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ARTICLE INFO ABSTRACT

Associate Editor: Cécile Gautheron The weathering of basaltic rocks, especially on volcanic islands, plays a crucial role in global carbon cycling.
Intense precipitation and warm atmospheric conditions accelerate weathering processes in these environments.
While most estimates of weathering rates derive from river chemistry, soils and paleosols remain underexplored.
In this study, we investigated the geochemistry of paleosols developed from volcanic rocks in the Azores Ar-
chipelago over the past 1 Myr. Precise geochronology of volcanic units bracketing paleosols indicates high soil
formation rates (3-180 mm kyr’l), similar to modern soil formation rates in tropical volcanic islands.
Geochronological evidence suggests a logarithmic decrease of soil formation rates over time, with high initial
values reaching near zero in less than 35 kyr. This might be attributed to a combination of cation depletion and
precipitation of stable minerals. Paleosols have generally developed faster on pyroclastic deposits than on lava
flows. However, those formed on lava flows required less vertical development to sustain high cation exports due
to their higher density. Based on the geochemistry of paleosols and their parental materials, we estimated cation
exports (0-2600 t km 2 yr’l) and associated CO uptake (0-35 x 10° Mol km 2 yr’l). These estimates generally
exceed previous estimates based on the geochemistry of modern rivers in the Eastern Azores, by a factor of up to
tenfold. Our data highlight the transient character of weathering processes and the criticality of precise
geochronological control to constrain past weathering and soil formation rates. They further imply that atmo-
spheric CO2 may have experienced short episodes of intense consumption during interglacial stages, possibly
contributing to subsequent cooling events over the past 1 Myr.

Keywords:

Pulsed soil formation
Paleosol geochemistry
Azores volcanic archipelago
Enhanced weathering
atmospheric CO, uptake

1. Introduction unstable geochemistry, volcanic deposit texture, high precipitation re-
gimes, high relief, and physical erosion (Dessert et al., 2003; Rad et al.,
2007; Gaillardet et al., 2011a, 2011b; Schopka and Derry, 2012; Booth

et al., 2022; Hevia-Cruz et al., 2024a). Several studies in volcanic con-

The connection between the weathering of silicate rocks and COy
was first surmised by Ebelmen (1845). Subsequent work demonstrated

that this process is the most significant long-term sink for atmospheric
CO3 and that weathering has modulated the global climate on long time
scales throughout Earth’s history (Berner et al., 1983; Gaillardet et al.,
1999; Berner and Kothavala, 2001; Dessert et al., 2003; Jagoutz et al.,
2016; Johansson et al., 2018). It has been proposed that a major fraction
of this COy uptake comes from the weathering of volcanic islands as a
result of their fast dissolution kinetics, controlled by factors such as their

* Corresponding authors.

texts have shown that the weathering rates decrease after fresh rocks are
exposed to atmospheric conditions due to elemental depletion and clay
formation, with clay minerals exhibiting greater stability than mafic
minerals or volcanic glass (e.g., Rad et al., 2011, 2013; Sowards et al.,
2018; Borker et al., 2019; Chadwick et al., 2022). Nevertheless, the
actual dynamics of weathering and the typical time lag after which rates
of soil formation significantly decrease remain poorly constrained.
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Most of the studies that estimate weathering rates and CO5 uptake by
volcanic regions are based on current river geochemistry (e.g., Gaillar-
det et al., 1999; Dessert et al., 2003, 2015; Rad et al., 2007; Schopka and
Derry, 2012), but soils and paleosols (PSs), as the remaining product of
parental rocks weathering, are promising yet relatively under-explored
means for investigating such processes. The Azores Archipelago repre-
sents a unique site to study past weathering rates and processes, and to
estimate associated atmospheric CO, uptake in volcanic islands. This
group of nine volcanic islands in the Central North Atlantic (Fig. 1) sits
at a critical position for understanding globally important climatic
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drivers such as the Azores High and the Azores Current (e.g., Martin-
Garcia, 2019; Cresswell-Clay et al., 2022; Frazao et al.,, 2022).
Furthermore, it has been shown recently that PSs in the Azores retain
vital information on past atmospheric conditions and their spatial and
temporal variations over the late Quaternary, allowing quantitative re-
constructions of mean annual temperature and precipitation through
chemical proxies (Hevia-Cruz et al., 2024a, 2024b). The stratigraphy of
each island includes numerous PSs intercalated between volcanic units
(Fig. 2), whose geochemistry can be used to study the weathering and
diagenetic processes that produced them. Equally important, the PSs are
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Sibrant et al. (2015)
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Hildenbrand et al. (2012)
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Fig. 1. Azores Archipelago and distribution of the studied paleosol (PS) profiles. A) Location and general context of the Azores. In red are highlighted the islands
considered in this work (Pico, Faial, Sao Jorge, and Sao Miguel). MAR: Mid Atlantic Ridge; ATJ: Azores Triple Junction; TR: Terceira Rift; EAFZ: East Azores Fracture
Zone. B) shows Sao Miguel Island (SM) and its age distribution (background map) after Sibrant et al. (2015), and C) shows Pico (Pi), Faial (Fa), and Sao Jorge (SJ)
Islands and their age distributions (background maps) after Costa et al. (2014, 2015), Hildenbrand et al. (2012), and Marques et al. (2018), respectively. The red
circles in B) and C) indicate the location of the PS profiles considered in this study.
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bracketed by precisely dated volcanic units making it possible to
constrain the time and rate of pedogenesis over the past 1 Myr (e.g.,
Hildenbrand et al., 2008, 2012, 2014; Costa et al., 2015; Sibrant et al.,
2015; Marques et al., 2018).

This study examines the geochemistry of selected paleosol profiles
with good geochronological constraints of volcanic units “bracketing”
(under and overlying) them, to elucidate the weathering and soil for-
mation rates over the past 1 Myr, and we further explore possible im-
plications for CO; cycling during major climatic transitions.

2. Methods
2.1. Field and sampling strategy

Two field campaigns were carried out in 2021 and 2022 in the
Central Azores islands (Pico, Faial, and Sao Jorge) and in Sao Miguel in
the Eastern Azores (Fig. 1). These islands were chosen based on the high
number of PSs previously recognized in the field, the good geochrono-
logical database already available, and relatively easy access to PS
outcrops. The PSs were classified into three types based on the parental
material on which they were formed, as described by Hevia-Cruz et al.
(2024a): type I are PSs developed on the brecciated upper part of
basaltic lava flows; type II are PSs developed on basic to intermediate
pyroclastic deposits; and type III are PSs developed on trachytic pyro-
clastic deposits. Depending on the vertical variations observed in the
field (color, mineralogy, texture, reaction to 10 % diluted HCI), between
two and thirteen samples were collected for each PS profile, including at
least one sample of each horizon comprising the fresh parental rocks.
The volcanic units “bracketing” each PS profile were sampled for dating
(Fig. 2). In this work, we did not perform new analyses, but the full
geochronological and geochemical data can be found in the Mendeley
Data repository by Hevia-Cruz et al. (2023), and their detailed analysis
in Hevia-Cruz et al. (2024a, 2024b). Supplementary Table ST1 gathers
the full raw data used in the present study, including the physical
characterization of PSs, their geochemistry, and the geochronological
data of the volcanic units bracketing them.

The PS samples were dried and grounded to powder. Major elements
were analyzed by ICP-OES at SARM Laboratory after alkaline fusion
with metaborate lithium (LiBO3), and trace elements by HR-ICP-MS at
GEOPS Laboratory after acid digestion, both in France. Uncertainties for
major elements are included in the Mendeley Data repository by Hevia-
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Cruz et al. (2023), and trace elements measured on standard samples
(BCR-2, BHVO-2, BXN, JSd-1, SL-1) were within certified expected
ranges (Hevia-Cruz et al., 2024a). Fresh lava flows were dated by the
unspiked K-Ar Casignol-Gillot technique (Gillot and Cornette, 1986;
Gillot et al., 2006), and single-grain alkali feldspar from trachytic py-
roclastic deposits were dated by *°Ar/°Ar, in GEOPS and LSCE labo-
ratories, respectively. Both techniques have been extensively used in the
context of volcanic islands, including the Azores Archipelago (e.g.,
Hildenbrand et al., 2008, 2012, 2014, 2018, 2024; Costa et al., 2014,
2015; Sibrant et al., 2015; Marques et al., 2018; Hevia-Cruz et al., 2023,
2024a, 2024b). Typical age uncertainties of a few kyr are obtained for
volcanic units younger than 1 Ma (Fig. 2). Full details including
analytical procedure, age calibration and uncertainties (16), are given in
Hevia-Cruz et al. (2024a, 2024b).

The age of PSs and the duration of weathering are determined from
the precise ages obtained by either K-Ar on groundmass separates or
single-grain “°Ar/3°Ar analyses on alkali feldspars from volcanic units
bracketing the various PSs (Hevia-Cruz et al., 2023, 2024a, 2024b).
These precise ages constrain maximum and minimum PS ages. This can
be seen in Fig. 2, where the difference between both lava flows mean
ages is just 6 kyr (without errors), and the PS maximum formation time
(including errors) is 20 kyr.

2.2. Mass transfer function

Mass transfer fluxes (1j,w) were calculated following Brimhall and
Dietrich (1987). For the mobile element “j” in a weathered sample “w”
relative to an immobile element “i” in an unweathered parental rock “p”,
it is calculated as:

i = Cj.wCi,p _
" GipCiw

1 @

with Cj, the concentration of the mobile element j” in “p”, C;,, the
concentration of the same element in “w”, C;, the concentration of “i” in
“p”, and C;,, the concentration of “i” in “w”. Thus, 7j is the elemental
loss of “j” in “w” or the mass fraction of element *j” added to the system
during weathering relative to the same element in the unweathered
parental material. Positive 7;  indicate mass gain, whereas negative tj,,y
indicate mass loss. The potential diagenetic addition of alkali elements
was evaluated after Sheldon (2003, 2006), by contrasting the K and Rb

variations along PS profiles. We used Ti as the immobile element for our

a flow Minimum PS age:
%5 2—7  426+8ka

PS maximum formation time
— (432 kyr + 6 kyr) - (426 kyr - 8 kyr)

20 kyr

Maximum PS age:
432 + 6 ka

Fig. 2. Field photography illustrating our sampling strategy. Each paleosol profile was sampled vertically at different depths, depending on the characteristics
observed in the field. The volcanic units “bracketing” each paleosol were sampled for geochronological purposes. The volcanic unit at the base gives the maximum
paleosol age (older limit), and the volcanic unit on top gives the minimum paleosol age (younger limit). The paleosol maximum formation time corresponds to the
difference between the maximum paleosol age plus its uncertainty and the minimum paleosol age minus its uncertainty.
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mass transfer function calculations because, in volcanic soils, Ti is
typically hosted in minerals that are highly resistant to weathering due
to their stable crystal structures (Kurtz et al., 2001).

2.3. Soil formation rate estimates

To estimate the soil formation rates of the PSs “bracketed” by vol-
canic units, we divided each PS thickness (not including the basal un-
weathered parent material) by their maximum formation time. As
illustrated in Fig. 2, our estimation of maximum soil formation time
includes the error of both volcanic units framing (“bracketing™) the PSs,
in addition to the age difference between the volcanic unit setting the
older age limit (lower volcanic unit) and the one setting the younger
limit (upper volcanic unit sealing the profile). For PSs with variable
thicknesses due to the nature of their contacts, we used a representative
value between the minimum and the maximum thickness observed in
the outcrop. For instance, the PS shown in Fig. 2 has a wavy contact,
which makes the PS thickness variable. In the case of composite PSs
(profile SM21AA) and for more than one PS constrained between two
ages (profiles SM21U and SM21V) we summed the PSs’ thicknesses,
without considering the thickness of the intermediate parental material
(i.e., we did not consider the thicknesses of the horizons SM21U5 and
SM21AAG6 in the total thickness of the PS; Supplementary Table ST1).

2.4. Elemental flux estimates

Elemental fluxes associated with weathering were calculated from
elemental losses (expressed as Tau values) along individual profiles with
respect to the fresh parental rock, the PS thicknesses, their formation
duration, and the density and composition of the parental rock.

A weighted mean 7j,,, value was determined for each PS (assuming Ti
as an immobile element), weighting each horizon’s 7j; by their thick-
Ness as 7w = Y i1 Tjwi * % where 7j,y; is the mass transfer function of
the horizon i, h; the thickness of the horizon i, and h the thickness of the
full PS. We used a weighted mean value because it provides an inte-
grated elemental loss over depth, which can also be used for horizons not
chemically analyzed. Using a simple mean value for every horizon or
depth with measured geochemistry would be misleading, because
thicker horizons would be underrepresented, and thin horizons would
be overrepresented. However, for PSs where some horizons were not
analyzed, we assigned them the mean 7j; value. For instance, the
composite PS profile (stacked PSs where the lower horizons of the upper
PS overlap the upper horizons of the lower PS; Tabor and Myers, 2015)
SM21AA is made up of four single PSs, of which only two were analyzed.
Consequently, the mean 7j,, of the analyzed PSs was assigned to the non-
analyzed PSs. Those particular cases are indicated with * in Tables 1 and
2 (and in the Supplementary Table ST2). Ca, Mg, Na, and K were
considered for cation gain/loss estimates, as these four cations typically
reflect the overwhelming majority of chemical weathering (e.g., Gal-
lagher and Sheldon, 2013) except under unusually acidic weathering
conditions as in some wetlands (Dzombak and Sheldon, 2020). Thus,
while the calculated total flux of cations can be considered a minimum
value (i.e., some CO5 may have been consumed by trace element pha-
ses), reactions involving Ca, Mg, Na, and K should represent >90 % of
the total weathering. Profiles identified as polygenetic or with diage-
netic overprinting by Hevia-Cruz et al. (2024a, 2024b) were not
considered for the elemental flux estimates (SM21E, SM22B, Pi22B, and
Pi22H), and, consequently, they are not included in Figs. 3-6.

The mean tj,,, was then multiplied by the density of the parental rock
(p), its thickness (h), and the concentration of each element in the

65

Geochimica et Cosmochimica Acta 401 (2025) 62-76

parental rock (C), and divided by the maximum soil-formation time (At;
Elemental flux = (tj,,*p* h*C)/At), which gave an elemental flux esti-
mate in [g cm 2 kyr’l] , which was then converted to [t km 2 kyr’l]. For
this, we assumed an isotropic parental material and a homogeneous
horizontal elemental distribution. This was then divided by each mo-
lecular weight to obtain the elemental flux in [10° Mol km 2 yrfl]. We
multiplied everything by —1 so that positive values are elemental losses
(cations leaving the system), and negative values represent element
incorporation into the system. As we did not measure the density of the
fresh parental materials, we used intentionally low values compared to
typical densities for the type of rocks studied here to avoid over-
estimating elemental fluxes: 2.5 [g cm 3] for massive lava flows, 2.0 [g
cm ] for fractured lava flows and basaltic tephra, and 1.0 [g cm 3] for
compact trachytic deposits with scarce pumice (Supplementary
Table ST1; Rosi et al, 1999; Moore, 2001; Sheldon and Retallack, 2001;
Polacci et al., 2003; Carmichael, 2017). The full calculations are
included in Supplementary Table ST2.

3. Results

The different classifications of PSs, their thicknesses, and formation
times are shown in Table 1, and the full descriptions of each PS profile
and horizon can be found in Supplementary Table ST1 and in the data
repository of Hevia-Cruz et al. (2023). Most PSs are classified as type [
(n=12) or as type I (n = 9), including two composite PSs, and just a few
as type III (n = 3). Their thicknesses range between 18 and 550 cm
(mean of 73 cm), and their maximum formation times are between 1 and
70 kyr (mean of 28 kyr; including full uncertainties; Table 1).

3.1. Soil production

Our vertical soil formation rates (soil production) estimates range
between 3 [mm kyr’l] and 180 [mm kyr’l], with a mean of 34 [mm
kyr_l] (Table 1). These estimates do not consider the loss to erosion or
changes in PS volume due to post-burial compaction and dilation,
resulting in conservative to underestimated soil formation rates.

Those values are similar to soil formation rates observed for regions
under tropical climates that are warmer and more humid than the
Azores. For instance, Dosseto et al. (2022) estimated rates of 2 to 200
[mm kyr’l] for soils developed on basaltic rocks at La Réunion Island.
Other studies of soils formed upon intrusive rocks (Granite-granodiorite)
and shale at Cameroon, Burkina Faso, Brazil, Australia, France, and the
US, obtained formation rates between 20 and 70 [mm kyr’l], closer to
the mean value of our estimates (Boulad et al., 1977; Mathieu et al.,
1995; Dequincey et al., 2002; Dosseto et al., 2008; Ma et al., 2010, 2013;
Chabaux et al., 2013; Suresh et al., 2013; Ackerer et al., 2016).

3.2. Elemental fluxes

The mass transfer functions (tj) of major elements were computed
using equation (1) for the samples of the Central Azores, and those from
Sao Miguel were previously calculated and published by Hevia-Cruz
et al. (2024a), all of which are included in Fig. 3 and the Supplementary
Table ST2. Values of mass transfer functions show significant variations
(between —0.99 and over 9), much greater than the analytical un-
certainties. Chemical variations down PS profiles generally show Ca and
Mg losses, and Al, Mn and Fe tend to accumulate relative to the parental
material, while the behavior of Si, Na and K varies among profiles.

Our cation export estimates (Table 2) range between —181.5 [t km 2
yr’l] (mass addition) and 2640 [t km 2 yr’l] (mass loss), equivalent to
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Table 1
Soil formation rates, estimated from paleosol thicknesses and maximum for-
mation time.

Profile Paleosol Paleosol Maximum soil- Minimum vertical
type thickness formation time soil formation
[cm] [kyr] rate [mm kyr ']
SM21H* I 25 23 11
SM22C I 23 34 7
SM21J* I 29 21 14
SM22E I 63 23 27
SM22H* I 30 6 50
Pi22D I 20 33 6
Pi22F I 43 22 20
Pi22J I 87 29 30
Fa22A I 60 31 19
Fa22C I 53 26 20
FA22D I 550 59 93
SJ22C I 45 44 10
SM22B I 26 3 87
SM21G* I 27 11.8 23
SM22J I 26 17 15
SM21U & I 110 70 16
SM21V**
SM21AA** I 220 67 33
Pi22A* I 85 25 34
Pi22B* I 52 17 31
Pi22H** )i 73 36 20
SJ22A I 18 1 180
SM21A 111 36 16.5 22
SM21E il 18 57.5 3
SM21S* 111 34 9.5 36

Sao Miguel (SM) age data from Hevia-Cruz et al. (2024a).

Pico (Pi), Faial (Fa), and Sao Jorge (SJ) age data from Hevia-Cruz et al. (2024b).
(*) PS with horizons not analyzed (elemental loss extrapolated from other ho-
rizons).

(**) Composite PS (stacked PSs where the lower horizons of the upper PS overlap
the upper horizons of the lower PS; Tabor and Myers, 2015).

Italicized PS samples reflect polygenetic or diagenetic overprinting of pedo-
genesis according to Hevia-Cruz et al. (2024a, 2024b), not considered for cation
export and weathering estimates.

~—4.6 to ~58 [10° Mol km 2 yr!]. Considering just Ca and Mg cations,
elemental exports are ~—36 to 1850 [t km~2 yr‘l] (or equivalently —0.7
to 35 [10° Mol km 2 yr’l]). The full elemental export calculations can
be found in Supplementary Table ST2.

4. Discussion
4.1. Paleosol geochemistry

In the next sections, we discuss the effects of major elements loss
through the weathering of volcanic rocks. Consequently, we did not
consider the PSs that incorporated allochthonous materials, as noted by
Hevia-Cruz et al. (2024a, 2024b; profiles SM22H, Pi22B, Pi22H, and
SM21E in Table 1), as those PSs formation comprise other processes not
related to weathering. In addition, the profile SM21S has a negative
cation export (Table 2), which is equivalent to elemental enrichment,
probably due to the incorporation of extraneous volcanic ash. Thus, it is
here also considered unsuitable for actual quantification of elemental
loss by weathering processes. The incorporation of fresh materials,
indeed, results in profile thicknesses and PS geochemistry that are not
representative of in situ weathering of volcanic rocks, which might
induce overestimated soil formation rates and inaccurate elemental
fluxes. Using these screening criteria, nineteen profiles are discussed
further (Table 2; Figs. 3, 4). For all the profiles, the lowermost sample
corresponds to the fresh unweathered parental rock, except for profiles
SM22J, SM21AA2, Pi22A, and SJ22A, which presented some indication
of incipient weathering in the field and have greater LOI
(Supplementary Table ST1). In those cases, the lowermost and least
weathered sample was considered as the parental rock. Ti was preferred
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over Zr for determining tau values because it is more abundant, espe-
cially in basaltic rocks, as it is preferentially incorporated in basic lavas,
which constitute most of the parental rocks included in this study
(Hevia-Cruz et al., 2024a, 2024b).

All studied PSs show consistent Ti/Al and Ti/Zr ratios across profiles,
supporting Ti immobility, except for profile SJ22A, which shows a
decrease of Ti on its upper part (Supplementary Figure SF1; Nesbitt and
Wilson, 1992). This Ti decrease could be related to organic complexa-
tion, fluctuating redox conditions, or particularly intense weathering
(Du et al., 2012). The profile SJ22A yields the highest soil formation rate
(Table 1), thus intense weathering could explain the sharp 7; increase
in the uppermost horizon, reflecting Ti loss instead of enrichment in
other elements (Fig. 3).

Fig. 3 shows the 7j,, of the selected PS profiles, where different be-
haviors can be observed, revealing several processes impacting the
geochemistry of PSs. Ca and Mg generally show a depletion pattern,
although addition is observed for the uppermost horizons of several
profiles (SJ22C, SJ22A, SM21A), especially for Mg. This sharp variation
is observed in the uppermost horizon of several profiles for all elements,
potentially attributable to reworking during the emplacement of the
overriding lava flow, which might have incorporated fresh materials
into otherwise level substrate. This is particularly relevant for the pro-
files SM22C, SM21J, Fa22A, SJ22A, and especially for SJ22C where this
seems to have reached ~30 cm depth. Profiles SM21A, SM21G, and
SM22J show very low variability. In SM21AA2, most elements show low
variability, Ca and Mg are slightly depleted, and Na is very enriched. K
and Na are depleted in several profiles (SM21H, SM22E, Pi22D, Fa22D,
SM21U, SM21AA1), but in other profiles, they are also enriched (Pi22F,
Pi22J, Fa22A, Pi22A, SJ22A, except for the uppermost sample). This
might be expected, as Na and K tend to be less mobile than Ca and Mg
during weathering (Sheldon and Tabor, 2009, and references therein).
Nevertheless, in some profiles, Na and K even show a pattern of addition
(SM22C, SM21J, SM22B in its lower part). The Na addition is here
attributed to the incorporation of sea salt aerosols, mainly constituted by
sodium chloride (e.g., Cochran et al., 2017; Bertram et al., 2018). K
variations are further discussed below.

Silicon is generally less depleted, reaching up to ~50 % loss in
profiles SM22E, Fa22C, and SM21AA1, while Al, Fe and Mn tend to be
more conservative, and even to accumulate in several profiles (SM22C,
SM21J, Pi22F, Fa22A, Fa22D, SJ22C, Pi22A). This can be attributed to
the precipitation of secondary minerals, as Al and Fe are incorporated
into secondary minerals like kaolinite, gibbsite, and iron oxides
(Chadwick et al., 2003), and Mn and Fe form oxides and hydroxides
under common redox conditions in volcanic soils (Schwertmann and
Taylor, 1989).

The variation in K concentrations might be impacted by organic
activity (Jobbagy and Jackson, 2001), but K can also be incorporated
into secondary clay minerals like illite (Berner and Berner, 2012). As Rb
and K have similar geochemical behavior (Group (I) alkali metals) but
vegetation uptakes preferentially K over Rb, vegetation probably
impacted the K depletion during pedogenesis because ti values are
lower than tgp values in most PS profiles (Fig. 4). For those profiles for
which K is enriched (e.g., SM21V, SJ22A), Rb is also enriched, pointing
to the precipitation of clay minerals retaining K (Berner and Berner,
2012).

From the geochemistry of most profiles, we infer different processes
associated with weathering, such as leaching and secondary mineral
precipitation, although several profiles show some minor reworking in
their upper parts, probably due to the emplacement of the overriding
lava flow. However, Ca and Mg are just slightly impacted by addition in
the uppermost horizons. Consequently, our estimates of weathering
rates are not significantly impacted by these variations because any
addition of elements would result in lower weathering rates, so our es-
timates of cation export are probably minimum values and could have
been even greater.
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Table 2
Cation export estimates based on the mass transfer function, density, thickness, parental rock composition, and maximum formation time of paleosols.
Profile p [gem~3] Weighted mean elemental loss (Ti immobile) Parental rock composition [wt%] Cation Ca + Mg Cation Ca + Mg
of the export [t export [t export [10°  export [10°
parental km™2 km™2 Mol km~2 Mol km 2
rock yr 11 yr 1 yr 11 yr~ 11
Tsi Tal TFe Thvn Tvg Tca TNa Tk Si0, Al,03 Fe;03 MnO MgO CaO NaO K0
SM21H* 2.0 -0.2 -0.1 0.2 0.2 0.2 -0.5 -0.7 -0.5 41.7 17.5 15.9 0.2 4.5 6.1 2.2 1.0 99.4 163.0 2.2 0.9
SM22C 2.5 0.7 1.1 0.4 2.0 -0.4 -0.6 0.5 1.5 43.8 16.2 13.4 0.2 4.3 7.3 2.8 1.1 53.7 107.3 0.7 2.1
SM21J* 2.5 0.3 0.6 0.1 0.8 -0.3 —-0.6 0.2 0.4 43.5 15.4 14.5 0.2 4.7 6.6 2.9 1.6 156.5 197.3 2.8 3.9
SM22E 2.5 -0.3 -0.1 0.1 0.1 -0.2 -0.5 -0.7 -0.8 46.5 13.2 12.4 0.2 7.8 9.4 2.4 1.4 969.3 672.3 21.6 13.3
Pi22D 2.5 -0.1 0.1 0.1 0.0 -0.1 -0.2 -0.3 -0.4 45.0 14.4 12.6 0.2 9.4 10.5 2.5 0.7 62.8 48.9 1.3 0.9
Pi22F 2.5 0.0 0.3 0.3 0.4 0.3 —-0.4 —-0.2 0.0 44.3 16.0 13.4 0.2 6.3 10.2 2.9 0.6 155.7 123.3 2.7 1.6
Pi22J 2.5 —0.1 0.0 0.0 0.1 —-0.4 —-0.6 -0.3 -0.1 44.0 15.3 13.1 0.2 6.2 11.0 2.2 0.6 754.8 704.0 15.6 14.0
Fa22A 2.5 —0.1 0.3 0.0 0.3 -0.3 -0.6 0.3 -0.1 39.0 17.6 14.9 0.2 2.7 5.6 3.7 1.1 173.6 219.4 2.7 4.2
Fa22C 2.5 —-0.4 -0.2 0.0 -0.1 -0.8 -0.9 —-0.4 -0.5 45.2 20.5 10.2 0.1 3.2 8.4 3.4 0.6 606.7 515.9 129 10.1
FA22D 2.5 -0.3 0.3 0.8 1.2 —-0.6 -1.0 -0.7 —-0.8 45.3 19.9 8.9 0.1 2.6 6.6 3.2 1.3 2642.5 1851.6 58.2 35.3
SJ22C 2.0 0.0 0.2 0.1 0.2 —-0.4 -0.3 -0.1 -0.2 46.0 17.4 12.0 0.2 3.6 8.0 3.3 1.1 91.6 79.5 1.9 1.6
SM22B 1.0 0.0 -0.1 -0.1 0.0 -0.6 —-0.4 0.1 0.0 55.5 19.0 6.1 0.1 1.9 1.5 4.2 4.0 166.1 206.3 3.5 4.6
SM21G* 1.0 0.1 0.1 0.0 0.1 0.0 0.2 -0.1 0.0 50.2 19.5 7.7 0.1 1.2 1.2 4.8 3.3 8.5 -3.6 0.3 -0.1
SM22J 1.0 -0.1 0.0 0.0 0.1 0.1 -0.1 0.0 —-0.1 49.8 24.3 6.5 0.4 0.4 0.3 2.5 2.4 5.0 -0.4 0.1 0.0
SM21U & 2.0 —-0.4 -0.3 -0.1 —-0.4 -0.3 -0.5 -0.5 -0.7 49.6 16.6 9.7 0.2 4.0 7.6 4.4 2.5 280.8 163.6 6.4 3.2
SM21V**
SM21AA** 1.4 —-0.4 -0.2 -0.1 -0.3 -0.4 -0.5 0.3 -0.5 43.7 16.1 8.7 0.2 6.3 6.2 5.6 1.8 222.6 259.2 3.9 5.5
Pi22A* 2.0 -0.2 0.2 -0.1 0.1 -0.5 —-0.4 0.1 -0.1 36.6 11.5 13.0 0.2 10.8 5.0 1.0 0.3 193.7 196.7 4.4 4.5
SJ22A 2.0 0.1 0.3 0.1 0.2 -0.2 —-0.4 0.0 0.4 44.2 15.4 12.5 0.2 5.8 9.7 3.0 1.0 1641.1 1815.3 30.8 34.6
SM21A 1.0 0.0 -0.1 0.0 -0.1 0.1 0.0 -0.1 0.0 59.0 19.4 4.2 0.2 0.6 0.5 5.1 5.0 5.7 -2.1 0.2 0.0
SM218* 2.0 0.2 0.2 0.2 0.4 0.0 0.3 0.2 0.2 60.8 17.8 4.8 0.2 0.9 1.6 5.6 4.7 —181.5 —36.1 —4.6 -0.7

Sao Miguel (SM) age data from Hevia-Cruz et al. (2024a).
Pico (Pi), Faial (Fa), and Sao Jorge (SJ) age data from Hevia-Cruz et al. (2024b).

(*) PS with horizons not analyzed (elemental loss extrapolated from other horizons).

(**) Composite PS (stacked PSs where the lower horizons of the upper PS overlap the upper horizons of the lower PS; Tabor and Myers, 2015).
Italicized samples reflect polygenetic or diagenetic overprinting of pedogenesis.

In several cases, the Ca + Mg export is greater than the total cation export, due to Na and/or K addition (see main text for further discussion).
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Fig. 3. Mass transfer function of major elements in the paleosols studied in this work, considering Ti as an immobile element. A) shows the paleosols developed in

lava flows (PS type I) and B) shows those developed on pyroclastic deposits (PS types II and III).
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4.2. Intense soil production and paleo-weathering rates

In the profiles studied in this work, the PS formation time does not
seem to be directly correlated to the nature and texture of the initial
volcanic deposit (PS types I to III). This is the case even for Fa22D, which
is particularly thick (Fig. 5A, B). The weathering degree is here repre-
sented by the index bases/alumina in Fig. 5C-D. The sum of bases (Ca,
Mg, Na, K) over alumina is a commonly used metric for the degree of
chemical weathering, where values approaching O reflect near total
destruction of feldspars and values over ~2 reflect unweathered basalt
(Sheldon, 2003; Sheldon and Tabor, 2009). We calculated the bases/
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alumina weathering index for the B horizon of each PS to compare the
maximum weathering degree with different parameters. B horizons
were preferred over other horizons because they typically record the
highest degree of weathering, i.e., lower bases/alumina (Sheldon and
Tabor, 2009; Hevia-Cruz et al., 2024a, 2024b). In our case, bases over
alumina neither seem to be related to profile thickness, PS type,
maximum formation time, or soil formation rate (Fig. 5C-F), suggesting
that the degree of chemical weathering is mostly driven by climatic and
environmental conditions, as previously discussed by Hevia-Cruz et al.
(2024b). Nevertheless, the thickness of the PS correlates well with the
maximum PS formation time (Fig. 5G), as expected, because a longer
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Fig. 5. Relationships between paleosol characteristics (type, thickness, formation time, weathering degree and formation rate). A) paleosol thickness by type of
paleosol; B) maximum paleosol formation time by type of paleosol; C), D), E) and F) weathering degree (Bases/Al index; concentrations of each oxide in wt.
%,/molecular weight) compared to paleosol thickness, type, formation time, and rate; G) paleosol thickness compared to maximum formation time. The dashed line
represents paleosol thickness as a linear function of formation time; H) paleosol formation rate vs formation time, the blue and orange dashed curves relate the
paleosol formation rate and formation time with a logarithmic function, with and without the three data with higher PS formation time (blue and orange dashed
lines, respectively).
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weathering duration allows for the weathering front to reach greater
depths as porosity develops in a context of limited erosion.

Our soil formation rate estimates are high, comparable to those ob-
tained by Dosseto et al. (2022) for the tropical volcanic island of La
Réunion based on U-Th series dating of three soil profiles. Although our
soil production estimates are generally lower than those at La Réunion,
our data also point to a high soil production rate during short periods of
intense weathering (Table 1; Fig. 5H). In contrast to La Réunion (Dosseto
et al., 2022), we did not study weathering profiles developed cumula-
tively over periods as long as 1 Myr in the Azores. Thus, our relatively
high estimation of soil production might be related to the different
precipitation regimes of these two volcanic settings, or simply to a
better-resolved period of actual soil formation, or a combination of both.
Current mean annual precipitation at La Réunion is between 1000 and
3500 [mm yr’l] in the study sites of Dosseto et al. (2022), but up to
12,000 [mm yrfl] (Meteo France, 2022), while the Azores study sites
reach just ~960 to 1100 [mm yr~'] of annual precipitation (AEMET &
IM, 2012). This more than twice precipitation difference could promote
deeper weathering fronts, although differences in moisture regimes
were not necessarily the same over the past 1 Myr. Indeed, Hevia-Cruz
et al. (2024b) observed fast floral humidity province changes in the
Azores that tracked deglacial events, reaching rainforest conditions at
~110 ka on Sao Miguel Island.

In terms of weathering rates, our estimates are higher than cation
exports deduced from modern river geochemistry in the Azores (Fig. 6;
Louvat and Allegre, 1998), but similar to estimates from La Réunion
Island (Louvat and Allegre, 1997). Extending elemental fluxes associ-
ated with weathering from soil to watershed scale requires caution, as
discrepancies have been widely discussed, often showing higher rates at
smaller scales (e.g., Schnoor, 1990; Brantley, 1992; White et al., 1996).
Navarre-Sitchler and Brantley (2007) identified lower rates at the
watershed scale and higher rates at lower spatial scales, although their
work includes a single soil scale study, limiting direct comparisons with
our reconstructions. Other studies have reported decreasing activation
energies for weathering at broader scales (Brantley et al., 2023), or
similar rates across scales (Engel et al., 2016), while Egli et al. (2014)
showed that different methodologies yield varying soil formation rates.
In volcanic contexts, weathering rates at the clast scale (e.g., Pelt et al.,
2008; Sak et al., 2018) tend to be lower than our estimates, likely due to
their focus on massive volcanic clasts. We propose that this discrepancy
is not related to spatial scale, but to the temporal constraints of the
weathering process. For instance, White and Brantley (2003) high-
lighted weathering duration as a key variable of weathering dynamics.
Unlike studies with longer weathering intervals (Dosseto et al., 2022;
Zehetner et al., 2024), our geochronology provides tightly constrained
timeframes, leading to higher soil formation/weathering rates. This
difference arises from the longer time gap between parental rock for-
mation and the present, as past studies lacked a younger age limit.

Moreover, the paleo-weathering rates here obtained might be un-
derestimates of actual weathering fluxes. Our weathering estimates,
indeed, assume an isotropic volcanic substrate and were extended to the
whole archipelago, but actual rates probably varied as well with texture
and localized disturbance (e.g., landslide) history. Soils modify infil-
tration and water-rock interaction (Perez-Fodich et al., 2024), while
vegetation enhances regolith production through root-driven fracturing
(e.g., Hasenmueller et al., 2017), and organic activity alters acidity and
redox conditions (Drever and Stillings, 1997). In consequence, weath-
ering was likely higher on exposed surfaces (Emberson et al., 2016) and
enhanced by biological activity, and reduced under stable, soil-covered
areas. Consequently, our estimates are conservative (e.g., unaccounted
eroded material, use of maximum formation time, conservative parent
material density, stable PS locations, parental rock covered by soil or
vegetation), suggesting potentially higher paleo-weathering rates. Even
halving the conservative parental rock densities assumed in section 3.2,
past weathering rates in the Azores align with those of modern tropical
volcanic islands. These high cation export rates, driven by intense
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weathering during soil formation, also imply a substantial potential for
atmospheric CO, drawdown, which is further discussed in section 4.5.

4.3. Rapid decrease of soil production and weathering intensity

Interestingly, our estimates of PS formation rate and maximum for-
mation time indicate a rapid decrease in soil production rate after only a
few kyr (Fig. 5H). Two PSs (SJ22A, SM22B) show very high formation
rates (> 80 mm kyrfl), associated with very short maximum soil for-
mation time (< 3 kyr; Table 1, Fig. 5). Inaccurate age control is unlikely
because Hevia-Cruz et al. (2024a, 2024b) obtained reproducible ages for
the volcanic units bracketing both profiles. Adding the other data points
suggests an overall logarithmic decrease of soil formation rates through
time. Soil production rates become constant and relatively low (< 40
mm kyr ™) after only 10 kyr, getting close to zero after ~35 kyr (orange
dashed line in Fig. 5H), and with minimal exceptions after a period of
~60 kyr (Blue dashed line in Fig. 5H). This net soil production reflects
the balance between weathering front deepening and denudation. While
a non-eroding system could theoretically reach zero alteration, this is
rarely observed. Soil production likely stabilizes at low, quasi-stationary
values similar to denudation rates, though our data are insufficient to
confirm this. However, the high soil production during the first ~35 kyr
of formation stands out as a key finding. Further studies, for example in
other islands of the Azores or on other volcanic islands, could help to
elucidate if this temporal threshold is a general rule or if local edaphic
factors impact the duration after which soil production rate becomes
negligible. Zehetner et al. (2020, 2024) observed rapid changes in soil
coverage and elemental loss in the Galapagos Islands for soils older than
~26 ka, leading to a decrease in soil production. This timeframe is
consistent with our data, as we considered the maximum time for soil
formation. It is worth noting that their study took place in a wetter
environment and does not consider fluctuations in the environmental
conditions, e.g., during sharp glacial-interglacial variations over the past
1 Myr.

The decrease in weathering rate is less clear than that of soil pro-
duction, as one single profile (Fa22D) has a long maximum formation
time, but also very high thickness and weathering degree
(Supplementary Figure SF2). The decreases in soil formation and
weathering rates are probably a consequence of cation depletion on
primary phases and precipitation of secondary clay minerals, and Fe-
and Al-oxides that are immobile under most pH conditions (further
discussed in section 4.4).

4.4. Extreme weathering during interglacial peaks

Our estimates of weathering rates, expressed as cation exports in
Fig. 6, are much higher than the cation exports observed by Louvat and
Allegre (1998) based on modern river geochemistry on Sao Miguel Is-
land, but comparable to and sometimes even greater than cation exports
estimated from modern river geochemistry at La Réunion Island
(Fig. 6A; Louvat and Allegre, 1997). Using the weathering law for basalts

of Dessert et al. (2003; Cation export [kg km’Zyrfl] = MAP[mmyr-1]*

6.69%¢(0.0677*MAAT"C])) with paleoprecipitation and paleotemperatures
reconstructions during interglacial peaks after Hevia-Cruz et al. (2024a,
2024b) gives cation exports of up to ~65 [t km~2 yr~ '] (Supplementary
Table ST3), which is still much lower than the mean of ~400 [t km 2
yr’l] that we obtain from the PSs geochemistry (Table 2; Fig. 6A).
Without considering the outliers (values over 1000 [t km 2 yr‘l], not
shown in Fig. 6A), our mean cation export is over 200 [t km 2 yr’l],
more than three times the estimates from basalt weathering laws of
Dessert et al. (2003) and four times the highest value obtained by Louvat
and Allegre (1998) from modern river geochemistry in Sao Miguel.
These extremely high weathering export estimates point to periods of
environmental conditions in the geologic past particularly favorable for
weathering to occur efficiently, which can explain the pulses of soil
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light blue line corresponds to an estimate of CO, uptake by fine-grained glacial till of granitic origin in Denmark (Dietzen and Rosing, 2023), the gray area cor-
responds to the range of CO, uptake reported by Louvat and Allegre (1998) from modern river geochemistry on Sao Miguel Island, the brown area corresponds to that
of La Réunion Island by Louvat and Allegre (1997), and the red line is a CO, uptake estimate from basalt weathering after Dessert et al. (2003), using present-day
precipitations and temperature (AEMET and IM, 2012; Hernandez et al., 2016); C) long-term CO, uptake as a function of soil formation rate, with a linear function
relationship for type I and type II PSs (blue and orange dashed line, respectively).

formation described in Hevia-Cruz et al. (2024a, 2024b). Notably, the
values here obtained from PSs in the Azores are comparable to cation
exports observed by Louvat and Allegre (1997) from modern rivers at La
Réunion tropical island, suggesting that near tropical conditions were
reached in the Azores during interglacial periods. This is also consistent
with floral humidity province reconstructions by Hevia-Cruz et al.
(2024b) that support tropical vegetation at the time. Under such con-
ditions, the rapidly decreasing rate of weathering (see 4.3) suggests
these high cation exports were briefly (few kyr) sustained by the fast
deepening of the weathering front into the parental rock, a process that,
according to our data, became very rapidly inefficient over time
(Fig. 5H).

The relatively fast weathering estimated for the profile Fa22D
compared to other type I PSs (2640 [t km 2 yr’l], Table 2) can be
explained by its alkali feldspar-rich parental rock (up to ~50 %), which
is very easy to weather. In addition, it is in a fault zone (Hildenbrand
et al., 2012), which might have promoted rock fracturing, increasing its
permeability and favoring persistent rainwater infiltration. In the case of
profile SJ22A, as well as for soil formation rate, the extremely high
weathering rate (1640 [t km™2 yr_l], Table 2) could be due to the very
short maximum soil formation time (1 kyr; Figs. 5, 6), for which inac-
curate age control is unlikely. Finally, the profile SM22E does not seem
to be affected by particular local factors, but it should be interpreted
with care, as it far exceeds the limit of soil production rate proposed by
Dixon and von Blanckenburg (2012) of up to 450 [t km 2 yr_l] for
predominantly lowland settings. However, it is worth noting that this
limit has also been surpassed in other mountainous settings, easily
reaching over 800 to 2000 [t km 2 yr’l] in the Alps (Egli et al., 2014).

The difference between our estimates of the weathering rate and
those of Louvat and Allegre (1998) may arise from Sao Miguel’s eastern
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regions having older bedrock (Fig. 1B), because weathering rates decline
with substrate age (e.g., Rad et al., 2011; Borker et al., 2019; Dosseto
et al., 2022; Zehetner et al., 2024). The initial fast weathering of fresh
bedrock is a transient process, and so the basalt weathering laws pre-
sumably reflecting steady-state denudation do not capture the initially
intense weathering revealed by our tight geochronological constraints.
Rainwater interacting with pre-weathered substrates likely reduced
leaching, lowering cation exports. This is particularly the case for non-
eroding soils, as the weathering front requires supply of water, oxy-
gen, and CO; to propagate downwards, which quickly decrease as the
profile thickens (e.g., Gabet and Mudd, 2009; West, 2012; von Blanck-
enburg et al., 2021). This is probably the case of our reconstructions, as
the studied PSs developed in low slope areas, where erosion was limited
(Hevia-Cruz et al., 2024a, 2024b). Other processes may also contribute
to this discrepancy, as perennial river studies underestimate exports
during extreme events or as underground flows, which may account for
an important percentage of cation fluxes (e.g., Hildenbrand et al., 2005;
Clow and Mast, 2010; Schopka and Derry, 2012).

In summary, the discrepancy between our PS-based estimates and
those inferred from modern river chemistry is primarily due to two
factors: warmer/wetter interglacial peaks, as evidenced by paleoenvir-
onmental reconstructions (Hevia-Cruz et al., 2024b) and soil formation/
weathering rates (comparable to modern tropical settings); and modern
river-based estimates likely underestimating weathering due to unac-
counted ephemeral and underground flows. This supports the recur-
rence of such tropical conditions in the Azores throughout the late
Quaternary, promoting pulses of intense weathering.

This study, as well as those of Hevia-Cruz et al. (2024a, 2024b), did
not identify PSs formed during glacial periods in either the Central or
Eastern Azores. Comparing the weathering rates obtained here with
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those from glacial periods would provide valuable insights into the
variability of weathering dynamics throughout glacial-interglacial cy-
cles in the Late Quaternary. To address this, future fieldwork should
specifically target the identification and sampling of PSs formed during
glacial intervals.

4.5. Impact on past atmospheric CO2 uptake

These high weathering rates probably had a great impact on the
carbon cycling through the uptake of atmospheric COs. Silicate weath-
ering can be expressed as:

Silicate + 2C0Oz + 3H,0 < Cation®* + 2HCO3 + secondary minerals

The dissolved bicarbonate (HCO3) and cations (Ca%', Mg?") are
carried in solution, assuming they are not incorporated into secondary
minerals. This stoichiometry indicates that each cation captures two
atmospheric CO5 molecules. However, half of this CO, is released back
to the atmosphere-ocean system during the precipitation of carbonates
via the equation (Berner et al., 1983; Berner, 2003):

Ca(Mg)** + 2HCO3 & Ca(Mg)CO3 + Hz0 + COs.

with the term (Mg) a proportion between 0 and 1 of Mg replacing Ca.
Thus, we can consider that each cation of Ca®" and Mg?" exported is
equivalent to the same amount of CO, consumed from the atmosphere, i.
e., equivalent to the right column of Table 2 (Fig. 6B, 6C; Supplementary
Table ST2). Fig. 6B shows that our long-term atmospheric carbon uptake
estimates are generally higher than those previously reported in Sao
Miguel Island (Louvat and Allegre, 1998; Dessert et al., 2003), following
the observed mismatch between the weathering rates obtained by these
authors and our data (see section 4.2). Comparing our CO consumption
rate estimates with global data also points to particularly high COy
uptake in the Azores at the time when the studied PS were formed. For
instance, our estimates are in the higher range of consumption rates in
the review of Li et al. (2016), similar to modern active volcanic settings
under tropical conditions (Supplementary Figure SF3 and their Table 1).
The high rates obtained in our work are probably related to the highly
reactive chemistry and the high specific surface area of the parental
materials being weathered. Indeed, types II and III PSs have developed
from pyroclastic deposits, while type I PSs have developed from the
brecciated upper parts of lava flows. The latter shows very sharp con-
tacts (Milne et al., 1995) with the fresh unweathered parental lava flows,
highlighting the influence of fracturing and vesicularity on the kinetics
of weathering. Our estimates are generally lower than those associated
with the weathering of very fine-grained glacial till from granitic origin
(Dietzen and Rosing, 2023), probably due to an even higher specific
surface area. The only exceptions are Fa22D, probably due to its high
feldspar content and the local tectonics (see 4.4), and SJ22C, which
might be related to its extremely short maximum formation time (ca. 1
kyr), which is in line with the observations of Zehetner et al. (2024) in
the Galapagos, where they obtained the greater elemental losses in the
youngest soil profiles (< 4.3 ka).

However, changes in the surface composition and texture over time
also control the rate of CO, consumption. For the Azores, while both the
long-term weathering and equivalent CO, consumption rates seem to be
related to the soil formation rate, their relationship is different in lava
flows and pyroclastic deposits (Fig. 6C). This can be explained by the
higher density of lava flows, which sustained a high cation export
without a deep weathering front. In turn, less dense pyroclastic deposits
with higher specific surface area may deplete faster, thus requiring a
greater degree of vertical profile development to sustain high cation
export and consequent CO, uptake.

It is worth noting that, in the present context of additional (and
increasing) anthropogenic emissions, an increase in silicate weathering
will not be efficient enough to counteract the increased atmospheric COy
concentration. Even considering the highest CO5 uptake among our es-
timates (1850 [t km~2 yr_l]; Table 2), and extrapolating it to the full
surface of the Azores Archipelago (2322 km?; Cruz and Soares, 2018), it
represents a total of almost 4.3 10° [t yr’l] of atmospheric CO2
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consumption. This represents nearly 0.01 % of the yearly human emis-
sions just from fossil fuels (37 10° [t yr~!] of global emission; Ritchie
and Roser, 2020), which is negligible. Gaillardet et al. (1999) estimated
a total global carbon consumption by weathering (silicate and carbon-
ate) of 0.288 10° [t yr_l] of C, equivalent to ca. 1.06 10° [t yr‘l] of CO».
If one considers an extreme 10 times increase of this global COy con-
sumption (the highest increase we deduced for interglacial periods
compared to present estimates from river chemistry), it would represent
less than a third of the annual human emissions. In consequence, geo-
engineering projects, including enhanced weathering strategies, need to
consider the small proportional impact that these projects can have and
the long time scales of these processes (e.g., Colbourn et al., 2015).

4.6. Broader implications, challenges, and perspectives

Our study shows that weathering and associated atmospheric CO2
consumption on volcanic islands are not steady-state processes. On the
contrary, they are transient (pulsed) processes (for example, see Fig. 2 in
Hevia-Cruz et al., 2024b), which occur intensively over timescales of
only a few kyr to a few tens of kyr under climatic conditions that are
warm and wet enough for chemical lixiviation and cation mobilization
to initiate and propagate. In the Azores, at least three Quaternary
interglacial stages appear to represent favorable periods where suffi-
ciently high temperatures and mean annual precipitation have been
reached to trigger episodic weathering and potential climatic feedback
through enhanced atmospheric CO, consumption. The average weath-
ering rates here estimated around these glacial peaks suggest variable
but overall decreasing velocity of weathering over only a few millennia.
However, the exact dynamics of (paleo-) sols development requires
further investigation, e.g., through systematic U-Th studies on PS pro-
files. Such efforts may be useful to refine the equations of existing
weathering laws, and to assess the variations in cation export rates and
associated carbon sequestration over different timescales better. It
would also be interesting to study and determine weathering laws on
differentiated volcanoes. They frequently have explosive eruptions,
producing fine-grained deposits with much higher specific surface area
(e.g., Papelis et al., 2003; Delmelle et al., 2005) and dispersal, and are
thus potentially more susceptible to enhanced weathering and fast CO,
consumption. In the Azores, the relative scarcity of differentiated vol-
canic deposits such as trachytic fallout prevents the systematic study of
weathering and soil formation on these materials. The few examples
observed on Sao Miguel were affected by recent contamination or were
not well-constrained in time.

Finally, extrapolating the impacts of such fast weathering at larger
scales remains challenging, as significant regional differences in past air
moisture and temperature may have prevailed, even during globally
warm and wet paleoclimatic periods. In this respect, PSs represent a
unique record that can be used to jointly investigate the causal links
between past atmospheric conditions, weathering and the eventual
feedback effects on global climate (e.g., through intense CO; con-
sumption). The increase in weathering rates inferred here may seem
minor in the context of today’s high CO, emissions. However, in a pre-
industrial setting, such a shift could have significantly influenced at-
mospheric CO; levels and global paleoclimate, potentially accelerating
transitions to glacial stages. Estimating the amount of atmospheric CO,
consumed by weathering processes in the past remains challenging, as it
relies on the assumption that the rates here calculated (per unit surface
and time) can be up-scaled to the total surface of the islands at each
period of interest. This is in most cases not directly verifiable, as indi-
vidual weathered horizons were extensively buried by subsequent
volcanism. Nevertheless, some of the PSs here studied can be traced over
large distances within recent coastal cliffs, supporting major events of
weathering over large areas. If similar weathering intensification
occurred in other volcanic regions, its role in cooling Earth’s atmosphere
may have been greater than previously estimated. As such, extension of
the present research topic to Late Quaternary volcanoes worldwide
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represents a very promising line of research for the near future.

5. Conclusions

The combination of paleosols’ physical characteristics, their
geochemistry, and their precise geochronological constraints allowed us
to estimate their formation rates, as well as cation loss and associate
atmospheric CO5 uptake during snapshots of soil formation over the past
1 Myr. Our work highlights the importance of thorough geochronolog-
ical control to properly constrain the overall dynamics of past episodes
of weathering and the associated CO, consumption.

Our estimates of soil formation rates reached similar values to soils
formed on the tropical volcanic island of La Réunion. Thicker paleosols
took longer to form, as longer formation time allows the weathering
front to reach deeper into the parental rock. Soils formed rapidly during
the first 20 to 30 kyr of pedogenesis, after which soil formation rates
decreased to near zero. Further studies on other islands could help to
elucidate if this is a general rule or if local factors impact the amount of
time after which soil production becomes negligible.

PSs have generally developed faster on pyroclastic deposits than on
lava flows. However, PSs on lava flows required less vertical develop-
ment to maintain high cation exports due to their higher density. PS-
based cation export estimates were higher than previous estimates
based on the geochemistry of modern rivers in Sao Miguel Island
(Eastern Azores). This is probably explained by hotter/warmer past
conditions in the Azores during interglacial peaks, but also due to un-
accounted weathering exports such as underground flow and ephemeral
rivers. Associated atmospheric CO; consumption was also high
compared to previous estimates, which suggests that the weathering of
volcanic islands made a small, but significant contribution to global
carbon sequestration during glacial-interglacial stages over the past 1
million years, possibly favoring subsequent cooling. It is worth noting
that an extreme tenfold increase in CO, sequestration through weath-
ering at the global scale would represent less than a third of human
emissions from fossil fuels. We expect that future research in the North
Atlantic region (e.g., Canary Islands, Cape Verde) and at broader scale
(e.g., Large Igneous Provinces or the Andes) will determine if our high
CO4 uptake estimates were a local phenomenon or reached a global
scale, and how such processes could impact global climate.
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Appendix A. Supplementary material

The Supplementary Material includes three figures and three tables.
Supplementary Figure SF1 provides variations of immobile element ra-
tios along paleosol profiles, Supplementary Figure SF2 contrasts
paleosol-based weathering rate and formation time, and Supplementary
Figure SF3 contrasts our estimates of atmospheric CO, consumption
rates with those in the review of Li et al. (2016) from different volcanic
settings. The Supplementary Tables ST1 to ST3 correspond to the full
data used in this work, including the profile locations, descriptions, the
ages used to constrain their ages and formation timing, and their major
element geochemistry; the full calculation of weathering rates as
elemental fluxes; and the equivalent atmospheric CO5 uptake contrasted
with that of the basalt weathering laws of Dessert et al. (2003). Sup-
plementary Tables ST1 and ST2 are provided as separate files because of
their sizes. Supplementary material to this article can be found online at
https://doi.org/10.1016/j.gca.2025.05.035.
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