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 During my master’s program, I undertook researches on past tsunami hazards, such 

as their timing and recurrence interval, by radiometric dating of coral boulders cast 

along the shoreline in the southern Ryukyu regions. Especially, I applied U-series 

(230Th) and radiocarbon (14C) dating to Porites coral boulders cast ashore by past 

tsunamis. Based on my master thesis, two international papers were published (Araoka 

et al. 2010; Araoka et al. 2013). Araoka et al. (2010) is the first report of high-precision 
230Th dating applied to tsunami deposits in Ishigaki Island, southwest Japan and 

revealed that Porites boulders have enormous potential for determining the timing of 

past tsunamis. Araoka et al. (2013) demonstrated that the southern Ryukyu Islands have 

repeatedly experienced tsunami events since at least 2400 years ago, with a recurrence 

interval of ~150–400 years. This study estimated tsunami recurrence intervals from 

tsunami boulders for the first in the world and demonstrates that it is possible to 

ascertain the timing, recurrence interval, and magnitude of past tsunamis in a location 

where few adequate survey sites of sandy tsunami deposits exist. 

	
 As described above, major and trace element isotopes are useful not only for 

paleo-environmental and paleo-climatic studies but also paleo-geohazard studies. Then, 

many research fields with non-traditional stable isotopes have still remained. In my 

Ph.D. thesis, I focus on lithium and its isotopes for understanding global lithium cycle 

in earth surface systems by making good use of my acquired skills about isotope 

geochemistry throughout my graduate researches. 

	
 Lithium, a type of rare metal element established by the Japanese government, is an 

industrially useful element. It is known that massive lithium ore deposits have been 

formed in playas and salt crusts by evaporative enrichment. Lithium ore deposits are 

eccentrically-located on shore, especially more than half of lithium resources are 

expected to exist in South America. Moreover, three foreign corporations have kept 

approximately 50 % of the market share of lithium carbonate. Thus, understanding 
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global lithium cycle on the earth’s surface and genesis of lithium ore deposits by the use 

of lithium isotopes would contribute researches on assessment of lithium resource 

potential and exploration of lithium ore deposits for stable supply of lithium. 

	
 To reveal the genesis of lithium ore deposits, previous studies analyzed the chemical 

composition of evaporite deposits all over the world (e.g. Lowenstein and Risacher 

2009; Risacher and Fritz 2009; Risacher et al. 2003). However, the origin and 

accumulation mechanism of lithium in playas were not well understood because the 

contents of lithium and other elements were modified by evaporation and enrichment. In 

addition, no studies used lithium isotopic ratios to examine the origin of lithium-rich 

playas. 

	
 On the other hand, lithium has draw attention as fluid tracer during geological and 

geochemical processes such as weathering processes and material cycles in subduction 

zones because aqueous solubility of lithium is very large (e.g. Tomascak 2004; Tang et 

al. 2007; Burton and Vigier 2012). In particular, lithium contents and its isotopes are 

expected as proxies for silicate weathering in recent years (e.g. Kisakurek et al. 2005). 

	
 Lithium contents and its isotopes in the open ocean reservoir have changed 

drastically although these are currently homogeneous (e.g. Misra and Froelich 2012). 

The lithium contents and its isotopic composition of seawater reflect a balance between 

input (submarine hydrothermal fluids and rivers) and removal fluxes and their isotopic 

compositions (Table 1-1 and Fig. 1-1). Input fluxes from submarine hydrothermal 

systems and rivers to the ocean are important compared to removal fluxes for changes 

in seawater composition of lithium. This is because that input lithium fluxes and its 

isotopic compositions are variable while isotopic differences between seawater and 

removal processes are constant through Cenozoic. In addition, most dissolved lithium in 

river water (>90 %) is derived from weathering of silicate rocks (Kisakurek et al. 2005). 

Therefore, understanding global lithium cycle on the earth’s surface, especially in 
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submarine hydrothermal and river systems, and changes in lithium seawater chemistry 

would contribute changes in atmospheric carbon dioxide levels because of consumption 

of carbon dioxide during silicate weathering. 

 

 

 

 

Lithium flux Average 
7
Li

 (10
9
 moles/year) (‰)

Inputs

Hydrothemal vents 13 8.3

Rivers 10 23

Subduction reflux 6 15

Total input 29 15

Outputs

Alteration of oceanic crust 8 15

Sediment uptake 20 15

Total output 29 15

Table 1-1 Estimates of dissolved lithium input and output fluxes and their isotopic compositions

from each reservoir to the ocean (after Misra and Froelich 2012). Global lithium cycles on the

earth’s surface and major input/output systems to the ocean are illustrated in Fig. 1-1.

Input/output
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 There are some studies on lithium isotopic compositions in submarine hydrothermal 

fluids and rivers. Most of the lithium isotopic studies have targeted mid ocean ridge 

(MOR) sites among submarine hydrothermal systems all over the world (e.g. Misra and 

Froelich 2012). Previous studies suggested that MOR sites are typical hydrothermal 

systems controlled by seawater-basalt interaction at high-temperature. In contrast, arc 

and back-arc sites consisted of various tectonic settings are considered to be influenced 

by subduction zone. However, lithium behavior and its control factor in submarine 

hydrothermal fluids from arc and back-arc have not been clear. Those in river waters are 

also insufficient. In particular, few previous studies dealt with space-time distribution in 

world’s major river systems in detail. Moreover, estimates of lithium fluxes from 

submarine hydrothermal fluids to the ocean may be strongly biased toward data on 

MOR sites. Similarly, lithium fluxes and its isotopic compositions are roughly 

estimated on the basis of a small number of data in major river systems (Misra and 

Froelich 2012). 

	
 I therefore focus on lithium isotopes. Lithium has two stable isotopes with atomic 

masses of 6 and 7. The measured 7Li/6Li ratios are expressed as permille deviations 

from the NIST L-SVEC standard: δ7Li = [[7Li/6Li]sample/[7Li/6Li]L-SVEC standard – 1] × 

1,000. The large mass difference between the isotopes (15 %) results in large isotopic 

fractionation during some geochemical and geological processes (Tomascak 2004; Tang 

et al. 2007; Burton and Vigier 2012). Especially, large isotopic fractionation has been 

occurred during lithium migration via fluids such as alteration and weathering processes 

(Tomascak 2004; Tang et al. 2007). Recent advances in lithium isotope geochemistry 

have shown that lithium isotopic compositions (7Li/6Li) vary greatly, by up to 80 ‰, in 

different reservoirs (Fig. 1-2 and 1-3; Tomascak 2004; Tang et al. 2007). Therefore, 

7Li/6Li has great potential as a powerful tool for investigating water–rock interactions. 
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Marine biogenic carbonates

Submarine hydrothermal fluids

į7Li (‰)
Fig. 1-2  Lithium isotopic compositions of various reservoirs (after Tang et al. 
2007). Reservoirs in geosphere are shown as black bars, while those in hydro-
sphere are shown as white bars. Some reservoirs are shown in schematic illus-
trations of lithium isotope systematics in the hydrological cycle and subducttion 
zone setting (Fig. 1-3). 
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Fig. 1-3  Schematic Illustrations of lithium isotope systematics (a) in the hydrological 
cycle and (b) subduction-zone setting (modified from Elliott et al. 2004, Zack et al. 
2003, and Tang et al. 2007). The range of lithium isotopic compositions of various 
reservoirs are shown in Fig. 1-2.
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 It was difficult to measure the lithium isotopic ratios in geological samples because 

of the lower lithium contents compared to other major elements. However, recent 

developments in analytical instruments have been made it possible to measure lithium 

isotopic ratios with a small amount of lithium and high precision. 

	
 Therefore, in my Ph.D. thesis, I describe the detailed procedure to analyze lithium 

isotopic ratios in the samples in the beginning. Then, I discuss the control factor of 

lithium contents and its isotope ratios in evaporites and lacustrine sediments from 

playas in Nevada (onshore lithium ore deposits) (Araoka et al. in press), submarine vent 

fluids from arc and back-arc hydrothermal systems in the western pacific, river and 

ground waters from Ganges-Brahmaputra-Meghna river systems, as representatives of 

major systems for global lithium cycles on the earth’s surface, based on lithium isotopic 

analyses together with various elemental and isotopic analyses (Fig. 1-4). 

 

 

Arc, Back-arc systems Ganges-Brahmaputra river

by WHOI

Fig. 1-4  Illustration of valuable systems for Li on the earth’s surface. The Li iso-
topic systematics in playas in Nevada, in arc/back-arc hydrothermal systems at 
the western pacific, and in Ganges-Brahmaputra-Meghna river systems are dis-
cussed in this thesis, as representatives of two major input systems to the ocean 
and onshore lithium ore deposit.

Nevada

RiverHydrothermal
vent fluids

Playa
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Chapter 2 

 

Analytical procedures of lithium and strontium isotopic measurements 
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2.1. Outline 

 

	
 Lithium and strontium isotopic ratios were analyzed at the Kochi Core Center (KCC), 

Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Japan. Two-step 

column separation was conducted for separation of lithium and strontium from other 

elements in the samples to prevent the interference during mass spectrometry 

measurements (matrix effect) (Fig. 2-1a). All separate operations were performed in a 

clean laboratory (cleanliness level better than class 1,000). After column separation, 

lithium and strontium isotopic ratios were determined by a multi-collector ICP-MS 

(MC-ICP-MS, Neptune, Thermo Sci. Co., Fig. 2-1b) and a thermal ionization mass 

spectrometer (TIMS, Triton, Thermo Sci. Co., Fig. 2-1c), respectively. These 

instruments for high-sensibility and high-precision isotopic measurements allow 

determination isotopic ratios precisely in trace amount of lithium (20 ng Li) and 

strontium (80 ng Sr) in the samples. Most analytical protocols in this study are 

documented previously (Nishio and Nakai 2002; Nishio et al. 2004; Nishio et al. 2010), 

which modified the analytical procedures of Tomascak et al. (1999) and Jeffcoate et al. 

(2004). The detailed procedures of column separation and mass spectrometry were 

described in the following sections. 

 

 

Fig. 2-1  The photographs of (a) two types of column for lithium separation, 
(b) MC-ICP-MS, Neptune (Thermo Sci. Co.) for lithium isotopic measure-
ment, and (c) TIMS, Triton (Thermo Sci. Co.) for strontium isotopic measure-
ment at the Kochi Core Center, JAMSTEC, Japan.
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2.2. Chemical separation for lithium and strontium 

 

2.2.1. Setup for chemical separation 

	
 The first-step column separation was carried out using a quartz glass column filled 

with a height of 12 cm (approximately 6 ml) Bio-Rad AG50W-X8 (200–400 mesh)	
 

cation-exchange resin. To keep a stable position of the resin and prevent the resin 

flowing out of the column, a height of 1cm wet pure-quartz cotton was filled with the 

bottom of the column. Similarly, the second-step column separation for lithium was 

carried out using a quartz glass column filled with a height of 2 cm (approximately 0.8 

ml) Bio-Rad AG50W-X12 (200–400 mesh) cation-exchange resin together with a 

height of 1cm wet pure-quartz cotton at the bottom of the column. The second-step 

column separation for strontium was carried out using a polypropylene column filled 

with a height of 2 cm (approximately 0.8 ml) Eichrom Sr resin (50–100 µm).  

	
 Before column separation, all resins were washed repeatedly. For the resins of 

first-step and second-step for lithium, firstly, sequential cleaning was conducted once 

with 6 M EL-grade HCl (Kanto Chemical Co.) and then three times with Milli-Q water. 

This set of cleaning was repeated three times in total. Secondary, 6 M 

ultrapure100-grade HCl (Kanto Chemical Co.) was passed through the resins and then 

Milli-Q water was also passed. Finally, just before sample separation, 6 M 

TAMAPURE-AA-100-grade HCl (Tama Chemicals Co.), which is the most pure grade 

in the protocols, was passed through the resins and then Milli-Q water was also passed. 

This is an important procedure to determine 7Li/6Li ratios accurately (Nishio and Nakai, 

2002), which results in reduction of Li blank less than 10 pg Li (Nishio et al. 2010). The 

amount of Li blank is far less than that of Li in the analyzed samples (20–1,200 ng Li). 

After lithium separation, the cation-exchange resins for lithium were reused by series of 

repeated cleaning described above. 
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 For the resin of second-step for strontium, the resin was washed about 15 times using 

0.05 M ultrapure100-grade HNO3 (Kanto Chemical Co.) before set up the resin to the 

column. After the set up the resin, 10 ml of 7 M ultrapure100-grade HNO3 was passed 

through the resin three times and then 10 ml of warmed (~50 °C) 0.05 M 

ultrapure100-grade HNO3 was also passed three times. Finally, 10 ml of 3 M 

ultrapure100-grade HNO3 was passed once. During strontium separation, the amount of 

Sr blank (50 pg Sr) is far less than that of Sr in the analyzed samples (<400 ng Sr) 

(Nishio et al. 2010). After strontium separation, the Sr resin was discarded and then new 

cleaned Sr resin was set up to the column. 

 

2.2.2. First-step column separation for lithium and strontium 

	
 Solution samples containing with 20–1,200 ng Li and more than 400 ng Sr in that 

solution were evaporated in the heated (~150 °C) clean evaporator. After complete 

evaporation, the residual solid were dissolved in 3 ml of 5 wt% 

TAMAPURE-AA-100-grade HNO3 (Tama Chemicals Co.) and then the container were 

put inside an ultrasonic bath for complete dissolution of the residual. Just before the 

first column separation, 1.5 ml of 100% EL-grade methanol (Kanto Chemical Co.) was 

added into the samples, yielding 4.5 ml of the solution. The sample solution was loaded 

into the first-step column, and then 89 ml of 1 M TAMAPURE-AA-100-grade 

HNO3:80 % v/v EL-grade methanol was passed through the resin. The loading solution 

and first 5 ml was discarded and the following 84 ml was collected as the lithium 

fraction. Continuously, 60 ml of 2 M ultrapure100-grade HCl was passed through the 

resin. The first 45 ml was discarded and the following 15 ml was collected as the 

strontium fraction. The lithium and strontium fractions were separated once more by 

subsequent operations individually. 
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2.2.3. Second-step column separation for lithium 

	
 The lithium fraction obtained by first-step was evaporated and dissolved in 0.2 ml of 

0.25 M TAMAPURE-AA-100-grade HCl. Just before the second column separation, 

0.5 ml of 0.5 M TAMAPURE-AA-100-grade HCl:80% v/v EL-grade methanol was 

added. The sample solution was loaded into the second-step column for lithium, and 

then 2 ml of 0.5 M TAMAPURE-AA-100-grade HCl:80 % v/v EL-grade methanol was 

passed through the resin and discarded. Subsequently, 32 ml of 1 M 

TAMAPURE-AA-100-grade HCl:80 % v/v EL-grade methanol was passed and 

collected as the purified lithium fraction. The purified lithium fraction was evaporated 

completely. Before isotopic measurements, 2% TAMAPURE-AA-100-grade HNO3 was 

added into purified lithium residual for dilution into about 20 ng g−1 Li content in the 

sample solution. The lithium contents of the sample solution have been checked by 

comparing the beam intensities of the sample solution with those of L-SVEC standard 

solution containing 20 ng g−1 Li. Then, I have been confirmed that the recovery rate of 

lithium during the two-step column separation was approximately 100 %. 

 

2.2.4. Second-step column separation for strontium 

	
 The strontium fraction obtained by first-step was evaporated and dissolved in 2 ml of 

3 M ultrapure100-grade HNO3. The sample solution was loaded into the second-step 

column for strontium. Then, 6 ml of 3 M ultrapure100-grade HNO3, 6 ml of 7 M 

ultrapure100-grade HNO3, and 2 ml of 3 M ultrapure100-grade HNO3 were passed 

through the resin sequentially and discarded. Subsequently, 10 ml of warmed (~50 °C) 

0.05 M ultrapure100-grade HNO3 was passed and collected as the purified strontium 

fraction. The purified strontium fraction was evaporated completely. Total recovery rate 

of strontium in this procedure during two-step column separation was about 50 % 

(Nishio et al. 2010). 
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2.3. Mass spectrometry 

 

2.3.1. Lithium isotopic measurement 

	
 The 7Li/6Li ratios were measured by MC-ICP-MS with a high-sensitivity skimmer 

cone (X-cone) and those in the samples were determined by standard-sample bracketing 

method. The prepared sample solution was introduced into MC-ICP-MS through an 

Aridus II desolvating nebulizer system (Cetac Technologies) with a microconcentric 

PTFE nebulizer (100 µl min−1). Before all sample and standard measurements, the beam 

intensities on m/e 6 and 7 of 2% TAMAPURE-AA-100-grade HNO3 were monitored as 

a background for 30 s. Subsequently, after 1 min of initial uptake of sample solution, 

the beam intensities on m/e 6 and 7 of sample solution were measured repeatedly 30 

times every 4 s. The L-SVEC standard solution containing 20 ng g−1 Li was measured 

before and after sample analyses to correct for instrumental mass bias. The ordinal 7Li 

intensity of the 20 ng g−1 Li standard solution is 20 pA (about 2 V signal with the 

1011Ω resistor), which is much higher than background levels of 0.2 pA (about 0.02 V 

signal). The average value of 30 times 7Li/6Li ratios in the samples were calculated and 

finally expressed as permille deviations (δ7Li) from the average value of L-SVEC 

standards of before and after sample analyses. 

	
 The uncertainty of the δ7Li value is better than ±0.3 ‰, as estimated from its 

long-term reproducibility, +8.26 ± 0.46 ‰ (2σ, n = 24), from July 2011 to March 2012 

using in-house lithium standard (Kanto Chemical Co.). This replicate δ7Li value agreed 

well with the value of +8.28 ± 0.39 ‰ (2σ, n = 47) reported by Nishio et al. (2010) 

within the analytical uncertainty of ±0.3 ‰. δ7Li value for the proposed seawater 

standard IRMM BCR-403 was +30.9 ‰, which agreed approximately with previously 
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reported values of +31.0 ± 0.5 ‰ (2σ, n = 30, Millot et al. 2004) and +31.3 ‰ (Nishio 

et al. 2010). 

 

2.3.2. Strontium isotopic measurement 

	
 The 87Sr/86Sr ratios were measured by TIMS with Sr-loaded single tungsten filaments. 

Before isotopic measurements, 0.1 M TAMAPURE-AA-100-grade HNO3 was added 

into purified strontium residual for dilution into about 160 µg g−1 Sr content in the 

sample solution. The solution samples were loaded on single tungsten filaments 

together with a tantalum activator solution (Birck, 1986). The Sr-loaded filaments were 

set up into TIMS. Finally, the 87Sr/86Sr ratios were measured by adjusting the current of 

evaporation filament manually. 

	
 The uncertainty of the 87Sr/86Sr ratio is better than ±0.000007, as estimated from the 

long-term reproducibility, 0.7102596 ± 0.0000095 (2σ, n = 13) from July 2011 to 

March 2012 of the NIST SRM 987 standard (80 ng Sr). This replicate value agreed 

approximately with the value of 0.7102507 ± 0.0000066 (2σ, n = 36) reported by Nishio 

et al (2010) within the analytical uncertainty. 
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3.1. Abstract 

 

	
 Highly concentrated lithium resources are often formed in salt crusts and playas by 

repetition of water evaporation and inspissation. Lithium-rich brine in playas is a major 

raw material for lithium production. Recently, lithium isotopic ratios (δ7Li) have been 

identified as a tool for investigating water–rock interactions. Thus, to constrain the 

origin of lithium in playas by the use of its isotopes, I conducted the leaching 

experiments on various lacustrine sediments and evaporite deposit samples collected 

from playas in Nevada, USA. I determined lithium and strontium isotopic ratios and 

contents and trace element contents of the leachate, estimated the initial δ7Li values in 

the water flowing into the playas, and examined the origin of lithium in playas by 

comparison with δ7Li values of the possible sources. 

	
 In samples from the playas, δ7Li values show some variations, reflecting differences 

both in isotopic fractionation during mineral formation and in initial δ7Li value in water 

flowing into each playa. However, all δ7Li values in this study are much lower than 

those in river water and groundwater samples from around the world, but they are close 

to those of volcanic rocks. Considering the temperature dependence of lithium isotopic 

fractionation between solid and fluid, these results indicate that the lithium concentrated 

in playas in Nevada was supplied mainly through high-temperature water–rock 

interaction associated with local hydrothermal activity and not directly by 

low-temperature weathering of surface materials. This study, which is the first to report 

lithium isotopic compositions in playas, demonstrates that δ7Li may be a useful tracer 

for determining the origin of lithium and evaluating its accumulation processes in 

playas. 
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3.2. Introduction 

 

	
 Lithium is an industrially useful element with extremely low reduction potential. 

Lithium compounds are used in many ways, such as in heat-resistant glass products, 

ceramics, the aluminum industry, lubricants, and medical products (Garrett 2004). At 

present, one of the most important lithium products is secondary lithium-ion batteries 

used in electronics, especially mobile phones and notebook computers. The mining 

production of lithium has increased rapidly: in 2011, worldwide production was 34,000 

tonnes, about five times the amount in 1995 (U.S. Geological Survey [USGS] 1996, 

2012). The future demand for lithium is expected to increase rapidly as demand for 

environmentally friendly hybrid and electric automobiles grows (Vikstrom et al. 2013). 

	
 There are two types of lithium resources: (1) lithium pegmatite, which is rich in 

different lithium minerals such as lepidolite, petalite, and spodumene (Garrett 2004), 

and (2) brine deposits, especially those in salt flats and playas. The latter has recently 

become dominant as a raw material for lithium production because the costs of 

processing and production are relatively low (USGS 2012). The worldwide reserves of 

lithium and identified lithium resources were estimated to be 13 and 34 million tonnes, 

respectively (USGS 2012). In arid regions, lithium resources form in playas by 

evaporative enrichment (Jones and Deocampo 2003). As a result of the rising 

consumption of lithium carbonate, lithium-rich brine in salt flats and playas is now 

exploited worldwide. 

	
 In recent years, lithium isotopes is attracted a great deal of attention as a powerful 

tool for investigating water–rock interactions. The leaching of lithium from rocks is 

strongly temperature dependent; however, even at low temperature, the aqueous 

solubility of lithium is very large. Thi is the reason for its high content in brines (You et 

al. 1996; James et al. 2003). Another important characteristic of lithium is that it is 
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easily incorporated into clay minerals due to replacement of Mg2+ and Fe2+ in the layer 

silicates (Stoffynegli and Mackenzie 1984). 

	
 In this study, to constrain the origin of lithium in playas by the use of its isotopes, I 

performed two leaching experiments and analyzed lithium contents and isotopic ratios 

of leachate from lacustrine sediments and evaporite deposit samples collected from 

playas in Nevada, USA, as a representative of onshore lithium ore deposits. This is the 

first report of lithium isotopic compositions of lacustrine sediments and evaporite 

deposits from playas. 

 

 

3.3. Materials and Methods 

 

3.3.1. Sample descriptions and geological settings 

	
 Basin-and-range topography is extensively developed in the western USA as a result 

of early Miocene faulting (Fig. 3-1a; Diles and Gans 1995). Numerous playas, 

consisting of flat clay beds and precipitated salts, have formed in the basins. 

	
 My collaborator collected nine samples of lacustrine sediments and evaporite 

deposits from four playas encrusted with precipitated salts (Fig. 3-1b). Brine pumped 

from the Silver Peak playa has been exploited for lithium since 1964 by the Foote 

Mineral Company (Davis et al. 1986). Production of lithium carbonate from the Clayton 

Valley brine field, which includes Silver Peak, by Chemetall Foote Corporation began 

in 1967 and continues to the present. Alkali Lake is a mining property of Lomiko 

Metals Inc. The other two studied playas, Fish Lake and Columbus Salt Marsh, have yet 

to be explored for their lithium resource. 

	
 The compositions of the samples varied, but they consisted mainly of clay mud, salts, 

and sand (volcanic rock fragments). In the Clayton Valley area, alternating deposits of 
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lacustrine sediments and salt beds and lithium-rich brines formed during the Pleistocene 

(Munk et al. 2011), with the lithium-rich brines occurring in aquifers (Davis et al. 1986). 

Hectorite found in the Clayton Valley playa sediments contains 350–1,171 ppm Li 

(Kunasz 1974). The lithium contents of volcanic rocks in the area are an order of 

magnitude lower than those in brine and clay minerals (Davis et al. 1986; Price et al. 

2000; Munk et al. 2011). 

	
 Two hypotheses have been proposed to explain the high lithium contents of brine and 

clays: (1) long-term chemical weathering of rocks in the surrounding region provided 

lithium to the surface waters that flowed into the Clayton Valley basin, and (2) 

hydrothermal activity associated with local volcanism contributed the lithium (Kunasz 

1974; Davis et al. 1986). At present, there is insufficient evidence to support either 

hypothesis. 
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3.3.2. Sample preparations and experiments 

	
 I examined the mineral composition of samples by X-ray diffraction analysis. To 

determine the most appropriate method for estimating the initial values of the lithium 

isotopic ratio in the water flowing into the playas, I conducted two leaching experiments. 

The leaching experiments would also reveal the main mineralogical phases containing 

lithium and the effect of leaching on the lithium isotopic ratios of the leachate. The 

following chemical procedures were performed in a clean laboratory (cleanliness level 

better than class 1,000) at the Kochi Core Center (KCC), JAMSTEC, Japan. 

	
 The experiment 1 was performed using each of the nine samples, but a lithium 

isotope analysis of the leachate from only one sample, FL01, was performed. This 

leaching experiment consisted of two steps. In the first step, the samples were dried 

overnight at room temperature (~25 °C). Then, 10 mL of Milli-Q water was added to 

100 mg of the solid sample and the mixture was shaken manually before centrifugation 

for 30 min with 3,000 rpm to separate the solids from the leaching solution. The 

supernatant was then passed through a 0.2-µm PTFE syringe filter. In the second step, 

the residual solids were dried overnight at around 25°C, then shaken manually in 10 mL 

of 2 wt% ultrapure HNO3. This mixture was then centrifuged for 30 min with 3,000 rpm, 

and the supernatant was filtered through a 0.2-µm PTFE syringe filter. 

	
 In the experiment 2, 10 mL of 2 wt% ultrapure HNO3 was added to 100 mg 

unconsolidated samples, and the mixture was shaken manually, and then centrifuged for 

30 min with 3,000 rpm. The resulting supernatant was filtered as in the experiment 1. 

 

3.3.3. Analytical procedure 

	
 The contents of Na, Mg, K, Ca, and Fe in the solutions derived from the experiments 

1 and 2 were determined with an inductively coupled plasma atomic emission 

spectrograph (ICP-AES, Optima 4300 DV, PerkinElmer) at KCC, using a ×100 dilution 
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(for Mg, K, Ca, Fe) or a ×1000 dilution (for Na) of the sample solution. The contents of 

Li and Sr were determined with a quadrupole inductively coupled plasma mass 

spectrometer (ICP-MS, ELAN-DRC II, PerkinElmer) at KCC, using a ×100 dilution of 

the sample containing an internal indium standard. The uncertainties of all 

measurements were better than ±3 %, as reported by Nishio et al. (2010), who estimated 

the uncertainty from the reproducibility (2 RSD) of a standard solution. 

	
 Lithium and strontium isotopic ratios were measured at KCC with a multi-collector 

ICP-MS (MC-ICP-MS, Neptune, Thermo Sci. Co.) and a thermal ionization mass 

spectrometer (TIMS, Triton, Thermo Sci. Co.), respectively, after two-step column 

separation. The column separation and mass spectrometry procedures were described in 

Chapter 2 in detail. 

 

 

3.4. Results and discussion 

 

3.4.1. Experimental procedure for estimating the origin of lithium in playas 

	
 The mineral composition of the samples was determined by X-ray diffraction analysis. 

Clay-rich samples (samples FL01, FL03, SP01, and SP02) are composed of illite and 

small amounts of halite, calcite and quartz. Salt-rich sample FL02 is composed of halite 

and a small amount of thenardite; sample FL04 is composed predominantly of 

thenardite. Sand-rich samples from Alkali Lake (samples AL01 and AL02) are 

composed of zeolite, quartz, and calcite; the sample from Columbia Salt Marsh (sample 

CSM91) is composed of zeolite, quartz, and halite. 

	
 In the first step of the experiment 1, almost half of the total amount of lithium was 

eluted from the samples with Milli-Q water (Table 3-1 and Fig. 3-2). Most of the 

sodium in salt-rich samples was also leached, because halite and thenardite easily 
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dissolve even in neutral pH water. In contrast, several elements such as magnesium and 

iron remained in the solid phase (Table 3-1 and Fig. 3-2). In the second step, extraction 

with HNO3 transferred the rest of the lithium into solution. A substantial amount of 

calcium was also eluted form calcite, as well as magnesium and iron from the clay 

minerals (Table 3-1 and Fig. 3-2). These results indicate that the lithium extracted 

during the first step was mainly incorporated in halite, and that the lithium extracted 

during the second step had been mainly incorporated into clay minerals. In fact, a large 

amount of lithium in the halite-containing samples was eluted with neutral H2O (e.g., 

samples FL01, FL02, FL03, SP01, and SP02, Table 3-1 and Fig. 3-2), whereas a large 

amount of lithium was leached from clay-rich samples by HNO3 (e.g., samples FL01, 

FL03, SP01, and SP02, Table 3-1 and Fig. 3-2). In contrast, thenardite and calcite 

appear to contain less lithium (e.g., samples FL04, AL01, and AL02, Table 3-1 and Fig. 

3-2). δ7Li differed by 9 ‰ between the solutions obtained in the first and second steps 

of the experiment 1 (sample FL01, Table 3-1), suggesting the preferential uptake of 6Li 

via formation of Li-, Mg-, and Fe-bearing clay minerals (Chan et al. 1992; Misra and 

Froelich 2012). 

	
 After the leaching experiment 1, only a small amount of solid residue was left. This 

residue was probably composed mainly of silicate minerals from basement rocks (e.g., 

volcanic tuff, granite, and rhyolite; Munk et al. 2011) with low lithium contents. The 

lithium content of the sample residuals was probably low (less than 22 ppm; Munk et al. 

2011). In fact, the lithium contents of salt-rich and clay-rich samples were much higher 

than those of basement rocks in this region (less than 22 ppm; Munk et al. 2011) and 

sandy samples of volcanic origin (Table 3-1 and Fig. 3-2). These results suggest that the 

lithium eluted into the solution by the two steps of the leaching experiment 1 was 

mostly derived from the water flowing into the playas in the past. Even though the 

leaching experiment 2 consisted of only one step, extraction with HNO3, the results 
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were similar to the estimated lithium contents by summing the results from the two 

steps of the leaching experiment 1 (Table 3-1 and 3-2). Therefore, I conclude that the 

solution obtained after leaching in the experiment 2 is representative of the original 

lithium deposited in the playas in the past in terms of lithium isotopic compositions. 
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Table 3-1 Lithium and strontium isotopic compositions and chemical compositions obtained by the leaching experiment 1 for samples 

from playas in Nevada, USA. Li isotopic compositions were determined by MC-ICP-MS. Li and Sr contents were determined 

by ICP-MS. Na, Mg, K, Ca, and Fe contents were determined by ICP-AES. The final contents of the samples were calculated 

from the sample weights and dilution factors 

 

 

 

 

 

 

Sample 
name 

Sample 
description 

Sampling 
point 

δ7Li Li Sr Na Mg K Ca Fe 

(‰) (ppm) (ppm) (%) (%) (%) (%) (ppm) 
By Milli-Q H2O 
FL01 Clay rich 

Fish Lake 

9.3 171 12 6.33 <0.01 0.62 <0.01 n.d. 
FL02 Salt rich — 269 30 16.50 0.07 0.74 1.41 n.d. 
FL03 Clay rich — 339 24 3.40 0.02 1.02 0.01 n.d. 
FL04 Salt rich — 21 15 30.96 <0.01 0.12 1.59 n.d. 
AL01 Sand rich Alkali Lake — 1 1 0.33 <0.01 0.06 1.10 n.d. 
AL02 Sand rich — 1 1 0.39 <0.01 0.09 1.45 n.d. 
SP01 Clay rich Silver Peak — 306 83 2.10 <0.01 0.85 0.19 n.d. 
SP02 Clay rich — 695 209 4.44 <0.01 1.47 0.05 n.d. 

CSM01 Sand rich Columbia 
Salt Marsh — 11 60 4.26 0.01 0.18 2.00 n.d. 

By 2 wt% ultrapure HNO3 
FL01 Clay rich 

Fish Lake 

0.3 203 882 0.50 0.65 0.39 1.99 1,020 
FL02 Salt rich — 207 1,704 0.43 1.20 0.21 1.93 424 
FL03 Clay rich — 220 1,213 0.49 0.42 0.64 2.43 763 
FL04 Salt rich — 6 12 0.22 0.01 0.07 0.02 n.d. 
AL01 Sand rich Alkali Lake — 10 181 0.25 0.14 0.19 3.62 268 
AL02 Sand rich — 10 203 0.24 0.15 0.22 3.86 435 
SP01 Clay rich Silver Peak — 47 146 0.13 0.26 0.24 1.86 234 
SP02 Clay rich — 80 158 0.17 0.25 0.26 1.83 294 

CSM01 Sand rich Columbia 
Salt Marsh — 27 46 0.20 0.23 0.16 0.63 300 
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Table 3-2 Lithium and strontium isotopic compositions and chemical compositions obtained by the leaching experiment 2 for samples 

from playas in Nevada, USA. Li and Sr isotopic compositions were determined by MC-ICP-MS and TIMS, respectively. Li and 

Sr contents were determined by ICP-MS. Na, Mg, K, Ca, and Fe contents were determined by ICP-AES. The final contents of 

samples were calculated from the sample weights and dilution factors 

n.d. not determined 

Sample 
name 

Sample 
description 

Sampling 
point 

δ7Li 87Sr/86Sr Li Sr Na Mg K Ca Fe 

(‰)  (ppm) (ppm) (%) (%) (%) (%) (ppm) 
FL01 Clay rich 

Fish Lake 

1.4 0.711608 594 902 4.87 1.01 1.06 1.23 3,506 
FL02 Salt rich 7.4 0.711884 693 1,583 16.83 1.33 1.07 0.89 1,977 
FL03 Clay rich - 1.0 0.711599 637 1,192 3.63 1.09 0.73 1.55 3,007 
FL04 Salt rich 4.5 0.711675 102 112 21.76 0.09 0.83 n.d. 199 
AL01 Sand rich Alkali Lake 3.1 0.709893 49 191 0.87 0.31 0.59 2.16 2,119 
AL02 Sand rich 4.6 0.709903 59 250 1.35 0.32 1.02 2.88 2,566 
SP01 Clay rich Silver Peak 7.9 0.710148 344 418 2.82 0.46 1.23 1.36 1,044 
SP02 Clay rich 7.5 0.710149 1,020 554 3.55 0.65 2.31 2.39 1,562 

CSM01 Sand rich Columbia 
Salt Marsh 2.0 0.710572 69 130 3.58 0.43 0.47 0.76 1,554 
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3.4.2. Origin of lithium in playas 

	
 Possible sources of lithium in playas include (1) fossil seawater, (2) river water, (3) 

saline groundwater of local meteoric origin, and (4) continental hydrothermal fluids 

(Jones and Deocampo 2003). 

	
 The lithium content and δ7Li value of seawater is on average 0.18 ppm and +31.0 ± 

0.5 ‰ (2σ), respectively (Millot et al. 2004; Tomascak 2004). Because the residence 

time of lithium in the ocean is very long (~1.2 Ma), lithium in the open ocean reservoir 

is isotopically homogeneous (Tomascak 2004; Misra and Froelich 2012). On the basis 

of an analysis of planktonic foraminifera, Misra and Froelich (2012) reported that the 

δ7Li value of seawater has ranged from +22 to +31 ‰ during the past 60 Ma. These 

δ7Li values are very high compared with those found in this study (–1 to +8 ‰, Table 

3-3 and Fig. 3-3). Moreover, the 87Sr/86Sr values determined in this study (range, 

0.709893 to 0.711884; mean, 0.710826 ± 0.001696, 2σ) differ from those of both 

submarine hydrothermal fluids (mean, 0.7025; Davis et al. 2003) and seawater (mean, 

0.70917; Veizer 1989), but are consistent with those of continental waters (range, 

mainly from 0.702 to 0.720; Banner 2004). Taken together, these results indicate that 

the lithium and strontium in the playas are of continental origin. 

	
 Although kinetic effects leading to lithium isotope fractionation have not been 

reported in laboratory experiments (Tomascak 2004), Δ7Lisolid-fluid fractionation 

depends on temperature: Δ7Lisolid-fluid = –4.61(1,000/T[K]) + 2.48 (Wunder et al. 2006); 

Δ7Lisolid-fluid = –7,847/T + 8.093 (Millot et al. 2010a). As a result, Δ7Lisolid-fluid 

fractionation is negatively correlated with temperature (Wunder et al. 2006; Millot et al. 

2010a). Moreover, because 6Li is preferentially incorporated into the solid phase, δ7Li 

values of solutions must be higher than those of rocks (Yamaji et al. 2001). Therefore, 

the higher the solid-fluid interaction temperature is, the smaller the isotopic differences 

between solid and fluid will be, although more lithium enters into solution at higher 
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temperatures. 

	
 The dissolved lithium content of river waters from around the world ranges from 

0.010 to 23 ppb (flow-weighted mean, 1.8 ppb) and δ7Li ranges from +6 to +43 ‰ 

(average, +23 ‰) (Huh et al. 1998; Gaillardet et al. 2003; Misra and Froelich 2012) 

(Table 3-3). Most dissolved lithium in river water (>90 %) is derived from silicate 

rocks (Kisakurek et al. 2005; Millot et al. 2010b), and δ7Li values are significantly 

heavier than those of the upper continental crust because of high fractionation during 

low-temperature chemical weathering (Huh et al. 1998; Kisakurek et al. 2005; Millot et 

al. 2010b). Similarly, the lithium content of saline groundwater, which is common in 

arid to semi-arid regions, ranges from 0.01 to 16 ppm and δ7Li ranges from +7 to 

+30.6 ‰ because water–rock interactions in aquifers occur at low temperature 

(Tomascak 2004). 

	
 Continental hot spring waters are highly enriched in lithium (from 0.3 to 10 ppm), 

and δ7Li values are relatively low (+1.0 to +17.1 ‰) (Falkner et al. 1997; Tomascak 

2004) because of small isotopic fractionation at high temperatures. Water–rock 

interactions at 350 °C result in an isotopic difference of only about 5 ‰ between the 

solid and the fluid (Chan et al. 1993; Wunder et al. 2006; Millot et al. 2010a) and salt 

crystallization causes little isotopic fractionation (Tomascak et al. 2003), which is 

consistent with the approximately 5 ‰ difference between the samples in this study 

and plausible host rocks, such as volcanic rocks collected from the eastern Sierra 

Nevada (Yosemite National Park, Long Valley area, and Mono Basin, about 100 to 

200 km west of the study region: 0 to +4 ‰; Tomascak et al. 2003) and of upper 

continental crust (–5 to +5 ‰; Teng et al. 2004, Fig. 3-3). In contrast, water–rock 

interaction associated with chemical weathering at 25 °C results in an isotopic 

difference of about 19 ‰ between solid and fluid (Millot et al. 2010a), which is too 

large to account for the δ7Li values in this study (Fig. 3-3). 
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 From the lithium isotopic results, I thus infer that the lithium in the playas was 

supplied mainly by continental hydrothermal fluids resulting from local geothermal 

activity. In contrast, it is thought that lithium in Andean salars, where abundant lithium 

resources have been identified in brines, originate from the alteration of volcanic rocks, 

especially ignimbrites because of their rapid alteration and weathering (Risacher and 

Fritz 2009). This hypothesis was derived from the fact that there was no relationship 

between lithium content and temperature of dilute springs and ground waters and that 

there was no significant difference between lithium abundance in waters derived from 

meteoric and hydrothermal alteration in this region (Risacher and Fritz 2009). 

However, these are insufficient evidence because the contents of lithium have been 

modified by evaporation and enrichment. My results suggest that information on the 

lithium isotopic composition would allow to ascertain the origin of the lithium 

resources in the playas and salt crusts of the Andes and elsewhere. 
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Table 3-3 Average lithium contents and ranges, and Li isotopic compositions in various geological reservoirs and in this study 

a Flow-weighted mean value 
b No data 
c Homogeneous in the open ocean 
d Recalculated by excluding the data for dilute hot spring waters from Falkner et al. (1997) 
e From the results of the leaching experiment 2, shown in Table 3-2 

Reservoir 
 δ7Li  Li   
 (‰)  (ppb or ppm)  Reference 
 Average Range  Average Range   

River water  +23 +6 to +43  1.8 ppb a 0.0010–23 ppb  
Huh et al. (1998), Gaillardet 
et al. (2003), Misra and 
Froelich (2012) 

Saline groundwater  — b +7 to +31  — b 0.01–16 ppm  Tomascak (2004) 

Seawater  +31.0 ± 0.5 
(2σ) — c  180 ppb — c  

Millot et al. (2004), 
Tomascak (2004), Misra 
and Froelich (2012) 

Continental thermal 
fluid  — b +1 to +17 (d)  — b 0.3–10 ppm d  

Tomascak (2004; excluding 
data from Falkner et al. 
1997) 

Upper continental crust  0 ± 2 (1σ) –5 to +5  35 ± 11 ppm (2σ) 8–187 ppm  Teng et al. (2004) 

Playa (e)  +4.2 ± 3.1 (1σ) –1 to +8  400 ± 350 ppm 
(1σ) 50–1,020 ppm  This study 
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3.4.3. Variation of lithium contents and lithium isotope compositions among samples 

	
 The lithium contents and δ7Li values in this study (Table 3-2) show some variation, 

reflecting differences in the mineralogical composition among samples (Fig. 3-4a). The 

leaching experiment 1 revealed that most lithium was incorporated in halite and clay 

minerals and that thenardite and calcite contained less lithium. This result agrees well 

with the lithium contents in the samples (Table 3-2).  

	
 The variation in δ7Li values probably reflects differences in isotopic fractionation 

during each mineral formation. Approximately 16 ‰ difference between secondary 

clays and seawater has been observed in marine sediment and altered oceanic crust 

(Chen et al. 1992; Misra and Froelich 2012). In contrast, relatively small (calcite, 2–

8 ‰; Tomascak et al. 2003, Marriott et al. 2004a, 2004b) or very small (halite, <1 ‰; 

Tomascak et al. 2003) isotopic fractionation during salt crystallization between mineral 

and growth solution has been reported, although the chemistry of the growth solution 

might affect the isotope composition of the precipitated mineral. Thus, isotopic 

differences between lithium incorporated in halite and that incorporated into clay 

minerals could mainly cause the variation in δ7Li values among the samples, as shown 

by the results of the leaching experiment 1 (sample FL01). In fact, in samples from Fish 

Lake, δ7Li values are higher in salt-rich samples (samples FL02 and FL04, blue 

squares) than in clay-rich samples (samples FL01 and FL03, red squares, Fig. 3-4a). 

The thenardite-rich sample FL04 with lower δ7Li values than the halite-dominant 

sample FL02 suggests that isotopic fractionation (≈3‰, Table 3-2) between thenardite 

and growth solution might have occurred during crystallization. Differences in the 

relative proportion of each mineralogical phase among samples could also cause 

isotopic variation; sample FL01 with a relatively high proportion of salt has higher δ7Li 

values than sample FL03 (Table 3-2). 

	
 Differences in initial δ7Li value in the water flowing into each playa should also 
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affect the δ7Li values in the samples. 87Sr/86Sr values are relatively uniform in samples 

from the same playa regardless of mineral composition (Fig. 3-4b). The variation in 
87Sr/86Sr values is probably due to subtle differences in host rock characteristics in each 

playa because the strontium isotopic composition is controlled by the age and 

composition of host rocks (McDermott and Hawkesworth 1990). Although further 

studies on the lithium isotopic composition of probable host rock from each playa 

would be required in order to better understand the variation in δ7Li values, the initial 

δ7Li value in water flowing into each playa is likely slightly different. In fact, all 

clay-rich samples from Silver Peak have higher δ7Li values than those from Fish Lake 

(Table 3-2 and Fig. 3-4b). 
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fluid-mobile element (You et al. 1996; James et al. 2003). The lithium-rich fluids 

flowed into the playas, then evaporated in the arid climate (Fig. 3-5). Complete 

evaporation left lacustrine sediments and evaporite deposits on the surfaces of the 

playas (Fig. 3-5). Most of the lithium was incorporated into clay minerals or halite. The 

observed variation in the lithium isotopic composition in samples from the playas is 

mainly attributable to both the preferential uptake of 6Li by clay minerals and little 

isotopic fractionation during salt crystallization (Chan et al. 1992; Tomascak et al 2003; 

Misra and Froelich 2012). 

	
 The lithium isotopic ratio is thus a good tracer for reconstructing lithium 

concentration processes in playas. In future works, spatial and stratigraphic 

investigations are required to clarify the mechanisms of lithium accumulation in playas. 
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3.5. Conclusion 

 

	
 To constrain the origin of lithium in playas, I conducted two leaching experiments 

and determined lithium contents and isotopic ratios of the leachate from samples of 

lacustrine sediments and evaporite deposits from playas in Nevada, USA. These results 

suggest that most lithium is incorporated into clay minerals and in halite. Considering 

the δ7Li values of the possible sources and temperature dependence of lithium isotopic 

fractionation between solid and aqueous fluid, the lithium concentrated in playas in this 

region was supplied mainly by lithium-enriched hydrothermal fluids due to 

high-temperature water-rock interaction and not directly by low-temperature weathering 

processes. Minor variation in δ7Li values of samples is caused by differences both in 

isotopic fractionation during mineral formation and in initial δ7Li composition of the 

water flowing into each playa. 

	
 This study reports lithium isotopic compositions in playas for the first time. My study 

demonstrated that lithium isotopic patterns were preserved in evaporite deposits because 

most lithium has remained in the playa systems and little isotopic fractionation of 

lithium was expected to occur during evaporative enrichment. These results suggest that 

δ7Li can be a powerful tool for unraveling the origin of lithium and for reconstructing 

its accumulation processes in playas. Hence, it would be possible to apply lithium 

isotope studies in other similar environments around the world, especially in regions 

such as South America, where abundant lithium resources have been identified but the 

origin of the lithium is poorly understood. 
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Chapter 4 

 

Lithium isotopic composition of submarine vent fluids from arc and back-arc 

hydrothermal systems at western Pacific 
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4.1. Abstract 

 

	
 Submarine hydrothermal systems significant contribute to heat and elemental fluxes 

to the ocean. Vent fluid geochemistry in mid-ocean-ridge (MOR) hydrothermal systems 

were well-studied, while studies on vent fluid geochemistry in arc and back-arc systems 

were insufficient, especially in terms of lithium. To reveal control factors on lithium in 

arc and back-arc hydrothermal systems, I determined Li contents and its isotopic 

compositions of 11 vent fluids collected from 5 submarine arc/back-arc hydrothermal 

systems in the western Pacific. 

	
 Based on mass balance calculation, Li in vent fluids are dominated by seawater-rock 

(seawater-sediment) interaction in sediment-starved (sediment-hosted) hydrothermal 

systems in arc and back-arc basins. Li contents in vent fluids is also influenced by 

phase-separated processes, by temperature-related portioning of rock Li into fluid phase, 

and by host rocks. In contrast, Li isotopic composition in vent fluids may be affected by 

isotopic fractionation during incongruent mineral dissolution and by host rocks, but not 

by phase-separated processes. These results demonstrate that lithium is a useful tracer 

for investigating hydrothermal circulation processes such as a phase separation process 

and seawater-rock/seawater-sediment interaction under the seafloor not only in MOR 

but also in arc and back-arc settings. 

	
 The global lithium flux and its isotopic compositions from submarine hydrothermal 

systems to the ocean were re-evaluated using the data of this study, were different from 

previously estimated values, indicating that arc and back-arc hydrothermal systems are 

not negligible compared to MOR sites in terms of lithium. Therefore, studies on lithium 

in arc/back-arc hydrothermal systems are necessary for better understanding the role of 

submarine hydrothermal systems in global lithium cycles on the earth’s surface. 
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4.2. Introduction 

 

	
 Submarine hydrothermal system is a fluid circulatory mechanism under the seafloor. 

Once seawater sinks into seafloor through cracks of the oceanic crust, seawater is 

heated by a magma reservoir and it rises due to the lower density. Then hydrothermal 

fluid erupts at the seafloor surface and hydrothermal vents are formed. During this 

process, cold, oxygenated, and metal-depleted seawater changes into hot, anoxic, and 

metal-enriched vent fluid by interactions between oceanic crust and seawater at high 

temperature. When hot vent fluids encounter cold seawater, almost all of metal elements 

precipitate as sulfides and ore deposits are generated on the seafloor. 

	
 A number of submarine hydrothermal systems have been discovered along spreading 

center in the Pacific, Atlantic, and Indian Oceans (Fig. 4-1). Among submarine 

hydrothermal systems all over the world, geochemistry of hydrothermal vent fluids at 

mid-ocean-ridge (MOR) sites have been well studied. The chemical compositions of 

vent fluids at MOR sites such as EPR21ºN are unique (e.g. Gamo 1995), indicating that 

MOR hydrothermal sites are typical systems controlled by seawater-basalt 

(seawater-MORB) interactions at high-temperature. In contrast, various geological 

settings and host rocks (not only basalt) have been reported in arc and back-arc 

hydrothermal sites, which may cause some variations in chemical compositions 

compared to MOR sites (e.g. Gamo 1995). Similarly, in terms of lithium, studies on the 

control factor of lithium in arc and back-arc hydrothermal systems are insufficient 

compared to MOR sites. 
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 Phase separation in hydrothermal systems, which causes much variations in chemical 

compositions of vent fluids, has also been studied at MOR sites such as the Axial 

Seamount Hydrothermal Emissions Study (ASHES) and Main Endeavour Field (MEF) 

of the Juan de Fuca Ridge (e.g. Butterfield et al. 1990; Gamo 1995; Foustoukos et al. 

2004). Moreover, it is known that sediments greatly influence chemical compositions of 

vent fluids in sediment-hosted hydrothermal systems at MOR sites such as the Escanaba 

Trough and Guaymas Basin (e.g. Chan et al 1994; Gamo 1995). However, no study has 

reported lithium isotopic compositions of phase-separated and sediment-hosted vent 

fluids in arc and back-arc hydrothermal systems except for the only study at the Abyss 

vent in the Okinawa Trough (Scholz et al. 2010). 

	
 Considering the significant difference of lithium contents and its isotopes between 

seawater (0.026 mmol/kg, +31.0 ‰; Millot et al. 2004) and MORB (0.94 mmol/kg, 
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+3.7 ‰; Gale et al. 2013, Tomascak et al. 2008), lithium is expected to be a good tracer 

in submarine hydrothermal systems during water-rock interactions at high temperature. 

In this study, I determine lithium contents and its isotopic ratios together with other 

chemical compositions of 11 vent fluids from 5 sites, the sediment-starved Manus Basin 

(Vienna Woods, PACMANUS), Izu-Bonin Arc (Suiyo Seamount), Mariana Trough 

(Alice Springs, Forecast Vent), North Fiji Basin (White Lady, Kaiyo, LHOS), and 

sediment-hosted Okinawa Trough (JADE, Minami-Ensei, CLAM) in arc and back-arc 

hydrothermal systems in the western Pacific. By the use of lithium contents and its 

isotopes, I discuss the control factor and behavior of lithium in hydrothermal fluids 

during high-temperature water-rock interaction in (1) sediment-starved hydrothermal 

systems with various host rocks, (2) phase-separated hydrothermal systems, and (3) 

sediment-hosted hydrothermal systems. 

	
 Submarine hydrothermal system is also important for considering global elemental 

fluxes to the ocean. However, it is unclear whether elemental fluxes from arc and 

back-arc hydrothermal systems to the oceans are significant compared with those of 

MOR hydrothermal systems (Shikazono 2003). According to the data from various 

previous studies on lithium contents and its isotopes of vent fluids and river waters, 

Misra and Froelich (2012) estimated that lithium flux from hydrothermal vent fluids to 

the ocean (13×109 moles/year) is comparable that from rivers (10×109 moles/year) and 

that the mean value of their isotopic composition is +8.3 ‰ and +23 ‰, respectively. 

However, estimated lithium flux from hydrothermal systems were based on average 

lithium contents from mainly MOR sites (Edmond 1979, 1982; Vom Damm et al. 1985; 

Chan and Edmond 1988; Vom Damm 1990; Chan et al. 1993, 1994; Foustoukos et al. 

2004), and the lithium isotopic composition from hydrothermal systems were based on 

the values at 7 sites, EPR 21ºN, EPR 11ºN - 13ºN, MAR 23ºN, Mariana Trough, 

Escanaba Trough, Guaymas Basin, and Juan de Fuca Ridge (Chan et al. 1993, 1994; 
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Foustoukos et al. 2004). Hence, the estimated lithium isotopic composition from whole 

hydrothermal systems did not contain data from arc and back-arc hydrothermal systems 

except for the Mariana Trough. This is because lithium isotopic compositions from arc 

and back-arc vent fluids have yet to be measured (Chan et al. 1994; Scholz et al. 2010). 

Therefore, another purpose of this study is to re-evaluate hydrothermal lithium fluxes 

and isotopic compositions to the oceans by determining lithium contents and its isotopic 

compositions in some vent fluids with various geological settings as a representative of 

arc and back-arc hydrothermal systems. 

 

 

4.3. Materials and methods 

 

4.3.1. Geological settings 

	
 The vent fluid samples of this study were mainly supplied by Professor Toshitaka 

Gamo of the Atmosphere and Ocean Research Institute (AORI), The University of 

Tokyo, and Associate Professor Junichiro Ishibashi of Kyusyu University. The 

sampling locations are shown in Fig. 4-2. Geological settings and site characteristics 

(host rock, water depth, location, temperature, and pH) are listed in Table 4-1. Detailed 

geological information on each site is summarized by Ensong (2013). 

	
 The hydrothermal vents in this study have various site characteristics such as 

geological settings (arc and back-arc), host rocks (basalt and dacite), water depth (from 

710 to 3600 m), temperature (from 202 to approx. 400 ºC), and pH (from 2.7 to 5.3) 

(Table 4-1). Therefore, in this study, I compare lithium contents and its isotopes in vent 

fluids with such site characteristics in order to determine the control factor and behavior 

of lithium in hydrothermal fluids. 
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Table 4-1  Geological settings and site characteristics at submarine hydrothermal site

Izu-Bonin 2

Vienna
Woods

PACMAN
US

Suiyo
Seamount

Alice
Springs

Forecast
Vent White Lady Kaiyo LHOS JADE Minami-

Ensei CLAM

Type Back-arc Back-arc Arc Back-arc Arc Back-arc Back-arc Back-arc Back-arc Back-arc Back-arc

Sediment- starved starved starved starved starved starved starved starved hosted hosted hosted

Host rock Basalt Dacite Dacite Basalt Basalt Basalt Basalt Basalt Dacite — Basalt

Depth (m) 2500 1650 - 1700 1380 3600 1490 1970 2000 2000 1340 710 1390

Location (Latitude) 3°10'S 3°44'S 28°34'N 18°13'N 13°24'N 16°59'S 16°59'S 16°59'S 27°16'N 28°23'N 27°33'N

Location (Logitude) 150°17'E 151°40'E 140°39'E 144°42'E 143°55'E 173°55'E 173°55'E 173°55'E 127°04'E 127°38'E 126°58'E

Temperature ( ) 285 - 300 260 296 -311 280 202 350 - 400 291 291 320 267 - 278 220

pH at 25 4.5 2.7 -3.1 3.7 3.9 — 4.7 4.7 4.7 4.7 4.9 -5.1 5.3
1 Gamo et al. 1996
2 Gamo et al. 1997
3 Ishibashi et al. 1994
4 Chiba et al. 1997

Site
Manus Basin 1 Mariana Trough 2 North Fiji Basin 3 Okinawa Trough 4
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4.3.2. Analytical procedure 

	
 Some chemical compositions in fluid samples were already measured and 

summarized by previous studies (e.g. Gamo et al. 1995). However, to check the 

alteration of the samples during long-term storage (≈20 years), major and trace element 

contents of the samples were measured by ICP-AES at National Institute of Advanced 

Industrial Science and Technology (AIST) and ICP-MS at KCC, JAMSTEC, 

respectively. The uncertainties of all measurements were better than ±3 %, as reported 

by Nishio et al. (2010), who estimated the uncertainty from the reproducibility (2 RSD) 

of a standard solution. The samples whose major element concentrations were different 

from previous data were not used in this study. Then, two or three samples from each 

site, whose Mg contents range from seawater value (53.3 mmol/kg) to 0 mmol/kg, were 

selected for determining the original lithium contents and isotopic values of vent fluids. 

The Li isotope and Sr isotope measurements were conducted by MC-ICP-MS and TIMS 

at KCC, JAMSTEC, respectively, after two-step column separation. Detailed analytical 

procedures on lithium and strontium isotope measurements are described in Chapter 2. 

 

 

4.4. Results 

 

	
 The results of Li and Sr contents, δ7Li and 87Sr/86Sr values of fluid samples from each 

vent fluid are listed in Table 4-2. Mg contents in original hydrothermal fluids are 

expected to be 0 by the formation of Mg-bearing altered minerals such as smectite and 

chlorite during water-rock interactions (Bischoff and Dickson, 1975; Seyfried and 

Bischoff, 1979). Thus, Mg contents in the fluid samples are considered as a mixture of 

original vent fluids and seawater. Therefore, Li and Sr contents of the end member 

fluids can be calculated by extrapolating Mg contents to 0 (Fig. 4-3, Table 4-3). 
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 The δ7Li and 87Sr/86Sr in the end member fluids can also be estimated by mass 

balance calculations: 

[δ7Li]sample × [Li]sample = R × [δ7Li]hydrothermal × [Li]hydrothermal + (1−R) × [δ7Li]SW × [Li]SW 

…(1) 

[Li]sample = R × [Li]hydrothermal + (1−R) × [Li]SW …(2) 

where R means the mixing ratio of hydrothermal fluid. Thus, 

[δ7Li]sample = α / [Li]sample + β …(3) 

α = [Li]hydrothermal × [Li]SW × ([δ7Li]SW − [δ7Li]hydrothermal) / ([Li]hydrothermal − [Li]SW) 

…(4) 

β = ([δ7Li]hydrothermal × [Li]hydrothermal − [δ7Li]SW × [Li]SW) / ([Li]hydrothermal − [Li]SW) 

…(5) 

These formulas demonstrate that δ7Li value bears a linear relationship to 1/Li. By the 

use of this linear relationship, δ7Li values in end member fluids can be calculated by Li 

content in the end members and δ7Li values in fluid samples (Fig. 4-3, Table 4-3). Sr 

contents and 87Sr/86Sr in the end member fluids can be calculated by the same method as 

that of Li contents and δ7Li (Fig. 4-3, Table 4-3). 
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Table 4-2  Li and Sr contents, 7Li and 87Sr/86Sr values of hydrothermal samples from each vent fluid
Mg 1 Li 7Li Sr

(mmol/kg)(µmol/kg) (‰) (µmol/kg)
Manus Basin Vienna Woods 303-TS1 46.3 153 8.3 115 0.707972

307-1 20.3 677 4.4 187 0.705315
307-2 2.5 1105 4.7 256 0.704465

PACMANUS 301-8 21.7 784 6.1 114 0.706625
304-1 42.0 208 8 88 0.708495

Izu-Bonin Suiyo Seamount D630-3 17.7 509 7.6 270 0.704718
D631-2 0.8 721 7.1 307 0.704011
D631-6 3.7 708 7.3 295 0.704099

Mariana Trough Alice Springs D154-2 0.9 880 4.4 84 0.703737
D154-5 1.0 965 4.3 94 0.703774

Forecast Vent D182-4 43.2 75 12.2 101 0.707897
D187-2 25.3 193 6.6 147 0.705794

North Fiji Basin White Lady IST5-2 8.6 197 5.4 42 0.706405
IST6-1 25.7 127 7.7 66 0.708164

Kaiyo D80-3 31.5 142 8.9 79 0.708273
D80-4 8.5 356 5.9 60 0.705690

LHOS D93-3 24.4 219 6.8 77 0.707443
D93-4 33.5 140 8.1 80 0.708195

Okinawa Trough JADE D423-3 1.0 3802 2.5 180 0.708920
D423-5 45.2 425 3.9 100 0.709152

Minami-Ensei D621-5 27.2 2726 1.7 90 0.708892
D622-1 4.9 5514 1.9 247 0.710024
D622-2 1.4 5817 1.3 252 0.710070

CLAM D426-6 39.5 1261 1.9 74 0.709003
D427-6 33.4 2076 1.8 91 0.708962

53.1 2 26 3 31.0 3 90 4 0.70916 4

2 Turekian 1968
3 Millot et al. 2004
4 Palmer and Edmond 1989

(Seawater)

Site 87Sr/86SrSample

1 Mg contents of vent fluids are all from reference data (Gamo et al. 1996; Gamo et al. 1997;
   Ishibashi et al. 1994; Chiba et al. 1997)
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7Li (87Sr/86Sr) end members can be calculated by mass balance calculation and the Li (Sr) 

end members at each site. Details of the calculation for the end member values are de-

scribed in the text. The data of the end member values are listed in Table 4-3.
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Table 4-3  Li and Sr contents, 7Li and 87Sr/86Sr end members of vent fluids at various arc and back-arc region compared with MOR, geological settings and site characteristics
Izu-Bonin

Vienna
Woods

PACMAN
US

Suiyo
Seamount

Alice
Springs

Forecast
Vent

White
Lady Kaiyo LHOS JADE Minami-

Ensei CLAM

Type Back-arc Back-arc Arc Back-arc Arc Back-arc Back-arc Back-arc Back-arc Back-arc Back-arc
Sediment- starved starved starved starved starved starved starved starved hosted hosted hosted

Host rock Basalt Dacite Dacite Basalt Basalt Basalt Basalt Basalt Dacite — Basalt
Depth (m) 2500 1650 - 1700 1380 3600 1490 1970 2000 2000 1340 710 1390
Tempature ( ) 285 - 300 260 296 -311 280 202 350 - 400 291 291 320 267 - 278 220
pH at 25 4.5 2.7 -3.1 3.7 3.9 — 4.7 4.7 4.7 4.7 4.9 -5.1 5.3

Li (mmol/Kg) 1.14 1.30 0.75 0.94 0.34 0.23 0.40 0.37 3.86 5.98 5.40
7Li (‰) 4.3 5.5 7.2 4.3 4.8 4.9 5.7 5.2 2.4 1.6 1.5

Sr (µmol/kg) 259 130 319 89 198 35 55 65 181 245 79
87Sr/86Sr 0.7044 0.7058 0.7040 0.7037 0.7044 0.7055 0.7047 0.7054 0.7089 0.7101 0.7090

Li (mmol/Kg) 0.7 0.6 0.59 - 0.83 0.3 2.5 5.4 - 5.8 3 - 4 0.40 - 1.45
(Average: 0.84 ± 0.26, 1 ) 0.94 ± 0.04 0.03

7Li (‰) 8.6 6.5 - 11.5
(Average: 8.3 ± 1.3, 1 ) 3.7 ± 1.9 31.0

Sr (µmol/kg) 303 72 - 90 165 94 215 - 227 1470 ± 50 90
87Sr/86Sr 0.7036 - 0.7038 0.7089 0.7100 0.7028 ± 0.0001 0.70916
Reference1 1 1 1 1 1 1 1 2 3, 4 5, 6
1 References are below: 1. Gamo (1995), 2. Misra and Froelich (2012), 3. Gale et al. (2013), 4. Tomascak et al. (2008), 5. Millot et al. (2004), 6. Palmer and Edmond (1989)
2 The global mean values are shown with 2  uncertainties

(MORB) 2 (Seawater)Site
Manus Basin Mariana Trough North Fiji Basin Okinawa Trough

Vent fluids from MOR

1

Geological settings

This study

References

0.20 - 0.28

30 - 43
0.7046
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 The end members of Li and δ7Li are summarized in Table 4-3 and Fig. 4-4 with 

reference data from MOR hydrothermal sites. Li and Sr contents and their isotopic 

values in some vent fluids are almost the same as values from previous studies (Table 

4-3). However, there is 4.3 ‰ difference in lithium isotopic composition between this 

study and previous data from the Alice Springs (Chan et al. 1994). 

	
 Lithium in seawater is quite low in content (0.026 mmol/kg) and much high in δ7Li 

value (+31.0 ‰), while lithium in MORB is much higher in content (0.94 mmol/kg) and 

much lower in δ7Li value (+3.7 ‰). During water-rock interactions at high temperature, 

it is known that a large amount of lithium is leached from rocks and little isotopic 

fractionation occurs between fluid and rocks (e.g. You et al. 1996; James et al. 2003; 

Wunder et al. 2006; Millot et al. 2010). Considering these facts, lithium in hydrothermal 

fluids is expected to be higher in concentration and lower in isotopic ratios, which are 

similar values to MORB. In this study, lithium in hydrothermal fluids from arc and 

back-arc systems follows a similar pattern. However, there are some variations in 

lithium contents (from 0.23 to 5.98 mmol/kg) and δ7Li values (from +1.5 to +7.2 ‰) 

compared to MOR sites (range, from 0.40 to 1.45 mmol/kg and +6.5 to +11.5 ‰: Misra 

and Froelich 2012). Therefore, I discuss lithium contents and δ7Li values in vent fluids 

by dividing into three hydrothermal systems: (1) sediment-starved hydrothermal 

systems from the Manus Basin, Izu-Bonin Arc, and Mariana Trough, (2) 

phase-separated hydrothermal systems from the North Fiji Basin, and (3) 

sediment-hosted hydrothermal systems from the Okinawa Trough.  
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4.5. Discussion 

 

4.5.1. Lithium in hydrothermal systems at Mid-Ocean-Ridge 

	
 In MOR hydrothermal systems, the lithium contents and its isotopic compositions in 

vent fluids are relatively uniform due to typical high-temperature (<350 ºC) 

seawater-MORB interactions. The unique isotopic compositions of unaltered MORB 

(+3.7 ± 2.1 ‰, 1σ; Tomascak et al. 2008), temperature-dependent isotopic fractionation 

during water-rock interactions (4.5 ‰ difference between mineral and fluid at 350 ºC: 

Millot et al. 2010), and preferential portioning of MORB Li into fluid phase at high 

temperature (You et al. 1996) should control isotopic homogeneity in MOR vent fluids 

and the mean δ7Li of +8.3 ± 1.3 ‰ (1σ) (Misra and Froelich 2012).  
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of the end member values are listed in Table 4-3.
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 At EPR 21ºN in MOR, previous studies on lithium isotopes have been reported the Li 

contents (mean, 1.07 mmol/kg and range, 0.89−1.42 mmol/kg: Chan et al. 1993) and its 

isotopic compositions (mean, +7.7 ‰ and range, +6.6 to +10.1 ‰: Chan et al. 1993) 

(Table 4-3). As a representative of MOR sites, Li content and its isotopic composition 

in vent fluid from EPR 21ºN are obtained by mass balance calculation in a closed 

system. In an equilibrium state, the equalities hold as below: 

 [Li]rock-initial + w/r [Li]SW = [Li]rock-altered + w/r [Li]hydrothermal …(6) 

([7Li/6Li]rock-initial × [Li]rock-initial + w/r [7Li/6Li]SW × [Li]SW) / ([Li]rock-initial + w/r [Li]SW) = ([7Li/6Li]rock-altered 

× [Li]rock-altered + w/r [7Li/6Li]hydrothermal × [Li]hydrothermal) / ([Li]rock-altered + w/r [Li]hydrothermal) …(7) 

[Li]rock-altered / [Li]hydrothermal = D …(8) 

[7Li/6Li]hydrothermal / [7Li/6Li]rock-altered = α …(9) 

where w/r, D, and α mean the water/rock mass ratio, distribution coefficient and 

isotopic fractionation factor between solid and fluid, respectively. 

	
 There is 4 mathematical formulae and 7 unknowns: [Li]rock-altered, [Li]hydrothermal, 

[7Li/6Li]hydrothermal, [7Li/6Li]rock-altered, w/r, D, and α. If we presume or refer the value of 

w/r, D, and α, we can calculate Li contents and its isotopic compositions in 

hydrothermal vent fluids. At EPR 21ºN, the maximum temperature of hydrothermal 

fluids is 351 ºC (Chan et al. 1993). Thus, the empirical values for the parameter of D 

and α at 350 ºC was established as follows: D = 0.27; α = 0.996 (Magenheim et al. 

1995; Chan et al. 2002; Millot 2010). The w/r ratio is also important to constrain the Li 

behavior in hydrothermal systems. Bowers and Taylor (1985) and Spivack and Edmond 

(1987) reported that the w/r of hydrothermal fluids from EPR 21ºN is 0.50–0.70 and 

0.28–0.66, respectively. If the w/r of 0.62 is adopted for this calculation, the calculated 

Li content in vent fluid at EPR 21ºN is highly congruent with the observed mean Li 

content (Table 4-4). However, the calculated δ7Li value of +5.4 ‰ is 2.3 ‰ lower than 

the observed δ7Li value of +7.7 ‰ (Table 4-4 and Fig. 4-5). 
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 If the w/r varies from 0.50 to 3.0, the calculated Li contents and δ7Li values in vent 

fluid change (Fig. 4-5). However, the changes in w/r cannot achieve the lowest δ7Li 

value in vent fluid (Fig. 4-5). The likely cause of the discrepancy is that the distribution 

coefficient of Li between alteration phase and fluid depending on temperature is poorly 

known, especially at relatively high temperature (Foustoukos et al. 2004). The isotopic 

Table 4-4  Calculated Li contents and its isotpic compositons in vent fluid from each site based on mass balance calculation

Li 7Li Li 7Li Li 7Li Li 7Li Li 7Li
(mmol/kg) (‰) (mmol/kg) (‰) (mmol/kg) (‰) (mmol/kg) (‰) (mmol/kg) (‰)

EPR 21 0.026 31.0 0.94 3.7 1.07 5.4 0.29 1.4 1.07 7.7 1, 2, 3, 4

Vienna Woods 0.026 31.0 0.98 3.4 0.76 5.3 0.24 0.3 1.14 4.3 1, 5

PACMANUS 0.026 31.0 1.92 4.1 1.44 6.0 0.50 0.0 1.30 5.5 1, 5

CLAM 0.026 31.0 5.04 0 3.84 1.4 1.23 -3.6 3.86 2.4 1, 6
1 Reference nambers are below: 1. Millot et al (2004), 2. Gale et al (2013), 3. Tomascak et al (2008), 4. Chan et al (1993),
                                                    5. Nishio (unpublished), 6. Tang et al. (2004)
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fractionation factor strongly depends on mineral species. More accurate knowledge of D 

and α values would allow more quantitative constraints on w/r. The most likely 

explanation is isotope fractionation during incongruent mineral dissolution (Pistiner and 

Henderson, 2003). It is known that isotopically-light Li is subsequently incorporated 

into secondary clay minerals during high temperature alteration and low temperature 

weathering (e.g., Chan et al., 1993; James et al., 1999; Huf et al. 2001). Variations in Li 

contents (range, 0.40 to 1.45 mmol/kg: Misra and Froelich 2012) and δ7Li (range, +6.5 

to +11.5 ‰: Misra and Froelich 2012) in vent fluids may be due to formation and 

dissolution of secondary minerals in the hydrothermal vent fluids plumbing during 

being taken preferentially of 6Li by Mg-rich asbestos phase (Chan et al. 2002; German 

and Von Damm 2003). This phenomenon causes a decrease of 6Li in vent fluids. Hence, 

The Li contents and δ7Li values in vent fluids can be changed lower and heavier. In 

contrast, re-dissolution of these phases in subsequent circulation cycles makes Li 

contents and δ7Li values in vent fluids into higher and lighter These explanations are 

supported by the moderate negative correlation between Li contents and δ7Li values in 

vent fluids from various hydrothermal systems (Misra and Froelich 2012). 

 

4.5.2. Sediment-starved hydrothermal systems at arc and back-arc sites 

	
 Vent fluids from the Manus Basin, Izu-Bonin, and Mariana Trough (except for the 

North Fiji Basin) are classified as sediment-starved hydrothermal systems. These 

hydrothermal sites have various host rock and site characteristics compared to MOR 

sites. In arc and back-arc hydrothermal systems, the lithium contents of vent fluids 

(from 0.34 to 1.30 mmol/kg) are the same range as those of MOR vent fluids (from 0.40 

to 1.45 mmol/kg: Misra and Froelich 2012), while δ7Li values (from +4.3 to +7.2 ‰) 

are lower than those in MOR sites (from +6.5 to +11.5 ‰: Misra and Froelich 2012), 

except for sediment-hosted MOR sites at the Guaymas Basin and Escanaba Trough 
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(Table 4-3). 

	
 At the Vienna Woods in the Manus Basin, the Li content of 1.14 mmol/kg is similar 

to those at EPR 21ºN (range, 0.89−1.42 mmol/kg: Chan et al. 1993), while δ7Li values 

of +4.3 ‰ is slightly lower than those at EPR 21ºN (range, +6.6 to +10.1 ‰: Chan et al. 

1993) (Table 4-3). Other chemical compositions such as K, B and δ11B are similar to 

those at EPR 21ºN, suggesting that vent fluids from the Vienna Woods show 

MORB-like properties and Li in vent fluids should be similar to that in other MOR sites 

(Reeves et al. 2011; Ensong 2013). Other site characteristics in the Vienna Woods such 

as water depth of the sites, fluid temperature, and pH are the same range as those of 

MOR sites, indicating that the problem on differences (≈4 ‰) in δ7Li values of vent 

fluids between from MOR and from the Vienna Woods still remains. 

	
 The δ7Li values in host rocks from the Vienna Woods were measured by Dr. Yoshiro 

Nishio of JAMSTEC, and he concluded that there is no differences in Li contents and 

δ7Li values between MORB (the mean of 0.94 ± 0.04 mmol/kg and +3.7 ± 1.9 ‰: Gale 

et al. 2013, Tomascak et al. 2008) and the host rocks from Vienna Woods (the mean of 

0.98 mmol/kg and +3.4 ‰, and range from 0.95 to 1.01 mmol/kg and +3.3 to +3.5 ‰) 

(Nishio, unpublished). The mass balance calculation for estimating Li contents and δ7Li 

values in hydrothermal fluids was conducted using the empirical parameters of D and α 

at 300 ºC, which have been established as follows: D = 0.32, a = 0.995 (Magenheim et 

al. 1995; Chan et al. 2002; Millot 2010). The w/r ratio is estimated to be 1.0. The result 

of the calculation shows Li content and isotope values similar to the observed values 

(Table 4-4). The significantly-small differences in δ7Li (≈1 ‰) of vent fluids between 

observed and calculated values can be explained by differences in w/r ratio, 

temperature-dependent isotopic fractionation derived from uncertainty of observed 

temperature, and heterogeneity of host rock and vent fluid compositions (Fig. 4-6). 

Therefore, Li in vent fluid from the Vienna Woods is generated by seawater-basalt 
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interaction at high temperature in an equilibrium state. 

 

 

 

	
 In the Mariana Trough, Li contents and its isotopic compositions in vent fluids are 

similar to that at the Vienna Woods except for Li content in the Forecast Vent. This 

result suggests that Li in vent fluids from the Mariana Trough experiences a similar 

process and Li in host rocks has similar composition with the Vienna Woods. However, 

it is known that contribution from subducted underneath the Mariana Trough affects 

some chemical compositions in vent fluids such as B and CO2, resulting in differences 
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in δ11B of vent fluids between from the Vienna Woods and Alice Springs/Forecast Vent 

(Palmer 1991; Ensong 2013). Moreover, Ensong (2013) reported that differences in 

δ11B between the Alice Springs and Forecast Vent can be explained by 

temperature-dependent δ11Bsolid-fluid fractionation: Δ11Bsolid-fluid = –10.69 (1,000/T[K]) 

+3.88 (Wunder et al. 2005). In contrast, there is not such a difference in δ7Li, although 

Δ7Lisolid-fluid fractionation is negatively correlated with temperature (Wunder et al. 2006; 

Millot et al. 2010). Based on the equations of Δ7Lisolid-fluid = –4.61(1,000/T[K]) + 2.48 

(Wunder et al. 2006) and Δ7Lisolid-fluid = –7,847/T[K] + 8.093 (Millot et al. 2010), the 

differences in δ7Li of vent fluids between the Alice Springs (Temperature, 280 ºC) and 

Forecast Vent (Temperature, 202 ºC) can be calculated as about 1.4 and 2.3 ‰, 

respectively. However, the observed differences in δ7Li of the vent fluids are 0.5 ‰ 

(Table 4-3). A likely explanation for the B and Li isotopic behavior in the vent fluid is 

that the slope of temperature-dependent isotopic fractionation on B is sharper than that 

on Li. Therefore, δ7Li differences in vent fluids between the Alice Springs and Forecast 

Vent could not be observed as a function of temperature and slub subducting 

contribution in this study. 

	
 The differences in temperature-related portioning of rock Li into fluid phase (You et 

al. 1996; James et al. 2003) may be a key factor that controls the lithium contents in the 

Alice Springs and Forecast Vent. The leaching of Li and B from rocks is strongly 

temperature dependent. However, the differences in temperature-related portioning of 

rock B into fluid phase between at 202 ºC and at 280 ºC is small (You et al. 1996; James 

et al. 2003). In contrast, little Li will be leached from rocks at 202 ºC; most Li will be 

leached from rocks at 280 ºC (You et al. 1996; James et al. 2003). Moreover, Sr will be 

leached from rocks at low temperature; Sr will be removed from fluid and into solid 

phase at high temperature (You et al. 1996; James et al. 2003). These factors can 

explain the differences in Li, B, and Sr contents between the Alice Springs and Forecast 
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Vent. 

	
 At the PACMANUS and Suiyo Seamount, the Li contents of vent fluids are similar to 

other sediment-starved hydrothermal sites, while δ7Li are slightly high values compared 

to other sites. Dr. Yoshiro Nishio of JAMSTEC analyzed Li contents and δ7Li in dacite 

host rocks at the PACMANUS, and reported that Li contents (mean, 1.91 mmol/kg and 

range, 1.80−2.10 mmol/kg) are almost twice as high as MORB (mean, 0.94 mmol/kg: 

Gale et al. 2013); δ7Li values (mean, +4.1 ‰ and range, +2.8 to +4.7 ‰) are 

approximately the same as MORB (mean, +3.7 ‰: Tomascak et al. 2008) (Nishio, 

unpublished). By the mass balance calculation similar to the Vienna Woods site, Li 

contents and δ7Li values in hydrothermal fluids was calculated using empirical 

parameters of D and α at 260 ºC, which have been established: D = 0.35 and α= 0.994 

(Magenheim et al. 1995; Chan et al. 2002; Millot 2010). The w/r ratio was estimated to 

be 1.0. The result of the calculation shows higher lithium content and heavier isotope 

value than the calculated values at the Vienna Woods (Table 4-4). Since the observed Li 

characteristics in vent fluids between the PACMANUS and Vienna Woods show the 

same pattern (Fig. 4-6), higher and heavier Li at the PACMANUS and Suiyo Seamount 

may be attribute to dacitic host rocks. 

	
 Therefore, further studies on lithium isotopic ratios are required to constrain the 

control factor on lithium contents and its isotopic compositions in vent fluids from arc 

back-arc hydrothermal systems because the lower δ7Li in vent fluids from arc and 

back-arc sites than those from MOR sites is still unsolved. 

 

4.5.3. Phase-separated hydrothermal systems at arc and back-arc sites 

	
 Phase separation has been occurred under the seafloor in the North Fiji Basin 

hydrothermal systems. In phase-separated hydrothermal systems, Cl concentration is a 

good indicator for the experience of phase separation of vent fluids among the variety of 
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chemical compositions between saline brine and vapor-rich fluid (e.g. Butterfield et al. 

1990). Thus, I compare Cl contents in vent fluids to Li contents and Li isotopic 

compositions (Fig. 4-7). 

	
 The lithium contents in vent fluids from the White Lady, Kaiyo, and LHOS in the 

North Fiji Basin range from 0.23 to 0.40 mmol/kg, quite lower than those in other arc 

and back-arc hydrothermal fluids (Table 4-3). To compare with other phase-separated 

hydrothermal systems from MOR sites, vent fluids from ASHES and MEF of the Juan 

de Fuca Ridge in the eastern Pacific are also illustrated in Fig. 4-7 (Butterfield et al. 

1990; Foustoukos et al. 2004). Especially, the Inferno site of the ASHES vents (624 

mmol/kg) is higher Cl concentration than seawater (541 mmol/kg) and is known as a 

Cl-enriched site (Butterfield et al. 1990). The vent fluids which contain Cl similar to 

seawater (418−550 mmol/kg) are identified as Cl-normal; the fluids whose Cl 

concentrations are much lower than seawater (32−267 mmol/kg) are identified as 

Cl-depleted. There is a positive linear correlation between Li and Cl (Fig. 4-7), 

indicating that phase separation process cause depletion of Li in vapor and enriched in 

brine when Cl contents are depleted in vapor and enriched in brine, respectively. 

Moreover, the positive linear correlation also suggests that reduction tendency of Li is 

similar to that of Cl during phase separation process. 

	
 Lithium isotopic composition of the North Fiji Basin vent fluids ranges from + 4.9 to 

+5.7 ‰, which is close to the values in other vents fluids from arc and back-arc 

hydrothermal sites (Table 4-3). The phase-separated vents fluids from the MEF, whose 

Cl contents ranges widely from 32 to 426 mmol/kg, have same δ7Li signature as those 

from arc and back-arc hydrothermal sites. These results indicate that δ7Li values in 

vapor-rich vent fluids fall within the same range of values both as those in Cl-normal 

vent fluids from MEF (Foustoukos et al. 2004) and in other vent fluids from MOR sites 

(e.g. Misra and Froelich 2012) (Fig. 4-7). These characteristics are consistent with the 
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Li isotopic results of hydrothermal experiments conducted at 431−447 ºC and 322-397 

bars. These temperature and pressure are within the supercritical two-phase condition of 

seawater (Berndt et al. 1996). These results revealed that the isotopic fractionation 

factor between vapor and brine (αvapor−brine) is near unity. Therefore, phase separation 

can not cause lithium isotopic fractionation. δ7Li in the vent fluids from the North Fiji 

Basin are dominated by fluid-rock interaction in subseafloor reaction zone like other arc 

and back-arc sediment-starved hydrothermal systems. 

 

 
 

4.5.4. Sediment-hosted hydrothermal systems at arc and back-arc sites 

	
 Significantly high Li contents (3.86 to 5.98 mmol/kg) and low δ7Li (+1.5 to +2.4 ‰) 

are obtained in the vent fluids in sediment-hosted hydrothermal systems, in the Okinawa 

Trough (Table 4-3, Fig. 4-4). Compared to sediment-starved hydrothermal systems in 

arc and back-arc sites, Li contents are higher five times and δ7Li is lower by 2 to 5 ‰ 

(Table 4-3, Fig. 4-4). Ensong (2013) reported a similar tendency in B (significantly high 

B contents and low δ11B values in vent fluids). In fact, high B contents and low δ11B 

values were reported from the marine sediments in the Okinawa Trough by Ishikawa 

and Nakamura (1993). Based on the calculation, the estimated data of B by 
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seawater-sediment interactions are consistent with the measurement data, suggesting 

that vent fluids from Okinawa Trough hydrothermal systems underwent water-sediment 

interactions after water-rock interactions (Ensong 2013). High CH4, H2S and NH4 

contents derived from degradation of organic matter in marine sediments also supported 

the water-sediment reaction (Gamo 1995).  

	
 Li contents of marine sediments in the Okinawa Trough were also reported as 6.72−

11.66 mmol/kg. These values are sevenfold higher than in MORB and two-hundredfold 

higher than in seawater (Ishikawa and Nakamura, 1993). However, no δ7Li data of 

marine sediments on the Okinawa Trough is obtained. Chan et al. (2006) reported δ7Li 

values in various marine sediments from all over the world, indicating that there are 

some variations in δ7Li (−4.3 to +14.5 ‰), which reflect sediment type, provenance and 

diagenetic process. The sediments of the Okinawa Trough is mainly originated from the 

Eurasian continent, indicating that the δ7Li in the sediments of the Okinawa Trough can 

be light because detrital sediments show lighter value (−1.5 to +5.0 ‰); especially 

clay-rich ediments from mature continental crust have much lighter values (Chan et al. 

2006). Moreover, Li in continental crust are enriched (average, 5.0 ± 1.6 mmol/kg, 2σ) 

and isotopically-light (average, 0 ±2 ‰, 1σ) compared to those in MORB (Teng et al. 

2004) (Fig. 4-8). Therefore, the characteristics of Li in vent fluids from the 

sediment-hosted Okinawa Trough are mainly attributable to water-sediment 

interactions. 
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 In fact, mass balance calculation in closed system also support water-sediment 

interactions. The Li contents and δ7Li values of the mean upper continental crust were 

assumed for marine sediments in this region. The distribution coefficient (D) of 0.32 

and isotopic fractionation factor (α) of 0.995 at 300 ºC were used (Magenheim et al. 

1995; Chan et al. 2002; Millot 2010). The water/sediment ratio was assumed to be 1. 

The calculated Li contents and its isotopic value in vent fluid from the JADE site are 

3.84 mmol/kg and +1.4 ‰, respectively (Table 4-4). These calculated values are almost 

consistent with the measured end member values of 3.86 mmol/kg and +2.4 ‰ (Table 

4-4). Moreover, the calculated δ7Li value in sediments with hydrothermal alteration is 

very low value of -3.6 ‰ (Table 4-4), which is consistent with the lightest isotopic 

composition (-4.3 ‰) observed in hydrothermally-reached sediments in the Guaymas 
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Basin. Moreover, the Minami-Ensei and CLAM sites are covered with thicker 

sediments compared to the JADE site (Shitashima et al. 1994), which is consistent with 

the data that Li contents and δ7Li values in the Minami-Ensei (5.98 mmol/kg and 

+1.6 ‰) and CLAM (5.40 mmol/kg and +1.5 ‰) sites are higher and lower than those 

in the JADE site (3.86 mmol/kg and +2.4 ‰), respectively (Table 4-3, Fig. 4-8). 

	
 Vent fluids from the Okinawa Trough have higher Li contents (3.86 to 5.98 mmol/kg) 

and lower δ7Li (+1.5 to +2.4 ‰) relative to those from the Guymas Basin (0.63 to 1.08 

mmol/kg, +2.6 to +10.3 ‰) and the Escanaba Trough (1.29 mmol/kg, +6.6 to +8.1 ‰), 

which are sediment-hosted hydrothermal systems at MOR sites. Ensong (2013) also 

reported a similar tendency in B. Differences in geological conditions between back-arc 

and MOR may affect Li in sediment-hosted hydrothermal systems as is the case with Li 

in sediment-starved and in phase-separated hydrothermal systems at arc and back-arc 

sites as described above.  

	
 Therefore, these results demonstrate that Li contents and its isotopic compositions are 

a useful tracer for investigating water-sediment interaction processes in subseafloor 

hydrothermal systems. 

 

4.5.5. Re-evaluation of global lithium flux and its isotopic compositions in 

hydrothermal systems to the ocean 

	
 Misra and Froelich (2012) estimated average Li contents (0.84 mmol/kg) from vent 

fluids to the ocean and its isotopic composition (+8.3 ‰) by compiling the data from 

MOR hydrothermal sites (Edmond 1979, 1982; Vom Damm et al. 1985; Chan and 

Edmond 1988; Vom Damm 1990; Chan et al. 1993, 1994; Foustoukos et al. 2004). 

However, this study revealed that Li contents in sediment-hosted hydrothermal vent 

fluids are significantly higher than other reported values in MOR vent fluids (Table 4-3) 

and that Li isotopic compositions in vent fluids from arc and back-arc hydrothermal 
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systems show approximately 3 ‰ lower than those in MOR sites. Considering these 

facts, the average Li contents and its isotopic composition in hydrothermal vent fluids 

should be re-calculated. 

	
 The calculated average Li content from arc and back-arc sites is approximately 1.88 

mmol/kg, if hydrothermal water flux of each vent is equal. Hence, I could calculate 

weighted mean δ7Li of 2.7 ‰ from arc and back-arc hydrothermal sites by considering 

Li content from each site. However, the ratio of total water flux from arc and back-arc 

hydrothermal systems to that from MOR systems is unknown. I would therefore 

roughly estimate total water flux from arc and back-arc hydrothermal systems. 

	
 In modern back-arc hydrothermal systems, the eruption rate of volcanic rocks is 

estimated to be 0.25×1015 g/year (Fujii and Nakamura 1979). The circulated water flux 

from back-arc hydrothermal systems can be calculated to be 2.5−12.5×1015 g/year by 

considering the ratio of circulated seawater to volcanic rocks, which is estimated to be 

10 to 50 (Shikazono 1993, 2003). In contrast, Elderfield and Schultz (1996) reported 

hydrothermal water flux of 1.5−4.5×1016 g/year from MOR systems based on some 

simulation such as the heat flux from oceanic crusts, mass balance calculation using Mg 

concentration and Sr isotopes, and so on. Therefore, the ratio of total water flux from 

arc and back-arc hydrothermal systems to that from MOR systems can be calculated to 

be 1:1.2 – 1:18. If we adopt mean hydrothermal water flux value of 7.5×1015 g/year 

(back-arc) and 3.0×1016 g/year (MOR), the ratio can be calculated to be 1:4. When we 

adopt this ratio, the average Li content and weighted mean δ7Li from total hydrothermal 

sites are estimated to be 1.05 mmol/kg and +6.3 ‰, respectively. These values were 

differ by approximately 0.21 mmol/kg and 2.0 ‰ from total values estimated previously. 

This study indicate that arc and back-arc hydrothermal systems are not negligible for 

calculation of total Li flux and its isotopic composition from submarine hydrothermal 

systems, although there are some presumptions for the calculation. More studies on 
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lithium isotopes in vent fluids would be required to determine accurate Li flux and its 

isotopic composition from submarine hydrothermal systems. This would lead to better 

understanding of Li contribution in submarine hydrothermal systems to global lithium 

cycles. 

 

 

4.6. Conclusion 

 

	
 In this chapter, I determined Li contents and its isotopic compositions of vent fluids 

collected from submarine hydrothermal systems of arc and back-arc in the western 

Pacific. The Li in vent fluids was discussed by dividing three hydrothermal systems into 

(1) sediment-starved hydrothermal systems, (2) phase-separated hydrothermal systems, 

and (3) sediment-hosted hydrothermal systems. Main conclusions of each site are as 

follows: 

 

(1) In sediment-starved hydrothermal systems, calculated Li contents and its isotopic 

compositions based on the mass balance calculation are almost consistent with the 

observed compositions, suggesting that Li in vent fluids are dominated by 

seawater-rock interactions. Li contents in vent fluids are also controlled by 

temperature-related portioning of rock Li into fluid phase and by host rocsk. In 

contrast, small differences in lithium isotopic composition in vent fluids may be 

caused by host rocks and isotopic fractionation during incongruent mineral 

dissolution. Especially, such kinetic isotope effect is strongly affected to MOR sites, 

while seawater-rock interaction is occurred in equilibrium state at arc and back-arc 

sites. 
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(2) In phase-separated hydrothermal systems, Li contents in vent fluids are correlated to 

Cl contents, indicating the phase separation process influences Li contents in 

phase-separated fluids. In contrast, lithium isotopic fractionation can not occur 

during the phase separation process. 

 

(3) In sediment-hosted hydrothermal systems, calculated Li contents and its isotopic 

compositions based on the mass balance calculation using possible marine 

sediments are consistent with the observed compositions, suggesting that 

significantly high Li contents and low δ7Li in vent fluids are caused by 

seawater-sediment interactions.  

 

	
 Differences (≈3 ‰) in δ7Li values in vent fluids between MOR and arc/back-arc 

hydrothermal systems were observed. Then, I re-evaluated the average Li content and 

its isotopic composition from whole hydrothermal based on some assumptions of 

hydrothermal water flux. The estimated values of 1.05 mmol/kg and +6.3 ‰ were 

different from previously estimated values only from MOR sites, indicating that arc and 

back-arc hydrothermal systems are not negligible compared to MOR sites in terms of 

lithium. 

	
 This study demonstrated that lithium is a useful tracer for investigating hydrothermal 

circulation and seawater-rock/seawater-sediment interaction under the seafloor not only 

on MOR but also in arc and back-arc settings. Moreover, studies on lithium in arc and 

back-arc hydrothermal systems are necessary for better understanding the role of 

submarine hydrothermal systems in global lithium cycles on the earth’s surface. 
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Chapter 5 

 

Controlling factor of lithium contents and its isotopic compositions in river waters 

– A case study on Ganges-Brahmaputra-Meghna river systems – 
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5.1. Abstract 

 

	
 	
 Terrestrial river water greatly influences on ocean lithium chemistry and the global 

lithium cycles. Lithium isotopes in river systems are recognized as a proxy for silicate 

weathering because of large isotopic fractionation during weathering in rivers. However, 

there are few detailed studies for controlling factors on lithium contents and its isotopic 

compositions during flowing-down processes by comparing individual river systems 

with different geological settings and in wet/dry seasons. Thus, I and collaborators 

conducted extensive field surveys in Bangladesh and determined various chemical 

compositions including Li and Sr isotopes in water samples from the 

Ganges-Brahmaputra-Meghna river systems, one of the major rivers in the world. 

	
 In the Ganges and Brahmaputra rivers, the riverine Li is likely to be derived from 

silicate weathering, while Sr is strongly controlled by carbonate weathering. In the 

Ganges and Brahmaputra rivers, the large variations in Li contents and its isotopic 

compositions relative to variations in Sr during flowing down are mainly caused by 

incongruent weathering, which changes dissolved Li to lower and isotopically heavier 

values. In contrast, the relatively-small Meghna river is very influenced by ground 

water with slightly-light δ7Li values, which cause dissolved δ7Li lighter but Li content 

change little. The differences in Li flux and its isotopic composition in each river 

between dry and wet seasons could be explained by changes in drainage basin areas and 

in residence time of the river. This study proposed that the behavior on Li during 

flowing down and seasonal variation on Li should be considered when the global 

lithium flux and its isotopic compositions from river systems to the ocean are estimated. 
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5.2. Introduction 

	
  

	
 Terrestrial river water greatly influences on the global material cycles. Active 

chemical weathering occurs in river regions by the reaction of terrestrial rocks and 

water, consuming atmospheric CO2 and transporting dissolved and suspended materials 

into the ocean through rivers. Therefore, it is important to clarify the role of river water 

in the earth surface environment for understanding global material cycles and climate 

changes associated with atmospheric CO2 level variations. 

	
 It is well established that changes in rates of weathering have the potential to change 

atmospheric CO2 level on timescales of longer than ~one million years. The increase in 

87Sr/86Sr of seawater during the Cenozoic has been linked to enhanced weathering due 

to initiation of the Himalayan orogeny together with the global cooling (e.g. Raymo and 

Ruddiman 1992). However, strontium isotopes are not a good tracer of silicate 

weathering because the strontium in Himalaya is mainly derived from carbonate 

weathering, which causes no reduction of atmospheric CO2 because of sedimentation of 

biogenic carbonate in marine environments (Jacobson and Blum, 2000). Therefore, it is 

important to find a new proxy for silicate weathering. 

	
 It is known that most dissolved lithium in river water (>90 %) is derived from 

weathering of silicate rocks (Kisakurek et al. 2005). Moreover, a large lithium isotopic 

fractionation can occur during silicate weathering, which is evidenced by a large 

isotopic difference (≈23 ‰) between average isotopic composition of river water 

(+23 ‰) and that of the upper continental crust (0 ‰). In recent years, therefore, 

lithium contents and its isotopes are identified as a proxy for silicate weathering. 

	
 Previous studies reported lithium isotopes together with some elemental isotopes 

such as magnesium and uranium in river waters with various geological settings in the 

world for validating lithium isotopes as a silicate weathering proxy (Hathorne and 
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James, 2006; Huh et al. 1998, 2001, 2004; Kisakurek et al. 2005; Liu et al. 2012; Liu et 

al. 2011, 2013; Millot et al. 2010; Pistiner and Henderson 2003; Pogge von Strandmann 

et al. 2010; Teng et al. 2010; Tipper et al. 2012; Vigier et al. 2009; Wimpenny et al. 

2010; Yoon 2010). Especially, most of the studies dealt with comparison of riverine 

δ7Li among the rivers with different geology in drainage basins (e.g. Huh et al. 1998, 

2001), comparison of dissolved δ7Li with suspended δ7Li in the river (e.g. Kisakurek et 

al. 2005), and weathering experiment in the laboratory (e.g. Pistiner and Henderson 

2003). However, systematic and extensive studies in major rivers are now limited. 

Especially, few studies focused on changes in lithium contents and isotopic 

compositions during flowing down in association with differences in basement 

lithologies and seasons (dry and wet). These insights are necessary for considering 

lithium flux from the river to the ocean and its influence. 

	
 In this study, I and co-workers conducted extensive field surveys and collected river 

and ground waters from Ganges-Brahmaputra-Meghna river systems in wet and dry 

seasons. I measured isotopic and chemical compositions in the water samples to discuss 

what controls dissolved lithium in the river systems. Moreover, the role of rivers to the 

global lithium cycles in earth surface environments are discussed. 

 

 

5.3. Materials and Methods 

 

5.3.1. Geological settings 

	
 Three major rivers (the Ganges, Brahmaputra, and Meghna rivers) were investigated 

in this study (Fig. 5-1, 5-2, and 5-3). The Ganges and Brahmaputra rivers originate from 

the high Himalayas (Fig. 5-1). Regional metamorphism with limestones and coexisting 

silicate rocks occurs in this area, which influences a dissolved load in the river by 
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weathering. The Ganges river flows southeastward across India and Bangladesh, while 

the Brahmaputra river flows eastward in China, southwestward in India, southward in 

Bangladesh, and finally meets the Ganges river at the central part of Bangladesh (Fig. 

5-1). In contrast, the Meghna river originates from a hilly region of eastern India (Fig. 

5-1). The Meghna river, formed by merger of the Surma and the Kusiyara rivers, flows 

southwestward in Bangladesh, and finally meets the Ganges river at a point south of 

Dhaka (Fig. 5-2). This river water flows through the Himalayan alluvium region in the 

lowland, which influences a dissolved load in this river (Fig. 5-2). The combined river 

water discharges into the Bay of Bengal. 

	
 The total lengths of the Ganges, Brahmaputra, Meghna rivers are 2,645 km, 2,840 km, 

and 930 km, respectively (Parua 2010). The drainage basin area of the Ganges and 

Brahmaputra is 1.03 × 106 km2 and 6.51 × 105 km2, respectively (Parua 2010). The 

mean annual river flow of the Ganges under the Hardinge Bridge (near the location 

G-3) is 1.14 × 104 m3/s, while the flood-swollen river flow in the wet season is about 

5.5 × 104 m3/s (Webster et al. 2010). The mean annual river flow of the Brahmaputra is 

2.01 × 104 m3/s, while the flood-swollen river flow in the wet season is about 6.4 × 104 

m3/s (Webster et al. 2010). In contrast, the Meghna river has much smaller flow than the 

Ganges and Brahmaputra rivers: the average annual river flow of the river is 3.51 × 103 

m3/s, while the flood-swollen river flow in the wet season is about 1.22 × 104 m3/s 

(Paura 2010). 

	
 Only two lithium isotopic studies were conducted in this area. One targeted upstream 

tributaries of the Ganges in the central and eastern Nepal near Himalaya and reported 

the δ7Li values of +10.2 to +25.0 ‰ (Kisakurek et al. 2005). The other surveyed three 

sites in the upstream and the middle stream of the Ganges in India, and middle stream of 

the Brahmaputra in India, and reported the δ7Li values of +11.4, +23.1, and +20.0 ‰, 

respectively (Huh et al. 1998) (Fig. 5-1). 
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The Burhmaputra

The Ganges

+11.4 ‰

+23.1 ‰

+20.0 ‰

The Meghna

Fig. 5-1  Locations of the Ganges, Brahmaputra, and Meghna rivers and these drainage 

basin (modified from Mirza 2001). Water sampling was conducted in Bangladesh 

HQFORVHG�E\�D�EODFN�OLQHV��7KH�į7
Li values in the maps are previously reported values by 

Huh et al. (1998). 



 75 

 

 

5.3.2. Sample descriptions 

	
 I and collaborator conducted two sampling surveys during the dry and wet seasons in 

Bangladesh in order to evaluate seasonal variations in chemical compositions of the 

river water. The first survey I joined (11-18 January 2011) was conducted in the dry 

season, and the second survey (5-9 September 2011) was in the rainy season. The river 

water samples were collected at three stations in the Ganges (Locations G-1, G-2, and 
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G-3) and the Brahmaputra (Locations B-1, B-2, and B-3) both from the upper stream to 

lower stream in Bangladesh (Fig. 5-3). In the Meghna and its upper tributaries (the 

Surma and Kusiyara rivers), river water samples were taken at four sampling sites in 

Bangladesh before the river meets the Ganges: one river water sample from the Surma 

(Location S-1), one from the Kusiyara (Location K-1), and two from the main stream of 

the Meghna (Locations M-1 and M-2) (Fig. 5-3). The water samples of the Ganges were 

also collected at the sites downstream of where the Ganges meets the Brahmaputra 

(location GB-1) and furthermore meets the Meghna river (location GBM-1) (Fig. 5-3). 

Each river water sample was taken from the center of the river by the ships. Moreover, 

the ground waters were collected from wells near Dhaka (locations GR-1, GR-2, GR-3, 

and GR-4) (Fig. 5-3). The river water samples from location G-3, B-3, M-2, GB-1, and 

GBM-1 were collected both in the dry and wet seasons. 

	
 Outdoor analysis was conducted for pH measurements. The pH was finally corrected 

at the state of 25 °C. The water samples were filtered through a 0.45-µm acetate 

membrane filters and were divided into HNO3-washed polypropylene bottles for 

laboratory analyses. 
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5.3.3. Analytical procedures 

	
 Major and trace element contents of the samples were measured by ICP-AES and 

ICP-MS at KCC, JAMSTEC, except for Na, K, Ca, and Cl contents that were 

determined by Ion Chromatography (IC) at KCC, JAMSTEC (Table 5-1). The 

uncertainties of all measurements were better than ±3 %, as reported by Nishio et al. 

(2010), who estimated the uncertainty from the reproducibility (2 RSD) of a standard 

Blue: Ganges river

Red: Burhmaputra river 

Green: Meghna river

Brown: Ganges and Burhmaputra river

Black: Ganges, Burhmaputra, Meghna

Dark blue: Ground water

(confluence)

(confluence)

Filled: Dry season

Opend: Wet seasonG-1

G-2

G-3

B-1

B-2

B-3

GB-1

GR-2

GBM-1

S-1
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M-2

GR-1
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Fig. 5-3  Locations of the sampling points of river and ground waters. Detailed sample 
descriptions are listed in Table 5-1. The river water samples from location G-3, B-3, 
M-2, GB-1, and GBM-1 were collected both in the dry and in wet seasons.
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solution. The Li and Sr isotope measurements were conducted by MC-ICP-MS and 

TIMS at KCC, JAMSTEC, respectively, after two-step column separation. Detailed 

analytical procedures on the isotope measurements are described in Chapter 2. The total 

alkalinity of the water samples was conducted by Mr. Manaka of AORI, The University 

of Tokyo. 

 

 

5.4. Results 

 

	
 The isotopic and chemical compositions of river and ground water samples collected 

from the Ganges, Brahmaputra, and Meghna river systems in Bangladesh are listed in 

Table 5-1. The major cation contents in the samples are shown as a ternary diagram (Fig. 

5-4), indicating that the major cation content of the dissolved load is distinct for each 

lithology. The Ganges and Brahmaputra rivers have high concentration of Ca (Table 5-1, 

Fig. 5-4), which is derived from carbonates, and low concentration of Na + K (Table 

5-1, Fig. 5-4), which is mainly derived from silicate minerals such as feldspars and 

muscovite. In contrast, the Meghna river and ground water have relatively high Na + K, 

but lower Ca compared to the Ganges and Brahmaputra rivers (Table 5-1, Fig. 5-4). 

These water samples contain low Mg (Table 5-1, Fig. 5-4), which is derived from 

dolomite. 
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 In the dry season, the Sr contents of river water samples in the Ganges and 

Brahmaputra rivers were higher than the global mean value of 78 ppb (Palmer and 

Edmond 1989), while those in the Meghna river has lower contents (Table 5-1). The 

87Sr/86Sr values in the Ganges, Brahmaputra, and Meghna rivers have heavier than the 

global average value of 0.7119 (Palmer and Edmond 1989) (Table 5-1). The Sr of river 

water show high and heavy values in the Ganges, Brahmaputra, and Meghna rivers in 

this order (Table 5-1).  

	
 The Li contents and its isotopic compositions of the river water samples in Ganges 

and Brahmaputra rivers in the dry season were higher than the global mean value of 1.8 

ppb (Gaillardet et al. 2003) and heavier than the flow-weighted mean value of +23 ‰ 

(Huh et al. 1998; Misra and Froelich 2012), while those in Meghna river were lower and 

heavier than the global averages (Table 5-1, Fig. 5-5). 

	
 In the wet seasons, Li and Sr contents and Li isotopic compositions of all river water 

samples are lower and lighter than those in the dry seasons (Table 5-1, Fig. 5-5). 

Mg2+ 

Blue: Ganges river

Red: Burhmaputra river 

Green: Meghna river

Brown: Ganges, Burhmaputra river

Upper stream 

Black: Ganges, Burhmaputra, Meghna river

Color

Symbol

Middle stream 

Lower stream 

Dark blue: Ground water

Filled: Dry season 

Opened: Wet season

Ca2+ 

Na+ + K+ 

Fig. 5-4  Ternary diagram showing the major cation compositions of river and ground 
waters. Na, Mg, Ca, and K contents in the water samples are shown in Table 5-1. The sam-
pling locations of water samples are shown in Fig. 5-2. The symbols and their colors in this 
figure conrrespnd with those in Fig. 5-3.

Ground water
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However, the 87Sr/86Sr in the Meghna river shows a value almost similar to that in the 

dry season, while those in the Ganges and Brahmaputra rivers show lighter values 

(Table 5-1). The ground waters in Bangladesh show high Li contents with slightly low 

δ7Li values (Table 5-1, Fig. 5-5). 
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and their isotopic compositions are shown in Table 5-1.
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Total Alkalinity 7
Li Li Na Mg Si Cl K Ca As Sr

 ( mol kg
–1

) (‰)  (ppb)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppb)  (ppb)

Ganges river

G-1 dry 8.23 3128 23.1 0.728633 4.0 16.5 11.0 4.0 10.3 4.1 38.7 2.9 177

G-2 dry 8.36 3037 27.6 0.728716 2.0 11.3 10.5 3.5 7.2 4.2 44.3 2.1 154

G-3 dry 8.52 2897 24.3 0.728691 3.0 15.7 10.4 2.5 10.3 4.0 30.4 2.3 148

wet 8.06 1875 22.5 0.725690 1.4 6.7 5.1 4.3 3.0 3.6 27.8 1.9 99

Brahmaputra river

B-1 dry 7.91 1675 25.4 0.719358 4.6 4.9 5.0 5.1 1.2 2.3 25.7 1.0 95

B-2 dry 8.13 1709 28.0 0.720028 4.1 4.8 6.3 5.3 1.2 2.3 25.8 0.9 95

B-3 dry 7.88 1717 29.8 0.720696 3.7 4.9 5.0 5.2 1.3 2.4 25.3 1.3 94

wet 8.01 1088 22.2 0.718672 2.4 2.7 3.0 4.5 0.7 2.4 19.1 1.1 67

Meghna river and its upper tributaries

S-1 dry Surma River 7.67 928 34.2 0.715658 0.6 7.4 3.3 7.4 2.9 2.2 8.7 1.8 54

K-1 dry Kusiyara River 7.41 826 28.7 0.715529 0.4 5.3 2.8 3.4 2.1 1.4 9.0 0.7 48

M-1 dry 7.48 834 28.3 0.715722 0.5 5.4 2.5 3.7 2.1 1.4 8.8 1.2 47

M-2 dry 7.44 809 23.8 0.716214 0.5 5.9 2.5 4.5 3.1 1.5 8.9 1.5 44

wet 7.40 374 19.1 0.716367 0.3 2.4 1.2 3.6 1.0 1.0 4.3 1.3 22

Ganges and Brahmaputra river (confluence)

GB-1 dry 8.09 1979 30.4 0.722851 3.3 7.2 5.9 4.3 3.0 2.7 27.6 1.2 105

wet 8.12 1161 26.5 0.720782 1.8 3.2 3.0 3.9 1.1 2.5 19.1 1.4 70

Ganges, Brahmaputra and Meghna river (confluence)

GBM-1 dry 8.03 1682 30.5 0.721214 2.6 8.5 5.5 4.9 4.3 2.5 23.1 1.6 90

wet 7.92 1228 25.7 0.722127 1.4 3.9 3.1 3.9 1.5 2.6 19.2 1.6 68

Groud water

GR-1 dry Approx. 100 m deep 7.67 3360 6.4 0.714767 8.0 72.4 6.9 25.8 55.7 1.1 20.2 0.8 139

GR-2 wet Approx. 150 m deep 7.21 4480 11.6 0.718198 9.8 58.6 20.9 26.0 85.8 4.1 46.2 2.5 348

GR-3 wet Approx. 80 m deep 6.56 3645 5.1 0.717962 11.6 30.2 8.8 35.3 3.7 2.0 29.6 0.4 204

GR-4 wet Approx. 260 m deep 6.99 3758 5.3 0.716154 8.8 29.0 12.8 38.3 3.7 2.5 24.3 0.7 197

Sample description pHSample ID
Sampling

season
87

Sr/
86

Sr

Table 5-1 Isotopic and chemical compositions of river and groud water samples collected from Ganges, Brahmaptra, and Meghna river systems in Bangladesh. Li and Sr isotopic

compositions were determined by MC-ICP-MS and TIMS, respectively. Li, Sr, and As contents were determined by ICP-MS. Mg and Si contents were determined by ICP-AES. Na, K,

Ca and Cl contnets were determined by IC. pH and Total Alkalinity were reported by Manaka et al. (in preparation).
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5.5. Discussion 

 

5.5.1. Estimate for dominant controlling factors of dissolved Li and Sr contents and 
87Sr/86Sr in river water 

	
 The Ca/Mg ratios against Mg in the samples are plotted in Fig. 5-5. The Ca/Mg ratios 

in rivers would depend on Ca and Mg supplied from various sources such as carbonates, 

silicates, and evaporites, and on the behavior of Ca and Mg in the rivers. Fig. 5-6 shows 

decrease in Ca/Mg ratios with increase in Mg, which indicates a contribution of 

dolomite weathering to Ca and Mg. Singh et al. (2005) suggested that low Ca/Mg ratios 

can result from silicate/dolomite weathering and high Ca/Mg ratio from calcite 

weathering. The Ca/Mg ratios in river water are high in Brahmaputra, Ganges, and 

Meghna rivers in that order (Fig. 5-6), suggesting the significance of contribution from 

calcite weathering. The Li contents in river water are also high in Brahmaputra, Ganges, 

and Meghna rivers in this order (Table 5-1, Fig. 5-5). This similar pattern between 

Ca/Mg ratios and Li contents in river water demonstrates that riverine Li is derived 

from dissolution of fine-grained silicates released from carbonate matrix because the 

concentrations of Li in the carbonate-dominated catchments are high (Kisakurek et al. 

2005). This hypothesis is supported by the facts that the Li concentration in marine 

carbonate (>1 ppm) is generally much lower than that in silicate rocks (average, 35 

ppm) of the upper continental crust (Tang et al. 2004) and that a weathering rate in 

carbonate is at least several times higher than that in silicate rocks (Einsele 1992). 

Moreover, the dissolved Li contents are not correlated with Ca contents and total 

alkalinity and correlated weakly with Si contents (Fig. 5-7). Therefore, dissolved Li in 

river water is likely to reflect the rate of silicate weathering. 

 



 83 

 
 

Mg content (ppm) 

Blue: Ganges river

Red: Burhmaputra river 

Green: Meghna river

Brown: Ganges, Burhmaputra river

Upper stream 

Black: Ganges, Burhmaputra, Meghna river

Color

Symbol

Middle stream 

Lower stream 

Dark blue: Ground water

Filled: Dry season 

Opened: Wet season

10 15 20 255

1

2

3

4

5

6

7

C
a
 /
 M

g
 

0

0

Fig. 5-6  Plots of Ca/Mg ratios against Mg contents showing the major cation composition 
of river and ground waters. Ca and Mg contents in the water samples are shown in Table 5-1. 
The sampling locations of water samples are shown in Fig. 5-3. The symbols and their colors 
in this figure correspond with those in Fig. 5-3.
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 In contrast, the strong correlation between Sr contents and Ca contents (total 

alkalinity) suggests that the dissolved Sr contents in river water can reflect carbonate 

weathering (Fig. 5-7). Jacobson et al. (2002) pointed that carbonate dissolution provides 

more than 90 % of the weathering-derived Ca and Sr in the river water. Moreover, 

higher 87Sr/86Sr values in the Ganges and Brahmaputra rivers (Table 5-1) than the global 

average value (0.7119; Palmer and Edmond 1989) reflect the significantly high 87Sr/86Sr 

Fig. 5-7  Plots of Sr contents against (a) Ca contents, (b) Total Alkalinity, and (c) Si con-
tents, and plots of Li contents against (d) Ca contents, (e) Total Alkalinity, and (f) Si con-
tents of river water samples both in the dry (Filled circle) and wet seasons (open circle). 
Total alkalinity and elemental compositions in river water are shown in Table 5-1. The 
symbols and their colors in this figure correspond with those in Fig. 5-3.
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values in bed rocks consisted of silicate rocks (from 0.77 to 1.2) with disseminated 

calcite (from 0.79 to 0.93) and metasedimentary carbonate (from 0.72 to 0.82) in the 

upper Ganges and Brahmaputra watershed within the Himalaya of the northern Pakistan 

(Jacobson et al. 2002). The liner relationship between Sr contents and 87Sr/86Sr values in 

dissolved load (Fig. 5-8) supports that Sr in river water reflects weathering of carbonate 

with high 87Sr/86Sr. In the wet season, the dilution effect derived from floodplain area in 

lowland is likely to cause decreases of both 87Sr/86Sr values in the Ganges and 

Brahmaputra rivers and Sr contents in the Ganges, Brahmaputra, and Meghna rivers 

compared to the dry season (Fig. 5-8), despite an increase of Sr fluxes from these rivers 

estimated by the changes of the river runoff between the dry and wet seasons (river flow 

in dry season is about 3 to 5 times greater than that in wet season). 
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 As mentioned above, Li in river water is likely to be derived from silicate weathering 

while Sr is from carbonate weathering. However, there are large variations in Li 

contents and δ7Li compared to Sr contents and 87Sr/86Sr of dissolved load in each river 

system (Fig. 5-9). These results indicate that Li in river water does not reflect basement 

geology at upper stream of the river, unlike 87Sr/86Sr. 

 

 
 

5.5.2. Estimate for a controlloing factor of dissolved Li in river water 

	
 The plots of Li contents against its isotopic composition of river and ground water 

both in the dry and wet seasons are shown in Fig. 5-10. This figure shows that there are 

large changes in dissolved Li in river waters and liner relationship between Li contents 

and δ7Li values in the Ganges, Brahmaputra, and Meghna river systems. 
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 There are some possible factors that change dissolved Li compositions. Since 

dissolved Li exists only as monovalent cation and Li is not the essential elements for 

living matter, the biological effect and the changes in redox status in the river during 

flowing down are negligible. The contribution of rainwater to the dissolved Li is 

expected to be also negligible, although the rainwater of the 

Gange-Brahmaputra-Meghna drainage basin has not been analyzed for Li. This is 

because Li concentrations in snow samples reported in the Alps are 4.5 to 6.7 ppt 

(Bensimon et al. 2000), which are several orders lower than river and ground waters in 

this study. Moreover, it is not necessary to consider the mixing of tributaries to the main 

stream. Therefore, the possible factors to change dissolved Li compositions are likely to 

be weathering in the river and mixing of ground water. 

	
 There is two types of weathering processes: incongruent weathering and congruent 

weathering (e.g., Huh et al. 2001; Pistiner and Henderson, 2003; Misra and Froelich 

2012). Incongruent weathering is the formation of secondary clays bearing Li during 

weathering. The preferential uptake of 6Li into secondary alumino silicate clay minerals 

and oxides that formed in the river (Misra and Froelich 2012) makes riverine Li 

decrease and isotopically lighter. In contrast, congruent weathering is complete 

dissolution of secondary minerals, which makes riverine Li increase and isotopically 

heavier. In Ganges and Brahmaputra rivers, Li contents and δ7Li in river water become 

lower and heavier from the upper to lower stream except for the lower stream of the 

Brahmaputra (Fig. 5-10). This result suggests that incongruent weathering occurs in the 

river and 6Li are incorporated into secondary minerals during flowing down. This is 

because that Li partition coefficients between secondary minerals and fluid (D mineral / 

fluid) are <1 below 50 ºC (Berger et al. 1998). Therefore, δ7Li in river water is dominated 

by fractionation between solution and secondary minerals during silicate weathering 

and reflect degree of silicate weathering (silicate weathering intensity) (e.g., Kisakurek 
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et al. 2005). 

	
 In contrast, the Meghna river shows a different tendency. The dissolved Li in the 

Meghna river becomes isotopically lighter from the upper to lower stream (Fig. 5-10 

and 5-11). The δ7Li values in lower stream can be achieved by mixing of ground water 

if the mixing ratio of ground water collected from near lower stream of the Meghna is 

estimated of 1.7 % (Fig. 5-11). By the use of conservative components during flowing 

down process such as Cl and Na contents in the river water, mixing ratio of ground 

water can be calculated as 1.8 % and 0.8 %, respectively. Therefore, the Meghna river 

much smaller than the Ganges and Brahmaputra rivers is easily influenced by ground 

water with slightly light δ7Li values. 
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 In the lower stream of the Ganges combined with the Brahmaputra (location GB-1 

shown as blown in Fig. 5-10) and Meghna (location GBM-1 shown as black in Fig. 

5-10), I calculated theoretical values by the use of river flow, Li content, and its isotopic 

composition in each river. The observed Li in each river is lower and 

isotopically-heavier than the theoretical values (Fig. 5-10), indicating that incongruent 

weathering continuously occurs in the river during flowing down. In the wet season, 

riverine Li reflects a similar trend (Fig. 5-10), although Li contents and its isotopic 

composition are lower and lighter than those in the dry season. Moreover, reported δ7Li 

values in upper stream of the Ganges and Braphmaputra rivers is higher that those in 

study region in Bangladesh (Fig. 5-1). These results suggest that incongruent 

weathering has been continuously occurred in from head to mouth of the rivers during 

flowing down in both seasons. 

	
 The Li fluxes in the dissolved load can be estimated by the use of river flow both in 

the dry and wet seasons (Fig. 5-12). All Li flux from the rivers in the wet season is 

much higher than that in the dry season (Fig. 5-12). This phenomenon is probably 

caused by changes in drainage basin areas and flow velocity (residence time of the 

river). The drainage basin will expands in the wet season, which causes an increase of 

the erosion rate and suspended materials in river. Weathering of silicates will be more 

intense due to elevated temperature and higher runoff in the wet season (Kisakurek et al. 

2005). However, short residence time of the river in rainy season reduce the interaction 

between dissolved and suspended matters, resulting in keeping low δ7Li values in river 

water. Hence, dissolved Li flux will increase and isotopically-light compared to dry 

season (Fig. 5-12). 
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 Misra and Froelich (2012) estimated dissolved Li flux from rivers to the ocean (10 × 

109 moles/year) and an average of their isotopic compositions, +23 ‰, which greatly 

influences ocean lithium chemistry. In the Gange-Brahmaputra-Meghna river systems, 

the dissolved Li fluxes in the nearest part of exit to the ocean can be estimated of 4.1 × 

108 and 8.2 × 108 moles/year in the dry and wet seasons, respectively. It is known that 

only about one-fifth of Li is carried in the dissolved load (Misra and Froelich 2012). 

Thus, the total Li fluxes in Bangladesh river system can be estimated to be 2.1 × 109 

and 4.1 × 109 moles/year in the dry and wet seasons, respectively. If the wet and dry 

season is same time period during throughout the year, the Gange-Brahmaputra-Meghna 

river systems account for 6.2 % of total riverine dissolved Li flux all over the world. 

	
 This study demonstrates that large changes in Li contents and its isotopic 
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compositions occur by incongruent weathering in the river during flowing down. 

Previous studies evaluated global Li flux and its isotopic composition by compiling the 

river data that were sampled at various points from the upper to lower stream in rivers 

(Huh et al. 1998; Misra and Froelich, 2012). Therefore, Li flux and its isotopic 

composition from river to the oceans should be evaluated by considering behavior on Li 

in each river system during flowing down. 

 

 

5.6. Conclusion 

 

	
 To reveal the dominant controlling factors on riverine Li during flowing down, I and 

collaborators conducted extensive field surveys to collect water samples in the dry and 

wet seasons from Ganges-Brahmaputra-Meghna river systems, one of the major river 

systems in the world. The river water from upper to lower part of the Ganges, 

Brahmaputra, and Meghna rivers and ground waters were analyzed for various chemical 

composition and Li and Sr isotopic ratios.  

	
 The riverine Li in the Ganges and Brahmaputra rivers are likely to be derived from 

silicate weathering while Sr is from carbonate weathering. There were large variations 

in Li contents and its isotopic compositions compared to Sr during flowing down. In the 

Ganges and Brahmaputra rivers, changes in dissolved Li to lower and isotopically 

heavier values from the upper to lower stream indicates that incongruent weathering 

occurs in the rivers. In contrast, the ground water cause the riverine Li isotopically-light 

in the relatively-small Meghna river. The differences in Li flux and its isotopic 

composition in each river between the dry and wet seasons may be explained by 

changes in drainage basin areas and flow velocity. These results indicate that further 

studies on Li isotopes in dissolved and suspended phase and its interaction must be 
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required to ascertain the process to change Li in the river water during flowing down. 

However, this study suggests that the behavior on Li during flowing down and seasonal 

variation in Li should be considered when the global lithium flux and its isotopic 

compositions from river systems to the ocean are estimated. 
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Summary of conclusions 

 
	
 In this thesis, I investigated lithium isotope ratios in the three earth surface reservoirs 

that take important roles in global lithium cycles in earth surface environment. First, I 

referred to the general introduction and objectives in this thesis as described in the 

“Preface” section. The analytical procedure of lithium isotopic measurements is also 

summarized in the following chapter. Then, I discuss three subjects about lithium 

isotope geochemistry. 

	
 To constrain the origin of lithium in onshore lithium ore deposits, I applied lithium 

isotope geochemistry to evaporites and lacustrine sediments from playas in Nevada, 

USA. This is the fist study that applies lithium isotopes to samples from playas. These 

results demonstrated that lithium isotope ratios can be a useful tracer for determining 

the origin of lithium and evaluating its accumulation processes in playas. 

	
 I applied lithium isotope geochemistry to submarine vent fluids from arc and 

back-arc hydrothermal systems in the western Pacific. These results demonstrated that 

lithium contents and its isotopic compositions in vent fluids are useful tracers for 

investigating hydrothermal circulation processes such as phase separation process and 

seawater-rock/seawater-sediment interactions under the seafloor not only on MOR but 

also in arc and back-arc sites. Moreover, this study proposed that lithium flux and its 

isotopic compositions from arc and back-arc sites are not negligible for the global 

lithium flux and its isotopic compositions from whole submarine hydrothermal systems 

to the ocean. 

	
 Finally, I applied lithium isotope geochemistry to river and ground waters from the 

Ganges-Brahmaputra-Meghna river systems, the major river systems in the world. 

These results demonstrated that the large changes in Li contents and its isotopic 

compositions in river water during flowing down are mainly controlled by incongruent 
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weathering and mixing of ground water. This study proposed that the behavior on 

lithium during flowing down process and seasonal variations should be considered for 

estimating accurate global lithium flux and its isotopic compositions from river systems 

to the ocean. 

	
 Since lithium isotope ratios in various earth surface materials could have been 

measured, lithium isotopic studies have played an important role for investigating 

various geochemical and geological processes such as chemical weathering on the 

earth’s surface and material cycles in subduction zones. In this thesis, I showed that it 

could also be useful for resource geology such as the genesis of lithium ore deposits in 

playas. Further studies will enable to develop resource exploration methods and assess 

resource potential by the isotopes. Moreover, lithium isotopic ratio is also a useful tracer 

for investigating geological and geochemical processes in submarine hydrothermal 

systems and river systems. The global lithium flux and its isotopic compositions from 

these systems to the ocean are important for ocean lithium chemistry and global lithium 

cycles. Further studies will enable to estimate accurate lithium flux and its isotopic 

compositions by considering controlling factors and the behavior on lithium in these 

systems. 
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