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Abstract 17 

Continental weathering of silicate rocks has long been proposed as an important regulator of 18 

Earth’s climate over geological timescales. However, whether silicate weathering fluxes have 19 

increased, decreased, or remained unchanged during the Cenozoic, and across glacial-interglacial 20 

cycles, remains under debate. A major source of uncertainty stems from the multiple controls on 21 

weathering proxies and a lack of consistency between existing records. Seawater neodymium (Nd) 22 

isotopes have been extensively used to trace the mixing and evolution of water masses in the open 23 

ocean. Here, an emerging application of seawater Nd isotopes to trace continental weathering inputs 24 

based on marine sediment records from marginal settings is reviewed and applied to the northern 25 



Indian Ocean. Seawater Nd isotope observations and reconstructions in the Bay of Bengal spanning 26 

a range of timescales (modern – millennial – orbital – tectonic) reveal a strong influence of South 27 

Asian continental weathering inputs, which may be related to drivers such as Himalayan tectonic 28 

uplift and monsoon precipitation. The long-term evolution of seawater Nd isotopes in the Bay of 29 

Bengal has the potential to trace the evolving Himalayan weathering inputs since the Oligocene, 30 

and to reveal the links between tectonics, climate, and weathering, while there were also weathering 31 

changes on orbital timescales in the Pleistocene. While demonstrating the strong potential of 32 

marginal seawater Nd isotopes in tracing past continental weathering inputs, more research on 33 

particle-seawater interaction processes and on the quantitative relationship between Nd isotopes and 34 

weathering inputs is still needed. 35 
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1. Introduction 38 

Chemical weathering is the process of rock and mineral decomposition under the influence of 39 

water, atmospheric gases, climate, and other factors such as vegetation and biology. Due to its 40 

physical and chemical effects, weathering plays an important role in the interactions between the 41 

atmosphere, the hydrosphere, the lithosphere, and the biosphere. On million-year timescales, the 42 

consumption of atmospheric CO2 by the chemical weathering of silicate rocks and its ultimate 43 

sequestration in marine carbonate rocks (CaSiO3 + CO2 = CaCO3 + SiO2) is considered an important 44 

process for driving climate change and maintaining the relative climate stability and hence 45 

habitability of the Earth (Berner et al., 1983; Walker et al., 1981). However, recent field observations 46 

suggest that chemical weathering in high mountain and glaciated environments could instead act as 47 



a net source of atmospheric CO2, due to the oxidation of fossil organic matter and sulfide minerals 48 

(Bufe et al., 2024; Horan et al., 2017; Liu et al., 2023; Liu et al., 2025; Torres et al., 2016; Torres et 49 

al., 2014; Zondervan et al., 2023), indicating that continental weathering is not always a net carbon 50 

sink. In parallel, silicate chemical weathering has been found to react rapidly to climatic and 51 

environmental changes, producing feedbacks on climate even on orbital or millennial timescales, as 52 

inferred from modern observations (Arnscheidt and Rothman, 2022; Beaulieu et al., 2012; Colbourn 53 

et al., 2015; Gislason et al., 2009), as well as from mineralogical and geochemical records (Bastian 54 

et al., 2017; Dosseto et al., 2015; Miriyala et al., 2017).  55 

Reconstructing the past evolution of chemical weathering fluxes is key to reveal the role of 56 

weathering in the carbon cycle, as such estimates can be used to directly assess the amount of 57 

atmospheric CO2 consumed through weathering e. The chemical weathering flux refers to the 58 

dissolved elemental budget released from weathered rock per unit time in a given system, such as 59 

from a river catchment, and is positively correlated with the chemical weathering rate. There are 60 

two main weathering regimes in the natural environment: transport-limited weathering (occurring 61 

in lowlands dominated by thick soils and low erosion rates, such as tropical floodplains), and 62 

kinetically-limited weathering (occurring in highlands dominated by high erosion rates, such as in 63 

Southeast Asian islands) (West et al., 2005). In lowlands, chemical weathering fluxes are limited by 64 

the supply of fresh material, and hence are directly linked to erosion rates, while they are partly 65 

decoupled in high-elevation environments, where the link between erosion rates and chemical 66 

weathering fluxes becomes strongly non-linear (Bayon et al., 2020; Bouchez et al., 2012; West, 67 

2012). 68 

To date, reconstructing past silicate chemical weathering fluxes, at catchment, regional, or 69 



global scales, is still a challenge. Specifically, most of the mineralogical, elemental, and isotopic 70 

proxies measured on terrigenous silicate detritus can only indicate the degree of chemical 71 

weathering of the sediment (i.e. weathering intensity), but cannot reflect changes in the chemical 72 

weathering flux (Perri, 2020). Converting such information into quantified silicate weathering 73 

fluxes is possible, but involves relatively large uncertainties (Clift et al., 2024). Therefore, 74 

researchers have instead used proxy records of the isotopic composition of seawater to indirectly 75 

reconstruct past chemical weathering inputs (Vance et al., 2009). The basic principle behind this 76 

approach is that the isotopic composition of dissolved elements in seawater is the result of mixing 77 

between the continental weathering inputs and the background sources to seawater, such as mid-78 

ocean ridge hydrothermal inputs (for elements like Sr or Li ) or benthic fluxes linked to early 79 

diagenesis in the marine sediment (for reactive elements such as the rare earth elements) (Hodell et 80 

al., 1990; Misra and Froelich, 2012). Continental chemical weathering fluxes at ocean margins 81 

include both dissolved riverine inputs and the dissolution/release from terrigenous particles supplied 82 

by rivers and dust to seawater (van de Flierdt et al., 2016). In this context, the isotopic composition 83 

of reactive elements in seawater, as recorded in archives such as marine biogenic material (e.g. 84 

foraminifera, diatoms) or authigenic mineral phases (e.g. iron and manganese oxyhydroxides) 85 

extracted from marine sediment, can be used to generate records of past continental weathering 86 

changes (Lein, 2004; Tachikawa et al., 2014). 87 

2. Seawater isotope proxies tracing continental weathering inputs 88 

 Several different seawater isotope proxies have commonly been used to reconstruct global 89 

continental weathering inputs over a range of timescales, including strontium (Sr), osmium (Os), 90 

lithium (Li), and beryllium (Be) isotopes. However, the controls on each of these proxies vary, and 91 



the evidence they provide on continental weathering inputs can be inconsistent. For example, 92 

seawater Sr and Li isotope records have historically been interpreted as reflecting an increase in 93 

continental chemical weathering inputs through the Cenozoic (Misra and Froelich, 2012; Raymo 94 

and Ruddiman, 1992), although hydrothermal inputs have been proposed recently (Weldeghebriel 95 

and Lowenstein, 2023). Additionally, seawater Be isotope records have been interpreted as 96 

reflecting relatively stable global denudation and related weathering fluxes during both the 97 

Cenozoic (Willenbring and von Blanckenburg, 2010) and the Quaternary period (von Blanckenburg 98 

et al., 2015). However, these findings were challenged in recent studies (Deng et al., 2023; Li et al., 99 

2021), illustrating the complexity of interpreting sedimentary records of seawater chemistry as 100 

archives of past continental chemical weathering fluxes. Below, the principles and some key 101 

findings from the above isotope tracers are briefly reviewed.   102 

Seawater radiogenic Sr isotopes mainly reflect a balance between two major sources: 103 

continental weathering inputs with radiogenic Sr isotopes (87Sr/86Sr ~ 0.7111) and submarine 104 

hydrothermal inputs with unradiogenic Sr isotopes (87Sr/86Sr ~ 0.70305) (Edmond, 1992; Peucker‐105 

Ehrenbrink et al., 2010). Assuming that the rate of seafloor spreading and the Sr isotope composition 106 

of hydrothermal inputs remained unchanged (Dalton et al., 2022; Edmond, 1992), the increase in 107 

seawater Sr isotopes during the Cenozoic was interpreted to indicate an increase in continental 108 

silicate weathering fluxes (Edmond, 1992; Raymo and Ruddiman, 1992; Yang et al., 2023). This 109 

explanation was broadly consistent with the concept that collision and uplift of the Himalaya during 110 

the Cenozoic (the “uplift-weathering” hypothesis) had led to an intensification of the South Asian 111 

monsoon and associated chemical weathering of silicate rocks, thereby leading to atmospheric CO2 112 

drawdown (Raymo and Ruddiman, 1992). However, there are other potential explanations for the 113 



increase in seawater Sr isotopes during the Cenozoic, including: (1) a source control due to the 114 

weathering of Himalayan metamorphosed carbonate rocks with unusually high 87Sr/86Sr ratios 115 

(Blum, 1997; Quade et al., 1997); (2) changes in the rate of seafloor spreading and associated 116 

hydrothermal input fluxes (Weldeghebriel and Lowenstein, 2023); and (3) temperature-dependent 117 

changes in the Sr fluxes from low-temperature alteration of ocean crust (Coogan and Dosso, 2015). 118 

Similar to Sr isotopes, seawater Os isotope records for the Cenozoic have also been interpreted 119 

to reflect increases in continental weathering inputs. There are three main sources of Os to seawater: 120 

terrestrial weathering (187Os/188Os = 1.540), hydrothermal input (187Os/188Os = 0.129), and cosmic 121 

input (187Os/188Os = 0.126) (Pegram et al., 1992; Ravizza, 1993), of which continental weathering 122 

contributes ~80%, and hydrothermal and cosmic sources account for ~20% (Sharma et al., 1997). 123 

However, the seawater Os isotope composition may have been also influenced by additional factors, 124 

including changes in hydrothermal activity (Sharma et al., 2000) and chemical weathering of 125 

organic-rich sedimentary rocks such as black shales, which display high 187Os/188Os ratios and Os 126 

contents nearly a thousand times higher than other rock types (Singh et al., 1999). 127 

During chemical weathering and fluid transport, 6Li preferentially enters into the solid products 128 

of weathering such as secondary clay minerals, while 7Li preferentially remains in the fluid phase, 129 

which results in a large Li isotope fractionation during weathering (Dellinger et al., 2015; Huh et 130 

al., 1998; Lemarchand et al., 2010). There are two main sources of Li to seawater: fluvial input and 131 

hydrothermal input (Huh et al., 1998; Weldeghebriel and Lowenstein, 2023). Marine sediment 132 

records of seawater Li isotopes during the Cenozoic document an increase in δ7Li values, which has 133 

been interpreted as reflecting enhanced silicate weathering due to tectonic uplift (Misra and Froelich, 134 

2012). Other factors that likely influenced the seawater δ7Li evolution include: (1) the boomerang-135 



shape response of riverine δ7Li values to weathering intensity, with a rise and then a fall with 136 

increasing weathering intensity (Dellinger et al., 2015), such that the riverine δ7Li values in high-137 

denudation uplifted regions is lower; and (2) shifts in weathering regimes, such as the expansion of 138 

floodplains downstream of mountain belts, which can generate higher riverine δ7Li values (Pogge 139 

von Strandmann and Henderson, 2015).  140 

Concerning Be, meteoric cosmogenic 10Be is formed at a relatively constant production rate by 141 

the interactions of high-energy cosmic-ray particles with oxygen and nitrogen atoms in the 142 

atmosphere (Raisbeck and Yiou, 1984). In contrast, 9Be in seawater mainly derives from dissolved 143 

riverine inputs, thereby serving as a tracer for continental chemical weathering (Willenbring and 144 

von Blanckenburg, 2010). The seawater 10Be/9Be ratio, after correction for 10Be decay with a half-145 

life of 1.387 Ma (Chmeleff et al., 2010; Korschinek et al., 2010), has therefore been used to 146 

reconstruct continental weathering fluxes during the late Cenozoic (Willenbring and von 147 

Blanckenburg, 2010). The residence time of Be in the ocean is about 200–1000 yr (Lao et al., 1992; 148 

von Blanckenburg et al., 1996), which is short enough for it to respond sensitively to continental 149 

weathering fluxes over relatively short timescales. However, this proxy also has some challenges: 150 

(1) the scavenging and/or release of 9Be in estuarine and near-shore settings may limit the sensitivity 151 

of seawater 10Be/9Be ratios to changes in continental weathering fluxes (Deng et al., 2023; Li et al., 152 

2021); and (2) the short ocean residence time of Be leads to a spatially heterogeneous isotopic 153 

distribution, which could therefore be affected by changes in ocean currents (Raisbeck and Yiou, 154 

1984). 155 



 156 
Figure 1. Schematic diagrams of (a) the sources and behaviour of Nd in seawater, and (b) the estuarine 157 

processes acting upon riverine Nd inputs. 158 

 159 

3. Neodymium isotopes in seawater 160 

3.1 Seawater Nd isotopes as a tracer of water masses and continental weathering 161 

The Nd isotope composition (εNd = [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR − 1] × 104) of 162 

seawater also has the potential to provide valuable insights into continental weathering (Jacobsen 163 

and Wasserburg, 1980). On a basin scale, the dissolved εNd distribution is similar to conservative 164 

circulation tracers, such as salinity, which indicates that εNd is a good tracer of ocean circulation 165 

(von Blanckenburg, 1999). Moreover, Nd isotopes are not sensitive to biological processes and the 166 

composition of their inputs is not significantly influenced by grain-size effects or weathering 167 

intensity in most settings (Frank, 2002; Goldstein and Hemming, 2003). In the modern ocean, the 168 

residence time of Nd is ~ 200-1000 yr, which is shorter than the deep-ocean mixing time (Tachikawa 169 

et al., 1999). As such, the distribution of seawater Nd isotopes is spatially heterogeneous, ranging 170 

from εNd −7 to 0 in the Pacific Ocean, between −10 and −5 in the Indian Ocean , and from −20 to 171 



−10 in the Atlantic Ocean (Lacan et al., 2012; van de Flierdt et al., 2016; van de Flierdt et al., 2012). 172 

On this basis, Nd isotopes in seawater and marine authigenic phases have been commonly used to 173 

trace modern water mass mixing and paleo-circulation in the open ocean (Frank, 2002; Goldstein 174 

and Hemming, 2003). For example, in the Atlantic Ocean, Nd isotopes have been used to reconstruct 175 

the advection of deep water masses and corresponding overturning rates during the last deglacial 176 

period (Arsouze et al., 2008; Blaser et al., 2019; Gu et al., 2017; Piotrowski et al., 2012; Pöppelmeier 177 

et al., 2022; Roberts et al., 2010), past glacial-interglacial cycles (Dausmann et al., 2017; Farmer et 178 

al., 2019; Howe et al., 2016; Pena and Goldstein, 2014; Pöppelmeier et al., 2021), and over million-179 

year timescales (Batenburg et al., 2018; Khelifi and Frank, 2014; Kirby et al., 2020; Kirillova et al., 180 

2019). Over million-year timescales, Nd isotopes also reveal the timing of tectonic-driven opening 181 

or closing of ocean passages via their impact on ocean circulation (Kirillova et al., 2019; Scher and 182 

Martin, 2006). Additionally, major shifts in seawater Nd isotope composition have been used to 183 

infer periods of enhanced weathering inputs following the emplacement of volcanic arcs, 184 

demonstrating past linkages between chemical weathering of mafic rocks and global cooling over 185 

geologic timescales (Bayon et al., 2023b; Conwell et al., 2022).  186 

In early works, the Nd isotope composition of seawater was reconstructed from Fe-Mn crusts 187 

(Abouchami et al., 1999; Albarède and Goldstein, 1992; Frank, 2002; Ling et al., 1997; von 188 

Blanckenburg, 1999), which grow slowly at rates of a few mm per million years, and hence typically 189 

provide records of past seawater Nd isotopes over million-year timescales. To investigate the 190 

evolution of seawater εNd values over centennial to orbital timescales, researchers have applied Nd 191 

isotopes to fossil fish teeth (apatite) (Huck et al., 2016; Martin and Haley, 2000), foraminifera (Hu 192 

and Piotrowski, 2018; Hu et al., 2016b; Palmer and Elderfield, 1985; Roberts et al., 2012; Tachikawa 193 



et al., 2014; Vance et al., 2004; Wu et al., 2015), and deep-sea corals (Copard et al., 2010; Van de 194 

Flierdt et al., 2010). Acid-reductive sediment leaching was also developed to extract the dispersed 195 

authigenic Fe-Mn oxyhydroxide phases from marine sediment cores, which greatly improved the 196 

resolution and flexibility of Nd isotope reconstructions, addressing issues such as the absence of 197 

foraminifera in cores from below the carbonate compensation depth (Bayon et al., 2002; Du et al., 198 

2020; Gutjahr et al., 2007; Rutberg et al., 2000). In detail, and depending on the sedimentological 199 

setting, the leaching solution chemistry, concentration, and leaching time are important factors in 200 

obtaining reliable reconstructions using this approach, while comparison with other robust carriers 201 

such as foraminifera and fish teeth can also serve as support to ensure the reliability of leachate data 202 

(Blaser et al., 2016; Du et al., 2016; Wilson et al., 2013). 203 

Foraminifera are widely regarded as a reliable carrier for the Nd isotope composition of past 204 

seawater (Palmer and Elderfield, 1985; Tachikawa et al., 2014; Wilson et al., 2013; Wu et al., 2015). 205 

Initially, it was considered that oxidative-reductive cleaning could effectively remove Fe-Mn oxides 206 

and other components from the shells of planktonic foraminifera, such that the Nd in cleaned 207 

planktonic foraminifera would mainly derive from the carbonate shells and represent past surface 208 

water signals (Burton and Vance, 2000; Stoll et al., 2007; Vance and Burton, 1999). However, 209 

subsequent research found that the Fe-Mn oxide coatings could not be sufficiently removed and 210 

dominate the Nd budget even in cleaned foraminifera samples, such that planktonic foraminifera 211 

provide a bottom water or pore water signature, rather than a surface water signal (Kraft et al., 2013; 212 

Piotrowski et al., 2012; Roberts et al., 2012; Yu et al., 2018).  213 

3.2 Sources of Nd isotopes in marginal seawater 214 

Important progress has been made to understand the sources of dissolved Nd to seawater 215 



(Figure 1). In the modern ocean, dissolved seawater Nd concentrations and isotopes are controlled 216 

by dissolved weathering inputs, dissolution of riverine and dust particles, adsorption/release by 217 

settling particles in seawater (Siddall et al., 2008), and benthic inputs from marine sediment (Abbott 218 

et al., 2015a; Abbott et al., 2015b; Deng et al., 2022; Haley et al., 2017; Lacan and Jeandel, 2005), 219 

as well as by water mass mixing. 220 

In the open ocean, the distribution of dissolved Nd isotope compositions mainly arises from 221 

the mixing of different water masses tagged with distinctive ɛNd signatures (von Blanckenburg, 222 

1999), which provides a basis for tracing water mass mixing in the past. In contrast, marginal seas 223 

receive inputs of continentally-derived dissolved Nd from rivers and from submarine groundwater 224 

discharge, as well as experiencing strong particulate-seawater interactions, which lead to non-225 

conservative behaviour of Nd isotopes in seawater (Elderfield et al., 1990; Johannesson and Burdige, 226 

2007; Xu et al., 2023). Previous studies have demonstrated that the dissolved and particulate riverine 227 

inputs to the ocean display different behaviour (Jeandel et al., 2007; Sholkovitz and Szymczak, 228 

2000). Typically, more than 70% of the dissolved riverine input of Nd is removed by the coagulation 229 

processes of riverine colloidal matter in river mouths (Elderfield et al., 1990; Sholkovitz, 1993). 230 

Meanwhile, the riverine particles, and especially suspended clays, can remain in the water column, 231 

or at the seawater-sediment interface, for a relatively long time, enabling Nd to be supplied to 232 

seawater by dissolution and/or exchange processes (Arsouze et al., 2009; Tachikawa et al., 2003). 233 

Therefore, dissolved riverine inputs presumably have a stronger influence on seawater Nd isotopes 234 

in the surface waters close to estuaries, while lithogenic riverine particles to control dissolved Nd 235 

inputs to intermediate and deep waters of marginal seas (Arsouze et al., 2009; Tachikawa et al., 236 

2003). For example, a study in the Amazon estuary documented that Nd is mainly supplied by 237 



terrigenous particles in high-salinity seawater on timescales of weeks, implying that the release of 238 

terrigenous particles is an important source of Nd to the ocean (Rousseau et al., 2015). 239 

Boundary exchange processes may be important in providing dissolved Nd inputs to marginal 240 

seawater. This concept arose from the observation of changes in seawater Nd isotope composition 241 

(but little change in Nd concentrations) along a range of ocean margins, including the Northwestern 242 

Atlantic, Eastern Indian Ocean, and Western Equatorial Pacific (Lacan and Jeandel, 2005). To 243 

explain these changes, it was proposed that the sediment deposited along continental margins and/or 244 

suspended particles in the water column can release Nd into the ocean, hence modifying the Nd 245 

isotope composition of advected water masses, while also removing Nd from seawater by particle 246 

scavenging (Jeandel et al., 1998; Lacan and Jeandel, 2005). Note that the inputs and outputs of Nd 247 

may not always be in balance, and may be set by multiple processes, so the term ‘boundary exchange’ 248 

can be taken as the overall result of all above-mentioned processes, rather than relating to any single 249 

chemical process (Jeandel, 2016). Overall, this non-conservative behaviour limits our ability to use 250 

seawater Nd isotopes to track water mass mixing, particularly in marginal seas, while its influence 251 

varies regionally depending on the intensity of boundary exchange relative to water mass advection. 252 

In detail, how sediment dissolution and release affect the dissolved Nd concentration and its 253 

isotopes in seawater remains to be fully understood (Du et al., 2025). One important process 254 

involved in boundary exchange is reversible scavenging, which allows Nd that is released in the 255 

surface ocean by desorption from, or dissolution of, riverine or dust particles to be scavenged and 256 

transported downwards by particles as they settle into the deep ocean (top-down hypothesis) (Siddall 257 

et al., 2008). In addition, dissolved Nd from the interstitial waters of seafloor sediments can be 258 

released into bottom water as benthic fluxes, before being transported through the water column by 259 



diffusion (bottom-up hypothesis) (Du et al., 2025; Haley et al., 2017). A significant release of Nd 260 

from sediment interstitial waters to bottom waters has been revealed in multiple settings, including 261 

the California continental margin (Abbott et al., 2015b), the Tasman Sea (Abbott, 2019), and the 262 

Niger Delta area (Bayon et al., 2011). Extrapolating globally, such diffusive fluxes of Nd from 263 

seafloor pore fluids could potentially account for much of the missing Nd in global budgets (Arsouze 264 

et al., 2009), and thereby contribute to the previously-inferred boundary exchange. However, the 265 

budget of this benthic flux varies widely, with recent observations suggesting that it is a less 266 

significant process at the West Antarctic margin (Wang et al., 2022). As such, it needs to be assessed 267 

in further settings, where relevant controlling factors could include the sediment mineralogy, 268 

deposition rate, distance from estuaries, redox conditions, and flow speed. Finally, recent studies 269 

have provided support for the importance of diagenesis and the formation of authigenic clays in 270 

marine sediment as a potential source of rare earth elements, including Nd, to bottom waters (Abbott 271 

et al., 2022; Abbott, 2019; Bayon et al., 2023a); a process that will also require further investigation 272 

in future studies.   273 

The above discussion demonstrates that seawater Nd isotopes in marginal seas are sensitive to 274 

a combination of dissolved and particulate riverine inputs, and particularly to fine-grained 275 

suspended sediment inputs. In this case, there is potential to use Nd isotopes as a tracer for the 276 

regional continental weathering inputs. Such an idea previously emerged in the interpretations of 277 

Pleistocene planktic foraminiferal Nd isotope records from the Labrador Sea (Vance and Burton, 278 

1999) and Bay of Bengal (BoB) (Burton and Vance, 2000), but the potential link with weathering 279 

becomes more complex once they are interpreted as bottom water records. In the next section, we 280 

explore the possibility of using bottom water Nd isotope records to trace regional weathering inputs 281 



in marginal seas based on a series of recent studies from the BoB. 282 

In addition to changes in weathering inputs, changes in the mineralogical composition of 283 

terrigenous riverine inputs may have played a secondary role in controlling past seawater εNd 284 

compositions at ocean margins (Huang et al., 2024). Specifically, investigations of marine sediment 285 

cores from the BoB document significant co-variability in clay mineral assemblages and seawater 286 

Nd isotopes over glacial-interglacial timescales, with interglacial periods being characterized by 287 

relatively high (smectite+kaolinite)/(illite+chlorite) ratios and low (unradiogenic) εNd values, and 288 

vice-versa (Huang et al., 2024). In South Asian river systems, illite and chlorite mainly derive from 289 

physical erosion of igneous or sedimentary rocks in the high-elevation catchment regions associated 290 

with limited chemical weathering (Huyghe et al., 2011; Sarin et al., 1989). Hence, the illite and 291 

chlorite‐dominated assemblages from glacial periods were probably produced from less weathered 292 

sediments eroded by Himalayan glaciers (Yu et al., 2020; Zhao et al., 2019). In contrast, smectite 293 

and kaolinite are mainly formed as a result of intense chemical weathering in the Indo-Gangetic 294 

floodplain (Sarin et al., 1989) (Figure 1). The occurrence of higher 295 

(smectite+kaolinite)/(illite+chlorite) ratios in interglacial (e.g., MIS 1 and 5) sediment intervals in 296 

the BoB was therefore consistent with contemporaneous intensification of summer monsoon rainfall 297 

(Colin et al., 1999; Yu et al., 2020). 298 

The above observations have led to the proposal that mature clay mineral assemblages, such 299 

as smectite and kaolinite (and other pedogenic minerals), are more prone to releasing and/or 300 

exchanging Nd with seawater than immature assemblages dominated by illite and chlorite e. In the 301 

South China Sea, kaolinite and smectite with high degree of chemical weathering were also argued 302 

to be more efficient in releasing Nd into the seawater than less weathered illite and chlorite (Huang 303 



et al., 2023). This hypothesis is further supported by recent findings showing that the preferential 304 

dissolution of kaolinite and the subsequent Fe-bearing clay authigenesis at ocean margins can 305 

release rare earth elements to seawater (Bayon et al., 2023a), a process that would require further 306 

investigation in future studies to assess its possible link with the evolution of seawater εNd.  307 

4. Neodymium isotopes tracing continental weathering inputs: a case study from 308 

the Bay of Bengal 309 

The BoB is an ideal marginal sea for verifying the extent to which Nd isotopes in seawater can 310 

be used to trace continental weathering inputs. First, it is a semi-enclosed marginal sea that receives 311 

significant seasonal weathering inputs of both dissolved and particulate matter from the Ganga-312 

Brahmaputra (G-B) river system, which largely dominate over riverine inputs from other small 313 

rivers in the region. Second, the εNd composition of the weathering inputs delivered by the G-B river 314 

(εNd values from −18 to −14) (Colin et al., 1999; Singh and France-Lanord, 2002) is distinct from 315 

the seawater εNd values advected to the BoB from the south (εNd values from −9 to −7) (Amakawa 316 

et al., 2019; van de Flierdt et al., 2016), providing good sensitivity to resolve their mixing. Finally, 317 

dissolved Nd isotopes in the BoB have been shown to derive predominantly from water mass mixing 318 

and lithogenic particulate input, whereas the release of Nd from pore water is only a secondary 319 

source in this region (Nozaki and Alibo, 2003; Yu et al., 2017b).  320 

 321 



Figure 2. Modern spatial patterns and temporal changes in dissolved seawater Nd isotopes in the BoB 322 

(Yu et al., 2018; Yu et al., 2017b). (a) Water column of the 89°E transect from June 2012. (b) Water 323 

column of the 87°E transect from November 2008. (c) Coretop planktonic foraminiferal εNd values (Stoll 324 

et al., 2007) compared to bottom and surface water εNd values in a transect through the BoB. Modified 325 

based on (Amakawa et al., 2000; Singh et al., 2012; Yu et al., 2018; Yu et al., 2017b). Black arrows 326 

indicate the seasonal offsets for surface water and bottom water. AABW, Antarctic Bottom Water; EIOW, 327 

Eastern Indian Ocean Surface Water.  328 

 329 

4.1 Modern seawater Nd isotopes in the Bay of Bengal  330 

Dissolved Nd isotopes and concentrations were analysed in waters collected in winter from 331 

several stations in the BoB to study the influences of water mass mixing and weathering inputs 332 

(Singh et al., 2012). Those authors found a strong latitudinal gradient in Nd isotopes from 333 

unradiogenic waters in the north to more radiogenic waters in the south, in both surface and bottom 334 

waters, which was interpreted as reflecting a decreasing influence of riverine inputs from the G-B 335 

river system from north to south (Singh et al., 2012) (Figure 2b and c). A model calculation 336 

suggested that the contribution of particulate Nd from the G-B river and northern marginal 337 

sediments to the dissolved Nd budget in the BoB varies spatially, from 1% up to 65% (Singh et al., 338 

2012). Sediment traps in the northern BoB showed that the particulate inputs from the G-B river to 339 

the BoB range from ～20 mg/m2/d in winter to ～60 mg/m2/d in summer due to the enhanced 340 

summer monsoon precipitation (Unger et al., 2003). Because the dissolution and exchange of Nd 341 

between sediment particles and seawater occurs over timescales of several weeks (Rousseau et al., 342 

2015; Singh et al., 2012), such seasonal variations in the lithogenic particulate input are expected to 343 

have an important impact on dissolved Nd isotopes in the BoB (Yu et al., 2017b). 344 

To explore potential seasonality, a second set of seawater samples along an ∼89°E transect was 345 

collected from the BoB in June 2012, a period which corresponds to the onset of the summer 346 

monsoon rainfall (Yu et al., 2017b). A north–south gradient for Nd isotopes was observed in both 347 



surface and bottom waters, and was particularly pronounced in the surface waters, which ranged 348 

from εNd values of −14.4 in the northern BoB to −9.9 in the southern BoB (Figure 2a and c). 349 

Compared to the samples collected in November 2008 (Singh et al., 2012), the June 2012 samples 350 

had more radiogenic εNd values by ~ 2 εNd for the water shallower than 2000 m, and by ~ 0.5 εNd for 351 

waters below 2000 m (black arrows in Figure 2c), together with lower Nd concentrations by ∼5 352 

pmol/kg (Singh et al., 2012; Yu et al., 2017b). Although the possibility that spatial differences in 353 

seawater Nd isotopic composition may exist between sampling locations, the large ɛNd discrepancy 354 

in the surface water between June (early monsoon) and November (post-monsoon) (Figure 2c) is 355 

best explained as reflecting seasonal weathering inputs linked to monsoonal precipitation (Yu et al., 356 

2017b). This observation suggests that the distribution of dissolved Nd isotopes in the BoB (and 357 

probably other marginal seas) fluctuates over seasonal timescales through changes in riverine input 358 

fluxes (Singh et al., 2012; Yu et al., 2017b), albeit considering that there is a four-month delay 359 

between the peak of G–B river discharge and the corresponding river plume area and associated 360 

unradiogenic εNd signature in the BoB (Yu et al., 2017b). Moreover, the reduction of several pmol/kg 361 

in Nd concentrations near the seawater-sediment interface (Singh et al., 2012; Yu et al., 2017a) was 362 

potentially related to the removal of Nd associated with inorganic particle scavenging (Nozaki and 363 

Alibo, 2003; Singh et al., 2012; Yu et al., 2017b). This observation suggests that sediment interstitial 364 

water is not a major source of Nd to bottom seawater in the BoB. An insignificant role for benthic 365 

fluxes is also suggested by the lack of 228Ra (an indicator for the diffusion of elements from sediment 366 

pore water into seawater) in the deep waters of the BoB (Moore and Santschi, 1986; Nozaki and 367 

Alibo, 2003). Hence, the above observations together indicate that the BoB represents an ideal 368 

location for exploring seawater Nd isotope changes in response to continental weathering inputs. 369 



Overall, the distribution pattern of seawater ɛNd in the BoB shows clear north-south variability 370 

(Figure 2c), which mainly reflects the mixing of unradiogenic inputs from regional rivers (ɛNd values 371 

from −18 to −14), dominated by the G-B, with the radiogenic Eastern Indian Ocean Surface Water 372 

(ɛNd values from −10 to −9) or Antarctic Bottom Water (AABW; ɛNd values from −9 to −7) 373 

(Goswami et al., 2012; Piepgras and Wasserburg, 1982; Yu et al., 2017b). In addition, the 374 

unradiogenic εNd signature extends further south into the open ocean at intermediate water depths 375 

(Figure 2a and b), possibly because the dissolution and scavenging of suspended particles reaches a 376 

threshold at these depths (Singh et al., 2012; Yu et al., 2017b). Hence, sediment cores from 377 

intermediate water depths in the BoB may be more sensitive than deeper cores for tracing 378 

weathering inputs with Nd isotopes. 379 

Moreover, the coretop foraminiferal ɛNd values in the BoB agree with the bottom water signal 380 

north of 10°N, and are inconsistent with the surface water ɛNd values, regardless of the season (Stoll 381 

et al., 2007) (Figure 2c). South of 10°N, the foraminiferal ɛNd values in the BoB are consistent with 382 

both surface and bottom water (Figure 2c), because the water column is more homogenous, 383 

presumably reflecting the significantly reduced influence of dissolved riverine Nd inputs. Overall, 384 

this comparison provides high confidence in the use of planktonic foraminifera in the BoB sediment 385 

cores as an archive of past bottom water Nd isotope compositions, and supports interpreting such 386 

records in terms of bottom water compositions rather than as local porewater compositions. 387 

4.2 Past seawater Nd isotope composition in the Bay of Bengal over millennial and 388 

orbital timescales  389 



 390 

Figure 3. (a) Map of sediment cores (1-10) and ferromanganese crusts (11-14) from the BoB and 391 

the Indian Ocean discussed in this study. (b) Millennial and (c) glacial-interglacial timescale Nd 392 

isotope records from the BoB compared to the compositions of water masses and riverine inputs. 393 

The purple bars indicate millennial-scale cold events, and the light blue bars indicate cold marine 394 

isotope stages. All records are from mixed planktonic foraminifers, except for SK157-20 (mixed 395 

planktonic and benthic foraminifers) and SK129-CR2 (decarbonated sediment leachates). Further 396 

information and references for the cores are given in Table 1. References for Nd inputs: modern and 397 

glacial Antarctic Intermediate Water (AAIW) (Amakawa et al., 2019; Hu et al., 2016a; van de Flierdt 398 

et al., 2016); Antarctic Bottom Water (AABW) (Amakawa et al., 2019; Basak et al., 2015; Stichel 399 

et al., 2012; van de Flierdt et al., 2016); Ganga-Brahmaputra (G-B) River (Lupker et al., 2013; Singh 400 

and France-Lanord, 2002); Eastern Indian Rivers: Godavari and Krishna Rivers (Ahmad et al., 401 



2009), Deccan Traps (Dessert et al., 2001; Lightfoot and Hawkesworth, 1988), Peninsular Gneisses 402 

(Goswami et al., 2012). YD, Younger Dryas; BA, Bølling-Allerød; HS 1, Heinrich Stadial 1; MIS, 403 

marine isotope stage. 404 

 405 

Table 1 Locations and references for the sediment cores and ferromanganese crusts discussed in 406 

this study. 407 

No. Sites Latitude 

(°N) 

Longitude (°E) Depth (m) References 

1 SO93-126KL 20.0 90.0 -1253 (Stoll et al., 2007) 

2 MD12-3412 17.2 89.5 -2383 (Huang et al., 2024) 

3 RC12-343 15.2 90.6 -2666 (Stoll et al., 2007) 

4 MD77-176 14.3 93.1 -1375 (Yu et al., 2018) 

5 RC12-341 13.1 89.6 -2988 (Stoll et al., 2007) 

6 SK157-20 12.1 88.7 -3171 (Naik et al., 2019) 

7 V29-15 12.0 88.7 -3173 (Stoll et al., 2007) 

8 RC12-339 9.1 90.0 -3010 (Stoll et al., 2007) 

9 ODP 758A 5.4 90.4 -2925 (Gourlan et al., 2008; Gourlan et al., 2010; 

Song et al., 2023; Stoll et al., 2007) 

10 SK129-CR2 3.0 76.0 -3800 (Piotrowski et al., 2009; Wilson et al., 

2015) 

11 DODO -5.4 97.5 -4119 (Frank et al., 2006) 

12 SS-663 -13.0 76.0 -5300 (O'Nions et al., 1998) 

13 VA16 -12.9 119.9 -2100 (Frank et al., 2006) 

14 109D-C -28.0 61.0 -5200 (O'Nions et al., 1998) 

 408 

To explore the past changes in seawater Nd isotopes in the BoB on millennial and orbital 409 

timescales, we compiled a selection of published continuous authigenic Nd isotope records in Figure 410 

3. Similar long-term variations in both the amplitude and pattern of changes are observed in several 411 

cores from the BoB, both on millennial and orbital timescales (Figure 3), despite them being marked 412 

by distinct detrital Nd isotope signatures, sediment accumulation rates, and lithologic characteristics. 413 

This observation hints at the reliability of these records as archives of past seawater composition. 414 

In core MD77-176, slightly more radiogenic εNd values are observed during the cold Heinrich 415 

Stadial 1 (HS 1) and Younger Dryas (YD) periods compared to the warm intervening Bølling-416 

Allerød (BA) period, with an amplitude of ~1 εNd unit (Figure 3b). However, in general, there is no 417 



prominent millennial-scale variability in the authigenic Nd isotope records from the BoB (Figure 418 

3b), which is probably due to the limited temporal resolution of the records and/or a buffered 419 

temporal response of weathering inputs to the millennial-scale fluctuations in the summer monsoon. 420 

In contrast, distinct glacial-interglacial variations are observed in the same records (Figure 3c). 421 

Unradiogenic Nd isotope values are observed during interglacial periods, with εNd values falling 422 

between ~ −10 and −12 during Marine Isotope Stages (MIS) 1 and 5 (Figure 3b). Comparatively 423 

more radiogenic Nd isotope values of ~ −7 to −8 are observed during all glacial periods (MIS 2, 4, 424 

and 6). These results indicate a consistent Nd isotope regional shift of ~2 to 5 εNd units during glacial-425 

interglacial transitions (Burton and Vance, 2000; Huang et al., 2024; Naik et al., 2019; Piotrowski 426 

et al., 2009; Stoll et al., 2007; Wilson et al., 2015; Yu et al., 2018). Notably, the absolute εNd values 427 

are somewhat offset from the composition of deep southern-sourced water masses during this 428 

interval, with εNd values of −8.5 to −6.5 indicated by a foraminiferal Nd isotope record from the 429 

southern Indian Ocean (Williams et al., 2021), and show larger temporal variations. Hence, such 430 

glacial-interglacial εNd variations in the BoB, and particularly the 4 to 5 εNd unit variations at the 431 

most northerly cores (Huang et al., 2024), cannot be explained only by changes in the water mass 432 

compositions advected from the Southern Ocean. Since the timing of the glacial-interglacial 433 

variations in the BoB corresponds closely with the global oxygen isotope curve (Lisiecki and Raymo, 434 

2005; Stoll et al., 2007) (Figure 3c) and with changes in the South Asian summer monsoon intensity 435 

(Yu et al., 2020), we infer that changes in unradiogenic Nd inputs linked to continental weathering, 436 

in phase with summer monsoon precipitation, exerted a major control on those records.  437 



 438 

Figure 4. Past seawater Nd isotopes versus latitude in the BoB. (a) Comparison between the BA 439 

(14.6-12.8 ka BP) and HS 1 (18-14.6 ka BP). (b) Comparison between MIS 1 (14.6 ka BP - present) 440 

and MIS 2 (28-14.6 ka BP). The fit lines were calculated based on the mean εNd values in each core; 441 

k is the slope of the linear fit (y = -kx + b), and R is the correlation coefficient. References for the 442 

cores and the sediment/water mass endmembers are found in Figure 3 and Table 1.  443 

  444 

To assess the influence of riverine weathering inputs on the millennial-scale and orbital-scale 445 

Nd isotope variability, we plot Nd isotopes versus latitude for all published data in Figure 4. As also 446 

shown in Figure 3, the εNd changes on glacial-interglacial timescales (~2.5 εNd units) are significantly 447 

larger than those on millennial timescales (~0.5 εNd units). In addition to the potential inability of 448 

these BoB sediment cores to record short-lived climate events, this observation would also be 449 

consistent with the Indian summer monsoon intensity and the corresponding weathering inputs 450 

varying more on orbital timescales than on millennial timescales. In addition, glacial-interglacial 451 

changes in the Nd isotope composition of Southern Ocean water mass advected northward could 452 

also influence the seawater εNd proxy records (Wilson et al., 2015; Yu et al., 2022), particularly at 453 

the more southerly core locations. Considering the uncertainty in in discriminating between 454 

advected and weathering signals, the spatial Nd isotope gradient provides additional constraints. 455 

Notably, the latitudinal εNd gradient is approximately constant on millennial timescales (Figure 4a), 456 

while the gradient during interglacial MIS 1 (k = 0.07 εNd/degree) is significantly greater than that 457 



during glacial MIS 2 (k = 0.03 εNd/degree) (Figure 4b), which strongly points to enhanced 458 

unradiogenic Nd inputs from riverine sources during interglacial periods. 459 

4.3 Variability of seawater Nd isotopes in the Bay of Bengal on tectonic timescales   460 

 461 

Figure 5. Comparison of seawater Nd isotope records from the BoB with other climatic records 462 

(Song et al., 2023). (a) Seawater Nd isotope records from the northern Indian Ocean (ODP Site 758) 463 



and central Indian Ocean (ferromanganese crusts) since the late Eocene (Song et al., 2023). Ochre 464 

and purple lines represent the bottom seawater Nd isotope evolution in the northern and central 465 

Indian Ocean, respectively, using a LOESS smoothing method with parameters of 0.3. (b) Blue line 466 

represents an estimate for South Asian weathering inputs based on the latitudinal seawater Nd 467 

isotope gradient (ΔεNd) between the two curves in panel (a), with grey shading representing its error 468 

range (Song et al., 2023). (c) Continental weathering proxy based on the seawater 87Sr/86Sr record 469 

(McArthur et al., 2020). (d) Continental weathering proxy based on the foraminiferal 7Li record 470 

(Misra and Froelich, 2012). (e) Global climate change based on the deep-sea benthic 18O stack, 471 

reflecting a combination of deep-ocean temperature and ice volume (Westerhold et al., 2020). 472 

Abbreviations: Plei, Pleistocene; Plio, Pliocene. References for the cores and the sediment/water 473 

mass endmembers are found in Figure 3 and Table 1. Grey shaded bars indicate two intervals of 474 

inferred increases in weathering inputs. 475 

 476 

Studies reconstructing seawater Nd isotopes in the BoB on million-year timescales have mostly 477 

been based on ODP Site 758 in the southern BoB. Such records, based on sediment leachates and 478 

planktonic foraminifera, show a long-term decrease in εNd values from approximately −7 during the 479 

late Eocene to −10 in the present day (Gourlan et al., 2008; Gourlan et al., 2010; Song et al., 2023) 480 

(Figure 5a). Given the more limited changes in the Nd isotope composition of the deep Indian Ocean 481 

at more southerly upstream sites (Frank et al., 2006; O'Nions et al., 1998) (Figure 5a), these results 482 

suggest that the deep water in the BoB has been increasingly influenced by unradiogenic Nd from 483 

South Asian riverine inputs towards the present day. In turn, the increased terrigenous input of 484 

dissolved and/or particulate-associated Nd can be attributed to tectonic activity and climatic change 485 

in South Asia since the late Cenozoic (Clift et al., 2008; Derry and France-Lanord, 1997; Mutz et 486 

al., 2018).  487 

To better assess the variations in continental weathering inputs from South Asia, the ∆εNd proxy 488 

was proposed based on the Nd isotope gradient between the central Indian Ocean and ODP Site 758 489 

from the southern BoB (Song et al., 2023). Reconstructions from ferromanganese crusts from deep 490 

water in the central Indian Ocean constrain the composition of Indian Ocean deep waters since 33 491 



Ma (mainly AABW), which ranged from εNd values of −8.5 to −6.5 (Frank et al., 2006; O'Nions et 492 

al., 1998) (Figure 5a). These data suggest that the deep Indian Ocean was generally filled by AABW 493 

since the Oligocene, with the modern AABW εNd value ranging between −9 and −7 (Amakawa et 494 

al., 2019; van de Flierdt et al., 2016). Although those reconstructions from ferromanganese crusts 495 

give comparable εNd values to the modern AABW, more studies are needed to constrain the temporal 496 

evolution of the AABW endmember composition and its flow strength into the Indian Ocean since 497 

the Oligocene.  For example, a weakening in AABW flow strength could have increased the ∆εNd 498 

gradient independent of changes in continental weathering inputs. Nevertheless, in the absence of 499 

strong evidence for changing AABW flow strength, the increase in the ∆εNd gradient towards the 500 

present day suggests a sustained enhancement of weathering inputs from the South Asian continent 501 

and the Himalayas since the Oligocene (Figure 5b).  502 

Moreover, the inferred link between the Himalayan evolution and the ∆εNd record is also 503 

supported by the similarity between the variations in ∆εNd and the long-term evolution of Sr isotopes 504 

in seawater since the late Eocene (Figure 5c), for which a link to the Himalayas is well established 505 

(McArthur et al., 2020; Song et al., 2023). In contrast, and unsurprisingly given the differences 506 

between the Sr and Li isotope curves, there are discrepancies in the timing of the changes in the 507 

∆εNd record and the global seawater Li isotope evolution (Misra and Froelich, 2012; Song et al., 508 

2023) (Figure 5d). Such discrepancies could reflect the complex controls on the composition of Li 509 

isotope inputs to the ocean (Pogge von Strandmann and Henderson, 2015), or could simply arise 510 

because the seawater Li isotope record is sensitive to global budgets while the ∆εNd record reflects 511 

regional changes in continental weathering inputs to the Indian Ocean. In addition, the ∆εNd record 512 

could also reflect changes in continental erosion fluxes or in the type of clay minerals being 513 



delivered, whereas the Li isotope curve is likely more closely related to dissolved inputs. Overall, 514 

this example demonstrates that seawater Nd isotope records have the potential to trace changes in 515 

continental weathering inputs on million-year tectonic timescales, providing an opportunity to 516 

explore the links between tectonics, climate, and weathering changes, which may be further assessed 517 

using records from marginal seas in other global settings. 518 

4.5 Quantification of past weathering inputs in the Bay of Bengal using seawater 519 

Nd isotopes 520 

In this section, we attempt to obtain an empirical relationship based on modern weathering 521 

inputs and changes in seawater Nd isotopes in the BoB, and apply it to quantify past weathering 522 

changes based on the million-year evolution of Nd isotopes in Indian Ocean records.  523 

We start by considering a mass balance approach, using the Himalayan weathering inputs (w) 524 

and southern-sourced waters (s) in a simple two-endmember mixing calculation (Yu et al., 2022). 525 

For a starting point at 0 Ma, 526 

(ε୒ୢ)୛୭[Nd]୛୭F୵୭ + (ε୒ୢ)ୗ୭[Nd]ୗ୭(1 − F୵୭) = (ε୒ୢ)୅୭([Nd]୛୭ + [Nd]ୗ୭)   (Eq. 1) 527 

For any time of x Ma, 528 

(ε୒ୢ)୛୶[Nd]୛୶F୵୶ + (ε୒ୢ)ୗ୶[Nd]ୗ୶(1 − F୵୶) = (ε୒ୢ)୅୶([Nd]୛୶ + [Nd]ୗ୶)   (Eq. 2) 529 

Here, F୵ indicates the contributed proportion of weathering inputs; (ε୒ୢ)୛, (ε୒ୢ)ୗ, and (ε୒ୢ)୅ 530 

correspond to the Nd isotope compositions of regional weathering inputs, southern-sourced waters, 531 

and authigenic (foraminiferal) values, respectively; and [Nd]୛ and [Nd]ୗ represent the Nd fluxes 532 

for the regional weathering inputs and southern-sourced waters contributing to bottom water at the 533 

location of the authigenic Nd record. To simplify, we consider that the (𝜀ேௗ)ୗ 𝑎𝑛𝑑 [𝑁𝑑]ௌ for the 534 

southern-sourced waters remained largely constant over tectonic timescales, (i.e. (ε୒ୢ)ୗ୭ 535 



≈ (ε୒ୢ)ୗ୶ and [Nd]ୗ୭ ≈ [Nd]ୗ୶), compared to the regional weathering inputs (Amakawa et al., 536 

2019; van de Flierdt et al., 2016) (Figure 3 and 5), hence meaning that long-term seawater Nd 537 

isotope variability in the BoB is mostly driven by changes in regional weathering inputs. Subtracting 538 

equation 1 from equation 2, and assuming that the (ε୒ୢ)୛ of the regional weathering inputs is also 539 

stable through time (i. e. (ε୒ୢ)୛୭≈(ε୒ୢ)୛୶) (France-Lanord et al., 1993), we obtain the following 540 

equation: 541 

(ε୒ୢ)୛([Nd]୛୶ − [Nd]୛୭) = ((ε୒ୢ)୅୶ − (ε୒ୢ)୅୭)([Nd]୛୶ + [Nd]ୗ)   (Eq. 3) 542 

Considering that ([Nd]୛୶ − [Nd]୛୭) is generally smaller in magnitude than ([Nd]୛୶ + [Nd]ୗ), to 543 

a first approximation we can consider ([Nd]୛୶ + [Nd]ୗ) as invariable. With this simplification, 544 

changes in the regional weathering input flux ([Nd]୛୶ − [Nd]୛୭)  are linearly related to the 545 

difference in seawater ε୒ୢ values from measurements at the two times ((ε୒ୢ)୅୶ − (ε୒ୢ)୅୭).  546 

Here, we obtain an empirical version of that relationship based on the modern Himalayan 547 

weathering input flux and the shift in Nd isotope composition between the modern AABW and the 548 

core-top authigenic value at ODP Site 758. The difference between AABW (εNd = −7) (Hu et al., 549 

2016a; Stichel et al., 2012) and the core-top value at ODP Site 758 (εNd = −10) (Song et al., 2023) 550 

is ~ 3 εNd units (Figure 5), which corresponds to an average riverine sediment input of 1.1 x109 551 

t/year, when considering only the input from the G-B river (which is an order of magnitude greater 552 

than that of all the rivers of the eastern Indian Peninsula) (Milliman and Syvitski, 1992; Unger et 553 

al., 2003). Based on the empirical approach described above, we can convert any ∆εNd change at the 554 

BoB ODP Site 758 since 32 Ma into varying weathering inputs (Figure 5b). This reconstruction 555 

indicates that Himalayan weathering inputs gradually increased from the late Oligocene (25 Ma), 556 



reaching approximately half their modern level by the middle Miocene (15 Ma) (Figure 5). After 557 

a ~7 Ma period of stability, those inputs began to increase rapidly again since the late Miocene (8 558 

Ma) until they reached the level of modern weathering inputs in the late Pleistocene (Figure 5). We 559 

acknowledge that the above assessment of past Himalayan weathering inputs only represents a first-560 

order semi-quantitative estimate based on many assumptions, and that conducting a true statistical 561 

error analysis of these findings would be irrelevant. Further studies will be required to assess past 562 

variations in the composition and respective contribution of the different weathering endmembers, 563 

and to better understand the processes transferring continental weathering geochemical signals into 564 

the deep ocean, and to thereby further refine the relationship between Nd isotope changes and 565 

weathering inputs. 566 

5. Conclusions and implications 567 

This review has focused on the potential of using past seawater Nd isotope reconstructions 568 

from marginal seas as a tool to assess past continental weathering inputs. Taking the BoB as an 569 

example, we have explored what we can learn about changes in continental weathering inputs over 570 

seasonal, millennial, orbital, and million-year timescales, and have drawn the following conclusions. 571 

Weathering inputs from large Himalayan river systems controlled by seasonal monsoon 572 

precipitation, such as the Ganga-Brahmaputra River, can drive regional changes in seawater Nd 573 

isotopes at the spatial scale of marginal basins such as the BoB. Over glacial-interglacial timescales, 574 

seawater Nd isotopes in the BoB display significant variability, associated with pronounced changes 575 

in monsoon-driven riverine inputs and/or changes in the mineralogical composition of the sediment 576 

load, as well as changes in the composition of deep waters advected from the Southern Ocean. In 577 

contrast, changes of seawater Nd isotopes in the BoB are less evident on millennial timescales, 578 



likely related to processes buffering weathering inputs and/or their archiving in the marine record. 579 

A long-term shift towards more unradiogenic seawater Nd isotope compositions in the BoB since 580 

the Oligocene reveals a strong influence of South Asian continental weathering inputs related to 581 

Himalayan tectonic uplift and monsoonal precipitation, providing an opportunity to explore the links 582 

between tectonics, climate, and weathering. 583 

In contrast to other weathering proxies such as Sr, Os, Li, but like Be isotopes, seawater Nd 584 

isotope records can only trace regional weathering inputs due to its short ocean residence time (<1 585 

kyr). The advantage brought by this feature is that seawater Nd isotopes can be used to distinguish 586 

the strength of weathering inputs from different continental or island regions. Apart from the BoB, 587 

this approach has been applied successfully to other marginal seas such as the south China Sea (Li 588 

et al., 2025) and the northeastern Indian Ocean (Bayon et al., 2023b). Nevertheless, future 589 

investigations should aim at acquiring additional seawater Nd isotope records from different 590 

marginal seas to address the long-term evolution of oceanic Nd isotopes, and inferred chemical 591 

weathering signals, at a global scale. Further research is also required to better understand the 592 

processes controlling the distribution of Nd isotopes in seawater, such as the influence of sediment 593 

mineralogy, early diagenesis, sedimentation rate, and seafloor redox conditions on the boundary 594 

exchange and benthic fluxes. 595 
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