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nental paleoclimate reconstructions are scarce and exclusively derived from paleontological records. Using
paleosol-derived climofunction studies of the mid- to Upper Cretaceous Mata Amarilla Formation, southern
Patagonia, Argentina, we present a reconstruction of the mid-Cretaceous climate of southern South America.
Our results indicate that at ~60° south paleolatitude during the Cenomanian-Santonian stages, the climate was
subtropical temperate-warm (12 °C & 2.1 °C) and humid (1404 + 108 mm/yr) with marked rainfall seasonality.
These results are consistent with both previous estimations from the fossil floras of the Mata Amarilla Formation
and other units of the Southern Hemisphere, and with the previous observations of the displacement of tropical
and subtropical floras towards the poles in both hemispheres. The data presented here show a more marked sea-
sonality and slightly lower mean annual precipitation and mean annual temperature values than those recorded
at the same paleolatitudes in the Northern Hemisphere.
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1. Introduction

Paleosols can be useful and direct paleoclimatic proxies due to the
fact that soil forms at Earth's surface, recording the atmospheric and
climatic conditions during formation (e.g., Lal, 1999, 2004; Retallack,
2001; White et al., 2001; Sheldon et al., 2002; Nordt and Dreise,
2010). In particular, soil clay minerals can be correlated with climate
factors such as temperature and water availability due to the fact that
these factors strongly affect chemical weathering in the soil profile
(see review in Sheldon and Tabor, 2009). In addition, there are key
elemental ratios (Sheldon and Tabor, 2009) and weathering indices
(Maynard, 1992; Sheldon et al., 2002; Nordt and Dreise, 2010) that
serve as proxies for different pedogenic processes and for determining
the weathering intensity in paleosols. Further, paleosol geochemistry
can allow for the determination of quantitative climate parameters
such as paleotemperature and paleoprecipitation (e.g., Sheldon and
Tabor, 2009; Adams et al., 2011; Hyland et al., 2015, among others).
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Mid-Cretaceous climate reconstructions indicate that greenhouse
conditions prevailed, with a globally averaged mean annual tempera-
ture (MAT) of ~8 °C greater than present (Barron, 1983; Caldeira and
Rampino, 1991; Frakes, 1999; Poulsen et al., 1999, 2001, 2007; Royer,
2010; Hay, 2011). The present pole-to-equator sea-level temperature
difference is ~50 °C, whereas that of the mid-Cretaceous ranged from
30 °C to as little as 24 °C, implying a warm and more uniform climate
(Barron, 1983; Frakes, 1999; Poulsen et al., 1999, 2001, 2007; Hay,
2011). The increased poleward heat transfer by H,0 vapor may explain
these reduced equator-to-pole temperature gradients (Ufnar et al.,
2004; Hay, 2011). Likewise, an atmospheric pCO, four times higher
than present values may have increased average annual precipitation
(MAP) globally by 25% (Barron et al., 1989; White et al., 2001, 2005;
Royer, 2010; Ludvigson et al., 2015). Paleosol data from the North
American Cretaceous Western Interior Basin and mass-balance modeling
suggest that mid-Cretaceous precipitation rates exceeded modern rates
at both mid- and high-latitudes; and also suggest amplification of the
mid-Cretaceous atmospheric hydrologic cycle (White et al., 2001;
Ufnar et al., 2004; Poulsen et al., 2007).

All global models of continental precipitation and climatic condi-
tions of the mid-Cretaceous are based on paleofloral assemblages
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and paleosol data from the Northern Hemisphere, and are especially
concentrated in the Western Interior Basin of the U.S.A. (e.g., Barron
et al,, 1989; Poulsen et al., 1999, 2001, 2007; White et al., 2001, 2005;
Ufnar et al., 2002, 2004; Floegel and Wagner, 2006). In the Southern
Hemisphere, all mid-Cretaceous reconstructions are based on fossil
evidence, e.g., angiosperm and conifer floras, and palynology (Parrish
et al,, 1998; Iglesias et al., 2007; Pole and Philippe, 2010; Cantrill and
Poole, 2012; Fletcher et al., 2014; Bowman, 2015).

Here we expand the evidence from South America by incorporating
reconstructions based on paleosol data from Argentina. The focus is
on the Mata Amarilla Formation in southern Patagonia, Argentina, be-
cause it contains a complete mid-Cretaceous high-latitude succession
of paleosols. This succession provides an excellent opportunity to:
i) characterize the main pedogenic processes using micromorphological
and clay mineralogical analyses, and paleosol geochemistry; ii) con-
strain the paleoclimatic conditions, e.g., MAP and MAT, and seasonality;
and, iii) make the first interhemispheric comparison of the mid-
Cretaceous global climate based on paleosol data.

2. Geological background

The Mata Amarilla Formation (mid-Cretaceous) is a terrestrial suc-
cession in southern Argentinean Patagonia related to the foreland
stage of the Austral/Magallanes Basin (Varela, 2015) (Fig. 1a). Through
a sedimentological and sequence stratigraphic analysis, Varela (2015)
divided the Mata Amarilla Formation into three informal sections
(lower, middle and upper; Fig. 1b). The contact between the underlying
Piedra Clavada Formation and the lower section of Mata Amarilla
Formation has been assigned to the Albian-Cenomanian boundary
(~100 Ma; Varela et al.,, 2012a), based on the occurrence of Monhria
spores (Archangelsky, 2009). Recent radiometric dates from the up-
permost Piedra Clavada Formation confirm this age (101 + 0.9 Ma
and 99 + 2.8 Ma; Poiré et al., 2017). The middle section has been
dated at 96.23 £ 0.71 Ma (middle Cenomanian; Varela et al., 2012a).
The contact with the overlying La Anita Formation (Campanian) is ero-
sive (Fig. 1b). The study area is located in the southwest of Santa Cruz
Province, Argentina (southern Patagonia, Fig. 1a). The results of previ-
ous detailed sedimentological and paleopedological studies (Varela
etal.,2012b, 2016; Varela, 2015) led to the selection of the Cerro Waring
locality because it has the most complete stacked paleosol succession
(130 m thick) of this unit (Fig. 1b).

The Mata Amarilla Formation is composed of grey and black mud-
stones, alternating with 1-10 m-thick white fine- to medium-grained
sandstones, deposited in continental and littoral environments (Varela
etal,, 2011; Varela, 2015). The lower section of Mata Amarilla Formation
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is characterized by distal fluvial, coastal plain and littoral marine facies
developed in a large embayment. The middle section is characterized
by a lowstand wedge constituted from west to east by strata deposited
in braided, high-sinuosity meandering and low-sinuosity meandering
fluvial environments. Finally, the upper section of Mata Amarilla
Formation is also characterized by a distal fluvial and coastal plain facies
developed in a large embayment (Varela et al,, 2011; Varela, 2015). The
unit was located at high mid-paleolatitudes during deposition (58.11°
south latitude; according to Van Hinsbergen et al., 2015) and records a
distinctive suite of paleosols with Vertisols as the most abundant, and
Inceptisols, Histosols and vertic Alfisols present in minor proportions
(Varela et al., 2012b).

Histosols were developed in topographically low coastal areas, with
very poor drainage conditions (wetlands) in the lower and upper sec-
tions of the formation. Vertisols and Inceptisols are present throughout
the succession in a catenary relationship within the fluvial systems
(Inceptisols were developed in levees and crevasse deposits while
Vertisols developed in floodplains). Finally, vertic Alfisols are restricted
to the sequence boundary between the lower and middle section of the
Mata Amarilla Formation (Varela et al., 2012b, 2016).

3. Methodology

Paleosols were identified in outcrop based on macroscopic
pedofeatures such as structure, mottles, nodules, color, slickensides,
cutans and rhizoliths (e.g., Retallack, 2001). Paleosol horizons, thick-
ness, contact types, mean grain size, ped structure, type of nodules
and evidence of bioturbation were described (e.g., Soil Survey Staff,
1975, 1998; Retallack, 2001). The paleosols (lithified material) were
trenched to a depth of >30 c¢cm to avoid modern contamination
(Fig. 2a). Twenty-three samples for paleosol thin-sections were ob-
tained for micromorphological analysis. Mean grain size, mineralogical
composition, porosity, microstructure, microfabrics, groundmass and
pedofeatures were studied following the criteria of Bullock et al.
(1985) and Stoops (2003), in order to characterize the kind and intensi-
ty of various paleopedogenic processes. Also, a systematic sampling was
performed from all identified paleosol horizons for X-ray diffraction
(XRD) clay mineralogical analysis (n = 103; Supplementary Table 1).
Diffractograms were run on a PANalytical X'Pert PRO diffractometer
(Centro de Investigaciones Geoldgicas, La Plata, Argentina), using Cu
radiation (Ko = 1.5405 A) and Ni filter and generation settings of
40 kV and 40 mA. Routine air-dried mounts were run between 2 and
32°26 atascan speed of 2° 26/min. Ethylene glycol-solvated and heated
samples were run from 2 to 27° 26 and 3 to 15° 26, respectively, at a
scan speed of 2° 26 min. Semi-quantitative estimations of the relative
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Fig. 1. (a) Geological setting and location of the study area showing the mid-Cretaceous outcrops. (b) Panoramic photograph of the Mata Amarilla Formation at Cerro Waring locality where

stacked mid-Cretaceous paleosols occur.
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Fig. 2. Vertisol features (a) Field picture of a Vertisols succession showing the trench, person for scale is 1.75 m. (b) Detail of angular wedge-shaped peds with slickensides, coin for scale is
2.2 cm. Detailed micromorphology of (¢) A horizon showing dark color groundmass, compound-packing voids, chambers (red arrows), and a rhizolith with a thick laminated clay coating
their walls (yellow arrow), Plane Polarized Light (PPL). (d) Bss horizon showing double space to open porphyric ¢/f related distribution, light brown groundmass with cross-striated
b-fabric characterized by two set of birefringent clay orientation ~80° (yellow arrows), channels (red arrows) and chamber (white arrow). Cross Polarized light (XPL). (e) Bssg horizon
showing typic Fe-Mn nodules moderately to strongly impregnate with amiboidal and aggregated morphologies (yellow arrows), PPL. (f) Fe-Mn nodules partially obliterating cross-
striated b-fabric (yellow arrows), XLP. (f) Clay mineralogical composition of Vertisols from lower middle and upper Mata Amarilla Fm. (g) Clay mineralogical composition of Vertisols
from the uppermost Mata Amarilla Fm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

percentages of clay minerals were based on the peak area method
(Biscaye, 1965) on glycolated samples (001 for illite, smectite, kaolinite,
palygorskite and illite/smectite mixed layer; chlorite/smectite, kaolinite/
smectite, and 002 for chlorite) by applying empirical factors (Moore and
Reynolds, 1989).

A detailed sampling strategy of B horizons for geochemical analyses
was performed following the criteria of Hyland and Sheldon (2016),
noting that there is no evidence that diagenesis has modified the
geochemistry of the sediment and paleosols. Major element composi-
tion methodology involved the whole-rock analyses of B horizon sam-
ples using Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) at The Pennsylvania State University, USA. Samples were
fused using lithium metaborate and run on a Perkin-Elmer Optima
5300 (ICP-AES), where the analytical uncertainty is at <0.1% and mean
standard deviation was 0.09%. Data from major oxide analyses were
converted from weight percent to molar percent to calculate paleosol
indices and paleoclimate proxies discussed below. The pedogenic
process indices used were: for weathering processes, CIA-K, where
CIA-K = 100 x [(Al/(Al + Ca + Na)] (Maynard, 1992), and CALMAG,
where CALMAG = 100 x [(Al/(Al + Ca + Mg)] (Nordt and Dreise,
2010); for hydrolysis of alkaline earth elements, loss of exchangeable
bases, Al/Y_Bases ratio (Retallack, 2001); for clayeyness, Al/Si ratio
(Sheldon and Tabor, 2009); for oxidation total iron/alumina ratio
(Retallack, 2001); for salinization SAL = (Na + K)/Al (Retallack, 2001);
and for changes in paleosol provenance, Ti/Al ratio (Sheldon, 2006).

Mean annual temperature (MAT) proxies were calculated based on
the SAL ratio from Sheldon et al. (2002) and PWI (Paleosol Weathering
Index) from Gallagher and Sheldon (2013). The mean annual tempera-
ture equation is MAT = — 18,516 (SAL) + 17,298 (Sheldon et al., 2002).
The error associated with this SAL-based MAT estimation is +4.4 °C and
can be applied to most paleosol orders (Sheldon et al., 2002). The PWI-
based MAT equation of Gallagher and Sheldon (2013) is MAT = 2.74
In (PWI) + 21.39, where PWI = 100 x [(4.20 x Na) + (1.66 x Mg) +
(5.54 x K) + (2.05 x Ca)]. This MAT estimation is better constrained,
and the standard error in MAT values associated with this equation
is £2.1 °C (Gallagher and Sheldon, 2013).

Mean annual precipitation (MAP) was calculated with different
quantitative proxies. The first paleoprecipitation calculation was
the MAP estimation based on )_ Bases/Al where MAP = —259.3
In (X Bases/Al) + 759, with a standard error of 4235 mm yr—'
(Sheldon et al., 2002). The second paleoprecipitation estimation was
the MAP proxy based on the CIA-K index of Maynard (1992), where
MAP = 221.12e %0197(AAK) with 3 standard error & 181 mm yr—!
(Sheldon et al., 2002). Finally, the last paleoprecipitation calculation
was the MAP proxy developed specifically for Vertisols based on the
CALMAG index, where MAP = 22.69 (CALMAG)-435.8, with a standard
error & 108 mm/yr (Nordt and Dreise, 2010). Comparative studies in-
dicate that the CALMAG-based MAP estimation is more accurate than
CIA-K-based MAP estimation for vertic paleosols (Nordt and Dreise,
2010; Adams et al., 2011).
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Classification of the paleosols was made based on the field morphol-
ogy, micromorphology and with the compositional analyses (XRD and
geochemical data) following the criteria of USDA, Soil Taxonomy
(1975, 1998) and the modifications for paleosols by Retallack (1993).

4. Results
4.1. The paleosols of the Mata Amarilla Formation

The Mata Amarilla paleosols are characterized macromorphologically
by well-structured horizons, gley-colors, slickensides, angular blocky to
wedge shaped peds, cutans, mottles and rhizoliths. These paleosols
were classified following Soil Taxonomy (Soil Survey Staff, 1975, 1998;
Retallack, 1993) as Vertisols (60%), Histosols (25%), Inceptisols (12%)
and vertic Alfisols (3%), listed in order of abundance. The lower section
comprised the development of Histosol and Vertisols in coastal plain en-
vironments. The middle section has a highly mature vertic Alfisol related
to a forced regressive surface (Varela et al.,, 2016) and the remainder is
constituted by Vertisols and Inceptisols in a catenary relationship within
fluvial sub-environments. The upper section is composed of Histosols
and Vertisols in coastal plain environments (Varela et al., 2012b).

4.2. Macro and micromorphological description

4.2.1. Vertisols

They are the most abundant paleosol in the Mata Amarilla Forma-
tion. They show thick well-developed horizons with greenish grey
matrix with low chromas, and profiles with A-Bss (B horizon with
slickensides), and sometimes Btss (B horizon with illuvial accumulation
of clay and slickensides), -Bssg (B horizon with slickensides and gleying
hydromorphic features), and -Cg (C horizon with gleying hydromorphic
features) successions (Fig. 2a); in many cases, eroded tops with the
absence of an A horizon were observed. The most typical morpho-
logical features are slickensides, angular peds (Fig. 2b), yellowish and
greenish-grey rhizoliths (root casts, rhizotubules, rhizocretions and/or
rhizohaloes), yellowish to brownish and bluish grey mottles and 0.5
and 20 mm yellowish to dark brown Fe-Mn nodules.

The coarse fraction of these Vertisols is composed of silt to very fine
sand particles of quartz, feldspar and volcanic lithic grains. These lithic
grains show felsitic, pilotaxic and trachytic textures (intermediate and
acidic volcanic fragments), with a mostly high degree of alteration.
When present, the A horizons show clay loam to very fine sand particle
size classes and a coarse/fine (¢/f — 39 um) ratio from 1/2 to 1/3. The
¢/f-related distribution is close porphyric. The groundmass shows dark
color with an undifferentiated b-fabric; the absence of interference
color in the groundmass is mask by organic matter and Fe-oxides.
Compound-packing voids, chambers and less frequently channels are
preserved in the groundmass (Fig. 2¢). Rhizoliths are abundant and usu-
ally show thick laminated brown to dark brown dusty clay coatings
covering their walls (Fig. 2c). Bss horizons show clay loam to silt to
very fine sand particle size classes and a coarse/fine (c/f — 59 um) ratio
from 1/3 to 1/4. The c/f-related distribution is double space to open
porphyric (Fig. 2d). The groundmass shows light brown color with
cross-striated b-fabric characterized by two sets of birefringent clay ori-
ented at an angle of ~80°. Different kinds of voids, channels and cham-
bers (Fig. 2d), with frequent thin non-laminated yellowish dusty clay
coating around their walls are also present. When these illuvial features
are more abundant, the B horizons are classified as Btss. Bssg horizons
have the same micromorphological characteristics as the Bss horizons,
except for the presence of abundant Fe-Mn nodules. These nodules are
typically moderately to strongly impregnated with amiboidal and ag-
gregated morphologies; the average sizes are between 50 and 250 pm
(Fig. 2e, f). The clay mineralogy of these Vertisols is dominated by smec-
tite (~96%) and a very minor proportion of kaolinite (~3%; Fig. 2g),
except in the uppermost Mata Amarilla Formation where Vertisols
reach up to ~40% of kaolinite (Fig. 2h).

4.2.2. Histosols

They are present in the lower and upper sections of the Mata Amarilla
Formation. They show stacks of thin profiles with Oe (O horizon with
organic matter intermediate in decomposition)-A-Bg (B horizon with
gleying hydromorphic features) successions (Fig. 3). The most important
macromorphological features are dark grey to black mottles of small
carbonaceous remains disseminated in the paleosol matrix as well as
orange and purplish-blue mottles (Fig. 3a). Slickensides and rhizoliths
are also abundant; greenish-grey rhizoliths and fossil roots are mostly
preserved as carbonaceous material (Fig. 3b). The coarse fraction of
these paleosols consist of very fine to fine sand grains of quartz, feldspar
and intermediate to acidic volcanic fragment (felsitic, pilotaxic and
trachytic textures) showing different degrees of alteration. Oe hori-
zons show clay loam to fine sand particle size classes and a coarse/fine
(¢/f — 39 um) 1atio from 1/1 to 1/2 (Fig. 3¢, d). The c/f-related distribution
is enaulic to close porphyric (Fig. 3c). The coarse organic components are
abundant and comprise mostly dark plant tissue residues with a high de-
gree of preservation (cell structures are clearly recognizable) and less
frequently highly decomposed dark plant organ residues (Fig. 3¢, d).
The groundmass shows dark brown to black color (by the presence
of fine amorphous organic matter and Fe/Mn-oxides) with an undiffer-
entiated b-fabric. Simple-packing voids, chambers and channels are pre-
served in the groundmass (Fig. 3¢, d). Plant residues and fine amorphous
organic matter is laminated between mineral-dominated layers. A hori-
zons show clay loam to silt to very fine sand particle size classes and a
coarse/fine (¢/f — 39 um) ratio from 1/4 to 1/5. The c/f-related distribution
is double space to open porphyric (Fig. 3e). Coarse organic components
are rarely present, showing black color, undifferentiated morphology,
and low degree of preservation (Fig. 3e). The groundmass shows
fine amorphous organic matter, punctuations and organic pigment
with dark brown to black color and undifferentiated b-fabric. Simple-
packing voids are often preserved in the groundmass. Bg horizons
show clay loam to very fine sand particle size classes and a coarse/fine
(c/f — 39 um) ratio from 1/1 to 1/2. The c/f-related distribution is enaulic
to close porphyric. Channels, chambers and simple-packing voids are
preserved in the groundmass, which shows light to more dark brown
color with an undifferentiated b-fabric (Fig. 3f). Fine amorphous organic
matter is occasionally dispersed in the groundmass. As diagnostic
pedofeatures, Bg horizons show abundant Fe-Mn nodules. These are
typically strongly impregnated to pure with rounded morphologies,
and less frequently amiboidal and aggregate morphologies; the average
sizes are between 50 and 180 um (Fig. 3f). Although the Histosols of
Mata Amarilla Formation are macro and micro-morphologically very
similar, the mineralogical composition of the clays change according to
stratigraphic position in the unit; in the lower section they are composed
of ~55% smectite and ~38% palygorskite with very scarce kaolinite at ~5%
(Fig. 3g), while in the upper section they are dominated by ~67% smec-
tite and ~33% kaolinite (Fig. 3h).

4.2.3. Inceptisols

Inceptisols and Vertisols are present in a catenary relationship with-
in the fluvial channels, whereas Inceptisols were developed in levees
and crevasse splay deposits (Varela et al., 2012b). Inceptisols display
relatively thin moderately to poorly developed and stacked profiles
with A-Bw or B/C-C successions (Fig. 4a). Inceptisols are characterized
macroscopically by poorly developed horizonation where the most
important features are yellowish to brownish rhizoliths, mottles and
Fe-Mn nodules. The Bw and B/c horizons are generally non-structured
massive with poor ped developments (Fig. 4b).

The coarse fraction is constituted of quartz, feldspar and fresh to low
degree of alteration volcanic lithic fragments with felsitic, pilotaxic and
trachytic textures. The A horizons show clay loam to very fine sand par-
ticle size classes. The mineral coarse fraction is composed of very fine
sand grains and the coarse/fine (c/f = 3.9 um) ratio varies from 1/1 to
1/2 T. The c/f-related distribution is gefuric to chitonic (Fig. 4c). The
groundmass is light to dark brown by the occurrence of organic matter
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web version of this article.)

with an undifferentiated b-fabric. Simple-packing voids and chambers
are preserved in the groundmass. As characteristic pedofeatures these
Inceptisols show abundant typic Fe-Mn nodules strongly impregnated
with amiboidal morphologies; the average sizes are between 40 and
200 um (Fig. 4c). The Bw and B/C horizons show clay loam to very fine
sand particle size classes, the coarse fraction is composed of fine to
very fine sand particles and the coarse/fine (c/f — 39 ;) ratio ranges
from 1/1 to 1/2 (Fig. 4d, e). The c/f-related distribution is chitonic
to gefuric. The groundmass is light brown with an undifferentiated
b-fabric (Fig. 4d, e). Simple-packing voids are preserved in the ground-
mass. These horizons show similar Fe-Mn nodules as in A horizons
(Fig. 4d, e). The C horizons show medium to coarse sand particle size
classes and a coarse/fine (c/f — 39 ,m) ratio of 10/1. The c/f-related distri-
bution is monic (Fig. 4f). The sand grains show thin non-laminated gray
limpid clay coatings as the unique characteristic pedofeatures (Fig. 4f).
The clay mineralogy of these Inceptisols is similar to vertisols only with
a slightly higher percentage of kaolinite. Inceptisols are dominated by
~88% smectite with a scarce proportion of kaolinite ~12% (Fig. 4g).

4.2.4. Alfisols

They are present only in the level between the lower and middle sec-
tion of the Mata Amarilla Formation and show thick well-developed pro-
files with A-A/E-Bt (B horizon with illuvial accumulation of clay) —-Bss
(B horizon with slickensides) succession (Fig. 5a). The most typical mor-
phological features of these paleosols are: well-structured Bt horizon

with prismatic peds and abundant cutans (Fig. 5b); as well as, slicken-
sides, angular peds, mottles, and Fe-Mn nodules in the Bss horizon. The
coarse fraction of these Alfisols is composed of silt to very fine sand
particles of quartz, feldspar and volcanic lithic grains. These lithic grains
present felsitic, pilotaxic and trachytic textures with high degree
of weathering. The A horizons show similar micromorphological fea-
tures as the A-horizons in Vertisols. This Alfisol presents a poorly defined
A/E horizon with fine sand particle size classes and monic c/f related dis-
tribution as main features. The diagnostic Bt horizon shows clay loam to
very fine sand particle size classes and a coarse/fine (c/f — 39 um) ratio
from 1/4 to 1/6 (Fig. 5¢, d). The c/f-related distribution is chitonic to
double-space porphyric (Fig. 5¢, d). The groundmass is light to brown
with an undifferentiated b-fabric. Only small voids related to some
rhizolith walls are preserved in the groundmass (Fig. 5c). The diagnostic
pedofeature is the presence of abundant laminated to microlaminated,
dense, complete to incomplete yellowish brown dusty illuvial clay
infillings (Fig. 5¢, d). The Bss horizon shows clay loam to fine sand parti-
cle size classes and a coarse/fine (c/f — 39 ;) ratio from 1/2 to less fre-
quently 1/3. The c/f-related distribution is chitonic to simple/double
space porphyric. The groundmass is light brown to orange with cross-
striated b-fabric; characterized by two sets of birefringent clay oriented
at an angle of ~80° (Fig. 5e, f). The b-axes of grains are also oriented
with the same pattern (Fig. 5f). The clay mineralogy of these vertic
Alfisols is dominated by smectite (~95%) with minor proportions of
kaolinite (~4%) and illite and chlorite (<1%) (Fig. 5g).
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Fig. 4. Inceptisol features. (a) Field picture showing a Inceptisol succession overlying by proximal crevasse splays deposits (yellow arrows), backpack for scale is 80 cm. (b) Detail of gley
colored non- to poorly-structured B/C horizon. Detailed micromorphology of (c) A horizon showing gefuric to chitonic ¢/f related distribution, light to dark brown groundmass (red arrows),
chambers and voids (blue arrows), and typic strongly impregnate Fe-Mn nodules with amiboidal morphologies (yellow arrows), PPL. (d) PPL, and (e) XPL, B/C horizon showing light brown
with an undifferentiated b-fabric (yellow arrows) and typic strongly impregnate Fe-Mn nodules with amiboidal morphologies (red arrows). (f) C horizon showing medium to coarse
sand particles of abundant volcanic lithic grains, quartz and feldspar with a monic c/f related distribution and very thin clay coatings (yellow arrows), XPL. (g) Clay mineralogical
composition of Inceptisols from Mata Amarilla Fm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.3. Clay-mineralogy of Mata Amarilla Formation paleosols

Clay-fraction XRD analysis of 103 samples shows that smectite is the
dominant clay mineral throughout the unit (Supplementary Table 1).
It constitutes 92% on average of the clay fraction of all the paleosol
types, varying between 32 and 100%. Kaolinite (5% on average, ranging
from 0 to 64%), illite (1% on average), chlorite (0.4% on average) and
palygorskite (2% on average) are subordinate clay minerals in the
analyzed paleosols. On the basis of the presence, type and relative
amount of the above-mentioned clay minerals, three clay mineral
assemblages have been defined. They are: smectite-dominated assem-
blage (S), palygorskite-rich assemblage associated with dominant
smectite (S-P), and kaolinite-rich assemblage associated with smectite
and other clays (S-K). S assemblage (~100% smectite; smectite 96%,
kaolinite 3% and illite 1%) is present throughout the Mata Amarilla
Formation where Vertisols, the vertic Alfisol and Inceptisols exist.
However, some Histosols also have this assemblage (Supplementary
Table 1, Fig. 6). The S-P assemblage has on average smectite 55%,
palygorskite 38%, kaolinite 4%, chlorite 1%; illite 1% and illite/smectite
mixed-layers <1%, and is restricted to the lower section of the Mata
Amarilla Formation where Histosols occur (Supplementary Table 1,
Fig. 6). The S-K assemblage has on average smectite 44%, kaolinite
<43%, illite 7%, chlorite 4% and illite/smectite mixed-layers 1%, and is
the least representative clay-mineral assemblage in the Mata Amarilla
Formation paleosols. It is only observed in the upper section of the unit
in samples of Histosols and Vertisols (Supplementary Table 1, Fig. 6).

A general vertical trend in the arrangement of the clay mineral asso-
ciations shows a continuous dominance of the S assemblage through
the entire succession, which is only interrupted in the lower section
by the S-P assemblage, and by the S-K assemblage in the upper section
of the Mata Amarilla Formation (Fig. 6).

4.4. Geochemical signature of the paleosols of the Mata Amarilla Formation

Geochemistry of the paleosols shows that the CIA-K weathering
index is between 64 and 94 (79.1 on average with a standard deviation
of 6.25). The CALMAG weathering index is between 68.3 and 87.5 (81.1
on average with a standard deviation of 3.8). The Al/Y_Bases ratio is 1.91
on average with a standard deviation of 0.56. The Al/Si is 0.17 on average
with a standard deviation of 0.04. The total iron/alumina (Fe/Al) ratio is
0.16 on average with a standard deviation of 0.004. The Ba/Sr is 1.36 on
average with a standard deviation of 0.81. The Ti/Al is 0.04 on average
with a standard deviation of 0.01. The K + Na/Al is 0.32 on average
with a standard deviation of 0.1 (Supplementary Table 2, Fig. 6).

Although the Mata Amarilla Formation paleosols exhibit strati-
graphic variation in most soil molecular ratios, a unit-scale trend in
some of them can be observed (Fig. 6). The weathering indices of
CIA-K and CALMAG show similar patterns with a strong decrease in
the lower part of the middle section of the Mata Amarilla Formation
(weathering indices ~ 65; Fig. 6), followed by an upsection increase in
weathering index (weathering index ~89). Above, the weathering values
are around the background (weathering index ~80) and show another
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Fig. 5. Vertic Alfisol features. (a) Field picture showing the vertic Alfisol level, bar for scale is 2 m. (b) Detail of dark gray colored prismatic ped showing the brownish clay illuviation surface
(cutan) from Bt horizon, coin for scale is 2.2 cm. Detailed micromorphology of (¢) PPL, and (d) XPL, Bt horizon showing light to brown groundmass with an undifferentiated b-fabric, and
abundant laminated to microlaminated, dense, complete to incomplete dusty illuvial clays infillings (yellow arrows); small vertical voids showing incomplete fillings of rhizolith walls
(blue arrows). (e) XPL and (f) XPL, Bss horizon showing light brown to orange color groundmass with cross-striated b-fabric; characterized by two set of birefringent clay orientation
~80° (yellow arrows). (f) Note that b-axes of grains also orientated with the same pattern (blue arrows). (g) Clay mineralogical composition of the vertic Alfisol from Mata Amarilla
Fm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

weathering increase in the upper section of the unit (weathering index
up to >90). The Al/Y_Bases is related to hydrolysis (base loss); the
curve shows three abrupt but slight increases (lower and upper parts
of the middle section and the lower part of the upper section) and a
more constant increase in hydrolysis value to the top of the unit. The
Al/Si, related to clayeyness, shows increases in five samples, with a gen-
eral increase in the lowermost and uppermost part of the middle section
of the unit. The Fe/Al, related to oxidation always displays very low
values (<0.25); however, there are five increases from background
values: near to the lower-middle sections boundary, in the lower, middle
and upper parts of the middle section, and in the top of the unit. The
Ba/Sr curve, related to leaching, shows variation with a clear increase
in the lower part of the middle section. The Ti/Al, related to provenance,
does not display any variation. Finally, the K + Na/Al, related to saliniza-
tion, shows much variation but with a decreasing trend to the top of the
unit.

4.5. Paleotemperature and Paleoprecipitation estimates for the Mata
Amarilla paleosols

Previous compositional studies in the Mata Amarilla Formation have
shown that the primary source of the sandstones was a magmatic arc,
and to a much lesser extent, an orogenic area composed of uplifted vol-
canic and metamorphic rocks; while the fine-grained sediments are
characterized by the preponderance of smectite related to the alteration
of volcaniclastic materials (Varela et al., 2013). Since the Ti/Al ratio in

Mata Amarilla paleosols remains more or less unchanged (u: 0.04;
0: 0.01) through the entire C* Waring succession, little or no prove-
nance change is indicated through the mid-Cretaceous (Supplementary
Table 2, Fig. 6), and a quantitative paleoclimate reconstruction using Al
content can be applied to the strata (Fig. 7).

The mid-Cretaceous paleotemperature (MAT) estimates for the
Mata Amarilla paleosols using the SAL and PWI proxies show an average
0f 11.46 °C 4= 44 °Cand 12 °C & 2.1 °C, respectively (Fig. 7). The MAT
calculated using the SAL proxy ranges from 9 + 4.4 °Cto 16 + 4.4 °C;
meanwhile, MAT from the PWI proxy varies between 11 + 2.1 °C and
14 4 2.1 °C. Both proxies exhibit a clear increasing upsection trend in
MAT. However, a closer inspection shows that both curves display a
more or less constant MAT up to the upper section of the formation
where an increasing trend up to 16 + 4.4 °Cand 14 + 2.1 °C, respectively,
is observed. At this scale, the SAL-based MAT curve shows two distinct
peaks up to 13 & 4.4 °C, one in the lower part of the middle section
(mid-Cenomanian; ~96 Ma), and another in the upper part of the mid-
dle section (mid-Turonian; ~91 Ma). The PWI-based MAT curve dis-
plays increased values of lower magnitudes.

Paleoprecipitation (MAP) estimates for the Mata Amarilla paleosols
using the CALMAG proxy range from 1115 + 108 to 1557 + 108 mm/yr
with an average of 1404 + 108 mm/yr. These values are higher than the
average MAP calculated from the CIA-K proxy (1059 + 182 mmyr—').
MAP from CIA-K varied between 787 + 182 and 1419 + 182 mmyr~ .
MAP estimates from Y _ Bases proxy indicate lower values that vary
between 827 4+ 235 and 1142 4+ 235 mm/yr, with an average of
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paleosols of the Mata Amarilla Formation.

919 4 235 mm/yr. The three estimated MAP curves show similar gross
trends. Because the CALMAG proxy provides the most reliable MAP
estimates for Vertisols and paleosols with vertic features (Nordt and
Dreise, 2010; Adams et al., 2011), MAPs calculated using the CALMAG
index are our preferred values (Fig. 7). A common stratigraphic
trend is notable between the three proxies, showing slightly higher
MAP estimates up section (1549 4+ 108 mm/yr). However, a decrease
in paleoprecipitation is observable at the lowermost part of the middle
section at ~97 Ma (1100 & 108 mm yr~ '), followed by an increase at
~96 Ma (1557 + 108 mm yr~!). Toward the top of the section there
are constant values of MAP (~1404 4+ 108 mm yr—'; Fig. 7) up to
~88 Ma, where the MAP values are slightly higher (1525 + 108 mm/yr).

5. Discussion
5.1. Pedogenic processes

The micromorphological analyses together with the clay mineral-
ogical and geochemical analyses suggest that the main pedogenic pro-
cesses that occurred in the Mata Amarilla paleosols were: vertization,
hydromorphism (gleization), argilluviation or lessivage (clay illuviation),
and bioturbation. All of these processes took place under moderate
hydrolysis and a wide range of weathering conditions.

The presence of vertic microfeatures such as cross-striated b-fabrics,
b-axes of grains oriented with the same pattern, and open porphyric c/f
related distribution suggests that vertization constituted one of the
main pedogenic processes (Kovda and Mermut, 2010). The clay miner-
alogy, dominated by smectite (Fig. 6), supports this interpretation. The
abundance of smectite is related to the alteration of volcanic glass com-
ing from contemporaneous late Cretaceous ash fall (Patagonian Andean
Magmatic Arc source) under a greenhouse climate (Varela et al., 2013).

Hydromorphism related to poor drainage conditions is notable from
the presence of Histosols in the lower and upper section of the Mata
Amarilla Formation. The presence of Fe-Mn nodules suggests poor
drainage conditions (Lindbo et al., 2010), even in the middle section of
the Mata Amarilla Formation where Vertisols, Inceptisols and vertic
Alfisols are present. Gley colors and low Fe/Al values (<0.25) record
the intensity of this process (Fig. 6). Abundant pedogenic smectite
in these paleosols also attests to weakly drained or waterlogged condi-
tions in warm seasonal climate conditions with alternating wet and dry
seasons (e.g., Thiry, 2000). As mentioned previously, there are five
punctuated increases in Fe/Al above background values, which are coin-
cident with the presence of Inceptisols (Fig. 6) developed in areas of the
fluvial system with relativelygreater topographic relief where drainage
conditions were slightly higher (e.g., levees and crevasse deposits;
Varela et al.,, 2012b) and therefore were subjected to more oxidization.
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Also, the clay composition of the Inceptisols shows an increase in
pedogenic kaolinite content related to rapid circulation of interstitial
waters and chemical weathering of a more porous parent material
(e.g., Raigemborn et al., 2014).

The presence of thick laminated to microlaminated dusty clay
coatings covering rhizolith walls, and dense complete to incomplete
clay infillings in Bt/Btss horizons, both from Alfisols and Vertisols, pro-
vides evidence for clay illuviation (Kiihn et al., 2010) (Figs. 2, 5). These
pedofeatures together with the predominance of pedogenic smectite
point to seasonality in water availability. An extended dry season is in-
ferred due to the presence of well-defined banding of the clay coatings
(e.g., Retallack et al., 2000). Clay enrichment or clayeyness can be in-
ferred from Al/Si. The high levels of Al/Si (ji: 0.16; Fig. 6) suggest clay en-
richment in B horizons by illuviation. The positive peaks in the Al/Si

curve are coincident with the presence of argillic Bt horizons both in
vertic Alfisols and Vertisols (Fig. 6).

Bioturbation is recorded by the occurrence of abundant rhizoliths
(Fig. 2c), voids, chambers and channels (Fig. 2c-d, 3¢-f, 4¢) in thin sec-
tions. The presence of chambers and channels represent the modifica-
tion of the groundmass by earthworms (e.g. Stolt and Lindbo, 2010;
Kooistra and Pulleman, 2010; Kooistra, 2015). The high content of fossil
leaves, trunks, organic remains and big Mn-nodules associated with
stumps in the Mata Amarilla paleosols (Iglesias et al., 2007; Varela
et al., 2016; Martinez et al., 2017), and the thickness (~2 m) of the
Bt/Btss horizons, suggest a high biomass of plant and invertebrate soil
fauna (Retallack, 2001).

The weathering CIA-K index is near the mild-strong weathering limit
(w: 79.1; Sheldon and Tabor, 2009), whereas the CALMAG weathering
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index is slightly over it (p: 81.1). The relatively high Ba/Sr (1.36 on aver-
age) indicates leaching that peaked at ~96 Ma (Fig. 6). The Al/Y_Bases
(hydrolysis) curve is ~2 on average suggesting a moderate loss of
exchangeable bases. This curve presents three slight increases (mid-
Cenomanian; mid-Turonian and lower Coniacian). A more constant in-
creasing trend in hydrolysis values to the top of the unit is observed.
This trend is coincident with an increase of both weathering indices
(CIA-K and CALMAG) and kaolinite content (Fig. 6), suggesting that
the increase in precipitation and temperature favored weathering
(Fig. 7).

The rare presence of palygorskite in the Histosols of the lower
section of the Mata Amarilla Formation was interpreted as related to
coastal environments where paleosols developed under poorly drained
conditions (Varela et al., 2013). In such paralic environments the high Si
and Mg content of groundwater, related to the sporadic incursion of
brackish waters (Varela et al.,, 2011; Griffin and Varela, 2012), favored
the formation of palygorskite at the expense of other silicate precursors,
probably smectite, which provided the necessary Al for its formation
(Pimentel, 2002; Arribas et al., 2004). These, results are comparable to

the similar preservation of coarse organic fragments in Mata Amarilla
Histosols and in modern Histosols of a tidal marsh (Stolt and Lindbo,
2010).

5.2. Paleoclimatic reconstruction

PWI paleotemperatures calculated from the mid-Cretaceous Mata
Amarilla Formation range from 11 to 14 4 2.1 °C, with an average of
12 4 2.1 °C. The paleoprecipitation estimates using the more accurate
proxy for Vertisols (CALMAG; Nordt and Dreise, 2010) range from
1115 £ 108 to 1557 £ 108 mm yr, with an average of 1404 +
108 mm yr (Fig. 7). Such values are similar to modern temperate
humid subtropical climate, following the climate classification of
Zhang et al. (2016).

The combination of data derived from the Mata Amarilla paleosols
demonstrates that at ~60° south paleolatitude of mid-Cretaceous
South America, the climate was temperate-warm and humid with
marked seasonality. These new data confirm climate estimates previ-
ously interpreted from angiosperm fossil floras described by Iglesias

30° NL

modern geographic
boundaries

Fig. 8. (a) Actual global paleogeographic map. (b) Detail of Samborombén bay wetland area. (c) Mid-Cretaceous global paleogeographic reconstruction from Scotese (1991) and global
paleoclimatic reconstruction from Chumakov (1995) modified by Spicer and Skelton (2003). NTH: Northern High-latitude Temperate humid belt, STH: Southern High-latitude
Temperate humid belt, NWH: Northern Mid-latitude Warm humid belt, SWH: Southern Mid-latitude Warm humid belt, NHA: Northern Hot Arid belt, EH: Equatorial Humid belt, SHA:
Southern Hot Arid belt. (d) Detail of the study area showing the paleogeographic position during mid-Cretaceous time, according to Van Hinsbergen et al. (2015) and the modificated
position of SWH and STH belts. Red arrows indicate the variation from the average MAT data. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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et al. (2007) and analysis of fossil gymnosperms logs and Cycadales
(Varela et al., 2016; Martinez et al., 2017), as well as the presence of
Perforissidae, Cupedidae and related plant-insect interactions in the
Mata Amarilla Formation (PetruleviCius et al., 2014). Iglesias et al.
(2011) interpreted the flora of southern Patagonia (Mata Amarilla
Formation) as indicative of a high temperature and rainfall/humidity
climate, and situated in a Warm Temperate Biome (Iglesias et al.,
2007, 2011).

Modern day analogs for the Mata Amarilla Formation paleosols can
be found in wetlands of Samborombdén Bay (Buenos Aires Province,
Argentina, 36° S; Fig. 8a). At this site, similar pedogenic processes
have developed Vertisols and less abundant vertic Mollisols, according
to the soil maps of the region (Imbellone et al., 2000, 2009, 2010;
INTA, 2015). This modern wetland resembles those of the Mata Amarilla
wetlands in that they both formed under temperate humid subtropical
climate conditions (e.g.,Zhang et al., 2016). Samborombén Bay has MAT
values of 14 °C and MAP values close to 1000 mm yr, with seasonality in
rainfall distribution (Carol et al., 2013; INTA, 2015; Carol and Alvarez,
2016). Although the sedimentary environments and the related soils
of Samborombén Bay (36°S) are nearly identical to those interpreted
for the Mata Amarilla Formation (~60°S; Fig. 8b), rainfall conditions
are lower in Samborombén Bay (—400 mm yr) and temperatures are
slightly higher. Modern day southern Argentina (Patagonia), where
the Mata Amarilla Formation outcrops (50° south latitude), has a dry
cold desert climate following Zhang et al. (2016) (Fig. 8a). The presence
of paleosols corresponding to temperate humid subtropical climates at
~60°S would indicate that, during the mid-Cretaceous greenhouse, sub-
tropical areas were displaced towards the poles by ~25° paleolatitude in
South America.

5.3. Paleoclimatic implications of southern Patagonia paleosols in mid-
Cretaceous global climate reconstructions

Global climate models for the mid-Cretaceous suggest high atmo-
spheric pCO; levels that gave rise to warm surface temperatures. The
moderate increase in temperatures resulting from greenhouse gases
were amplified by feedback mechanisms including decreases in albedo
and thermal insulation due to the melting of polar ice caps (Barron,
1983; Barron et al., 1989; Caldeira and Rampino, 1991; Frakes, 1999;
Poulsen et al., 1999, 2001, 2007; Floegel and Wagner, 2006; Royer,
2010; Hay, 2011). These models suggest that in high mid-latitudes in
the Northern Hemisphere, paleotemperatures increased by 35 °C during
the winter and only 7.5 °C during the summer, thereby decreasing the
temperature gradient during both seasons (i.e., less marked seasonality).
Further, mid-Cretaceous rainfall estimates based on 880 data from
paleosol sphaerosiderites along the Cretaceous Western Interior Seaway
(between 54° to 28° north paleolatitude) ranged from 2500 to
4100 mm/yr (White et al.,, 2001) and from 2600 to 3300 mm/yr (Ufnar
et al,, 2002, 2004). The data from the Mata Amarilla Formation support
the models by providing data for benchmarking - the climofunction
estimates presented here agree with model results (i.e., rainfall and tem-
peratures increases at mid-to high latitudes) - however, they show
slightly lower values of MAT and MAP and a more marked seasonality
than those recorded from the same latitudes in the Northern Hemi-
sphere. At high latitudes, the mean annual temperatures deduced from
plant fossil assemblages reached 9 °C during the mid-Cretaceous in
northern Siberia (Herman and Spicer, 1996) and 10 °Cin northern Alaska
and the Antarctic Peninsula (Spicer and Corfield, 1992; Spicer et al.,
1993; Spicer and Herman, 2001). In addition, Fletcher et al. (2014) esti-
mated MAT of 13.6 + 2 °C and MAP of 1646 + 379 mm/yr based on
CLAMP analysis of flora from the mid-Cretaceous Winton Formation of
central-western Queensland, Australia. The Mata Amarilla angiosperms
and gymnospern floras, and Cycadales and gymnosperm ring analysis,
also suggest high temperature and rainfall/humidity with marked sea-
sonality (Iglesias et al., 2007, 2011; Varela et al., 2016; Martinez et al.,
2017). The global paleoclimate reconstruction from Chumakov (1995)

modified by Spicer and Skelton (2003) suggest that the study area was
in the mid-Cretaceous Southern Warm Humid belt (SWH; Fig. 8c).
However, our data suggest that the study area probably was near the
limit between Southern Temperate and Warm Humid belts (STH and
SWH; Fig. 8d). Towards the mid latitude areas corresponding to the
Southern Hot Arid belt (STH; Fig. 8d), dry paleoclimate conditions have
been recorded in paleosols from different proxies (macro- and micro-
morphologically, geochemically and paleoecologically), both in the
Northwestern Argentina and Southeastern Brazil (Basilici et al., 2009,
2016, 2017; Dal' B6 et al., 2010). In the future, more terrestrial paleocli-
matic work should focus on mid-to high latitudes in the Southern Hemi-
sphere to polish the current mid-Cretaceous reconstruction.

6. Conclusions

The main pedogenic processes recognized in the Mata Amarilla
Formation paleosols are vertization, hydromorphism (gleization),
argilluviation (clay illuviation) and bioturbation. These processes oc-
curred under elevated chemical weathering rates resulting in moderate
losses of exchangeable bases typical of temperate-warm and humid cli-
mates with marked seasonality, all acting on fine volcaniclastic parent
material in a wetland environment. The preponderance of smectite is
related to the alteration of volcaniclastic materials, the increment of ka-
olinite content is related to the increase of weathering and hydrolysis
towards the top of the unit, and the presence of palygorskite is related
to coastal environmental conditions. The paleotemperature of the
mid-Cretaceous Mata Amarilla Formation calculated by PWI shows
MATSs ranging from 11 to 14 £ 2.1 °C, with an average of 12 + 2.1 °C.
The paleoprecipitation estimates using the more accurate proxy for
Vertisols (CALMAG) indicates that MAPs ranged from 1115 + 108
to 1557 + 108 mmy/yr, with an average of 1404 4+ 108 mm/yr.
These MAT and MAP values suggest that at ~60° south paleolatitude
during the mid-Cretaceous greenhouse episode, a temperate humid
subtropical climate occurred. Currently, similar conditions exist at
mid-latitudes in Argentina (~36°S) suggesting that mid-Cretaceous
subtropical conditions were displaced by ~25° towards the poles
in South America. The results of this work show a more marked season-
ality and slightly lower values of MAT and MAP than predictions from
global climate models.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2017.11.001.
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