed in the
field in volcanic sections with ages attributable to glacial periods.

HEVIA-CRUZ ET AL.
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Figure 2. Mean annual precipitation and temperature reconstructions (MAP
and MAAT, respectively) of the Central Azores, compared with data from
Sao Miguel Island in the Eastern Azores after Hevia-Cruz et al. (2024).
(a) MAP of the Azores. The gray line corresponds to the global §'%0 of
Lisiecki and Raymo (2005); (b) MAAT of the Azores. The blue and green
lines correspond to Sea Surface Temperature (SST) in the North Atlantic
Ocean after Martrat et al. (2007) and Rodrigues et al. (2017). (c) §"°C
compilation from this work and Hevia-Cruz et al. (2024); high and low
outlier values not shown. Vertical error bars are the standard deviation of the
climofunctions (see 2.4), and the horizontal error bars are the maximum
range of PS formation time (age difference between the volcanic units
bracketing a PS). Graphically, the error bars of 8'C are included in the
diameter of the circles. T letters with Roman numbers correspond to the
termination of glaciations and MIS are Marine Isotope Stages. The
horizontal gray area in (a) represents the present-day approximate MAP in
coastal areas of the Azores, ranging from ~960 mm yr~" in Faial and
~980 mm yr~! in Sdo Miguel to 1,110 mm yr~' in Pico. The dashed
horizontal line in (b) represents the coastal MAATSs (17.5°C in Sao Miguel,
17.6°C in Faial, 17.4°C in Pico; AEMET & IM, 2012; Hernandez

et al., 2016).

According to Martin-Garcia (2019), the warmest and wettest interglacial
stages in the North Atlantic and European regions occurred after extended
ice-covered or prolonged glacial stages, such as Terminations IX and VIII,
respectively. Our data show that PSs formed after those major glacial-
interglacial transitions (Terminations I, II, IV, V, IX, and X in Figure 2b),
all after maximal ice coverage glacial stages, presumably under particularly
wet and warm conditions. This suggests that enhanced weathering promoted
soil formation processes under relatively warm and wet conditions both in the
Eastern and Central Azores. The only exception is Termination VII, for which
no PSs were observed (Figure 2a). This could be due to a lack of outcrops, to
inadequate conditions for soils to form (e.g., conditions that were too dry) or
to the loss of soils to erosion, although we expect to find PSs over that time
span in future field campaigns. It seems that, after Termination II, the PS
production reached a maximum, with the highest number of PSs observed
across the region. This might result from a particularly warm and wet inter-
glacial stage, following a long and high ice volume glaciation as MIS6,
consistent with the observations of Martin-Garcia (2019).

Those PSs formation periods could be revealing variations of the NAO and
the position of the Azores High. Negative NAO allows the westerlies to have
a southern position (Figure 5), carrying humidity closer to the Azores Ar-
chipelago and further into southern Europe (e.g., Hurrell & Van Loon, 1997,
Pinto & Raible, 2012). For example, Hernandez et al. (2016) analyzed
~150 years of precipitation in S@o Miguel Island, noting a good correlation
between wetter years and negative NAO, with 82% of the days with heavy
precipitation (>75 mm) coincident with negative NAO. Also, Amorim
etal. (2017) observed that the lowest temperatures over the 2003—2013 period
were coincident with positive NAO conditions. We propose that sustained
negative NAO conditions could result in prolonged humid and warm periods
in the Azores, thus favoring weathering and soil formation. This means that
temporally close to Terminations I, I, IV, V, IX, and X, the Azores High was
probably weakened or centered in a southern position (Figure 5b). Also, the
higher humidity in the Central Azores compared to the eastern end of the
archipelago could be related to its position 70—100 km to the north, closer to
the Westerlies trajectories. This could be tested further if PSs are observed
more to the north, as in Flores and Corvo islands, in the western end of the
Azores archipelago (Figure 1b).

As observed by Cresswell-Clay et al. (2022), the present expansion of the
Azores High might be unprecedented for the past 1,200 years, and further-
more, according to our observations, it could be unprecedented even for the
past 1 Myr. However, the relatively sparse paleoclimatic data and especially
the lack of information over glacial periods make it impossible to draw this
conclusion definitively.

4.2. Fast Paleoenvironmental Changes

Our MAP and MAAT reconstructions indicate fast paleoenvironmental
changes, especially after Terminations X and V, and also after Termination II
for MAAT. As well as what was observed in Sdo Miguel Island, MAAT re-
constructions in the Central Azores are consistent with previously published
SSTs (Figures 2b and 6; Hevia-Cruz et al., 2024). This indicates the coupling of
oceanic conditions to the atmosphere, as local air temperature seems to have
been modulated by the SST, at least over the periods for which PSs could be
dated.
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Figure 3. Box-and-whisker plot of MAP, MAAT, 8'3C values of the Central Azores (CA) and Sdo Mi guel Island (SM). The left row includes all the studied paleosols
(last ~1,325 ka), the middle row those younger than 200 ka, and the right row those dated between 750 and 850 ka. Sdo Miguel's data after Hevia-Cruz et al. (2024). The
boxes go from quartile 1 to 3, the horizontal line of each box is the median, and the whiskers reach the minimum and maximum values.

Our 8'*C values are consistent with C; vegetation, consistent with the present-day low proportion of C, plants in
the Azores of only ~4%, although almost half of its vegetation cover has been affected by human activity (Collins
& Jones, 1986). The scarcity of water-stress thriving C, vegetation could indicate the absence of long periods with
prevailing dry conditions (e.g., Ghannoum, 2009; Taylor et al., 2011), also pointing to the south-centered or
weakened Azores High. The 8'°C values are consistent with our paleoecological reconstruction based on PS
elemental geochemistry, which indicates that PSs were formed under a humid forest all over the last 1 Myr in the
Eastern and Central Azores (Figure 4). This reasonably matches the present-day distribution of Coastal Wood-
lands and Lowland forests near the Azorean coasts (Elias et al., 2016). It also suggests that climate variations in
the Azores were much less wide than in the Iberian Peninsula, where temperate arboreal and steppe vegetation
replaced each other at the glacial-interglacial timescale (Margari et al., 2010; Sanchez-Goiii et al., 2008).
Nevertheless, the lack of PSs formed during glacial stages makes it impossible to discard completely the idea of
wider variations in the Azores, which could be further studied through the palynological study of marine sediment
cores in the Azores region.
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Figure 4. Paleosol-based floral humidity provinces and Holdridge life zones (Holdridge, 1947), modified after Gulbranson

etal. (2011). In blue (a) and (b) are shown the ET, Ep,, ET/MAP and MAP of Sdo Miguel Island, after the data published by
Hevia-Cruz et al. (2024), and in green (c) and (d) those of the Central Azores (full calculations in Table S2). The arrows show
the temporal variations of the calculated values. (e) Shows the temporal variations of the paleosol-based floral humidity

provinces with the same color code (Sdo Miguel in blue and the Central Azores in green). MF: moist forest; WF: wet forest.

Although statistically equivalent, the slightly higher mean 8'3C values of Sdo Miguel Island for most PSs
(Figures 3g and 3h) might suggest a higher proportion of C, vegetation (e.g., Cerling et al., 1997; Tipple &
Pagani, 2007), indicating dryer conditions in the Eastern Azores. This slight 8'C difference is more evident for
the PSs younger than 200 ka but still statistically equivalent. This is in agreement with our MAP reconstructions
and with present-day conditions, which indicate higher MAP to the west. This reinforces the influence of the
Azores High on the hydroclimate of the Azores. As discussed by Hevia-Cruz et al. (2024), this result does not
seem to be impacted by the geochemistry of parental materials, as PSs were formed over short periods regardless
of the parental rocks' geochemistry, both in Sdo Miguel and in the Central Azores. The lack of PSs developed
during similar periods in both the Central and Eastern Azores (except PSs younger than ~200 ka; Figure 2)
prevents the possibility of making further regional comparisons, which could potentially be amended by carrying
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1020-1024 hPa

b)

Figure 5. Current North Atlantic Oscillation pattern (NAO) and main Westerlies Winds trajectories (blue arrows) during (a) positive and (b) negative NAO extremes.
The blue and orange lines represent isobar curves, centered in the Icelandic Low and the Azores High, respectively. Values of the Mean Sea Level Pressure from Cabos
et al. (2020). The Azores Archipelago is highlighted in red, inside the red dashed rectangles.

out specific campaigns to try and fill the temporal gaps, including islands not yet investigated (Flores, Corvo,
Terceira, Graciosa).

It was also possible to notice fast paleoenvironmental changes. Notably, we observed the change from a moist to a
wet and back to a moist forest between ~430 and ~427 ka in Sao Miguel, which reached a maximum of ET at
~430 ka, in response to high MAP and MAAT (Figures 2 and 4a, b). This could have resulted from a change from
Coastal Woodlands to Lowland forests and back to Coastal Woodlands, the type of forest exclusively found near
the coasts of the Azores today (Elias et al., 2016), and which are sensitive to moisture. Those two types of forests
differ on their tree, shrub, herbaceous, epiphytic/epilithic and climbers species presence and proportions, with
Coastal Woodlands dominated by Erica azorica and Morella faya and Lowland forests dominated by Morella
faya and Picconia azorica (for details, see Table 3 of Elias et al., 2016). This period coincides with one of the
glacial-interglacial transitions with higher amplitude over the past 1 Myr (from higher to lower 8'*0 compared to
other transitions, as discussed in 4.1). In the Central Azores, a fast shift from wet to moist and back to a wet forest
occurred between ~95 and ~87 ka (Figures 4c and 4e), and from wet to moist forest between ~58 and ~54 ka.
Nonetheless, those younger changes are not related to variations in global
climatic conditions and might have been driven by local/regional changes in

precipitation, such as variations in the NAO and the Azores High position.
30
i Another temporal limitation is the range of applicability of our PS dating
c l; y = 1.0741x method. Profile SJ22C of Sao Jorge Island, dated at ~1,325 + 22 ka, was not
; 20 f A RTZ 09489 considered for comparison with Sdo Miguel Island because it is substantially
g ﬁl, older than any PSs preserved there. The oldest PSs also have high absolute
............ + {Ii uncertainty (in kyr), which makes it difficult to assign a precise age to profile
10 SJ22C.
0 4.3. Overestimated MAAT or High Air Temperature?
0 15 20 25
SST[°C] Our MAAT reconstructions are consistent with SST within uncertainties (in
the range ~10-19°C; Figures 2b and 6). Nevertheless, MAATs of two PSs of
Figure 6. Linear correlation between mean annual air temperature Faial Island greatly exceed previously reported SSTs: FA22D (~850 ka) by
reconstructions based on the paleosols geochemistry (MAAT) and Sea ~8°C and FA22A (~114 ka) by ~5°C (Figure 2b; Table S2). FA22A still has

Surface Temperatures (SST) after Martrat et al. (2007) and Rodrigues
et al. (2017). The vertical error bars correspond to the MAAT standard
deviation after Sheldon (2006), and the gray area corresponds to the

a reasonable temperature difference considering uncertainties according to
Hren and Sheldon (2012), who contrasted the temperatures between the air

maximum difference between MAAT and SST according to Hren and and the surface of water bodies. Using their Equation 2, we obtain differences

Sheldon (2012).

of ~6°C between MAAT and SST, which can explain the difference of
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FA22A, but not that of FA22D. This suggests that the MAAT of FA22D might have been overestimated. This can
be attributed to the parental rock of FA22D, an alkaline basalt particularly rich (~50%) in feldspars up to 1 cm in
diameter, which are very easy to weather compared to other minerals (e.g., Brantley et al., 2023, and references
therein), resulting in amplified Clayeyness (Al/Si) and overestimated MAAT reconstructions. Nevertheless, the
parental rock of FA22A is a fresh aphyric basalt, and there is no reason to think that it could be affected by its
parental rock. Instead, it could be indicating particularly high atmospheric temperatures compared to SST. Further
studies focusing on those two periods could elucidate this matter. This highlights the importance of the parental
rock texture and composition in the rate of weathering processes, as observed in previous works (e.g., Berner &
Kothavala, 2001; Chesworth, 1973; Hevia-Cruz et al., 2024; Sheldon, 2003; West et al., 2005).

4.4. Broader Implications

As current precipitations and temperatures are higher than most of our MAP and MAAT reconstructions in this
archipelago (Figure 2; AEMET & IM, 2012), it is probable that weathering is enhanced in the present, and may
further increase in the near future due to accelerated anthropogenic climate change. Indeed, the Azores are ex-
pected to have an increase in mean annual air temperatures with no major variations in annual precipitation,
although climatic models forecast wetter winters and drier conditions from spring to autumn (e.g., Meirelles
et al., 2022; Santos et al., 2004). This could have further implications for the stability of these volcanic islands, as
intense precipitation can enhance riverine erosion (Hildenbrand, Gillot, & Marlin, 2008) and trigger landslides
due to the hydration of clay-rich horizons such as PSs (Bolla et al., 2020).

Present enhanced weathering is consistent with the observations of Louvat and Allegre (1998), who estimated
high chemical and mechanical erosion rates from the chemistry of rivers in the eastern part of Sao Miguel Island.
This has important consequences for local human activities, which are highly based on agriculture and cattle
raising, for example, by changing soil fertility and productivity (Melo et al., 2022). At a broader scale, the
weathering of volcanic rocks, especially of volcanic islands, plays a major role in the global CO, cycle (e.g.,
Dessert et al., 2003; Gaillardet et al., 1999). Climate variations on this island affect weathering rates, which in
turn, globally, can affect atmospheric CO,.

5. Conclusions

Paleosol geochemistry recorded fast paleoclimatic and paleoecological changes over the Central Azores (e.g., ~3
kyr after Termination V), and revealed periods of enhanced weathering, as previously observed in another island
in the Eastern Azores (Hevia-Cruz et al., 2024). These relatively warm and wet periods were probably a
consequence of a persistent negative North Atlantic Oscillation condition, with a weakened or south-centered
Azores High. Despite some temporal and sampling limitations, as a result of a discontinuous development of
paleosols and variable volcanic activity through time, paleosols represent a great proxy to study the paleoclimate
to better understand the local, terrestrial response to global climatic forcing. Further studies in other islands of this
archipelago could help improve our paleoclimatic reconstructions and our understanding of the teleconnection
between marine and terrestrial climate.

According to our data, the Azores are experiencing wetter conditions than over most of the time slices of the past 1
Myr for which we could reconstruct mean annual precipitations. This potentially has local impacts on human
activities, but also at broader scales, as the weathering of volcanic islands plays a major role in the global carbon
cycle. Further studies in other islands of the archipelago, complemented with analyses in stream waters and
marine sediments, could help elucidate the full impact of ongoing climate change on the weathering of volcanic
islands.
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