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ABSTRACT

Siliciclastic muds (clay- and silt-sized
sediment) concentrate physical and chemi-
cal weathering products. However, both
rock composition and climate can affect the
mineralogy and geochemistry of these sedi-
ments. We quantitatively assessed the influ-
ence of provenance and climate on muds
collected from end-member climates to test,
which, if any, of these potential weathering
signatures are indicative of climate in fine-
grained, fluvial sediments. Granulometry,
mineralogy, and geochemistry of the studied
muds indicated that provenance and mineral
sorting hinder interpretation of (paleo)cli-
mate signals. These issues also affect chemi-
cal index of alteration (CIA) values, as well
as mafic-felsic-weathering (MFW), Al,O;—
(CaO* + Na,0)-K,0 (A-CN-K), and ALOs—
(CaO* + Na,O + K,0)-(FeOT + Mg0O) (A-
CNK-FM) ternary plots, decreasing their
utility as paleoclimate proxies. CaO content
is heavily weighted within the calculations,
resulting in even felsic-sourced sediment
commonly plotting as mafic owing to the
relative enrichment in CaO from preferential
sorting of Ca-rich minerals into the mud-
sized fraction during transport. These results
cast doubt on the indiscriminate use of CIA
values and ternary plots for interpreting
chemical weathering and paleoclimate within
muds, particularly from glacial systems.

Most notably, the positive correlations be-
tween CIA and climatic parameters (mean
annual temperature and mean annual pre-
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cipitation) diminished when sediments that
had formed in nonglacial settings were fil-
tered out from the data sets. This implies
that CIA may only be applicable when used
in nonglacial systems in which the composi-
tion of the primary source material is well
constrained—such as soil/paleosol profiles.
Within this end-member climate data set,
CIA was only useful in discriminating hot-
humid climates.

INTRODUCTION

Chemical weathering has been a fundamental
component of Earth surface processes through-
out geologic time, producing chemical, physical,
and mineralogical signatures within siliciclastic
sediments (White et al., 1996). Chemical weath-
ering of silicates is controlled by lithology (com-
position and texture), climate (temperature and
precipitation), biological activity (macroscale
and microscale), chemistry of weathering sol-
utes (acidic, neutral, or basic; saline or fresh),
and the reactive surface area of fine-grained
sediments (White and Peterson, 1990; White
and Blum, 1995; White et al., 1996; White and
Brantley, 2003; White and Buss, 2014). Weath-
ering products, such as clay minerals and Fe-
oxides, are concentrated within the mud-sized
(<63 pm) sediment fraction due to their small
grain sizes (Nesbitt and Young, 1982). Climate
regime and duration of weathering are thought to
largely control the type and amount of secondary
weathering products. For example, the highest
intensity of chemical alteration and most abun-
dant secondary mineral products such as kaolin-
ite and Fe-oxides would be expected to occur in
hot and humid (tropical) settings. Likewise, neg-
ligible chemical weathering and less-aluminous
clays (illite, smectite, and chlorite) are associated
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with dry, high-latitude regions, including glacial
systems (Biscaye, 1965; Barshad, 1966; Nesbitt
and Young, 1982; Velbel, 1993; White et al.,
1999; White and Brantley, 2003). However,
these weathering product—climate relationships
are not always reflected in geochemical weather-
ing assessments. For example, high values of the
chemical index of alteration (CIA; Nesbitt and
Young, 1982) have been reported within some
glacial regions (e.g., Marra et al., 2017) compa-
rable to those of tropical settings (i.e., Joo et al.,
2018a; Webb et al., 2022).

Evidence of chemical weathering has long
been utilized for paleoclimate interpretations
based on weathering indices calculated from
major-oxide compositions of sediment devel-
oped on various basement rocks (i.e., CIA; Nes-
bitt and Young, 1982; Soreghan and Soreghan,
2007; Goldberg and Humayun, 2010; Xiao et al.,
2010; Li and Yang, 2010; Bahlburg and Dobrz-
inski, 2011; Yang et al., 2016; Ren et al., 2019;
Wang et al., 2020; Deng et al., 2022). Relation-
ships between climate parameters such as mean
annual temperature (MAT) and mean annual
precipitation (MAP) and CIA show moderate
to strong correlations when applied to tropical
and temperate regions where weathering trends
can be easily observed within well-developed
soil profiles (i.e., Nesbitt and Young, 1989; Ras-
mussen et al., 2011; Yang et al., 2016; Joo et al.,
2018a). However, the application of weathering
indices, including CIA, in glacial regions pro-
duces values that do not follow the same trends
as those observed in ice-free systems (Joo et al.,
2018a; Deng et al., 2022).

In addition, the physical sorting of grains
during sediment transport can also affect
chemical weathering signatures by concentrat-
ing mechanically weaker minerals (commonly
mafic phases) in the finer size fractions (Nesbitt
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et al., 1996; von Eynatten et al., 2012). Sorting
may lead to underestimated values of weather-
ing indices within fine-grained sediments and
regolith, due to the relative enrichment of CaO
in the fine-grained sediment fraction (i.e., Nes-
bitt et al., 1996; Siebach et al., 2017). Despite
these complications, CIA and other weathering
indices have been widely applied to fine-grained
sediments from a large variety of depositional
environments, including glacial drifts and flu-
vial systems on Earth and Mars, where well-
developed weathering profiles are not available
(i.e., Soreghan and Soreghan, 2007; Xiao et al.,
2010; Bahlburg and Dobrzinski, 2011; Yang
et al., 2016; Marra et al., 2017; Siebach et al.,
2017; Hurowitz et al., 2017; Ren et al., 2019;
Wang et al., 2020). Since CIA and other weath-
ering indices were developed primarily to inter-
pret weathering intensity in paleosols formed
in temperate to tropical settings, it is important
to understand and test potential relationships
between climate and weathering indices when
applied to glacial and fluvial systems, particu-
larly in environments where paleosols are absent
or uncommon.

‘While most previous studies of CIA and other
weathering indices have focused primarily on
temperate and tropical climate systems (i.e., Nes-
bitt and Young, 1989; Rasmussen et al., 2011;
Yang et al., 2016; Joo et al., 2018a), the effects of
extreme end-member climate conditions, includ-
ing glacial environments, on terrestrial sediment
composition, texture, and mineralogy have not
been systematically compared. Here, we report
the surface area, grain size, mineralogy, and geo-
chemistry of fine-grained glacial and proglacial
siliciclastic sediments collected from cold-arid
(Antarctic McMurdo Dry Valleys), temperate-
arid (Peru), and temperate-humid (Norway,
Washington, Iceland) glacial systems, as well as
fluvial siliciclastic sediments and soils collected
from hot-arid (Anza Borrego Desert, California)
and hot-humid (Puerto Rico) nonglacial environ-
ments to determine if weathering products and
chemical weathering indices are controlled by
the climate regime of these depositional settings.

Demirel-Floyd et al.

We focused on comparison of sediments sys-
tematically collected from slack-water regions
within fluvial settings traversing similar bedrock
types (granitic or granodioritic in all cases except
Iceland), which have been treated and analyzed
following identical protocols, minimizing user
error— and sample treatment—related variations
that can occur when reanalyzing compendiums
of published data (e.g., Li and Yang, 2010; Deng
et al., 2022).

GEOLOGICAL SETTING

We selected drainage basins sited on felsic-
intermediate bedrock in Antarctica (Stumpf
et al., 2012; Marra et al., 2014, 2015, 2017),
Norway (Joo et al., 2018b), Peru, Washington
State, Puerto Rico (Joo et al., 2018a; Webb
et al., 2022), and Southern California (Joo et al.,
2016). For these sites, we attempted to keep
bedrock composition as similar as possible, but
unavoidable variations occur. In addition, we
also included samples collected from a basaltic
watershed from Iceland to compare the effects
of a mafic bedrock source in a glaciated system.
We focused primarily on first-cycle sediment,
rather than soils, to better control for variable
time of soil genesis across field sites, although
we include some soil profiles. Summary descrip-
tions for each field area are described below and
listed in Table 1, with further details available
in the Supplemental Material' for this article
and within the public data set by Demirel-Floyd
(2022) as well as previous papers (Hall et al.,
1993, 2000; Levy et al., 2011; Stumpf et al.,
2012; Marra et al., 2014, 2015, 2017; Soreghan
etal., 2016; Joo etal., 2016, 2018a, 2018b, 2022;
Webb et al., 2022), including detailed maps
showing specific sampling locations.

ISupplemental Material. Supplemental materials
contain metadata (descriptions, geographic locations)
andallanalysisresults discussedinthe text. Please visit
https://doi.org/10.1130/GSAB.S.23900184 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

We collected sediment samples from cold-
dry (n=106), temperate-dry (n = 22), and
temperate-wet (n = 43) glacial environments, as
well as hot-wet (n = 31) and hot-dry (n = 13)
nonglacial settings. These samples represented
primarily fluvial slack-water sediments, but they
also included glacial drift, lake, and water-track
sediment, as well as soils from both glacial and
nonglacial systems. Soil profiles were sampled
at 10-20 cm increments within the top ~10 cm
to 1 m where possible. Table S1 provides com-
plete sample descriptions and metadata on global
positioning system (GPS) locations. All sedi-
ment samples were frozen until analysis. We also
collected bedrock from Antarctica, Peru, Puerto
Rico, and Anza Borrego and relied on published
work for bedrock compositions of samples from
Washington (Smith, 1903), Norway (Gordon
et al., 2013), and Iceland (Kelly et al., 2014).

Antarctica

The McMurdo Dry Valleys are characterized
as a largely ice-free polar desert, with MAT
around —18 °C (within —14 °C to —30 °C tem-
perature range) and MAP (mostly snowfall) of
100 mm/yr (Fountain et al., 1999; Doran et al.,
2002, 2008). Nevertheless, chemical weath-
ering occurs, as inferred from solute fluxes in
meltwater streams (Nezat et al., 2001; Mau-
rice et al., 2002; Gooseff et al., 2002; Stumpf
et al., 2012; Lyons et al., 2015) and weathering
products observed within rocks and soils (Gug-
lielmin et al., 2005; Levy et al., 2014; Cuozzo
et al., 2020). Fine-grained sediments produced
by limited glacial grinding, as well as eolian
redistribution of fine-grained glacial deposits,
supply ample surface area for weathering reac-
tions (Stumpf et al., 2012; Marra et al., 2017).
Polyextremophilic microbial communities
also likely contribute to nutrient and weather-
ing fluxes, as well as reworking the sediments
and changing their mineralogy and chemistry,
as evidenced by scanning electron microscopy
(SEM) images coupled with energy-dispersive
spectroscopy (EDS) measurements (Demirel-

TABLE 1. SUMMARY OF THE FIELD SITE CHARACTERISTICS (CLIMATE CLASSES ARE ACCORDING TO KOPPEN-GEIGER CLIMATE CLASSIFICATION*)

Field area Latitude  Longitude Bedrock Climate MAT MAP
) ©) (°C) (mmlyr)

Glacial

McMurdo Dry Valleys, Antarctica 77.24°S 162.48°E  Granite, granodiorite, hornblende-biotite orthogenesis Polar ice cap -18 100
Cordillera Blanca, Peru 9.01°S 7769°W  Granodiorite, tonalite Cold, semiarid 8 588
Jostedalsbreen, Norway 61.59°N 6.99°E  Quartz monzonite, granitic gneiss, granodiorite Subpolar oceanic 4.5 1769
Eyjafjallajokull, Iceland 63.67°N 19.63°W Basalt Polar tundra 3 1000
Mount Stuart, Washington 47.49°N 120.9°W Granite, granodiorite Subpolar oceanic 8 1270
Nonglacial

SE Puerto Rico 18.07°N 65.93°W  Granodiorite, metavolcanics, diorite Tropical rain forest 22 4200
Anza Borrego Desert, California 32.88°N 116.21°W Tonalite Hot desert 23 150

Note: MAT—mean annual temperature; MAP—mean annual precipitation.

*Geiger and Pohl (1953); Beck et al. (2018).
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Floyd et al., 2022). Poorly developed permatrost
soils are mainly located on the valley slopes and
floodplains, which are composed of drift depos-
its from previous cycles of glacial advance and
retreat within the valleys (Campbell and Clar-
idge, 2006; Bockheim and McLeod, 2008; Levy
etal., 2011).

Taylor Valley

Eastern Taylor Valley is largely covered by the
Last Glacial Maximum (LGM)-aged Ross Sea
Drift, which contains clasts from the underlying
granite and biotite orthogneiss, as well as basalt,
sandstone, and dolerite clasts sourced from out-
side of the valley (Hall et al., 2000). The western
portion of the valley is covered by drifts largely
from Taylor glacier, an outlet of the East Antarc-
tic Ice Sheet, which are also reworked by pro-
glacial fluvial stream systems (Hall et al., 2000;
Higgins et al., 2000).

Water Tracks

Water tracks are gully-like groundwater
features with dark-toned surfaces. They have
been attributed previously to briny groundwa-
ter activity (Levy et al., 2008, 2011); evapora-
tion of the briny groundwater can lead to bright
salt efflorescence on adjacent soils (Weidong
et al., 2002). Water tracks are observed within
dry ephemeral stream channels and along inter-
channel hillslopes and contribute to proglacial
lake nutrient budgets by transporting weathering
solutes. Therefore, water tracks are part of the
hydrological cycle within Taylor Valley (Levy
etal., 2011).

Wright Valley

The eastern end of Wright Valley is underlain
by granite, quartz monzonite, and granodiorite
bedrock (Brownworth and Denton plutons) and
filled with pre-LGM drifts (Brownworth, Tril-
ogy, Loke, Loop, Peleus, and various Alpine
drifts) dating from the late Quaternary to as
old as the Miocene that contain heterogeneous
clasts from these bedrock types (Hall and Den-
ton, 2005). Wright Valley soils are composed of
these drifts, in addition to bedrock clasts of Fer-
rar Dolerite, Olympus granite gneiss, Vida gran-
ite, and microdiorite (Hall and Denton, 2005;
Campbell and Claridge, 2006; Bockheim and
McLeod, 2008).

Peru

The Llanganuco and Parén Valleys are at high
elevation within the Cordillera Blanca mountain
range, and they exhibit a cold and semiarid cli-
mate regime with highly seasonal precipitation
(MAT = 0-9 °C; MAP = 800-1200 mm/yr) due
to high elevation and El Nifio—La Nifia oscilla-

Geological Society of America Bulletin, v. 136, no. 5/6

tions (Kaser et al., 1990, 2003; Vuille et al., 2008;
Bury et al., 2011). Climate is heavily affected by
the topography, where high peaks act as a barrier
to moist air masses. The hydrological cycle dur-
ing the dry season (June to September) consists
of glacial streams and groundwater, but the water
budget is reduced by sublimation (Vuille et al.,
2008; Gordon et al., 2015). In contrast, rainfall
is abundant from October to May. The wet sea-
son allows the western Cordillera Blanca glacial
region to support vegetation in high-moisture
soils that are underlain by lacustrine sediments
and glacial till (Kaser et al., 2003; Baraer et al.,
2015; Gordon et al., 2015). Llanganuco Valley
is largely underlain by the granodioritic and
tonalitic Cordillera Blanca batholith and locally
by pyrite and sulfide mineral-rich marine black
shales of the Upper Jurassic Chicama Formation,
which is under ice cover (Wilson et al., 1995;
Love et al., 2004), whereas the majority of the
Par6n Valley is underlain by Miocene batholith
granodiorite complexes (Siame et al., 2006).

Norway

The Josteldalsbreen region has a cold and
humid climate, with MAT of 4.5 °C and MAP of
1769 mm/yr. The glaciomorphological sediment
and landforms locally record glacial advance and
retreat during the Little Ice Age (LIA) of the late
Holocene (Bickerton and Matthews, 1993; Lewis
and Birnie, 2001). The Josteldalsbreen ice cap
is located along the southwest coast of Norway,
feeding S-NNW-and N-S—trending glacial valley
streams that drain into lakes and fjords, includ-
ing the Austerdalen and Langedalen Valleys we
sampled. Precambrian acidic gneiss (granite to
granodiorite composition), which is a part of the
broader Norwegian Caledonides, underlies the
western section of the Josteldalsbreen watershed
(Rye et al., 1997). The bedrock composition and
structure were affected by Precambrian and Cale-
donian orogenies, as well as ultrahigh- and high-
pressure metamorphism (Rye et al., 1997) referred
to generally as the Western Gneiss Region (Root
et al., 2005; Butler et al., 2015).

Iceland

Iceland is a volcanic island on the southern
border of the Arctic Circle; it is underlain by vol-
canic rocks of 13 Ma to recent age. Silica-rich
basaltic tephra eruptions have been frequent for
the last 12,000 yr (Andrews and Eberl, 2007).
MAT ranges between 0 °C and 4 °C, with MAP
>600 mm/yr contributing to a humid climate
that supports vegetation (Olafsson et al., 2007).
The Eyjafjallajokull volcanic eruption in 2010
(Sigmundsson et al., 2010) caused a catastrophic
glacial outburst flood, which are common in the
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region. Both the outburst floods and eolian pro-
cesses (Arnalds et al., 2016) contribute to land-
form evolution and sediment budgets within the
fluvial catchments, as they rework former depos-
its and transport large amounts of fresh volca-
nic sediments (Prospero et al., 2012). Samples
for this study were collected in 2017 from the
outburst flood catchments of the Eyjafjalla-
jokull volcanic eruption that occurred in 2010
(Table S1).

Washington

Mount Stuart is a glaciated peak within the
Washington Cascades with a climate heavily
affected by the topography, where high peaks
act as a barrier to moist air masses (Reiners
et al., 2003). MAP in the Northern Cascades
region around Mount Stuart is 1500-2000 mm/
yr, and MAT is ~8-10 °C (based on PRISM
group 30 yr annual precipitation and tempera-
ture maps; Daly et al., 1994, 2008). Erosion
rates across the Cascades show similar trends
as precipitation profiles, reaching a maximum
of 0.33 mm/yr, which is correlated with fluvial
discharge (Reiners et al., 2003). Mount Stuart
is located on the Mount Stuart Batholith, a Late
Cretaceous calc-alkaline pluton that intruded
the metamorphic basement (pre-Cretaceous
Chiwaukum Schist) of the Cascades (Erikson,
1977; Brown and Walker, 1993). The batholith
varies spatially among tonalite, quartz diorite,
granodiorite, granite, gabbro, and ultramafic
rocks, locally intruded by mafic Tertiary dikes
(Erikson, 1977). However, no mafic clasts or
dikes were observed within the sampling area.

Puerto Rico

Southeastern Puerto Rico exhibits a hot and
humid, tropical climate with MAT of 22 °C and
MAP of 4200 mm/yr (Joo et al., 2018a, 2018Db).
Puerto Rico is commonly in the path of tropical
storms and hurricanes, which induce landslides
(Lepore et al., 2012; Besette-Kirton et al., 2019).
The Rio Guayanés and Rio Guayabo watersheds
in southeastern Puerto Rico are largely underlain
by the Late Cretaceous San Lorenzo granodio-
rite, as well as quartz diorite and minor metavol-
canics (Rogers et al., 1979). The granodioritic
bedrock hosts thick layers of soil and saprolite
(up to 1 m and 8 m, respectively; Fletcher et al.,
2006; Murphy et al., 2012). At a larger scale, the
field site lies within the Cordillera Central moun-
tain range, which is largely underlain by Juras-
sic to Eocene igneous rocks (Monroe, 1980).
The region is also tectonically active along the
Puerto Rico Trench, characterized by 1 mm/yr
uplift rates and moderate earthquakes (Mann
et al., 2005).
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Anza Borrego

The Anza Borrego Desert in the Sonoran Des-
ert of Southern California has a hot and dry cli-
mate with MAT of 23 °C and MAP of 150 mm/
yr (Kottek et al., 2006; Joo et al., 2016). Rare,
intense precipitation events result in ephemeral
fluvial transport (Joo et al., 2016, 2018b). This
watershed is largely underlain by tonalitic bed-
rock, within a larger region that also contains
Jurassic metamorphic and Cretaceous plutonic
units affected by activity along the Elsinore fault
and uplift of the Peninsular Ranges Batholith
(Remeika and Lindsay, 1992; Axen and Fletcher,
1998; Dorsey et al., 2011).

METHODS
Sample Processing and Characterization

To obtain the mud (<63 pm; silt 4 clay)
silicate fractions of the sediment samples, we
coned and quartered the thawed samples and
then wet sieved for granulometry (total mud
% < 63pm, sand % < 63 pm-2 mm, gravel
% > 2 mm). We treated the mud fraction with
acetic acid overnight and H,0, until the reac-
tion (fizzing) ceased (2-5 d) to remove carbon-
ate and organic constituents, respectively (Marra
et al., 2017; Demirel-Floyd et al., 2022). Then,
we measured the grain-size distribution of the
muds using a Malvern Mastersizer 3000 laser
particle size analyzer (LPSA), after treatment
with sodium hexametaphosphate (Blott et al.,
2004). Surface area of the muds was quantified
using the Brunauer-Emmett-Teller (BET) nitro-
gen adsorption method (Brunauer et al., 1938).

We performed X-ray diffraction (XRD) analy-
ses using a Cu radiation source, employing the
Bragg-Brentano method (2°-70° 26 angle inter-
val with 0.02° step size and 2 s counting time,
using fixed slits) on both random (bulk powder)
and oriented (clay fraction) mounts. Clay miner-
als were identified both within random mounts
and oriented mounts. Oriented mounts were pre-
pared via filter-peel method, sonicating the mud
slurry with detergent (sodium pyrophosphate),
gravitationally settling the silt-sized grains via
centrifuging at 800 rpm, and filtering the super-
natant. Clay cakes collected on filters in this
way were peeled on glass slides and air dried
to prepare the oriented mounts. After scanning
the air-dried peel, slides were subjected to eth-
ylene glycol fumes overnight in a desiccator and
immediately analyzed with XRD to determine
the swelling type clays. Finally, slides were heat
treated via baking at 550 °C for 1 h to determine
any disappearing peaks to determine the pres-
ence or absence of kaolinite. Phase determina-
tions were based on d-spacing values obtained
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from these three-step scans, as well as modeling
with the Clay SIM software (on selected sam-
ples) using the RockJock method (Eberl, 2003).
We determined the quantitative mineral compo-
sition within the random mounts with MDI Jade
software using the Reitveld refinement method
(Bish and Howard, 1988), in combination with
ClaySIM software using the RockJock method
(Eberl, 2003). Major-oxide, rare earth element
(REE), trace metal, and heavy metal chemis-
try of the samples was determined by the ALS
Geochemistry (Reno, Nevada, USA), using
inductively coupled plasma—mass spectrometry
(ICP-MS) by Li borate fusion and acid-diges-
tion methods.

Weathering Indices and Ternary Plots

We removed loss of ignition (LOI) data from
the major-oxide results and normalized our data
to 100% prior to any calculations or data trans-
formations. We also corrected CaO values for
apatite (Eq. 1) following Girty et al. (2013):

CaO* =Ca0 - (3.3xP,05). (1)
We calculated CIA as
CIA = ALO; x100 (2)
A1203 +CaO* + Na20 + Kzo

following Nesbitt and Young (1982), and mafic-
felsic-weathering (MFW) indices followed Ohta
and Arai (2007) using molar ratios obtained
from major-oxide analysis of the samples, as
well as the chemical index of weathering (CIW;
Harnois, 1988), plagioclase index of alteration
(PIA; Fedo et al., 1995), and weathering index of
Parker (WIP; Parker, 1970). In addition, we also
generated Al,O,—(CaO + Na,0)-K,0, denoted
A-CN-K, and A-CNK-(Fe,O; + MgO),
denoted A-CNK-FM, and MFW ternary plots
after normalizing the components of the plots to
100%. Note that the total iron for A-CNK-FM
plots was reported as Fe,Os.

Statistical Analyses on Sediments

Our data set consists of both categorical (dep-
ositional setting, location, climate regime) and
numerical data (BET surface area, geochemistry,
granulometry, LPSA, mineralogy, MAP, MAT).
The data set also includes below detection limit
(BDL) values that are susceptible to rounded
zero errors (Martin-Fernandez et al., 2003; Pala-
rea-Albaladejo et al., 2014). The majority of the
numerical data (geochemistry, mineralogy, gran-
ulometry) were also classified as compositional
data, as they summed to 100% when considered
as an independent data set, which can impose the
constant sum problem (Aitchison, 1982; Aitchi-
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son and Greenacre, 2002; Filzmoser et al., 2009;
Grunsky et al., 2014). Multivariate statistical
treatment is sensitive to issues such as rounded
zeros and the constant sum problem within com-
positional data, biasing the results toward zero
values (Aitchison, 1982; Aitchison and Greena-
cre, 2002). Therefore, we imputed (replaced)
missing and BDL values as described below
and applied log-ratio transformation methods to
mitigate these potential issues prior to statisti-
cal analyses when necessary (Aitchison, 1982;
Aitchison and Greenacre, 2002).

Below Detection Limit and Missing Data
Imputations

We imputed BDL data (rounded zeros) and
missing values using either multiplicative sim-
ple replacement (employed when <10% of data
points were imputed by replacing the BDL data
with a value of 65% of the analytical detection
limit) or robust expectation-maximization (EM)
algorithms (employed when >10% of the data
points were imputed through replacement of
missing data based on other observations within
the same sample group) using the R software
packages (Hron et al., 2010; Martin-Ferndndez
et al., 2012; Palarea-Albaladejo et al., 2014).

BDL imputation for major oxides, trace
metals, and REEs. Our major-oxide, REE,
and trace metal data had less than 10% BDL
data. Therefore, we applied multiplicative
simple replacement, where the BDL data were
initially introduced as O within our data frame
and then substituted with 65% of the detec-
tion limit using the multRepl function of the
zCompositions R package (Palarea-Albaladejo
et al., 2014). Due to the differences in units,
we applied this method to major-oxide data
(%) separate from the REE and trace metal
data (ppm).

BDL and missing data imputation for heavy
metals. We removed Ag, Cd, and Tl from our
data set due to each element having >85% of
sample values listed as BDL. After this filter-
ing, we imputed the missing data in the remain-
ing heavy metal data set using the multReplus
function of the zCompositions R package
(Palarea-Albaladejo et al., 2014). Since our
heavy metals data set also contained >10%
BDL, we next applied a robust ilr-EM algo-
rithm (Martin-Ferndndez et al., 2012), using
the impRZilr function of the robCompositions
R package that is used for data containing outli-
ers (Hron et al., 2010; Palarea-Albaladejo et al.,
2014). We applied this function separately to
the data within each field site because the BDL
data were imputed drawing from other observa-
tions in the data set, and individual components
might have significant differences between
field sites.
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Data Transformations

We applied data transformations to data
groups that would result in the constant sum
problem prior to statistical analysis of each
group of variables (mineralogy, major oxides,
REEs, trace elements, and heavy metals, indi-
vidually). If these variables were combined as
inputs (i.e., a data set composed of geochemistry
and surface area combined), we did not complete
the transformation step because there was no
longer a constant sum issue.

We transformed our compositional data with
the centered log-ratio (clr) transformation, using
the clr function of the compositions R package
(van den Boogaart and Tolosana-Delgado, 2008).
The clr transformation uses the geometric mean
of the data set as a divisor, which is then converted
to logarithm (Aitchison, 1982), resulting in col-
linear data (Filzmoser et al., 2009). We chose the
clr method due to its widespread application in
multivariate statistical analyses of geochemical
data (i.e., Grunsky et al., 2014), superiority over
the additive log-ratio (alr) due to alr being subjec-
tive to a single reference divisor (Filzmoser et al.,
2009), and simplicity as compared to isometric
log-ratio (ilr) (Grunsky et al., 2014).

Principal Component Analysis

We used GraphPad Prism 9 software to run
principal component analysis (PCA) using the
Kaiser rule (eigenvalues >1) method, where
principal components (PCs) are automatically
selected based on maximum explained variance.
PCA runs included multiple types of analyses
(e.g., geochemistry, LPSA grain size, mineral-
ogy, and BET together in one data set), so they
were not clr transformed, as the complete data
set did not fall under the constant sum problem.
However, we used the imputed and clr trans-
formed data set when we ran PCA on individual
compositional data sets (e.g., mineralogy, major
oxides, REEs, trace elements, and heavy metals)
separately.

Significance Testing and Correlations

We performed two-way analysis of variance
(ANOVA) using GraphPad Prism 9 to com-
pare the significance of differences between
the means calculated for categorical groups of
individual numerical data subsets (i.e., means
of CIA values belonging to different climatic
regimes), coupled with Tukey’s multiple com-
parisons. The family-wise alpha threshold was
set to 0.05, and analyses were run within 95%
confidence interval. We acknowledge that the
statistical analyses were affected by the lack of
replicate measurements from each sample. How-
ever, having multiple samples within individual
watersheds from each field site lessened these
effects. Multiple samples collected from each
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Figure 1. All granulometric data represented in a stacked area chart, showing % mud
(<63 pm, black), % sand (>63 um to <2 mm, dark gray), and % gravel (>2 mm, light gray)
grain-size distribution within the bulk fraction of the samples. Antarctica sediments, except
for a few glacial drifts, have the coarsest grain size within the bulk fractions. The y axis
shows individual samples from indicated locations.

field site acted as replicates, as we were selecting
our categories based on general field site condi-
tions and climatic regime.

RESULTS
Grain Size

The granulometry data obtained from wet
sieving and LPSA analyses are provided in
Table S2 and illustrated in Figures 1-3. Pro-
glacial lakes had the highest amount of mud
(<63 pm fraction, ~97%) among all deposi-
tional settings, with samples from Peru exhibit-
ing higher mud content than those from Nor-
way (Table S2; Fig. 2). Peru soils and Puerto
Rico saprolites were the other environments
with high mud contents (Fig. 2), up to ~71%,
within the bulk fraction. Note that, overall,
Antarctic samples exhibited the lowest mud
contents among the field areas, with the excep-
tion of some Anza Borrego soils (Fig. 2). How-
ever, anomalously high mud contents occurred
within some proglacial fluvial, water-track, and
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glacial drift samples from Antarctica (Fig. 2),
where mud content reached 54% (Table S2).

As depositional settings influence grain-size
distribution (via transport medium and energy,
etc.), we focused on comparing the concentration
of mud-sized grains collected from slack-water
deposits within only fluvial settings (Fig. 2), the
setting for which we had the most data across
all field sites. Fluvial sediments from Norway
(26.2%) had higher mud content on average, fol-
lowed by Peru (25.1%), Iceland (17.2%), Puerto
Rico (10.3%), Antarctica (7.2%), Washington
(3.5%), and Anza Borrego (3.5%).

When we integrated the LPSA results with the
overall granulometry data to calculate the frac-
tion of clay-sized (<4 um) sediment in the bulk
samples, results varied significantly (Fig. 3).
Summary statistics of clay-sized (<4 pm) sedi-
ment within the mud fraction of different depo-
sitional settings showed that proglacial lakes had
the highest percentage of clay-sized (<4 pm)
material (26%, n = 4), followed by glacial drifts
(19.7%, n = 21), proglacial fluvial sediments
(16.2%, n = 94), soils (0-10 cm topsoil, 16.4%,
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Figure 2. Box plots showing the percent distribution of mud-sized (<63 um) sediments
within depositional settings at each field site, based on granulometry analysis of bulk frac-
tions. There are no discernible trends of mud amount with climate (based on Table 1). Over-
all, proglacial lakes, saprolites, and Peruvian soils are the depositional environments with
high amounts of mud-sized grains, followed by proglacial fluvial sediments, showing depo-
sitional setting is the overriding factor, masking any climatic trends.

n = 7), water-track sediments (16%, n = 18),
nonglacial fluvial sediments (13.5%, n = 17),
and saprolites (8.3%, n =9).

In the comparison of the concentration of clay
within the mud fraction of fluvial sediments col-
lected in different field sites (Fig. 3), fluvial muds
from Antarctica had the highest concentrations of
clay-sized particles (<4 pm) on average (22.1%),
followed by Anza Borrego (21.5%), Iceland
(20.0%), Peru (13.4%), Puerto Rico (8.6%),
Washington (4.9%), and Norway (2.7%).

Surface Area

Our BET surface area data from individual
samples are provided in Table S2 and illustrated
in Figure 4. Summary statistics of the BET
results within different depositional settings
showed that water-track sediments exhibited
the highest surface area on average (32.9 m?%/g,
n = 18), followed by the nonglacial fluvial sedi-
ments (19.7 m?/g, n = 24), top layers of soil
profiles (0-10 cm; 19.6 m%g, n = 6), glacial
drifts (18.0 m?/g, n = 22), saprolites (17.4 m?/g,
n =9), proglacial fluvial sediments (15.9 m?/g,
n = 107), and proglacial lake sediments (4.0
m?/g, n = 4). Viewed across all field sites and
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depositional settings combined (Fig. 4), Ant-
arctic Taylor Valley samples had significantly
higher BET surface area values than the other
sites, with an average of 63.6 m?/g within the
CAMP (Table S2) soil profile samples (n = 4),
followed by the proglacial fluvial sediments
(39.3 m%g, n=27), water tracks (32.9 m%g,
n = 18), and glacial drifts (27.8 m%g, n ="7)
(Table S2). Delta Stream sediments within the
Taylor Valley proglacial watershed displayed
anomalously high BET values (Fig. 4), reaching
up to 70.6 m?*/g (Table S2).

Mineralogy

Results of our quantitative XRD analyses are
listed in Table S3 for each sample. Although we
tried to keep the underlying lithology largely
similar by targeting granitic to granodiorite
composition bedrock sources (with the excep-
tion of Iceland), there were significant difter-
ences in the primary rock-forming minerals
present in each field area (Fig. 5), which are also
reflected in PCAs as individual clusters belong-
ing to field sites plotting away from each other
(Fig. 6). Summary statistics on individual field
sites showed that Peru sediments contained the
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highest average fraction of primary rock-form-
ing silicates within the mud fraction (95.1%,
n = 14), followed by Anza Borrego (85.2%,
n =5), Washington (64%, n = 11), Antarctica
(64%, n = 58), Iceland (63.1%, n = 3), Norway
(57%, n = 15), and Puerto Rico (56%, n = 23),
in descending order. Clay mineral and miscel-
laneous secondary phyllosilicate mineral (ser-
pentine, zeophyllite, pyrophyllite, clinozoisite)
abundance (excluding primary mica minerals)
followed an inverse order, as expected (except
for Iceland), with Puerto Rico having the high-
est average secondary mineral content (43.4%),
followed by Norway (42%), Antarctica (34.4%),
Washington (25%), Anza Borrego (14.4%),
Iceland (5%), and Peru (4.7%). Zeolites were
only observed within glacial settings, where the
highest concentrations were observed within
Washington muds (8.5% on average), followed
by Norway (0.9%), Antarctica (0.7%), Iceland
(0.7%), and Peru (0.2%). Note that Iceland sedi-
ments contained on average 30% amorphous
material. Remaining mineral fractions were
accessory minerals for all sediments. Further
details regarding the primary rock-forming and
accessory minerals, as well as zeolites and amor-
phous phases, can be found in the Supplemental
Material.

Clay Minerals

Secondary clay mineral assemblages (Table
S3) within the Antarctic McMurdo Dry Val-
ley muds collected from glaciofluvial and drift
samples were dominated by illite, and they also
contained abundant chlorite group minerals
(clinochlore > chamosite), smectites (montmo-
rillonite and amorphous smectites), mixed-layer
clays (illite-smectite and chlorite-smectite), and,
locally, small amounts of vermiculite. Montmo-
rillonite was most abundant within water-track
sediments. Vermiculite typically occurred in
samples where biotite contents were relatively
low. McMurdo Dry Valley permafrost soil sam-
ples contained varying illite and montmorillon-
ite assemblages, where montmorillonite content
was higher within the top 20 cm of the profiles in
general, accompanied by relatively lower abun-
dances of chlorite group minerals. Note that we
did not detect kaolinite in our XRD analyses of
McMurdo Dry Valley sediments, but kaolinite
occurrences were previously reported within
similar sediment samples from the Antarctic
McMurdo Dry Valleys (Marra et al., 2017).

Secondary clays in Norway muds showed a
similar assemblage, where illite predominated in
the fluvial sediments, montmorillonite occurred
in drifts and soils, and chlorite was observed
in proglacial lake, proglacial fluvial, and drift
sediments. Note that Norway muds had signifi-
cantly higher illite concentrations (~40% illite)

Geological Society of America Bulletin, v. 136, no. 5/6
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Figure 4. Box plots showing the distribution of grain surface area (m? g—!, measured by
Brunauer-Emmett-Teller [BET] method) of muds within depositional settings at each field
site. The surface area of Antarctic Taylor Valley muds significantly exceeds other field sites
within all depositional settings where data are available. There are no discernible trends of
mud surface area with climate.
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compared to the other field sites. Chlorite pre-
dominated in the relatively small concentration
of clay minerals observed in Peru fluvial samples
(clinochlore > chamosite), while palygorskite
was also observed within proglacial lake sedi-
ments. Washington sediments were also enriched
in chlorite minerals (mostly clinochlore) and
had local occurrences of palygorskite, although
montmorillonite and vermiculite were locally
higher in abundance within meltwater stream
sediments. Smectites predominated in the clay
minerals observed in Iceland muds (montmoril-
lonite and some amorphous smectite, as identi-
fied by the ClaySIM software).

The most distinctive difference in clay miner-
alogy observed between glacial and warmer cli-
matic settings was the occurrence and abundance
of kaolinite in Puerto Rico and Anza Borrego
(Table S3). Puerto Rico sediment muds contained
up to 93% of kaolinite (40% kaolinite on aver-
age), where the highest kaolinite concentrations
were observed in saprolites. The only second-
ary clay mineral observed in Puerto Rico fluvial
muds was kaolinite, whereas the saprolite also
contained chlorite and vermiculite in lower abun-
dances. Clay minerals observed in Anza Borrego
muds, on the other hand, were dominated by
illite, followed by kaolinite and smectite.

Note that we are defining illite as the mineral
specimen that has a d-spacing value of 10 A.
Mechanical grinding of muscovite, which is
especially pronounced in glacial sites via glacial
grinding, also produces a 10 A d-spacing value.
Therefore, amounts of illite within the samples
reported in Table S3, and illustrated in Figure 5,
might be artifacts of mechanical grinding, as
well as being secondary products of biotite
weathering.

Sediment Geochemistry

Major-oxide results are reported in Table
S4. We also analyzed heavy metals, trace met-
als, and REE concentrations, which can be
found in Tables S5, S6, and S7, respectively.
Overall, PCAs of major oxides, trace metals,
heavy metals, and REE composition of the mud
fraction samples (Fig. 7) illustrated overlap-
ping compositions as well as distinctive differ-
ences between samples collected from different
field sites. Washington (square) and Antarctic
(asterisk) mud compositions overlapped, while
fluvial Puerto Rico (circle) and Anza Borrego
(triangle) samples clustered close to them. The
Anza Borrego samples, however, displayed dif-
ferent heavy metal compositions than the Wash-
ington, Antarctica, and Puerto Rico sediments.
After examining the entire suite of geochemi-
cal data (Tables S4-S7), the Puerto Rico sapro-
lites, Norway muds, Icelandic basalts, and the

2243



ANTARCTICA

NORWAY

PERU

Q

ICELAND

Demirel-Floyd et al.

WASHINGTON

£

PUERTO RICO

30%

28%

40%

/ v U/u

% b

ANZA BORREGO
m Plagioclase Mica
u K-spar u |llite
m Quartz Other phyllosilicates

Pyroxene m Zeolite

m Amphibole B Accessory minerals
u Qlivine O Amorphous

Figure 5. Pie charts illustrating the representative quantitative mineralogical compositions
of muds from each field site, based on averaged values. Despite choosing field sites with simi-
lar underlying bedrock (except for Iceland), mineralogical composition of the muds varied
significantly between field sites. Note that we are defining illite as the mineral specimen that
has a d-spacing value of 10 A. Mechanical grinding of muscovite, which is especially pro-
nounced in glacial sites via glacial grinding, also produces a 10 A d-spacing value. Therefore,
amounts of illite illustrated in Figure 5 might be artifacts of mechanical grinding, especially
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majority of the Peru sediments lie distinctively
apart from the other samples on the PCA plots
(Fig. 7), suggesting that they have significantly
different chemical compositions compared to the
other muds.

Figure S2 shows each individual major-oxide
component plotted against SiO, (%) content of
individual observations. We calculated average
major-oxide concentrations for each field site
normalized to average SiO, values (slopes within
Fig. S2 calculated for individual field sites, e.g.,
A1,04/Si0,). Aluminum was significantly higher
in Puerto Rico sediments (Al,0,/SiO, = 0.52)
as compared to other field sites, followed by Ant-
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arctica, Anza Borrego, and Iceland, which had
similar Al,05/SiO, ratios (~0.3), whereas Wash-
ington, Norway, and Peru muds displayed lower
Al,05/Si0, values. Iron was significantly higher
in Iceland basalts (Fe,05/SiO, = 0.24) and
significantly lower in Peru, Norway, and Anza
Borrego sediments (Fe,05/Si0, = 0.04-0.07),
whereas the rest of the field sites had similar
Fe,0,/Si0, ratios (0.16-0.2). We note that TiO,,
Cr,0;, CaO, MnO, and MgO abundances gen-
erally followed similar trends as Fe,0;, except
for Puerto Rico sediments, which had higher
Fe,0; concentrations, but lower TiO, and CaO.
Puerto Rico, Washington, and Antarctica sedi-
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ments displayed the lowest Na,O/SiO, ratios
(Na,0/Si0, = 0.04-0.05), relative to other
fields, which had Na,0O/SiO, ratios of ~0.06—
0.07. Washington, Iceland, Puerto Rico, and
Anza Borrego had significantly lower K,0/SiO,
ratios (K,0/Si0, = 0.02-0.03), reflecting lower
K-feldspar contents, relative to other field sites
(K,0/810, = ~0.05-0.06). Finally, Norway and
Iceland muds had significantly higher P as com-
pared to other field sites (P,05/SiO, = 0.011 and
0.009, respectively), whereas Washington and
Antarctica muds had moderate P,0+/SiO, val-
ues (0.007 and 0.006, respectively), and Puerto
Rico, Anza Borrego, and Peru muds displayed
the lowest P,O5/Si0, ratios (0.002-0.004).

Weathering Indices and Trends

All weathering index values are reported in
Table S8, and average values for fluvial muds
are reported in Table 2. In general, the weather-
ing index trends were similar; therefore, we will
focus primarily on CIA values in the remain-
ing results and discussion. All CIA values fell
between 46 and 99 (Table S8), and this range is
considered to be indicative of incipient to exten-
sive weathering, respectively, although CIA val-
ues are also influenced by source-rock lithology
(Nesbitt and Young, 1982; Nesbitt et al., 1996,
1997). We focused primarily on the CIA values
observed in the mud fraction of fluvial sediments,
as these were the most abundant samples across
all field sites, and they allowed us to directly
compare trends within the same depositional
system. We also discuss comparisons among
depositional systems observed within field sites.

Icelandic fluvial muds had the lowest aver-
age CIA value (46), indicative of fresh basalt,
whereas Puerto Rico fluvial muds exhibited
values of ~66, and saprolites and soil exhib-
ited averaged values of ~81, indicating strong
weathering (Table S8). Both trends can also be
seen on the A-CN-K ternary plot in Figure 8.
Note that in the A-CN-K diagram (Fig. 8), Ant-
arctica, Washington, Norway, Peru, and Anza
Borrego data points overlap one another, with
only Puerto Rico sediments distinctly illustrating
an expected increasing weathering trend from
bedrock to fluvial sediments to saprolite to soil,
with values ranging from 55 to 96.

When we compared only the CIA values of
fluvial muds (Table 2), the values were high-
est in Puerto Rico muds (62.2%), followed by
Anza Borrego (60.6%), Peru (55.7%), Norway
(53.2), Washington (52.1%), Antarctica (48.6%),
and Iceland (46.4%). To reduce the provenance
effect on chemical trends, we normalized aver-
age fluvial mud CIA values to average values
of bedrock from each field site (Table 2). The
order of the normalized CIA values (CIA,) did
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not change, except for Iceland, demonstrating
the effect of provenance in CIA values.

DISCUSSION

Controls on Grain Surface Area—
Implications for Weathering and Climate

Sediment surface area reflects grain size and
shape, as well as mineralogy and surface rough-
ness. Therefore, both the concentration of clay-
sized particles as well as the mineralogy and
amount of secondary minerals influence surface
area. Granulometry, mineralogy, and surface
roughness are affected by weathering processes,
including mechanical, chemical, and biological
processes that vary significantly across differ-
ent climatic regimes and depositional settings.
Therefore, based on the hypothesis that the
mineralogy and chemical composition of fine-
grained sediment, as well as physical properties
(grain size, surface area, and texture) derived by
weathering, are inherited from their depositional
settings and climate, we investigated BET sur-
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face area and grain size as parameters that can
inform interpretations of weathering and climate.
Theoretically, surface area should correlate
inversely with grain size (Horowitz and Elrick,
1987) and increase in warmer, wetter settings
owing to the production of abundant secondary
clay minerals and iron (hydr)oxides attendant
with chemical weathering (Velbel, 1993; White
et al., 1999; White and Brantley, 2003). Surface
area values for muds from warm climates in our
data set, i.e., Anza Borrego (11-19.1 m¥g; hot,
arid) and Puerto Rico (8.2-35.2 m%g; hot, wet),
followed this expectation, exhibiting higher
surface areas than most of the glacially derived
muds (0.3-70.6 m?%g), with the exception of
muds from the Antarctic McMurdo Dry Valleys
(2.5-70.6 m*/g; see below). The Anza Borrego
fluvial muds contained abundant clay-sized par-
ticles (21.5%), and Puerto Rico muds on average
contained a much higher concentration of clay
minerals (~43%; Fig. 5) than other field sites.
Within glacial settings, wet-based temperate
glaciers produce abundant fine-grained material
due to mechanical weathering associated with
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basal sliding (Anderson et al., 1997; Anderson,
2005). Therefore, temperate glacial deposits are
expected to have high surface areas attributable
to the abundance of silt- and clay-sized glacial
flour (Anderson et al., 1997). In contrast, cold-
based glaciers, such as those in the McMurdo
Dry Valleys, are not thought to produce abun-
dant fine-grained sediments due to the lack of
basal sliding. However, within the mud fraction,
Antarctic sediments (especially from Taylor Val-
ley, which is partially wet-based) exhibited the
highest surface area, even exceeding those from
tropical regions (e.g., Puerto Rico). McMurdo
Dry Valley sediments contained less mud-sized
material as compared to the majority of the field
sites; however, McMurdo Dry Valley muds,
particularly those from Taylor Valley, contained
more clay-sized particles within the mud fraction
than the other glacial sites. Therefore, one rea-
son Antarctic muds exhibited the highest surface
area values is that they contained abundant clay-
sized particles. Marra et al. (2015) attributed the
production and transport of high-surface-area
sediments, as well as the significant variabil-
ity observed within Wright and Taylor Valley
streams, to variations in eolian input and stream
discharge rates, as well as the sediment prop-
erties within underlying drifts and potentially
enhanced weathering due to microbially pro-
duced organic acids. Fine-grained sediments are
also concentrated onto glacial surfaces (where
they may undergo weathering) and released into
the stream channels during melting during the
austral summer (Marra et al., 2015).

The high BET surface areas observed in the
Antarctic mud samples is surprising (Fig. 4;
Table S2), as one would expect a tropical region
saprolite sample that is almost completely com-
posed of clay minerals (e.g., Puerto Rico PM-
RG-SAP-6A sample with BET = 21.9 m%g,
~93% kaolinite; Tables S2 and S3) to exhibit
the highest surface area within the entire data set.
However, Antarctic sediments had higher smec-
tite content, potentially due to inheritance from
marine sediments (Robert and Kennett, 1992,
1994, 1997), weathering of volcanic clasts and
ash inherited from Mount Erebus and other Ross
Sea region volcanoes (Ugolini, 1967), and older
ages (potentially exposing grains to multiple
cycles of weathering) compared to Anza Borrego
and Puerto Rico muds, as well as other samples.
Smectites have some of the highest BET surface
areas among the wide range of Clay Mineral
Society standards (Table S9; Dogan et al., 2006,
2007). Therefore, the relatively high smectite
content of most of the Antarctic samples (Table
S3) likely contributed to the anomalously high
surface area values measured in these samples.

Sediment age also affects the chemical, min-
eralogical, and physical weathering signatures,
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TABLE 2. WEATHERING INDEX VALUES FOR FLUVIAL MUDS AND BEDROCK AND
BEDROCK-NORMALIZED VALUES, ON AVERAGE, FOR EACH FIELD SITE

Sample CIA* CIwt PIAS WIP#
Antarctica

Fluvial mud 48.6 (4.0) 52.9 (5.1) 48.5 (4.6) 72.4 (2.1)
Bedrock 479 54.7 47.8 76.6
Mud/bedrock 1.01** 0.97 1.01 0.95
Peru

Fluvial mud 55.7 (2.5) 64.1 (3.2) 57.7 (3.4) 719 (5.7)
Bedrock 51.0 59.7 514 79.4
Mud/bedrock 1.09** 1.07 112 0.91
Washington

Fluvial mud 52.1 (1.8) 55.1 (2.3) 52.4 (2.1) 65.7 (0.3)
Bedrock 50.4 54.3 50.4 74.4
Mud/bedrock 1.03** 1.01 1.04 0.88
Norway

Fluvial mud 53.2 (0.5) 61.6 (1.4) 54.5 (0.8) 74.9 (3.0)
Bedrock 512 53.5 514 772
Mud/bedrock 1.04** 1.15 1.06 0.97
Iceland

Fluvial mud 46.4 (0.2) 48.3 (0.0) 46.1 (0.2) 714 (1.1)
Bedrock 42.2 43.2 41.9 76.3
Mud/bedrock 1.1 112 1.1 0.94
Puerto Rico

Fluvial mud 66.2 (14.3) 68.6 (14.7) 676 (14.6) 45.7 (10.7)
Bedrock 43.9 45.3 43.6 70.3
Mud/bedrock 1.51* 1.51 1.55 0.65
Anza Borrego

Fluvial mud 60.6 (1.7) 65.9 (2.5) 62.7 (2.3) 63.3 (1.8)
Bedrock 51.9 55.4 52.2 61.6
Mud/bedrock 1147 1.19 1.2 1.03

Note: CIA—chemical index of alteration; CIW—chemical index of weathering; PIA—plagioclase index of
alteration; WIP—weathering index of Parker. CaO values were corrected for apatite (Eq. 2) following Girty et al.
(2013). Standard deviations for muds are given in paratheses.

*Nesbitt and Young (1982).

tHarnois (1988).

SFedo et al. (1995).

#Parker (1970).

**Mud/bedrock values only under the CIA correspond to CIA,, = (CIA,,,¢/ClA,cqroq) @s defined in the text.

including the surface area (White et al., 1996;
Egli et al., 2001). Antarctic McMurdo Dry Val-
ley sediments (ranging from LGM to Miocene
age; Hall et al., 2000; Hall and Denton, 2005) are
older than the other sediments we investigated,
which were otherwise all first cycle. The Antarc-
tic sediments may have experienced more than

one cycle of weathering owing to multiple gla-
cial advances and retreats and freeze-thaw cycles
as progressively older drifts were reworked and
overprinted (Anderson et al., 1997; Hall et al.,
2000; Hall and Denton, 2005), providing mul-
tiple opportunities to further develop second-
ary weathering products and associated high

ca0+Na,0 20

surface area (White and Peterson, 1990; White
et al., 1996). However, BET surface area values
observed in the LGM-aged Taylor Valley sam-
ples significantly exceeded values observed in
older Wright Valley sediments, suggesting that
sediment age is not the primary factor control-
ling the variability in the surface area of these
deposits; rather, the heterogeneous basal regimes
of Taylor Valley glaciers, which included the
wet-based Ross Sea drift, produced significant
amounts of fine-grained material.

To quantitatively investigate the effects of cli-
matic parameters (MAP and MAT) on BET and
% clay grain size fraction observed in fluvial sed-
iments across all field areas, we investigated cor-
relations between these variables by constructing
cross-plots (Fig. 9). Results indicated that rela-
tionships between BET and grain size with MAT
and MAP are relatively weak and cannot be used
individually as parameters to interpret climate,
even though BET and grain size are by-products
of weathering of the source material (Fig. 9).
Therefore, our results indicate that climate is not
a primary determinant of BET surface area and
% clay in fluvial sediments (Fig. 9).

Effects of Provenance

Despite selecting field areas underlain by
broadly similar granitoid bedrock, we observed
distinct differences in the chemistry of mud-
sized (<63 pm) sediments; however, these
differences appeared to have little to no link
to climate. Indeed, the CIA values (Table 2;
Table S8) and compositions plotted in A-CN-
K space largely overlapped (Fig. 8), except for
the saprolite and soil samples from Puerto Rico,
which produced a strong chemical weathering

Figure 8. ALO;—(CaO +
Na,0)-K,0, denoted A-
CN-K, ternary plots of the
bedrock (left) and fluvial
muds (right) from all field
sites. We zoomed on the
o data points for scaling.
Locations of the bedrock
data points are indicative
of fresh bedrock, except for
a few Antarctic Taylor Val-
ley samples. Geochemical
data collected from almost
all locations show incipient

A-CN-K Fluvial mud

40 60 80

40
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0 100
AIZO? Chemical Index of Alteration AIZO"'
Chemica naex of teratior
0100 s ndeee 0 100
% 20 80 weatenng =
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to intermediate chemical
weathering, while Puerto
Rico muds show a trend
ranging from incipient to
extreme weathering. Except

K,0

for Puerto Rico muds, there are no discernible weathering trends between climatic regimes, as the muds ranging from cold to hot climates
cluster together in the same region of the diagram.
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Figure 9. Correlation of Brunauer-Emmett-Teller (BET)-derived surface area and clay
grain-size fraction within muds with mean annual temperature (MAT) and mean annual
precipitation (MAP), based on fluvial samples. R? values suggest that there are no strong

correlations between these variables.

signature (Figs. 5-8; Tables S3-S7). We also
observed differences in both primary and sec-
ondary minerals among all field sites (Fig. 5).
Mineralogical differences are commonly tied
to climate and weathering, but they might also
reflect subtle differences in provenance (Nesbitt
et al., 1996; Ren et al., 2019; Mangold et al.,
2019). For instance, low abundance of feldspar
is often associated with the extent of weathering
and linked to higher CIA values (Nesbitt and
Young, 1982). However, variations in feldspar
content and composition can also reflect prov-
enance, leading to misinterpretations (Mangold
etal., 2019). On the other hand, zeolite and clay
minerals are associated with weathering condi-
tions (weathering solute composition, weath-
ered material, etc.) and climate (i.e., Barshad,
1966; Dickinson and Rosen, 2003; Wise, 2005;
Jacobson et al., 2015), although linking their
presence and abundances to certain climatic
regimes is far from straightforward. Here, we
observed zeolites only in the glacial muds
within our data set, and their occurrences have
previously been associated with low-tempera-
ture weathering of volcanic and plagioclase-rich
rocks (i.e., via brines in Antarctica; Dickinson
and Rosen, 2003). However, they also can form
via other mechanisms (Wise, 2005), such as
low-grade metamorphism of basalt in Iceland
(i.e., Jacobson et al., 2015).

Geological Society of America Bulletin, v. 136, no. 5/6

Speciation of clay minerals is also often
tied to climate and weathering conditions.
For instance, the presence of Fe/Mg-bearing
smectites on Mars is often linked to alkaline
pH and long-term wet conditions (Ehlmann
et al., 2011), or weathering of basalts by acidic
hydrothermal solutions (Peretyazhko et al.,
2016) and/or the introduction of wet conditions
to a previously dry environment (Bishop et al.,
2018) in alternative perspectives. However, Ant-
arctic smectites may also have been inherited
from marine sediments during alternating wet-
dry periods (Robert and Kennett, 1992, 1994,
1997) or sourced from weathering of volcanic
clasts and ash from Mount Erebus (Ugolini,
1967). Kaolinites are also linked to climate,
where kaolinites are expected to form in areas
with high precipitation and hot-humid climate
regimes such as Puerto Rico, reflecting leach-
ing of more soluble ions out of the system (Bis-
caye, 1965; Barshad, 1966; White et al., 1996,
1998; White and Buss, 2014; Joo et al., 2018a;
Webb et al., 2022). However, though we did not
observe kaolinites in our XRD analysis of Ant-
arctic sediments (potentially owing to amounts
below the detection limit), other studies have
reported kaolinite within Antarctic sediments
(Robert and Kennett, 1992, 1994, 1997; Marra
et al., 2017). This suggests that, although min-
erals can be linked to specific climatic regime,
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and CIA is widely utilized in paleoclimate stud-
ies (i.e., Nesbitt and Young, 1982; Soreghan
and Soreghan, 2007; Goldberg and Humayun,
2010; Xiao et al., 2010; Bahlburg and Dobrz-
inski, 2011; Yang et al., 2016; Ren et al., 2019;
Wang et al., 2020; Deng et al., 2022), paleocli-
mate interpretations are more complicated due
to the ambiguity of the origin of most minerals
and complicated climatic history of aged sedi-
ments (Thiry, 2000).

The A-CNK-FM diagram in the right block
of Figure 10 shows that, with the exception of
the Puerto Rico samples, only a few Peru mud
samples and a single Norway sample trended
significantly toward the weathering apex (toward
A). Similar trends observed on the A-CN-K dia-
gram (Fig. 8) indicate that only the Puerto Rico
muds exhibited strong weathering trends. How-
ever, since the A-CNK-FM plot also incorporates
Mg and Fe contents, it provides additional prov-
enance information. The distribution of samples
relative to the line that connects the FM apex and
the point halfway between A and CNK likely
reflects differences in provenance between sam-
ples (Nesbitt et al., 1996). We observed that Nor-
way and Peru bedrock samples plotted toward the
felsic apex, and Iceland bedrock plotted toward
the mafic apex (as expected), whereas the under-
lying bedrock in Antarctica, Washington, Anza
Borrego, and Puerto Rico plotted as mixed fel-
sic-intermediate compositions. These differences
indicate that, while we attempted to normalize for
bedrock by targeting areas underlain by granitic-
granodioritic compositions, even relatively small
differences in lithology can result in significantly
different bulk compositions as visualized in these
ternary spaces and also as indicated by the sig-
nificant differences in major-oxide chemistry and
primary mineralogy (Figs. 6 and 7).

We also plotted the compositional data on a
MFW diagram (Fig. 11; Ohta and Arai, 2007)
to further investigate the role of provenance in
the mud chemistry and weathering trends. In
contrast to the A-CNK-FM plot, fluvial sam-
ples from Iceland, Antarctica, Washington, and
Puerto Rico plotted closest to the mafic apex,
while Peru samples plotted closest to felsic,
and Norway and Anza Borrego samples were
mostly in the felsic-intermediate range. Note that
the Antarctic Taylor Valley drifts (mainly Ross
Sea Drift) contained up to ~17% mafic clasts
from the Ferrar Dolerite and McMurdo volca-
nics; however, the rest of the clast composition
(~83%) was largely granitic and granodioritic
within the bulk fraction (Hall et al., 2000), sug-
gesting that significant sorting effects cause the
Antarctic muds to plot within the mafic apex
(Nesbitt et al., 1996; von Eynatten et al., 2012).
Only the Puerto Rico soil and saprolite sam-
ples plotted near the weathered apex (Fig. 11),
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Figure 10. A1,0;~(CaO + Na,O +
K,0)—(Fe,O; + Mg0O), denoted
A-CNK-FM, ternary plots of the
bedrock (left) and fluvial muds
(right) from all field sites. Varia-
tions along the dashed line in-
dicate differences in lithology,
changing from mafic to felsic in
the arrow direction on the bed-
rock plot. Lithology is also vari-
able within the fluvial muds,
showing that Peru, Norway, and
majority of the Anza Borrego
muds are felsic, while a few Anza
Borrego and Peru muds show in-
termediate composition. Antarc-
tica and Washington and some
Puerto Rico data points show
intermediate-mafic composition,

plotting close to Iceland muds. Puerto Rico muds as well as a few Antarctica, Peru, and Norway muds show weathering trends, approach-

ing the A apex.

consistent with the A-CN-K plots (Fig. 8) show-
ing weathering trends only in the Puerto Rico
samples. These results demonstrate that, among
our end-member climate samples, MFW plots
only indicate significant weathering signatures
in tropical watersheds (i.e., Puerto Rico). How-
ever, CIA values and clay mineral assemblages
indicative of moderate to intense weathering
were also observed in Antarctic samples (Table
2; Table S8).

Further comparison of depositional settings
within individual field sites (Fig. 11) revealed
that soil and saprolite samples tended to show
more intense weathering signatures than bedrock
or fluvial samples, except for soils collected in
Washington and Anza Borrego, which produced
weathering indices that imply that they were less
weathered than fluvial samples from the same
watershed. Among Antarctic samples, we also
observed that some bedrock and drift samples
produced weathering indices that were higher
than those observed in the soils, and the water-
track samples overlapped with soils (Levy et al.,
2011). In addition, felsic bedrock from Antarc-
tica and Puerto Rico (granite and granodiorite)
plotted as mafic on the MFW plot, within the
same region of the diagram as Iceland basalts,
indicating that MFW plots may also produce
misleading representations of lithology and
provenance, in addition to being less sensitive to
potential weathering trends.

Limitations of Ternary Diagrams for Fine-
Grained Sediments

A-CN-K diagrams are generated using the
Al O;, Ca0, K0, and N,O contents of samples,
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and they are often combined with CIA values to
interpret weathering trends (Nesbitt and Young,
1982). A-CN-K plots were developed for, and are
therefore more applicable to, chemical weather-
ing in felsic-intermediate lithologies, since mafic
lithologies also contain abundant FeO, MgO,
MnO, Cr,0;, and TiO,. Ignoring these more
mafic components can obfuscate interpretations
of weathering trends in mafic planetary settings
(i.e., Martian regolith; Siebach et al., 2017;
Berger et al., 2020), as well as within our mixed-
sourced (Antarctic) terrestrial muds. In contrast,
A-CNK-FM diagrams account for FeO and
MgO, and MFW diagrams incorporate all of the
major-oxide components of the samples, remov-
ing the bias toward felsic components. However,
these plots also produced surprising results that
call into question the effectiveness of these tools
as indicators of climate: (1) sediments from sig-
nificantly warmer and wetter climates had CIA
values comparable to Antarctic sediments and
plotted in the same region on the A-CN-K dia-
gram; (2) other than the Puerto Rico saprolites,
samples with relatively high CIA values did not
plot toward the weathered apex in MFW space;
and, finally, (3) Puerto Rico sediments derived
from intermediate bedrock and felsic-intermedi-
ate Antarctic sediments both plotted squarely in
the mafic apex of MFW diagrams.

We posit that the discrepancies among the
ternary plots of the muds we investigated, and
the bulk bedrock lithology and observed mud
mineralogy sampled from field sites within vari-
ous climatic regimes (Figs. 9, 11, and 12), reflect
the significant influence of CaO content on the
weathering calculations. Minerals containing
high abundances of CaO—particularly pla-
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gioclase, amphibole, and pyroxene, which are
largely generated from mixed bedrock composi-
tions—become concentrated within the fine frac-
tion due to physical sorting mechanisms. This
produces higher concentrations of more mafic
minerals within the mud fraction (Nesbitt et al.,
1996; von Eynatten et al., 2012; McLennan
etal., 2014; Siebach et al., 2017; Hurowitz et al.,
2017; Bedford et al., 2019), skewing the ternary
plots toward the mafic apex. We observed that
this grain-size sorting effect was most prominent
for sediments generated from intermediate and
mixed bedrock compositions (such as Antarc-
tic McMurdo Dry Valley sediments within our
study), and we acknowledge that the sorting
trends may be reversed in Icelandic sediments
(less mafic content accumulating in finer size
fractions) as reported by Thorpe et al. (2019).
For example, CaO is a major component in
all three ternary plots, as well as being a pri-
mary variable in CIA calculations. The CaO
values reported on the diagrams and included in
the CIA calculations are representative of CaO
within the siliciclastic components of the sedi-
ments, since we removed carbonates prior to the
analyses and calculated CaO* values, which cor-
rects CaO content to remove apatite (Eq. 2; Girty
et al., 2013). While other secondary minerals,
including sulfates, can also contribute to elevated
CaO contents in fine-grained sediments (McLen-
nan et al., 2014; Hurowitz et al., 2017; Bedford
et al., 2019; Mangold et al., 2019), we detected
no evidence of gypsum or other sulfates in our
samples, and any secondary salts or carbonates
were removed in our pre-analysis wet sieving,
acid, and peroxide treatments. However, CaO
content can be elevated owing to provenance;

Geological Society of America Bulletin, v. 136, no. 5/6
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Figure 11. Mafic-felsic-weathering (MFW) ternary plots of the bedrock (left) and fluvial muds (right) from all field sites (top two plots). We
additionally plotted MFW for individual field sites, illustrating various depositional settings of muds with different shapes (bottom). Indi-
vidual investigations of depositional settings within each field site showed that soil and saprolite samples tend to show weathering trends,
except in Washington and Anza Borrego, where soil samples plot as less weathered than fluvial samples. The most obvious weathering
trend is observed in Puerto Rico samples, in agreement with Al,0;—(CaO + Na,0)-K,O (i.e., A-CN-K) and Al,0;—~(CaO + Na,O + K,0)-
(Fe,O; + MgO) (i.e., A-CNK-FM) plots (Figs. 8 and 10). We additionally noted that felsic bedrock plotted as mafic in Antarctica and Puerto
Rico, suggesting limitations for both provenance and weathering interpretations.

for example, elevated anorthite compositions in
a plagioclase-rich bedrock would produce lower
CIA values, even when the extent of weathering
is comparable among field sites (Mangold et al.,
2019). Thus, the effects of physical sorting, e.g.,

Geological Society of America Bulletin, v. 136, no. 5/6

concentrating CaO and other mafic oxides within
the mud fraction (i.e., Nesbitt et al., 1996), could
explain why samples derived from predomi-
nantly felsic and felsic-intermediate lithology
plot close to the mafic apex in MFW diagrams.
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Mafic minerals are also more susceptible to
physical and chemical weathering than more
felsic minerals (Goldich, 1938). These processes
concentrate more mafic minerals in finer-size
fractions, whereas the felsic mineral content

2249



Demirel-Floyd et al.

Field . Vig o o

: i:lica‘:jegu - Figure 12. Principal component
4 | @ tcolanc * :DO L oo analysis (PCA) of all variables
; :::way * gk * g0 °. (mineralogy, grain size, % clay
o Proro Rico * *% . 1 ; 008 <4 pm, surface area, geochem-
o Washington i Y . o istry). The signs of the principal
§0 -***D ~~~~~ components (PC) are not repre-
% * sentative of physical differences
X *A in the sample but are simply an
® x* ’; Aa artifact of the PCA process.
44 e ' Overall, no significant trends
- Xy H were observed with climate.
. ng s Instead, the data clustered with

s : wE respect to provenance.

-10 -5 0 5

PC1

prevails in coarser sediment fractions (Nesbitt
et al., 1996; von Eynatten et al., 2012). This
influences the composition of fine-grained sedi-
ments eroded from mafic rocks (Siebach et al.,
2017), but the trend is more pronounced in inter-
mediate- and mixed-sourced sediments, where
mafic minerals have relatively low concentra-
tions in the bulk sediment but are heavily con-
centrated in the fine-grained fraction. In the case
of intermediate- and mixed-source sediments,
the regions that have higher abundances of Ca-
rich pyroxene (e.g., Antarctica) and amphibole
(e.g., Washington) within the bedrock, as well as
the regions with pronounced mechanical weath-
ering (i.e., pulverization within glacial settings),
are particularly susceptible to relative enrich-
ment of mafic grains within the mud fraction,
which could explain why these regions plot as
mafic in the MFW plots.

The relative enrichment of metal oxides
(Fe-, Mn-, and Ti-oxides) within the mud frac-
tion via preferential weathering and sorting of
mafic minerals could also contribute to push-
ing samples toward the mafic apex of the MFW
diagram. Antarctic and Washington muds were
notably rich in Fe,O;, MnO, and TiO,, with
concentrations comparable to Iceland muds,
and their average Cr,O; concentrations even
exceeded Iceland basalts (Table S4). However,
fluvial Puerto Rico muds derived from felsic-
intermediate granodiorite also plotted as mafic,
potentially due to their relatively high Fe,O,
and MnO contents (~10% and 0.19%), which
were concentrated within the fine fraction. These
iron and manganese concentrations are similar
to those observed in the mixed-source Antarctic
(~10% and 0.16%) and basaltic Iceland muds
(~12%). Note that Joo et al. (2018a) reported
up to 1.4% Fe-oxides based on XRD analyses
within similar samples collected from Puerto
Rico. We posit that the source of the Fe and Mn
within Puerto Rico muds is likely secondary

2250

oxides that are concentrated in soils by chemi-
cal weathering within a tropical climate (Huang
etal., 2016; Nguyen et al., 2019). These Fe- and
Mn-rich soils are delivered to the fluvial system
via slope failure or storm events that preferen-
tially transport soil to fluvial systems (Webb
et al., 2022), including the B horizon, which is
commonly enriched in metals leached from the
horizon above.

Separating Weathering Signatures from
Provenance to Interpret Climate

Ternary diagrams of weathering parameters
are commonly used to interpret climate within
ancient sediments on Earth, as well as planetary
samples derived from unknown bedrock sources
(provenance), depositional environment, and cli-
matic history. However, in this study, compari-
son of modern sediments produced in end-mem-
ber climate systems failed to produce patterns
that could be correlated with climate on these
ternary plots, as samples from different climate
regimes largely overlapped. Therefore, we took
an alternative approach to investigate multiple
weathering signatures all together, using BET
surface area, major oxides, heavy metals, trace
metals, REEs, mineralogy, and grain size (per-
centage of clay-sized particles) within the mud
fraction using PCAs (Fig. 12). PCAs of our
entire data set also produced partially overlap-
ping clusters of temperate glacial (Washington)
and tropical (Puerto Rico) data points, whereas
other temperate glacial regions (Iceland, Peru,
Norway) clustered away from the other groups.
These results—combined with provenance con-
siderations inferred from A-CNK-FM and MFW
diagrams on bedrock data (Figs. 11A and 12A)
and the overlapping Antarctica, Washington, and
Puerto Rico data clusters within the PCAs of the
mineralogy (Fig. 6) and geochemistry (Fig. 7) of
our samples—suggest that subtle differences in
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provenance significantly affect the “weathering”
signatures observed in the sediments collected
across our climate end-member field sites, even
though we tried to keep the bedrock composi-
tions similar (granitic-granodioritic, with the
exception of Iceland).

In a further attempt to separate the climate sig-
nature from provenance, we normalized the CIA
values of the fluvial sediments to the average
bedrock CIA values for each field site (Eq. 3):

©)

Then, we compared these normalized CIA,
values with the MAT and MAP observed in
each field area to investigate if these climate
parameters correlated with potential weather-
ing signatures within fluvial settings. However,
the correlations between the CIA values and the
MAP (R? = 0.6862) and MAT (R?> = 0.5239)
were stronger than the correlations observed
between bedrock-normalized CIA, values (R?
for CIA, vs. MAP = 0.5538 and R? for CIA,
vs. MAT = 0.4226) of the sediments (Fig. 13),
suggesting that provenance effects might lead to
overestimated CIA-climate correlations.

We then removed the nonglacial (Anza Bor-
rego and Puerto Rico) muds from the data set
to investigate the applicability of CIA-climate
correlations within only glaciofluvial settings,
which diminished correlations between CIA
and climate (for both raw and normalized data;
Fig. 14). Deng et al. (2022) also reported that
CIA values of glaciofluvial muds do not fit tradi-
tional trends assumed for CIA-climatic correla-
tions, though CIA and MAT correlated strongly
for nonglacial fluvial muds from warmer settings
(R? = ~0.6) in their study. This implies that CIA
is not a useful metric for interpreting paleocli-
mate in glaciofluvial settings, unless weathering
trends are being evaluated between proximal and
distal regions in a single catchment (i.e., Thorpe
etal., 2019), and they should only be used where
the composition of the primary source material is
well constrained—such as tropical soil/paleosol
profiles (i.e., Joo et al., 2018a).

CIA, = CIA ,,ua /CIA pegrock -

Synthesis and Implications for Paleoclimate
Studies

In contrast to many paleoclimate/weathering
studies that are limited to tropical settings or data
mining from the literature, our study focused on
systematically collected sediments from water-
sheds with similar bedrock compositions (except
for Iceland) from various glacial settings with
different MAP and MAT, as well as hot-wet and
hot-dry nonglacial systems, and various depo-
sitional settings to directly test the effects of
climate on weathering signatures observed in
modern sediments. All samples were collected,
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treated, prepared, and analyzed the same way;
therefore, analytical and operator-based varia-
tions were minimal. Despite these systematic
and careful measures, our study revealed over-
lapping CIA values and compositional trends
on ternary plots (A-CN-K, A-CNK-FM, and
MFW), suggesting that differences in prov-
enance outweigh weathering processes, pre-
venting accurate interpretations of climate from
fine-grained sediments, especially in sediments
derived from intermediate or mixed bedrock.
Mafic minerals, as well as other Ca-rich miner-
als, concentrate within the fine fraction during
weathering and transport, resulting in relative
enrichment of CaO and correspondingly under-
estimated CIA values, as also noted in previous
studies (i.e., Nesbitt et al., 1996; Siebach et al.,
2017; Mangold et al., 2019).

Most of the literature reporting strong correla-
tions between CIA and climate are based on soil
profiles or fluvial watersheds in tropical climates
(Rasmussen et al., 2011; Yang et al., 2016; Joo
etal., 2018a; Mao et al., 2022), which have well-
defined chemical weathering trends (increasing
Al,O; and clay minerals with weathering, etc.).
Our climate (MAP and MAT) and CIA correla-
tion analyses based on sediments from a range
of end-member climates in fluvial settings sug-
gest that CIA is not a useful metric for glaciated
settings, in agreement with Deng et al. (2022),
especially in systems that may incorporate older
sediments that have experienced multiple cycles
of weathering. Therefore, our results call for
caution when applying CIA to interpret climate
from fine-grained sediments, especially those
derived from glacial, intermediate, or mixed-
source environments.

Our results combined with previous studies
indicate that CIA and ternary plots may be useful
tools for studying weathering in tropical settings
with uniform bedrock composition, where ele-
mental (weathering) trends can be directly linked
between the bedrock and the derived sediment,
such as soil profiles/paleosols. Since provenance
often overwhelmed climate signals in our study,
even when comparing sites with similar under-
lying bedrock from very different end-member
climate conditions, CIA is not suitable for com-
parisons between mixed-provenance data sets or
where the provenance is unknown. Our observa-
tions of overlapping CIA values of glacial muds
with CIA values of muds derived from hot cli-
mates suggest that relying on CIA can result in
erroneous interpretations about weathering and
paleoclimate. In addition, CIA values observed
in different glacial settings should not be com-
pared directly to determine the relative extent of
weathering, but rather could be used within a
single setting to determine changes in the extent
of weathering over time, if the source rock is
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known (and is uniform), and the depositional
setting remains constant to avoid grain sorting
effects. These effects are particularly important
to consider in planetary environments, where it
may be difficult or impossible to directly link
sediments with their source rock(s) (e.g., Mars;
Thorpe et al., 2021). Even within closed basins
such as impact craters, subtle changes in source
rock composition or erosional processes may
significantly affect the mineralogy and geo-
chemistry of fine-grained fluvial sediments. For
example, subtle changes in sediment transport
mechanisms can have significant effects on
CIA values, as demonstrated by shifts in CIA
values observed after storm-induced mass wast-
ing within a watershed in Puerto Rico (Joo et al.,
2018a; Webb et al., 2022).

CONCLUSIONS

Based on the sedimentologic and geochemical
data from terrestrial sediments collected across
end-member climatic regimes, we conclude
that physical, chemical, and biological weath-
ering processes all leave imprints on terrestrial
sediments, as inferred from surface area, grain
size, geochemistry, and mineralogy combined.
However, relatively minor differences in source
rock lithology (mineralogy, geochemistry, and
texture) overwhelm any climatic signatures that
may be present when comparing end-member
climate conditions in fine-grained fluvial sedi-
ments. In addition, grain size and BET surface
area are not significant proxies for climate within
a multiprovenance data set of mud-sized sedi-
ments from various depositional settings, though
they may be valuable for investigating weather-
ing trends within individual field sites.

Weathering indices and ternary plots that are
commonly used as proxies to interpret paleocli-
mate are most useful when applied to well-devel-
oped weathering profiles within tropical settings
(e.g., Puerto Rico), but they are largely ineffec-
tive for identifying climate signals in fine-grained
fluvial and glacial sediments formed in other cli-
mates. Though CIA values and ternary diagrams
(A-CN-K, A-CNK-FM, MFW) have convention-
ally been used to interpret paleoclimate conditions
based on the intensity of weathering, CIA values
and position of data within ternary diagrams are
heavily affected by the amount of silicate-bound
Ca0, as higher CaO concentrations result in
lower CIA values and pull samples toward the
mafic apex of MFW plots. Despite treating our
samples to isolate the silicate fraction by remov-
ing soluble salts, carbonates, and organic matter,
our data set still contained significant variation in
CaO content. Even if the weathering intensities
of two regions match, higher Ca content (plagio-
clase, Ca-pyroxene, Ca-rich amphiboles, etc.)
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leads to lower CIA values. In addition, CaO is
relatively enriched in finer-grained sediments, as
mechanically and chemically weaker mafic com-
ponents rich in Ca are preferentially sorted into
the mud fraction, while harder felsic minerals
remain within the sand- and gravel-sized grains
(i.e., Nesbitt et al., 1996; Mangold et al., 2019).
This can cause muds derived from felsic rocks to
plot as mafic within ternary plots, hindering inter-
pretations of weathering extent. Therefore, the
use of CIA and ternary diagrams for fine-grained
terrestrial and planetary sediments, especially
sediments derived from intermediate- or mixed-
composition sources, requires caution and addi-
tional proxies in order to make realistic climatic
interpretations.

Plotting individual major-oxide components
from fine-grained sediments on ternary diagrams
may intensify small differences in provenance,
thus diluting the weathering signatures within
the data set and hindering climatic interpreta-
tions. Normalizing sediment data based on
bedrock composition to reduce the provenance
effect reduced correlations with climate param-
eters (MAP and MAT), suggesting that prov-
enance effects might lead to overestimated
CIA-climate correlations. In addition, CIA-
climate trends were absent when we excluded
sediments formed in hot climates (Anza Borrego
and Puerto Rico muds) from the data set.

A synthesis of our overall findings suggests:
(1) CIA and ternary plots for weathering are
most useful when applied to hot-humid settings
with uniform bedrock composition, where ele-
mental (weathering) trends can be traced from
the bedrock to first-cycle material (soil profiles/
paleosols); (2) CIA values of muds from glacial
settings overlap with those from hot and humid
climates; and (3) no correlations were observed
between climatic parameters (mean annual pre-
cipitation and temperature) and CIA in glacial
systems, suggesting that CIA is not a useful
metric with which to assess paleoclimate in (sus-
pected) glaciated settings.
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