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ARTICLE INFO ABSTRACT

Associate editor: Weigiang Li Stable Ti isotopes have been applied in the detrital sediment record to reconstruct the bulk composition of
Earth’s continental crust due to the relationship between magmatic differentiation and Ti isotopic compositions.

Keywords: However, no study has systematically evaluated the influence of provenance, physical, and chemical weathering

Titanium isotopes on the composition of sediments relative to the protolith they originated from. To test the influence of these

Isotope fractionation
Chemical weathering
Particle transport
Chemical mobility

processes on Ti isotopic compositions we investigate the Ti isotope composition of 82 surface samples including
loess, volcaniclastic rocks, river sediment, and two separate weathering profiles through igneous rocks, collected
from a broad geographical area and a range of environmental conditions. Limited but significant Ti isotope
fractionation exists in samples subjected to extreme chemical weathering processes, potentially as a result of
elemental mobilization. For example, the §*°Ti isotopic composition of bauxites developed on Columbia River
basalt varies by up to 0.1%., becoming isotopically heavier with increasing weathering intensity. However,
negligible variation in 8*Ti was found in a second profile of saprolites developed on weathered diabase. Tita-
nium isotope variations in loess do not correlate with chemical weathering intensity or size sorting, but may
instead be related to the provenance of the sediment. We find that the 5*Ti of Amazon River sediments is
correlated with the Al/Zr ratio, indicating that 54°Ti is impacted by sediment sorting. At our study sites, the river
averaged offset between the isotopic composition of the bedload and the suspended sediment fraction is 0.051%o,
with the largest offset being + 0.116%.. Our data suggest that during chemical weathering, heavy Ti isotopes are
preferentially incorporated into secondary minerals producing higher 8*°Ti in intensely weathered soils. During
fluvial transport, the Ti isotopic composition of fine-grained sediment is heavier than that of its coarser coun-
terpart. Crustal protolith composition and sorting during transport and sedimentation have a stronger effect on
the Ti isotopic composition than chemical weathering. Our results have implications for studies that utilize the Ti
elemental concentration to calculate relative enrichment or depletion during chemical weathering and physical
transport processes in the Critical Zone and for studies using Ti isotopes in terrigenous sediments to infer the
composition of their provenance.

1. Introduction and the oceans. The history of continental crust growth and its
geochemical evolution are therefore tied with the carbon cycle and

The composition of rocks exposed at Earth’s surface, and their Earth’s long-term habitability, by influencing biological productivity,
modification through chemical weathering and physical transport con- organic carbon burial, and atmospheric CO, partial pressure (Berner
trol the transport of sediment and nutrients from the continents to rivers et al., 1983). The extent and composition of the continental
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crust—whether it is predominately mafic or felsic—and the timing of
plate tectonic initiation has broader implications for the delivery of
critical nutrients from the continents to the oceans, impacts atmospheric
composition, and is a control on Earth’s long-term climate (Kasting &
Catling, 2003; Lee et al., 2016; Alcott et al., 2022).

Reconstructing the composition of the continental crust through
Earth’s history is difficult because of possible preservation biases, the
scarcity of ancient crustal remnants, and their modification by geolog-
ical processes over billions of years. Detrital sedimentary rocks are often
used to circumvent those difficulties as they may provide an average the
composition of the upper continental crust over large drainage basins
(Condie, 1993; Rudnick and Gao, 2003; Taylor and McLennan, 1985).
Insoluble element concentrations and isotopic ratios of shales have been
used to estimate the composition of the emerged continental crust
exposed to physical and chemical weathering, and to determine whether
early continental crust was predominantly mafic or felsic (Condie, 1993;
Large et al., 2018; Smit and Mezger, 2017; Tang et al., 2016; Taylor and
McLennan, 1985; Greber et al., 2017a; Ptacek et al., 2020).

Recently, non-traditional stable isotopes (e.g., Mo, Ti, Zr, V) have
been analyzed in shales and glacial diamictites to reconstruct and un-
derstand the evolution of the average composition and oxidative
weathering of Earth’s upper continental crust (Greaney et al., 2020;
Greber et al., 2017a; Tian et al., 2021; Tian et al., 2023). The isotopic
composition of titanium (Ti) has been shown to vary systematically with
magmatic differentiation (Millet et al., 2016; Deng et al., 2019; Johnson
et al., 2019; Hoare et al., 2020), and because Ti is mostly insoluble
during water-rock interactions (Orians et al., 1990), the Ti isotopic
composition of detrital sediments can provide insights into the compo-
sition of their provenance (Greber et al. 2017a; Klaver et al., 2021).
More recent studies have revealed more complicated Ti isotopic
behavior during magmatic differentiation (Deng et al., 2019; Johnson
et al., 2019; Hoare et al., 2020; Zhao et al., 2020) with variations
associated with tectonic setting, and potentially water content and ox-
ygen fugacity (Hoare et al., 2020; Aarons et al., 2020). Reconstructions
based on Ti isotopes and other elemental ratios yield a realistic
composition for the modern continental crust (Greber and Dauphas,
2019; Greber et al., 2017a).

Major issues for studies relying on the Ti isotopes in terrigenous
sediments to reconstruct the composition of the continental crust
through time is the potential for chemical and/or isotopic fractionation
during chemical weathering and physical transport processes in the
Critical Zone (Klaver et al., 2021; He et al., 2022), which is where the
topmost layer of Earth’s crust interacts with the atmosphere, hydro-
sphere, and biosphere. Such processes include isotopic fractionation
during dissolution and incorporation of dissolved Ti into fine-grained
secondary phases, or mineral size sorting during transport. Titanium
has low solubility in most aqueous fluids, resulting in very low dissolved
concentrations (Orians et al., 1990) and a short residence time in the
oceans (100-200 yrs in sub-Arctic Pacific Ocean, 800-900 yrs in the
central gyre of the North Pacific, (Orians et al., 1990) and 780 yrs based
on the riverine inputs (Skrabal, 1995). This low solubility has led to the
use of Ti to normalize other elements in studies probing elemental
mobility during chemical weathering (Nesbitt, 1979). However, Ti may
be mobilized in intensely weathered tropical regoliths (Cornu et al.,
1999) and Ti isotopes have been shown to fractionate in saprolites (He
et al., 2022). Moreover, some Ti may be incorporated into fine (clay and
silt) fractions (Garcia et al., 1994; Taboada et al., 2006) and this Ti can
be decoupled from coarser Fe,Ti-oxide grains during mobilization from
soil profiles and transport, potentially introducing Ti isotopic fraction-
ation. Indeed, it has been suggested that the Ti isotope composition of
detrital sediments from the Eastern Mediterranean Sea differ from their
provenance due to hydrodynamical/density sorting of Fe,Ti-oxides
(Klaver et al., 2021).

It is therefore important to probe the effects of chemical weathering
and particle size sorting of sediment on the §*°Ti isotopic composition of
terrigenous sediment (5*°Ti is defined as the departure in permil of the
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49Ti/47Tj ratio of a sample relative to the ratio of the OL-Ti standard).
The aims of this study are to:

1. Understand the magnitude and mechanisms of Ti isotopic fraction-
ation during chemical and physical transport in the Critical Zone;

. Improve our understanding of the suitability of using Ti isotopes as a
proxy for reconstructing the continental crust composition in the
past;

. Reconstruct the average Ti isotopic composition of the present-day
upper continental crust to serve as a baseline for assessing the
extent to which the Ti isotope composition of marine detrital sedi-
ments may be fractionated by Ti mobilization and transport.

To these ends, we have analyzed samples from a variety of Earth
surface environments and climate regimes (cold-temperate oceanic to
tropical), including loess, river sediment, and two weathering profiles
developed on distinct bedrock compositions. We use the loess data as an
alternative archive to reconstruct the average Ti isotopic composition of
the present-day upper continental crust compared to marine detrital
sediments. We find that Ti isotopes fractionate to varying degrees,
attributable either to changes in provenance, physical size sorting, and/
or Ti mobilization in the colloidal phase during intense chemical
weathering. We then use bulk geochemical compositions of these sam-
ples to identify the processes responsible for Ti isotope fractionation and
transmission electron microscopy of the most intensely weathered soil
profile to characterize the carrier phases of Ti. Collectively, this work
provides guidance for the use of Ti isotopes for reconstructing the con-
tinental crust composition in the past and improves our understanding
of the processes affecting Ti isotopes in sediments, secondary weath-
ering products, and waters.

2. Samples
2.1. Loess

Because loess derives from physical weathering of large geographical
areas, its composition is often assumed to approximate that of the upper
continental crust. Indeed, loess is a fine-grained (silt-sized) aeolian
sediment typically comprised of pulverized regolith produced by the
advance of ice sheets during glacial periods (Catt, 2001). In addition, as
loess forms during dry, cold glacial periods, it is typically not subjected
to significant chemical weathering (Gallet et al., 1998; Taylor et al.,
1983). The loess studied here come from a broad geographical area
(Fig. 1a) including the Adventdalen Valley, Spitsbergen, Norway; the
Scilly Islands, United Kingdom; Nantois section in Brittany, Port-Racine
section in Normandy and St. Brieuc, all from France; Kaiserstuhl section,
Rhine Valley, Germany; Kesselt section, Belgium; Kansas, United States;
Pampean loess from Argentina, Banks Peninsula, New Zealand; and
Jixian section, China (Table 2). Information on sampling, bulk compo-
sition, and detailed geochemistry of these samples can be found in
Huang et al. (2013) for samples from Europe and China, and in Li et al.
(2010) for samples from the United States and New Zealand.

2.2. Amazon River sediments

Suspended sediments transported by rivers offer an opportunity to
sample the products of chemical weathering and the influence of
physical transport at Earth’s surface. Their compositions provide in-
sights into the nature of eroded lithologies, erosion rates, climate, and
topography (Berner and Berner, 1987). These sediments can be stored
over long timescales on continents, or directly transported to marine
environments (Gaillardet et al., 1999; Viers et al., 2009; Martin &
Meybeck, 1979). The largest river system on Earth, the Amazon River,
transports approximately 1000 Mt of sediment per year to the Atlantic
Ocean (Wittman et al., 2011). The Amazon River drains the Andes
mountain range before transitioning into the tropical lowland region
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Fig. 1. Map showing the locations samples
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measured in this study. A) Locations of loess
distributed across the world and the loess
samples studied here (colored symbols)
(adapted from (Huang et al., 2013; Pécsi,
1990)). B) Map showing the location of
Amazon River basin and sediment sampling
locations measured in this study. Colored
symbols correspond to river tributary
sampled and are used throughout remaining
figures. Map adapted from Dellinger et al.
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(2014). C) Schematic map of Iceland modi-
fied from Carley et al. 2014. Ages of strata
(modified from Thordarson and Hoskulds-
son, 2002) and sample lithologies and loca-
tions are numbered (see Table 4). D)
Geographic location of diabase dike in South
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> Beachsand
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Volcanic Belt [J Vvolcaniclastic Rock
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Carolina. E) Map of Columbia River Basalt
(gray area) and weathered sample sites
studied here (pink circle and gray diamonds)
(adapted from (Liu et al., 2013)). (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Titanium isotope compositions of United States Geological Survey reference
materials measured here.

Reference Material Source 5%9Ti (%0) 95% CI n

BHVO-2 USGS +0.015 0.028 44
BIR-1a USGS —0.052 0.029 28
G3 USGS +0.441 0.027 44

underlain by the Guyana and Brazilian Precambrian shields in the east
and a thick band of terrestrial sediments to the west (Fig. 1b). The two
tributaries responsible for the largest sediment contributions to the
Amazon River are the Solimoes and the Madeira Rivers, both of which
drain the Andes (Gibbs, 1967). The Madeira Basin primarily drains
metasedimentary Paleozoic and Mesozoic rocks interspersed with out-
crops of organic-rich shales and smaller areas of intrusive volcanic rocks
(Carlotto et al., 1996). Metasedimentary to sedimentary rocks underlie
the Andean section of the Solimoes Basin, alongside exposed felsic to
intermediate intraplate tholeiitic igneous rocks (Putzer, 1984; Rezende
et al., 2021). The remaining tributaries in the lowland basin are
sediment-poor and contain high dissolved organic matter
concentrations.

Here we focus on sediments from four tributaries: the Madeira River
and one of its major tributaries, the Beni River (draining only sedi-
mentary rocks; Dellinger et al., 2014), as well as the Solimoes River

Table 2

(draining a mixture of sedimentary rocks and andesite rocks; Carlotto
et al., 1996), together with one of its relatively minor tributaries, the
Pastaza River, which carries sediments having a much stronger influence
from volcanic and plutonic calc-alkaline igneous rocks in its catchment
(Kerr et al., 2002) than other Andean rivers. The samples were collected
during previous field campaigns aimed at investigating how bedrock
composition and weathering intensity influences grain size by sampling
river depth profiles, with typically smaller grain sizes at shallower
sampling depths in the channel and larger grain sizes closer to the river
bed. Detailed procedures regarding sampling protocol are in Bouchez
et al. (2011a) and Dellinger et al. (2014). Previous studies report the
physical characteristics (Bouchez et al., 2011b), elemental and isotopic
(Li, Sr, Nd) compositions (Bouchez et al., 2010; Bouchez et al., 2011c;
Dellinger et al., 2014), and organic carbon export (Bouchez et al., 2014)
of these suspended sediments. Here, we analyze suspended sediments
from these tributaries at variable depths to gain insight into the role of
physical size sorting on sediment Ti isotopic compositions, as hydrologic
processes naturally sort suspended sediment in large rivers.

2.3. Icelandic river sediments, volcaniclastic rocks, delta sediments, and
beach sand

Iceland provides an ideal study site to probe how the weathering
byproducts of evolved tholeiitic crust is recorded in the detrital sedi-
mentary rock record. Iceland is a portion of mid-ocean ridge exposed

Titanium isotopic compositions of loess samples measured in this study. Major element data and chemical index of alteration (CIA) are from previous studies (Chauvel
et al., 2014; Gallet et al., 1998; Huang et al., 2013; Jahn et al., 2001; Taylor et al., 1983). Concentrations of trace elements are in ug/g.

Sample  Location Si0, (Wt%)  TiO, (Wt%)  Al,Oz  CIA  5%Ti(%) 95%CIL n Zr Nb Sc Sc
(Wt%)

LO9%4 Adventdalen Valley, Spitsbergen, Norway 79 0.61 10.85 60 0.156 0.033 9 7.85 213 11.6 8.73
SCIL Scilly Islands, United Kingdom 84 0.57 8.50 65 0.124 0.027 11 7.40 356 10.2 6.46
PR Port Racine, Normandy, France 78 0.44 6.23 55 0.087 0.033 9 6.44 343 7.77 6.01
NS4 Nantois section, Brittany, France 72 0.93 10.59 60 0.078 0.027 9 6 305 12 -
HOT France 76 0.70 8.34 59 0.118 0.027 9 7.45 387 10.2 7.71
K1 Kaiserstuhl section, Rhine Valley, Germany 60 0.32 7.78 65 0.162 0.033 9 5.4 250 8.9 5.7
K14 Kesselt section, Belgium - - - - 0.159 0.027 9 9.99 593 15.9 10.9
Cy-4a-C Kansas, United States 80 0.71 10.7 58 0.123 0.027 10 10 570 21 4.9
52-54 Pampean Loess, Argentina 70 1.09 13.59 65 0.089 0.027 9 8 290 16 -
BP-3 New Zealand 73 0.69 15.2 61 0.167 0.027 10 9.77 340 27 8.5
BP-1 New Zealand 73 0.57 15.8 59 0.138 0.027 10 11.1 370 12.4 8
JX-1 Jixian section, China 71 0.79 14.55 64 0.156 0.027 9 19.6 190 13.2 -
JX-8 Jixian section, China 70 0.85 14.74 65 0.159 0.027 9 11.7 222 11.4 -
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Table 3
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Titanium isotopic compositions of Amazon River suspended particulate matter (SPM) and river bedload measured in this study. Sample information and geochemical
data are from Bouchez et al. (2011a). Concentrations of trace elements are in pg/g.

Sample River Sample type Depth (m) TiO, (Wt %) 5°Ti (%o) 95% CI ES“QTisa,,,,l,le_avg bedload (%0) n Al (x10%) Zr
AMO05-06 Solimoes SPM 14 0.8 0.135 0.028 0.01 9 8.41 242
AMO06-02 Solimoes Bedload - 0.5 0.136 0.034 7 3.68 268
AMO06-03 Solimoes Bedload - 0.3 0.116 0.031 9 3.14 229
AMO06-05 Solimoes Bedload - 0.9 0.114 0.027 15 4.70 765
AMO06-10 Solimoes SPM 22 0.8 0.185 0.032 0.06 7 8.60 215
AMO06-11 Solimoes SPM 15 0.8 0.202 0.028 0.08 9 8.87 204
AMO06-13 Solimoes SPM 5 0.8 0.196 0.028 0.07 9 9.76 193
AMO06-15 Solimoes SPM 25 0.7 0.159 0.030 0.04 16 7.95 208
Average Solimoes SPM 0.175 0.030

Average Solimoes bedload 0.122 0.090

AMO05-15 Madeira SPM 23 0.9 0.194 0.031 0.05 12 10.4 188
AMO05-18 Madeira SPM 8 0.8 0.205 0.032 0.06 8 11.0 153
AMO05-19 Madeira SPM 3 0.8 0.217 0.028 0.07 9 11.2 134
AMO05-24 Madeira Bedload - 0.8 0.192 0.028 9 7.32 250
AMO06-37 Madeira SPM 10 0.9 0.195 0.027 0.05 15 8.56 250
AMO06-39 Madeira SPM 11 0.9 0.196 0.028 0.05 9 8.86 224
AMO06-43 Madeira SPM 0 0.9 0.212 0.028 0.07 9 10.0 207
AMO06-44 Madeira Bedload - 1.4 0.101 0.027 12 2.51 2508
Average Madeira SPM 0.203 0.010

Average Madeira bedload 0.147 0.410

AMO1-14 Beni Bedload - - 0.134 0.028 9 6.77 -
AMO07-05 Beni Bedload - 0.5 0.189 0.032 8 3.80 228
AMO1-16 Beni SPM 0 - 0.232 0.027 0.07 15 10.7 176
AMO07-06 Beni SPM 7 0.8 0.180 0.028 0.02 9 6.85 473
Average Beni SPM 0.206 0.240

Average Beni bedload 0.162 0.250

AMO08-36 Pastaza SPM 0 0.9 0.111 0.032 0.020 7 9.70 161
AMO08-37 Pastaza Bedload - 0.8 0.091 0.033 8 7.98 131

subaerially due to magmatic productivity associated with a mantle
plume (Morgan, 1971; Sigmarsson and Steinthorsson, 2007), and ex-
periences subpolar oceanic to tundra climate. Icelandic rocks have a
clear tholeiitic affinity and provide an opportunity to study felsic rocks
produced in a thickened oceanic crust setting. Indeed, approximately
10% of the rocks at Iceland’s surface are felsic, making it one of the
largest exposures of felsic oceanic rock on Earth (Jonasson, 2007). For
this reason, Icelandic crust is frequently cited as a possible modern
analog for ancient continental crust (Marsh et al., 1991; Sigmarsson
et al., 1991; Jonasson, 1994; Bindeman et al., 2012; Willbold et al.,
2009; Reimink et al., 2014), though Archean TTG and felsic magmas

Table 4

generated at oceanic plateaux have significantly different geochemical
compositions (Martin et al., 2008; Carley et al. 2014).

We measured the stable Ti isotopic composition of 20 samples
collected from river sediments, volcaniclastic rock units, deltaic sedi-
ments, and beach sand located throughout Iceland (Fig. 1c, Table 4).
More details on these Icelandic samples are provided by Carley et al.
(2014; 2020), where the trace element and isotopic (O, Hf, U-Th-Pb)
compositions of zircons are reported. Samples were collected with the
aim of capturing the diversity of ages and local tectonic environments (e.
g., on-rift, off-rift) in Iceland. These Icelandic sediments are relatively
coarse compared to fine-grained shales—a distinction that must be

Titanium isotopic compositions and geochemical characteristics of Icelandic river sediments, volcaniclastic rocks, delta sediments, and beach sands (this study).
Samples are described in Carley et al. (2014, 2020), the map # corresponds to the physical location noted in Fig. 1c. Concentrations of trace elements are reported in

1g/g.
Sample Sample type River Map # Si0, (Wt%) TiOy (Wt%) 8*Ti (%o) 95% CI n Th Zr Nb Sc
1XSd-1b Volcaniclastic rock Selardalur 1 55 2.53 0.184 0.028 9 3.4 288 42 32
ISFK River sediment Fauska 2 62 1.86 0.178 0.028 9 4.0 369 38 26
ISKK River sediment Krossa-Keekjudalsa 3 65 1.38 0.274 0.028 9 6.2 407 52 21
ISHVt River sediment Hverfisfljot 4 53 2.20 0.066 0.029 9 1.5 177 17 39
ISOLF River sediment Olfusa 5 51 1.74 0.214 0.027 9 2.1 439 26 47
ISR River sediment Reydara 6 62 1.92 0.227 0.029 7 4.5 379 40 22
ISHo River sediment Hofsa 7 56 2.33 0.118 0.029 9 2.7 282 27 33
1SB Delta sediment Breiddalsvik 8 55 2.37 0.147 0.027 9 2.5 246 27 35
ISHMyr River sediment Skalm 9 53 3.47 0.124 0.029 9 3.8 339 49 25
ISM River sediment Markarfljot 10 54 2.28 0.179 0.030 7 3.9 352 47 22
ISML Beach sand Markarfljot 11 50 2.58 0.105 0.027 9 2.2 217 26 38
(mouth)
IXH-1a Volcaniclastic rock Husavikurkleif 12 62 3.19 0.067 0.030 7 1.8 228 35 49
ISLF River sediment Lagarfljot 13 57 2.20 0.085 0.030 7 2.2 239 24 33
ISJL River sediment Jokulsa I Loni 14 56 2.33 0.133 0.027 9 2.4 314 26 34
ISMi River sediment Mida 15 54 2.33 0.102 0.027 9 1.9 173 26 38
IXT-1b Volcaniclastic rock Tjornes 16 49 2.57 0.144 0.029 9 2.1 206 27 41
ISSG River sediment Gigjukvisl 17 51 2.22 0.071 0.028 9 1.0 154 14 43
ISFJAR River sediment Fjardarsa 18 62 1.77 0.150 0.029 6 4.1 331 34 26
ISF River sediment Fjallsa 19 54 2.36 0.219 0.029 9 3.7 315 39 30
IXKM Volcaniclastic rock Mokollsdalur 20 53 2.76 0.067 0.030 7 1.8 197 22 37

178



S.M. Aarons et al.

considered during data interpretation.

2.4. South Carolina saprolite

Saprolites are clay-rich regoliths formed during tropical to subtrop-
ical chemical weathering (White, 2003), typically located in the lower
portion of soil profiles overlying crystalline bedrock. Saprolites are
representative of deep chemical weathering of bedrock and are well
suited to study how chemical weathering impacts elements and isotopes.
Because saprolites preserve the textures of the original rock they formed
from, they are interpreted to be representative of isovolumetric chemi-
cal weathering and suitable for studying the geochemical and mineral-
ogical changes that occur during the conversion of parent rocks into
weathered material (Gardner et al., 1978).

We analyzed 17 samples spanning 30 m from a saprolite profile
developed on Paleozoic igneous rocks weathered in a temperate climate
in South Carolina, USA (Fig. 1d; Table 5). The saprolite samples were
taken from a section exposed in a quarry wall over a 10 m depth range
through a metadiabase dike intruded into granite near Cayce, South
Carolina (33°58.09’ N, 81°03.07" W) (Fig. 1d). The unaltered meta-
diabase was sampled at 30 m depth. The diabase dike shows more
intense weathering close to the surface, which diminishes with depth.

The saprolites formed during the Tertiary in a subtropical climate
regime, and although there are no constraints on mean annual precipi-
tation (MAP) and temperature (MAT) during the Tertiary, the modern-
day MAP and MAT is 1,200 mm/yr and 18 °C respectively (Gardner
et al., 1981; Rudnick et al., 2004). A shift in the oxidation state is
observed at a depth of 2 m, with smectite (potentially Fe-bearing)
observed in the oxidizing environment above 2 m and kaolinite
observed below (Gardner et al., 1981; Greaney et al., 2021). The samples
analyzed here are well-characterized geochemically and mineralogically
(Gardner et al., 1981), and stable isotopic compositions of Li (Rudnick
etal., 2004), Mg (Teng et al., 2010), K (Teng et al., 2020), Fe and Cu (S.-
A. Liu et al., 2014a) were previously reported. The Cu and Fe isotopic
data from these samples were interpreted to reflect scavenging of light
Fe and heavy Cu onto Fe-oxides formed by oxidation of siderite (S.-A. Liu

Table 5
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et al., 2014a). Here we analyzed pristine, unaltered bedrock and
saprolite at varying stages of chemical weathering intensities to probe
the effects of chemical weathering on stable Ti isotopic composition in
an environment with a basaltic igneous bedrock composition under
temperate climate.

2.5. Columbia River bauxites

Extreme chemical weathering of rock forms an Al-rich amorphous
rock called bauxite. The Ti isotopic composition of bauxites offers the
opportunity to identify potential Ti isotope fractionation during extreme
chemical weathering. A total of 10 samples from drill cores through
bauxite formed on Columbia River Basalts (CRBs) located on the west-
ern, wet side of the Cascade Range in Washington, USA were analyzed
here. The geochemical composition and environmental conditions under
which the bauxite formed are detailed in X.-M. Liu et al. (2013; 2014b).
Briefly, the CRBs erupted in the Miocene and covered a large portion of
southern Washington, north and eastern Oregon and western Idaho
(Fig. 1e) (Tolan et al., 1989). While the CRBs lie on both the western and
eastern sides of the Cascade Mountain Range (the CRBs erupted prior to
formation of Cascade Mountain Range), bauxites only formed on the
western side due to orographic effects. Locations west of the Cascades
currently receive measurable rainfall 150 days/year and annual average
precipitation ranging from 150 to 200 cm/year (Kohn et al., 2002). The
MAT and MAP at the study site is ~ 11 °C and ~ 1,100 mm (https
//www.wrcc.dri.edu) (Liu et al., 2013). The “Columbia drill core”
reached a vertical depth of 7.9 m but did not penetrate the fresh unal-
tered basalt, which is Sentinel Bluffs (Fassio, 1990). Several samples of
unaltered parental basalt (Fig. 1e) from the same flow were collected to
characterize the original geochemical composition of the bedrock. The
bauxites are composed of gibbsite, halloysite, kaolinite, goethite,
maghemite; quartz occurs in the more surficial samples (Fassio, 1990;
Liu et al., 2013), and the profile can be divided into two zones: an Fe-rich
upper zone with variable amounts of iron pisolites, and an Al-rich lower
zone composed of nodular gibbsite (Fassio, 1990). The bauxite profile
has been analyzed for stable Li, Mg, K, and radiogenic Nd isotope

Titanium isotopic compositions of saprolite samples from South Carolina (CIA and major and trace element data from Rudnick et al., 2004) and bauxite from the
Columbia River basalt (CIA and major and trace element data from Liu et al., 2013). Concentrations of trace elements are in pg g’1 and concentration of TiO, is in

weight percent.

Sample Type Depth (m) TiO, (Wt%) CIA 54°Ti (%0) 95% CI n Th Zr Nb Sc
M1 Saprolite 0.1 0.66 88 0.064 0.027 9 - - - -
M3 Saprolite 0.5 0.88 88 0.058 0.028 9 - - - -
M4 Saprolite 1 0.52 92 0.048 0.028 9 - - - -
M5 Saprolite 1.5 0.64 90 0.041 0.028 9 - - - -
M6 Saprolite 2 0.58 87 0.067 0.028 9 - - - -
M7 Saprolite 3 0.77 95 0.071 0.028 9 - - - -
M8 Saprolite 4 0.78 95 0.088 0.028 9 - - - -
M9 Saprolite 5 0.81 93 0.076 0.028 9 - - - -
M10 Saprolite 6 0.76 91 0.053 0.028 9 - - - -
M11 Saprolite 7 0.55 54 0.078 0.028 9 - - - -
M12 Saprolite 8 0.56 55 0.102 0.028 9 - - - -
M13 Saprolite 9 0.72 71 0.080 0.028 9 - - - -
M14 Saprolite 10 0.85 90 0.068 0.028 9 - - - -
L14-8 Saprolite 10 0.57 49 0.087 0.028 9 - - - -
L14-9 Saprolite 10 0.58 46 0.083 0.027 9 - - - -
M15 Saprolite 11 0.73 88 0.062 0.028 9 - - - -
M20 Diabase 30 0.48 45 0.104 0.027 9 - - - -
5/1-4 Columbia drill core 2.74 3.35 98.5 0.141 0.028 9 61 618 58 27
5/1-6 Columbia drill core 3.96 3.23 99.3 0.178 0.028 9 24 - 56 32
5/1-8 Columbia drill core 4.57 6.46 98.9 0.064 0.030 9 77 727 81 28
5/1-10 Columbia drill core 5.49 10.78 99.2 0.074 0.028 9 126 887 140 28
5/1-12 Columbia drill core 6.71 8.54 99.3 0.059 0.028 9 127 942 84 42
5/1-14 Columbia drill core 7.32 10.0 99.6 -0.136 0.030 9 77 399 54 59
5/1-15 Columbia drill core 7.92 7.02 99.9 —0.001 0.028 9 10 - 45 86
2380 Sentinel Bluffs basalt - 1.75 39 0.011 0.030 9 7 154 12 38
2170 Sentinel Bluffs basalt - 1.75 40 0.039 0.031 9 0 159 10 37
SB-1 Sentinel Bluffs basalt - 1.82 39 0.013 0.030 9 1 148 8 31
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compositions (Chen et al., 2020; Liu et al., 2013; X.M. Liu et al., 2014b),
and shows generally lighter Li and K and heavier Mg isotopic compo-
sitions with increasing degree of weathering.

3. Methods
3.1. Titanium chemistry and isotopic analyses

A total of 13 powdered loess samples (previously described in Huang
et al., 2013), 22 Amazon river sediments (previously described in Bou-
chez et al., 2014; Bouchez et al., 2011b; Dellinger et al., 2014), 20
Icelandic volcaniclastic rock and river sediments (previously described
in Carley et al., 2014; 2020), 10 bauxite samples (previously described
in Liu et al., 2013; X.-M. Liu et al., 2014b), 17 saprolite samples (pre-
viously described in Gardner et al., 1981; Rudnick et al., 2004; Teng
et al., 2010), and various geological reference materials were analyzed
between June 2018 and March 2019 in the Origins Laboratory of the
Department of the Geophysical Sciences at the University of Chicago
(Tables 1-5). All represent individual samples from specific locations; no
composites or mixtures were analyzed.

Methods for Ti chemistry and isotopic analysis of powdered samples
have been described in detail previously (Millet et al., 2016; Zhang et al.,
2011), and we use the modified methods described in Greber et al.
(2017b), which uses an alkali-flux fusion to ensure sample homogeneity
and complete dissolution of Ti in acid prior to separation using ion-
exchange chromatography. Powdered samples and lithium metaborate
flux were mixed in a proportion of 1:6. After flux fusion at 1100 °C for
ten minutes, samples were crushed in a stainless-steel mortar and pestle
and a shard containing at least 20 pg of Ti was double spiked with a
mixed *'Ti-**Ti solution following the ideal sample-spike proportions
described in Millet and Dauphas (2014) and dissolved in HNOs. The Ti
double spike allows for precise measurement of Ti isotopic composition,
corrects for any fractionation that may have occurred during purifica-
tion, and accounts for instrumental mass bias. The dissolved double-
spiked samples were then separated following procedures outlined by
Zhang et al. (2011). The Ti isotopic composition of each sample was
subsequently measured during four separate sessions on a Neptune
multi-collector inductively coupled plasma mass spectrometer (MC-
ICPMS) in the Origins Laboratory at the University of Chicago in me-
dium resolution mode. Sample solutions, in a mixture of 0.3 M HNOg3 +
0.005 M HF, were introduced to the plasma using an Aridus I desolvating
nebulizer. All sample analyses were bracketed with analyses of stan-
dards doped with the same double spike mixture used in the sample,
with *®Ti concentrations matched within + 10% to that of the sample.
Following a block of five samples, a blank solution was measured and
used for on-peak baseline correction. Isotopic mass fractionation during
purification and isotopic measurements of Ti were corrected using the
double-spike technique (Millet and Dauphas, 2014). The reported Ti
isotopic compositions of the samples are the average of standard-
sample-standard bracketing, with the Ti isotopic composition of each
bracket normalized by the mean isotopic composition of the bracketing
standards (both samples and standards are corrected for mass fraction-
ation using the double spike approach). The Ti isotopic composition of
each sample is reported in §*°Ti notation, which is the per mil deviation
from the **Ti/*’Ti ratio of the Origins Laboratory Ti reference material
(OL-Ti):

49Ti/4TTiSample

—— 1
49Ti/4TTiOL — Ti M

849Ti(%0) = ( — 1) x 1000

Uncertainty on the Ti isotopic measurements reported here (95%
confidence interval (C.1.)) is assessed using methods described in Dau-
phas et al. (2009), which consider the instrument measurement session
and the long-term external reproducibility. Specifically, the dispersion
of the bracketing standards Ti isotopic compositions were used to esti-
mate the instrumental uncertainty (Gmass spec). Other uncertainty, such
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as the potential fractionation that could occur during sample dissolution
and column chemistry separation (Guynknown = 0.013%o), is estimated
through the long-term external reproducibility of geological reference
materials. The total uncertainty of a measurement is defined as 95% C.

[.=2e + 062

massspec

62 senown (Greber et al., 2017b). Several geological

reference materials (basalts BHVO-2, and BIR 1a, and granite G3), were
processed and measured as samples during the course of this study. In
each session, the §*°Ti compositions of the reference materials were
consistent with expectations from previous studies. The geological
reference material’s 5*°Ti compositions measured here are compiled in
Table 1 and are in good agreement with values previously reported
(Millet and Dauphas, 2014; Millet et al., 2016; Greber et al., 2017b).

3.2. Transmission Electron Microscopy

Three samples of fresh basalt (SB-1) and bauxites (5/1-4, and 5/
1-14) were examined by scanning transmission electron microscopy
(STEM) to determine whether Ti originally hosted in silicates could form
insoluble Ti-nanophases that could be mobilized. All three samples were
powdered and dispersed in an ethanol solution in an ultrasonic bath.
Several drops from this dispersion were then deposited on a copper grid
covered with a carbon membrane. The samples were then analyzed by
STEM using a JEOL 2100F operating at 200 kV at the Institut de Min-
éralogie, de Physique des Matériaux et de Cosmochimie at Sorbonne
Université.

3.3. Laser ablation measurements

A total of 20 samples from Iceland (river sediments, volcaniclastic
rocks, delta sediments, and beach sand) were analyzed for major and
trace element concentrations at the University of Bern with a LA-ICP-MS
on pressed powder pellets following the methods described in Peters and
Pettke (2016). The USGS glass standard GSD-1G was used for instrument
calibration and the USGS geological reference material BIR-1a (Icelan-
dic basalt) was run as a secondary standard to check accuracy of the
analysis. All data have been evaluated assuming that the sum of major
oxides equals 100%. Based on results for BIR-1a, precision on major
elements is generally better than 5%, and most trace elements better
than 10%, though some show relatively large uncertainties (e.g., low
concentrated U is 50%). Each sample was measured five times to ensure
reproducibility and we report the average of these five measurements as
the result (Table S1).

4. Results

The Ti isotopic compositions of the samples analyzed in this study
are presented in Tables 1-4.

4.1. Titanium isotopic composition of loess

The Ti isotopic compositions (hereafter referred to as 54°Ti (%0)) of
loess range from + 0.078 to + 0.167%o (Fig. 2), defining an average of
5%Ti = + 0.132 + 0.029%0 (95% C.L). In Table 2, we compile the TiOj,
SiO,, Th, Zr, Nb, and Sc concentrations, as well as chemical index of
alteration of the loess analyzed here. We find no clear correlation be-
tween these indices, which could reflect control of the Ti isotopic
composition by magmatic differentiation or physical transport pro-
cesses. The average loess Ti isotopic composition is similar to, albeit
slightly lower than the average composition of terrigenous sediments
(shales) with depositional ages from ~ 3.5 Ga to present (54°Ti =+0.183
=+ 0.030%o0 (95% C.L.), Greber et al., 2017a). A t-test comparing the two
datasets (Ti isotopic composition of loess and < 3.5 Ga shales) indicates
a p-value of 0.009, which suggests a slight statistically significant dif-
ference (<0.05) between the Ti isotopic composition of the upper con-
tinental crust from shales and loess.
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Fig. 2. Titanium isotopic composition of loess samples (colored symbols),
average loess Ti isotopic composition (dashed black line with gray area indi-
cating the = 95% C.L), and average < 3.5 Ga shale Ti isotope composition
(dashed brown line with opaque brown area indicating the + 95% C.I.; Greber
et al., 2017a). Samples are color coded based on geographic origin: Europe
(blue symbols), North American (white circle), South America (black circle),
New Zealand (gray circles), and Asia (red circles). Similar shapes correspond to
similar sample localities. Blue upright triangle is loess data from Germany
(Mandl, 2019). The average Ti isotopic composition of loess shown in the figure
does not include the data from Mandl (2019) which would slightly decrease the
average from 8*°Ti = + 0.132 to + 0.129%o respectively. (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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4.2. Titanium isotopic compositions of river sediments

4.2.1. Amazon River sediments

Highly variable Ti isotopic compositions are observed in the sus-
pended particulate matter (SPM) and bed sand samples collected from
the Amazon River tributaries (Table 3). The §*°Ti of SPM ranges from +
0.111 to + 0.232%o whereas the bedload samples are generally lower in
8°Ti, ranging from + 0.091 to + 0.192%. The differences between the
5*°Ti values of SPM samples and the bedload for each sampling site are
compiled in Table 3. SPM are on average + 0.054, +0.056, +0.044, and
+ 0.020%o isotopically heavier than the corresponding bedload Ti iso-
topic compositions for the Solimoes, Madeira, Beni, and Pastaza rivers,
respectively. The Solimoes River has an average SPM 5*°Ti composition
of + 0.175%o0 and bedload composition of + 0.122%o; the Madeira River
SPM measures + 0.203%o and bedload is + 0.147%o; the Beni River has
an average SPM of + 0.206%o and bedload composition of + 0.162%o;
the samples from the Pastaza River have §*°Ti compositions of +
0.111%o0 (SPM) and + 0.091%o (bedload). There is no discernible sys-
tematic trend in §*°Ti values of suspended sediment with sampling
depth in the river (Fig. 3, Table 3).
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4.2.2. Titanium isotopic composition and bulk geochemistry of Icelandic
sediments

The bulk composition of Icelandic volcaniclastic rocks and river
sediments measured here do not mirror the magmatic array of Icelandic
igneous rocks (Fig. 4). The sediments have 5%Ti values from + 0.066 to
+ 0.274%o (a range of 0.208%o) with an average §*9Ti=+0.134 + 0.06%0
(Table 4). The weighted average §*°Ti of the river sediment and volca-
niclastic rocks (based on the TiO5 content of the sample) yields +
0.136%o. The samples do not show a discernible trend of §*°Ti values
with respect to MgO or SiO, content (Fig. 4a, b).

4.3. Titanium isotopic composition of weathering profiles

4.3.1. Gauging titanium mobility during weathering

The §*°Ti values of two weathering profiles with different initial
bedrock compositions from South Carolina and Washington (Table 5)
were measured to compare variability in Ti fractionation with respect to
initial Ti concentration, substrate, and environmental conditions. The
South Carolina saprolites show uniform Ti isotopic composition
(reduced y? is 1.06, with a weighted average of 0.070 + 0.016%o)
(Fig. 5a). This composition is close to the metadiabase value of + 0.104

=+ 0.027%o. Only one metadiabase measurement was performed, while

16 saprolite samples were analyzed, meaning that the 5*°Ti value of the
latter is much better constrained. The Ti isotopic composition of the
South Carolina saprolites show no discernible trend in isotopic frac-
tionation with decreasing depth and are identical, within error, to the
unweathered metadiabase (micro-gabbro) dike (Fig. 5a). No systematic
trend in TiO; content with respect to weathering is observed, except that
all weathered samples are more enriched in TiO3 compared to the fresh
bedrock (Table 5).

To evaluate elemental enrichment and depletion with respect to the
unweathered parent rock, we use the mass transfer coefficient t (Brim-
hall and Dietrich, 1987):

L,
", /1,

Where the subscripts w and p correspond to weathered and un-
weathered parent material, and j is the insoluble element used as a
reference (in this case we use aluminum (Al), niobium (Nb) and zirco-
nium (Zr) for comparison; Liu et al., 2013). When 7 is positive, the
element in the numerator (here Ti) has been added to the weathering
profile, and when t is negative it indicates elemental loss. There is a
slight Ti enrichment in the saprolites towards the top of the profile
(Fig. 5b).

By contrast, the bauxites developed on the Columbia River Basalt
shows clear Ti elemental loss (relative to insoluble elements Nb and Zr)
and isotopic fractionation compared to the fresh Sentinel Bluffs basalt
(sample SB-1) throughout the weathering profile (Fig. 6, Table 5). Only
at one depth (7.32 m, sample 5/1-14) a gain in Ti relative to Zr is
observed (Fig. 6a). This sample also has the lightest Ti isotopic
composition 6*Ti = -0.136%o; Fig. 6b). Given that considerable dis-
solved Zr (and to a much lesser degree Nb) concentration variability has
been observed in the oceans (Firdaus et al., 2011), Nb may be a more
suitable element for gauging elemental loss/gain. The 5*°Ti values range
from —0.136 (sample 5/1-14, depth 7.32 m) to + 0.178%o (sample 5/
1-6, depth 3.96 m). The sample with the lightest Ti isotopic composition
has the second highest TiO, concentration (Table 4) and the highest tr;,
nb (excluding the fresh unaltered basalt) and 71 7, values (including the
fresh unaltered basalt; Fig. 6a).

®))

4.3.2. TEM imaging insights into Ti carrier phases

Bauxites from the CRB weathering profile were analyzed and
compared to a fragment of fresh Sentinal Bluffs basalt (SB-1) to deter-
mine the main Ti-carrier phases responsible for the observed Ti isotopic
fractionation. The samples were evaluated on the individual powdered
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Fig. 3. Titanium isotopic compositions of suspended river sediments (colored squares) and river bedload (colored circles) from Amazon River tributaries with respect
to sampling depth (m). River samples are distinguished by symbol color, see Fig. 2 for sampling locations within Amazon River basin. Symbols and color follow those

outlined in Dellinger et al. (2014).

grain basis, with bauxite 5/1-14 being the coarsest-grained compared to
the other two samples analyzed here (Fig. 7). Sentinel Bluff basalt
(sample SB-1), assumed to be the unaltered parental rock, shows a ho-
mogenous distribution of elements throughout the fragment and a dense
glassy texture (Fig. 7). Sample SB-1 contains only silicate minerals, with
no colloidal, poorly crystallized minerals or clays. There are no signifi-
cant Ti-bearing phases present in this sample, and Ti is found as a minor
element present in the fragment imaged here. Notably, Ti is in very low
abundance in this fragment. CRB lavas are characterized by generally
fine grained clinopyroxene, plagioclase, and glassy residue, with he-
matite, apatite, ilmenite, and magnetite serving as accessory minerals,
with textures ranging from intergranular to intersertal and occasionally
hyalo-ophitic (Reidel, 1983). It is likely the Ti detected in this grain is a
minor component in clinopyroxene. By contrast, bauxite 5/1-4 consists
of much smaller particles with a loosely clumped texture compared to
sample SB-1, with evidence of elemental mobility throughout the grain.
Specifically, elements susceptible to release and loss during weathering
such as Na, Cl, and K appear to concentrate in the outer portion of the
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grain, whereas Fe, O, and Ti are concentrated in the center of the grain
and most likely represent an Fe, Ti-oxide (Fig. 7, see Fig. S3 for elemental
spectra data). Bauxite 5/1-14 has a mottled distribution of elements
associated with mobility (e.g., Na, Cl, K) and with hotspots concentrated
in particular regions (Fig. 7). Some Ti-rich regions are present; however,
these regions are not enriched in Fe or O. The Ti present in sample 5/
1-14 is concentrated in a patchy, erratic pattern, which may hint at
secondary Ti mineralization (Fig. 7). Based on the distribution of ele-
ments throughout the grain analyzed here, bauxite 5/1-4 appears to be
more weathered compared to bauxite 5/1-14, consistent with it being
the shallowest sample in the weathering profile.

5. Discussion

Understanding how chemical weathering, sedimentary transport
processes, provenance and mixing may influence the Ti isotopic
composition of fine-grained terrigenous sediments is essential for
interpreting shale records in terms of the average crustal composition at
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et al.,, 1994; Mancini et al., 2015; Deng et al., 2019; Johnson et al, 2019), (B) with respect to SiO, content, (C) with respect to TiO5 content, and (D) with respect to

vanadium concentration.

the time of deposition. We address each of these factors, in turn.

5.1. Effect of provenance on titanium isotopic composition of terrigenous
sediments

5.1.1. Is loess §*°Ti variability driven by provenance or sorting?

The small Ti isotopic variation in loess most likely reflects differences
in the provenance. For example, the Pampean loess sample from
Argentina contains a significant amount of volcanic glass and plagio-
clase (Zarate and Blasi, 1993), and has one of the lightest Ti isotopic
compositions measured of all loess samples, consistent with input from
relatively undifferentiated igneous rocks. The strontium (Sr) and neo-
dymium (Nd) isotopic compositions of loess from China, Europe, and
Argentina are reported in previous studies (Jahn et al., 2001; Taylor
et al., 1983; Gallet et al., 1998). When compared to the measured Ti
isotopic compositions, there is no discernible trend with Sr isotopic
compositions, while the two samples with the lightest Ti isotopic com-
positions (52-54 and NS-4) have the most radiogenic Nd isotopic sig-
natures (Fig. S1), consistent with the above suggestions. We further
investigate the role of mineral sorting on Ti isotope compositions of
terrigenous sediments via aeolian transport (loess), and fluvial processes
(river sediments) in section 5.3.

5.1.2. Influence of catchment rock types on Amazon River sediment
Fractional crystallization removes Ti more efficiently from the melt
compared to Zr and Al, giving rise to a negative correlation between Al/
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Ti and Ti/Zr ratios of igneous rocks (supplementary Fig. S2). However,
data for the Amazon River sediment analyzed here show a positive
correlation for these ratios, indicating that the variations do not reflect
the sedimentary provenance (supplementary Fig. S2). In particular, the
spread in Al/Zr ratio, which broadly reflects variations in the pro-
portions of Al-rich clay minerals versus Zr-rich minerals such as zircons,
indicates that mineral sorting plays an important role in determining the
sediments’ composition (see Section 5.3).

It is notable that the suspended sediment of the Pastaza River—-
which drains a significant fraction of igneous rocks—is offset from the
remainder of the river sediments with respect to its Ti isotopic compo-
sition and Ti/Zr and Al/Ti ratios. Although the composition of the
provenance of this sediment is not well characterized, its composition is
close to the average composition of igneous rocks from the Andes
(calculated from the GEOROC database; Lehnert et al., 2000, see
Table S3 for averages, medians, standard deviations and standard er-
rors), and its §4°Ti value is similar to that of andesite (defined as SiOy =
57-62 wt%, §4°Ti=~+0.17%0; Millet et al., 2016; Greber et al., 2017;
2021; Hoare et al., 2020) that formed in subduction zone settings similar
to the Andes. By contrast, elemental ratios and 5*°Ti values of suspended
sediments in rivers draining catchments dominated by terrigenous
sedimentary rocks (Madeira and Beni Rivers) are closer to the average
composition of Phanerozoic shales (Greber et al., 2017; Greber and
Dauphas, 2019; Rudnick and Gao, 2003), suggesting that both mineral
sorting and lithology may exert an influence on the Ti isotopic compo-
sitions of riverine sediments (Fig. 8a). Because the composition of the
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5A1-14

Fig. 7. Transmission electron microscopy (TEM) imaging results from two samples from the Columbia River bauxite (5/1-4 and 5/1-14) and unweathered Sentinal
Bluff basalt (SB-1), which is the parental lithology upon which the bauxites developed. The EDX elemental maps are shown with the elemental spectrum in Fig. S3.

provenance is not well quantified for Amazon River sediments and is
estimated using average compositions from the GEOROC database
(Lehnert et al., 2000), it is unclear whether provenance or hydrody-
namic sorting has the dominant control on Ti isotopic composition of
these sediments.

5.1.3. Geochemical composition of weathered tholeiitic crust from Iceland

Igneous rock of tholeiitic affinity have higher 8*’Ti isotopic com-
positions at a given SiO5 content (Deng et al., 2019), and terrigenous
sediments derived from such rocks may also have higher §*°Ti. To
explore how weathering of tholeiitic source rocks influences detrital
sediment geochemistry (Fig. 9) and the Ti isotopic composition of those

sediments (Figs. 4 and 10, we have analyzed volcaniclastic rocks and
river sediments from Iceland.

Although we lack parental host rock compositions to gauge the in-
fluence of chemical weathering on the observed Ti isotopic composition,
the CIA is a useful indicator of mobile element loss. We find no
discernible correlation between Ti isotopic composition and CIA
(Fig. S4). In a plot of Ti isotopic composition of Icelandic volcaniclastic
rocks and river sediments versus elements that track differentiation
indices (Fig. 4), the Icelandic sediments follow the trends of intraplate
differentiated igneous rocks with respect to MgO and V content (Fig. 4a,
d), and, to a lesser degree, the TiO, content (Fig. 4c). This suggests that
the Ti isotopic composition of Icelandic sediments reflect mixing of
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Fig. 8. Ti isotopic composition of suspended sediment (colored squares), bedload (colored circles) from the Amazon River relative to A) Ti/Zr, B) Al/Zr and C) Al/Ti
ratios (ug g~'/pg g~ 1), which are proxies for fractionation between coarse/high density and fine/low density minerals. Linear regressions are separated by river
source and show a good correlation with Ti/Zr ratio RZ= 0.83, 0.81), Al/Zr ratio (R = 0.98, 0.65, 0.80) and to a lesser degree Al/Ti ratio R? = 0.89, 0.45) with
respect to the Ti isotopic composition. Gray bars are average compositions of Andean arc rocks from the GEOROC database (Lehnert et al., 2000). D) Ti isotopic
composition of SPM relative to modal sediment size from Bouchez et al. (2011b). Linear regressions are separated by river source and show a weak correlation to
modal sediment grain size (size that appears the most often in sample analyzed). E) Ti isotopic composition of SPM relative to Li isotopic composition and F) Ti
isotopic composition of SPM relative to Sr isotopic composition. Elemental ratio data from Dellinger et al. (2014), Ti isotopic data from Table 2, Li isotopic data from

Dellinger et al. (2014) and Sr isotopic data from Bouchez et al. (2010; 2011c).
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Fig. 10. Titanium isotopic compositions of
Icelandic volcaniclastic rocks and river sedi-
ment along with calculated mixed pro-
portions of mafic and felsic rocks from
Iceland (endmember compositions from
Deng et al., 2019; Savage et al., 2011; Mand],
2019; Mancini et al., 2015), A) respect to
SiO, content, and various igneous rock data
from Aarons et al., 2020; Deng et al., 2018;
2019; Greber et al., 2017a,b; Hoare et al.,
2020; Johnson et al., 2019; Millet et al.,
2016; Zhao et al., 2020), B) with respect to
the ratio of Al,03/TiO, (proxy for grain size
sorting) with Eastern Mediterranean sea
sediments (Klaver et al., 2021; 2015) and
intraplate igneous rocks (Ti isotopic data
from ®Deng et al., 2019; °Mandl, 2019,
‘Hoare et al., 2020), C) with respect to Zr/
TiO, (proxy for grain size sorting) with
intraplate igneous data, and D) with respect
to Th/Sc with intraplate igneous rock data.
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igneous rocks include Hekla Volcano (white
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diamonds). Symbols are the same in panels b,
¢, and d. (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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mafic and felsic end members, or between igneous rocks at various
stages of magmatic differentiation. When plotted against SiO» contents,
the 5*°Ti of Icelandic sediments appear to lie on a trend defined by
modern calc-alkaline igneous rocks, and are isotopically and geochem-
ically in good agreement with end member mixing between mafic and
felsic rocks from Heidarspordur ridge, NE Iceland (Mandl, 2019; Man-
cini et al., 2015) and Hekla Volcano, Iceland (Deng et al., 2019; Savage
et al., 2011).

To further explore the role of the provenance in setting the Ti iso-
topic composition of Icelandic sediments, we have calculated simple
mixing scenarios between Icelandic felsic and mafic end members with
varying Ti concentrations using data from previously published studies
(Figs. 9 and 11; see Table S2 for end member compositions). The sedi-
ment geochemical compositions are plotted with available Icelandic
igneous rock data (Deng et al., 2019; Mandl, 2019; Savage et al., 2011;
Mancini et al., 2015; see Table S2), and with mixing ratios from 0 to
100% mafic-felsic end members in 10% increments. The mixing equa-
tion for major and trace element concentrations and Ti isotopic
composition is as follows:

[C] =i X [Cpasic] + (1 = i) X [Conarc] 3)

Where [C;] is the concentration of a major or trace element at
increment i, [Cresic] is the average concentration of the felsic endmem-
ber, and [Cpyqfic] is the average concentration of the mafic endmember.
8T, =ix 6°T,

ifelsic

i X TiOspusic + (1 — i) X TiO2pepic

X TiOppic + (1 — i) x 6T,

imafic

X TiOz,nqﬂ( (4)

Where 549Tii is the Ti isotopic composition at increment i, 649Tifebic
(mafic) is the average Ti isotopic composition of the felsic (mafic) end-
member, and TiO2 feisic (mafic) is the average titanium oxide content of the
felsic (mafic) endmember.

As is evident from the mixing calculations, several different mafic
end members are needed to account for all the geochemical composi-
tions of Icelandic sediments measured here (Fig. 9). We use this end
member mixing scenario to explore variations in Ti isotopic composi-
tions of Icelandic sediment as well (Fig. 10, see section 5.4).

5.2. Titanium isotopic fractionation during chemical weathering

5.2.1. Isotopic fractionation during extreme chemical weathering
Titanium is classically considered to be resistant to chemical

weathering because of its low solubility in most aqueous systems. This

makes it potentially well-suited for probing the geochemical evolution
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of Earth’s continental crust through time. Titanium is frequently used as
an immobile element to gauge elemental gains and losses within
weathering profiles (Brewer, 1964; Brimhall and Dietrich, 1987). A
recent study of saprolites developed on weathered tholeiitic basalt re-
ported a small Ti isotopic fractionation during chemical weathering with
5%Ti = -0.068 (0.057 2SD) to + 0.076 (n = 2, 0.050 and 0.052 2SD)%o
(He et al., 2022). Chemical extraction experiments indicated that the
removal of crystalline Fe (hydr)-oxide phases can impart up to 0.2%o
lower 8*Ti during chemical weathering (He et al., 2022). Other studies
have documented the mobilization of Ti into solution before precipita-
tion as anatase at low pH (<4.5) in the presence of organic acids (Cornu
et al., 1999), and corrosion of Fe-Ti oxide minerals, such as ilmenite
weathering to form pseudorutile, which then forms rutile (Grey and
Reid, 1975) and/or anatase (Anand and Gilkes, 1984). Petrographic
analyses of weathered soil profiles suggest the precipitation of anatase,
which indicates Ti mobility at a small scale (millimeters; Cornu et al.,
1999). Titanium isotopic fractionation is particularly likely in chemical
weathering environments characterized by leaching, mineral dissolu-
tion, water transport, and during adsorption and mineral precipitation
processes. We explore two such environments here—saprolites devel-
oped on a metadiabase from South Carolina, and bauxites developed on
Columbia River basalts from the Pacific NW.

Titanium is commonly used to quantify element loss or gain during
weathering because Ti is insoluble under most circumstances. However,
because here we are interested in Ti mobility, such normalization is not
an option and we instead use Nb for the bauxites:

f: [Ti/Nb]bauxile/[Ti/Nb]CRB (5)
and Al for the saprolites:
f = [Ti/Allaprotite/ I Ti/ Al metadiabase (6)

The saprolite profile shows no discernible trend in §*°Ti with respect
to chemical weathering intensity (Fig. S5) or depth, however there is an
enrichment of Ti in the shallowest samples within the profile (Fig. 5).
This enrichment is contrary to what is expected with increasing
weathering intensity, and could be a result of aeolian input, though such
input has yet to be documented in this profile. There is a redox
discontinuity present at ~ 2 m depth, above which the environment
becomes more oxidizing and Fe-rich smectite becomes the dominant
clay species (Greaney et al., 2021). Thus, another possibility is that the
increase in TiOs reflects its incorporation into smectite, though we lack
the small-scale elemental (e.g., TEM imaging) context for evaluating this
possibility. The Ti isotopic composition, however, is constant through

Fig. 11. 8*Ti isotopic fractionation of
weathered (pink circles) and average unal-
tered (gray diamond) Columbia River basalt
bauxite samples. a) A Rayleigh distillation
would follow a linear relationship when
plotting In (R/Ro) against -In f, defining a
slope equal to (1-a). Here, R and Rg are the
isotopic ratios (**Ti/*Ti) in weathered and
unaltered Columbia River basalt respec-
tively, f = (Ti/Nb)sample/(Ti/Nb)cgp and is
the amount of Ti remaining after removal
during weathering and « is the Rayleigh
fractionation factor associated with Ti
incorporation into bauxite **Ti/Y T bauxite/
(**Ti/*Ti)guia. We exclude two samples with
negative 8*°Ti isotopic compositions from
this panel. b) Ti isotopic compositions of
bauxite samples against f. The black line
depicts Ti removal via Rayleigh distillation

o bauxite samples
¢ unweathered basalt

0.2
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this interval and was not significantly affected by whatever process was
responsible for the Ti enrichment.

By contrast, the bauxites show significant Ti isotopic fractionation
associated with Ti elemental loss (Figs. 6 and 11). This isotopic frac-
tionation can be modeled via Rayleigh distillation (Fig. 11). We
normalize Ti concentration to Nb (see above) and model the 5%Ti iso-
topic compositions of the weathered bauxites using the following
equation:

5" Tipauxite = (6™ Tibgsar + 1000) £ 1-1000 @)

where f is defined in equation (5), and ® is the isotope fractionation
factor associated with Ti incorporation into bauxite: (49Ti/47Ti)bauxite/
(**Ti/*Ti)fuiq, where we make the assumption that Ti is mobilized (at
least locally) from primary minerals and precipitated into secondary
minerals. These data can be modelled with a Ti isotopic fractionation of
0.05 to 0.10 %o (meaning that the solid is isotopically heavy relative to
the fluid; Fig. 11b). However, one sample does not align with the general
trend of increasing 5**Ti compositions with respect to weathering
(sample 5/1-14 §°Ti = -0.14%o). The possible reasons for the distinc-
tively lighter 8*°Ti isotopic composition are discussed further below.
The primary differences between the two weathering profiles are the
initial petrology (basalt versus metadiabase) and the extent of
weathering.

5.2.2. Origin of the Ti isotope fractionation in the bauxites

Titanium in unaltered Columbia River Basalt is likely hosted in glass,
Fe,Ti-oxides, and clinopyroxene. Though they are resistant to alter-
ation/leaching (Thompson et al., 2006), coarse Fe, Ti-oxides can be
partially leached during weathering. By contrast, Ti in clinopyroxene
and glass is readily mobilized when host silicate structures break down
during aqueous alteration. This Ti can either be transported away as
dissolved ions in the water, or precipitated locally in secondary insol-
uble phases. If those secondary solid phases are small, they can also be
transported from the weathering profile as colloids.

The first explanation for the Ti isotope fractionation in the bauxite is
that it is produced by selective dissolution of primary minerals that show
inter-mineral isotopic fractionation. In igneous rocks, glass (and min-
erals crystallized late from silicate liquid) tend to have heavy Ti isotopic
composition relative to Fe,Ti-oxides (Johnson et al., 2019; Hoare et al.,
2020; 2022) due to the higher Ti-O coordination number of the latter
(Aarons et al., 2021; Farges and Brown, 1997; Wang et al., 2020). Thus,
one would expect the more readily-dissolvable Ti deriving silicates to
have a heavy isotopic composition relative to less soluble Ti hosted in
oxides, leaving behind an isotopically light regolith (e.g., He et al,,
2022) — the opposite of what we observe (Fig. 6). However, if secondary
minerals formed from this first pulse of silicate dissolution incorporated
Ti, based on the experiments conducted by He et al. (2022) we would
expect these minerals to have a heavier Ti isotopic composition, similar
to what is observed, as the most weathered bauxites have the heaviest Ti
isotopic composition. This is in agreement with the findings of He et al.
(2022) who showed that crystalline Fe(hydro)-oxide mineral phases
formed within weathered basalts are isotopically heavier than the sub-
strate they originated from (He et al., 2022).

The speciation of Ti in Critical Zone waters is uncertain, but based on
studies of dissolved Ti in seawater, we expect it to be TiO(OH), (Orians
et al., 1990). During conversion of rock into soil, some of the Ti released
from partial mineral dissolution will be exported from the soil profile,
while some will be adsorbed on mineral surfaces or will form secondary
alteration phases. Titanium could be isotopically fractionated during
this process. To better understand the possible controls on Ti isotopic
fractionation during bauxite formation, we analyzed three of the
Columbia River basalt samples via transmission electron microscopy
(TEM): the unaltered basalt SB-1, bauxite 5/1-4 with the highest 5%Ti
(+0.141%0) and bauxite 5/1-14 with the lowest §*Ti (-0.136%o)
(Table 5). We chose TEM because secondary Ti phases may be too small
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to be resolved with a scanning electron microscope (Ott et al., 2021). For
each sample, we acquired several elemental STEM maps to identify areas
rich in Ti, and electron diffraction patterns were collected to identify the
mineralogical carriers of Ti (Fig. 7).

Previous studies using SEM have described high Ti-content phases
(potentially identified as ilmenite) in the colloidal fraction of a series of
weathered soils (Bern et al., 2011). Moreover, in Miocene fluvial de-
posits the weathering of detrital Fe-Ti oxides formed colloidal leucox-
ene, which is associated with organic matter (Weibel, 2003). In this
study, all of the bauxites contain sodium and potassium chlorides, with
colloidal to pseudocrystalline textures suggesting Ti mobility. In baux-
ites 5/1-4 and 5/1-14, an almost pure colloidal to microcrystalline
likely TiO4 oxide (with minor Fe) was observed via TEM/STEM (Fig. 7).
Other Ti-rich grains in bauxite 5/1-14 are likely ilmenite (with a Ti/Fe
ratio of close to 4/1). The difference in the single-grain distribution of Ti
from the unaltered parent basalt (SB-1) to the more weathered bauxites
(5/1-4 and 5/1-14) suggests mobility and redistribution of Ti during
secondary weathering. Based on extraction experiments performed on
saprolite samples (He et al., 2022), we expect secondary minerals such
as Fe(hydro)-oxides to be enriched in the heavy isotopes of Ti, which we
observe with increasing weathering intensity in our profile.

5.2.3. Alternative explanations for observed Ti isotopic fractionation in
CRB bauxites

Past study of the CRB documented addition of eolian dust, based on
lower *3Nd/***Nd ratios, higher Nd concentrations, the presence of
quartz (which does not occur in unweathered CRB) and an increase in Li
concentrations in the upper 5 m of the profile (Liu et al., 2013). The
proportions of dust decreased with depth. The shift towards heavier Ti
isotopic compositions compared to the unaltered basalt begins at 6.71 m
depth to the shallowest sample at 2.74 m. Although we lack a repre-
sentative sample of dust that is deposited in this location (likely Palous
Hills), we would expect it to have a similar Ti isotopic composition to
loess from North America (649Ti:+0.123%o, Kansas, USA). The two
uppermost samples observed in this profile have §*°Ti between + 0.141
to + 0.178%o at 2.74 m and 3.96 m depth, respectively. The average TiO,
content of loess is 0.69 wt% (this study) whereas the average TiOs
content of the bauxites is 7.06 wt%. Following the calculations of Liu
et al. (2013), addition of approximately 40 wt% of dust to the top of the
Columbia profile is required to explain the heavy Ti near the top of the
profile, indicating that the addition of eolian material is unlikely to have
had a strong influence on the §*°Ti isotopic composition of the bauxites.

Another possible explanation for the large range in Ti isotopic
compositions of the bauxites is that they developed on multiple lava
flows that had distinctive 5*°Ti, rather than a single pulse of lava with
homogeneous §*°Ti. However, if this were the case, we might expect to
see an abrupt change in §*°Ti across the flow boundary. Instead, 5*°Ti
increases steadily from bottom to top. Moreover, the CRB profile
analyzed here formed on the Sentinel Bluffs Member of the Grande
Ronde Basalt in Columbia County, Washington (Liu et al., 2013), which
has been extensively characterized through borehole and stratigraphic
mapping (Reidel et al., 1989). Borehole analyses of CRB’s extending
thousands of meters in depth demonstrate that the Sentinel Bluffs
Member typically contains three to five flows with individual flow
thicknesses ranging from tens to hundreds of m (Reidel et al., 1989).
Because the bauxites analyzed here span a relatively small range in
depth of ~ 5.2 m, we assume that all samples formed on a single flow.

5.3. Isotopic variability due to transport and mineral sorting

5.3.1. Influence of aeolian transport on Ti isotopic composition
Formation of loess requires aeolian transport and deposition, which
may result in preferential size sorting due to density-driven fallout
during atmospheric transport. Minerals present in sediment are of
varying density, and the density-driven loss or accumulation of zircon or
the enrichment of zircon due to their resistance to breakdown during
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transport (known as the “zircon effect”) has been documented to frac-
tionate the hafnium isotopic compositions of bulk dust samples (Aarons
et al., 2013) and periglacial loess (Taylor et al., 1983; Chauvel et al.,
2014). Due to the relatively homogeneous Ti isotopic composition of
samples analyzed here and its similarity to the average < 3.5 Ga shale
5*°Ti isotopic composition (Fig. 2), it is unlikely that accumulation of
dense minerals during periglacial loess formation is driving the observed
isotopic fractionation. The slight difference in Ti isotopic compositions
between loess and shales could be potentially related to mineralogical
sorting as a result of the depositional environment (terrigenous versus
shallow marine), transport process (aeolian versus fluvial), or smaller
sampling size of loess (n = 13) versus shales (n = 48). A combination of
the < 3.5 Ga shale and loess data results in a §**Ti=+0.158%., which
may be a more accurate estimation of the UCC Ti isotopic composition.

5.3.2. Influence of density and size sorting during fluvial transport on Ti
isotopic composition

5.3.2.1. Sediments from large rivers. Large rivers with geographically
wide drainage areas incorporate weathering and erosion products that
are broadly representative of the global continental surface. The
Amazon River basin and the sediments from individual rivers measured
here drain basins with mixed lithologies, ranging from Paleozoic to
Tertiary sedimentary rocks in the Madeira and Beni (tributary of the
Madeira) rivers to arc-derived andesite in the Solimoes and Pastaza
(tributary of the Solimoes) rivers (Dellinger et al., 2014). The Ti contents
and isotopic compositions of the Amazon River suspended sediment
show subtle variations depending on locality and depth (Fig. 3). The
small Ti isotopic fractionation reported here may reflect differences in
bedrock lithology drained by the river systems, physical size sorting
during fluvial transport, or the effect of chemical weathering. We use
various geochemical proxies to disentangle these processes and evaluate
how the Ti isotopic composition of the continents is fractionated by
weathering and fluvial transport.

Shales are products of fluvial transport of terrigenous sediment that
is ultimately deposited in a shallow marine environment. Their 5*°Ti
values and chemical compositions have been used to reconstruct the
composition of their source rocks. It is therefore imperative to under-
stand how transport-induced size sorting or density-driven mineralog-
ical changes impact geochemistry and isotopic compositions of these
sedimentary archives. A previous study, focused on detrital sediments
from the Eastern Mediterranean Sea, suggested that mineralogical
changes associated with size and hydrodynamic sorting during riverine
transport can bias the Ti isotopic compositions of fluvial sediments
(Klaver et al., 2021). This study found that the removal of Fe,Ti- oxides
due to density sorting may increase the 8*°Ti values of suspended
sediment. This fractionation of Ti isotopes arises from the fact that Fe, Ti-
oxides such as geikielite, pseudobrookite, rutile, ilmenite, and Ti-
bearing silicate minerals such as titanite host Ti in six-fold coordina-
tion. Higher coordination (e.g., six-fold coordination) is associated with
weaker bonds, favoring incorporation of lighter Ti isotopes into the
mineral structure of dense Ti oxides relative to other phases (Aarons
et al., 2021; Greber et al., 2021; Deng et al., 2019; Hoare et al., 2020;
2022; Johnson et al., 2019; Millet et al., 2016; Rzehak et al., 2021; 2022;
Wang et al., 2020, Zhao et al., 2020). Here we explore the impact of
density and size sorting during fluvial transport by comparing the 5*°Ti
composition of river sediments to geochemical proxies of source mate-
rial and size sorting: Al/Ti, Ti/Zr and Al/Zr ratios (in pg g~!) (Greber
and Dauphas, 2019; Klaver et al., 2021; Fig. 8 and supplementary
Fig. $2).

The ratio of Al/Ti in sediments should indicate the proportion of
clay-to Fe,Ti-oxide minerals. A positive correlation exists between §*°Ti
and Al/Zr (Fig. 8b) and Al/Ti (Fig. 8c), which we interpret as mixing
between clays (with higher §*°Ti) and higher density minerals (with
lower 5*°Ti). Parallel trends are observed for each river, consistent with
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different drainage basin lithologies with specific §*°Ti values. However,
each river is similarly affected by density sorting. There is no statistically
significant correlation between 5*°Ti values and the modal suspended
particle size for the Solimoes and Madeira Rivers (Bouchez et al., 2011b)
(Fig. 8d), suggesting that the main Ti isotopic fractionation occurs be-
tween suspended and bedload sediments. Indeed, in individual rivers
(Beni, Madeira, and Solimoes Rivers), sediments enriched in coarser
particles (the bedloads) are characterized by lower 5%9Ti values, and
suspended sediments are characterized by higher 8*Ti values. The
isotopic difference between the §*°Ti of the most clay-rich and zircon-
rich (both defined by the Al/Zr ratio) sediments yield A49Ti =
+0.115 (Madeira River), +0.082 (Solimoes River), and + 0.043%o (Beni
River). Therefore, hydrodynamic sorting may impart a /A*°Ti of nearly
+ 0.08%0 between the suspended particles and the river bedload
(average of the Madeira, Solimoes, and Beni River).

Statistically significant correlations occur between the Ti and Li
isotopic compositions of the river bedload and the suspended river
sediments (Fig. 8e). Dellinger et al. (2014) showed that all river bedload
sediments had heavier Li isotopic compositions compared to the SPM,
which were also finer (smaller size fraction). For nearly all of the sam-
ples measured here, the SPM is heavier in Ti isotopic composition
compared to the bedload sediments. Lithium isotopes are powerful
tracers of silicate weathering, as Li is mobile during water-rock in-
teractions, biologically inert, and its isotopes fractionate during chem-
ical weathering (Lemarchand et al., 2010; Huh et al., 1998). The trend in
Li isotopic composition in the Amazon Rivers sediments was interpreted
to be due to a mixing of contemporary weathering products mixed with
unaltered/pristine bedrock material in the SPM fraction (Dellinger et al.,
2014).

Radiogenic strontium (Sr) isotopes are frequently used as tracers of
sediment provenance (Grousset and Biscaye, 2005), as variations in
geologic history and ages of crustal protoliths impart unique isotopic
compositions towards the sediment derived from them. Nearly all of the
river suspended sediments from the Amazon River tributaries are rela-
tively close in composition to one another within a given river, and have
higher 87Sr/%6Sr isotopic compositions compared to their river bedload
counterparts (Fig. 8f). While Sr isotope data are only available for the
Solimoes and Madeira Rivers, the Sr and Ti isotopic offset between the
river bedload and suspended river sediments is larger for the Madeira.
This may be attributed to greater influences of sediment size sorting
processes in the Madeira, as it is primarily draining sedimentary rocks
compared to arc-derived andesite in the Solimoes. Measurable frac-
tionation of radiogenic Sr isotopic compositions of sediments based on
size has been observed in other studies focusing on rivers (Goldstein and
Jacobsen, 1987), and based on the Ti isotopic fractionation observed
with other geochemical proxies (see Fig. 8), it could be the primary
cause of the trends observed here.

5.3.2.2. Icelandic river sediments. As described above, a potential source
of Ti isotopic fractionation is mineral sorting during fluvial transport,
and the ratio of Al;O3/TiO, should reflect this sorting. Titanium is
typically hosted in chemically resistant minerals such as rutile and
ilmenite. These Fe,Ti- oxides are isotopically lighter than other minerals,
such that the preferential removal of Fe,Ti- oxides due to hydrodynamic
sorting can shift the 5*Ti compositions of remaining fine-grained sed-
iments towards heavier Ti isotopic compositions, as proposed by Klaver
et al. (2021). The Ti isotopic composition of sediments measured here
correlates with the ratio of Al;03/TiO5 (Fig. 10b), but also correlates
well with the Th/Sc ratio, which is a useful tracer for determining pre-
cursor compositions of detrital sediments (Fig. 10d). Eastern Mediter-
ranean Sea sediments are defined by different trends compared to the
Icelandic sediments, likely due to both Icelandic and Mediterranean
sediments having unique endmember compositions. We conclude that
sorting is not the primary driver of the 8*Ti isotopic variability
observed in the Icelandic sediments, as trends with geochemical
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indicators of provenance composition (e.g., Th/Sc) are observed in our
samples.

5.4. Influence of mixing in Icelandic sediments

Comparing the Ti isotopic variability of Icelandic volcaniclastic rocks
and river sediment with respect to proxies for igneous differentiation
and physical size sorting allows us to probe the sensitivity of isotopic
composition to crustal composition versus sorting during fluvial trans-
port. The average Ti isotopic composition of Icelandic river sediment is
§4°Ti=+0.134 + 0.06%o, which is lower than modern (<3.5 Ga) shale
compositions (5%°Ti = 0.183 % 0.05%, Greber at al. 2017a), and higher
than average mid-ocean ridge basalt 611 = 0.002%o, Millet et al.,
2016). The §*°Ti and SiO, compositions of the Icelandic sediments are
shown relative to those of igneous rocks from different geodynamic
settings in Fig. 10a.

The behavior of §*°Ti with respect to SiO, content in the Icelandic
sediments is close to the calc-alkaline trend for igneous rocks (Fig. 10a).
Mixing curves calculated between mafic and felsic Icelandic tholeiitic
end members replicates the observed compositions of the Icelandic
sediments (Fig. 10). Although constraints on the end member compo-
sitions are not precise (we use Hekla volcano and Heidarspordar ridge
compositions), it appears that the effects of grain size (hydrodynamic)
sorting, using the proxies of Al;03/TiO3 and Zr/TiO3, on the observed Ti
isotopic composition are secondary to mixing between mafic and felsic
end members (Fig. 10b, c).

The ratio of Aly03/TiO5 tracks not only fluvial transport (e.g., min-
eral sorting) processes, but also sediment provenance, as felsic and mafic
rocks and calc-alkaline versus tholeiitic igneous suites impart unique
Aly,03/TiO; ratios to sediments derived from them (see Fig. 10b; and
Greber et al., 2019). Moreover, the Ti isotopic composition of Icelandic
sediments does not correlate with the chemical index of alteration
(Fig. S4). Thus, based on the trends observed here and their similarity to
mixing trends and isotopic and geochemical compositions of diverse
intraplate igneous rocks (Fig. 10b), it is likely that the shifts in Ti iso-
topic composition result from provenance differences (sediment mixing)
rather than chemical weathering.

Additional chemical discriminators can provide insight into whether
density sorting of zircon during transport has impacted bulk sediment
geochemical composition. Here we have plotted the §*°Ti isotopic
compositions with respect to Zr/TiO3 and Th/Sc (Fig. 10c, d). The cor-
relation between §*°Ti vs. Zr/TiO, and Th/Sc indicates that the isotopic
trend observed here results from mixing between felsic end members
and compositionally diverse mafic end members, therefore the under-
lying cause of Ti isotopic fractionation observed in the Icelandic sedi-
ments is likely mixing of sediments derived from these two sources.
Because the Icelandic sediment data follow the magmatic array of Ice-
landic igneous rocks, this would suggest that either the sediments are
sourced from a restricted provenance dominated by one geochemical
composition, or reflect mixing of sediment sourced from rocks at various
stages of magmatic differentiation. As the samples measured here span a
broad geographical portion of Iceland (Fig. 1c), a sediment source of
restricted geochemical composition is unlikely. This interpretation
should be taken with caution however, as our analysis does not include
the composition of suspended river sediment. In the case of river sus-
pended load the hydrodynamic sorting of clay-sized sediments versus
coarser sediments may manifest differently, as seen in the Amazon basin
sediments. Whether similar processes are at play in Iceland should be the
topic of future investigations.

6. Conclusions

To assess how chemical weathering and physical transport processes
impact Ti isotope variability in the detrital sediment record, we
analyzed Ti isotope ratios in diverse samples representing many
different geographic locations and climates within Earth’s Critical Zone:
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loess from around the world; suspended river sediment and bedload
from tributaries of the Amazon River; weathering profiles in South
Carolina and Oregon, USA; and river sediment and volcaniclastic rocks
from Iceland. The Ti isotopic composition of loess is §*°Ti = + 0.132 +
0.03%o, which is lower than the average composition of modern (<3.5
Ga) shales (649Ti ~ +0.183 £ 0.05%o, Greber et al., 2017). Our loess
data show that there are minor trends in 5*°Ti with respect to broad
geographic locations, which indicates that loess 5*°Ti isotopic compo-
sitions should be a reasonable proxy for the average upper continental
crust composition. The 5*°Ti of Amazon River sediments are influenced
by physical transport (e.g., hydrodynamic size sorting), with bedload
sediment consistently isotopically lighter than suspended sediment,
likely due to a higher proportion of denser, Fe,Ti-oxides in the bedload.

Two separate weathering profiles in different climatic regimes and
underlying lithology were analyzed to determine the impact of chemical
weathering on Ti isotopic fractionation. We found that saprolites
developed on a metadiabase dike within a granite quarry in South
Carolina had no discernible trends in Ti isotopic composition. By
contrast, bauxites developed on Columbia River basalt showed
measurable Ti loss and §*°Ti isotopic fractionation, with Ti becoming
heavier with more intense weathering. This can be modeled using a
Rayleigh distillation approach. One anomalous sample falls off this
trend (sample 5/1-14, 5%Ti = -0.136 %o0) which may be due to the
presence of anatase or Ti-rich ilmenite. Based on the variety of samples
from different climatic regimes measured here, crustal protolith
composition and physical sorting during transport appear to have a
stronger control on the Ti isotopic composition compared to chemical
weathering processes.

When using 5*°Ti in detrital sediments for reconstructing the bulk
continental crust composition, comparison with trace element data can
provide information about whether the samples have been influenced by
intense chemical weathering, physical transport processes or mixing of
sediments from different rock types. Such processes may fractionate Ti
isotopes, leading to a skewed estimate of crust composition.
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Appendix A. Supplementary material

The following are the Supplementary data to this article:

Supplementary Figure S1: Strontium and neodymium isotopic com-
positions of loess with respect to stable titanium isotope compositions.
Supplementary Figure S2: Elemental ratios of Amazon River sediment
and bedload relative to the Andes rock average, average upper conti-
nental crust, average shales, and individual igneous rocks. Supplemental
Figure S3: Elemental spectra from TEM analysis of bauxite samples.
Supplemental Figure S4: Chemical index of alteration of Icelandic vol-
caniclastic rocks and river sediment with respect to titanium isotopic
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compositions. Supplemental Figure S5: Chemical index of alteration of
saprolite samples with respect to stable titanium isotope compositions.
Supplementary table S1: Major and trace element compositions of Ice-
landic river sediments. Supplementary table S2: Mixing model end-
members with geochemical and titanium isotopic compositions of
Icelandic rocks. Supplementary table S3: Geochemical compositions of
igneous rocks from the Andes. Supplementary table S4: Geochemical
compositions of igneous rocks from Iceland.

Supplementary material to this article can be found online at htt
ps://doi.org/10.1016/j.gca.2023.05.008.
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