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Fig. 2.3: Silicon isotopes analytical development performed on the 

different sample types in this PhD thesis. * = feasible application. The 

PhD thesis chapters in which these steps have been                                            

applied are specified.                                                                                101                                                                                                                     

Fig. 2.4: Samples purification via cation-exchange resin (Biorad 

AG50WX12) prior to Si isotope measurements.                                      106 

Fig. 2.5: (a) Four parts and (b) schematic overview of Neptune Plus™ 
High Resolution Multicollector ICP-MS (UCLouvain).                         108 

Fig. 2.6: Interferences on Si isotopes during measurements on Neptune 

Plus™ High Resolution Multicollector ICP-MS.                                   110 

Fig 2.7: Plot of the δ30Si values (± SD) of the three reference materials 

(diatomite, quartz Merck and BHVO-2) as obtained using a single 
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purification (cation-exchange resin) and the two-step purification method 

(cation-exchange resin + anion-exchange resin) developed in this study. 

The data are reported in Table 2.9. Our δ30Si values agree well (within 

error) with the Si isotope compositions (dashed line ± SD shown as a 

colored box) reported for the diatomite, quartz Merck and BHVO-2 

reference materials (Reynolds et al, 2007; Abraham et al, 2008).            112                      

Fig. 3.1: Location of thermal springs collected in (i) Basse-Terre Island 

(green), (ii) Java Island (red), (iii) Kyūshū Island (dark blue), (iv) YPVF 
(yellow), (v) Negros Island (light blue) and (vi) Kamchatka (purple). This 

color code will be used in figures comparing multiple sites. La Soufrière 

volcano, Kawah Ijen volcano, Aso volcano, Kanlaon volcano and 

Mutnovsky volcano are represented in the appropriated maps (white 

triangle).                                                                                                  130 

Fig. 3.2: Ternary diagrams of the major cation (a) and anion (b) 

composition of the thermal springs (circle) studied (following 

Giggenbach, 1988). The HCO3 concentration is calculated based on the 

charge balance and is not available for waters from Kanlaon and 

Mutnovsky volcano. Literature data: thermal springs from YPVF (colored 

in yellow; Hurwitz and Louvenstern, 2014); thermal springs from Blawan 

in Kawah Ijen volcano (colored in red; Delmelle et al, 2000).                   139                 

Fig. 3.3: (a) Surface temperature (°C), (b) pH and (c) TDS (µmol.l-1) in the 

different water types (represented by symbols; hyper acid SO4-Cl, acid 

SO4-, alkaline HCO3-, neutral Cl-waters and mixed thermal springs, i.e., 

acid SO4-Cl, neutral HCO3-SO4 waters) collected in the different sites 

(color-coded; La Soufrière volcano, Kawah Ijen volcano, Aso volcano, 

YPVF, Kanlaon volcano and Mutnovsky volcano). The surface 

temperature and pH are not available for thermal springs from Kanlaon 

and Mutnovsky volcanoes.                                                                   141                    

Fig. 3.4: Ternary diagram of the relative Na, K, Mg content (Giggenbach, 

1988) in the different types of thermal waters (represented by symbols; 

hyper acid SO4-Cl, acid SO4-, alkaline HCO3-, neutral Cl-waters and mixed 

thermal springs, i.e., acid SO4-Cl, neutral HCO3-SO4 waters) collected in 

the different sites (color-coded; La Soufrière volcano, Kawah Ijen 

volcano, Aso volcano, YPVF, Kanlaon volcano and Mutnovsky volcano). 

SS = Sulfide Spring.                                                                             143 
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Fig. 3.5: Plots of the principal component analysis (PCA) with (a) 

variables (H, Ca, Na, Mg, K, Al, Fe, Si, SO4, Cl, Ge), (b) individuals of the 

56 thermal springs (total of 72 samples) from the six hydrothermally-active 

volcanic regions studied (La Soufrière volcano (green), Kawah Ijen 

volcano (red), Aso volcano (dark blue), YPVF (yellow), Kanlaon volcano 

(light blue) and Mutnovsky volcano (purple)), (c) eigenvalues and (d) 

individuals by the six thermal waters types.                                           144 

Fig. 3.6: Plots of the (a) Ge/Si ratios (± SD) and (b) Si isotope 

composition (δ30Si ± SD) in the different types of thermal waters 

(represented by symbols; hyper acid SO4-Cl, acid SO4-, alkaline HCO3-, 

neutral Cl-waters and mixed thermal springs, i.e., acid SO4-Cl, neutral 

HCO3-SO4 waters) collected in the different sites (color-coded; La 

Soufrière, Kawah Ijen, Aso, YPVF, Kanlaon,                                               

Mutnovsky).                                                                                            149                                                                                             

Fig. 3.7: Plots of variations in the hyper acid SO4-Cl thermal springs (all 

from Kawah Ijen volcano; sample codes as in Table 3.1): (a) Si 

concentration (µmol.l-1), Ge concentration (nmol.l-1) and Ge/Si ratios 

(µmol.mol-1) as a function of SO4
2- + Cl- concentrations (µmol.l-1); (b) 

Ge/Si ratios (µmol.mol-1) as a function of F concentration (µmol.l-1).   153                                                                             

Fig. 3.8: Plots of variations in the hyper acid SO4-Cl thermal springs (all 

from Kawah Ijen volcano; sample codes as in Table 3.1): (a) δ30Si (‰) as 

a function of F concentration (µmol.l-1) and (b) δ30Si (‰) as a function of 

SO4
2- + Cl- concentrations (µmol.l-1).                                                     155                                           

Fig. 3.9: Plot of the Ge concentration (nmol.l-1) as a function of (a) Total 

Dissolved Solid (TDS), (b) surface temperature and (c) Cl- concentration 

in the different types of thermal waters (represented by symbols; hyper 

acid SO4-Cl, acid SO4-, alkaline HCO3-, neutral Cl-waters and mixed 

thermal springs, i.e., acid SO4-Cl, neutral HCO3-SO4 waters) collected in 

the different sites (color-coded; La Soufrière, Kawah Ijen, Aso, YPVF, 

Kanlaon, Mutnovsky). Surface temperature are not available for thermal 

waters of Kanlaon volcano and from Mutnovsky volcano.                     162    

Fig. 3.10: Plot of the Si concentration (µmol.l-1) (expressed as 1/Si) as a 

function of surface temperature in the different types of thermal waters 

(represented by symbols; hyper acid SO4-Cl, acid SO4-, alkaline HCO3-, 
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neutral Cl-waters and mixed thermal springs, i.e., acid SO4-Cl, neutral 

HCO3-SO4 waters) collected in the different sites (color-coded; La 

Soufrière, Kawah Ijen, Aso and YPVF). Surface temperature are not 

available for thermal waters of Kanlaon volcano and from Mutnovsky 

volcano.                                                                                                163 

Fig. 3.11: Plot of the δ30Si (± SD) as a function of the Ge/Si ratios (± SD) 

in the different types of thermal waters (represented by symbols; hyper 

acid SO4-Cl, acid SO4-, alkaline HCO3-, neutral Cl-waters and mixed 

thermal springs, i.e., acid SO4-Cl, neutral HCO3-SO4 waters) collected in 

the different sites (color-coded; La Soufrière, Kawah Ijen, Aso, YPVF, 

Kanlaon and Mutnovsky).                                                                    167 

Fig. 3.12: Schematic illustrating the evolution of Ge/Si ratio and δ30Si 

value in thermal springs from immature to mature waters, involving the 

processes influencing the thermal waters chemistry, i.e., magmatic 

processes and water-rock interaction (WR).                                            168                                           

Fig. 4.1: Sampling locations on Java Island, Indonesia for the acid lake 

from Kawah Ijen volcano (plain circle), the thermal springs (open circle), 

the river waters (triangle; including the Banyu Pahit/Banyu Putih rivers 

sampled at eleven different locations 40 km downstream and the three 

alkaline rivers Kali Sat, Kali Senggon and Bangoran), and the soil solutions 

(diamond; A, B, C, including C1 and C2, collected in the Asembagus Plain 

irrigated by the Banyu Putih river). The sample names refer                               

to Table 4.1.                                                                                        189                                                                                               

Fig. 4.2: Calculated water discharges (m3.s-1) of Banyu Pahit/Banyu Putih 

rivers (BP) from the acid lake at the summit of Kawah Ijen volcano to the 

Lewung irrigation dam located 40 km downstream (from BP1 to BP10, 

respectively), including the measured discharge contribution from thermal 

springs (SP), surface runoff (Runoff) and alkaline river waters (KST, KS). 

In the grey box: the calculated water discharge of each location 

(symbolised by c in subscript, e.g., BP2c) has been obtained from the sum 

of the in situ measured water discharge of each contributor (symbolised 

by m in subscript, e.g., SP3m) and the calculated discharge of the upstream 

main river location (e.g., BP1c for BP2c). The discharge for SP4 (not 

available) has been considered as equal to the nearby SP3. The Ge/Si ratio 

mentioned for the contributors to BP4 and BP6 derive from the 
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combination of the discharge based-model and the Ge/Si ratio measured 

(see section 4.6.3 for details). The sample names refer to Table 4.1.  198                                                                                               

Fig. 4.3: Ternary diagram of the cation concentrations of waters sampled 

on Java Island, Indonesia (wet season, February 2017): acid lake (plain 

circle), thermal springs (open circle), rivers (triangles; including Banyu 

Pahit/Banyu Putih river waters (plain grey triangle), and three neutral river 

waters (open grey triangle; KST, KS and BA)), and soil solutions 

(diamond). The sample names refer to Table 4.1. The chemical 

composition of the average crater lake water in dry season is given for 

comparison (plain blue circle; data from Delmelle et al, 2000).             200                                            

Fig. 4.4: Plots of the dilution-corrected element concentrations in the wet 

season (February 2017, this study) as a function of the dilution-corrected 

element concentrations in the dry season (August 1993-1996; data from 

Delmelle and Bernard, 2000) for SO4
2- (a), Cl- (b), Ca (c), and Si (d). Data 

are presented for locations were measurements at both seasons were 

available, i.e., in Banyu Pahit/Banyu Putih river waters (BP1, BP3, BP4, 

BP5b, BP5, BP6, BP7, BP10). The sample names refer to Table 4.1. The 

Na has been chosen for dilution-correction based on the strong positive 

correlation between Na concentration and TDS (R2 = 0.99, Suppl. Mat. 

4.3), indicating that riverine Na concentrations are governed                                      

by dilution.                                                                                           203                                                                

Fig. 4.5: Plot of the Si concentrations in Banyu Pahit/Banyu Putih rivers 

in wet (February 2017; this study) and dry (August 1996: Delmelle and 

Bernard, 2000 - September 2003: Asembagus Irrigation Office) seasons 

from from BP1 (close to acid lake) to BP10 (40 km downstream). The 

sample names refer to Table 4.1.                                                           204                                                                         

Fig. 4.6: Plot of the evolution of the saturation index (SI) of silica (SiO2: 

chalcedony, quartz and amorphous silica) in Banyu Pahit/Banyu Putih 

river waters from BP1 (close to acid lake) to BP10 (40 km downstream). 

The sample names refer to Table 4.1.                                                     205               

Fig. 4.7: Plots of the (a) Ge/Si ratios (± SD) and (b) Si isotope 

composition (δ30Si ± SD) of waters sampled on Java Island, Indonesia: the 

acid lake (plain circle), the thermal springs (open circle), the rivers 

(triangles; including Banyu Pahit/Banyu Putih river waters (plain grey 
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triangle), and the three neutral river waters (open grey triangle; KST, KS 

and BA)), and the soil solutions (diamond). The sample names refer to 

Table 4.1.                                                                                               208              

Fig. 4.8: Plot of the Ge/Si ratio as a function of the Cl concentration in 

waters sampled on Java Island, Indonesia: acid lake (plain circle), thermal 

springs (open circle), rivers (triangles; including Banyu Pahit/Banyu Putih 

river waters (plain grey triangle), and the three neutral river waters (open 

grey triangle; KST, KS and BA)), and soil solutions (diamond). The sample 

names refer to Table 4.1.                                                                      211                                                                                                 

Fig. 4.9: Plot of the Si isotope compositions (δ30Si ± SD) as a function of 

the Si concentration (1/Si) in the acid lake (plain circle), the thermal 

springs (open circle), the rivers (triangles; including Banyu Pahit/Banyu 

Putih river waters (plain grey triangle), and the three neutral river waters 

(open grey triangle; KST, KS and BA)), and the soil solutions (diamond). 

The sample names refer to Table 4.1.                                                      213                                                                                         

Fig. 5.1: Sampling locations on Basse-Terre Island, Guadeloupe, Lesser-

Antilles. The thermal springs (black circle), rivers (black triangle), soil 

solutions (black diamond) and hydrothermally-altered rock (®) are 

depicted on a simplified soil map (modified from Cabidoche, 2011). Also 

shown are La Soufrière volcano, Deshaies Dome, Les Mamelles Complex, 

Bouillante geothermal area and Carmichaël. The approximate boundaries 

of the La Grande Découverte caldeira and Amic crater are represented by 

dotted lines (Komorowski et al, 2005; Barat, 1986). All the sample codes 

are described in Table 5.1.                                                                      241                                                                      

Fig. 5.2: Ternary diagrams of the major anion and cation composition of 

the thermal springs studied. The HCO3 concentration is calculated based 

on the measured alkalinity and the charge balance. The samples are 

grouped as Ca-SO4 (red), Ca-Na-Cl (green) and Ca-Na-HCO3 (blue) 

waters.                                                                                                   251                                                                

Fig. 5.3: Plot showing the SO4
2- concentration (µmol.l-1) as a function of 

the Cl-/SO4
2- molar ratio measured in the river water samples. Following 

Gaillardet et al (2011), the river compositions which fall in the grey-shaded 

area of the graph (SO4
2- > 25-50 µmol.l-1 and Cl-/SO4

2- < 8-10) are affected 
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by volcanic hydrothermal inputs; these river waters are denoted by “HI”. 
Sample codes as in Table 5.1.                                                             253                                                                                                        

Fig. 5.4: Plots showing the Ge/Si ratio (± SD) (a) and Si isotope 

composition (δ30Si ± SD) (b) of the thermal spring (circle), river water 

(triangle), soil solution (diamond) and hydrothermally-altered rock (®) 

samples. The Ca-SO4, Ca-Na-Cl and Ca-Na-HCO3 thermal springs are 

shown with red, green and blue-filled symbols, respectively. The 

hydrothermally-impacted rivers (plain grey triangle) are distinguished from 

the non-impacted rivers (open green triangle) following Gaillardet et al 

(2011) (see Fig. 5.3).                                                                                257                                            

Fig. 5.5: Plots showing the Ge/Si ratio (a) and the Si isotope composition 

(δ30Si) (b) as a function of the Ca/Mg molar ratio in the thermal spring 

(circle), river water (triangle) and soil solution (diamond) samples. The HI 

rivers that receive discharges from thermal springs (plain orange triangle) 

are distinguished from those receiving drainages from an extinct 

hydrothermal system (plain blue triangle). The NI rivers are displayed 

according to their locations in Basse-Terre Island: north (open blue 

triangle), center (open purple triangle), and south (open green triangle). 

The 2SD error bar reported correspond to ±10% for Ge/Si, and to the 

largest 2SD value measured on a sample for δ30Si (Table 5.2). The river 

codes are explained in Table 5.1.                                                         265 

Fig. 5.6: Plots showing the Ge/Si ratio (a) and the Si isotope composition 

(δ30Si) (b) as a function of the Cl-/SO4
2- molar ratio in the thermal spring 

(circle), river water (triangle) and soil solution (diamond) samples. The HI 

rivers that receive discharges from thermal springs (plain orange triangle) 

are distinguished from those receiving drainages from an extinct 

hydrothermal system (plain blue triangle). The NI rivers are displayed 

according to their locations in Basse-Terre Island: north (open blue 

triangle), center (open purple triangle), and south (open green triangle). 

The 2SD error bar reported correspond to ±10% for Ge/Si, and to the 

largest 2SD value measured on a sample for δ30Si (Table 5.2). The river 

codes are explained in Table 5.1.                                                          268       

Fig. 6.1: Location of thermal spring waters (circle) and river waters 

(triangle) studied in Yellowstone Plateau Volcanic Field (YPVF). Thermal 

springs from this study (black circle; from Midway Geyser Basin) are 
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located relative to samples from literature (green circle): from Douthitt 

(1982) (A = Porcelaine Terrace, B = Cistern, C = Beryl, E = Ear, and 

Minerva spring outside the map), and from Chen et al (2020) (B = Cistern, 

D = Deerbone). Major geyser basins and thermal areas are located (dark 

blue), from North to South, respectively: MHS = Mammoth hot springs; 

NGB = Norris Geyser Basin; MV = Mud volcano; LGB = Lower Geyser 

Basin; MGB = Midway Geyser Basin; UGB = Upper Geyser Basin; SGB 

= Shoshone Geyser Basin; HLGB = Heart Lake Geyser Basin. The river 

codes are explained in Table 6.1.                                                        287                        

Fig. 6.2: Change in discharge (standardized to catchment size) between 

snowmelt (June) and base flow (September) in river waters flowing 

through YPVF as a function of the draining area. Discharge data and 

drainage area data (USGS database; NWIS, 2019) correspond with the 

sampling days and sampling locations in this study. The river codes are 

explained in Table 6.1.                                                                        289 

Fig. 6.3: Ternary diagrams of the major cation (a) and anion (Giggenbach, 

1988) (b) composition of the thermal springs (circle) and river waters 

(triangle) from the YPVF. River waters at base flow (plain triangle) are 

compared with river waters during snowmelt (open triangle). Data from 

this study (dark grey) are compared with literature data (green): rivers from 

Gemery-Hill et al (2007), thermal springs from Norris Geyser Basin 

(NGB) and Mammoth Hot Springs (MHS) from Bargar (1978), and SI 

Deep Hole vent fluids from Fowler et al (2019b). Alkalinity is not available 

for our samples. The river codes are explained in Table 6.1.               295                                                           

Fig. 6.4: Total dissolved solids (TDS) at snowmelt period (TDSsnowmelt; 

June) relative to base flow (TDSbase flow; September) in river waters (triangle) 

flowing in Yellowstone Plateau Volcanic Field (YPVF). The river codes 

are explained in Table 6.1. The end-member for TDSthermal springs is shown 

for comparison (circle).                                                                        297                                                                            

Fig. 6.5: Plots showing the Na-normalized element concentrations (molar 

ratio) at snowmelt (June) as a function of Na-normalized element 

concentrations at base flow (September) in river waters flowing through 

YPVF: (a) Cl, (b) Si, (c) Mg and (d) K. The river codes are explained in 

Table 6.1.                                                                                        298                                              
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Fig. 6.6: Plots showing the Ge/Si ratio (± SD) (a) and Si isotope 

composition (δ30Si ± SD) (b) of the thermal spring (circle) and river water 

(triangle) samples from the YPVF. River waters at base flow (plain dark 

grey triangle) are compared with river waters during snowmelt (open dark 

grey triangle). Si isotope data from this study (black) are compared with 

reported literature values from YPVF (located in Fig. 6.1): Douthitt 

(1982) (blue; A = Porcelaine Terrace, B = Cistern, C = Beryl, E = Ear, F 

= Minerva; white circles), Chen et al (2020) (red; B = Cistern, D = 

Deerbone). The river codes are explained in Table 6.1.                           301                                                                         

Fig. 6.7: Plots showing the variations in (a) Ge/Si ratios and (b) Si isotope 

compositions in river waters during snowmelt (June) as a function of the 

same parameters at base flow (September) in YPVF. The river codes are 

explained in Table 6.1.                                                                        303   

Fig. 6.8: Schematic showing a plan view of river waters and surrounding 

bedrock in Yellowstone Plateau Volcanic Field (YPVF) in (a) base flow 

conditions (BF), where river water discharge is low and Ge/Siriver =  

Ge/SiBF = Ge/Si measured in rivers collected in September to December, 

and in (b) high discharge conditions at snowmelt to depict the mixing of 

snowmelt waters (SM) with base flow waters (BF) with the additional 

contribution from surface waters (the term (1-x) corresponds to the 

contribution from surface waters in Eq. 1 (influenced by the dissolution 

of primary minerals and/or by clay mineral formation; see section 6.6.3.2 

for details).                                                                                               313          

Fig. 6.9: Chemical weathering rates (CWR, t.km-2.yr-1) on river waters 

flowing through Yellowstone Plateau Volcanic Field (YPVF) using 

riverine discharge at base flow (BW), during snowmelt (SM), estimated on 

an annual basis (ANN) and compared with data presented by Hurwitz et 

al (2010) (see section 6.6.4). The river codes are explained in                             

Table 6.1.                                                                                              317                                              

Fig. 7.1: Location of thermal springs, groundwaters, river waters and 

surface runoff flowing into the Aso caldera, Kyūshū Island, Japan. The 
numbers refer to Table 7.1.                                                                338 

Fig. 7.2: Discharge (m3.s-1) as a function of precipitation (mm) at the 

outlet the Aso caldera between 2014 and 2015 (S33 in Table 7.1). Summer 
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(sum) is considered as “high discharge” conditions and the other seasons 
are considered as “base flow” conditions. For our sampling seasons: high 
discharge conditions (sum 2015 and sum 2016) and “base flow” 
conditions (fall 2014, spring 2015 and fall 2016).                                      340                                                                                             

Fig. 7.3: Plot of the Si concentration as a function of pH for the water 

samples from the northern (green) and southern (red) part of the Aso 

caldera: thermal springs (circle), groundwaters (square), river waters 

(triangle; with main river (plain triangle) and tributaries (open triangle)), 

and surface runoff (diamond).                                                              346                                                                          

Fig. 7.4: Ternary diagrams of the (a) cationic composition and (b) anionic 

composition of the water samples from the northern (green) and southern 

(red) part of the Aso caldera: thermal springs (circle), groundwaters 

(square), river waters (triangle; with main river (plain triangle) and 

tributaries (open triangle)), and surface runoff (diamond). The HCO3 

concentration is calculated based on the charge balance.                      348                                                                                          

Fig. 7.5: Plot of the Total Dissolved Solid (TDS) at high discharge as a 

function of the TDS in base flow in the water samples from the northern 

(green) and southern (red) part of the Aso caldera: groundwaters (square), 

and river waters (triangle; with main river (plain triangle) and tributaries 

(open triangle)). The confluence S33 (in Table 7.1; plain blue triangle) and 

the crater groundwater S03 (plain blue square) are highlighted.             350                                             

Fig. 7.6: Plot of the dilution-corrected element concentration at high 

discharge versus at base flow for (a) Cl, (b) Si, (c) K, (d) Na, (e) Ca and (f) 

B in the water samples from the northern (green) and southern (red)  part 

of the Aso caldera: thermal springs (circle), groundwaters (square), river 

waters (triangle; with main river (plain triangle) and tributaries (open 

triangle)), and surface runoff (diamond). The confluence S33 (in Table 

7.1; plain blue triangle) and the crater groundwater S03 (plain blue square) 

are highlighted.                                                                                    352                                                                          

Fig. 7.7: Plot of the (a) Ge/Si ratios (± SD) and (b) Si isotope 

compositions (δ30Si ± SD) in the water samples from the northern (green) 

and southern (red) part of the Aso caldera: thermal springs (circle), 

groundwaters (square), river waters (triangle; with main river (plain 
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triangle) and tributaries (open triangle)), and surface runoff (diamond). 

The confluence S33 (in Table 7.1) is highlighted (plain blue triangle).  354                                                                                                                   

Fig. 7.8: Plot of the (a) Ge/Si ratio (± SD) at high discharge as a function 

of the Ge/Si ratio at base flow and (b) the Si isotope composition (δ30Si ± 

SD) at high discharge as a function of the δ30Si at base flow in the water 
samples from the northern (green) and southern (red) part of the Aso 

caldera: groundwaters (square), and river waters (triangle; with main river 

(plain triangle) and tributaries (open triangle)). The confluence S33 (in 

Table 7.1; plain blue triangle) and the crater groundwater S03 (plain blue 

square) are highlighted.                                                                            355            

Fig. 7.9: Plot of the Ge/Si ratio as a function of the Cl/B ratio in the 

water samples from the northern (green) and southern (red) part of the 

Aso caldera: thermal springs (circle), groundwaters (square), river waters 

(triangle; with main river (plain triangle) and tributaries (open triangle)), 

and surface runoff (diamond).                                                              360                                                                     

Fig. 7.10: Plot of the Si isotope composition (δ30Si ± SD) as a function of 

(a) the Si concentration and (b) the Ca/K ratio in the water samples from 

the northern (green) and southern (red) part of the Aso caldera: thermal 

springs (circle), groundwaters (square), river waters (triangle; with main 

river (plain triangle) and tributaries (open triangle)), and surface runoff 

(diamond).                                                                                             365 

Fig. 7.11: Schematic of the influence of the flow regime (base flow and 

high discharge) on the different contributors to river waters in the Aso 

caldera (northern river in green, southern river in red). The main 

contributors are thermal springs, groundwater and surface runoff. The 

width of the arrow is proportional to the relative input from the 

contributors. At high discharge, the fraction of hydrothermal input is 

reduced relative to other contributions, i.e., groundwater, surface runoff, 

and a contribution from subsurface water influenced by primary mineral 

dissolution.                                                                                          367 

Fig. 8.1: Comparison between the chemical weathering rates (CWR; t.km-

2.yr-1) calculated in the PhD thesis (YPVF: Ch4; Aso: Ch5; Kawah Ijen: 

Ch2) and the literature, presented from the more silicic magmatic rocks 

(left) to the less silicic magmatic rocks (right). BF = base flow, HD = high 
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discharge initiated by snowmelt (YPVF) or rain season (Aso, Kawah Ijen), 

ANN = annual basis. YELo, the main river of YPVF is generally used to 

assess CWR from YPVF (Hurwitz et al, 2010). Data from La Réunion: 

Louvat and Allègre, 1997; Sao Miguel: Louvat and Allègre, 1997; Iceland: 

Stefánsson and Gislason, 2001; Martinique and Guadeloupe: Rad et al, 

2006; Kamchatka: Dessert et al, 2009; Dominica: Goldsmith et al, 2010; 

New Zealand: Goldsmith et al, 2008.                                                  382      

Fig. 8.2: Plot of the Si concentration as a function of the Total Dissolved 

solid (TDS) in river waters from this study (triangle; Basse-Terre Island, 

Java Island, Kyūshū Island, YPVF) and from the literature (circle). The 
water samples from this PhD thesis were filtered at 0.45 µm whereas 

filtration at 0.22 µm was used in the studies from the literature, i.e., 

potentially leading to differences in colloidal Si.                                    384                                                                                                                    

Fig. 8.3: Conceptual scheme on the hydrothermal (red) and weathering 

(blue) contributions to Chemical Weathering Rates (CWR) in rivers 

draining volcanic terranes featuring hydrothermal manifestations. The 

associated consumption of atmospheric CO2 depends on the contribution 

from magmatic CO2. The intensity of the color (red or blue) is 

proportional to the contribution (hydrothermal or weathering, 

respectively) to CWR in rivers, and hence to magmatic or atmospheric 

CO2 consumption.                                                                                386                                                                                          

Fig. 8.4: Contribution of the PhD thesis to the knowledge on the 

variations of the Ge/Si at the surface of the Earth. [1] Arnòrsson, 1983, 

1987; Siebert et al, 2006; Wheat and McManus, 2008; Escoube et al, 2015 

[2] Mortlock and Froelich, 1987; Froelich et al, 1992; Kurtz et al, 2002; 

Kurtz and Derry, 2004; Derry et al, 2005; Scribner et al, 2006; Opfergelt 

et al, 2010; Han et al, 2015; Baronas et al, 2018, 2020 [3] Derry et al, 2005 

[4] Derry et al, 2005 [5] Lugolobi et al, 2010; Kurtz et al, 2011; Ameijeras-
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General introduction 
 
 

Volcanic rocks represent only 5% of the terrestrial surface but several 
studies of basaltic regions showed that, through weathering, these rocks 
contribute significantly to the global flux of solutes to the ocean and 
hence, consumption of atmospheric CO2. However, recent data highlight 
the disproportionate contribution to weathering fluxes of volcanic island 
arc and continental hotspot regions where explosive eruptive activity 
dominates and is accompanied predominantly by pyroclast and tephra 
deposition. While these areas generally correspond to more silicic 
compositions, which tend to display lower dissolution rates compared to 
basalts, weathering is enhanced due to the fragmented nature of the 
volcanic deposits. 

 

Potentially important uncertainties remain regarding the variables which 
control weathering fluxes in volcanic island arc and continental hotspot 
regions. For example, they are often associated with hydrothermal 
systems which act as a source of strong acids for weathering reactions. In 
addition, weathering of alteration deposits from extinct hydrothermal 
systems may also generate a source of acidity for weathering. There is 
evidence that the hydrothermally-derived flux of elements may be 
significant, i.e., contributing between 10 and 80% to the weathering 
fluxes. Thus, inclusion of the hydrothermal flux in the calculation of 
atmospheric CO2 consumption by rock weathering may lead to 
overestimates.  

 

The influence of runoff variability on weathering fluxes from volcanic 
regions is also overlooked. Runoff can change drastically in volcanic 
island as a function of orography and infiltration but also seasonally. 
Runoff is paramount to weathering processes as it dictates the amount of 
water available for mineral dissolution as well as the discharge of 
dissolved weathering fluxes to rivers. Seasonal runoff variability in 
volcanic island arc and continental hotspot regions may affect the 
contribution from meteoric weathering processes to weathering fluxes, 
which integrate hydrothermal and meteoric contributions. This 
highlights that the relative contributions from hydrothermal and 
meteoric sources and processes to weathering fluxes in these 
hydrothermally-active volcanic regions may therefore vary as a function 
of runoff. Importantly, these changes in contribution to weathering 
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fluxes may be amplified in the future given that runoff variability is 
predicted to increasingly affect dissolved riverine chemistry based on the 
projected changes in precipitation with ongoing climate change. 

 

The uncertainties on the source of acidity for weathering reactions and 
the influence of runoff variability on weathering fluxes from volcanic 
island arc and continental hotspot regions prevent accurate estimates of 
atmospheric CO2 consumption and production of solutes to the ocean in 
these regions. Better constraining these uncertainties requires to unravel 
the relative contributions of meteoric and hydrothermal sources and 
processes to the overall response of weathering fluxes to changing 
runoff. The germanium to silicon ratios (Ge/Si) and the stable silicon 
isotopes (δ30Si) are particularly well-suited geochemical tracers to assess 
the sources and processes controlling dissolved Si weathering fluxes in 
volcanic regions. However, there is a lack of constraint on the response 
of these tracers upon hydrothermal discharge given that the controls on 
the variability of Ge/Si ratio and δ30Si in thermal waters are poorly 
understood. 

 
The goal of the proposed research is to apply geochemical tracers (Ge/Si 
and δ30Si) used in combination to derive a detailed understanding of how 
hydrothermal input and runoff variability influence weathering fluxes 
from volcanic island arc and continental hotspot regions.  
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General Overview 
 
 

 

1.1 Magma-related hydrothermal systems 
 

1.1.1 Definition 
 

In terms of nomenclature, many definitions exist in the literature to 
distinguish "geothermal” and "hydrothermal” systems. Generally, a 
"geothermal” system includes any system with a significant thermal 
gradient where heat transfers occur by conduction as well as by 
convection. On the other hand, a "hydrothermal system" is a geological 
system involving heat transfer by convection via water circulation. We 
refer to “hydrothermal system” throughout this PhD thesis.  
 
A general description of hydrothermal systems is reported in 
numerous studies and review papers (e.g., Bogie et al, 2005; Rye, 2005; 
Arnórsson et al, 2007; Pirajno, 2009; German and Seyfrid, 2014; 
Hochstein and Brown, 2015; Stimac, 2015). A hydrothermal system is 
composed of three main components: (i) a fluid that transfers heat (e.g., 
water, generally meteoric-derivated and more rarely from marine origin, 
transporting heat by convection from the reservoir to the Earth's 
surface), (ii) a permeable rock including the geothermal reservoir (the 
host rock composition is a determining factor in the rock-fluid 
interaction and influence the final composition of the geothermal waters 
and gases) and (iii) a heat source that is dependent on the tectonic and 
geological setting (in volcanic islands, underlying magma chamber with 
molten lava).  
 
The magma is supplied to the system by a high-temperature bedrock 
surrection process and is a mixture of molten or semi-molten rocks, 
volatiles and suspended crystals which pools beneath the Earth’s surface 
(Rogers and Hawkesworth, 2015). The dissolved magmatic volatiles 
(H2O, C, S, Cl and F) in magma may exsolve upon magma cooling, 
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decompression and crystallization and degas from the magma, depending 
on their solubility. H2O and CO2 are the major concentrated magmatic 
volatiles (~70-90% of the total volatile content) compared to S, Cl and F 
(~1-5%).  
 
Once degassed from magma, volatiles can (i) directly reach the surface 
by conduits to form “fumaroles” (high temperature gas emissions), (ii) 
interact with groundwaters at depth and by creating a convective cell 
driven by temperature pressure gradients (hydrothermal system). A long 
lateral outlow zone may also develop if permitted by the topography and 
the pressure gradients (Goof and Janik, 2000; Fig. 1.1).  
 

Boiling occurs once the confining pressure is too weak to keep 
upflowing fluids in the liquid form and the resulting rising hot gas 
follows different pathways: (i) directly rising buoyantly upward (the 
vapor phase includes non-condensable gases such as CO2, H2S, H2, SO2, 
CH4) producing fumaroles bearing the initial magmatic gas composition, 
(ii) reacting, upon contact with shallow meteoric groundwater, producing 
fumaroles bearing a small remnant of the initial magmatic gas 
composition. The cooling fluids, in interaction with the volcanic rock, 
become enriched in dissolved cations. This may sometimes lead to 
precipitation of secondary minerals. The complex transition from rock 
dissolution to fluid-rock equilibrium results in highly variable water 
compositions within the hydrothermal system, controlled by gas 
composition, rock lithology, rock/water ratio, residence time, and 
thermal regime (Reed, 1982; Giggenbach, 1988; Symonds et al, 2001).  
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Fig. 1.1: Schematic figure of a sub-aerial magma-driven hydrothermal 
system (modified from Detienne, 2016). 
 
 

1.1.2 Geological context 
 

Hydrothermal systems arise preferentially in areas where significant 
thermal gradients and abundant fluid circulation are associated. Preferred 
areas for hydrothermal systems development worldwide therefore 
include zones of active volcanism located at the edge of spreading ridges, 
subduction zones or transform faults (Fig. 1.2). Moreover, hydrothermal 
systems occur in “hotspots” which are caused by plumes of hot material 
rising from the deep mantle within a continental plate (e.g., Yellowstone 
Plateau Volcanic Field) or oceanic plate (e.g., Hawaii). The geological 
context is one criterion for classifying hydrothermal systems. Three types 
of subdivisions can be established from this criterion (Goof and Janik, 
2000): 
 
- Young magmatic systems. Associated with quaternary volcanism and 
magmatic intrusions, about 95% of the volcanic activity is located on the 
plate boundaries. These thermal systems are generally the hottest (< 370 
°C) with deep reservoirs (~1.5 km depth). 
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- Tectonic systems. They have a high heat flux but are essentially 
devoid of magmatic activity. They are located in back arc basins, regions 
of crustal extension, collision zones or along rifts zones. Tectonic 
systems are often associated with seismicity and heat flows resulting 
from Quaternary faults and thinning crust, respectively. In general, 
tectonic systems have reservoir temperatures ≤ 250 °C at depth of ~1.5 
km. 
 
 - Geopressurized systems. Located in sedimentary basins where 
tectonic uplift and deep metamorphism of fluid-rich layers formed over-
pressurized reservoirs. Depths and temperature reservoirs are typically 
range between 1.5-3.0 km, and 50-190 °C, respectively. 
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Fig. 1.2: Distribution of the world’s main thermal resources. A 
(Ahuachapan, El Salvador), B (Bulako, Philippines), CP (Cerro Prieto, 
Mexico), D (Dixie Valley, USA), DO (Dogger, France), ET (ElTatio, 
Chile), F (Fuzhou, China), FU (Fushime, Japan), K (e.g., Kamojang, 
Darajat, Kawah Ijen, Indonesia), KA (Kamchatka, Russia), KI (e.g., 
Kilimanjaro, Tanzania), KF (Krafla, Iceland), KL (Kilauea, USA), KW 
(Kawarau, New Zealand), L (Larderello, Italy), LA (Lassen, USA), LV 
(Long Valley, USA), LY (Lafayette, USA), M (Miravalles, Costa Rica), 
MA (Matsukawa, Japan), O (Oku-aizu, Japan), OK (Ohaaki, New 
Zealand), P (Pacaya-Amatitlan, Guatemala), PL (Platanares, Honduras), 
R (Rotorua, New Zealand), RJ (Reykjanes, Iceland), RK (Rotokawa, New 
Zealand), S (Steamboat Hills, USA), SH (Mount St Helens, USA), SS 
(Salton Sea, USA), T (Tiwi, Philippines), TG (The Geysers, USA), W 
(Wairakei, New Zealand), V (Valles Caldera, USA), VU (Vulcano, Italy), 
Y (Yellowstone, USA), Z (Zunil, Guatemala). Other thermal fields are 
represented by circles (adapted from Rybach and Muffler, 1981). Red = 
young magmatic systems; blue = tectonic systems; green = 
geopressurized systems. 
 
 



Part I: General overview    
 

 

 

 

 

 

 

 

 

8 

1.1.3 Description of subaerial magma-related 
hydrothermal systems 

 
Due to the complexity of a tectonic classification, a classification by 
hydrology is generally applied, separating subaerial magma-related 
hydrothermal systems into two major groups: (i) hydrothermal systems 
associated with stratovolcanoes or volcanic domes and (ii) low-relief 
systems, which develop in topographic basins (Fig. 1.3; Bogie et al, 
2005).  
 
 

Fig. 1.3: Classification of magma-related hydrothermal systems (from 
Bogie et al, 2005).   

 

 
 

1.1.3.1 Stratovolcano subaerial magmatic-related hydrothermal 
systems  

 
Volcanic edifices-related hydrothermal systems are generally associated 
with magma intrusions at relatively shallow levels (sometimes at a depth 
< 1 km). The surrounding meteoric waters initiate a convective system 
forming an “immature” system and neutralize the water over the time 
forming a high temperature “mature” system. 
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In “immature” hydrothermal systems, the acid leaching of the host rock 
results in various stages of intermediate to advanced argillic alteration 
and deposition of native sulfur usually in the crater of the volcanic 
edifice (Fig. 1.4a). This system is characterized by the presence of 
thermal springs, boiling mud pools, and various secondary minerals 
kaolinite and alunite. At some volcanoes such as Kawah Ijen in 
Indonesia (Fig 1.4b), the summit crater contains a lake acting as a 
condenser for the hot magmatic gases released from the subsurface. 
These lakes typically display extremely low pH values and temperatures 
above that of ambient air because evaporation increases the 
concentration of acidic components and native S remobilization. 
Numerous hot springs (with SO4-Cl-HCO3 in various concentrations) 
may develop on the slopes of the volcano at moderate distances from its 
summit (Fig. 1.4a). This large range in anion concentrations in these hot 
spring waters at different elevations resuls from the mixing of thermal 
waters with perched secondary aquifers or groundwaters within the 
volcanic pile of the volcanic edifice: (i) perched acid SO4 aquifers are 
found close to the system’s upflow, (ii) HCO3 enrichment are due to the 
flowing outward of these perched aquifers (neutralization of hosting 
rock converting dissolved gaseous CO2) and (iii) the hydrothermal 
neutral Cl aquifers, found underlying the perched aquifers, boil in the 
upflow to form secondary aquifers (Fig. 1.4a).  
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Fig. 1.4: (a) Schematic model of an immature hydrothermal system 
associated with a stratovolcano (modified from Rye et al, 2005; Bogie et 
al, 2005) and (b) the summit hot hyper-acid crater lake (pH < 0.3, T > 35 
°C, volume ~ 32 × 106 m3; Delmelle and Bernard, 1994) of Kawah Ijen, 
Indonesia (photograph captured during the field mission in January 
2017). 

a)

))

b)  
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The “mature” hydrothermal systems are generally associated with 
eroded volcanic landforms within dome complexes and summit calderas 
(Fig. 1.5). Elevation determines whether surface exposure of 
hydrothermal features occurs over a wide area, or covers a very limited 
surface area: (i) acid SO4-waters are observed at high elevation and (ii) 
neutral Cl-waters with increasing HCO3/SO4 as a function of decreasing 
elevation are found in lower altitude. The last observation that 
differentiates “mature” and “immature” systems, is that ‘immature’ 
systems can also display Cl-bearing water springs at high elevations. The 
circulating fluids are principally near-neutral pH fluids (Fig. 1.5). 
 
Dome hydrothermal systems are also reported in the hydrological 
classification of hydrothermal systems. These can be spatially associated 
with lava domes and form on the upper flanks of stratovolcanoes, or 
occur as isolated domes. The rheology of these systems results from the 
high silica content of the source magma, typically dacitic, rhyolitic, or 
andesitic and is associated with subduction settings (Hale, 2008; Hicks et 
al, 2009; Stimac et al, 2015). Finally, lithocarps (sub-horizontal blankets 
of residual quartz and advanced argillic alteration overlying a shallow 
magmatic intrusion; Sillitoe, 1995; Hedenquist and Taran, 2013) are also 
classified in stratovolcano subaerial magmatic-related hydrothermal 
systems. 
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Fig. 1.5: Schematic model of a mature hydrothermal system associated 
with a stratovolcano (in eroded volcanic landform) (modified from Rye 
et al, 2005; Bogie et al, 2005). 

 
1.1.3.2 Basinal subaerial magmatic-related hydrothermal systems  

 
A low-relief hydrothermal system is a steam-heated environment 
overlying a boiling reservoir (deep-seated magma intrusion at 3-15 km 
depth) of near-neutral pH water situated in topographic low relief basins, 
mainly rifts, or calderas (Fig. 1.6a). The host rock neutralizes and 
reduces the magmatic volatiles released at great depth which are 
subsequently diluted by meteoric waters before reaching the surface. The 
release of CO2-rich volatiles is favored under the high lithostatic 
pressure.  
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Low salinity systems are the most common low-relief type systems. 
Boiling neutral-Cl hot springs and geysers occur at the surface and 
significant areas of silica sinters generally form around the springs as is 
observed in the continental hotspot of Yellowstone Plateau Volcanic 
Field, Wyowing (Fig. 1.6b). Fumaroles and acid H2S–rich steam-heated 
features such as mudpots can be found in these systems. Mudpots (or 
mud pools) are acidic hot springs, or fumaroles, with low water content 
and the presence of clay minerals formed by the interaction of acidic 
fluids with the host rock. The size of a typical low-relief system depends 
on the regional geology and topography.  
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Fig. 1.6: (a) Schematic model of a low-relief hydrothermal system 
(modified from Rye et al, 2005; Bogie et al, 2005) and near-neutral fluid 
surface exposure (Yellowstone Plateau Volcanic Field, Wyoming) with 
(b) travertine deposition around neutral CaCO3-rich hot springs 
(Mammoth hot springs, Yellowstone Plateau Volcanic Field, Wyoming) 
and boiling neutral Cl-rich hot springs with associated silica sinter 
“crater” associated to geyser and silica sinter (white deposits) (credit: U.S. 
Geological Survey).  

b

a
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1.1.4 Surface manifestation and classification of thermal 
waters 

 
In general, hydrothermal systems can be identified by their surface 
manifestations in the form of fumaroles, hydrothermal deposits, 
weathering products and hot waters such as hot springs, geysers or acidic 
lakes (Fig. 1.7). The rise of fluids and formation of fumaroles is almost 
systematic in all active volcanoes, as is observed at the summit of the 
Soufrière volcano (Guadeloupe) (Fig. 1.7). These manifestations are 
mainly observed in areas located near heat sources in the active craters. 
At the closest point to the heat sources, there are higher fluid 
temperatures than the condensation temperature of the water vapor 
resulting in visible fumarole expulsion at the surface. When the distance 
from these heat sources increases, heat loss leads to the condensation of 
water vapor at soil depth. Once the temperatures are even lower and too 
weak to allow the vaporisation of water vapor, the hydrothermal system 
extends laterally resulting in thermal springs.  
 
Solfataras are surface manifestations observed in the vicinity of active 
craters. These are sulfur deposits associated with the emission of water 
vapor, CO2 and H2S (more rarely SO2). Considerable sulfur quantities 
can develop and are subsequently exploited, for example in Kawah Ijen 
(Indonesia). These sulfur deposits are also associated with sulfate 
minerals such as alunite, natroalunite, jarosite, gypsum, and a wide range 
of often ephemeral hydrated sulfates (e.g., gypsum (CaSO4.2H2O), 
anhydrite (CaSO4), jarosite (KFe3(OH)6(SO4)2)). At depth, the 
geothermal fluids contain the reduced species of sulfur and their 
precipitation leads to sulfide minerals such as, e.g., pyrite (FeS2), 
pyrrhotite (FeS), galena (PbS), sphalerite (ZnS), chalcopyrite (CuFeS2), 
generally associated with metal-bearing deposits.  
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Fig. 1.7: Surface manifestations associated with magma-related 
hydrothermal systems such as, the summit fumaroles of La Soufrière 
volcano (left image) and Gallion hot spring (right image) in Basse-Terre 
Island, Guadeloupe (photographs during the field mission in January-
February 2015). 
 
 
The interaction of rising magmatic gas (mainly H2O, CO2, SO2, H2S and 
HCl) with meteoric water (e.g., shallow groundwaters, perched aquifers) 
results in different thermal water compositions. Most chemical waters 
found at high-temperature can be classified under the general headings 
that follow using their anionic concentrations (White; 1957; Ellis and 
Mahon, 1964): 
 

- Acid sulfate-chloride waters (acid SO4-Cl waters). Formed at 
higher magmatic gas contribution relative to meteoric water 
recharge (4 SO2 + 4 H2O ⇄ H2S + 3 H2SO4). SO4/Cl is function 
of absorption degree of magmatic gases in the system. These 
waters are generally acidic (pH 2-5) and the CO2 is thus not 
converted into HCO3

-. They are formed by several processes: 
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(i) at depth, oxidation of sulfide in Cl-water to bisulfate 
ions (S2- HSO4

-), perhaps resulting from association 
with oxidized lava. The resulting water has a near-neutral 
pH due to buffering action and the neutralization of 
water by weathering reactions with the host rock. With 
increasing elevation and cooler surface conditions, the 
dissociation constant of HSO4

- increases (HSO4
- ⇄ H+ + 

SO4
2-) and solution may become acid. 

 
(ii) at depth, interaction of high-temperature Cl-water 
with sulfur-containing rocks producing an acidic solution 
(resulting of S2- ⇄ HS-  ⇄ H2S successive hydrolysis). 
 
(iii) rising of high-temperature steam from molten rock at 
shallow depth to condense into surface or near-surface 
waters. The resulting fluid is concentrated into F-, Cl- and 
SO4

2- derived from the volcanic steam. With decreasing 
steam temperature, F-, Cl- and sulfur gases decrease in 
abundance and the acid SO4-Cl-F waters merge into SO4-
Cl waters and then, into acid SO4-waters.  
 

- Acid sulfate waters (acid SO4-waters). Acidic waters with low 
chloride content, may be formed in volcanic areas when a fluid 
channel at temperatures below about 400 °C condenses into 
surface waters (e.g., perched aquifer). When the fluid rises to the 
surface, it boils and a fractionation takes place between the liquid 
and the vapor phase (composed of H2O, CO2 and H2S). 
Morevover, mixing with perched aquifer results in acid SO4-
waters via H2S + 2 O2  2 H+ + SO4

2-.  
The constituents present in the waters are mainly leached from 
the surrounding rocks. These waters are generally confined to the 
surface and their geochemical signifiance is usually minor in 
hydrothermal system survey work.  
 

- Alkaline bicarbonate waters (alkaline HCO3-waters). 
Formed at low magmatic gas contribution (mainly composed of 
CO2 and H2S) condensing into an aquifer. When the fluid rises 
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up to the surface, it boils and a fractionation takes place between 
Cl-waters and the vapor phase (composed of H2O and CO2). 
Morevover, the mixing of this fraction with perched aquifer 
results in HCO3

- waters via  

CO2 + H2O  ⇄ H2CO3  ⇄ HCO3
- + H+ (~150-160 °C).  

Sodium is often the main cation in the water, since CaCO3 is not 
very soluble at high temperature and K and Mg are fixed in clays.  

 

- Neutral chloride waters (neutral Cl-waters). Formed at low 
magmatic gas (mainly composed of CO2 and H2S) contribution. 
The high solubility of HCl gas in water makes it susceptible to 
condense in shallow low-temperature zones of the volcanic–
hydrothermal system. At high depth, the CO2 remains soluble. 
The dissolved salts in these waters are mainly NaCl and KCl, 
although in the more concentrated waters appreciable Ca 
concentration may occur. The waters are also highly-
concentrated in silica. The Cl-/SO4

2- ratio is generally high and 
the pH ranges from neutral to slighty alkaline (pH 5-9). The 
waters often occur in areas with boiling springs and geyser 
activity is common in many developed hydrothermal areas (e.g., 
Yellowstone Plateau Volcanic Field). 

The processes influencing the chemistry of these four thermal waters 
chemistry are summarized in Fig. 1.8.  
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Fig. 1.8: Schematic model showing major processes influencing the four 
thermal waters classified by White (1957), Ellis and Mahon (1964). WR 
= water-rock interaction. 
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1.2 Chemical weathering 
 

1.2.1 Definition 
 

The weathering of rock is the physical disintegration and chemical 
decomposition of earthly and rocky materials on exposure to chemical, 
physical and biological agents on the Earth’s surface, producing an in-
place mantle of waste. This neutralization reaction of silicate and 
carbonate rocks by atmospheric CO2 leads to (i) the promotion of soil 
formation via the accumulation of chemical constituents from the 
weathered material (chemical weathering) and to (ii) the mechanical 
mobilization and transport of the remaining fraction (ions, particles) via 
waters (groundwaters or surface waters) (mechanical erosion). In 
contrast with mechanical erosion implying the concept of transport, 
physical weathering corresponds to an in-place rock structure 
modification by climatic factors (e.g., temperature, freezing/thawing) 
without transport. Denudation is defined as the general wearing away of 
the land (laying bare of subjacent lands) and thus, is the collective name 
encompassing chemical weathering and mechanical erosion. In 
hydrothermal context, the term of hydrothermal alteration is used for 
chemical related to thermal fluids. 
 
Many major chemical weathering processes had already been described 
in the 19th century (Belt, 1874; Merrill, 1897; Chamberlin, 1899). The 
study of Martin and Meybeck (1979) is one of the first studies to quantify 
weathering using waters of several large rivers. By studying the chemical 
composition of the dissolved phase, weathering quantification directly in 
terms of fluxes is possible but also to trace the sources of the material 
(rock weathering, atmospheric, anthropogenic), and even to distinguish 
the flows attributable to the different lithologies of the same basin slope 
(Negrel, 1992; Negrel et al, 1993). Studies on large river systems (Congo, 
Amazon) have thus made it possible to constrain the local chemical 
composition of the continental crust, and to quantify the coupling 
between mechanical erosion and chemical weathering via the erosion 
equilibrium model (Gaillardet et al, 1995, 1997, 1999).  
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Volcanic islands, characterized by rugged relief, specific flows, and 
small monolithic watersheds, have emerged as an object of study of 
choice to quantify weathering fluxes (Louvat, 1997). The islands occur in 
different geodynamic contexts (e.g., volcanic arcs, oceanic and 
continental hotspot) and are often isostatically unbalanced, leading to 
uneven relief and resulting in intense erosion and weathering. These 
islands span a range of latitudes and their climatic diversity provides 
them with a range of temperatures and an environmental diversity that 
can influence the effectiveness of weathering. The study of Louvat 
(1997) dealing with the alteration and erosion of the islands of the 
Réunion, Java, Sao Miguel (Azores) and Iceland is one of the first studies 
on the weathering of volcanic islands and estimates that chemical 
weathering and erosion in rivers of volcanic islands is 5 to 10 times 
higher than those of large rivers (Fig. 1.9; Louvat, 1997).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.9: Mechanical erosion (t.km-2.yr-1) as a function of chemical 
weathering (106 t.km-2.yr-1) in volcanic islands and watershed of large 
rivers corrected for carbonate inputs (from Louvat, 1997).  
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1.2.2 Water-rock interaction 

 
Most weathering reactions occur within the soils and their development 
zone (regolith, or critical zone), at the interface between the atmosphere 
and the rock (Fig. 1.10). These weathering processes, studied by 
examining the interaction of solutions with solids through different types 
of reactions in the aqueous phase, can be classified into the following 
categories (White, 2013): 
 

- Acid-base reactions: acid dissociation plays a major role in 
weathering by producing free protons. In the volcanic domain, 
the sources of acidity are atmospheric (e.g., atmospheric CO2), 
magmatic origin (e.g., carbonic, sulfuric, hydrochloric acid) or 
CO2 originated from organisms respiration. The CO2 reacts with 
water to form carbonic acid H2CO3 whose dissociation reaction 
is:  𝐻2𝐶𝑂3 ⇄ 𝐻+ + 𝐻𝐶𝑂3

-.  
The water in equilibrium with atmospheric CO2 will thus become 
slightly acid (pH of rainwater ≈ 5-6). Many reactions are pH-
dependent, e.g., hydroxides which can give or accept protons 
depending on the pH of the solution:  𝐴(𝑂𝐻)2

+ + 𝐻+ ⇄ 𝐴𝑙(𝑂𝐻)2+ + 𝐻2𝑂 and  𝐴𝑙(𝑂𝐻)2
+ + OH- ⇄ 𝐴𝑙(𝑂𝐻)3 + 𝐻2𝑂.  

From their activity and dissociation constant, the concentration 
of each species in a solution can be calculated as a function of 
the pH and the temperature. Ions that remain in solution and do 
not transfer to the solid phase regardless of their chemical 
speciation are named "conservative". Under conditions of 
normal water pH, the main conservative ions totally dissociated 
from their natural acids and conjugates bases are: Na+, K+, Ca2+, 
Mg2+, Cl-, SO4

2- and NO3
-.  

- Complexation: ions in solution combine with other ions, 
forming “complexes”. The formation of complexes affects the 
solubility and reactivity of the ions, and may be intermediate step 
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in the precipitation process. The most common complex is that 
formed between metals and water or its dissociation products. In 
natural waters containing higher ion contents, various complexes 
are possible. For example, the reaction of hydrolysis involving 
magnesium:  𝑀𝑔2+ + 𝐻2𝑂 ⇄ Mg(𝑂𝐻)+ + 𝐻+. 
 
- Dissolution and precipitation: dissolution is a process in 
which the solute (a mineral) is dissolved in a solvent (usually 
water) forming a homogeneous mixture. When the reaction is 
total, it is said to be “congruent”. For example, the dissolution 
of silica:  𝑆𝑖𝑂2 + 2𝐻2𝑂 ⇄ 𝐻4𝑆𝑖𝑂4.  
However, the majority of silicate minerals are at their minimum 
solubility and they react with water to release ions in solution, 
forming new minerals in place of the previous ones, in so-called 
“incongruent” dissolution reactions. For example, the 
transformation of kaolinite to gibbsite releases dissolved silicon 
(DSi) under the form of silicic acid (H4SiO4), while the 
aluminium will remain in the solid phase:  
0.5*𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 + 2.5* 𝐻2𝑂  ⇄ 𝐴𝑙(𝑂𝐻)3 + 𝐻4𝑆𝑖𝑂4.  

 
- Adsorption and desorption: the adsorption is the attachment 
of an ion in solution to a pre-existing solid surface. The 
adsorption capacity of a surface is pH dependent, depending on 
the number of protons already adsorbed. Clay and sedimentary 
particles, which are micrometric in size, have a very large 
surface/volume ratio, which give them a high capacity for ion 
exchange, adsorbed on their surface or bonded between their 
sheets. Thus, the concentration of many trace elements is less 
controlled by the reactions of precipitation/dissolution but only 
by adsorption on the surfaces of the minerals and/or organic 
matter. 
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In a theoretically closed system where the internal element cycle does not 
affect the outputs of the system, the chemical weathering reactions can 
be considered to conserve masses. The mass balance equation can 
therefore be written as follows: Rock + Rainwater = Weathered rock + 𝑆olution. However, in natural environments, dissolved species are 
transported from the site of weathering by water fluxes. Some studies on 
chemical weathering quantify this mass change using the composition of 
dissolved material carried by the rivers, the original rock and the various 
inputs (wet and dry atmospheric deposition), and thus determining the 
composition of the secondary phases remaining in the soil (White, 2013). 
 

Fig. 1.10: Physical, chemical and biological processes controlling 
weathering in the regolith (adapted from Anderson et al (2004)). 
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1.2.3 Factors controlling chemical weathering 
 

The chemical weathering intensity is influenced by several factors, 
including the lithology, mechanical erosion, relief, climate, runoff, 
biologic and anthropogenic impact. 
 
The link between lithology and chemical weathering has been 
established by Garrels and Mackenzie (1971) and consolidated by 
Meybeck (1987) who report an order of rock solubility. The spatial 
variation in lithology is the main controlling factor of solute chemistry in 
rivers, which is particularly influenced by the weathering of carbonates 
and evaporites (Gaillardet et al, 1999). Lithology is now considered to be 
a dominant factor governing chemical weathering (Louvat and Allegre, 
1997; Dupré et al, 2003; Hartmann and Moosdorf, 2011; Rad et al, 2013) 
and, Hartmann and Moosdorf (2011) order the susceptibility of different 
volcanic rocks to weathering from highest to the lowest rates: pyroclastic 
flows, deposits alluvial and basic to intermediate volcanic rocks, the 
metamorphic rocks, the acidic volcanic and plutonic rocks. 
 
In a global study, Gaillardet et al (1999) suggest that runoff, temperature 
and mechanical erosion rates are the major factors influencing 
chemical weathering rates. This study shows the coupling between 
chemical and physical weathering processes arguing that only active 
physical erosion of the rocks can maintain high rates of chemical 
weathering. However, Rad et al (2013) assume that this relationship is 
different for the volcanic islands arcs where the chemical weathering is 
very intense such as in the Lesser Antilles. Indeed, the residence time of 
the upper part of the weathering profile is reduced because it is more 
rapidly eroded and exported, which limits its potential chemical 
weathering (Dixon et al, 2009). 
 
Dixon et al (2012) focus on the impact of relief by considering the 
influence of catchment slope gradient on mechanical erosion and 
chemical weathering. For low slopes (< 25°), the rates of chemical 
weathering increase in conjunction with the rates of mechanical erosion, 
reflecting a balance between mineral surface exposure and mineral 
dissolution. However, when slopes are steep (> 25°), the intensity of 
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chemical weathering decreases with increasing rate of mechanical erosion 
and refinement of the regolith (Dixon et al, 2012). The proportion of 
material released by chemical weathering decreases with increasing 
altitude and air temperature decrease, reflecting the combination of 
climatic influence and potential dust inputs (Dixon et al, 2012). 
Volcanism is also a relief-creating phenomenon. The resulting steep 
topography favors precipitation and an effective infiltration through 
porous rocks, resulting in high chemical weathering fluxes. As a result, 
the chemical weathering fluxes of oceanic islands are strongly dependent 
on the relief (Gaillardet et al, 2011).  
 
The climate controls the mechanical erosion and chemical weathering 
of landscapes through various processes that remain difficult to identify 
because of their complex interlinked pathways with other factors (Dixon 
et al, 2009). The precipitations effect on chemical weathering was 
studied in Hawaii by Chadwick et al (2003) and the results show a non-
linear variation in the chemical weathering and properties of the regolith 
with the increasing rainfall resulting in lower pH and cationic exchange 
capacity of the regolith. The precipitations also influence the dissolved 
element concentrations in rivers and most of studies reports a hysteresis 
pattern (defined as the nonlinear relationship between discharge and 
concentration of nutrients or sediment) in rivers element chemistry 
following flood events (e.g., Bowes et al, 2003; Evans and Johnes, 2004; 
Burt et al, 2015). By comparing sites at varying altitudes, Dixon et al 
(2009) show that rates of soil production, mechanical erosion and 
chemical weathering are almost two time higher at low altitudes, where 
the temperature is higher. In Iceland, the temperature is the dominant 
variable controlling the weathering increase, and a robust linear 
relationship was found between the weathering index and the mean 
annual temperature (Oskarsson et al, 2012).  
 
Finally, vegetation plays an important role in regulating the residence 
time of water in the vadose zone because evapotranspiration limits 
runoff and underground recharging. Changing vegetation patterns have 
contributed to long-term fluctuations in weathering fluxes (Riotte et al, 
2014).  
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On a regional scale, the runoff (surface streams that appear after 
precipitation including accumulation, transpiration, meltage, seepage, 
evaporation and percolation) was identified as the most important 
predictive factor for rates of chemical weathering after the lithology 
(Hartmann and Moosdorf, 2011). At the global scale, the chemical 
weathering curve seems slightly disconnected from the runoff curve and 
these differences can be explained by climatic heterogeneities and 
variations in rock or regolith properties (Hartmann et al, 2014). Along a 
runoff gradient, the concentrations of solutes derived from rocks do not 
follow a law of pure dilution, and a buffer mechanism exists to stabilize 
the solute concentration in a process called “chemostatis” (Godsey et al, 
2009; Gaillardet et al, 2011). As a result, concentrations vary less than the 
runoff, and chemical weathering rates are mainly controlled by the 
runoff (Fig. 1.11). 
 
Few studies investigate the impact of human activities on the chemical 
weathering of volcanic islands. In the Lesser Antilles, regions highly 
impacted by agriculture induce significant changes in vegetation cover by 
replacing the native forest with banana and sugarcane plantations. There 
is a correlation between banana plantations and chemical weathering 
(Rad et al, 2011) but the age of these drained basins appears to be the 
controlling parameter and results show that human activity does not (or 
only slightly) disrupt the processes of regolith (Rad et al, 2011).  
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Fig. 1.11: Coupling between chemical weathering rates (t.km-2.yr-1) and 
runoff (mm.yr-1) in large rivers, basaltic streams (rivers, lakes), limestone 
and granitic rivers (from Gaillardet et al, 2011; in Rad et al, 2007).  
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1.2.4 Chemical weathering reactions and carbon 
cycle 

 
Numerical models and interpretations of the geological record reveal that 
chemical weathering has played a key role in maintaining climate stability 
over geological time (Walker et al, 1981; Berner et al, 1983, Holland, 
1984; Raymo et al, 1988; Kump et al, 2000; Galvez and Gaillardet, 2012). 
 
 

      1.2.4.1 Carbon balance on reactions scale 
 
During rock weathering, the dissolution reactions involve protons mainly 
derived from atmospheric CO2 (atmCO2) solubilization. The atmCO2 is 
in turn mainly derived from the oxidation of soil organic matter (Boeglin 
and Probst, 1998). For example, the anorthite (calcium silicate) 
weathering is written:  
 𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 + 3𝐻2𝑂 + 2𝐶𝑂2 ⇄ 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 + 𝐶𝑎2+ + 2𝐻𝐶𝑂3

-.  
 
This dissolving reaction releases free Ca2+ and HCO3

-, which are 
transferred to the ocean via rivers. In the ocean, HCO3

- are consumed by 
the precipitation of calcite (CaCO3) depending on the reaction (Boeglin 
and Probst, 1998; Dupré et al, 2003):  
 𝐶𝑎2+ + 2𝐻𝐶𝑂3

- ⇄ 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 + 𝐶𝑂2.  
 
Thus, on 2 moles of atmCO2 consumed by weathering, only one mole of 
CO2 returns to the atmosphere (Dupré et al, 2003), and the net budget 
for calcium silicate weathering can therefore be resumed by:  
 𝐶𝑎𝑆𝑖𝑂3 + 𝐶𝑂2 ⇄ 𝐶𝑎𝐶𝑂3 + 𝑆𝑖𝑂2.  
 
The chemical weathering of silicates rocks can therefore be considered as 
a natural stabilization mechanism of atmCO2 (Louvat, 1997).  
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However, the only weathering reactions with a significant effect on the 
carbon balance are those of the calcium and magnesium silicates 
(bivalent cations). The effect of the weathering of sodium and potassium 
silicates (monovalent cations) is much less obvious, since alkalis are 
subject to phenomena known as "reverse" weathering, which leads to 
the return of atmCO2 during the formation of secondary minerals 
(Gaillardet et al, 1999).  
 
This is also the case for pure limestone, whose dissolution reaction is 
written:  𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 + 𝐶𝑂2 ⇄ 𝐶𝑎2+ + 2𝐻𝐶𝑂3

-.  
 
On a million-year scale, the carbon uptake by weathering of the 
continental carbonates is returned to the atmosphere by calcite 
precipitation in the oceans. Carbonate weathering is therefore commonly 
considered to have no effect on the atmCO2 concentration in the long 
term (Gaillardet et al, 1999; Ludwig et al, 1999). In the volcanic domain 
and when there are no carbonates in the basins slopes, the total 
bicarbonate fluxes measured in the river can be directly associated on 
silicate weathering and atmCO2 consumption (Louvat, 1997; Boeglin and 
Probst, 1998; Gaillardet et al, 1999; Dessert et al, 2001). 
 

1.2.4.2 Carbon balance on geological time scale 

 
The weathering of continental silicates represents a CO2 consumption of 
8.7 × 1012 molCO2.yr-1 following studies of large rivers worldwide 
(Gaillardet et al, 1999). However, these values do not include the CO2 
consumed by the basalts weathering of volcanic islands and arcs. By 
extrapolating the results of Louvat and Allegre (1997), the CO2 
consumption specifically related to the weathering of volcanic islands is 
estimated to be 3 × 1012 mol.yr-1, or about 30% of global CO2 
consumption derived from continental silicates (Gaillardet et al, 1999), 
although their surface area represents only 9% (Rad, 2007). Dessert et al 
(2003) re-evaluated this contribution to ~35% (4.08 × 1012 molCO2.yr-1) of 
CO2 consumption by continental silicates. The specific contribution of 
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calcium and magnesium silicates is estimated at 60% for the mainland 
and 70% for the islands (Meybeck, 1987). 
 

1.2.4.3 Weathering reactions and associated CO2 consumption 
quantification  

 
The quantification of chemical weathering rates (CWR) is based on the 
sum of the total dissolved elements (TDS) in rivers generally expressed 
as follows: 𝑇𝐷𝑆 = 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 + 𝑆𝑖𝑂2 with cations = Na++Ca2++Mg2++K+, 
the draining basin surface and the riverine discharge. However, there is 
no real consensus on the techniques used for the calculation of 
weathering rates (Rad et al, 2013). The elements used in the TDS 
definition differ between studies. The only elements commonly used are 
silicon and major cations. Moreover, silicon is not always considered in 
the same form: silicon (Si), silica (SiO2) and silicic acid (H4SiO4) have 
been used. The most common units published are mg.l-1 for TDS and 
t.km-2.yr-1 for weathering fluxes. In this PhD thesis, the weathering fluxes 
(t.km-².year-1) will be assessed using TDS defined as: 
Ca2++Mg2++Na++K++SiO2. The atmospheric CO2 comsumption by 
silicate weathering can be calculated in different ways: (i) using alkalinity 
derived from silicate weathering (Schopka et al, 2011), (ii) using HCO3

- 
fluxes measured at the outlet of the catchment (Gaillardet et al, 1999), 
(iii) using dissolved Si fluxes (assuming that silicate weathering consumes 
two moles of CO2 and releases one mole of dissolved Si; C flux = 2 × Si 
flux; Edmont and Huh, 1997; Goldsmith et al, 2008; Freire et al, 2013) 
and (iv) using major cations flux (Ca2+ + Mg2+ + Na+ + K+) derived 
from silicate weathering in electrical equivalent (TZ+).  
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1.3 Chemical weathering fluxes in hydrothermally-
active volcanic regions 

 
1.3.1 Overview 

 
Due to the fragmented nature of the volcanic deposits, silicate 
weathering is enhanced in areas with volcanic rocks such as volcanic 
islands and continental hotspots. Indeed, volcanic rocks represent only 
5% of the terrestrial land but contribute significantly to the global flux of 
solutes to the ocean and consumption of atmospheric CO2 through 
silicate weathering (Louvat and Allègre, 1997; Gaillardet et al, 1999; 
Dupré et al, 2003; Dessert et al, 2003; Gislason and Oelkers, 2009).  
 
Recent data highlight the disproportionate contribution to weathering 
fluxes of volcanic island arcs (Goldsmith, 2008; Jones et al, 2011). 
Volcanic island arcs environments are characterized by a recent geology, 
an active tectonic region of the circum-Pacific ring of fire, a high runoff 
and a high silicate weathering rate (Milliman and Meade, 1983; Milliman 
and Syvitski, 1992; Sommer et al, 2006). Globally, the silicate weathering 
fluxes reported for volcanic island arcs (Martinique and Guadeloupe: 
100-120 t.km-2.yr-1; Rad et al, 2006; Kamchatka (21 t.km-2.yr-1; Dessert et 
al, 2009) compared with the CWR reported for basaltic hotspots (La 
Réunion: 63-170 t.km-2.yr-1; Louvat and Allègre, 1997; Iceland: 19-146 
t.km-2.yr-1; Stefánsson and Gislason, 2001). Note that comparing the 
calculated fluxes of solutes obtained by various studies is complicated 
because of the different datasets representing a range of method 
providing estimates with highly variable temporal precision and accuracy 
(Hurwitz et al, 2010). All CWR reported worldwide were compiled by 
Rad et al (2013) and presented in Fig. 1.12a.  
 
It follows that volcanic island arcs contribute disproportionately to the 
total dissolved Si mainly derived from surface waters (~66%, rivers and 
lake) to the ocean (Dürr et al, 2011; tDSi.km-2.yr-1; Fig. 1.12b). Volcanic 
island arcs are called “hyperactive areas” contributing a DSi flux that is 
5 to 10 times greater than the global mean in coastal catchments. For 
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example, the DSi yield in the Japanese Archipelago, a hyperactive region, 
is 6.6 times higher than the world average (Hartmann et al, 2010). This, 
in turn plays an important role in the global C cycle given that the global 
Si and C cycles are tightly coupled in diatoms, organisms that 
incorporate both Si and C in their tests (Smetacek, 1999). Note that part 
of the DSi is stationary in estuaries and lakes before reaching the ocean. 
According to Frings et al (2016), ~25% of DSi can re-precipitate as clay 
minerals ("reverse weathering") and a proportion of the DSi flux from 
river water, stagnating in estuaries, will not reach the ocean (1.5 tmol.yr-1; 
Tréguer and De La Rocha, 2013). Rahman et al (2017) revisit the Si sink 
in different delta systems and point out a higher sedimentary Si storage 
flux of 3.5–3.9 tmol.yr-1 as authigenic clay in tropical and subtropical 
deltas. However, this effect is limited in volcanic islands due to the 
strong connection between river waters and the ocean. 
 
Many uncertainties exist concerning the factors influencing chemical 
weathering fluxes in hydrothermally-active volcanic regions such as in 
volcanic islands arcs and continental hotspots. Some spatial factors are 
reported in the literature including hydrothermal input and soil 
weathering intensity (discussed in section 1.3.2.1). Temporal factors 
depending on climate also influence riverine chemistry in 
hydrothermally-active volcanic regions and are discussed in section 
1.3.2.2. Finally, the land use effect on Si riverine fluxes in volcanic 
islands is discussed in section 1.3.2.3. 
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Fig. 1.12: (a) Chemical weathering rates (CWR; t.km-2.yr-1) reported 
worldwide. More specifically, volcanic islands arcs have the highest CWR 
on Earth (modified from compiled data by Rad et al, 2013) and (b) are 
hyperactive areas (contribute from 5 to 10 times relative to the global 
mean DSi for coastal catchment; tDSi.km-2.yr-1) (modified from Dürr et al, 
2011). The map legend is centered on the global mean dissolved Si for 
coastal catchments (3.3 tDSi.km-2.yr-1). Inactive areas 0–0.01× global mean 
yield, steno-active 0.01–0.1x, oligo-active 0.1–0.2x, hypo-active 0.2–0.5x, 
mesoactive 0.5–2x, eury-active 2–5x, hyper-active 5–10x.  
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1.3.2 Factors influencing chemical weathering fluxes in 
hydrothermally-active volcanic regions 

 
1.3.2.1 Spatial factors: weathering gradient and hydrothermalism 

 
Once the atmospheric contribution to the river has been corrected, the 
riverine chemistry is usually attributed to the weathering of rock minerals 
(Gaillardet et al, 2011). Volcanic islands comprise age gradients of 
volcanic rocks influencing soil-weathering intensity and hence, 
weathering fluxes to rivers (e.g., Dessert et al, 2015).  
 
Moreover, volcanic islands are often associated with hydrothermal 
systems which act as a source of strong acids for weathering reactions 
(due to the input of magmatic gas such as magmatic CO2, SO2, H2SO4 

and HCl) thereby contributing to weathering fluxes (Louvat and Allègre, 
1997; Dessert et al, 2009; Hurwitz et al, 2010; Schopka et al, 2011; 
Gaillardet et al, 2011; Rivé et al, 2013).  
 
Hydrothermal systems also promote hydrothermal alteration. 
Secondary minerals resulting from hydrothermal alteration are formed in 
four hydrothermal environments: (i) magmatic-hydrothermal, (ii) 
magmatic-steam, (iii) steam-heated and (iv) supergene environments 
(Fig. 1.4; 1.5; 1.6). The magmatic-steam environment is the upper 
portion of a hydrothermal system dominated by a vapor phase of 
magmatic origin and is associated with high temperature fumarolic gases. 
The steam-heated environment represents the shallow level, at or above 
the water table, where secondary fluids are formed by oxidation of 
hydrothermal fluids. Supergene environments are found at the Earth 
surface where there is no influence of hydrothermal fluids. Many types 
of hydrothermal alteration exist. The nature and relative quantities of 
minerals that constitute various hydrothermal alteration assemblages 
depend on several factors such as temperature, pressure, host rock 
composition, primary fluid composition, and fluid/rock ratio (Reed, 
1997). Generally, hydrothermal alteration is divided into: 
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- Potassic alteration: chemical alteration mainly found into low-relief 
system characterized by exchange of K+ for Ca2+ and Na+, leading to 
replacement of Ca-Na minerals and forming new K-feldspar and/or 
biotite (green colored and Fe-rich), e.g., muscovite, orthoclase and the 
mineral assemblage quartz ± albite ± chlorite ± anhydrite ± pyrite;  
 
- Prophylitic alteration: from interaction between the host rocks and 
iron- and sulfur-bearing hydrothermal fluids and forming e.g., albite, 
chlorite, and epidote (Melling et al, 1990);  
 
- Phyllic/sericitic alteration: hydrothermal alteration characterised by 
the assemblage of quartz + sericite + pyrite, and occurs at high 
temperatures and moderately acidic (low pH) conditions. Phyllic/sericitic 
alteration forms e.g., feldspar, kaolinite, calcite, biotite, rutile, anhydrite 
and apatite. 
 
- Argillic alteration: clay mineral formation in response to intense rock 
leaching by acidic fluid forming e.g., plagioclase and mafic silicate;  
 
- Silicic alteration. Silicic alteration is found in environments with 
dominant silica-rich fluids. Precipitation and re-distribution of silica is 
one of the most common features of hydrothermal activity. Generally, 
the solubility in water of various forms of silica (amorphous silica, opal, 
cristobalite, chalcedony and quartz) increases with temperature in the 
range of 10 to 100 mg.l-1 for temperatures of < 50-100 °C, and up to 
1000 mg.l-1 above 300 °C; thereafter, solubility of silica decreases. 
Different types of silicic alteration include silica sinter, opaline, residual 
quartz, silicification, chalcedony horizon, chalcedony veins, colloform 
bands, cryptocrystalline veins and quartz veins (Hedenquist et al, 2000). 
Silica supersaturation promotes precipitation of amorphous silica at 
temperatures of approximately 140 °C, and near-neutral chloride-rich 
solutions generally deposit at the surface large quantities of amorphous 
silica, forming aprons of sinter material, as observed in Yellowstone 
Plateau Volcanic Field (Hurwitz et al, 2010). Residual quartz results from 
extreme leaching of volcanic rocks by magmatic acid-sulfate fluids at pH 
< 2 (Delmelle and Bernard, 1994; Hedenquist and Taran, 2013). 
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1.3.2.2 Temporal factors: climate-induced discharge variation and 
runoff  

 
Temporal factors influence riverine chemistry in hydrothermally-active 
volcanic regions and mainly depend of climatic conditions. This is why, 
in the following part of the PhD thesis, the term “seasonal” will be used. 
The effect of climate on chemical weathering is generally evaluated by 
correlating variations in solute concentrations and fluxes with 
temperature, precipitation, runoff and evapotranspiration (White and 
Blum, 1995). The tropical climate, generally found in volcanic islands, 
drives high rates of precipitation that vary depending on the season. 
These seasonal variations result in distinct hydrological conditions 
including variations in catchment runoff and river discharge. In large 
rivers, a large portion of annual flux of materials from the continent to 
the ocean is carried by extreme flood events, and thus only in a short 
period (e.g., a few days) (Schafer et al, 2002; Blake et al, 2003; Antonelli 
et al, 2008). Recently, Fries et al (2019) show that storms are responsible 
for up to ~ 50% of total annual rainfall on tropical islands, result in rapid 
increases in river water discharge and have significant impact on 
weathering processes and therefore on the compositions of river waters 
delivered to the ocean. In addition to hydrology, Dessert et al (2020) 
highlight the important role of atmospheric dust in tropical rainforests 
on river chemistry from Basse-Terre Island and demonstrate that 
Saharan dust plays a significant role in maintaining ecosystem 
productivity in Guadeloupe over long-time scales. 
 
Ultimately, climatic effects on chemical weathering cause fundamental 
differences in the thermodynamic and kinetic interactions between 
minerals and solutions. Quantifying such processes is difficult on a 
watershed scale. Therefore, most watershed weathering studies use 
simpler approaches, based on either solute concentrations or fluxes as 
surrogates for weathering intensity (White and Blum, 1995). White and 
Blum (1995) show, in 68 granitic watersheds worldwide, that the 
correlation between yearly variations in precipitation and solutes fluxes 
within individual watersheds is stronger than the correlation between 
precipitation and solute fluxes of watersheds with different climatic 
regimes. This underscores the significance of transport-induced 
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variability in controlling stream chemistry and the importance of 
distinguishing between short-term and long-term climatic trends. For 
example, Ingri et al (2005) use multi-elemental analyses and discharge 
normalization using Mg to estimate seasonal patterns in relative 
enrichment or depletion of dissolved Si in boreal rivers, demonstrating 
the effect of short-term climate variations on river water chemistry.  
 
Runoff in volcanic islands can be strongly impacted by seasonality, as 
well as by orography and infiltration (Gaillardet et al, 2011). Runoff 
alters the residence time of water in soils and therefore influences the 
processes affecting weathering in soils (White and Blum, 1995). 
According to future climate predictions, runoff variability will affect the 
flux of dissolved elements in river waters, for example, increasing DSi 
fluxes in North America by up to 13% (Moosdorf et al, 2011). It is 
expected that runoff variability will particularly affect weathering fluxes 
in volcanic regions where seasonal variations in runoff during intense 
rainfall (flash flooding) produce ~ 21-31% of the annual chemical 
weathering fluxes (Dessert et al, 2015).  
 
Beusen et al (2009) use modelling to indicate that DSi fluxes depend on 
the precipitation and the occurrence of volcanic rocks. Basic igneous 
rocks display the highest DSi yields with respect to a given runoff while 
the least DSi per runoff is mobilized from acidic plutonic rocks (Jansen 
et al, 2010; Hartmann et al, 2010). Slope constitutes another important 
controlling factor on DSi fluxes besides lithology and runoff (Hartmann 
et al, 2010). Uncertainties remain regarding runoff effect on processes 
influencing riverine chemistry and thus silicate weathering rates in 
hydrothermally-active volcanic regions.  
 

1.3.2.3 Land use: Si-accumulating crops harvest  

 
Land-use is another uncertainty that may influence CWR from 
hydrothermally-active volcanic regions.  
 
Volcanic soils, mainly Andisols, cover less than 1% of the total land 
surface but support more than 10% of the total world population. They 
are fertile (defined as the soil ability to produce sustainably under current 
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growing conditions favored by adapted soil structure for anchoring plant 
roots, rich in carbon and nutrients (N, P, K) and high water retention) 
and suitable for crop cultivation (Delmelle et al, 2015). Indeed, young 
volcanic soils are light and fluffy, have a low bulk density and remarkable 
water-holding capacity, contain a clay fraction (solid material < 2 µm) 
dominated by poorly crystalline and noncrystalline minerals, and tend to 
accumulate organic matter (Delmelle et al, 2015). As a result, volcanic 
islands arcs are the most-cultivated areas worldwide (Fig. 1.13; 
Ramankutty et al, 2008) and the most cultivated crops worldwide, i.e., 
sugar cane, maize, rice, and wheat (FAOSTAT, 2015), are silicon-
accumulating plants (Si-accumulating plants).  
 
 
 

Fig. 1.13: Cropland percentage on the Earth surface in the year 2000 
(from Ramankutty et al, 2008).  
 
 
The silicon content in plant ranges from 0.1 to 10% Si dry weight (Ma 
and Takahashi, 2002; Hodson et al, 2005), which is significantly lower 
than the average Si content estimated for the global biosphere (0.03%). 
Plants species are classified into three categories according to their mode 
of Si-uptake (Sangster and Hodson, 1986; Epstein, 1999; Takahashi et al, 
1990): (i) Si-accumulating plants with an active uptake (Si is taken 
up more than predicted by mass flow), (ii) non Si-accumulating plants 
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with a rejective uptake inducing a Si-accumulation in the soil solution 
and (iii) intermediate plants with passive diffusion by mass flow (Si is 
taken up in the same quantity as that predicted by mass flow). The mass 
flow is based on the pressure-flow hypothesis that posits a pressure 
gradient from the source plant area to the sink plant area that would 
allow solution flow without carrier.  
 
The difference in Si-accumulation between plant species is attributed to a 
higher density of transporters for Si uptake in high Si accumulating 
plants (Mitani et al, 2005). In Si-accumulating plants, the Si taken up by 
the plant is precipitated as biogenic Si in the plant tissues (phytoliths; 
Jones and Handreck, 1965) leading to Si content of ~ 1% Si dry weight 
in the plant, and up to 5% in rice (Datnoff et al, 2001). In the literature, 
Si-accumulating plants are reported given their mean shoot content of Si 
(Hodson et al, 2005): bamboo (Bambusa sp., up to 7% Si), sugar cane 
(Saccharum sp., 1.5% Si), soybean (Glycine sp., 1.4% Si) and cereals (corn 
(Zea sp., 0.8% Si); rice (Oryza sp., 4.2% Si); wheat (Triticum sp., 2.4% Si); 
barley (Hordeum sp., 1.8% Si); sorghum (Sorghum sp., 1.5% Si); mil 
(Pennisetum sp., 0.9% Si) and oat (Avena sp., 1.5% Si)).  
 
Rice (Oryza sp.) is a Si-accumulating plant where a significant portion of 
the Si taken up by the plant does not return to the soil. The rice plant is 
an annual grass with a round, hollow, flat-leaved stem and terminal 
panicle. Commonly, rice plants grow in flooded conditions. The different 
parts of the rice plant are: root (made up of secondary roots and 
absorbent hairs, serving as anchoring), stem, leaf, panicle and flower. 
The essentiality of silicon as plant nutrient has been debated, since Si 
nutrition has positive effect on crop yield (Takahashi et al, 1990; Epstein, 
1999; Richmond and Sussman, 2003). Generally, studies report that Si 
increases plant tolerance to biotic and abiotic stresses by ensuring 
structural (keeping leaf blades erected improving light interception), 
physiological (decreasing transpiration) and protective functions 
(protection against insect attacks, fungal and mineral toxicity) (Sangster 
and Hodson, 1986; Marschner, 1995; Pilon-Smits et al, 2009; Guntzer et 
al, 2012). Some Si-containing fertilizers are routinely supplied to several 
crops in order to increase the crop yield and quality, e.g., rice (Ma et al, 
2001) and sugar cane (Savant et al, 1999).  



Part I: General overview    
 

 

 

 

 

 

 

 

 

41 

 
Cultivation and harvest of Si-accumulating crops, including plant 
biomass export, result in the loss of a non-accounted sink for Si released 
during weathering (e.g., Desplanques et al, 2006). Crop harvest may also 
influence the flux of dissolved Si exported to the ocean because the 
estimated global agricultural Si export (0.22×1012 kgSi.yr-1; Matichenkov 
and Bocharnikova, 2001) is on the same order of magnitude than the 
riverine Si discharged into the ocean as dissolved and biogenic Si 
(0.20×1012 kgSi.yr-1; Tréguer and De La Rocha, 2013). Taking into 
account the global increasing demand for agricultural soils (Godfray et al, 
2010), the impact of crop harvest on global Si export to the ocean is 
likely to be emphasized in the future and needs to be better quantified 
given that Si is a key nutrient for diatoms, which are essential organisms 
for the oceanic C pump (Smetacek, 1999). The effect may be particularly 
pronounced in volcanic island arc regions contributing 
disproportionately to the dissolved Si delivery to the ocean (Dürr et al, 
2011) and intensively cultivated. 
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1.4 Silicon as a tracer of chemical weathering 
 

Silicon is included in the assessment of weathering fluxes (t.km-².year-1) 
defined as Ca2++Mg2++Na++K++SiO2 (section 1.2.4.3). Silicon (Si), the 
eighth-most-abundant chemical element in the universe (Ding et al, 
1996), is also the second most abundant element (28%) after oxygen 
(49%) in the Earth crust (Epstein, 1999). Nevertheless, in the global 
biosphere, the Si average concentration (0.03%) is below H, O, C, N, S, 
Ca and K (Exley, 1998). Silicon constitutes, as tetrahedra (SiO4), the 
skeletton of silica (SiO2), and silicate minerals (pyroxenes, feldspars, 
amphiboles), the most important oxide on the Earth’s surface that makes 
up more than 75% of the rocks exposed on the Earth’s surface. Silicon is 
a key component of global biogeochemical cycles.  
 
Studying the silicon cycle is directly relevant for the C cycle given the 
two following links between the Si and the C cyles. Firstly, DSi is a 
nutrient for many organisms. For some – notably photosynthetic marine 
diatoms – it is an essential nutrient (Yool and Tyrrell, 2003). Given that 
the availibility of DSi in aquatic ecosystem governs the amount of 
siliceous primary productivity (mainly diatoms, representing 40% of 
ocean primary productivity; Egge and Asknes, 1992), DSi indirectly plays 
a major role in controlling the oceanic CO2 storage capacity (Smetacek, 
1999). The siliceous production has a major influence on the ocean 
biological pump by determining the partitioning of carbon between the 
atmosphere and the deep ocean on centennial to millennial time scale 
(De La Rocha, 2006). Secondly, the weathering of silicates is key in the 
sequestration of atmCO2 and hence is crucial in the long-term geological 
carbon cycle (Walker et al, 1981).  
 
The global biogeochemical Si cycle includes the terrestrial Si cycle and 
the continental dissolved silicon transfer to the ocean (Fig. 1.14). 
Continental DSi comprises five reservoirs: rivers, vegetation, 
groundwater, soils and bedrock. In hydrothermally-active volcanic 
regions, hydrothermal fluids are considered as an additional reservoir due 
to the strong influence of hydrothermal water-rock interaction on 
chemical silicate weathering fluxes (Dessert et al, 2009; Jones et al, 2011; 
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Louvat et al, 2011). The beginning of the continental Si cycle is 
associated with the DSi release during weathering processes whose 
fractions follow different pathways: (i) direct transfer to the fluvial 
system via groundwaters and soil pore waters, (ii) incorportation into, or 
adsorbed onto, secondary phases of variable stability (weathering 
product) and (iii) precipitation as biogenic silica (BSi) in vascular plants 
(Piperno, 2001; Massey et al, 2006; Carey and Fulweiler, 2012). 
 
 
The production of BSi by vegetation (60-200 Tmol.yr-1; Conley, 2002) is 
on the same range as that coming from marine diatoms (240 Tmol.yr-1; 
Tréguer et al, 1995). This is relevant compared to the annual riverine Si 
supply to the ocean (5 Tmol.yr-1; Tréguer et al, 1995 ; Fig. 1.14) and 
suggests that the majority of DSi passes through this vegetation buffer 
before export into the river system (Derry et al, 2005; Struyf et al, 2009). 
Upon litterfall, the BSi is restitued to the soil by dissolution, storage or is 
structurally or chemically altered (Sommer et al, 2006; Barão et al, 2014; 
Fig. 1.15). In addition, Si will be lost to the fluvial system as both DSi 
and eroded particulate Si. Both biotic and abiotic processes can modify 
the Si flux into the river system. Low-turbidity environments such as 
lakes and reservoirs provide conditions favoring BSi production by 
diatoms (Lauerwald et al, 2013; Frings et al, 2014) and in-stream 
processes in floodplains, riparian and hyporheic zones may also be 
significant areas for BSi accumulation (Bouwman et al, 2013). Deltas and 
estuaries can also modify river Si fluxes (Milliman and Boyle, 1975; 
Conley and Malone, 1992; Weiss et al, 2015). In the ocean, hydrothermal 
input can contribute to oceanic DSi via axis and ridge flank 
hydrothermal systems (Tréguer and De La Rocha, 2013). Ultimately, 
shared understanding of the continental Si cycle and the continental DSi 
transfer to the ocean is essential because the chemical weathering of 
continental silicate rocks was responsible for 45% of the riverine 
dissolved load and rivers deliver 66% of the DSi supplied to the ocean 
(Tréguer and De La Rocha, 2013). 
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Fig. 1.14: Schematic diagram of the global biogeochemical Si cycle on 
Earth (from Opfergelt and Delmelle, 2012). The main reservoirs and 
processes involved in the continental Si transfer to the ocean were 
represented. Values of oceanic BSi and plant production are respectively 
from Tréguer et al (1995) and Conley (2002).   
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Fig. 1.15:  Continental silicon cycle in the soil-plant system.  

 

 

1.4.1 Silicon in soils  
 

In derived soils, Si content ranges from 46% in silcretes to 7.9% in 
petrocalcic horizons, and even lower in highly-weathered Oxisols such as 
bauxites or ferricretes (Monger and Kelly, 2002). Soils mainly contain Si 
as silica minerals, primary silicates and secondary silicates, especially 
phyllosilicates (Iler, 1979). Silicon in soils can be distributed between 
adsorbed, solid and liquid phases (McKeague and Cline, 1693; Sommer 
et al, 2006; Fig. 1.16). The adsorbed Si species (ASi) is monosilicic acid 
(H4SiO4

0) and the pH-dependent sorption increases from pH 4 to pH 9 
(McKeague and Cline, 1963). The Si sorption onto soil is mainly found 
on iron (Fe) and aluminium (Al) oxides, which are the major 
components of soils with a significant capacity of adsorption (Beckwith 
and Reeve, 1963). However, little adsorption is reported onto clay 
minerals (Siever and Woodford, 1973). The Si compounds in the solid 
phases of soils can be from litho- or pedo-genic origin originated from 
parental material and to secondary minerals formed during soil 
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formation. The Si pool occurs in crystalline, poorly crystalline or 
microcrystalline, or amorphous form (Dress et al, 1989).  
 
The lithogenic silicon (LSi), originated from the parental material, is 
constituted of crystalline, poorly and micro-crystalline, and amorphous 
primary minerals concentrated in the sand (> 50 µm) and the silt (> 2-50 
µm) fraction of the soil. Depending of the mafic or felsic nature of the 
parental magmatic rock, the major primary minerals from igneous rocks 
are feldspar, olivine, pyroxene, amphibole and mica (Schulze, 2002).  
 
The pedogenic silicon (PSi) is mainly constitued of secondary minerals 
composed by clay-sized phyllosilicates and Al-Fe-oxides concentrated in 
the clay fraction (< 2 µm). The aqueous silicon can be adsorbed onto Al- 
and Fe-oxides and integrated into their crystalline structure (Carlson and 
Schwertmann, 1981). The drainage, the soil mineralogy and weathering 
stage are major factors influencing the silica activity in weathering 
solution and the nature of clay minerals (White, 1995).  
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The liquid compound of Si (DSi) is found in the soil solution as mainly 
uncharged monomeric monosilic acid (H4SiO4

0) (Dress et al, 1989) and 
can be transformed into polymeric form under strongly alkaline 
conditions (Dietzel, 2000). Monosilic acid is a very weak acid 
(dissociation constant at 25 °C: pK1 = 9.51; pK2 = 11.77). Usually, the 
silicon concentration in soil solutions ranges between 0.01 and 1.99 
mMSi (below saturation limit of amorphous silica at 25 °C; Karathanasis, 
2002). This concentration varies as a function of temperature, rainfall 
pattern, residence time of soil pore water, parent material, soil 
weathering stage and is also controlled by the dissolution of unstable 
minerals at given pH values, as predicted from a stability diagram 
(Karathanasis, 2002). Aqueous polymeric forms of Si occur at pH above 
9 (Stumm and Morgan, 1996).  
 
The biogenic silicon (BSi) is generally found as plant opal in soils 
(Smithson, 1956), ranging from 1 to 30 g.kg-1 (Dress et al, 1989). 
Phytoliths (“plant stone”) are opal-A particles (Bartoli and Wilding, 
1980) and their solubilty strongly depends on their physical and chemical 
properties: specific surface area, Al content, hydradation state, age, rate 
of decomposition of organic residues (Bartoli and Wilding, 1980). The 
solubility product of soil phytoliths (pKsp

0 = 2.74 à 25 °C) is on the same 
range as those of vitreous silica and is 17 times higher than that of quartz 
(Fraysse et al, 2006).  
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Fig. 1.16: Classification of silicon compounds classification in soils 
(modified from Matichenko and Bocharnikova 2001; Sauer et al, 2006).  
 
 
 

 1.4.2 Silicon in plants 
 

Plants absorb the silicon as uncharged monosilic acid (H4SiO4
0) via water 

transpiration flux (Raven, 1983). Si is transported into the xylem as 
dissolved H4SiO4 (Mitani et al, 2005) and precipitates in aerial parts of 
the plant as hydrated amorphous silica SiO2.nH2O called biogenic opaline 
phytolith (Jones and Handreck, 1965; illustrated in Fig. 1.17 for rice Si-
accumulating plants). The phytoliths are restored to the soil via the 
decomposition of organic debris from plant material. Generally, in most 
of plants, silica deposits are reported inside living cells, in cell walls, 
membranes and in intercellulare spaces (Lewing and Reimann, 1969; 
Sangster and Parry, 1981; Waterkeyn et al, 1982). Phytoliths have a broad 
range of morphologies varying with plant species and location of Si 
deposits.  
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Fig. 1.17: Silicon transport in Si-accumulating plant (rice) and schematic 
representation of the rice leaf (Yoshida, 1975).  
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1.4.3 Silicon in natural and thermal waters 
 

Silicon is supplied to natural waters as uncharged monomeric monosilic 
acid (H4SiO4

0) (DSi) and particulate forms. The solubility of amorphous 
Si in water to form monomeric H4SiO4

0 is pH-dependent and increases 
from pH above 8 (Alexander et al, 1953). Silicon in natural waters has a 
very low affinity for organic compounds (Pokrovsky and Schott, 1998). 
Diatoms and other siliceous organisms can directly take up DSi but 
many Si-containing solid phases, including quartz and silicate minerals, 
are unavailable for biological utilization (Iler, 1979; Cornelis et al, 2011; 
Dürr et al, 2011). A fraction of the Si in particles is nevertheless reactive 
solid and solid-bound forms and can potentially act as a soluble Si source 
in freshwater. Diatoms and riparian plants further contribute to the 
particulate reactive Si pool of a reservoir through the production of BSi 
(Sauer et al, 2006).  
 
At the global scale, the mean DSi concentration of freshwaters displays a 
large range (65-389 µmol.l-1 in Australia and Africa, respectively; Exley, 
1998). Transport condition (runoff) and mineral weathering (physical 
denudation and temperature) are the main factor controlling processes 
driven the DSi input to rivers (Meybeck, 1979; Anderson et al, 1997; 
Gaillardet et al, 1999; Turner et al, 2003; Fulweiler and Nixon, 2005; 
Jennerjahn et al, 2006; Georg et al, 2006; Gislason et al, 2009). Today, 
the mean global DSi flux in tropical rivers is two to three time higher 
than in non-tropical rivers (Tréguer et al, 1995). This highlights the major 
contribution of tropical regions to the total annual DSi input by rivers 
into the oceans (74% of the total, 0.12 × 1012kgSi.yr-1) (Hartmann et al, 
2010). The soil-vegetation system type also influences the DSi fluxes in 
weathering-limited tropical watersheds (Sommer et al, 2006). Physical 
weathering and erosion in areas of high relief enhance weathering by 
continually exposing fresh mineral surfaces (Summerfield and Hulton, 
1994; Street-Perrott and Barker, 2008).  
 
In thermal waters, the different polymorphic forms of silica (quartz, 
chalcedony, cristobalite and amorphous silica SiO2(a)) dissolve in 
equilibrium forming silicic acid (H4SiO4). The solubilization reaction is 
pH-independent (up to pH value > 9.5) and is mainly temperature-
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dependent. The precipitation of polymorphic species depends on the 
temperature of the solution (Arnorsson, 1983). In Icelandic thermal 
waters, Àrnorsson (1975) estimates that the main polymorphic specis is 
quartz above 180 °C and chalcedony for temperatures < 110 °C. 
Between these two temperatures, quartz and chalcedony precipitate.  
 
To conclude this section, driving variables controlling DSi fluxes from 
continental cycle to the ocean are: (i) runoff followed by temperature at 
large scale and at regional scale, (ii) the geomorphology, (iii) the 
catchment lithology, (iv) the discharge, (v) the soil development, (vi) the 
biological processes (Sommer et al, 2006; Beusen et al, 2009; Hartmann 
et al, 2010) and (vii) hydrothermalism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



Part I: General overview    
 

 

 

 

 

 

 

 

 

52 

1.5 Geochemical tracers of the silicon cycle  
 

1.5.1 Germanium to silicon ratio 
 

Germanium (Ge) is a trace metalloid element (atomic number: 32). The 
similarities in bond length between the tetrahedral GeO (1.75Å) and SiO 
(1.64Å) allow the isomorphic substitution of Ge in place of silicon in 
silicate minerals according to the "camouflage" principle (Martin, 1986). 
Germanium can thus be incorporated in place of silicon in the 
aluminosilicate network and follows the same behavior as silicon in most 
geological environments (Kurtz et al, 2002). 
 
In dilute hydrothermal streams of near-neutral pH (pH<8) and in the 
temperature range of 20–350 °C, Ge is mainly transported as the neutral 
hydroxide Ge(OH)4

0. The Ge solubility increases with temperature and 
salinity (Melcher, 2003). In addition to the hydroxide form Ge(OH)4

0, Ge 
is also transported in hydrothermal fluids mainly in the form of 
chlorocomplexes (e.g., GeCl4) in geological environments according to 
Pokrovski and Schott (1998). 
 

The germanium/silicon ratio (Ge/Si ratio) has been employed as a tracer 
of weathering processes (e.g., Kurtz and Derry, 2004; Scribner et al, 
2006; Lugolobi et al, 2010; Opfergelt et al, 2010), hydrothermal activity 
(e.g., Mortlock et al, 1993; Evans and Derry, 2002), biological processes 
(e.g., Derry et al, 2005; Sutton et al, 2010) and flow paths (e.g., Kurtz et 
al, 2011) in modern environments. Variations in the Ge/Si ratio 
(expressed in μmolGe.molSi

-1) in different reservoirs on the Earth's surface 
is well known (Fig. 1.18). The crustal rocks display uniform Ge/Si ratios 
(1-3 μmol.mol-1; e.g., Mortlock and Froelich, 1987).  
 
Soils have a higher Ge/Si ratio than the parent rock on which they 
formed (up to 36 μmol.mol-1; Kurtz et al, 2002). This fractionation, 
caused by weathering, shows the preferential incorporation of Ge into 
secondary clay minerals (Kurtz et al, 2002), although Al oxy-hydroxides 
also play a role in their sequestration (Ge can be preferentially adsorbed 
at their surface; Scribner et al, 2006). The range of variation of the Ge/Si 
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ratio in river waters at the Earth's surface is from 0.16 μmol.mol-1 to 20 
μmol.mol-1 (Mortlock and Froelich, 1987; Froelich et al, 1992; Kurtz et 
al, 2002; Kurtz and Derry, 2004; Derry et al, 2005; Scribner et al, 2006; 
Opfergelt et al, 2010; Han et al, 2015; Baronas et al, 2018, 2020). Several 
studies demonstrate that low-temperature chemical weathering 
(Bernstein, 1985; Murnane and Stallard, 1990; Froelich et al, 1992), 
biological processes from Si-accumulating plants (Derry et al, 2005; 
Delvigne et al, 2009; Seyfferth et al, 2013) and phytoliths dissolution 
(Derry et al, 2005; Blecker et al, 2007; Lugolobi et al, 2010) control the 
riverine Ge/Si ratio of rivers. Metamorphic (2 to 1000 μmol.mol-1; 
Criaud and Fouillac, 1986; Evans and Derry, 2002; Han et al, 2015) and 
volcanic (0.72 to 185.23 μmol.mol-1; Arnòrsson, 1983, 1987; Siebert et al, 
2006; Wheat and McManus, 2008; Escoube et al, 2015) thermal waters 
display a higher range in Ge/Si compared to river waters (Fig. 1.18). In 
the ocean, Ge/Si ratios of diatoms reflect the Ge/Si ratio of the seawater 
(e.g., Froelich et al, 1992; Bareille et al, 1998). In plants, a recent study 
reveals that Si is mostly localized in phytoliths, while Ge is disorderly 
distributed within the leaf tissues. In fact, from the total amount of Ge 
accumulated in leaves, only 10% is present in phytoliths highlighting the 
necessity for using bulk plant Ge/Si instead of Ge/Si in phytoliths to 
trace biogeochemical cycling of Si in plants (Kaiser et al, 2020). 
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Fig. 1.18: Range of variations in germanium to silicon (Ge/Si) ratios 
(µmol.mol-1) in different Earth reservoirs. [1] Bernstein, 1985 [2] 
Mortlock and Froelich, 1987; Kurtz and Derry, 2004 [3] Mortlock and 
Froelich, 1987; Kurtz et al, 2002 [4] Murnane and Stallard, 1990; Kurtz et 
al, 2002; Scribner et al, 2006; Delvigne et al, 2009; Opfergelt et al, 2010 
[5] Kurtz et al, 2002 [6] Kurtz et al, 2002 [7] Kurtz et al, 2002; Lugolobi 
et al, 2010; Cornelis et al, 2010 [8] Kurtz et al, 2002 [9] Mortlock and 
Froelich, 1987; Murname and Stallard, 1990; Kurtz et al, 2002; Anders et 
al, 2003 [10] Mortlock and Froelich, 1987; Froelich et al, 1992; Kurtz et 
al, 2002; Kurtz and Derry, 2004; Derry et al, 2005; Scribner et al, 2006; 
Opfergelt et al, 2010; Han et al, 2015; Baronas et al, 2018, 2020 [11] 
Mortlock and Froelich, 1987 [12] Criaud and Fouillac, 1986; Evans and 
Derry, 2002; Han et al, 2015 [13] Arnòrsson, 1983, 1987; Siebert et al, 
2006; Wheat and McManus, 2008; Escoube et al, 2015 [14] Derry et al, 
2005 [15] Derry et al, 2005 [16] Lugolobi et al, 2010; Kurtz et al, 2011; 



Part I: General overview    
 

 

 

 

 

 

 

 

 

55 

Ameijeras-Mariño et al, 2018; Baronas et al, 2020 [17] Kurtz et al, 2002; 
Kurtz and Derry, 2004; Derry et al, 2005; Delvigne et al, 2009 [18] 
Froelich et al, 1989; Filipelli et al, 2000 [19] Ellwood et al, 2006. n = total 
number of data. 
 
 
 

1.5.2 Silicon isotopes 
 

Silicon (Si, z = 14, atomic mass = 28.0855) has three stable isotopes: 28Si 
(AMU (atomic mass unit) = 27.976927), 29Si (AMU = 28.976495) and 
30Si (AMU = 29.973730) with abundance of 92.33, 4.67 and 3.10%, 
respectively (Faure and Mensing, 2005). Generally, the silicon isotope 
composition is expressed in the δ-notation (units: ‰) relative to NBS28, 
the accepted reference material for Si isotopes (Carignan et al, 2004): 
δ29Si = [(29Si/28Sisample)/(29Si/28SiNBS28)-1] × 1000 and δ30Si = 
[(30Si/28Sisample)/(30Si/28SiNBS28)-1] × 1000. The degree of isotope 
fractionation (‰) between two materials X and Y for a particular process 
is expressed as αX-Y = RX/RY with R = 30Si/28Si. It can also be defined as 
ɛX-Y = 103 × ln (αX-Y).  
 
The Si isotopes offer advantages over other elements as a tracer of 
secondary mineral formation because of their element natural isotopic 
variation due to its geochemical behavior. Indeed, elements with several 
oxidation stages, multiple bonds of different energies with several atoms 
and a presence within different aggregates have a greater isotopic 
variation than elements with only a single oxidation state and always 
bound to the same atom. This is the case of Si, which is not active in 
redox reactions in nature and is always bound to oxygen in a tetrahedral 
coordination bond (Wiederhold, 2015).  
The range of Si isotope variations at the Earth's surface is restricted 
compared to other elements such as C, H, O, N and is well documented 
(Fig. 1.19). The lightest Si isotopic composition on Earth is that of 
silcretes (𝛿30Si = -5.7‰) and the heaviest is that of rice grains (𝛿30Si = 
+6.1‰). The isotopic range in Si has thus a variation of 11.8‰ on the 
Earth's surface (Opfergelt and Delmelle, 2012). Globally, rivers display 



Part I: General overview    
 

 

 

 

 

 

 

 

 

56 

𝛿30Si values ranging between -0.1 and 3.4 ‰ (e.g., De La Rocha et al, 
2000; Ding et al, 2004, 2016, 2017; Alleman et al, 2005; Georg et al, 
2006, 2007; Cardinal et al, 2010; Engström et al, 2010; Hughes et al, 
2011, 2013; Opfergelt and Delmelle, 2012; Pokrovsky et al, 2013; Frings 
et al, 2016; Baronas et al, 2020).  
 
The natural variation in Si isotope compositions in natural reservoirs is 
attributed to three processes: rock forming processes, water-rock 
interaction, and biological processes (Fig. 1.19).  

In rock forming processes, two types of reactions are responsible for 
isotopes fractionation: solid-solid (crystal-crystal) and solid-liquid. 
Magmatic differentiation can cause a small change in the isotopic 
signature (Savage et al, 2011). A heavier isotopic signature correlates with 
the silica content and the degree of silicates polymerization magma 
degassing does not appear to produce isotope fractionation (Savage et al, 
2012). 

The interactions between rock and water release H4SiO4, which, 
depending on the environmental conditions (e.g., temperature, 
concentrations, pH), can precipitate to form secondary minerals (clays, 
oxy-hydroxides and inorganic silica). During precipitation, the light 
isotopes of Si are preferentially incorporated in clay minerals (δ30Si = -
2.95 to -0.16‰, Douthitt, 1982; Bern et al, 2010; Cornelis et al, 2010; 
Opfergelt and Delmelle, 2012). As a result, soil solutions have generally 
heavier δ30Si values than the silicate parent material (Ziegler et al, 2005). 
The complete dissolution of minerals takes place without isotopic 
fractionation of Si. The mineralogical composition of soils (proportion 
of primary and secondary silicate minerals) is therefore decisive for the 
value of δ30Si of the soil. Soils with a low δ30Si value are generally 
strongly weathered (Ziegler et al, 2005; Opfergelt et al, 2010). In heavily 
weathered environments, aerial dust input is significant and can influence 
the soil Si isotopic composition (Bern et al, 2010). In addition, light Si 
isotopes may be preferentially retained in soil secondary phases following 
the specific adsorption of monosilicic acid (H4SiO4

0) by Fe- (e.g., 
ferrihydrite and goethite) or Al-oxides, increasing the Si isotope signature 
of the corresponding fluid (Delstanche et al, 2009; Opfergelt et al, 2009; 
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Oelze et al, 2015). Few studies have been carried out to date on the Si 
isotope composition of thermal waters, but the reported Si isotope 
values range from -0.7 to 1.7‰ (Douthitt, 1982; Ding et al, 1996, 2017; 
Opfergelt et al, 2011, 2013; Geilert et al, 2014; Wang et al, 2019; Chen et 
al, 2020). Silicification associated with thermal waters (-0.1‰ to -0.4‰) 
leads to the preferential incorporation of light Si isotopes into the 
precipitates (Geilert et al, 2014; Li et al, 1995).  

 
Biological processes involve the uptake of H4SiO4 by living organisms 
(plants, sponges or diatoms) and the transformation of DSi into BSi 
results in Si isotope fractionation. Si biomineralisation favors the 
absorption of light Si isotopes enriching the corresponding fluid in 30Si as 
proved by diatoms (Cardinal et al, 2007). Furthermore, the dissolution of 
diatoms promotes the release of light Si isotopes (Demarest et al, 2009). 
Phytoliths show variable isotope signatures that depend on several 
factors: their location in the plant (signatures are higher in the upper 
parts of the plant), the nature and degree of soil alteration (Opfergelt et 
al, 2008). Plants also preferentially uptake the light isotope of Si as 
determined in wheat (Ziegler et al, 2005), bananas (Opfergelt et al, 2006), 
bamboos (Ding et al, 2008) or rice (Ding et al, 2008). 
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Fig. 1.19: Silicon (Si) isotope (δ30Si; ‰) variations on Earth’s surface 
separated according to affecting processes. [1] Douthitt, 1982; Ding et al, 
1996 [2] Douthitt, 1982; Ding et al, 1996; Savage et al, 2011 [3] Ding et 
al, 1996 [4] Ding et al, 2004 [5] Ziegler et al, 2005; Opfergelt et al, 2012; 
Roerdink et al, 2015; Frings et al, 2016 [6] Basile-Doelsch et al, 2005 [7] 
Savage et al, 2011; Frings et al, 2016 [8] Douthitt, 1982; Ziegler et al, 
2005; Georg et al, 2009; Bern et al, 2010; Cornelis et al, 2010; Opfergelt 
et al, 2010; Steinhoefel et al, 2011; Frings et al, 2016 [9] Douthitt, 1982; 
Ding et al, 1996, 2017; Opfergelt et al, 2011, 2013; Geilert, 2014; Wang 
et al, 2019; Chen et al, 2020 [10] Douthitt, 1982; Ding et al, 1996 [11] De 
La Rocha et al, 2000 [12] Douthitt, 1982; Ding et al, 1996 [13] André et 
al, 2006; van den Boorn et al, 2006; Robert and Chaussidon, 2006 [14] 
André et al, 2006; Abraham et al, 2011 [15] Ding et al, 1996; André et al, 
2006 [16] Ding et al, 1996 [17] Douthitt, 1982; Ziegler et al, 2005; Ding 
et al, 2008; Engström et al, 2008; Hodson et al, 2008; Sun et al, 2008; 
Opfergelt et al, 2006, 2008, 2010; Bern et al, 2010; Cornelis et al, 2010; 
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Frings et al, 2016 [18] De La Rocha et al, 1997; Alleman et al, 2005; 
Cardinal et al, 2007; Fripiat et al, 2011 [19] Douthitt, 1982; De La Rocha, 
2003; Ding et al, 2005; Wille et al, 2010; Hendry et al, 2010 [20] Ding et 
al, 2005 [21] Ziegler et al, 2005; Fring et al, 2016 [22] Georg et al, 2007, 
2009; Frings et al, 2016 [23] De La Rocha et al, 2000; Ding et al, 2004, 
2016, 2017; Allemand et al, 2005; Georg et al, 2006, 2007; Cardinal et al, 
2010; Engström et al, 2010; Hughes et al, 2011, 2013; Opfergelt and 
Delmelle, 2012; Pokrovsky et al, 2013; Frings et al, 2016 ; Baronas et al, 
2020 [24] Varela et al, 2004; Cardinal et al, 2005; Reynold et al, 2006; De 
la Rocha et al, 2011; Delvigne et al, 2014; Frings et al, 2016 [25] Fripiat et 
al, 2011. n = total number of data.  
 
 

1.5.3 The growing interest for silicon geochemical 
tracers to study chemical weathering in a volcanic 
context 

 

The interest of the scientific community for chemical weathering in 
volcanic areas increased at the end of the 1990’s when it was 
demonstrated that volcanic rocks contribute significantly to the global 
flux of solutes to the ocean and to the atmospheric CO2 consumption 
associated to silicate weathering (e.g., Louvat and Allègre, 1997; 
Gaillardet et al, 1999; Dessert et al, 2003; Dupré et al, 2003). The 
pioneering studies were based on the elemental concentrations in river 
waters. With the developments in mass spectrometry, the use of isotopic 
tracers to understand the processes involved in chemical weathering 
fluxes increases significantly after 2000 (Fig. 1.20). More specifically, the 
scientific community’s interest to use silicon isotopes in the context of 
weathering in volcanic areas increased in the 2000s with MC-ICP-MS 
development allowing the detection of smaller Si isotope variations 
(precision ~ 0.18‰ in wet plasma; De La Rocha, 2002 and < 0.1‰ in 
dry plasma; Cardinal et al, 2003). The interest for the use of the Ge/Si 
ratio to study chemical weathering processes in volcanic regions 
increased at the same period, since the pioneer paper of Kurtz et al 
(2002).  
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Fig. 1.20: Total number of scientific publications (Nb of documents) 
from 1972 to the present relative to the isotopes use on chemical 
weathering studies in volcanic context. 
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1.6 General objectives and thesis outline 

The aim of this PhD thesis is to improve the understanding of the 
factors controlling weathering fluxes in rivers draining hydrothermally-
active volcanic regions. We investigate the contributing sources and 
processes to rivers using a multi-proxy approach combining riverine 
element concentrations and geochemical compositions (Ge/Si ratio and 
Si isotopes). This PhD thesis involves the analytical development of a 
method to purify silicon from anion-rich waters (thermal springs and 
river waters affected by hydrothermal discharges) in order to determine 
their Si isotope composition (Part II). 

Three specific research questions (Q) have been identified and define 
our research objectives:  

Q1. What controls the variability of Ge/Si ratio and δ30Si in thermal 
springs from the main generic types of thermal waters?  
 
Q2. Can Ge/Si ratio and δ30Si in rivers be used as good indicators of 
weathering processes in volcanic terranes featuring hydrothermal 
manifestations?  
 
Q3. What is the influence of seasonal change in runoff on the relative 
hydrothermal and weathering contributions to rivers draining 
hydrothermally-active volcanic regions? 

The overall structure of the PhD thesis is divided in four parts, and 
Figure 1.21 schematically presents the outline of the PhD thesis. 

Part I: General overview. This section provides a general background on 
the research topic, i.e., on magma-related hydrothermal systems, 
chemical weathering, the factors influencing chemical weathering fluxes 
in hydrothermally-active volcanic regions, the global biogeochemical 
silicon cycle, and the geochemical tracers Ge/Si ratios and Si isotopes.  

Part II: Materials and Methods. This section presents the samples and the 
methodology used in the PhD thesis for water elemental analyses (liquid 
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chromatography, ICP-OES and ICP-MS) and Si isotope analysis (MC-
ICP-MS), including the analytical developments performed for Ge 
concentration measurement by ICP-MS and the purification of Si for 
MC-ICP-MS measurement.  

Part III: Data chapters (Ch1, Ch2, Ch3, Ch4, Ch5)1. This section discusses 
the results obtained. The data chapters successively investigate (Q1) the 
controls on the Ge/Si ratio and δ30Si variability in thermal springs from 
the main generic types of thermal waters (Ch1, with thermal springs from 
six hydrothermally-active volcanic regions), (Q2) whether the Ge/Si ratio 
and δ30Si in rivers can act as good indicators of weathering processes in 
volcanic terranes featuring hydrothermal manifestations, for a river 
draining a hyper acid hydrothermal environment (Ch2, Kawah Ijen 
volcano, Indonesia), and for rivers draining both extinct and active 
hydrothermal manifestations (Ch3, Basse-Terre Island, Guadeloupe), and 
(Q3) whether the Ge/Si ratio and δ30Si in rivers can capture the 
influence of seasonal change in runoff on the relative hydrothermal 
and weathering contributions to rivers, upon snowmelt (Ch4, 
Yellowstone Plateau Volcanic Field, USA), and between the dry and the 
rain season (Ch5, Aso caldera, Japan).  

Part IV: Contribution of the study. This section serves to conclude the thesis 
by summarizing the contribution of the study to our understanding of 
controls on weathering fluxes from hydrothermally-active volcanic 
regions. 

Appendix 1. This section presents preliminary data obtained to 
contribute to assess the impact of Si-accumulating crops harvest on Si 
fluxes exported from volcanic islands at two spatial scales (Aso caldera, 
Japan and Asembagus plain, Indonesia).  

 

                                                 
1
 The data chapters are presented as a succession of manuscripts that can be read 

independently, involving some redundancies between the method section of the 

chapters. 
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Fig. 1.21: Schematic presentation of the thesis outline. The data chapters 
are presented in Part III (Ch1, Ch2, Ch3, Ch4, Ch5).  
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Materials and Methods 
 
 

 

The following section presents the study sites, the sampling and the 
methodology used in the PhD thesis for elemental analyses, Ge 
concentrations and Si isotope measurements in water (e.g., thermal 
springs, river waters, groundwater, soil solutions, surface runoff) and 
rock samples (e.g., hydrothermally-altered rock). This includes analytical 
protocols, instruments description, and methodological improvements of 
Ge concentrations by ICP-MS and Si isotope measurements by MC-ICP-
MS.  
 
Each method is described more specifically in the relevant chapters.  
 

2.1. Study sites 

 
The main study sites of the PhD thesis are four hydrothermally-active 
volcanic regions: three volcanic islands (the basaltic Java Island (Kawah 
Ijen volcano, Indonesia, Ch1 and Ch2), the andesitic Basse-Terre Island 
(La Soufrière volcano, Guadeloupe, Ch1 and Ch3) and the basaltic-
rhyolitic Kyūshū Island (Aso volcano, Japan, Ch1 and Ch5)) and one 
continental hotspot (Yellowstone Plateau Volcanic Field (YPVF), United 
States, Ch1 and Ch4). Samples from two additional sites were also used in 
a smaller extent in Ch1: Negros Island (Kanlaon volcano, Philippines) 
and Kamchatcka (Mutnovsky volcano) (Fig. 2.1).  
 
Study sites are described in details in Ch1 (Negros Island and 
Kamchatka), Ch2 (Java Island), Ch3 (Basse-Terre Island), Ch4 (YPVF) 
and Ch5 (Kyūshū Island).  
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Fig. 2.1: Localisation of the study sites from this PhD thesis on a world 
map. Pictures on the four main study sites: La Soufrière volcano, 
Guadeloupe during field mission in January-February 2015 (Ch3). Kawah 
Ijen volcano’s acid lake, Java during field mission in January 2017 (Ch2). 
The Aso caldera, Japan (credit: J. Hartmann) in Autumn 2014 (Ch5). The 
Firehole river (Yellowstone Plateau Volcanic Field, YPVF; credit: B. 
McCleskey) in the summer season (Ch4). 
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La Soufrière Kawah Ijen YPVF Aso Kanlaon Mutnovsky

Basse-Terre Island Java Island Continental hot spot Kyūshū Island Negros Island Kamchatka

Thermal springs 15 (n=26) 13 (n=13) 8 (n=8) 17 (n=21) 1 (n=2) 2 (n=2)

River waters 22 (n=36) 4 (n=14) 15 (n=33) 30 (n=46)  -  -

Soil solutions 7 (n=7) 4 (n=4)  -  -  -  -

Groundwater  -  -  - 11 (n=28)  -  -

Surface runoff  -  -  - 3 (n=4)  -  -

Hydrothermally-altered rock 1 (n=1)  -  -  -  -  -

Ch1 , Ch3 Ch1 , Ch2 Ch1 , Ch4 Ch1 , Ch5 Ch1 Ch1

 Samples

The number of samples (thermal springs, river waters, groundwater, soil 
solutions, surface runoff and hydrothermally-altered rock) studied in the 
different sites are summarized in Table 2.1 with n correponding to the 
total number of samples (some locations were sampled multiple times 
for time series). 
 
Table 2.1: Summary of the samples from the PhD thesis by study sites 
(YPVF = Yellowstone Plateau Volcanic Field). The color code refers to 
the location map in Fig. 2.1. 

 
 
 

2.2. Sampling 

 
The samples analysed in this PhD thesis were either (i) collected on the 
field in January-February 2015 in Basse-Terre Island, Guadeloupe during 
my master thesis (Ch1,Ch3) and in January 2017 in Java Island, Indonesia 
during my PhD thesis (Ch1,Ch2), or (ii) obtained through collaborations 
as part of the FNRS project FluxHyd with S. Hurwitz from the USGS 
Yellowstone National Park for the samples from YPVF (Ch1,Ch4), with 
J. Hartmann from the University of Hamburg, Germany for the samples 
from Japan (Ch1,Ch5), with A. Bernard for the samples from the 
Philippines (Ch1), and with E. Maters for the samples from Kamchatka 
(Ch1). The details regarding sampling procedure and water filtration are 
given in the relevant chapters. 
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2.3 Water elemental analyses 

 

2.3.1 Majors element concentrations by ICP-OES 
 
The concentrations of major elements such as Ca, Na, Mg, K, Al, Fe and 
Si in the water samples were determined by inductively-coupled plasma-
optical emission spectrometry (ICP-OES; iCAP 6500 Thermo Fisher 
Scientific) at the Earth and Life Institute – Environmental Sciences of 
the Université catholique de Louvain (Ch1-Ch2-Ch3-Ch4-Ch5).  
 
This optical emission spectrometry method has different steps: (i) 
analyte transport by a peristaltic pump though a nebulizer into a spray 
chamber and aerosol production, (ii) aerosol production lead into an 
argon plasma (the forth state of matter, next to the solid, liquid and 
gaseous state, generated at the end of a quartz torch by a cooled 
induction coil through which a high frequency alternate current flows), 
(iii) collision between the argon atom and the electrons ionization, giving 
rise to a stable plasma (~6000-7000K) and inducing atomization and 
ionizations of the analyte sample in the desolvation torch, (iv) the analyte 
reaches a higher “excited” state due to the thermic energy taken up by 
the electrons and (v) releases light (photons) when the electrons drop 
back to ground level energy. Each element has its own characteristic 
emission spectrum that is measured with a spectrometer. The light 
intensity on the wavelength is measured and is converted into a 
concentration, via the calibration.  
 
The accuracy on major elements (Ca, Na, Mg, K, Al, Fe, Si) analyses was 
assessed using the trueness on the river water reference material SLRS-5 
(Yeghicheyan et al, 2013) and the analytical precision above the detection 
limit. The detection limit, the trueness and analytical precision for 
majors, Al, Fe and Si are given in Table 2.2. The blank level was below 
the detection limit of Ca, Na, Mg, K, Al, Fe and Si in ICP-OES. 
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Table 2.2: Detection limit (µmol.l-1), trueness (%) and analytical 
precision (%) of major elements (Ca, Na, Mg, K, Al, Fe, Si) measured by 
ICP-OES (iCAP 6500).  
 

 

 
 

2.3.2 Anions concentrations by ionic 
chromatography 

 

A subsample was taken for anion analyses in situ and measured by ionic 
chromatography (Dionex ICS2000, column: AG15/AS15) at the Earth 
and Life Institute – Environmental Sciences of the Université catholique 
de Louvain (Ch1-Ch2-Ch3-Ch4-Ch5). The ionic chromatography is a 
process that separates ions and polar molecules following their affinity to 
the ion exchanger. The analyte ions (SO4

2-, Cl-, NO3
-, F-) are retained 

depending of their ionic interactions with opposite charge of functional 
groups (R-X) of the stationary phase, such as quaternary aminoethyl.  
 
In a few steps, ionic chromatography is summarized as (i) sample 
introduction with an auto sampler (~5 ml), (ii) sample transport via the 
mobile phase (buffered aqueous solution) from the loop onto a column 
that contains some form of stationary material (resin with covalently 
bonded charged functional groups), (iii) analytes retention on the 
stationary phase and analytes elution by increasing the concentration of a 
similarly charged species that will displace the analyte ions from the 
stationary phase and (iv) analytes detection and quantification. 
 
 
 
 

ICP-OES iCAP 6500 Ca Na Mg K Al Fe Si

Detection limit (µmol.l
-1

) 0.05 0.43 0.21 0.26 0.37 0.18 0.36

Trueness (%) ± 3 ± 4 ± 1 ± 7 ± 4 ± 2 ± 4

Precision (%) ± 0.5 ± 0.5 ± 0.5 ± 0.5 ± 0.5 ± 0.5 ± 0.5
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The accuracy on SO4
2-, Cl- and NO3 was assessed using the trueness on 

the river water certified reference material LGC6025 (UKAS, 2014) and 
the analytical precision above the detection limit. The detection limit, the 
trueness and analytical precision for SO4

2-, Cl-, NO3
-
 and F- are given in 

Table 2.3. The blank level was below the detection limit of SO4
2-, Cl-, 

NO3
- and F- in Dionex ICS2000. 

  
Table 2.3: Detection limit (µmol.l-1), trueness (%) and analytical 
precision (%) of species measured by ionic chromatography (Dionex 
ICS2000).  
 

Dionex ICS2000 SO4
2-

Cl
-

NO3
-

F
-

Detection limit (µmol.l
-1

) 1.5 3.1 1.6 0.5

Trueness (%) ± 3 ± 4 ± 4 ± 6

Precision (%) ± 2 ± 2 ± 2 ± 2  
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2.4 Geochemical tracers  

 
In this PhD thesis, we used two geochemical tracers: the Ge/Si ratios 
and the Si isotopes (Ch1-Ch2-Ch3-Ch4-Ch5).  
 

2.4.1 Ge and Si analysis and Ge/Si calculation 
 

2.4.1.1 Inventory of methods used for Ge concentrations 

measurements  

 

Analytical difficulties to obtain reliable data of Ge is common because 
Ge concentrations in environmental samples are generally below the 
limit of detection of many modern analytical methods and suffer from 
various interferences (56Fe16O, 57Fe16O, 58Fe16O, 74Se, 58Ni16O) on its 
isotopes (70Ge, 72Ge, 73Ge, 74Ge, and 76Ge) with ICP-MS techniques. 
Until now, the Ge concentration measurement in solution has been 
mainly performed using the isotope dilution hydride generation by high 
resolution ICP-MS (HR-ICP-MS) (Mortlock and Froelich, 1996; 
Hamade et al, 2003; McMahon et al, 2006; Frei and Polat, 2007; 
Delvigne et al, 2009; Cornelis et al, 2010; Tribovillard et al, 2011). This 
requires a hydride-generation system, which is not common in 
laboratories. Alternative techniques exist such as graphite furnace atomic 
absorption spectrometry (GF-AAS; McMahon et al, 2006), laser ablation 
ICP-MS (Hamade et al, 2003; Shen et al, 2011; Belissont et al, 2014; 
Dong et al, 2015) and X-ray fluorescence spectrometry (Frei and Polat, 
2007). These techniques are currently close of the Ge detection limit for 
environmental samples. Preconcentration using a polysulfone membrane 
filter combined with spectrophotometric measurements are investigated 
(Soylak and Yigit, 2015) but requires specific materials (Delvigne et al, 
2018).  
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2.4.1.2 Measurement of dissolved Ge concentrations and 

Ge/Si ratios 
  

The Ge concentrations in the water samples and hydrothermally-altered 
rock were determined by ICP-mass spectrometry (ICP-MS, ICAPQ 
Thermo Fisher Scientific) using the 74Ge isotope for the measurement 
(Delvigne et al, 2018). Prior to analysis, the hydrothermal-altered rock 
was dissolved by alkaline fusion with 99.99% pure NaOH at 720 °C in a 
silver crucible (Georg et al, 2006).  
 
The Ge measurement by ICP-mass spectrometry has several steps: (i) 
sample dilution in acid matrix (0.5% HNO3) to reach a TDS (total 
dissolved solids = total concentration of ionic species present in solution 
= Na+K+Mg+Ca+SiO2) value below ~0.2% (2000 mg.l-1), (ii) sample 
introduction as a liquid using a nebulizer (due to the supersonic 
expansion of gas to turn the liquid into a fine mist) and spray chamber 
(that remove any droplets too large to be processed in the plasma), (iii) 
ions (generated by the argon plasma) separation according their mass-to-
charge (m/z), (iv) ions counting on the collector, (v) trace element 
quantification (counts per second) using a calibration curve from a 
reference standard (known concentrations of analyte).  
 
Germanium has five different isotopes with variable abundances (Table 
2.4). The measure is based on the most abundant Ge isotope (74) and 
Rh (103Rh) is use as internal standard. The KED mode reduces spectral 
interferences from polyatomic ions due to argon gas but interference 
with Nd (148Nd) were suspected. We finally use the STANDARD (STD) 
mode to avoid interference between 74Ge and 128Nd. Accuracy and long-
term repeatability of the analyses were assessed by measuring two 
international riverine standards, namely SLRS-5 ([Ge] = 0.083 ± 0.014 
nmol.l-1; n=3) and SLRS-6 ([Ge] = 0.097 ± 0.0069 nmol.l-1; n=3) 
(Yeghicheyan et al, 2013), and one in-house standard (i.e., the Gallion 
Blanc (GAB) thermal spring: [Ge] = 23.95 ± 0.096 nmol.l-1; n=14) in 
each analytical session between July 2017 and June 2018. The detection 
limit for Ge is 0.04 nmol.l-1 and the analytical precision of the 
measurement is ± 8 % for Ge concentrations < 0.013 nmol.l-1 and ± 4 
% for Ge concentrations > 0.013 nmol.l-1.  
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Masse number Nuclide mass Natural abundance (%)

70 69.92 20.526

72 71.92 27.446

73 72.92 7.760

74 73.92 36.523

76 75.92 7.745

 
Table 2.4: Germanium stable isotopes and their natural abundance 
(Yang and Meija, 2010). 

 

 
 
So far, dissolved Ge concentrations have been classically determined by 
High Resolution ICP-MS (HR-ICP-MS). Therefore, we compared the 
Ge concentrations in 12 thermal spring and 17 river water samples from 
Basse-Terre (see Ch3) measured by both HR-ICP-MS and ICP-MS 
(Table 2.5). The HR-ICP-MS analyses of Ge (noted Ge*) were 
performed at the Department of Earth and Atmospheric Sciences, 
Cornell University, USA, using a Thermo Fisher Scientific-Element2™ 
Series instrument equipped with a hydride generation system, and 
applying the isotope dilution technique (Mortlock and Froelich, 1996). 
The Si concentrations used for calculating the Ge*/Si (HR-ICP-MS) and 
Ge/Si (ICP-MS) ratios (µmol.mol-1) were determined by ICP-OES 
(iCAP 6500 Thermo Fisher Scientific), and the standard deviation of our 
Ge/Si ratio determinations is 10%. Figure 2.2 shows a strong 
correlation (R2=0.99) between the Ge/Si ratio and Ge*/Si ratio 
measurements, indicating the validity of our ICP-MS analysis for 
determining the concentration of Ge in solution.  
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Fig. 2.2: Plot comparing the Ge/Si ratio (µmol.l-1) of 12 thermal springs 
(n=12) and 17 river waters from Basse-Terre as measured by ICP-MS 
(Ge/Si) and HR-ICP-MS (Ge*/Si). See text for explanation.  
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Table 2.5: Germanium concentrations measured by HR-ICP-MS (Ge*), 
Ge concentrations measured by ICP-MS (Ge), and Ge*/Si and Ge/Si 
ratios calculated using Si concentrations measured by ICP-OES in 12 
thermal springs and 17 river waters from Basse-Terre Island (samples 
from Ch3). 
 

Label Ge* Ge*/Si Ge Ge/Si 
  nmol.l-1 µmol.mol-1 nmol.l-1 µmol.mol-1 

Thermal springs          
RM2(1) 1.83 1.33 1.85 1.35 
RM3 (2) 3.11 1.21 3.60 1.25 
GA(1) 25.25 8.76 25.55 8.86 

GAB(1) 27.03 10.53 27.35 9.49 
GAF 0.07 0.05 0.08 0.05 
PR(1) 0.90 0.43 0.91 0.44 
TA(1) 4.94 2.07 5.00 2.10 
Sofaïa 0.52 0.92 0.53 0.94 

BCM(1) 11.58 20.71 11.72 21.03 
CC(1) 1.87 1.11 1.89 1.13 
GC(1) 0.76 0.49 0.78 0.50 
Dolé 0.53 0.38 0.55 0.39 

River waters          
rMoustique Ste-Rose 0.09 0.29 0.09 0.30 

rPP 0.10 0.19 0.10 0.19 
rCorossol 0.14 0.34 0.14 0.34 

rBD1 0.08 0.18 0.08 0.19 
rCAE 0.16 0.41 0.16 0.42 
rPBD1 0.05 0.14 0.06 0.15 
rRM 1.38 0.96 1.39 0.93 

rCap1 0.18 0.43 0.18 0.42 
rRC1 0.38 0.78 0.39 0.80 
rCC 0.22 0.34 0.23 0.35 
rRN 0.83 0.68 0.84 0.61 

rSt-Louis1 0.15 0.27 0.15 0.28 
rRouge1 0.25 0.42 0.26 0.43 

rGC 0.53 0.42 0.54 0.43 
rGAam 6.72 3.83 6.80 3.88 
rGAav 10.10 5.18 10.21 5.25 
rGAbb 1.18 1.05 1.19 1.06 
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2.4.2 Si isotope measurements   
 

2.4.2.1 Methods used for Si isotope measurements  

 
Silicon isotope measurements on terrestrial samples require a high degree 
of accuracy to be able to detect limited natural Si isotope fractionations. 
In the 1950s, accuracies were so low that only significant differences in 
Si isotope signatures in meteorites were detected. In the last few decades, 
developments have allowed for small Si isotope variations in terrestrial 
samples to be detected. Silicon stable isotopes have been initially 
measured by gas source isotope ratio mass spectrometry (IRMS) and 
secondary ion microprobe mass spectrometry (SIMS) (Ding, 2004; 
Reynolds, 2011). Today, the inductively coupled plasma multicollector 
mass spectrometer (MC-ICP-MS) is commonly used for the Si isotope 
analyses in terrestrial samples given their high accuracy (~0.18‰ in wet 
plasma, De La Rocha, 2002; <0.1‰ in dry plasma, Cardinal et al, 2003).  
Since the 1980s, the Si isotope composition of the oceans, soils, rivers, 
and living organisms is well documented (section 1.5.2) but few studies 
have been carried out on the Si isotope composition of anion-rich 
thermal waters. A new method has been developed in this PhD thesis to 
purify Si from an anion matrix. The main steps for sample preparation 
throughout the different types of samples in the PhD thesis are 
presented here.  
 

2.4.2.2 Sample preparation 
 
Prior to Si isotope measurements, samples preparation includes 
preliminary treatments such as dissolution of solid samples (e.g., 
hydrothermally-altered rock specimen), and purification of Si from liquid 
samples (e.g., thermal springs, river waters, groundwater, soil solutions) 
in a dust clean environment. The Si isotopes analytical development for 
all sample matrix type (thermal springs, river waters, soil solutions, 
hydrothermally altered rock specimen) performed in this PhD thesis is 
shown at Fig. 2.3.  
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The rocks and silica standards and the hydrothermally-altered rock 
specimen were digested with NaOH following the alkaline fusion 
method developed by Georg et al (2006). A mass of 10 mg of finely 
crushed sample was weight in a silver crucible. A pellet of NaOH (~200 
mg) was added inside the crucible directly in contact with the sample. 
The sample was next introduced in an oven preheated to 750 °C and left 
inside to react for 10 minutes. Then, the crucible was quickly dropped 
inside a Teflon vial containing ~10 ml of ultrapure water and left 
overnight. The solution was transferred into a previously acid-washed 
polypropylene bottle after short treatment with ultrasounds to remove 
the sample from the crucible. Bottles were prewashed with 5% HNO3 
left cold for two days then abundantly rinsed with ultrapure water and 
dried. The transferred solution was acidified to 1% HNO3 with 
suprapure acid and left to equilibrate overnight.  
 
For liquid sample, some pre-treatments were performed before the Si 
purification from anions and cations: removing dissolved organic matter 
(if necessary) and adapt the Si concentrations.  
 
Soil solutions were pre-treated before column chemistry to remove 
dissolved organic matter (DOC). Indeed, the presence of DOC may 
produce mass bias on silicon isotope measurements by MC-ICP-MS due 
to matrix effect (treatment performed with DOC/Si at or > 0.69; 
Hughes et al, 2011). We put 5 ml of sample in Teflon vial and we added 
200 µl of 0.1% v.v H2O2. The Teflon vial was put in a UV-box for one 
day. Then, the Teflon vial was removed at the end of the day for one 
hour, we added 0.1 % v.v H2O2 and the Teflon vial returned to the UV-
box for the night. Finally, samples were acidified (0.2% v.v HNO3). This 
was applied in Ch2.  
 
The pre-treatment to remove DOC was not performed on thermal 
springs because of the low pH restricting the microbial activity 
development (Brock, 1970) and inhibiting complexation reactions by 
protonation of organics acids (Nordstrom et al, 1979; Herrmann and 
Baumgartner, 1992). In Ch3, the DOC pre-treatment step was not 
performed on rivers water samples and soil solution samples from Basse-
Terre Island. In river waters, the DOC/Si ratio can be considered <0.17 
(i.e., below the value for which a treatment is recommended; Hughes et 
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al, 2011) based on DOC concentrations in rivers sampled at the same 
location, at the same season and in a comparable flow regime (Lloret, 
2010). In soil solutions, the DOC/Si ratio is <0.35 based on DOC 
concentrations on these samples (Lloret, 2010), i.e., below the value for 
which a treatment is recommended (Hughes et al, 2011).  
 
For low Si concentrations (< 10 µmol.l-1) and anion-rich samples 

(e.g., test of the feasibility on volcanic ash leachates), a pre‐concentration 
step is applied using the so-called MAGIC method (Brzezinski et al, 
2003).  
 
For high Si concentrations (> 1700-2300 µmol.l-1) (e.g., thermal 
springs), a dry down and NaOH leaching is required to prevent from 
silica precipitation and obtain adapted Si concentrations. The water 
sample was dried down on a hotplate at 100 °C, followed by a leaching 
with 0.125M NaOH at 100 °C for four hours after sonication for 10 
minutes (adapted from Ragueneau et al, 2005). Following leaching, the 
pH of sample solutions was adjusted using suprapure HNO3 to reach pH 
2 in a final volume at a Si concentration below the limit of amorphous 
silica solubility. This was applied in Ch4 and Ch5. 
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Fig. 2.3: Silicon isotopes analytical development performed on the different sample types in this PhD thesis. * = 
feasible application.    
The PhD thesis chapters in which these steps have been applied are specified. 
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Once an adapted Si concentration was reached in all samples, a 
subsample of the solution (minimum 2 ml at 8 mg.l-1 Si) was purified 
with an anion-exchange resin (Biorad AG MP-1) (fully described in 
section 2.4.2.3). 

 

2.4.2.3 Purification of anion-rich samples 
 

The method commonly applied to purify solutions prior to the 
determination of the isotope composition of dissolved Si involves the 
removal of cations from the matrix using a single step cation-exchange 
resin (Georg et al, 2006). However, this method does not remove anions 
from the aqueous solution, potentially leading to matrix effects and 
analytical mass bias during measurements by Multi-Collector Inductively 
Coupled Plasma Mass Spectrometry (MC-ICP-MS) and using the 
sample-standard bracketing technique (van den Boorn et al, 2009; 
Hughes et al, 2011). Anions in solution can be partly removed by co-
precipitating Si with molybdate using the triethylamine (TEA) molybdate 
method, followed by dissolution of the silica precipitate in HF (De La 
Rocha et al, 1996). A pre-concentration step, the magnesium-induced 
coprecipitation (MAGIC) method, is usually applied prior to the analysis 
of low-Si solution (Si (< 10 µmol l-1) (Brzezinski et al, 2003). The 
MAGIC method also removes some of the dissolved anions. When the 
anion-to-Si ratio of the sample to be analyzed is low (SO4

2-/Si mass ratio 
< 0.7; Cl-/Si mass ratio < 1.1), doping both the sample and the standard 
with anions is sufficient to correct for the mass bias during the isotopic 
analysis carried out via the sample-standard bracketing technique 
(Hughes et al, 2011). However, this condition is not fulfilled in thermal 
waters as these often contain high concentrations of dissolved SO4

2-, and 
sometimes Cl-. In this case, a purification step is necessary prior to the 
measurement (van den Boorn et al, 2009). The TEA and MAGIC 
methods are relatively labor-intensive and have drawbacks. The use of 
HF in the former may lead to the loss of volatile SiF4(g) during sample 
introduction, and thereby to unwanted Si isotope fractionation (Georg et 
al, 2006). Isotope fractionation may also be problematic when the 
recovery of Si at the end of the MAGIC pre-concentration step is 
incomplete. Moreover, MAGIC is performed at pH>10 and bringing 
acidic thermal waters to such basic pH values is often accompanied by 
the formation of various Fe- and Al-(oxy)hydroxide precipitates.  
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Here we describe a new purification method, comprised of two steps, 
which allows the Si isotopic analysis of anion-rich solutions, including 
thermal springs and river waters: a newly developed first step using an 
anion-exchange resin (Biorad AG MP-1) combined with the existing 
method using a cation-exchange resin (Biorad AG50WX12; Georg et al, 
2006) as the second step. The anion-exchange resin (Biorad AG MP-1) is 
capable of exchanging anions of acidic, basic and neutral salts on the 
basic side of their isoelectric point (pI = pH at wich a molecule carries 
no net electrical charge or is electrically neutral in the statistical mean). 
The Biorad AG MP-1 resin is strongly basic anion exchangers with 
quaternary ammonium functional groups attached to the styrene 
divinylbenzene copolymer lattice. Usually, the resin is used in an ionic 
form with a lower selectivity for the functional group than the sample 
ions to be exchanged. Here, the resin is supplied in the Cl- form and we 
convert the resin into NO3

- form (given that Si isotope measurements by 
MC-ICP-MS are performed in 2% HNO3). The relative selectivity of 
various counterions for HSO4

-, NO3
- and Cl- are 85, 65 and 22, 

respectively. The anion-exchange resin has a defined exchange capacity 
(1 meq ionic concentration.ml-1resin with meq ionic concentrations (meq) = Si + SO4

2- + Cl- 
+ F-) (Biorad AG1, AG MP-1 and AG 2 Strong Anion Exchange Resin 
Instruction Manual). For each analysis, we ensured to be < 50% of the 
resin capacity. 

In the first step, 2 ml of the sample to be analyzed, containing at least 8 
mg.l-1 of dissolved Si, are percolated through 2 ml of anion-exchange 
resin (Biorad AG MP-1) in order to remove SO4

2- and Cl- ions. Prior to 
purification, the anion-exchange resin is washed in batch with HNO3 (3 x 
5 ml) and milliQ water (3 x 5 ml), cleaned successively with 1 M HNO3, 
3 M HNO3 and 1 M HNO3, and rinsed with milli-Q water until a pH of 
7 is reached (Table 2.6). The neutral pH is required to ensure that the 
sample is the unique acidity source to maintain an efficient cations 
purification in the second step of the method (the cation-exchange resin; 
Georg et al, 2006). 
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Table 2.6: First step of the separation scheme through anionic resin 
considering the preparation of a water sample with a Si concentration of 
8 mg.l-1 (minimum). This first step precedes the passage through cation-
exchange resin (Georg et al, 2006). 
 

2 ml resin bed of Biorad AG MP-1 

Separation stage Solution matrix Volume (ml) 

Pre-cleaning  1M HNO3 2 

Pre-cleaning  3M HNO3 2 

Pre-cleaning  1M HNO3 2 

Pre-cleaning  milli-Q water  10 (pH should be neutral) 

Sample load 
Acidified water sample 

(pH=2) 
2 

Elution milli-Q water  1 

Elution milli-Q water  1 

Result   4 ml at 4 mg.l-1 Si 

 
Prior to the first step, to avoid overtaking the anion-exchange resin 
capacity (1 meq ionic concentration.ml-1resin with meq ionic concentrations (meq) = Si + 
SO4

2- + Cl- + F-), highly anion-rich thermal springs (Ch1, Ch2; with 
SO4

2- > 210 000 µmol.l-1) are pre-treated to remove sulfates. Sulfates are 
purified by adding suprapure Ba(NO3)2 in a ratio of 3× Ba(NO3)2 

gram/SO4 (gramsample) ratio considering Ba(NO3)2 in excess of 10%. This 
technique is commonly used for S isotopes measurements (e.g., Delmelle 
et al, 1998): sulfates are retained in the barytine precipitates (BaSO4). The 
aliquot is filtered at 0.45 µm through polycarbonate membranes and the 
SO4

2- removal (< 0.50 µmol.l-1, i.e., below the detection limit values for S 
by ICP-OES) and Si recovery (>95%) in the dissolved phase are verified. 
Following this step, we add NaOH 10 mol.l-1 to adjust the pH before 
anion-exchange column (pH=2).  
 
In the second step (after passage through the anion-exchange resin), the 
anion-free solution is then percolated through 1.8 ml of a pre-cleaned 
cation-exchange resin (Biorad AG50WX12, 200-400 mesh; Georg et al, 
2006; Fig. 2.4) with 4 ml of milli-Q water. The volume of the purified 
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sample for isotopic analysis is 8 ml and the concentration of dissolved Si 
is ≥ 2 mg.l-1. The final purified solutions were with a minimum volume 
of 8 ml and Si concentration of 2 mg.l-1 before Si isotope measurements. 
In each final purified solution, Si recovery of each preliminary step was 
>95% and SO4

2- and Cl- were below the detection limit of ICP-OES (1.5 
and 3.1 µmol.l-1, respectively) and ionic chromatography.  

This method in two steps allows to obtain a purified Si solution (>95%) 
with anion removal close to ~ 100% for a anion-exchange resin capacity 
of <50% (1meq ionic concentration). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4: Samples purification via cation-exchange resin (Biorad 
AG50WX12) prior to Si isotope measurements. 
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2.4.2.4 MC-ICP-MS measurements 

 

The purified Si solutions were analyzed for their Si isotope compositions 
by MC-ICP-MS (Neptune Plus™ High Resolution Multicollector ICP-
MS, Thermo Fisher Scientific) at the Earth and Life Institute – 
Environmental Sciences of the Université catholique de Louvain.  
 
The MC-ICP-MS has four parts (Fig. 2.5): a sample introduction 
system, a plasma source, a mass analyzer and a detection unit. The 
sample introduction system and plasma source are similar to ICP-MS 
and the detection unit is specific to MC. The principle is that the liquid 
sample (2% v/v HNO3 matrix) is desolvated (introduction system) and 
then ionized in a hot argon plasma (a volume of partially ionized gas). 
More precisely, the ion source is inductively coupled argon plasma at 
7500K. The argon flow meets an electro-magnetic field induced by a 
current within the coil. A high voltage ignition spark is applied to the 
argon gas and electrons are ripped off from argon atoms inducing a 
chain of collision. Ions are produced, accelerated and focused. More 
elements are ionized (ionization frequency close to 100%). As a result, 
analytes sample are desolvated, vaporized, atomized and finally ionized. 
The charged ions are accelerated by pressure differences inside the 
system (mass analyzer). In Neptune Plus™ High Resolution 
Multicollector ICP-MS, the mass analyzer consists of two parts called 
double-focusing: the electrostatic analyzer (ESA) dispersing ions with 
respect to ion energy (kinetic energy = 0.5 × m × v2) and the magnetic 
sector dispersing ions with respect to ion energy and mass (momentum: 
m × v). The ions are deviated and detected on different collectors 
(Faraday cups) of the mass spectrometer depending on their kinetic 
energy and mass (based on their m/z ratios) (detection unit). The MC 
arrays allow for detection of multiple ion beams of adjacent isotope 
masses simultaneously which cancel out beam fluctuations. This 
improves precision on isotope ratios. When ion beam enters the cup, the 
positively charge ions are neutralized by inducing a current through the 
resistor recorded as a change in voltage. Isotope ratios are calculated by 
comparing voltages from the different collectors.  
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Fig. 2.5: (a) Four parts (picture taken in UCLouvain) and (b) schematic 
overview of Neptune Plus™ High Resolution Multicollector ICP-MS. 
 
 
Silicon isotope compositions are expressed in relative deviations of 
30Si/28Si ratio from the NBS-28 reference standard using the common δ-
notation (‰): δ30Si=[(30Si/28Si)sample/(30Si/28Si)NBS-28 -1]×1000. One 
measurement comprises 30 cycles with 4.2 s integration time corrected 
by blank in a 2% v/v HNO3 matrix. Each single δ-value (n) represents 
one sample run and two bracketing standards (intensity ratio within ± 



Part II: Materials and Methods   

 

 

 

 

 

 

109 

Interferences
28

Si
14

N2
+
 , 

12
C

16
O

+
,

29
Si

14
N

15
N+, 

14
N2

1
H

+
, 

13
C

16
O

+
, 

12
C

17
O

+
, 

12
C

16
O

1
H

+

30
Si

15
N2 , 

14
N

15
N

1
H

+
, 

14
N

16
O

+
,  

12
C

18
O

+
, 

13
C

17
O

+
, 

13
C

16
O

1
H

+
, 

12
C

17
O

1
H

+
, 

14
N2

1
H2

+
,
12

C
16

O
1
H2

+

10% for Si between sample and bracketing standards). δ30Si-values are 
reported as the mean of replicate isotope analyses ± standard deviation 
(SD). When n=1, SD is the standard deviation of the two δ30Si obtained 
for a sample relative to the two bracketing standards. When n>1, SD is 
the pooled deviation standard corresponding to 
[(SD1

2+SD2
2+…+SDn

n)/n]0.5. If SD < 0.005, the SD value reported is 
0.01. Measurements were performed in wet plasma mode (with a spray 
chamber) using a PFA nebulizer of 100 µl.min-1 uptake rate. Si isotopes 
(28Si, 29Si and 30Si) have several interferences (Table 2.7), such as XCXO 
and XNXO on 30Si.  
 
Table 2.7: Interferences on Si isotopes (28Si, 29Si and 30Si). 
 

 
To overcome this issue, we run in medium resolution (Δm/m~6000) 
and we set the magnet on the flat part of the 30Si peak as shown in Fig. 
2.6. 
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Fig. 2.6: Interferences on Si isotopes during measurements on Neptune 
Plus™ High Resolution Multicollector ICP-MS. 
 
 
The instrumental mass bias was corrected using the standard-sample 
bracketing technique and an external Mg doping (Cardinal et al, 2003) 
with a intensity ratio Si:Mg within ± 10%. The analyses were performed 
with a typical sensitivity of 7 V for 2 mg.l-1 Si and an instrumental blank 
<30 mV. Quality control of data was performed by ensuring that: (i) 
during one analytical session, the long-term plot of the measured Mg 
isotope ratios for samples and bracketing standards (ln(25Mg/24Mg) vs. ln 
(26Mg/24Mg)) should display a slope around ±0.51 (Galy et al, 2001), (ii) 
the long-term plot of the measured Si isotope ratios vs. measured Mg 
isotope ratios for bracketing standards during one analytical session 
should display a constant slope of ± 0.86 (between 0.81 and 1.08; 
Cardinal et al, 2003), (iii) the long-term plot of δ30Si vs. δ29Si 
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δ29
Si SD δ30

Si SD Reference

Diatomite 0.64 0.07 1.26 0.10 Reynolds et al, 2007

BHVO-2 -0.17 0.04 -0.29 0.11 Abraham et al, 2008

Quartz Merck 0.00 0.07 -0.01 0.12 Abraham et al, 2008

measurements fit to a mass-dependent fractionation array, supporting 
the interference-free determination of all three Si isotopes by MC-ICP-
MS (Young et al, 2002).  
 
 

2.4.2.5 Precision and accuracy of Si isotope measurements on 

anion-rich samples 
 

The long-term precision and accuracy of the MC-ICP-MS δ30Si analyses 
were assessed from multiple measurements of three reference materials 
prepared using the single step cation-exchange resin method after 
alkaline fusion with NaOH (Georg et al, 2006). The Si isotopes values of 
reference materials are given in Table 2.8. These checks were performed 
within each analytical session. The values obtained for diatomite (δ30Si = 
1.29 ± 0.09 ‰, SD, n=19), USGS basalt BHVO-2 (δ30Si = -0.27 ± 0.06 
‰, SD, n=10) and quartz Merck (δ30Si of 0.04 ± 0.09 ‰, SD, n=6) 
(Fig. 2.7; Table 2.9) are consistent with those reported earlier (Reynolds 
et al, 2007; Abraham et al, 2008).  
 
Table 2.8: Si isotope compositions of reference materials (Diatomite, 
BHVO-2 and Quartz Merck). 

 

The absence of Si isotope fractionation during the two-step purification 
method was verified by running the solutions obtained after digestion by 
alkaline fusion of the diatomite, BHVO-2 and quartz Merck reference 
materials. One set of diatomite and BHVO-2 solutions was spiked with 
SO4

2- and Cl- to mimic an anion-rich matrix containing 100 and 400 mg 
SO4

2-.l-1 and 50 and 100 mg Cl-.l-1 (Suppl. Mat. 5.4). The repeatability of 
the two-step purification method was assessed by performing replicate 
measurements of the reference materials. The replicates are either full 
replicates, i.e. each measurement corresponds to the reference material 
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subjected to digestion by alkaline fusion and two-step purification (noted 
as F in Table 2.9), or to partial replicates, i.e. each measurement 
corresponds to the same sample of reference material obtained after 
alkaline fusion but the two-step purification method was repeated (noted 
as C in Table 2.9). The Si isotope compositions of diatomite (δ30Si of 
1.34 ± 0.07 ‰, n=7), BHVO-2 (δ30Si of -0.37 ± 0.07 ‰, n=3) and 
quartz Merck (δ30Si of 0.04 ± 0.05 ‰, n=9) subjected to the newly-
developed two-step purification method are in good agreement with 
those obtained using the single step cation-exchange resin. The results 
also match previously published values (Fig. 2.7; Table 2.9).  
 

Fig. 2.7: Plot of the δ30Si values (± SD) of the three reference materials 
(diatomite, quartz Merck and BHVO-2) as obtained using a single 
purification (cation-exchange resin) and the two-step purification 
method (cation-exchange resin + anion-exchange resin) developed in 
this study. The data are reported in Table 2.9. Our δ30Si values agree 
well (within error) with the Si isotope compositions (dashed line ± SD 
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shown as a colored box) reported for the diatomite, quartz Merck and 
BHVO-2 reference materials (Reynolds et al, 2007; Abraham et al, 2008). 

 
Table 2.9: Silicon isotope compositions (δ29Si and δ30Si) of the reference 
materials diatomite, BHVO-2, and quartz Merck measured after one-step 
purification, or with the new two-step purification method (An = anion). 
F1, F2, F3 stand for solutions from separate alkaline fusions. C1, C2, C3, 
C4, C5, C6 stand for solutions from separate purification onto different 
columns of exchange resin. The average Si isotope values obtained after 
one-step or two-step purification are compared with existing Si isotope 
values reported in the literature for these reference materials. 
 
 

Meas. date1 Sample δ29Si (‰) SD δ30Si (‰) SD n 

14.06.18 DiatomiteF1 0.66 0.10 1.22 0.13     
14.06.18 DiatomiteF1 0.72 0.01 1.36 0.06     
15.06.18 DiatomiteF1 0.62 0.06 1.32 0.05     
10.07.18 DiatomiteF1 0.63 0.02 1.28 0.04     
11.10.18 DiatomiteF1 0.64 0.05 1.31 0.03     
12.10.18 DiatomiteF1 0.66 0.06 1.27 0.09     
12.10.18 DiatomiteF1 0.66 0.03 1.29 0.01     
07.02.19 DiatomiteF3C1 0.74 0.02 1.27 0.17     
07.02.19 DiatomiteF3C1 0.67 0.10 1.34 0.17     
08.02.19 DiatomiteF3C1 0.65 0.02 1.30 0.01     
22.02.19 DiatomiteF3C1 0.63 0.06 1.36 0.05     
22.02.19 DiatomiteF3C1 0.61 0.04 1.34 0.08     
22.02.19 DiatomiteF3C1 0.66 0.05 1.41 0.04     
22.02.19 DiatomiteF3C1 0.79 0.05 1.18 0.03     
04.03.19 DiatomiteF3C1 0.74 0.05 1.30 0.05     
04.03.19 DiatomiteF3C1 0.58 0.01 1.09 0.05     
22.02.19 Diatomite F3C2 0.69 0.07 1.19 0.16     
26.02.19 Diatomite F3C2 0.72 0.06 1.37 0.15     
08.02.19 Diatomite F3C3 0.76 0.02 1.35 0.04     
14.06.18 AnDiatomiteF2C1 0.65 0.08 1.41 0.04     
15.06.18 AnDiatomiteF2C1 0.68 0.02 1.42 0.06     
08.02.19 AnDiatomiteF3C2 0.69 0.01 1.31 0.02     
08.02.19 AnDiatomiteF3C3 0.60 0.01 1.42 0.03     
22.02.19 AnDiatomiteF3C4 100 502 0.76 0.01 1.28 0.11     
22.02.19 AnDiatomiteF3C5 400 3002 0.67 0.10 1.24 0.12     
22.02.19 AnDiatomiteF3C6 0.57 0.06 1.29 0.06     

  Average diatomite (one-step purification) 0.67 0.06 1.29 0.09 19 
  Average diatomite (two-step purification) 0.66 0.05 1.34 0.07 7 
  Diatomite reference value3 0.64 0.07 1.26 0.10     
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14.06.18 BHVO-2F1 -0.13 0.02 -0.28 0.02     
15.06.18 BHVO-2F1 -0.14 0.01 -0.27 0.06     
06.11.18 BHVO-2F1 -0.16 0.03 -0.28 0.02     
07.11.18 BHVO-2F1 -0.16 0.01 -0.21 0.01     
08.11.18 BHVO-2F1 -0.18 0.02 -0.26 0.10     
19.11.18 BHVO-2F1 -0.14 0.03 -0.28 0.03     
07.11.18 BHVO2F2C1 -0.14 0.03 -0.23 0.03     
10.07.18 BHVO2F2C2 -0.15 0.01 -0.22 0.02     
05.02.19 BHVO2F3C1 -0.15 0.01 -0.39 0.03     
08.02.19 BHVO2F3C1 -0.15 0.05 -0.23 0.15     
04.03.19 AnBHVO-2F3C1 400 3002 -0.20 0.09 -0.41 0.05     
04.03.19 AnBHVO-2F3C2  -0.19 0.00 -0.36 0.05     
04.03.19 AnBHVO-2F3C3  -0.18 0.03 -0.35 0.09     

  Average BHVO-2 (one-step purification) -0.15 0.03 -0.27 0.06 10 
  Average BHVO-2 (two-step purification) -0.19 0.05 -0.37 0.07 3 
  BHVO-2 reference value4 -0.17 0.04 -0.29 0.11     

09.07.18 QuartzF2C1 -0.01 0.05 0.02 0.05     
06.11.18 QuartzF1 -0.07 0.09 -0.09 0.07     
24.02.19 QuartzF1 0.03 0.05 0.15 0.03     
05.02.19 QuartzF3C1 -0.02 0.04 0.00 0.01     
07.02.19 QuartzF3C1 0.01 0.01 0.02 0.03     
08.02.19 QuartzF3C2 0.00 0.01 0.11 0.07     
15.06.18 AnQuartzF2C1 0.04 0.04 0.05 0.12     
15.06.18 AnQuartzF2C1 0.00 0.01 0.01 0.01     
11.10.18 AnQuartzF2C2 0.02 0.03 0.09 0.01     
09.07.18 AnQuartzF2C3 -0.04 0.04 0.05 0.03     
08.02.19 AnQuartzF3C1 -0.01 0.01 -0.03 0.01     
08.02.19 AnQuartzF3C2 0.00 0.01 0.11 0.04     
22.02.19 AnQuartzF3C4 0.13 0.01 0.07 0.02     
08.02.19 AnQuartzF3C3 0.01 0.01 0.04 0.01     
08.02.19 AnQuartzF3C5 0.08 0.01 -0.03 0.03     

  Average quartz Merck (one-step purification) -0.01 0.05 0.04 0.09 6 
  Average quartz Merck (two-step purification) 0.03 0.02 0.04 0.05 9 
  Quartz Merck reference value4 0.00 0.07 -0.01 0.12     

 
1Date of measurement: day of analysis by MC-ICP-MS. 
2Spiked diatomite or BHVO-2 with X mg.l-1 SO4

2- and X mg.l-1 Cl-. 
3Reynolds et al, 2007.  
4Abraham et al, 2008. 

 
 
The δ30Si data measured by MC-ICP-MS in this PhD thesis after a silicon 
purification by the newly developped method to remove anions on 
thermal waters from Midway Geyser Basin in the Yellowstone Plateau 
Volcanic Field (δ30Si = from -0.14 to -0.04 ‰, n=6, Ch4) were directly 
comparable with the value measured 38 years ago by a gas source mass 



Part II: Materials and Methods   

 

 

 

 

 

 

115 

spectrometer by the fluorination technique producing SiF4 for Ear spring 
located also in Midway Geyser Basin (δ30Si = -0.1‰; Douthitt, 1982). 
 
The advantages of our method are that: (i) the low amount of Si needed 
for one analysis by MC-ICP-MS (~2 µg Si), (ii) there is no hazardous 
fluorine technique, and (iii) the precision by MC-ICP-MS is higher (0.01-
0.08‰, SD) than by IRMS (0.25‰, SD; Douthitt, 1982).  
 
We tested the limit of our method to measure the Si isotope 
composition of samples with low Si amount available and an anion-
rich matrix on volcanic ash leachates. We performed a Si pre-
concentration with the MAGIC protocol on volcanic ash leachates from 
Eyjafjallajökull eruption of 2010. The protocol of Brzezinski et al (2003) 
requires a minimum quantity of Si (~0.02 mg) in volcanic ash leached 
and a pH>10 (by adding NH4OH) to initiate the brucite precipitation. 
The Si recovery after MAGIC method was >90%. Samples were then 
passed through the anion and cation-exchange column and analyzed by 
MC-ICP-MS. The limited amount of samples available did not allow to 
repeat this test but it was successful for two samples.  
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Chapter 1:  
Influence of volcanic gases and water-rock 

interaction on the Ge/Si ratio and Si isotopes  
of volcanic thermal springs 

 
 
 

3.1 Abstract  

The Ge/Si ratios and Si isotopes (δ30Si) are applied in rivers draining 
volcanic regions to trace weathering processes. However, the applicability 
of these tracers in rivers draining hydrothermally-active volcanic regions 
is still limited given the input from thermal springs to rivers. Thermal 
waters present a range of compositions, from immature to mature waters. 
The lack of knowledge on the variability and on the controls on Ge/Si 
ratio and δ30Si in thermal waters prevent from the identification of their 
influence on the riverine Ge/Si ratio and δ30Si values. Here, we measure 
the Ge/Si ratios and δ30Si values in 56 thermal springs from six 
hydrothermally-active volcanic regions worldwide, covering the main 
thermal waters types, from immature to mature waters, and we investigate 
the influence of volcanic gases and water-rock interaction on these 
geochemical tracers. 
 
The thermal springs display a large range of Ge/Si ratios (0.05-507.89 
µmol.mol-1) and Si isotope compositions (from -0.44 to 1.57 ‰). The 
higher Ge/Si ratios (46.99-507.89 µmol.mol-1) are found in immature 
hyper acid SO4-Cl waters, considered as the “magmatic end-member”, and 
likely result from Ge enrichment in the thermal waters due to Ge volatility 
transported by volcanic gases (via GeF4, GeCl4 and GeS). These hyper acid 
SO4-Cl waters waters also present low δ30Si values (-0.14 to 0.21 ‰), which 
can result from pervasive acid alteration of volcanic rock followed by 
amorphous silica precipitation. Relative to this magmatic end-member, 
lower Ge/Si ratios and heavier δ30Si values are found in acid SO4 -waters, 
alkaline HCO3-waters and immature neutral-Cl waters (overlapping values 
between these thermal water types for Ge/Si = 0.20-21.03, 0.25-19.47 and 
0.50-0.56 µmol.mol-1, and δ30Si = 0.27 to 1.35, -0.05 to 1.57 and 1.13 ‰, 
respectively). This range of values can be explained by different intensities 
of water-rock interaction. Only mature neutral Cl-thermal waters, 
considered as the “mature end-member”, present higher Ge/Si ratio 
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(110.98-188.92 µmol.mol-1) and lower δ30Si (-0.44 to -0.05 ‰), suggesting 
that extensive water-rock interaction erases the imprint of intermediate 
levels of water-rock interaction on Ge/Si ratios and δ30Si values in thermal 
waters and leads to similar Ge/Si values and lower δ30Si values in thermal 
waters than the in waters from the original magmatic end-member (hyper 
acid SO4-Cl waters). These data highlights the major role of magmatic 
gases and water-rock interaction on the variability of Ge/Si ratios and δ30Si 
values in thermal waters, and thereby providing a better knowledge to 
expand the applicability of these geochemical tracers in rivers influenced 
by thermal inputs. 
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3.2 Introduction 

In a hydrothermal system, the interaction of rising magmatic gases (mainly 
H2O, CO2, SO2, H2S and HCl) with meteoric water (e.g., shallow 
groundwater, perched aquifer) is a direct source of acidity for weathering 
reactions. This leads to different thermal water types in surface. Thermal 
waters are classified (White, 1957; Ellis and Mahon, 1964, 1977; 
Giggenbach, 1988) depending on the proportion of magmatic gas 
contribution relative to meteoric water recharge as (i) acid sulfate-chloride 
waters formed at higher magmatic gas contribution relative to meteoric 
water recharge with SO4/Cl being function of absorption degree of 
magmatic gases in the system, (ii) acid sulfate-waters formed when steam 
below about 400 °C condenses into surface waters (e.g., perched aquifer), 
(iii) alkaline bicarbonate waters formed at low magmatic gases 
contribution condensing into an aquifer (mainly CO2 and H2S) and (iv) 
alkali/neutral chloride waters formed at low magmatic gas contribution 
(mainly CO2 and H2S). This source of strong acids for weathering 
reactions contributes to weathering fluxes in hydrothermally-active 
volcanic regions (Louvat and Allègre, 1997; Dessert et al, 2009; Hurwitz 
et al, 2010; Schopka et al, 2011; Gaillardet et al, 2011; Rivé et al, 2013).  

Identifying the contribution of the different types of thermal waters to 
weathering fluxes in hydrothermally-active volcanic regions is needed to 
retrieve their contribution from weathering fluxes measured in volcanic 
regions. This is part of the challenge to improve the estimates of the net 
atmospheric CO2 consumption associated to weathering fluxes not 
derived from a volcanic source of acidity (e.g., Hurwitz et al, 2007; Dessert 
et al, 2009; Gaillardet et al, 2011). 

The germanium to silicon (Ge/Si) ratio and the stable silicon isotopes 
(δ30Si) have been used in rivers draining volcanic regions to trace the 
intensity of weathering processes (e.g., Derry et al, 2005; Ziegler et al, 
2005; Opfergelt et al, 2010; 2013; Baronas et al, 2018; 2020). The 
application of these tracers in rivers influenced by thermal input has been 
limited given that the variability in Ge/Si ratios (Arnórsson, 1987; Siebert 
et al, 2006; Escoubé et al, 2015) and δ30Si (Douthitt, 1982; Opfergelt et al, 
2011; Geilert et al, 2015; Ding et al, 2017; Chen et al, 2020) in thermal 
springs is poorly constrained, and the processes controlling this variability 
have not been investigated so far.  
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This study was carried out with the objectives to (i) document the δ30Si 
and Ge/Si ratio variability in thermal springs from the different water 
types (i.e., hyper acid SO4-Cl waters, acid SO4-waters, alkaline HCO3- and 
neutral Cl-waters, and in mixed thermal waters; as defined  by White, 1957; 
Ellis and Mahon, 1964, 1977; Giggenbach, 1988), and (ii) investigate the 
role of volcanic gases and water-rock interaction in the volcanic edifice on 
this variability. More specifically, this study is based on a total of 56 
volcanic thermal springs from six hydrothermally-active volcanic regions 
(La Soufrière volcano, Basse-Terre Island; Kawah Ijen volcano, Java 
Island; Aso volcano, Kyūshū Island; Yellowstone Plateau Volcanic Field, 
United States; Kanlaon volcano, Negros Island; Mutnovsky volcano, 
Kamchatka). 
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3.3 Environmental setting  

La Soufrière volcano, Basse-Terre Island, Guadeloupe 

Formed by the subduction of the Atlantic Plate beneath the Caribbean 
Plate, the Lesser Antilles volcanic arc is formed of several islands whose 
largest is Guadeloupe (16°N, 61°W; 1630 km2). Basse-Terre island (950 
km2), the western island of Guadeloupe consists of different volcanic-
structural unit of basaltic-andesitic composition. The most recent is 
Madeleine-Soufrière unit and contains the presently active dome of La 
Soufrière volcano. The hydrothermal system of La Soufrière is composed 
of a main aquifer delimited by the Amic caldera borders (Barat, 1986). The 
main aquifer is subjected to a gas flux consequent from an underlying 
magma chamber (Villemant et al, 2005) and fed by meteoric water 
percolating through recent pyroclastic deposits (Brombach et al, 2000). 
Located under the dome summit at a depth of 500m, the roof of main 
aquifer has temperatures ranging from 190 °C and 260 °C (Brombach et 
al, 2000). The hydrothermal system of La Soufrière is very active with 
numerous hot springs and fumaroles. Thermal springs distribution is 
restrained by the internal volcanic structure and important hydrothermal 
clays formation in the upper layer (Brombach et al, 2000). Thermal springs 
of Basse-Terre Island have relatively constant flow rates ranging from 3 to 
140 l.min-1 (annual report of the Volcanological and Seismological 
Observatory of Guadeloupe OVSG-IPGP, 2010-2015). La Soufrière 
volcanism is younger than 200 ky (Gailler et al, 2014). Thermal 
manifestations are mainly concentrated around La Soufrière dome. Each 
of the Basse-Terre springs is monitored by the OVSG-IPGP, producing a 
continuous data record over the past ~40 years. 

Thermal springs of Basse-Terre Island are well-studied and generally 
classified based on their cation and anion concentrations into Ca-SO4, Ca-
Na-HCO3 and Ca-Na-Cl waters (Brombach et al, 2000; Villemant et al, 
2005; 2014; Dessert et al, 2015). These three types of thermal waters 
correspond to acid SO4-waters, alkaline HCO3-waters and neutral Cl-
waters, respectively, in the classification used in this study (Giggenbach, 
1988). 

Fifteen thermal springs were collected: ten were sampled twice (in January-
February 2015, and in October-November 2017 and April 2018; n=26) on 
both sides of Basse-Terre Island. 
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 Kawah Ijen volcano, Java Island, Indonesia  

Formed by the subduction of the Indian-Australian plate beneath the 
Eurasian plate, the Sunda arc arbours the Indonesian archipelago. Located 
in East Java (7°S, 110°E), within the Ijen caldera, Kawah Ijen is an active 
stratovolcano of basalt-andesitic to andesitic composition (Whitford et al, 
1979; Delmelle and Bernard, 1994). The hydrothermal system of Kawah 
Ijen shows as visible surface manifestations a hot acidic crater lake (pH < 
0.3; T > 35 °C, volume ~ 32 × 106 m3; Delmelle and Bernard, 1994), crater 
fumaroles and few thermal springs. The Ijen lake is acid sulfate-chloride 
type crater-lake waters carrying a high load of dissolved elements. The lake 
chemistry is determined by dissolution of magmatic volatiles, fluid-rock 
interaction, evaporation of the lake water, dilution by meteoric water and 
recycling of lake water through seepage into the subsurface hydrothermal 
system (Bernard and Delmelle, 1994). The acidic waters dissolve the rock 
isochemically to produce “immature waters”. Three sets of hyper acid 
SO4-Cl thermal springs are reported on the flanks of Kawah Ijen. When 
the first set of thermal springs (2090 m asl) emerges, this water rapidly 
saturates in gypsum due to evaporation, which has led to the development 
of a large gypsum plateau covered terraced slope 50 m wide 100 m long 
(van Hinsberg et al, 2010). The second set of acid springs is observed at 
2075 m asl and the third set of acid springs is located at 1975 m asl, 
characterized by bright, yellow-green colored water (Palmer, 2009). 
Finally, hot springs occur at several locations near Blawan village (located 
about 17 km below the volcano) and are classified as neutral HCO3-SO4 
waters. The springs are associated with deposits of travertine and based 
on SO4-Cl relations. Delmelle et al (2000) suggest they represent a mixture 
of acidic brines, similar to that of the summit hydrothermal system, with 
HCO3 steam-heated waters produced in the shallow part of the system.  

The crater lake, the lake seepage and eleven thermal springs located on the 
flanks of Kawah Ijen volcano and near Blawan village (~17 km below the 
volcano) were collected in January 2017. 

 

 Aso volcano, Kyūshū Island, Japan 

Formed by the subduction of the Philippine Sea plate beneath the 
Eurasian plate, Kyūshū Island houses the Aso caldera, one of the largest 
caldera in the world (24 km NS by 18 km EW). The Aso volcano (32°N, 
131°E), situated within the caldera, is a cluster of central volcanoes 
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consisting of various types of rocks ranging from basalt to rhyolite 
reflecting different magmatic activities (Ono and Watanabe, 1985). The 
north (Aso Valley) and south (Nango Valley) part of the caldera are 
respectively discharged by Kurokawa river and Shirakawa river. 
Geothermal surface manifestations of Aso volcano are only observed on 
the central cones with volcanic gas discharge from a hot, highly acidic 
crater lake at the first crater of Mt. Naka-dake (Saito et al, 2008) and 
fumarolic gas. Thermal springs are recognized as steam-heated hot springs 
in this area but formation processes of the hot spring waters, including 
their relation to magmatic emanation, have not been investigated at Aso 
volcano (Yamada et al, 2011). Recently, Hosono et al (2018) presented a 
deep fluid discharge model showing that thermal springs located in the 
northwestern plain have highly-concentrated dissolved concentrations. 

Seventeen thermal springs were collected at Aso by J. Hartmann 
(University of Hamburg): four of them were sampled twice on both sides 
of the Aso caldera in three periods: fall 2014, spring 2015 and summer 
2016 (n=21).  
 
 
 

 Yellowstone Plateau Volcanic Field, Wyoming, United States  

The continental hotspot of the Yellowstone Plateau Volcanic Field 
(YPVF) hosts Earth’s largest “restless” caldera (Newhall and Dzurisin, 
1988). The YPVF (44°N, 110°W) hydrothermal system invokes a single 
“parent” fluid rich in dissolved CO2 and H2S with Cl- ~ 400 mg.l-1 and little 
HCO3

- and SO4
2- with temperature of about 340 to 370 °C (Fournier, 

1989) and estimated depth between 2 and 5 km. The YPVF is 
predominantly underlain by two volcanic rock types, the Tertiary andesitic 
rocks and the Quaternary rhyolitic rocks (Trettin and Bartelli, 1980). 
Thermal springs, mainly found in Midway Geyser Basin along the Firehole 
and Gibbon rivers and in Shoshone and Heart Lake Geyser Basin in the 
Snake river drainage, show neutral to slightly alkaline water and relatively 
high concentrations of Cl-, SiO2 and siliceous sinter deposition (Hurwitz 
et al, 2007). The range in Cl- and HCO3

- in thermal springs are associated 
with varying degrees of conductive cooling, decompressional boiling and 
with mixing of different thermal waters (Fournier, 1989). In thermal fluids 
that do not boil, CO2 remains in solution forming H2CO3 which, as 
temperature declines, reacts with the wall rock, causing higher HCO3

- 
concentrations (Fournier, 1989).  
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Eight thermal springs from Midway Geyser Basin were collected in April 
2015 by S. Hurwitz (USGS). 

 
  

Kanlaon volcano, Negros Island, Philippines 

Formed by the subduction of the Sulu Sea plate along the Negros Trench, 
the Negros volcanic belt is composed of six volcanoes whose Kanlaon 
complex stratovolcano (2435 m asl) in the Philippine microplate (~260 
km in NS direction) (Cardwell et al, 1980). Located in Negros Island, 
Kanlaon volcano’s (10°N, 123°E) of andesite and basaltic andesite bulk 
rocks composition (von Bidersee and Pichler, 1995) has extensive 
hydrothermal system comprised of two independent distinct 
hydrothermal systems. A mature hydrothermal system represented by 
Pataan thermal area is characterized by neutral Cl-HCO3 waters and an 
immature system represented by Hagdan is characterized by the presence 
of acid SO4-waters (e.g., Mambu thermal springs). Within the mature 
hydrothermal system, the origin of sulfur is linked to the superficial 
oxidation of H2S and in contrast within the immature hydrothermal 
system, sulfur has originated from the disproportionation of magmatic 
SO2 or from the fractionation between hydrothermal sulfate and sulfide 
(SO4

2-/H2S) pairs (Maximo, 2019).  

In this site, one thermal spring was sampled twice by A. Bernard (ULB) in 
July 2014 (n=2) from Philippian Kanlaon volcano. 

 

 Mutnovsky volcano, Kamchatka volcanic belt, Russia 

Formed by the subduction of the Pacific Plate beneath the Okhotsk Plate, 
the Eastern Kamchatka volcanic belt consists of more than 160 volcanoes 
whose 29 are active (Shapiro et al, 1987). The Mutnovsky volcano (52°N, 
158°E; 2322m asl) is a complex of four stratovolcanoes volumetrically 
dominated by basalt and basaltic andesite, and discrete eruptions of 
intermediate to felsic magmas have erupted over the approximately 80 ky 
life of the volcano (Robertson et al, 2013). The geothermal area shows 
different thermal manifestations: fumaroles within the crater itself, 
thermal waters of the North Mutnovskaya volcanic zone (North 
Mutnovsky and Dachny hot springs) and volcano peripheral thermal fields 
(Vluchinsky hot springs). Eastern Kamchatka is not been well studied, 
only few publications are available about chemistry in acidic hot springs 
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of Kamchatka (Karpov et al, 2013). Ca-SO4 acid hot springs were reported 
for the crater of the Mutnovsky volcano and the composition of hot 
springs water changes at the periphery of the volcano, becoming neutral 
with Na-HCO3 composition (e.g., K1 and K3) (Chudaev et al, 2017).  

Two thermal springs were collected in August 2015 by E. Maters 
(UCLouvain) on the flanks of Mutnovsky volcano. 
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3.4 Materials and methods 

3.4.1 Sampling 

All sampling sites are located in Fig. 3.1. Thermal springs were sampled 
at their outlets from the riverbed. Temperature (°C) and pH were 
measured in situ. Redox potential (Eh; mV) was measured in thermal 
springs of Kawah Ijen in situ. Thermal springs samples were filtered within 
24 h after collection at 0.45 µm through polycarbonate membranes, and 
stored at 4 °C in the dark in pre-washed polypropylene (PP) bottles. One 
aliquot was acidified at 0.5% suprapure HNO3 "to determine major and 
trace element concentrations, Ge/Si ratios, and Si isotope signatures, and 
one aliquot was non-acidified to determine anions.  
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Fig. 3.1: Location of thermal springs collected in (i) Basse-Terre Island 
(green), (ii) Java Island (red), (iii) Kyūshū Island (dark blue), (iv) YPVF 
(yellow), (v) Negros Island (light blue) and (vi) Kamchatka (purple). This 
color code will be used in figures comparing multiple sites. La Soufrière 
volcano, Kawah Ijen volcano, Aso volcano, Kanlaon volcano and 
Mutnovsky volcano are represented in the appropriated maps (white 
triangle). 

 

3.4.2 Water elemental analyses 

The concentrations of Ca, Na, Mg, K, Al, Fe and Si in the water samples 
were determined by inductively-coupled plasma-optical emission 
spectrometry (ICP-OES; iCAP 6500 Thermo Fisher Scientific). The 
accuracy on majors elements (Ca, Na, Mg, K, Al, Fe and Si) analyses was 
assessed using the trueness (± 3%, ± 4%, ± 1%, ± 7%, ± 4%, ± 2% and 
± 4%; respectively) on the river water  reference material SLRS-5 
(Yeghicheyan et al, 2013) and the analytical precision (± 0.5%) for each 
element. The detection limit are 0.05, 0.43, 0.21, 0.26, 0.37, 0.18 and 0.36 
µmol.l-1 for Ca, Na, Mg, K, Al, Fe and Si, respectively. Anions (SO4

2-, Cl-, 
NO3

-) were measured by ion chromatography (Dionex ICS2000, column: 
AG15/AS15). The accuracy on SO4

2-, Cl- and NO3
- was assessed by using 

the trueness (± 3%, ± 4% and ± 4%; respectively) on river water certified 
reference material LGC6025 (UKAS, 2014) and the analytical precision (± 
2%) for each anion. The detection limit are 1.5, 3.1 and 1.6 µmol.l-1 for 
SO4

2-, Cl- and NO3
-, respectively. Alkalinity (µmol.l-1) for thermal springs 

from Basse-Terre Island was determined on the same day the samples 
were collected by performing three replicates and using an automatic 
titrator (Metrohm 916 Ti-Touch titrator). Total dissolved solids (TDS; 
µmol.l-1) were obtained by summing major elements (Ca, Na, Mg, K) and 
SiO2 concentrations in thermal waters.  

 

3.4.3 Ge concentration measurements by ICP-MS 

The germanium concentration was measured on samples from 15 thermal 
waters of La Soufrière volcano (n=26), 13 thermal waters of Kawah Ijen 
volcano (n=13), 17 thermal waters of Aso volcano (n=21), 8 thermal 
waters of YPVF (n=8), one thermal water of Kanlaon volcano (n=2) and 
2 thermal waters of Mutnovsky volcano by inductively coupled plasma 
mass spectrometry (ICP-MS, ICAPQ Thermo Fisher Scientific) using 74Ge 
isotope (detection limit = 0.04 nmol.l-1). Accuracy and long-term 
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repeatability were assessed by running international riverine standards 
SLRS-5 (0.083 ± 0.014 nmol.l-1; n=3) and SLRS-6 (0.097 ± 0.0069 nmol.l-
1; n=3) (Yeghicheyan et al, 2013), and one in-house standard within each 
analytical session between July 2017 and June 2018 (GAB, one thermal 
spring of La Soufrière volcano: 23.95 ± 0.096 nmol.l-1; n=14). The 
analytical precision is ± 8% for Ge concentrations < 0.001 µg.l-1 and 4% 
for Ge concentrations > 0.001 µg.l-1. The limit of detection for Ge is 0.04 
nmol.l-1. Ge/Si ratios (expressed in µmol.mol-1) were calculated using Si 
concentrations measured by ICP-OES (section 3.4.2), and Ge 
concentrations measured by ICP-MS. The precision on the Ge/Si ratio is 
10% (SD).  

 

3.4.4 Silicon isotope analysis 

Sample purification  

Silicon isotope measurements in thermal waters are scarce given the 
complexity of the sample matrices involving high concentrations in anions 
such as SO4

2- and Cl-. To prevent from matrix effects in mass 
spectrometry, silicon has been purified using a two-step column chemistry: 
anion-exchange resin (Biorad AG MP-1) and cation-exchange resin 
(Biorad AG50W-X12) following the method developed by Gaspard et al, 
submitted.  

For the hyper acid thermal waters from Kawah Ijen volcano, a pre-
treatment was needed before the two-step column chemistry for samples 
with SO4

2- > 20 000 mg.l-1 to avoid overtaking the anion-exchange resin 
capacity. Sulfates were purified by adding suprapure Ba(NO3)2 in a ratio 
of 3 × 1g Ba(NO3)2 /g SO4 in the sample considering Ba(NO3)2 in excess 
of 10%. This technique is commonly used for S isotopes measurements 
(e.g., Delmelle et al, 1998): sulfates are retained in the barytine precipitates 
(BaSO4). The aliquot was filtered at 0.45 µm through polycarbonate 
membranes. The SO4

2- removal (< 0.50 µmol.l-1, i.e., below the detection 
limit values for S by ICP-OES) and Si recovery (>95%) in the dissolved 
phase were verified. Following this step, NaOH 10 mol.l-1 was used to raise 
the pH in solution at 2 before the anion-exchange column step from 
Gaspard et al, submitted.  

For thermal waters with high Si concentrations (i.e., the thermal springs 
from YPVF) in the range of saturation for amorphous silica (~1700-2300 
µmol.l-1 at 25 °C), a different pre-treatment was needed before the two-
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step column chemistry to prevent from Si loss by precipitation. The water 
samples were dried down at 100 °C and dissolved with a 0.125N NaOH 
leaching then neutralized with suprapure HNO3. The Si recovery was 
verified (>95%).  

After the two-step column chemistry, the Si recovery was always > 98% 
and the concentrations of Na, SO4

2- and Cl- in the purified solution were 
< 0.43, 1.5 and 3.1 µmol.l-1, respectively (i.e., below the detection limit 
values). The blank level was < 0.36 µmol Si.l-1, i.e., the detection limit for 
Si by ICP-OES. 
 
 
 Mass spectrometry 

Silicon isotope compositions were measured in 9 thermal waters of La 
Soufrière volcano (n=12), 13 thermal waters of Kawah Ijen volcano 
(n=13), 9 thermal waters of Aso volcano (n=11), 7 thermal waters of 
YPVF (n=7), one thermal water of Kanlaon volcano (n=2) and 2 thermal 
waters of Mutnovsky volcano (n =2). Silicon isotope compositions were 
analyzed by MC-ICP-MS (Neptune Plus™ High Resolution 
Multicollector ICP-MS, Thermo Fisher Scientific, Earth & Life Institute, 
UCLouvain, Belgium) in wet plasma mode in medium resolution 
(Δm/m~6000) using a PFA nebulizer of 100 µl.min-1 uptake rate. The 
instrumental mass bias was corrected using the standard-sample 
bracketing technique and an external Mg doping (Cardinal et al, 2003). The 
analyses were performed in 2% HNO3 matrix, with a typical sensitivity of 
7V for 2 mg.l-1 Si and an instrumental blank <30 mV. Silicon isotope 
compositions are expressed in relative deviations of 30Si/28Si ratio from the 
NBS-28 reference standard using the common δ-notation (‰) as follow: 
δ30Si=[(30Si/28Si)sample/(30Si/28Si)NBS-28 -1]×1000. One measurement 
comprises 30 cycles with 4.2 s integration time corrected by blank in a 2% 
HNO3 matrix. Each single δ-value (n) represents one sample run and two 
bracketing standards. δ30Si-values are reported as the mean of replicate 
isotopic analyses ± standard deviation (SD). Quality control of mass bias 
was performed by ensuring that δ30Si and δ29Si measurements fit onto a 
mass-dependent fractionation array, supporting the interference-free 
determination of all three Si isotopes via MC-ICP-MS (Suppl. Mat. 3.1). 
The long-term precision and accuracy of the MC-ICP-MS δ30Si analyses 
were assessed from multiple measurements of reference materials 
prepared using two-step column chemistry performed within each 
analytical session over a period of nine months. The values obtained for 
diatomite (δ30Si of 1.34 ± 0.07 ‰, SD, n=7), BHVO-2 (δ30Si of -0.37 ± 
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0.07 ‰, SD, n=3) and quartz Merck (δ30Si of 0.04 ± 0.05 ‰, SD, n=9) 
are consistent with those reported earlier (Reynolds et al, 2007; Abraham 
et al, 2008).  

 

 

3.4.5 Statistical data analysis  

To test for multivariate similarity (i.e., geochemical likeness) between 
thermal springs from the six hydrothermally-active volcanic regions 
studied, we performed a principal component analysis (PCA; Suppl. Mat. 
3.2 for definitions) on the element concentrations measured in all thermal 
waters including H+ concentrations calculated from pH values, after 
centered logratio transformation of the data using rgr package (clr 
function). The R software packages FactoMineR (Le et al, 2008) was used.  
 
 
 

3.5 Results 

The temperature, pH, TDS, alkalinity and major element concentrations 
of the thermal springs collected in La Soufrière volcano, Kawah Ijen 
volcano, Aso volcano, YPVF, Kanlaon volcano and Mutnovsky volcano 
are shown in Table 3.1. The abbreviations used below for referring to the 
thermal spring are explained in Table 3.1. The ion balance of the water 
samples never exceeds 10%. 
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Table 3.1: General parameters (temperature, pH, TDS) and major 
element concentrations of thermal springs collected on Basse-Terre Island 
(La Soufrière, Guadeloupe), Java Island (Kawah Ijen, Indonesia), Kyūshū 
Island (Aso, Japan), Yellowstone Plateau Volcanic Field (YPVF, USA), 
Negros Island (Kanlaon, Philippines) and Kamchatka (Mutnovsky, 
Russia). Some locations have been sampled more than once at different 
sampling dates.    
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 - : not measured; n.d : not detected 

Sampling date Sample Label Type Temperature pH TDS Ca Na Mg K Al Fe Si SO4 Cl HCO3 NO3 F

dd.mm.yy °C

La Soufrière 27.01.15 Ravine Marchand 2 RM2(1) acid SO4-waters 21.5 3.3 5307 1268 589 442 68 226 54 1375 2291 813 0 n.d 7

12.10.17 Ravine Marchand 2 RM2(2) acid SO4-waters 21.6 3.6 6334 1863 696 602 75 167 54 1449 2697 1336 0 n.d n.d

27.01.15 Ravine Marchand 3 RM3(1) acid SO4-waters 41.1 5.5 13492 4029 1948 1605 384 n.d 208 2585 4281 3960 0 n.d 16

12.10.17 Ravine Marchand 3 RM3(2) acid SO4-waters 43.3 5.3 14995 4416 2221 1765 431 n.d 253 2882 4788 5141 0 n.d n.d

17.11.17 Chute du Carbet CE(1) acid SO4-waters 21.0 5.3 11788 5115 1170 1646 148 16 1200 1735 8136 301 114 n.d 10

15.03.18 Chute du Carbet CE(2) acid SO4-waters 20.9 5.3 11945 5217 1196 1655 148 17 1170 1744 8752 315 130 n.d n.d

29.01.15 Bain Jaune BJ(1) acid SO4-waters 29.2 4.9 8151 1935 1334 786 133 3 n.d 1853 2734 1132 7 n.d 18

14.11.17 Bain Jaune BJ(2) acid SO4-waters 29.6 5.2 7849 1819 1290 710 128 4 n.d 1825 2497 958 12 n.d 17

29.01.15 Pas du Roy PR(1) acid SO4-waters 34.1 5.4 10767 2706 2008 1306 267 n.d 42 2095 3898 1641 73 n.d 31

14.11.17 Pas du Roy PR(2) acid SO4-waters 33.9 5.7 10569 2622 1997 1272 230 n.d 42 2080 3559 1537 116 26508 32

29.01.15 Tarade TA(1) acid SO4-waters 42.0 5.5 15865 4276 3796 2210 485 n.d n.d 2384 6076 3393 160 3 23

14.11.17 Tarade TA(2) acid SO4-waters 43.5 5.8 16859 4693 3941 2294 515 n.d n.d 2533 6155 3841 320 102 22

20.10.17 Habitation Revel HR acid SO4 waters 32.6 6.5 4549 484 1020 209 91 n.d n.d 1284 175 241 1070 7 3

30.01.15 Bain Chaud de Matouba BCM(1) acid SO4 waters 58.5 5.9 10100 6629 1551 521 208 n.d n.d 557 7491 573 93 n.d 104

20.10.17 Bain Chaud de Matouba BCM(2) acid SO4 waters 58.3 5.6 10159 6595 1610 537 208 1 n.d 566 7759 577 96 n.d 104

28.01.15 Chute du Carbet CC(1) alkaline HCO3 -waters 43.0 6.7 9891 1698 2949 1218 438 n.d n.d 1678 847 278 1667 n.d n.d

07.11.17 Chute du Carbet CC(2) alkaline HCO3 -waters 42.0 6.7 9283 1608 2636 1117 393 n.d n.d 1651 847 214 1743 n.d n.d

04.02.15 Dolé Dolé alkaline HCO3-waters 30.8 8.3 7085 1293 1690 903 174 n.d n.d 1415 843 870 3209 38 7

28.01.15 Grosse corde GC(1) neutral Cl-waters 38.3 6.3 12528 2801 4047 1790 522 n.d n.d 1576 2272 4749 1158 9 n.d

07.11.17 Grosse corde GC(2) neutral Cl-waters 37.5 6.5 11620 2590 3727 1651 495 n.d n.d 1477 2489 4468 1463 n.d n.d

29.01.15 Gallion GA(1) mixed Cl-SO4 waters 48.0 4.6 18457 6635 2545 2623 492 1 287 2882 6638 7930 11 n.d 54

14.11.17 Gallion GA(2) mixed Cl-SO4 waters 48.6 4.8 16130 5649 2184 2136 454 3 275 2669 6281 7194 17 78 57

29.01.15 Gallion Blanc GAB(1) mixed Cl-SO4 waters 42.8 4.6 16710 5692 2455 2546 444 7 111 2607 5842 7295 9 n.d 34

14.11.17 Gallion Blanc GAB(2) mixed Cl-SO4 waters 44.1 4.8 16382 5414 2364 2369 416 5 159 2721 5568 7793 13 n.d 36

29.01.15 Gallion froid GAF mixed Cl-SO4 waters 21.7 4.5 4915 905 485 281 55 26 4 1491 1211 517 3 n.d 3

02.02.15 Sofaïa Sofaïa mixed Cl-SO4 waters 29.3 3.8 1834 97 435 69 25 34 5 565 358 422 0 n.d 2

Kawah Ijen 31.01.17 Lake Lake hyper acid Cl-SO4 waters 22.8 0.6 51787 11602 16964 10142 10486 72642 14683 1212 247223 215182  -  - 26617

31.01.17 Lake seepage LF hyper acid Cl-SO4 waters 19.2 1.3 32308 14734 6490 3870 3443 26314 5499 1764 89248 57915  -  - 7927

31.01.17 Spring 1 SP1 hyper acid Cl-SO4 waters 35.2 0.7 131661 19478 49239 28924 30820 215110 44189 1497 669232 594475  -  - 74710

31.01.17 Spring 2 SP2 hyper acid Cl-SO4 waters 32.0 0.2 134452 21109 49239 29574 31331 218112 44767 1496 651188 578096  -  - 72830

29.01.17 Spring 3 SP3 hyper acid Cl-SO4 waters 33.7 0.1 140669 24798 50718 29928 32099 223468 45434 1462 675769 600347  -  - 74709

29.01.17 Spring 4 SP4 hyper acid Cl-SO4 waters 29.3 0.2 105420 22285 35799 21835 21975 156088 33195 1649 457034 400627  -  - 52923

29.01.17 Spring 5 SP5 hyper acid Cl-SO4 waters 27.2 0.3 111551 22408 38178 23464 24055 167355 37304 1612 497100 425090  -  - 56217

29.01.17 Spring 6 SP6 hyper acid Cl-SO4 waters 24.9 0.8 57673 11757 18791 11825 11609 81815 18833 1726 240011 198636  -  - 30982

29.01.17 Spring 7 SP7 hyper acid Cl-SO4 waters 25.1 0.7 102359 19620 35242 21300 22888 156681 36189 1547 457095 393386  -  - 47586

30.01.17 Spring 8 SP8 mixed neutral HCO3-SO4 waters 43.6 6.6 20768 2430 8652 3148 1152 n.d 40 2519 2456 2334  -  - 22

30.01.17 Spring 9 SP9 mixed neutral HCO3-SO4 waters 45.1 6.6 23551 2899 9382 4258 1293 2 35 2674 3092 3006  -  - 24

30.01.17 Spring 10 SP10 mixed neutral HCO3-SO4 waters 41.1 6.8 23250 3262 8425 4707 1039 3 45 2720 3505 3833  -  - 31

31.01.17 Spring 11 SP11 mixed neutral HCO3-SO4 waters 32.6 6.8 14741 1537 5829 2395 859 2 18 1928 1463 1323  -  - 17

µmol.l
-1
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- : not measured; n.d : not detected.   

Season/Sampling date Sample Label Type Temperature pH TDS Ca Na Mg K Al Fe Si SO4 Cl HCO3 NO3 F

dd.mm.yy °C

Aso spring 15 hot spring S21 acid SO4-waters 42.3 2.1 7169 897 784 492 269  -  - 2211 9499 145 0 5 31

spring 15 hot spring S43 acid SO4-waters 66.2 2.4 6150 659 439 453 176 1411 204 2069 8014 78 0 n.d 36

spring 15 hot spring S49a acid SO4-waters 41.0 3.4 7930 662 927 491 284 259 24 2603 2590 149 0 n.d 25

spring 15 hot spring S49b acid SO4-waters 45.9 5.8 8671 916 1268 805 436 0.06 0.05 2453 1302 191 0 333 22

fall 16 hot spring S52 acid SO4-waters 23.5 6.7 19049 4148 6037 3477 538 n.d 0.80 2268 5853 3225 500 3 274

fall 16 cold spring S56 acid SO4-waters 16.2 6.0 4825 844 577 411 108 0.34 0.02 1349 1119 243 153 24 21

fall 16 cold spring S57 acid SO4-waters 15.7 6.8 4899 874 897 651 147 0.05 0.02 1090 1265 610 617 14 80

spring 15 cold spring S16 alkaline HCO3-waters 15.6 8.0 3133 331 298 231 89 0.20 0.13 1022 58 86 1235 6 6

fall 16 cold spring S16 alkaline HCO3 -waters 16.2 7.8 2904 334 257 222 81 0.05 0.01 940 47 65 1241 5 4

fall 14 hot spring S42 alkaline HCO3 -waters 46.0 6.0 11234 2387 2642 1263 404 0.48 13.91 2122 1779 162 1459 1 8

spring 15 hot spring S42 alkaline HCO3 -waters 46.0 6.1 11785 2340 2494 1216 505 0.04 0.95 2446 1688 152 2486 1 8

fall 16 hot spring S50 alkaline HCO3 -waters 39.8 6.5 8229 2019 446 931 158 n.d 0.05 2186 570 69 3354 7 2

sum 16 hot spring S55 alkaline HCO3 -waters 42.9 7.1 12857 793 6372 1052 575 0.15 2.24 1901 2972 1267 2566 2 65

fall 16 cold spring S58 alkaline HCO3 -waters 15.9 7.0 3974 631 497 376 125 0.02 0.01 1097 552 253 958 36 27

fall 16 cold spring S59 alkaline HCO3 -waters 15.7 6.9 4253 737 590 442 155 0.01 0.01 1090 646 306 941 43 35

fall 16 hot spring S60 alkaline HCO3 -waters 26.5 7.0 7317 570 2670 719 304 0.03 0.02 1428 494 229 3270 3 28

fall 16 hot spring S61 alkaline HCO3 -waters 43.4 7.3 15063 672 8387 949 959 0.13 6.13 1916 1836 906 6631 0.4 24

fall 16 hot spring S62 alkaline HCO3 -waters 52.6 6.9 13343 623 7133 824 819 n.d 0.11 1844 1606 762 4266 0.4 20

fall 16 hot spring S51 mixed neutral HCO3-SO4 waters 25.7 7.6 5510 461 738 362 272 0.12 0.01 1720 1149 75 762 185 25

fall 16 hot spring S55 mixed neutral HCO3-SO4 waters 40.8 7.2 12079 723 5823 953 523 0.07 2.60 1898 2606 1187 2397 0.2 53

fall 16 hot spring S63 mixed neutral HCO3-SO4 waters 19.8 7.2 7885 932 2824 1195 224 0.00 0.03 1268 2060 846 1645 5 48

YPVF 12.04.15 Y7 Drillhole (70 m depth) Y7Drill neutral Cl-waters 135.6 6.9 31805 14 18236 n.d 2136 12 0.29 5341 111 7528  - n.d  -

13.04.15 Black Sand Pool (6 m depth) BSP neutral Cl-waters 94.2 8.7 30066 8 19583 n.d 541 13 0.17 4647 183 10172  - n.d  -

14.04.15 Punch Bowl Spring (4.4 m depth) PBS neutral Cl-waters 93.0 7.6 30963 9 19243 n.d 482 7 n.d 5252 179 8787  - n.d  -

15.04.15 Crested Pool (11.33 m depth) CP neutral Cl-waters 111.4 9.2 29119 10 17501 n.d 493 13 n.d 5198 219 11040  - n.d  -

16.04.15 East Chinaman Pool (5 m depth) ECP neutral Cl-waters 95.2 7.6 25987 18 14326 n.d 464 6 n.d 5229 217 11955  - n.d  -

16.04.15 Chinese Springs (4.6 m depth) CHs neutral Cl-waters 97.2 7.8 24082 16 13921 n.d 438 6 n.d 4540 237 11454  - n.d  -

16.04.15 Sulfide Spring SS neutral Cl-waters 90.1 6.6 10485 70 4833 12 394 2 0.54 2421 319 3144  - n.d  -

16.04.15 Dome Geyser DG neutral Cl-waters 88.5 7.1 27474 13 14554 0.4 536 4 n.d 5786 451 11489  - n.d  -

Kanlaon 30.07.14 Mambu 6 dilué 1 Mambu1 acid SO4-waters  -  - 1929 92 444 33 73 n.d n.d 602 766 94  - 35  -

30.07.14 Mambu 6 non dilué  2 Mambu2 acid SO4-waters  -  - 4918 249 641 98 170 1 0 1759 2025 197  - n.d  -

Mutnovsky 08.15 Kamchatka1 K1 alkaline HCO3 -waters  -  - 22446 9506 2392 2551 307 6115 1128 3596 16477 94482  - n.d  -

08.15 Kamchatka3 K3 alkaline HCO3 -waters  -  - 3608 61 200 45 28 n.d 0 1531 489 155  - n.d  -

µmol.l
-1
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3.5.1 Field parameters and elemental composition of the 
thermal springs 

Based on Fig. 3.2b, the thermal waters from the six sites were grouped 
into four thermal waters types as defined in previous studies (White, 1957; 
Ellis and Mahon, 1964, 1977; Giggenbach, 1988): acid SO4-Cl, acid SO4-, 
alkaline HCO3- and neutral Cl-waters. Acid SO4-Cl waters with pH<2 are 
referred as hyper acid SO4-Cl waters in the classification, a criteria met for 
acid SO4-Cl waters from Kawah Ijen (pH<0.8; Table 3.1). We identified 
two additional thermal waters as “mixed” waters: mixed acid SO4-Cl in La 
Soufrière volcano originated from mixing between acid SO4-waters and 
alkali/neutral Cl-waters (Brombach et al, 2000) and mixed neutral HCO3-
SO4 in Kawah Ijen volcano representing a mixture of hyper acid SO4-Cl 
waters with HCO3 steam-heated waters produced in the shallow part of 
the system (Delmelle et al, 2000).  

The hyper acid SO4-Cl waters include seven thermal springs, the acid lake 
and lake seepage from Kawah Ijen volcano, the acid SO4-waters include 
fifteen thermal springs from La Soufrière volcano, seven thermal springs 
from Aso volcano and one thermal spring from Kanlaon volcano. The 
alkaline HCO3-waters include three thermal springs from La Soufrière 
volcano, eleven thermal springs from Aso volcano and two thermal spring 
from Mutnovsky volcano. The neutral Cl-waters include two thermal 
springs from La Soufrière volcano and eight thermal springs from YPVF. 
The mixed acid SO4-Cl waters include six thermal springs from La 
Soufrière volcano, whereas the mixed neutral HCO3-SO4 waters include 
four thermal springs from Kawah Ijen volcano and three thermal springs 
from Aso volcano.  

The thermal springs grouping is in agreement with the thermal waters 
chemistry reported in the literature for these sites, i.e., La Soufrière 
volcano (Brombach et al, 2000; Villemant et al, 2014; Dessert et al, 2015), 
Kawah Ijen volcano (Bernard and Delmelle, 1994; Delmelle et al, 2000), 
Aso volcano (Hosono et al, 2018), YPVF (Hurwitz et al, 2007; Hurwitz 
and Lowenstern, 2014), Kanlaon volcano (Maximo, 2019) and Mutnovsky 
volcano (Chudaev et al, 2017). 
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Fig. 3.2: Ternary diagrams of the major cation (a) and anion (b) composition of the thermal springs (circle) studied 
(following Giggenbach, 1988). The HCO3 concentration is calculated based on the charge balance and is not available for 
waters from Kanlaon and Mutnovsky volcano. Literature data: thermal springs from YPVF (colored in yellow; Hurwitz and 
Louvenstern, 2014); thermal springs from Blawan in Kawah Ijen volcano (colored in red; Delmelle et al, 2000).

(a) (b)
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The highest temperatures are measured for the neutral Cl-waters (up to 
135.6 °C, 70 m depth) (Fig. 3.3a). The hyper acid SO4-Cl, acid SO4- and 
alkaline HCO3-waters display the same range in temperature (19.2-48.0 °C, 
15.7-66.2 °C and 15.6-52.6 °C, respectively) than the mixed acid SO4-Cl 
and mixed neutral HCO3-SO4 waters (21.7-48.6 °C and 19.8-45.1 °C, 
respectively) (Fig. 3.3a). 

The hyper acid SO4-Cl and acid SO4-waters display pH ranging from 0.1 
to 4.6 and 2.1 to 6.8, respectively (Fig. 3.3b). The alkaline HCO3- and 
neutral Cl-waters have pH values in the range 6.0-8.3 and 6.3-9.2, 
respectively (Fig. 3.3b). The mixed acid SO4-Cl waters have lower pH 
values (3.8-4.8) than the mixed neutral HCO3-SO4 waters (6.6-7.6). 
Regarding the TDS, the highest values (32308-140669 µmol.l-1) are 
measured in the hyper acid SO4-Cl waters relative to the other thermal 
springs water types (Fig. 3.3c).  
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Fig. 3.3: (a) Surface temperature (°C), (b) pH and (c) TDS (µmol.l-1) in the 
different water types (represented by symbols; hyper acid SO4-Cl, acid 
SO4-, alkaline HCO3-, neutral Cl-waters and mixed thermal springs, i.e., 
acid SO4-Cl, neutral HCO3-SO4 waters) collected in the different sites 
(color-coded; La Soufrière volcano, Kawah Ijen volcano, Aso volcano, 
YPVF, Kanlaon volcano and Mutnovsky volcano). The surface 
temperature and pH are not available for thermal springs from Kanlaon 
and Mutnovsky volcanoes. 
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The thermal springs display a large range of Si concentrations with the 
lowest values found in the acid SO4-waters (557 µmol.l-1; BCM(1)) and the 
highest values in the neutral Cl-waters (5786 µmol.l-1; DG) (Table 3.1). 
The mixed acid SO4-Cl waters are characterized by Si concentrations 
ranging from 565 to 2882 µmol.l-1 and the mixed neutral HCO3-SO4 waters 
are characterized by Si concentrations (1268-2720 µmol.l-1) in the same 
range as the alkaline HCO3-waters from which they were mixed (940-2446 
µmol.l-1). 

The highest SO4
2- and Cl- concentrations correspond to the hyper acid 

SO4-Cl waters from Kawah Ijen volcano (89248-675769 µmol.l-1 and 
57915-600347 µmol.l-1, respectively). The hyper acid SO4-Cl and mixed 
acid SO4-Cl waters have lower SO4

2-/Cl- ratio (1.1-1.5 and 0.8-2.3, 
respectively) than those reported in acid SO4-waters and mixed neutral 
HCO3-SO4 waters (0.7-103.3 and 0.9-15.3, respectively) (Fig. 3.2b). 
Bicarbonates are the major anions in alkaline HCO3-waters (941-6631 
µmol.l-1) also generally associated with Na as major cation (3727-19583 
µmol.l-1). 

The hyper acid SO4-Cl, acid SO4- and mixed acid SO4-Cl waters display 
generally higher values for the Ca/Mg ratio (0.7-3.8, 1.4-3.2 and 1.3-12.7, 
respectively) than for the Na/Mg ratio (Fig. 3.2a). The opposite is 
observed for the alkaline HCO3-, the neutral Cl- and mixed neutral HCO3-
SO4 waters (Fig. 3.2a). 
 
The hyper acid SO4-Cl, the acid SO4- and the alkaline HCO3-waters fall 
within the “immature group” in a K.100-1 – Na.1000-1 – Mg0.5 and are far 
from equilibrium with K- (KAlSi3O8) and Na- (NaAlSi3O8) feldspars (Fig. 
3.4; Giggenbach, 1988). Immature waters are generally acidic waters due 
to the continuous feeding by magmatic sources exceeding protons 
consumption by chemical weathering. This is also the case for the mixed 
waters acid SO4-Cl and neutral HCO3-SO4 waters. On the opposite, the 
neutral Cl-waters (with high pH (6.6-8.7) and TDS (10485-31805 µmol.l-1) 
values) fall mainly within “mature waters” (the protons consumption by 
chemical weathering exceeds their supply by magmatic sources). Two 
exceptions among neutral Cl-waters are the GC(1), GC(2) thermal springs 
from La Soufrière volcano falling into the “immature group”. 
 
A PCA was performed on the 72 thermal spring samples to test 
geochemical likeness between element concentrations (Fig. 3.5). The two 
principal components explained 78% of the data variance (Fig. 3.5c). The 
principal component 1 (46% of the data variance) allowed the grouping of 
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Si, K, Na concentrations with positive scores and H+ and Fe 
concentrations with negatives scores (Fig. 3.5a). The principal 
component 2 (32% of the data variance) associated Mg, SO4 and Ca 
concentrations with positives scores and Cl and Ge concentrations with 
negative scores (Fig. 3.5a). Two types of thermal waters are separated 
from the others (Fig. 3.5d): the hyper acid SO4-Cl waters from Kawah 
Ijen volcano (Fig. 3.5b; negatively correlated with the first principal 
component) mainly driven by dissolved concentration in H+ and Fe, 
supporting the solubilization of Fe in low pH, and the mature neutral Cl-
waters from YPVF (Fig. 3.5b; negatively correlated with the second 
principal component) mainly driven by Cl and Ge concentrations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 3.4: Ternary diagram of the relative Na, K , Mg content (Giggenbach, 
1988) in the different types of thermal waters (represented by symbols; 
hyper acid SO4-Cl, acid SO4-, alkaline HCO3-, neutral Cl-waters and mixed 
thermal springs, i.e., acid SO4-Cl, neutral HCO3-SO4 waters) collected in 
the different sites (color-coded; La Soufrière volcano, Kawah Ijen 
volcano, Aso volcano, YPVF, Kanlaon volcano and Mutnovsky volcano). 
SS = Sulfide Spring. 
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Fig. 3.5: Plots of the principal component analysis (PCA) with (a) 
variables (concentrations in H, Ca, Na, Mg, K, Al, Fe, Si, SO4, Cl, Ge), (b) 
individuals of the 56 thermal springs (total of 72 samples) from the six 
hydrothermally-active volcanic regions studied (La Soufrière volcano 
(green), Kawah Ijen volcano (red), Aso volcano (dark blue), YPVF 
(yellow), Kanlaon volcano (light blue) and Mutnovsky volcano (purple)), 
(c) eigenvalues and (d) individuals by the six thermal waters types.  

D. Individuals by water 
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3.5.2 Ge/Si ratio and Si isotope composition of the 
thermal springs  

The Ge/Si ratio and Si isotope compositions of the thermal springs 
collected on La Soufrière volcano, Kawah Ijen volcano, Aso volcano, 
YPVF, Kanlaon volcano and Mutnovsky volcano are reported in Table 
3.2 and shown in Fig. 3.6.  
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Table 3.2: Germanium concentrations, Ge/Si ratios and silicon isotope 
compositions (δ29Si and δ30Si) in thermal springs of Basse-Terre Island (La 
Soufrière), Java Island (Kawah Ijen), Kyūshū Island (Aso), Yellowstone 
Plateau Volcanic Field (YPVF), Negros Island (Kanlaon) and Kamchatka 
(Mutnovsky). Note that some locations have been sampled at different 
sampling dates. n = number of measurements.  

- : not measured. 
 



Part III: Data chapters Ch1 

 

147 

 

 

- : not measured. 
 
 
 
 
 
 
 
 
 
 

Label Season/Sampling date Type Ge Ge/Si δ29
Si SD δ30

Si SD n

dd.mm.yy nmol.l
-1

µmol.mol
-1 ‰ ‰

Aso S21 spring 15 acid SO4-waters 6.88 3.12 0.24 0.07 0.47 0.01 2

S43 spring 15 acid SO4-waters 3.44 1.67  -  -  -  -  -

S49a spring 15 acid SO4-waters 2.75 1.06  -  -  -  -  -

S49b spring 15 acid SO4-waters 12.39 5.07 0.14 0.03 0.27 0.01 1

S52 fall 16 acid SO4-waters 1.65 0.73  -  -  -  -  -

S56 fall 16 acid SO4-waters 0.28 0.20  -  -  -  -  -

S57 fall 16 acid SO4-waters 0.28 0.25  -  -  -  -  -

S16 spring 15 alkaline HCO3 -waters 0.28 0.27 0.43 0.02 0.86 0.07 1

S16 fall 16 alkaline HCO3 -waters 0.28 0.29 0.43 0.07 0.77 0.06 1

S42 fall 14 alkaline HCO3 -waters 41.16 19.47 0.20 0.06 0.38 0.08 1

S42 spring 15 alkaline HCO3 -waters 37.72 15.48 0.10 0.01 0.22 0.01 1

S50 fall 16 alkaline HCO3 -waters 5.92 2.72  -  -  -  -  -

S55 sum 16 alkaline HCO3 -waters 3.44 1.82  -  -  -  -  -

S58 fall 16 alkaline HCO3 -waters 0.28 0.25 0.59 0.01 1.05 0.03 1

S59 fall 16 alkaline HCO3 -waters 0.28 0.25  -  -  -  -  -

S60 fall 16 alkaline HCO3 -waters 1.93 1.36 0.30 0.01 0.59 0.06 1

S61 fall 16 alkaline HCO3 -waters 30.56 16.02  -  -  -  -  -

S62 fall 16 alkaline HCO3 -waters 5.23 2.85 0.03 0.01 -0.05 0.06 2

S51 fall 16 mixed neutral HCO3-SO4 waters 0.96 0.56 0.72 0.06 1.39 0.02 1

S55 fall 16 mixed neutral HCO3-SO4 waters 3.30 1.75 0.17 0.00 0.51 0.03 1

S63 fall 16 mixed neutral HCO3-SO4 waters 4.82 3.82  -  -  -  -  -

YPVF Y7Drill 12.04.15 neutral Cl-waters 744.77 140.36 -0.21 0.02 -0.44 0.04 2

BSP 13.04.15 neutral Cl-waters 828.74 159.71 -0.04 0.04 -0.04 0.03 2

PBS 14.04.15 neutral Cl-waters 775.06 143.85 -0.12 0.01 -0.13 0.07 1

CP 15.04.15 neutral Cl-waters 1011.84 188.92 -0.09 0.05 -0.09 0.08 2

ECP 16.04.15 neutral Cl-waters 991.19 182.29 -0.09 0.02 -0.14 0.03 2

CHs 16.04.15 neutral Cl-waters 960.90 181.70 -0.07 0.04 -0.05 0.05 2

SS 16.04.15 neutral Cl-waters 235.41 110.98  -  -  -  -  -

DG 16.04.15 neutral Cl-waters 1010.46 170.69 -0.04 0.05 -0.08 0.01 2

Kanlaon Mambu1 30.07.14 acid SO4-waters 2.62 4.37 0.17 0.07 0.31 0.02 1

Mambu2 30.07.14 acid SO4-waters 8.26 4.71 0.21 0.02 0.34 0.03 1

Mutnovsky K1 08.15 alkaline HCO3 -waters 17.62 4.92 0.36 0.03 0.68 0.03 1

K3 08.15 alkaline HCO3 -waters 2.20 1.44 0.78 0.09 1.57 0.03 1
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The highest Ge/Si ratios are measured in the hyper acid SO4-Cl (46.99-
507.89 µmol.mol-1) and neutral Cl-waters (0.50-188.92 µmol.mol-1) (Fig. 
3.6a). Among YPVF’s thermal springs, the neutral Cl-waters display the 
highest Ge/Si ratios (110.98-188.92 µmol.mol-1). The other thermal water 
types show various Ge/Si ratios ranging, but the range of values are 
roughly comparable: acid SO4-waters (0.20-21.03 µmol.mol-1), alkaline 
HCO3-waters (0.25-19.47 µmol.mol-1), mixed acid SO4-Cl waters (0.05-
9.49 µmol.mol-1) and mixed neutral HCO3-SO4 waters (0.56-18.11 
µmol.mol-1) (Fig. 3.6a). The lower value of Ge/Si is measured in the GAB 
mixed acid SO4-Cl water of La Soufrière volcano (Ge/Si = 0.05 µmol.mol-
1). 

The δ30Si of all thermal springs display a large range of values (from -0.44 
to 1.57 ‰). The lowest values are reported for the hyper acid SO4-Cl 
waters (δ30Si = -0.14 to 0.85 ‰), the neutral Cl-waters (δ30Si = -0.44 to 
1.13 ‰) and the mixed neutral HCO3-SO4 waters (δ30Si = -0.35 to 1.39 
‰). The thermal springs located close to the acidic lake (SP1-SP5) of 
Kawah Ijen (SP1-SP5) display the lowest values in the hyper acid SO4-Cl 
waters (δ30Si = -0.14 to 0.04 ‰). The thermal springs located near the 
Blawan village display the lower values in the mixed neutral HCO3-SO4 
waters (δ30Si = -0.35 to 0.19 ‰) and thermal springs from YPVF display 
the lower values in the neutral Cl-waters (δ30Si = -0.44 to -0.08 ‰) (Fig. 
3.6b). The higher range of Si isotope composition is reported for alkaline 
HCO3-waters (δ30Si = -0.05 to 1.57 ‰) following by the acid SO4-waters 
(δ30Si = 0.27 to 1.35 ‰). The highest δ30Si value is reported for the alkaline 
HCO3-waters from Kamchatka (K3) with δ30Si = 1.57 ± 0.03 ‰ (Fig. 
3.6b). The mixed acid SO4-Cl waters display Si isotope composition 
ranging from 0.71 to 1.50 ‰. 

Based on the PCA graphs of variables (Fig. 3.5a) and individuals (Fig. 
3.5b), the Ge/Si ratio contributes mainly to the first principal component 
and is positively correlated with the hyper acid SO4-Cl waters, and the δ30Si 
value contributes mainly to the second principal component and is 
negatively correlated with the neutral Cl-waters (from YPVF). 
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Fig. 3.6: Plots of the (a) Ge/Si ratios (± SD) and (b) Si isotope 
composition (δ30Si ± SD) in the different types of thermal waters 
(represented by symbols; hyper acid SO4-Cl, acid SO4-, alkaline HCO3-, 
neutral Cl-waters and mixed thermal springs, i.e., acid SO4-Cl, neutral 
HCO3-SO4 waters) collected in the different sites (color-coded; La 
Soufrière, Kawah Ijen, Aso, YPVF, Kanlaon, Mutnovsky). 
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3.6 Discussion 

3.6.1 Influence of magmatic gas condensation on the 
Ge/Si ratio and Si isotope compositions of hyper acid 
SO4-Cl thermal waters  

3.6.1.1 The influence of Si and Ge transport by magmatic gases on the 
Ge/Si ratio in hyper acid SO4-Cl thermal waters  

We first focus on processes influencing the Si and Ge chemistry of hyper 
acid SO4-Cl waters. These waters are generally formed from a high 
magmatic gases contribution relative to meteoric water recharge, which 
explains their high concentrations in SO4

2- and Cl- resulting from magmatic 
gases condensation (Table 3.1). Their SO4

2-/Cl- ratio is function of 
absorption degree of magmatic gases in the system (White, 1957; Ellis and 
Mahon, 1964).  

The Si concentration (1212-1764 µmol.l-1) shows only slight variations in 
hyper acid SO4-Cl with increasing SO4

2-+Cl- concentrations, whereas Ge 
(82.60-757.16 nmol.l-1) increases with increasing SO4

2-+Cl- concentrations 
(Fig. 3.7a). This suggests that the Ge concentration controls the variation 
of Ge/Si ratios in hyper acid SO4-Cl thermal springs (Fig. 3.7a). The 
positive relationship between the Ge and SO4

2-+Cl- concentrations 
(R2=0.99) suggests that a fraction of the Ge in solution relates to magmatic 
gas condensation.  

Our hypothesis is that the higher Ge/Si ratios found in hyper acid SO4-Cl 
thermal waters waters reflect a higher Ge volatility in magmatic gas than 
Si. 

Only few studies focused on Ge volatility in high-temperature gases. The 
Ge volatility behavior is used for Ge isotope measurements via gas isotope 
mass spectrometry after Ge fluorination (Rouxel and Luais, 2017). In this 
application, the temperature used to evaporate Ge ranges from 60-120 °C 
(Luais, 2012; Meng et al, 2015; Escoubé et al, 2015), which is a low 
temperature relative to the conditions in a magmatic hydrothermal system. 
There is evidence for the formation of volatile GeCl4 species (Kaya and 
Volkan, 2011), and this is a reason to avoid the use of HCl or HClO4 for 
Ge isotope measurements which may lead to up to 100% Ge loss even at 
medium temperature (80° C) (Luais, 2012). There is also evidence for the 
formation of volatile GeF4 (Kwasnik, 1963), and this is a complication for 
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the dissolution of silicate rocks for Ge isotopic measurements involving 
higher temperature (i.e., up to 300 °C) (Rouxel and Luais, 2017). 
Moreover, Ge can be transported in magmatic gas as GeS (Sossi and 
Fegley, 2018). Recently, Renggli and Klemme (2020) show that above 900 
°C, Ge is predominantly in the gas phase as GeS, whereas at lower 
temperatures the predicted solids are GeO2 and GeS2. At lower 
temperature (500 °C), the volatility of Ge increases again as GeCl4 
becomes stable. The study of Zelenski et al (2014) details the volatility of 
Ge in the Tolbachik gases (Kamchatka) sampled at 1060-1070 °C using 
the enrichment factor (EF). The EF, used to ascertain the contribution of 
the volatile and particulate fractions to the total amount of an element in 
a volcanic gas, is calculated via the following equation: 

EF(x) = (CX/CR)gas/(CX/CR)rock 

where R is a reference material (a low volatile and abundant element), X is 
the element of interest and rock is the substance that is supposed to 
contribute to the aerosol particles. The Ge volatility in the Tolbachik 
condensates (relative to Mg content in Tolbachik lavas) is confirmed (log 
(EF)=2.29) and is higher than the Si volatility (log (EF)=0.93) but is 
limited compared to highly volatile elements such as S (log (EF)=7.13) and 
Cl (log (EF)=5.98) (Zelenski et al, 2014).  

Regarding Si volatility in high-temperature gases, F is likely to play a role 
in these hyper acid SO4-Cl waters containing high F concentrations (from 
7927 to 74710 µmol.l-1; Table 3.1). Indeed, Si may be transported by HF-
rich gas as SiF4, a highly volatile compound at ambient temperature and 
atmospheric pressure (sublimation point = -86 °C at atmospheric 
pressures) which at elevated temperature reacts with water vapor to form 
HF and silica through the following reaction: SiF4(g) + 2H2O(g) <-> SiO2(s) 
+ 4HF(g). The reaction is very sensitive to temperature and is shifted in 
favor of SiF4 at low temperature (<400 °C; Rosenberg, 1973), whereas in 
high-temperature fumaroles HF is the dominant fluorine-bearing species. 
The reaction is also sensitive to pressure and is shifted in favor or silica 
phase formation when decompression of HF-rich gas during ascent of 
vapor-satured magma occurs (de Hoog et al, 2015). We assume that the F 
may play a role on the Ge/Si in the hyper acid SO4-Cl waters (Fig. 3.7b) 
given (i) the surface temperatures (169-244 °C) <400 °C of F-bearing 
fumaroles (HF=3-9 µmol.l-1; Delmelle et al, 2000) linked to the same 
magmatic reservoir than the hyper acid SO4-Cl waters favor the formation 
of SiF4 (de Hoog et al, 2015). However, this hypothesis remains to be 
further tested since higher temperatures have also been reported for 
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fumaroles sampled deeper in this area (600-700 °C; van Hinsberg et al, 
2009, 2017).  

This section suggests that Ge is more volatile than Si in volcanic gases and 
may be transported by magmatic gases as GeF4, GeCl4 and GeS, and Si as 
SiF4. Further investigations on fumaroles or magmatic gas should be 
carried out in the future to validate this hypothesis, as it is out of the scope 
of this study on thermal springs. This transport of Ge and Si by magmatic 
gases could therefore potentially influence the Ge/Si ratios of hyper acid 
SO4-Cl thermal springs.  
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Fig. 3.7: Plots of variations in the hyper acid SO4-Cl thermal springs (all 
from Kawah Ijen volcano; sample codes as in Table 3.1): (a) Si 
concentration (µmol.l-1), Ge concentration (nmol.l-1) and Ge/Si ratios 
(µmol.mol-1) as a function of SO4

2- + Cl- concentrations (µmol.l-1); (b) 
Ge/Si ratios (µmol.mol-1) as a function of F concentration (µmol.l-1). 
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3.6.1.2 The influence of magmatic fluoride on silicon isotope 
compositions in hyper acid SO4-Cl thermal waters  

 
The hyper acid SO4-Cl waters display the highest F concentrations (7927-
600347 µmol.l-1) associated with the lowest Si isotope composition (δ30Si 
= -0.14 to 0.85 ‰; Fig. 3.8a). The effect of F mainly derived from magma 
degassing on Si isotope compositions in thermal waters is investigated 
here. The volatility of SiF4 had been used for Si isotope measurements via 
the gas source isotope ratio mass spectrometer (IRMS) via three different 
method: the BaSiF6 decomposition method (Reynolds and Verhoogen, 
1953), the direct fluorination method using F2 + HF (Epstein and Taylor, 
1970) or BrF5 (Clayton et al, 1978) as fluorination reagents and the laser 
probe extraction method (De La Rocha et al, 1996). The loss of volatile 
SiF4 during the sample introduction into the MC-ICP-MS (Georg et al, 
2007) induced the development of other methods. 
 
So far, magma degassing has not been shown to produce fractionation of 
Si isotopes (Opfergelt and Delmelle, 2012). A possible cause of the 
observed 30Si-depleted fluid compositions is Si isotope fractionation 
between multiple coexisting Si-bearing aqueous species as reported by 
Chemtob et al (2015). The dominant species at high F concentrations are 
SiF6

2- (hexafluorosilicate) and Si(OH)2F2 (Busey et al, 1980). Si-bearing 
precipitates likely formed from aqueous silicic acid and not from Si-
hydroxyfluoride complexes. Thus, the observed bulk isotopic 
fractionations could be imparted by fractionations between aqueous 
species and the preferential removal of Si(OH)4(aq) from solution. The 
octahedral coordination of Si in SiF6

2- would favor the lighter isotopes 
relative to the tetrahedrally coordinated Si(OH)4. Thus, the fractionation 
between SiF6

2 and Si(OH)4(aq), approximated +5 ‰ by Chemtob et al 
(2015) implies that Si speciation has drastic effect on the isotopic signature 
of chemical weathering in high-fluorine environments. The Si isotope 
compositions of F highly-concentrated thermal springs, with SiF6

2- as the 
dominant F (confirmed with PHREEQC geochemical modeling program; 
Parkhurst and Appelo, 2013) may therefore be lighter as observed for 
hyper acid SO4-Cl waters from Kawah Ijen (Fig. 3.8a).  

Given that there is no direct evidence for Si transport with Cl or S in the 
magmatic gas phase, the Si isotope composition in thermal springs is 
poorly related to the SO4

2- + Cl- concentrations (R2=0.1; Fig. 3.8b).  
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Fig. 3.8: Plots of variations in the hyper acid SO4-Cl thermal springs (all 
from Kawah Ijen volcano; sample codes as in Table 3.1): (a) δ30Si (‰) as 
a function of F concentration (µmol.l-1) and (b) δ30Si (‰) as a function of 
SO4

2- + Cl- concentrations (µmol.l-1). 
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3.6.2 The release of proton flux from volcanic gases 
condensation favors weathering reactions: influence on 
Ge/Si and δ30Si in hyper acid SO4-Cl thermal waters  

Magmatic gases condensation releases proton flux explaining the acidic 
pH values of the hyper acid SO4-Cl thermal springs (0.1-1.3). This proton 
flux leads to high TDS values in hyper acid SO4-Cl thermal springs (32308-
140669 µmol.l-1) increasing with weathering intensity. Relative to other 
thermal waters and based on their SO4

2- (89248-675769 µmol.l-1), Cl- 

(57915-600347 µmol.l-1), pH (0.1-1.3) and TDS (32308-140669 µmol.l-1) 
values, the hyper acid SO4-Cl thermal springs of Kawah Ijen can be 
considered as a “magmatic end-member” of acid weathering reactions. We 
investigate the role of volcanic rock and acid water-rock interaction on Ge 
and Si concentrations, Ge/Si ratios and Si isotope compositions of these 
thermal springs.  

The hyper acid SO4-Cl thermal springs (SP1-SP7) of Kawah Ijen with a 
chemical composition corresponding to the dissolution of an average 
crustal rock (Giggenbach, 1988; Delmelle and Bernard, 1994) display a 
large range of Ge concentrations (275.13-757.16 nmol.l-1) (Fig. 3.7a). The 
composition of rocks at Kawah Ijen is basalt-andesitic to andesitic 
(Whitford et al, 1979). Considering congruent dissolution of andesite (Ge 
= 1.4 mg.l-1, Arnòrsson, 1987) and basalt (Ge = 1.52-1.64 mg.l-1 in BHVO-
2, Escoubé et al, 2012; Ge = 1.3 mg.l-1 in Icelandic fresh basalt, Arnòrsson, 
1987), the quantity (g) of volcanic rock required to obtain the Ge 
concentration of the most-concentrated hyper acid SO4-Cl thermal spring 
(SP1: Ge = 757.16 nmol.l-1) in one liter is 105.3-113.6 g for BHVO-2, 
132.8 g for Icelandic fresh basalt and 123.4 g for andesite (Table 3.3).  
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Table 3.3: Germanium (Ge) concentrations in basalt (USGS reference material BHVO-2 and Icelandic fresh basalt) and in 
andesite volcanic rocks and calculated volcanic rock quantity (g) to dissolve in order to obtain 1 liter (1L) of Ge most-
concentrated thermal spring (SP1 with Ge = 757.16 nmol.l-1). 
 

 

 

 

 

 

 

 

 

Ge Bulk density volcanic rock to dissolve (g) to obtain 

mg.kg
-1

g.cm
-3

 1L of SP1 (Ge = 757.16 nmol.l
-1

)

Basalt BHVO-2 1.52 Escoubé et al, 2012 3.1 113.6

Basalt BHVO-2 1.63 Lalonde and Rouxel, unpublished 3.1 106.0

Basalt BHVO-2 1.61 Lalonde and Rouxel, unpublished 3.1 107.3

Basalt BHVO-2 1.64 Lalonde and Rouxel, unpublished 3.1 105.3

Basalt Icelandic fresh basalt 1.30 Arnòrsson, 87 3.1 132.8

Andesite Andesite 1.40 Arnòrsson, 87 2.6 123.4

Volcanic rock Label Reference
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Conversely to Ge concentrations, the Si concentrations in the hyper acid 
SO4-Cl thermal springs are relatively constant (1212-1764 µmol.l-1) (Fig. 
3.7a). This may be explained by amorphous silica precipitation. This 
hypothesis is supported by a saturation index (SI) (SI = log IAP/Ksp with 
IAP the ion activity product of the chemical species in the fluids and Ksp 

their solubility product; calculated with the PHREEQC geochemical 
modeling program) of amorphous silica > 0, demonstrating that these 
waters are supersaturated with respect to amorphous silica. The high 
Ge/Si values obtained for these thermal springs (46.99-507.89 µmol.mol-
1) is therefore likely influenced by the precipitation of amorphous silica, 
i.e., a Ge poor phase (Evans and Derry, 2002). 

Moreover, van Hinsberg et al (2020) recently investigated the interaction 
between andesite and hyper acid volcanic lake water of Kawah Ijen, 
affected by the same processes than the hyper acid SO4-Cl thermal springs 
(Delmelle et al, 2000). The results show that the chemical composition of 
the andesite in contact with Kawah Ijen lake water is modified with a Si 
enrichment (enrichment factor=10000) and no modification for Ge 
concentrations (enrichment factor=1). The silicification induced by 
pervasive acid alteration may decrease the Ge/Si ratios of the volcanic 
rock thereby increasing the Ge/Si ratio of the residual fluid part of thermal 
springs.  

The range of Si isotope composition of the hyper acid SO4-Cl thermal 
springs (-0.14 to 0.47 ‰; Table 3.2) is in the lower end of Si isotope 
signatures for thermal springs reported worldwide (from -0.6 to 1.7‰, 
Douthitt, 1982; Ding et al, 1996; Opfergelt et al, 2011, 2013; Geilert et al, 
2014). If the Si isotopes of the hyper acid SO4-Cl thermal springs was only 
controlled by silica precipitation, the Si isotope values of the hyper acid 
SO4-Cl thermal springs should be higher given that light Si isotopes are 
incorporated in silica precipitate (δ30Si = -0.1‰ to -0.4‰, e.g., Douthitt, 
1982; Geilert et al, 2014; Ding et al, 2016). We therefore assume a process 
releasing light Si isotopes. Altered rocks are isotopically heavier (δ30Si for 
the most altered/silicified rock = 1.5 ‰) relative to non-altered rocks 
(δ30Si of unaltered basalt < -0.2‰ and δ30Si of unaltered andesite = -0.2 
‰; Van den Boorn et al, 2007). This suggests a preferential leaching of 
light Si isotopes during rock weathering by hyper acid weathering, which 
can explain the low Si isotopes values reported in the hyper acid SO4-Cl 
thermal springs. 
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The Si isotope value of acidic lake (δ30Si = 0.85 ‰) should be even higher 
if only controlled by inorganic silica precipitation renowned for 
discriminate against the heavy isotope (e.g., Basile-Doelsch et al, 2006). 
One possible explanation is that this value reflects the lake chemistry 
collected during wet season. Indeed, dilution effect occurs in wet season 
(annual average precipitation are 4.5 higher in wet than dry season; Ijen 
Monthly Climate Averages, 2020) on the superficial layer of acid lake from 
Kawah Ijen (Caudron et al, 2015) as proved by lower dissolved element 
compositions in wet season than from average crater lake water reported 
by Delmelle et al (2000). The dilution effect can modify silicon 
concentration and therefore decrease the saturation index for amorphous 
silica controlling the Si isotope fractionation. If verified, the Si isotope 
composition of the lake in the wet season should be lower than in the dry 
season due to a more limited precipitation of amorphous silica, which 
preferentially incorporate light Si isotopes (Li et al, 1995). We do not know 
the Si isotope composition of the lake in the dry season to validate this 
suggestion. The Si isotope composition of the lake water is lower 
compared to what would be expected based on the δ30Si values reported 
for the layered opaline lake sediments (1.2 ±0.2 ‰; Van den Boorn et al, 
2007). Indeed, these opaline lake sediments are believed to represent 
precipitates from the silica-saturated water and should preferentially 
incorporate the light Si isotopes relative to the dissolved Si. This is 
however beyond the scope of this study to investigate the implications for 
solid silica precipitates. 

 
 

3.6.3 Influence of water-rock interaction on the Ge/Si 
ratio and Si isotope compositions of acid SO4 -, alkaline 
HCO3- and neutral Cl-thermal waters  

3.6.3.1 The dissolved Ge concentration in acid SO4-, alkaline HCO3- 
and neutral Cl-thermal waters results from water-rock interaction 

In the “immature waters”, the hyper acid SO4-Cl thermal springs located 
on the flank of Kawah Ijen volcano (lake, SP1-7) were identified in 
section 3.6.2 as the “magmatic end-member” of acid weathering reactions 
with a composition corresponding to the dissolution of an average crustal 
rock (Giggenbach, 1988; Delmelle and Bernard, 1994). On the opposite, 
Figure 3.4 suggests that neutral Cl-waters of YPVF fall within “mature 
waters”. These mature waters are partially in equilibrium with Na- and K- 
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feldspars (Giggenbach, 1988). Figure 3.4 suggests that the Sulfide Spring 
(SS) neutral Cl-waters of YPVF is within “partially equilibrated water” 
with estimated T(Na/K) (hydrothermal reservoir temperature assuming 
feldspar equilibrium between a potassium feldspar and plagioclase; Ellis 
and Mahon, 1977) comprised between 200 and 220 °C. This agrees with 
the commonly accepted view that thermal springs composition, firstly 
originated by magmatic processes, may then be influenced by distinct 
water-rock interaction intensity in deep reservoir (White, 1957; Ellis and 
Mahon, 1964, 1977). The two neutral-Cl waters from La Soufrière volcano 
(GC(1), GC(2); Table 3.1) are immature, and this is why they are distinct 
from the mature neutral Cl-waters from YPVF based on the PCA diagram 
(Fig. 3.5). 
 
The Ge concentrations vary in thermal waters between lower 
concentrations in acid SO4-waters (0.28-14.44 nmol.l-1), intermediate 
concentrations in alkaline HCO3-waters (0.28-41.16 nmol.l-1), and higher 
in neutral Cl-waters (0.78-1011.84 nmol.l-1) (Fig. 3.9). The mixed acid 
SO4-Cl waters are characterized by Ge concentrations in the large range 
of 0.08-27.35 nmol.l-1 and the neutral HCO3-SO4 waters are characterized 
by Ge concentrations in the same range as the alkaline HCO3-waters from 
which they were mixed (0.96-45.45 nmol.l-1). 

It is not expected that the range of Ge concentrations in thermal waters, 
exhibiting a range of variability between the lowest values in acid SO4-
waters and the highest values in neutral Cl-waters (Table 3.2), is 
influenced by the hosting igneous rock. Indeed, no significant variation is 
observed in the total Ge content of different types of igneous rocks (e.g., 
Burton et al, 1959), despite a slight increase in the Ge content of minerals 
from basic to acid rocks (Hörmann, 1970). 

If not controlled by the host rock, the Ge behavior in the aqueous phase 
of thermal waters resulting from water-rock interaction is investigated in 
more details. Higher concentrations of Ge (nmol.l-1) are observed in 
thermal springs characterized by higher TDS concentrations (Fig. 3.9a) 
and surface temperature (Fig. 3.9b). This could be explained by an 
increase in Ge solubility with temperature and salinity (Melcher, 2003). In 
dilute hydrothermal streams of near-neutral pH (pH<8) and in the 
temperature range of 20–350 °C, Ge is mainly transported as the neutral 
hydroxide Ge(OH)4

0. Pokrovski and Schott (1998) show that the 
Ge(OH)4

0/Si(OH)4
0 ratio increases by more than an order of magnitude 

when the temperature is raised from 25 to 500 °C. This contributes to 
increase in the same order of magnitude the Ge/Si ratio in natural thermal 
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springs. To a lesser extent, Cl- may also contribute to Ge transport in 
thermal water, as illustrated by high Cl- concentration associated with high 
Ge concentrations in thermal springs (Fig. 3.9c). Indeed, in addition to 
the hydroxide form Ge(OH)4

0, Ge is also transported in hydrothermal 
fluids mainly in the form of chlorocomplexes (e.g., GeCl4) in geological 
environments according to Pokrovski and Schott (1998). Germanium 
concentrations in thermal springs may therefore result from one or more 
than these factors and this is supported by the large range of Ge 
concentrations found in our data. This agrees with Kraynqv (1965) arguing 
that highest Ge concentrations occurred in thermal waters with one or 
more of the following characteristics: (i) high temperature, (ii) high 
dissolved solids content and (iii) high Cl- concentrations. 
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Fig. 3.9: Plot of the Ge concentration (nmol.l-1) as a function of (a) Total Dissolved Solid (TDS), (b) surface temperature 
and (c) Cl- concentration in the different types of thermal waters (represented by symbols; hyper acid SO4-Cl, acid SO4-, 
alkaline HCO3-, neutral Cl-waters and mixed thermal springs, i.e., acid SO4-Cl, neutral HCO3-SO4 waters) collected in the 
different sites (color-coded; La Soufrière, Kawah Ijen, Aso, YPVF, Kanlaon, Mutnovsky). Surface temperature are not 
available for thermal waters of Kanlaon volcano and from Mutnovsky volcano.
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3.6.3.2 Silica precipitation controls the Si concentration in acid 
SO4-, alkaline HCO3- and neutral Cl-thermal waters 

 
The Si concentrations in thermal springs are correlated with surface 
temperature (°C) (R2=0.78; Fig. 3.10; except Sofaïa and BCM). This is 
likely controlled by amorphous silica precipitation. The solubility of 
amorphous silica (2300 µmol.l-1 at 25 °C; Fournier and Rowe, 1977) 
increases with temperature. As the thermal springs rise to the surface, 
cooling causes a decrease in solubility and results in the precipitation of 
amorphous silica (Arnòrsson, 1987). All of the thermal waters are indeed 
supersaturated with respect to amorphous silica (SI>0 as calculated with 
PHREEQC; Parkhurst and Appelo, 2013). 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Fig. 3.10: Plot of the Si concentration (µmol.l-1) (expressed as 1/Si) as a 
function of surface temperature in the different types of thermal waters 
(represented by symbols; hyper acid SO4-Cl, acid SO4-, alkaline HCO3-, 
neutral Cl-waters and mixed thermal springs, i.e., acid SO4-Cl, neutral 
HCO3-SO4 waters) collected in the different sites (color-coded; La 
Soufrière, Kawah Ijen, Aso and YPVF). Surface temperature are not 
available for thermal waters of Kanlaon volcano and from Mutnovsky 
volcano.  
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3.6.3.3 Impact of water-rock interaction on the Ge/Si ratio in acid 
SO4-, alkaline HCO3- and neutral Cl-thermal waters  

 
The Ge/Si ratios measured in thermal waters resulting from water-rock 
interaction (i.e., acid SO4, alkaline HCO3 and neutral Cl-thermal waters, 
and the mixed waters derived from these waters (0.05 to 188.92 µmol.mol-
1) are in the same range than Ge/Si values reported in a context of regional 
metamorphism (Massif Central: from 2 to 1000 µmol.mol-1, Criaud and 
Fouillac, 1986; Himalaya: 4 to 1000 µmol.mol-1, Evans and Derry, 2002; 
Tibetan Plateau and North Korea: 78 to 125 µmol.mol-1; Han et al, 2015) 
and volcanism (3-185 µmol.mol-1; Arnòrsson, 1983). 

The Ge/Si ratios in thermal waters resulting from water-rock interaction 
(i.e., acid SO4, alkaline HCO3, neutral Cl-, mixed acid SO4-Cl and mixed 
neutral HCO3-SO4 thermal waters) are significantly lower than in the 
“magmatic end-member” of hyper acid SO4-Cl thermal waters (e.g., SP1 
= 507.89 µmol.mol-1; section 3.6.1). These lower values can partly result 
from a reduced fraction from the hydrothermal contribution (Fig. 3.7a).  

Among acid SO4-, alkaline HCO3-, neutral Cl-, mixed acid SO4-Cl and 
mixed neutral HCO3-SO4 thermal waters, the highest Ge/Si ratios are 
found in the “mature end-member” (resulting from prolonged water-rock 
interaction leading to conditions approaching equilibrium between the 
Na- and K- feldspar and the aqueous solution), i.e., the mature neutral Cl-
waters of YPVF (110.98-188.92 µmol.mol-1). Such high Ge/Si ratios 
(110.98-188.92 µmol.mol-1) may be the result of several factors: Ge 
enrichment in the thermal waters due to high TDS, high temperature and 
high Cl- concentrations (Fig. 3.9a, 3.9b and 3.9c) and precipitation of 
amorphous silica in the thermal water originally enriched in both Ge and 
Si (Fig. 3.10). Indeed, these thermal springs have high surface temperature 
(> 88.5 °C; Table 3.1). The Ge/Si enrichment is supported by Evans and 
Derry (2002) showing a significant increase of Ge/Si ratios (>50 
µmol.mol-1) in waters in equilibrium with Ge-bearing quartz (Ge = 1.2 
mg.l-1) when the temperature are below 200 °C. This is due to the fact that 
in thermal springs, the main dominant Ge-bearing species is Ge(OH)4

0 
over a wide range of pH (0-8) and temperatures (20-350 °C) (Pokrovski 
and Schott, 1998) and the main Si species in these conditions is Si(OH)4

0 
(Ding et al, 2017). The distribution of Ge hydroxide species as a function 
of pH and temperature is similar to that of silicon hydroxide complexes 
(Pokrovski and Schott, 1998). However, significant differences between 
the thermodynamic properties of Ge(OH)4

°(aq) and Si(OH)4
°(aq) such as 
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enthalpies of formation and heat capacities can lead to an increase of the 
Ge/Si ratio with temperature in aqueous solutions in equilibrium with Ge-
bearing silicates (Pokrovski and Schott, 1998).  

In summary, the range of Ge/Si ratios in thermal waters resulting from 
water-rock interaction likely results from (i) different water-rock 
interaction intensity, i.e., being associated with large range of Cl- 
concentrations and TDS values in these waters (mainly for immature 
waters such as acid SO4- and alkaline HCO3-waters), and (ii) combined 
with various surface temperature affecting amorphous silica precipitation 
(for immature waters such as acid SO4- and alkaline HCO3-waters, but also 
affecting mature waters, i.e., neutral Cl-thermal waters). 

 
 

3.6.3.4 Impact of water-rock interaction on the δ30Si value in acid 
SO4-, alkaline HCO3- and neutral Cl-thermal waters 

 
The range of Si isotope compositions in the acid SO4-, alkaline HCO3- and 
neutral Cl-waters and the mixed waters derived from these waters (from -
0.44 to 1.57 ‰) is higher than the δ30Si values reported for thermal waters 
in a context of regional metamorphism (Tibet: from -0.67 to 0.25 ‰; 
Wang et al, 2019) and in thermal waters of Iceland (δ30Si = 0.3-1.7 ‰; e.g., 
Opfergelt et al, 2011; Geilert et al, 2014). 

The large range of Si isotope values in these thermal springs likely reflects 
different water-rock interaction intensity, combined with various surface 
temperatures affecting amorphous silica precipitation (Fig. 3.10; section 
3.6.3.2). 

All of these thermal waters types are supersaturated with amorphous silica 
(section 3.6.3.2) and the temperature surface and dissolved Si 
concentrations variation induce differences in conditions for the 
precipitation of silica remove. The Si concentrations and the surface 
temperatures are lower in acid SO4-, and alkaline HCO3- thermal springs 
than in the neutral Cl-waters of YPVF (Fig. 3.10). According to section 
3.6.3.2, lower temperatures can lead to more extensive silica precipitation. 
Silica precipitates incorporate the lighter Si isotopes and enrich 
surrounding waters in the heavy Si isotopes, and the soil-fluid isotope 
fractionation factor decreases when the temperature increases (Geilert et 
al, 2014). This has been confirmed by field measured in Iceland (Geilert et 
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al, 2015) and in YPVF (Chen et al, 2020). This likely explains the higher Si 
isotope compositions in acid SO4-, and alkaline HCO3- thermal springs 
than in the neutral Cl-waters of YPVF.  
 
The mature neutral Cl-waters are characterized by lower Si isotope 
composition (δ30Si = -0.44 to -0.04 ‰) than immature thermal springs. 
These mature waters reflect more intensive water-rock interaction. The Si 
isotopic composition of igneous material range from -0.14 to -0.33 ‰ 
(Savage et al, 2011). This would lead to low δ30Si into the aqueous phase 
upon dissolution of this material.  
 

 
 

3.6.4 Evolution of Ge/Si ratios and Si isotope 
compositions in thermal springs from immature to mature 
waters 

The immature hyper acid SO4-Cl waters (i.e., from Kawah Ijen volcano) 
and the mature neutral-Cl waters influenced by intensive water-rock 
interaction (i.e., from YPVF) exhibit higher Ge/Si ratios and lower δ30Si 
values relative to intermediate waters (acid SO4-, alkaline HCO3-, immature 
neutral-Cl waters (i.e., from Basse-Terre), and mixed thermal waters) (Fig. 
3.11). This observation is well in agreement with these two types of waters 
(hyper acid SO4-Cl waters and mature neutral-Cl waters from YPVF) being 
distinct from the other types of thermal waters in the PCA (Fig. 3.5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Part III: Data chapters Ch1 

 

167 

 

 
 
  
 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11: Plot of the δ30Si (± SD) as a function of the Ge/Si ratios (± SD) 
in the different types of thermal waters (represented by symbols; hyper 
acid SO4-Cl, acid SO4-, alkaline HCO3-, neutral Cl-waters and mixed 
thermal springs, i.e., acid SO4-Cl, neutral HCO3-SO4 waters) collected in 
the different sites (color-coded; La Soufrière, Kawah Ijen, Aso, YPVF, 
Kanlaon and Mutnovsky). 

This can be regarded as an evolution trend from (i) high Ge/Si ratios and 
low δ30Si values (Ge/Si > 50 µmol.mol-1; δ30Si < 0.5 ‰) in the “magmatic 
endmember” represented by immature hyper acid SO4-Cl waters, formed 
by volcanic gases condensation and influenced by silica precipitation (as 
well shown by the PCA analysis where the dissolved Si concentration is 
well-correlated with the principal component 1 for this water type; Fig. 
3.5b) to (ii) lower Ge/Si ratios and heavier δ30Si values (Ge/Si < 20 
µmol.mol-1; δ30Si -0.5 to 1.5 ‰) with increasing water-rock interaction in 
acid SO4 -waters, alkaline HCO3-waters, and immature neutral-Cl waters, 
(iii) then back to high Ge/Si ratios and low δ30Si values (Ge/Si > 100 
µmol.mol-1; δ30Si < 0 ‰) in the “mature endmember” represented by 
mature neutral-Cl waters dominated by the influence of water-rock 
interaction and the solubility of Ge in Cl-rich waters (as well shown by the 
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PCA analysis where the dissolved Ge concentration is well-correlated with 
Cl concentration for this water type; Fig. 3.5b) (Fig. 3.12). 

 

Fig. 3.12: Schematic illustrating the evolution of Ge/Si ratio and δ30Si 
value in thermal springs from immature to mature waters, involving the 
processes influencing the thermal waters chemistry, i.e., magmatic 
processes and water-rock interaction (WR).  
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3.7 Conclusion    

This study provides for the first time analyses of the Ge/Si ratios and Si 
isotope compositions of a range of waters representative of the main 
generic types of thermal springs, based on measurements on 56 different 
thermal springs (database on 72 water samples) from six hydrothermally-
active volcanic regions. The study reveals that a broad range of Ge/Si 
ratios and Si isotope compositions characterizes thermal waters, and some 
key processes that likely control their Ge/Si ratios and Si isotope 
compositions have been identified. The following conclusions can be 
drawn from this study: 

(i) Overall, the Ge/Si ratios and the δ30Si values in thermal springs evolve 
from high Ge/Si ratios and low δ30Si values in immature hyper acid SO4-
Cl waters (“magmatic end-member”) to lower Ge/Si ratios and heavier 
δ30Si values in acid SO4 -, alkaline HCO3-waters and immature neutral-Cl 
waters, then back to high Ge/Si ratios and low δ30Si values in the mature 
neutral-Cl waters, i.e., similar Ge/Si values and lower δ30Si values than in 
waters from the magmatic end-member. 

(ii) The data support that in immature hyper acid SO4-Cl waters 
(“magmatic end-member”), the high Ge/Si ratios likely result from Ge 
enrichment in thermal waters due to the Ge volatility and transport by 
volcanic gases (via GeF4, GeCl4 and GeS) and silica precipitation in 
thermal fluids.  

(iii) The large range of values of Ge/Si ratios and δ30Si values measured in 
acid SO4 -, alkaline HCO3- and neutral Cl-thermal waters can be explained 
by an increasing intensity of water-rock interaction involving silica 
precipitation, and Ge transport with salinity and Cl-.  

This study demonstrates that generating new knowledge on the influence 
of volcanic gas and water-rock interaction on the variations of Ge/Si 
ratios and δ30Si values in thermal springs requires including thermal springs 
from multiple locations in order to cover the four main types of thermal 
waters (hyper acid SO4-Cl waters, acid SO4 -, alkaline HCO3- and neutral 
Cl-thermal waters). Indeed, a first investigation based on thermal springs 
from one site mislead to no apparent relationship between Ge/Si ratios 
and δ30Si values and the water composition type (Gaspard et al, submitted). 
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3.9 Supplementary Materials    

 
 
 

 

 

 

 

 

 

 

Suppl. Mat. 3.1: Silicon isotopes measurements of all thermal springs fit onto a mass-dependent fractionation array δ30Si 

and δ29Si (theorical 0.5178 slope for equilibrium mass-dependent fractionation; Young et al, 2002). 
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Suppl. Mat. 3.2: Principles and definitions for the Principal Component 
Analysis (PCA). 
 
A PCA is useful to (i) visualize the data and identify key information by 
projecting them in a reduced dimension space, (ii) identify relationship 
between variables and between variables and individuals (definitions are 
given in Table here below). For n individuals (n=thermal springs from six 
hydrothermally-active volcanic regions) and k variables (k=cationic and 
anionic compositions, Si and Ge), a PCA creates a new set of variables 
q<k (q=principal components, the linear combinations of the k variables), 
containing most of the data information. For k variables in a multiple 
dimensions space, an algorithm calculates the projection on an axis 
maximizing the dispersion (variance). This is the first principal 
component. Each principal component is defined by a eigenvector, 
showing the axes direction on which the data is projected and by a 
eigenvalue giving the total variance’s percentage explained by the principal 
component. The PCA supplies the graphs of variables and individuals 
plotting variables and individuals as a function of the two principal 
components, respectively. The graph of variables is useful to (i) see which 
variables are positively or negatively correlated with the principal 
components and (ii) to visualize potential correlations between the original 
variables. The graph of individuals allows to (i) visualize how individuals 
behave as a function of the two principal components and (ii) detect 
proximity between individuals and outliers. Used together, these two 
graphs are needed to link variables and individuals together.  
 

 

 

Individuals (n) Thermal springs from La Soufrière volcano, Kawah Ijen volcano, Aso volcano, YPVF, Kanlaon volcano and Mutnovsky volcano (n=6)

Variables (k) H, Ca, Na, Mg, K, Al, Fe, Si, SO4, Cl and Ge (k=11)

Principal components (q) Linear combinaisons of the variables that maximise the variance of the dataset

Eigenvector Direction of the axes on which the data is projected

Eigenvalue Percentage of the total variance that is explained by the principal component

Graph of variables Plot of the variables as a function of two principal components 

Graph of individuals Plot of the individuals as a function of two principal components 
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Chapter 2:  

Influence of hyper acid thermal waters on the 
Ge/Si ratio and Si isotopic composition of the 

Banyu Pahit/Banyu Putih river, Kawah Ijen 
volcano, East Java, Indonesia  

 
 
 

4.1 Abstract  

Hyper acid hydrothermal system sustained by magmatic gases as a source of 
acidity likely provide the uppermost contribution from magmatic CO2, a 
source of CO2 generally overlooked in the estimates of the atmospheric CO2 
consumption associated to volcanic rock weathering. Precise estimations of 
the thermal input to rivers is particularly difficult due to the variability of the 
chemical composition of thermal springs, and the influence of seasonal 
change in discharge affecting the relative contribution of thermal inputs to 
river weathering fluxes. Here, in a well-known hyper acid hydrothermal 
context, the variability of the germanium to silicon ratio (Ge/Si ratio) and the 
stable silicon isotopes (δ30Si) in the Banyu Pahit/Banyu Putih river waters 
draining from Kawah Ijen volcano (Java Island, Indonesia) and in their 
contributors (thermal springs, tributaries, soil solutions) is used to quantify 
thermal contributions to the river and assess the associated magmatic CO2 
input. Original data of the discharge and chemical composition of the river in 
wet season are compared with existing data in dry season to calculate annual 
weathering fluxes. 
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The upstream section of the Banyu Pahit/Banyu Putih river influenced by 
hyper acid SO4-Cl thermal water discharges exhibit the highest Ge/Si ratios 
reported in river waters (220.68-513.90 µmol.mol-1) and low δ30Si values (-0.08 
to 0.48 ‰). In this hyper acid hydrothermal context, the Ge/Si ratio is a 
powerful tracer of the thermal input to rivers due to high Ge/Si ratios values 
in thermal waters (160.12-507.89 µmol.mol-1). The lower Ge/Si ratios (4.47-
17.47 µmol.mol-1) and higher δ30Si values (1.06 to 1.73 ‰) of the downstream 
section relative to the upstream section of the river confirms the contribution 
from mixed neutral HCO3-SO4 thermal waters and alkaline tributaries, but 
importantly also from soil weathering processes in the Asembagus plain. A 
well constrained discharge-based model combined with the riverine Ge/Si 
ratios is successfully used to (i) nail down all contributions to the Banyu 
Pahit/Banyu Putih river, including low discharge thermal contributors to 
rivers (hyper acid SO4-Cl thermal waters and mixed neutral HCO3-SO4 

thermal waters) not detected in the field and to (ii) estimate the magmatic CO2 
input associated to thermal input. Depending if the sampling location used 
for the calculation is closer or further from the acid crater lake, the 
hydrothermal contribution to the riverine CO2 consumption by chemical 
weathering decreases from 54.54 to 2.36%, highlighting the importance of 
carefully considering hyper acid hydrothermal context in the estimation of the 
atmospheric CO2 consumption by volcanic rock weathering. 
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4.2. Introduction 

Volcanic rocks represent only 5% of the terrestrial land but contribute 
significantly to the global flux of solutes to the ocean and consumption of 
atmospheric CO2 trough silicate weathering (Louvat and Allègre, 1997; 
Gaillardet et al, 1999; Dessert et al, 2003; Dupré et al, 2003; Gislason and 
Oelkers, 2011). Rock alteration is intensified in volcanic regions characterized 
by the presence of a highly acidic crater lake testifying for the presence of a 
hyper acid hydrothermal system sustained by magmatic gases as a source of 
acidity such as at Rincón de la Vieja volcano, Póas volcano, and Irazú in Costa 
Rica, Copahue volcano in Argentina, and Kawah Ijen volcano in Indonesia 
(Delmelle et al, 2015). Hydrothermally-derived flux of elements may 
contribute to the weathering fluxes from volcanic regions (Louvat and 
Allègre, 1997; Dessert et al, 2009; Hurwitz et al, 2010; Schopka et al, 2011; 
Gaillardet et al, 2011; Rivé et al, 2013), leading to overestimations of the 
atmospheric CO2 consumption by volcanic rock weathering. Precise 
estimations of the thermal input to rivers is particularly difficult based on 
element ratios (Louvat and Allègre, 1997; Gaillardet et al, 2011; Louvat et al, 
2011) due to (i) the variability of the chemical composition of thermal springs, 
and (ii) the influence of seasonal change in discharge affecting the relative 
contribution of thermal inputs to river weathering fluxes (Ch4 on YPVF). 

Quantifying the thermal input to rivers in a hyper acid hydrothermal context 
would likely provide the uppermost contribution from magmatic CO2, i.e., a 
necessary boundary to more precisely estimating the atmospheric CO2 
consumption by volcanic rock weathering. Specific germanium to silicon ratio 
(Ge/Si ratio) and Si isotope compositions (δ30Si) were found in hyper acid 
SO4-Cl thermal waters (Ch1 on thermal springs) suggesting that the 
contribution from this type of thermal input to river weathering fluxes could 
be traced using these geochemical tracers. 
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The Banyu Pahit-Banyu Putih river (Java Island, Indonesia) is particularly 
well-suited to trace the influence of hyper acid thermal input on riverine 
chemistry given that (i) the river drains the hyper acid crater lake of Kawah 
Ijen volcano, (ii) the upstream section of river is mainly influenced by 
hydrothermal input whereas the downstream riverine section receives 
additional input from tributaries, (iii) the river catchment is well constrained 
and the chemical composition of the thermal springs and river is well-studied 
(e.g., Delmelle et al, 2000; Heikens et al, 2005; Löhr et al, 2005; van 
Rotterdam-Los et al, 2008). However, the chemical composition of the river 
was only determined in the dry season so far. Therefore, the influence of 
seasonal change in discharge on the relative thermal contribution and on the 
riverine chemistry is not known. 

With the aim to quantify thermal contributions to the river and to assess the 
associated annual magmatic CO2 input, (i) we lead a sampling campaign of the 
Banyu Pahit-Banyu Putih river from the Kawah Ijen volcano acid lake down 
to the Asembagus plain 40 km downstream during the wet season to compare 
the chemical composition of the river in wet season with the available data in 
dry season, and hence estimate the annual weathering fluxes from a river 
draining a hyper acid hydrothermal system, (ii) we determined the Ge/Si ratio 
and the δ30Si values in the Banyu Pahit-Banyu Putih river waters and in the 
contributors (thermal springs, tributaries, soil solutions), (iii) we quantified all 
contributions to the Banyu Pahit/Banyu Putih river using a discharge-based 
model combined with the riverine Ge/Si ratios, and (iv) we calculated the 
hydrothermal contribution of magmatic CO2 input and the implication on 
atmospheric CO2 consumption by weathering in this river draining a hyper 
acid hydrothermal system. 
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4.3. Environmental setting  

Indonesia has tropical climate with mean annual temperature ranging from 22 
to 29 °C. Two seasons are reported: the dry season (from May to October 
with mean precipitation ranging from 10 to 300 mm) and the wet season 
(from November to April with mean precipitation ranging from 230 to 1100 
mm; Ijen Monthly Climate Averages, 2020).  

The Banyu Pahit river water originates on the western flank of Kawah Ijen 
volcano that is part of the large Ijen Caldera Complex in eastern-most Java 
Island, Indonesia. Located within the Ijen caldera, Kawah Ijen (7°S, 110°E) is 
an active stratovolcano of basalt-andesitic to andesitic composition (Whitford 
et al, 1979; Delmelle and Bernard, 1994) renowned for its hot acidic crater 
lake (pH < 0.3; T > 35 °C, volume ~ 32 × 106 m3; Delmelle and Bernard, 
1994), which represents the world’s largest naturally body of hot hyper acid 
brine (Kemmerling, 1921; Delmelle and Bernard, 1994; Delmelle et al, 2000; 
Takano et al, 2004; van Hinsberg et al, 2010). The lake chemistry is determined 
by dissolution of magmatic volatiles, fluid-rock interaction, evaporation of the 
lake water, dilution by meteoric water and recycling of lake water through 
seepage into the subsurface hydrothermal system (Delmelle and Bernard, 
1994). Water from acidic crater lake leaks through the rock basement of the 
crater emerging on the western flank and is regarded as the major source of 
the Banyu Pahit river water (Delmelle et al, 2000). Recent studies argue that 
the primary source of Banyu Pahit river is a set of springs located 
approximately 375 m below crater lake elevation considered as outflow from 
the hydrothermal system and distinctly lack a crater lake contribution (Palmer, 
2009). Three set of hyper acid SO4-Cl thermal springs are reported on the 
upper (uspstream) section of Banyu Pahit river on the flanks of Kawah Ijen 
where the acid waters remain essentially undiluted and conservative element 
behavior dominates (Delmelle et al, 2000).  



Part III: Data chapters Ch2 

 

186 

 

Downstream of these springs up to Blawan village, water-rock interaction and 
dilution control the river water composition of Banyu Pahit (Delmelle and 
Bernard, 1994; Delmelle et al, 2000; Palmer, 2009; van Hinsberg et al, 2010). 
Emerging from the canyon to the south of Blawan village located about 17 
km below the volcano, the Banyu Pahit river receives input of several neutral 
HCO3-SO4 hot springs, associated with deposits of travertine and as a mixture 
of acidic brines, similar to that of the summit hydrothermal system, with 
HCO3 steam-heated waters produced in the shallow part of the system 
(Delmelle et al, 2000). In the Blawan village, Banyu Pahit river also merges 
with the alkaline tributaries Kali Sat (KST) and Kali Senggon (KS) rivers, 
which drain respectively the western and eastern parts of the Ijen caldera, 
resulting in increasing pH. In this lower section of Banyu Pahit, it was shown 
that elements are also added to the acid waters due to aggressive water-rock 
interaction (van Hinsberg et al, 2010). 

Finally, owing to its milky-white color resulting from the formation of a white 
precipitate upon mixing of the Banyu Pahit with the various inflows of 
alkaline water, the river is now named Banyu Putih (‘White river”) and flows 
on the outer slopes of the Ijen Caldera Complex towards the Strait of Madura 
(Palmer et al, 2011). Most of the Banyu Putih river is regulated at an irrigation 
dam near Lewung village and used to irrigation on the coastal Asembagus 
plain (15x13 km) situated in the north-easthern part of Java. The large part of 
arable land (~36 km2) with rice, sugar cane, maize, cassava and mixed 
vegetables is irrigated with Banyu Putih resulting in a strong toxicological 
impact on soil and crops, and health issue for the local population (Heikens 
et al, 2005; Löhr et al, 2005; van Rotterdam-Los et al, 2008).  
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4.4. Materials and methods 

4.4.1 Sampling campaign  

All sampling sites are presented in Fig. 4.1. Acid lake, lake seepage, eleven 
thermal springs (n=11) and four river waters (Banyu Pahit/Banyu Putih, Kali 
Sat, Kali Senggon and Bangoran) were collected during wet season (January-
February 2017) on eastern part of Java Island.  

Acid lake, lake seepage, seven thermal springs (SP1-SP7) and six samples of 
Banyu Pahit water (BP1-BP5) were taken on the flanks of Kawah Ijen 
volcano. Four thermal springs (SP8-SP9), three samples of Banyu Pahit water 
(BP6-BP8) and two alkaline rivers (Kali Sat (KST) and Kali Senggon (KS)) 
were collected near Blawan village (~17 km below the volcano). In addition, 
two samples of Banyu Putih (BP9-BP10) water were collected at an irrigation 
dam near Lewung village (~40 km below the volcano) and one alkaline river 
(Bangoran, BA) was sampled in the northeast of Java Island. Soil solutions (A, 
B, C1, C2) were collected in the Asembagus Plain irrigating by the Banyu Putih 
river. 
 
Acid lake water was sampled at the surface, thermal springs were sampled at 
their outlets from the riverbed and river waters were collected in fields with 
minimum anthropogenic impact. 

Temperature (°C), pH and conductivity (µS.cm-1, referenced to 25 °C) were 
measured in situ with a Hanna HI 991300 electrod. Redox potential (Eh; mV) 
was measured in situ with a Thermo Scientific Orian Star electrod. Water 
samples were filtered within 24 h at 0.45 µm through polycarbonate 
membranes, and stored at 4 °C in the dark in acid-washed polypropylene (PP) 
bottles. One aliquot was acidified at 0.5% suprapure HNO3 for majors, trace 
elements, Ge/Si and silicon isotope analysis, and one aliquot was non-
acidified to determine anions. 



Part III: Data chapters Ch2 

 

188 

 

Existing data in this area are reported in dry season for the same locations of 
thermal springs (e.g., Delmelle and Bernard, 1994; Delmelle et al, 2000; 
Palmer, 2009) and nearby locations of river waters (e.g., Delmelle et al, 2000; 
Delmelle and Bernard, 2000; Heikens et al, 2005; van Hinsberg et al, 2010; 
Palmer et al, 2011). 
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Fig. 4.1: Sampling locations on Java Island, Indonesia for the acid lake 
from Kawah Ijen volcano (plain circle), the thermal springs (open circle), 
the river waters (triangle; including the Banyu Pahit/Banyu Putih rivers 
sampled at eleven different locations 40 km downstream and the three 
alkaline rivers Kali Sat, Kali Senggon and Bangoran), and the soil solutions 
(diamond; A, B, C, including C1 and C2, collected in the Asembagus Plain 
irrigated by the Banyu Putih river). The sample names refer to Table 4.1. 

 

4.4.2 Water discharges measurement 

Water discharges (m3.s-1) in thermal springs and river waters were 
measured in situ using flow meter (Flo-Mate Model FH950) based on the 
Faraday law of electromagnetic induction. Discharges (m3.s-1) were 
calculated from the average steam velocity (Ū; m.s-1) and cross-sectional 
area (m2). On field, we divided the width of the riverine channel into 3 
equal segments, doing a velocity profile and calculating the flow for each 
segment, and finally summing the segment flow for the total flow. The 
average steam velocity (Ū) is based on velocity obtained by Fixed Point 
Averaging (FPA, average of velocities over a fixed period of time, time = 
45 seconds) taken at a number of positions in the flow.  

For thermal springs with low discharges, we took five points velocity 
measurements throughout the entire flow and we calculated discharges 
using Ūthermal spring = 0.9 ×Vmax with Vmax = the fastest measured velocity.  

For river waters, developed method for circular conduit was used and 
discharges were calculated using Ūriver water = (V0.2 + V0.8 + 2×V0.4).4-1 with 
V0.2, V0.8 and V0.4 = measured velocity at 0.2, 0.8 and 0.4 × depth, 
respectively.  

Note that the sensor of Flo-Mate was positioned in stationary water for 
10 minutes to practise zero check before each water discharges 
measurement sessions. Zero stability is 0.001 m.s-1. The inaccuracies of 
water discharges measurement associated with low discharges and 
assessment of Ū using circular conduit for river waters were corrected by 
the discharge-based mixing model (section 4.5.1).



Part III: Data chapters Ch2 

 

191 

 

 

4.4.3 Water elemental analyses 

The concentrations of Ca, Na, Mg, K, Al, Fe and Si in the water samples 
were determined by inductively-coupled plasma-optical emission 
spectrometry (ICP-OES; iCAP 6500 Thermo Fisher Scientific). The 
accuracy on majors elements (Ca, Na, Mg, K, Al, Fe and Si) analyses was 
assessed using the trueness (± 3%, ± 4%, ± 1%, ± 7%, ± 4%, ± 2% and 
± 4%; respectively) on the river water  reference material SLRS-5 
(Yeghicheyan et al, 2013) and the analytical precision (± 0.5%) for each 
element. The detection limit are 0.05, 0.43, 0.21, 0.26, 0.37, 0.18 and 0.36 
µmol.l-1 for Ca, Na, Mg, K, Al, Fe and Si, respectively. Anions (SO4

2-, Cl-, 
NO3

-, F-) were measured by ion chromatography (Dionex ICS2000, 
column: AG15/AS15). The accuracy on SO4

2-, Cl-, NO3
- and F- was 

assessed by using the trueness (± 3%, ± 4%, ± 4% and ± 6%; respectively) 
on river water certified reference material LGC6025 (UKAS, 2014) and 
the analytical precision (± 2%) for each anion. The detection limit are 1.5, 
3.1, 1.6 and 0.5 µmol.l-1 for SO4

2-, Cl-, NO3
-,- and F- respectively. Total 

dissolved solids (TDS; µmol.l-1) were obtained by summing major 
elements (Ca, Na, Mg, K) and SiO2 concentrations in thermal waters. The 
ion balance of the water samples never exceeds 10%. The saturation index 
SI (SI = log IAP/Ksp with IAP the ion activity product of the chemical 
species in the fluids and Ksp their solubility product) for specific solid 
phases has been calculated with the PHREEQC geochemical modeling 
program (Parkhurst and Appelo, 2013). 

 

 

4.4.4 Ge concentration measurements by ICP-MS 

The germanium concentration was measured on samples from acid lake, 
lake seepage, 11 thermal springs, 4 river waters (n=14) and 4 soil solutions 
by inductively coupled plasma mass spectrometry (ICP-MS, ICAPQ 
Thermo Fisher Scientific) using 74Ge isotope (detection limit = 0.04 
nmol.l-1) at the Earth & Life Institute, UCLouvain, Belgium. Accuracy and 
long-term repeatability were assessed by running international riverine 
standards SLRS-5 (0.083 ± 0.014 nmol.l-1; n=3) and SLRS-6 (0.097 ± 
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0.0069 nmol.l-1; n=3) (Yeghicheyan et al, 2013), and one in-house standard 
within each analytical session between July 2017 and June 2018 (GAB, one 
thermal spring of La Soufrière volcano: 23.95 ± 0.096 nmol.l-1; n=14). The 
analytical precision (n= 3) is ± 8% for Ge concentrations < 0.001 µg.l-1 
and 4% for Ge concentrations > 0.001 µg.l-1. The limit of detection for 
Ge is 0.04 nmol.l-1. Ge/Si ratios (expressed in µmol.mol-1) were calculated 
using Si concentrations measured by ICP-OES (section 4.4.3), and Ge 
concentrations measured by ICP-MS. The precision on the Ge/Si ratio is 
10% (SD).  

 

4.4.5 Silicon isotopes analysis 
 
Sample purification for anion-rich samples 

To prevent from matrix effects in mass spectrometry from anions such as 
SO4

2- and Cl- in thermal waters, Si has been purified by performing a two 
steps column chemistry: anion-exchange resin (Biorad AG MP-1) and 
cation-exchange resin (Biorad AG50W-X12) following the method 
developed by Gaspard et al, submitted.  

In the context of hyper acid conditions of Kawah Ijen volcano, a 
preliminary sample purification was performed on samples with SO4

2- > 
210 000 µmol.l-1 to avoid overtaking anion-exchange resin capacity (1 
meqionic concentration.mlresin

-1 with ionic concentration = sum of dissolved 
anions in samples in meq). Sulfates were purified by adding suprapure 
Ba(NO3)2 in a ratio of 3 × 1g Ba(NO3)2 /g SO4

2-
 in the sample considering 

Ba(NO3)2 in excess of 10%. This technique is commonly used for S 
isotopes measurements (e.g., Delmelle et al, 1998): sulfates are retained in 
the barytine precipitates (BaSO4). The aliquot was filtered at 0.45 µm 
through polycarbonate membranes and the SO4

2- removal (< 0.50 µmol.l-
1, i.e., below the detection limit values for S by ICP-OES) and Si recovery 
(>95%) in the dissolved phase were verified. Following this step, NaOH 
10 mol.l-1 was used to raise the pH in solution at 2 before the anion-
exchange column step from Gaspard et al, submitted.  

Soil solutions were also pre-treated before column chemistry to remove 
dissolved organic matter (Hughes et al, 2011). Briefly, 5 ml of sample was 
mixed in a Teflon vial with 200 µl 0.1% v.v H2O2 and set in a UV-box for 
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7h. After cooling down, the UV-box step was repeated for one night with 
another addition of 0.1 % v.v H2O2. Finally, samples were acidified (0.2% 
v.v HNO3). 

After column chemistry, the Si recovery was always > 98% and the 
concentrations of Na, SO4

2- and Cl- in the purified solution were < 0.43, 
0.50 and 3.10 µmol.l-1, respectively (i.e., below the detection limit values 
for Na, S and Cl- respectively), and the blank level was < 0.36 µmol Si.l-1, 
i.e., the detection limit for Si by ICP-OES.  
 
 
Mass spectrometry 

Silicon isotope compositions were measured in acid lake, lake seepage, 11 
thermal springs, 4 river waters (n=11) and 2 soil solutions. Silicon isotope 
compositions were analyzed by MC-ICP-MS (Neptune Plus™ High 
Resolution Multicollector ICP-MS, Thermo Fisher Scientific, Earth & Life 
Institute, UCLouvain, Belgium) in wet plasma mode in medium resolution 
(Δm/m~6000) using a PFA nebulizer of 100 µl.min-1 uptake rate. The 
instrumental mass bias was corrected using the standard-sample 
bracketing technique and an external Mg doping (Cardinal et al, 2003). 
The analyses were performed in 2% HNO3 matrix, with a typical 
sensitivity of 7V for 2 mg.l-1 Si and an instrumental blank <30 mV. Silicon 
isotope compositions are expressed in relative deviations of 30Si/28Si ratio 
from the NBS-28 reference standard using the common δ-notation (‰) 
as follow: δ30Si=[(30Si/28Si)sample/(30Si/28Si)NBS-28 -1]×1000. One 
measurement comprises 30 cycles with 4.2s integration time corrected by 
blank in a 2% HNO3 matrix. Each single δ-value (n) represents one sample 
run and two bracketing standards. δ30Si-values are reported as the mean 
of replicate isotopic analyses ± standard deviation (SD). Quality control 
of mass bias was performed by ensuring that δ30Si and δ29Si measurements 
fit onto a mass-dependent fractionation array, supporting the interference-
free determination of all three Si isotopes via MC-ICP-MS (Suppl. Mat. 
4.1). The protocol was tested on reference material (diatomite) and Si 
isotope values obtained for diatomite (δ30Si = 1.20 ± 0.05 ‰, SD, n=2) 
are consistent with the reference value (δ30Si = 1.26 ± 0.10 ‰, SD, 
Reynolds et al, 2007). 
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4.5 Results 

4.5.1 Field parameters and water discharges of the 
thermal springs and the rivers from the Kawah Ijen area 

General field water parameters (temperature, pH, Eh) and measured water 
discharges of the acid lake, thermal springs and four river waters collected 
are shown in Table 4.1. The abbreviations used below for referring to the 
thermal spring and river water samples are explained in Table 4.1. 
 
Table 4.1: General parameters (temperature, pH, Eh, TDS), measured 
discharges and major element concentrations in acid lake, thermal springs, 
Banyu Pahit/Banyu Putih river water draining from Kawah Ijen volcano 
(sampled at eleven different location 40 km downstream), three alkaline 
rivers (Kali Sat, Kali Senggon and Bangoran) of Java Island, Indonesia, 
and soil solutions (A, B, C1, C2) from the Asembagus Plain irrigated by 
the Banyu Putih river.    
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- : not measured; n.d : not detected.
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Thermal springs (SP1-SP7) located on the flank of Kawah Ijen volcano 
display very low pH values ranging from 0.1 to 0.7 similar than the hyper 
acidic crater lake (pH = 0.6) and the upper section of Banyu Pahit river 
(BP1-BP5; pH = 0.1-1.2), in contrast with the thermal springs (SP8-SP11) 
located near Blawan village (pH = 6.6-6.8). The lower section of Banyu 
Pahit/Banyu Putih river has higher pH values (2.7-3.8) probably due to 
mixing with more-alkaline meteoric water and with alkaline KST and KS 
river waters (pH = 8.3 and 8.0, respectively). The surface temperatures of 
SP1-SP7 show values ranging from 25.1 to 35.2 °C lower than those of 
SP8-SP11 (32.6-45.1 °C) and those of Banyu Pahit river water sampled at 
eleven different location 40 km downstream (18.1-28.2 °C). Thermal 
springs located on the flank of Kawah Ijen volcano (SP1-SP7) have Eh > 
0 (ranging from 375 to 496 mV) and thermal springs near Blawan village 
(SP8-SP11) have Eh < 0 (ranging from -65 to -36 mV) (Table 4.1). All 
river waters display Eh (mV) > 0 with lowest values reported for BA river 
(Eh = 115 mV) (Table 4.1). 

All thermal springs display low water discharges < 0.033 m3.s-1. Banyu 
Pahit river water has discharges of 0.172 m3.s-1 in the basement of Kawah 
Ijen volcano and 3.413 m3.s-1 before reaching the Blawan village at 17 km 
of the Kawah Ijen volcano. The two alkaline river waters of KST and KS 
show discharge of, respectively, 1.237 and 2.062 m3.s-1 and contribute to 
increase the Banyu Putih discharge before irrigating Asembagus Plain 
(BP10; discharge = 5.288 m3.s-1; Table 4.1). This discharge value for BP10 
in wet season (February 2017) is 1.2 to 1.3 times higher than the discharge 
measured in dry season (August 1996 = 4 m3.s-1, Delmelle et al, 2000; June 
2016 = 3.6 m3.s-1 and October 2016 = 4.3 m3.s-1, Asembagus Irrigation 
Office) and 1.5 times higher than the average discharge over 18 years 
(1981-1999: 3.5 m3.s-1; Löhr et al, 2005; Suppl. Mat. 4.2).  

Using the discharge measurements and the equations for discharge 
presented in Fig. 4.2, we can calculate the proportion of each contributor 
(thermal springs and alkaline river waters) to Banyu Pahit/Banyu Putih 
river and obtain “calculated discharge” (Fig. 4.2). The Banyu Pahit river 
(BP1) originated from hydrothermally-impacted waters (mixing of 11% of 
LF, 21% of SP1 and 68% of SP2) and the river discharge in the upper 
section is mainly influenced by hydrothermal input (SP3, SP4, SP5, SP6 
and SP7) (Fig. 4.2). Discharging at the Blawan village inlet and located at 
~12.6 km downstream BP5 (discharge = 0.065 m3.s-1), BP6 (discharge = 
3.413 m3.s-1) is mainly influenced by dilution with meteoric water such as 
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runoff (97.97%). The estimated contribution of alkaline river waters is 
significant in the lower section of Banyu Pahit river water with 26.61% 
and 29.84% for KST and KS in BP7 and BP9 location, respectively. The 
contribution of KS fits with the value of 23% reported by Palmer et al 
(2011). In contrast, the contribution of KST to BP7 (in wet season in this 
study) is lower than the value reported in dry season (79%; Palmer et al, 
2011). This could be explained by higher Banyu Pahit discharge water 
flowing through Kawah Ijen flank during wet season.  
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Fig. 4.2: Calculated water discharges (m3.s-1) of Banyu Pahit/Banyu Putih 
rivers (BP) from the acid lake at the summit of Kawah Ijen volcano to the 
Lewung irrigation dam located 40 km downstream (from BP1 to BP10, 
respectively), including the measured discharge contribution from thermal 
springs (SP), surface runoff (Runoff) and alkaline river waters (KST, KS). 
In the grey box: the calculated water discharge of each location 
(symbolised by c in subscript, e.g., BP2c) has been obtained from the sum 
of the in situ measured water discharge of each contributor (symbolised by 
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m in subscript, e.g., SP3m) and the calculated discharge of the upstream 
main river location (e.g., BP1c for BP2c). The discharge for SP4 (not 
available) has been considered as equal to the nearby SP3. The Ge/Si ratio 
mentioned for the contributors to BP4 and BP6 derive from the 
combination of the discharge based-model and the Ge/Si ratio measured 
(see section 4.6.3 for details). The sample names refer to Table 4.1. 

 

4.5.2 Elemental composition of the lake and the thermal 
springs from the Kawah Ijen area  

Major element concentrations and calculated TDS of the acid lake and 
thermal springs collected are shown in Table 4.1.  

The chemical compositions of the acid lake and the thermal springs near 
the lake (SP1-SP7) are closely related, whereas the element concentrations 
are lower in the lake seepage (LF) (Fig. 4.3). The acidic lake 
concentrations reported here in wet season differs from the chemical 
composition reported for the average crater lake water in dry season (Fig. 
4.3; Delmelle et al, 2000) probably due to dilution by meteoric input 
decreasing element concentrations at the lake surface (Caudron et al, 
2015). A seasonal fluctuation in element concentrations in Kawah Ijen 
lake is also reported by Sumarti (1998) with elemental dilution during the 
wet season. 

The thermal springs collected near the lake of Kawah Ijen (SP1-SP7) 
exhibit high total dissolved elements (TDS: 32308-134452 µmol.l-1). The 
most concentrated thermal springs are directly located on the flanks of 
Kawah Ijen volcano (SP1-SP7) and display Si concentrations ranging from 
1497 to 1726 µmol.l-1. Sulfates (89248-675769 µmol.l-1) and Cl- (57915-
600347 µmol.l-1) are the dominant anions following by high F- 
concentrations (7927-74709 µmol.l-1) (Table 4.1). The thermal springs 
exhibit a wide range of Al (26314-223468 µmol.l-1) and Na (6490-50718 
µmol.l-1) followed by Fe (5499-45434 µmol.l-1), K (3443-32099 µmol.l-1), 
Mg (3870-29928 µmol.l-1) and Ca (11602-24798 µmol.l-1). The acid (pH = 
0.1-0.8) highly-SO4-Cl concentrated thermal springs located on the flank 
of Kawah Ijen volcano (SP1-SP7) correspond to the thermal springs 
classified as hyper acid SO4-Cl by Delmelle and Bernard (1994), Delmelle 
et al (2000), Palmer (2009). The high SO4

2- and Cl- concentrations are 
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caused by volcanic gases condensation and oxidation at the bottom of the 
lake (Delmelle and Bernard, 1994). 

The thermal springs collected near Blawan village (SP8-SP11; ~17 km 
below the volcano) present lower elements concentration relative to 
thermal springs in the flank of Kawah Ijen volcano (SP1-SP7) (Table 4.1; 
Fig. 4.3). The alkalinity has been not measured in situ for neutral (pH = 
6.6-6.8) thermal springs near Blawan village (SP8-SP11) but these sources 
were classified as neutral HCO3-SO4 waters by Delmelle et al (2000) and 
are associated with HCO3 steam-heated waters produced in the shallow 
part of the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3: Ternary diagram of the cation concentrations of waters sampled 
on Java Island, Indonesia (wet season, February 2017): acid lake (plain 
circle), thermal springs (open circle), rivers (triangles; including Banyu 
Pahit/Banyu Putih river waters (plain grey triangle), and three neutral river 
waters (open grey triangle; KST, KS and BA)), and soil solutions 
(diamond). The sample names refer to Table 4.1. The chemical 
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composition of the average crater lake water in dry season is given for 
comparison (plain blue circle; data from Delmelle et al, 2000). 
 
 
 

4.5.3 Elemental composition of the river waters and the 
soil solutions from the Kawah Ijen area  

Major element concentrations and calculated TDS of the rivers and the 
soil solutions sampled are shown in Table 4.1 and Fig. 4.3. 

The upper section of Banyu Pahit river (BP1-BP5) displays decreasing 
values of TDS (84569-132989 µmol.l-1) with increasing lake distance (0.13-
2.89 km) and decreasing elevation (2087-1719 m asl). This range is similar 
than the TDS values of thermal springs (SP1-SP7; TDS = 32308-134452 
µmol.l-1), showing that the upper section of Banyu Pahit river is mainly 
influenced by hydrothermalism as previously well-established by Delmelle 
et al (2000), Heikens et al (2005), van Hinsberg et al (2010), Palmer et al 
(2011). This is also supported by the cation concentrations (Na, K, Mg, 
Ca) in the upper section of Banyu Pahit river plotting in the same area 
than thermal springs at the same elevation in a triangular diagram (Fig. 
4.3). This hydrothermal contribution is progressively diluted as 
concentrations in anions decreases downstream (from BP1 to BP5) with 
SO4

2- as the major anion (344950 to 642389 µmol.l-1) followed by Cl- 
(300426-569163 µmol.l-1) and F- (36643-71088 µmol.l-1) (Table 4.1). In 
this upper section of Banyu Pahit river, the silicon concentration varies in 
the narrow range of 1426 to 1628 µmol.l-1 (Table 4.1).  

The lower section of Banyu Pahit near Blawan village (BP6-BP8) is 
characterized by lower dissolved element concentrations than the upper 
section (BP1-BP5; Fig. 4.3), with SO4

2- (8295-35589 µmol.l-1), Cl- (7768-
33996 µmol.l-1), F- (818-4087 µmol.l-1), Al (2994-13537 µmol.l-1), Na (2375-
7234 µmol.l-1) and Fe (463-2136 µmol.l-1) decreasing with lake distance 
(Table 4.1). In this lower section of Banyu Pahit river, Si concentration 
varies between 1435 and 2135 µmol.l-1 (Table 4.1). The alkaline KST and 
KS river waters, which do not drain the Kawah Ijen volcano, exhibit lower 
calculated TDS values (7171 and 9272 µmol.l-1, respectively) relative to 
Banyu Pahit/Putih river, as illustrated for cation concentrations (Fig. 4.3). 
These alkaline rivers are also Al and Fe-depleted compared to Banyu 
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Pahit/Putih river (Table 4.1) in agreement with chemical compositions 
previously reported (Palmer et al, 2011). Banyu Putih has Si concentration 
of 1473 µmol.l-1 and display F- concentration of 547 µmol.l-1 at the 
irrigation dam near Lewung village (BP10) before reaching the coastal 
Asembagus plain (Table 4.1). The lower section of Banyu Putih chemistry 
(BP6-BP10) has lower TDS values (10417-26858 µmol.l-1) than the upper 
section (BP1-BP5), reflecting input of less-concentrated neutral tributaries 
KST and KS (TDS= 7171 and 9272 µmol.l-1, respectively) in agreement 
with Delmelle et al (2000), Heikens et al (2005), van Hinsberg et al (2010), 
Palmer et al (2011). The soil solutions collected in the coastal Asembagus 
Plain have Si concentrations ranging from 711 to 1597 µmol.l-1 (Table 
4.1), and cation concentrations in the same range than the closest river 
water samples (BP9-BP10; Fig. 4.3).  

The comparison of riverine element concentrations in the wet season (this 
study) with available data in dry season (August 1993-1996; data from 
Delmelle and Bernard, 2000; Fig. 4.4) confirms a conservative behavior 
for SO4

2- and Cl- (Fig. 4.4a and 4.4b), as previously established (Delmelle 
and Bernard, 1994, 2000; Sumarti, 1998; van Hinsberg, 2001; van 
Hinsberg et al, 2010). This is driven by the dilution with rainwater input 
(more than 4.5 times higher in wet season relative to dry season based on 
annual average of 1100 mm and 230 mm in wet and dry season, 
respectively; Ijen Monthly Climate Averages, 2020) characterized by low 
SO4

2- and Cl- concentrations (25-65 and 4-28 µmol.l-1, respectively, in 
rainwaters from Indonesia; Hasan et al, 2017). The cations (Ca, K, Al, Fe) 
and Si display a lower concentration in wet than in dry season (illustrated 
for Ca and Si; Fig. 4.4c and 4.4d) regulated by equilibrium with mineral 
phases (non-conservative behavior) as previously established (Delmelle 
and Bernard, 1994, 2000). The Ca solubility is regulated by the calcium 
sulfate precipitation (CaSO4.2H2O; Delmelle et al (2000), and this is 
supported by gypsum deposit found in SP1 and SP2 (SI > 0 with 
PHREEQC). The K concentrations are controlled by jarosite 
(KFe3(OH)6(SO4)2) precipitation (SI > 0 with PHREEQC) (Delmelle et 
al, 2000). The concentrations of dissolved Al and Fe are driven by 
increasing pH values (1.2-3.0) induced by dilution with meteoric-derivated 
waters and mixing with alkaline rivers (KST, KS) affecting Al and Fe-
containing mineral precipitation (SI of Al(OH)3 and FeOOH > 0 from 
BP7). The dissolved riverine Si concentrations along Banyu Pahit/Banyu 
Putih river waters (BP1-BP10) show only slight variation between wet and 
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dry seasons, e.g., overlapping average values within error with 1789 ± 400 
µmol.l-1 in dry season and 1503 ± 208 µmol.l-1 in wet season (Fig. 4.5). 
This can be explained by the fact that Si concentrations are controlled by 
silica precipitation (SI > 0 for BP1-BP10 for chalcedony and quartz, and 
close to 0 for amorphous silica; Fig. 4.6) in agreement with Delmelle et al 
(2000). 

 

Fig. 4.4: Plots of the dilution-corrected element concentrations in the wet 
season (February 2017, this study) as a function of the dilution-corrected 
element concentrations in the dry season (August 1993-1996; data from 
Delmelle and Bernard, 2000) for SO4

2- (a), Cl- (b), Ca (c), and Si (d). Data 
are presented for locations were measurements at both seasons were 
available, i.e., in Banyu Pahit/Banyu Putih river waters (BP1, BP3, BP4, 
BP5b, BP5, BP6, BP7, BP10). The sample names refer to Table 4.1. The 
Na has been chosen for dilution-correction based on the strong positive 
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correlation between Na concentration and TDS (R2 = 0.99, Suppl. Mat. 
4.3), indicating that riverine Na concentrations are governed by dilution. 
 
 
 
 

Fig. 4.5: Plot of the Si concentrations in Banyu Pahit/Banyu Putih rivers 
in wet (February 2017; this study) and dry (August 1996: Delmelle and 
Bernard, 2000 - September 2003: Asembagus Irrigation Office) seasons 
from from BP1 (close to acid lake) to BP10 (40 km downstream). The 
sample names refer to Table 4.1. 
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Fig. 4.6: Plot of the evolution of the saturation index (SI) of silica (SiO2: 
chalcedony, quartz and amorphous silica) in Banyu Pahit/Banyu Putih 
river waters from BP1 (close to acid lake) to BP10 (40 km downstream). 
The sample names refer to Table 4.1. 
 
 

4.5.4 Ge/Si ratio of the waters from the Kawah Ijen area 

The Ge/Si ratio of the acid lake, thermal springs, the four river waters and 
the four soil solutions collected on Java Island are reported in Table 4.2 
and shown in Fig. 4.7a.  
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Table 4.2: Germanium concentrations, Ge/Si ratios and silicon isotope 
compositions (δ29Si and δ30Si) in acid lake, thermal springs, Banyu Pahit/ 
Banyu Putih river water draining from Kawah Ijen volcano (sampled at 
eleven different location 40 km downstream), three alkaline rivers (Kali 
Sat, Kali Senggon and Bangoran) of Java Island, Indonesia, and soil 
solutions (A, B, C1, C2) from the Asembagus Plain irrigated by the Banyu 
Putih river.  n = number of measurements.  

- : not measured.   

Label Sampling date Ge Ge/Si n δ29
Si SD δ30

Si SD n

dd.mm.yy nmol.l
-1

µmol.mol
-1 ‰ ‰

Thermal springs Lake 31.01.17 248.21 205.52 1 0.42 0.05 0.85 0.08 3

LF 31.01.17 82.60 46.99 1 0.28 0.04 0.49 0.03 2

SP1 31.01.17 757.16 507.89 1 0.04 0.02 0.03 0.11 2

SP2 31.01.17 688.33 461.94 1 0.02 0.08 -0.14 0.03 2

SP3 29.01.17 729.63 500.86 1 0.05 0.04 0.03 0.01 3

SP4 29.01.17 481.83 293.33 1 0.06 0.01 0.02 0.03 2

SP5 29.01.17 550.66 342.94 1 0.07 0.02 0.04 0.06 2

SP6 29.01.17 275.33 160.12 1 0.26 0.01 0.47 0.01 2

SP7 29.01.17 523.13 339.36 1 0.16 0.05 0.21 0.03 3

SP8 30.01.17 45.45 18.11 1 -0.10 0.01 -0.18 0.03 1

SP9 30.01.17 44.14 16.57 1 0.00 0.06 -0.05 0.02 1

SP10 30.01.17 41.92 15.47 1 -0.17 0.06 -0.35 0.05 2

SP11 31.01.17 19.39 10.10 1 0.11 0.02 0.19 0.02 1

River waters BP1 31.01.17 729.63 513.90 1 -0.05 0.02 -0.08 0.04 1

BP2 29.01.17 743.39 504.20 1  -  -  -  -  -

BP3 29.01.17 605.73 419.97 1 0.06 0.05 0.04 0.06 2

BP4 29.01.17 536.89 340.59 1  -  -  -  -  -

BP5b 07.02.17 413.00 257.85 1 0.25 0.05 0.39 0.03 1

BP5 30.01.17 357.93 220.68 1 0.33 0.09 0.48 0.09 1

BP6 30.01.17 37.15 17.47 1 0.85 0.04 1.73 0.01 1

KST 30.01.17 1.69 1.35 1 0.51 0.01 0.99 0.10 1

BP7 30.01.17 8.59 6.06 1  -  -  -  -  -

BP8 30.01.17 9.85 6.49 1 0.60 0.02 1.16 0.01 1

KS 30.01.17 2.51 1.87 1 0.59 0.01 1.22 0.05 1

BP9 03.02.17 6.73 4.56 1 0.48 0.07 1.06 0.01 1

BP10 03.02.17 6.56 4.47 1 0.57 0.13 1.07 0.01 1

BA 06.02.17 0.81 0.59 1 0.46 0.06 0.87 0.01 1

Soil solutions A 05.02.17 4.82 3.02 1  -  -  -  -  -

B 05.02.17 2.75 1.90 1 0.80 0.06 1.56 0.04 1

C1 04.02.17 4.96 3.40 1 0.68 0.04 1.24 0.03 1

C2 04.02.17 3.58 5.05 1  -  -  -  -  -
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The acidic springs located on the flank of Kawah Ijen volcano (SP1-SP7) 
display higher values of Ge/Si ratios (160.12-507.89 µmol.mol-1) than the 
neutral springs collected near Blawan village (SP8-SP11; 10.10-18.11 
µmol.mol-1) (Fig. 4.7a). The acidic lake has Ge/Si ratio in the same range 
(205.52 µmol.mol-1) than SP1-SP7 and higher than Ge/Si ratio of the lake 
seepage (46.99 µmol.mol-1). The upper section of Banyu Pahit is 
characterized by the same range of Ge/Si ratios (220.68-513.90 µmol.mol-
1) than acidic thermal springs, decreasing with increasing lake distance and 
resulting in lower Ge/Si ratios in Banyu Pahit collected near Blawan 
village (6.49-17.47 µmol.mol-1) and before irrigating Asembagus Plain 
(BP10; 4.47 µmol.mol-1). The three alkaline river waters (KST, KS and BA) 
display lowest values of Ge/Si ratios with 1.35, 1.87 and 0.59 µmol.mol-1, 
respectively (Fig. 4.7a). The soil solutions collected in the coastal 
Asembagus Plain have Ge/Si ratios ranging from 1.90 to 5.05 µmol.mol-1 

(Fig. 4.7a).  

 
 

4.5.5 Si isotope composition of the waters from the 
Kawah Ijen area 

The Si isotope compositions of the acid lake, thermal springs, the four 
river waters and two soil solutions collected on Java Island are reported in 
Table 4.2 and shown in Fig. 4.7b.  

Acidic springs located on the flank of Kawah Ijen volcano are 
characterized by higher δ30Si values (from -0.14 ± 0.03 ‰ to 0.47 ± 0.01 
‰) than those of the neutral springs of Blawan (from -0.35 ± 0.05 ‰ to 
0.19 ± 0.02 ‰). Acid lake of Kawah Ijen and lake seepage are enriched in 
30Si and display values of δ30Si of 0.85 ± 0.08 ‰ and 0.49 ± 0.03 ‰, 
respectively. The Banyu Pahit river water is characterized by increasing 
δ30Si values from acid lake (BP1; -0.08 ± 0.04 ‰) to the inlet of Blawan 
village (BP6; 1.73 ± 0.01 ‰). BA river water is enriched in 29Si (0.87 ± 
0.00 ‰) relative to KST (0.99 ± 0.10 ‰) and KS (1.22 ± 0.05 ‰). The 
Banyu Putih (BP10) displays δ30Si value of 1.07 ± 0.01 ‰ before irrigating 
Asembagus Plain (Fig. 4.7b). The soil solutions collected in the coastal 
Asembagus Plain have Si isotope compositions ranging from 1.24 ± 0.03 
‰ to 1.56 ± 0.04 ‰ (Fig. 4.7b).  
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Fig. 4.7: Plots of the (a) Ge/Si ratios (± SD) and (b) Si isotope 
composition (δ30Si ± SD) of waters sampled on Java Island, Indonesia: the 
acid lake (plain circle), the thermal springs (open circle), the rivers 
(triangles; including Banyu Pahit/Banyu Putih river waters (plain grey 
triangle), and the three neutral river waters (open grey triangle; KST, KS 
and BA)), and the soil solutions (diamond). The sample names refer to 
Table 4.1. 
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4.6. Discussion 

4.6.1. Ge/Si tracing hydrothermal contribution in Banyu 

Pahit/Banyu Putih river waters 

As discussed in Ch1, in hyper acid SO4-Cl thermal waters (SP1-SP7) 
representing the “magmatic end-member” of thermal springs, the high 
Ge/Si ratios (160.12-507.89 µmol.mol-1) likely result from Ge enrichment 
in thermal waters due to Ge volatility and transport by volcanic gases (via 
GeF4, GeCl4 and GeS), and from amorphous silica precipitation. In all 
these thermal waters, silica is oversaturated (SI > 0 with PHREEQC) 
(silica solubility = ~ 2300 µmol.l-1 at 25 °C; Fournier and Rowe, 1977). 
Also consistently with Ch1, in the mixed neutral HCO3-SO4 thermal waters 
near Blawan (SP8-SP11), the lower values of Ge/Si ratios (18.11-10.10 
µmol.mol-1) are likely explained by an increasing intensity of water-rock 
interaction involving silica precipitation, and Ge transport with salinity 
and Cl-.  

The upper section of Banyu Pahit (BP1-BP5) is known to be mainly 
influenced by hydrothermal discharges (Delmelle et al, 2000; Delmelle and 
Bernard, 2000; Heikens et al, 2005; van Hinsberg et al, 2010; Palmer et al, 
2011) whereas the lower section of Banyu Putih (BP6-BP10) reflects input 
of less-concentrated neutral tributaries KST and KS (Delmelle et al, 2000; 
Delmelle and Bernard, 2000; Heikens et al, 2005; van Hinsberg et al, 2010; 
Palmer et al, 2011) and aggressive water-rock interaction (van Hinsberg et 
al, 2010).  

The Ge/Si ratios measured in the hyper acidic-weathered catchment of 
Banyu Pahit/Banyu Putih river water strongly support the hydrothermal 
contribution. Indeed, the Banyu Pahit/Banyu Putih river waters display a 
range of Ge/Si ratios (4.47-513.90 µmol.mol-1; Table 4.2; Fig. 4.7a) much 
larger than the range of values reported for rivers draining volcanic areas 
worldwide (Ge/Si = 0.16-20 µmol.mol-1; e.g., Derry et al, 2005; Scribner 
et al, 2006; Baronas et al, 2020). More precisely, in the upper section of 
Banyu Pahit river water (BP1-BP5), the riverine Ge/Si ratios show values 
(220.68-513.90 µmol.mol-1) in the same range than those of hyper acid 
SO4-Cl thermal springs located on the flank of Kawah Ijen volcano (SP1-
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SP7; 160.12-507.89 µmol.mol-1), supporting Ge/Si ratio as a tracer for 
hydrothermal input to rivers in regions affected by hyper acid thermal 
discharges.   

The Ge concentrations of Banyu Pahit (BP1-BP5) decrease downstream 
(729.63 to 6.56 nmol.l-1; Table 4.1) and the riverine Ge/Si ratio is 
correlated with the riverine Cl- concentration (Fig. 4.8). This can be 
explained by (i) the dilution downstream of the hydrothermal signal from 
a common SO4-Cl reservoir controlling Ge concentration, which is 
consistent with the view of Delmelle et al (2000), and by (ii) a control by 
amorphous silica precipitation for Si concentrations remaining stable 
(1422-2135 µmol.l-1; section 4.5.3; Fig. 4.6). In the lower section of 
Banyu Pahit river near Blawan village (BP6-BP8), the lower Ge/Si ratios 
and Cl- concentrations (Fig. 4.8) suggest further dilution from the same 
hydrothermal reservoir. The even lower Ge/Si ratios in Banyu Putih after 
the Blawan village (BP9-BP10; Fig. 4.8) likely result from the mixing with 
alkaline rivers KST and KS characterized by low Ge/Si values (Fig. 4.8).  

 

 

The alkaline river tributaries (KST and KS) are non-impacted by 
hydrothermalism and display Ge/Si values in agreement with values 
reported for non hydrothermally-impacted rivers systems (Ge/Si: 0.16-
2.72 µmol.mol-1; Scribner et al, 2006). However, comparatively to 
Bangoran river located in the north of Java island (Ge/Si = 0.59 µmol.mol-
1), higher Ge/Si values of KST and KS associated with high solute 
contents (TDS = 7171 and 9272 µmol.l-1, respectively) possibly suggest 
thermal water inputs somewhere along their flow in the Ijen caldera as 
reported by Delmelle et al (2000).  
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Fig. 4.8: Plot of the Ge/Si ratio as a function of the Cl concentration in 
waters sampled on Java Island, Indonesia: acid lake (plain circle), thermal 
springs (open circle), rivers (triangles; including Banyu Pahit/Banyu Putih 
river waters (plain grey triangle), and the three neutral river waters (open 
grey triangle; KST, KS and BA)), and soil solutions (diamond). The sample 
names refer to Table 4.1. 
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4.6.2. Si isotopes tracing surface water contribution to 

Banyu Pahit/Banyu Putih river waters  

The Banyu Pahit/Banyu Putih river displays a large range of δ30Si values 
(-0.08 to 1.73 ‰; Table 4.2; Fig. 4.7b) in the range of values reported for 
rivers worldwide (δ30Si = -0.1 to 3.4 ± 0.01 ‰; e.g., De La Rocha et al, 
2000; Alleman et al, 2005; Cardinal et al, 2010; Opfergelt and Delmelle, 
2012; Frings et al, 2016; Baronas et al, 2020). 

The upper section of the river (BP1-BP5; δ30Si = -0.08 to 0.48 ‰) displays 
lower Si isotope compositions than the rivers from the lower section 
(BP6-BP10; δ30Si= 1.06 to 1.73 ‰). As supported by the riverine chemical 
composition and Ge/Si ratio (section 4.6.1), the upper section of the river 
(BP1-BP5) is mainly controlled by hydrothermal input. The hyper acid 
SO4-Cl thermal waters (SP1-SP7) representing the “magmatic end-
member” can contribute with low Si isotope values (from -0.14 to 0.21 
‰) to river waters (Fig. 4.9).  

As shown in section 4.6.1, the lower section of the river (BP6-BP10) is 
controlled by hydrothermal dilution and by the contribution from alkaline 
river waters KST and KS. The higher δ30Si values of BP8-BP10 (1.06 to 
1.16 ‰) than in BP1-BP5 likely result from the contribution from alkaline 
tributaries KST and KS (δ30Si= 0.99 and 1.22 ‰, respectively; Fig. 4.9). 
But this cannot explain the higher riverine δ30Si value measured in BP6 
(1.73‰). According to the discharge-based model (Fig. 4.2), BP6 is 
associated with 97.97% of surface runoff water. Our hypothesis is that the 
high δ30Si value of BP6 can be explained by a significant contribution of 
meteoric-originated surface water that percolated into the soil represented 
here by soil pore waters (δ30Si = 1.24-1.56 ‰) (Fig. 4.9). The δ30Si of soil 
solutions reflect secondary formation and plant uptake, i.e., processes 
which incorporate light Si isotopes leaving heavier Si isotopes in the soil 
solutions (Ziegler et al, 2005; Georg et al, 2009; Opfergelt and Delmelle, 
2012). Relative to these contributions, biological processes within the river 
likely have a negligible influence on the chemical composition of rivers 
because of the low pH restricting the microbial activity development 
(Brock, 1970) and inhibiting complexation reactions by protonation of 
organics acids (Nordstrom et al, 1979; Herrmann and Baumgartner, 1992).    
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Fig. 4.9: Plot of the Si isotope compositions (δ30Si ± SD) as a function of 
the Si concentration (1/Si) in the acid lake (plain circle), the thermal 
springs (open circle), the rivers (triangles; including Banyu Pahit/Banyu 
Putih river waters (plain grey triangle), and the three neutral river waters 
(open grey triangle; KST, KS and BA)), and the soil solutions (diamond). 
The sample names refer to Table 4.1.  
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4.6.3. Using the Ge/Si ratio in a discharge-based model 

to quantify contribution from thermal springs, runoff 

and alkaline tributaries to the Banyu Pahit/Banyu Putih 

river 

The Ge concentrations show conservative behavior along Banuyu Pahit 
flow and the riverine Ge/Si ratios are correlated with the dilution of the 
hydrothermal reservoir (Fig. 4.8). Using the discharge-based model (Fig. 
4.2), we evaluate to what extent the Ge concentration and the Ge/Si ratios 
may be used to assess quantitatively to contribution from thermal springs, 
runoff and alkaline tributaries in a well-constrained catchment influenced 
by acid weathering. By mass balance, we calculate the Ge concentration 
and Ge/Si ratio of the acidic river via the following equations (Eq. 1 and 
Eq. 2):  

 
GeBPX.DBPX. = GeBP(X-1) .DBP(X-1)  + Gecontributors. Dcontributors (Eq. 1) 

 
Ge/SiBPX.DBPX = Ge/SiBP(X-1) .DBP(X-1)  + Ge/Sicontributors. Dcontributors (Eq. 2) 

 
with D = discharge, contributors = thermal springs, runoff or alkaline 
rivers. We compared the calculated values with the measured values of Ge 
concentration and Ge/Si ratios (Table 4.3). There is overall a good 
agreement between measured and calculated values, supporting the 
conservative behavior of Ge, except for BP4, BP6 and BP7.  
 
The calculated Ge/Si ratio of BP4 (considering the two contributors for 
BP4 collected on the field, i.e., BP3 and SP5) is too low as compared to 
the measured value for BP4 (Table 4.3). We hypothesize an additional 
contribution to BP4, likely from runoff. We estimate the Ge/Si ratio of 
this additional contributor to BP4 via the following equation (Eq. 3):  
 

Ge/Sicontributors = [Ge/SiBP4.DBP4  - Ge/SiSP5.DSP5]/Dcontributors (Eq. 3) 
 



Part III: Data chapters Ch2 

 

215 

 

We obtain a Ge/Si ratio of 305.56 µmol.mol-1 for this additional 
contributor to BP4 (Fig. 4.2), which strongly support a missed 
contribution from hyper acid SO4-Cl thermal waters characterized by high 
Ge/Si ratios (similar to SP1-SP7; Fig. 4.8).  
 
The calculated Ge/Si ratio of BP6 is also too low as compared to the 
measured value for BP6 (Table 4.3). Using the same approach as for BP4, 
it is hypothesized that the Ge/Si measured in BP6 results from the mixing 
of BP5 (1.90%), SP8 (0.12%) and a major runoff contribution (97.97%). 
We assess the Ge/Si ratio of the contributor to BP6 via the following 
equation (Eq. 4):  
 

Ge/Sicontributors = [Ge/SiBP5.DBP5  - Ge/SiSP8.DSP8]/Dcontributors (Eq. 4) 
 

We obtain a Ge/Si ratio of 13.53 µmol.mol-1 for this additional contributor 
to BP6 (Fig. 4.2), which strongly support a missed contribution from 
mixed neutral HCO3-SO4 thermal waters (similar to SP8-SP11; Fig. 4.8). 
 
For BP7, the calculated Ge/Si value is higher than the measured value 
(Table 4.3). We hypothesize that an additional process influencing the 
Ge/Si ratios of BP7 may be the precipitation of secondary Al-
oxyhydroxide minerals affecting the catchment of KST, a contributor to 
BP7. Precipitation of Al(OH)3 is expected based on PHREEQC 
simulations for KST (SI > 0 for Al(OH)3). Their precipitation may be the 
result of higher pH values (>8; Table 4.1). Germanium can be sequestered 
by secondary Al-oxyhydroxides contributing to deplete solutions in Ge 
(Scribner et al, 2006), which may lead to lower Ge/Si values measured 
than calculated, as the impact of the precipitation of Al(OH)3 was not 
included in the calculation. 
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Table 4.3: Comparison between the “measured” Ge concentrations and Ge/Si ratios (Table 4.2) and “calculated” 
Ge concentrations and Ge/Si ratios (using discharge-based mixing model) from acid lake located in the Kawah Ijen 
summit (BP1) to the Lewung irrigation dam located 40 km downstream at the coastal Asembagus Plain inlet (BP10). 
“Measured” discharge = water discharge in situ and “calculated” discharge = water discharge corrected by equations 
in Fig. 4.2. Matching for Ge (%) = [(Measured Ge-Calculated Ge)/Measured Ge]*100 and matching for Ge/Si (%) 
= [(Measured Ge/Si-Calculated Ge/Si)/Measured Ge/Si]*100.  
 

 
 
 
 
 

Label Measured discharge Calculated discharge Measured Ge Calculated Ge Matching for Ge Measured Ge/Si Calculated Ge/Si Matching for Ge/Si

m
3
.s

-1
m

3
.s

-1
nmol.l

-1
nmol.l

-1 % µmol.mol
-1

µmol.mol
-1 %

BP1 0.002 0.006 729.63 636.15 13 513.90 425.95 17

BP2 0.033 0.008 743.39 726.12 2 504.20 509.85 -1

BP3 0.040 0.012 605.73 663.56 -10 419.97 439.84 -5

BP4 0.003 0.042 536.89 602.27 -12 340.59 141.49 58

BP5 0.172 0.065 357.93 512.50 -43 220.68 326.03 -48

BP6 3.413 3.413 37.15 6.86 82 17.47 4.21 76

KST 1.237 1.237 1.69  -  - 1.35  -  -

BP7 4.842 4.650 8.59 27.71 -223 6.06 13.18 -117

BP8 4.842 4.870 9.85 10.22 -4 6.49 6.55 -1

KS 2.062 2.062 2.51  -  - 1.87  -  -

BP9 4.558 6.932 6.73 7.22 -7 4.56 5.11 -12

BP10 5.288 6.932 6.56 6.73 -3 4.47  - -2
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4.6.4 Implications for atmospheric CO2 consumption by 

chemical weathering in a hyper acid hydrothermal 

context 

The chemical weathering rates (CWR, t.km-2.yr-1) of the Banyu 
Pahit/Banyu Putih catchment can be estimated using the Si (expressed as 
SiO2), Na, K, Mg and Ca concentrations of the river collected at Lewung 
dam (BP10) before irrigating the coastal Asembagus Plain. We performed 
three scenarios: (i) dry season (DS) using element concentrations and 
discharge of BP10 in dry season (Delmelle and Bernard, 2000), (ii) wet 
season (WS) using element concentrations and calculated discharge of 
BP10 in wet season (Table 4.1; Fig. 4.2), and (ii) on an annual basis 
(ANN) using the discharge-weighted mean element concentrations in 
BP10 in dry and wet seasons (Delmelle and Bernard, 2000 and Table 4.1, 
respectively) and the mean water discharge over 18 years at BP10 (Löhr et 
al, 2005).  

The CWR of BP10 in WS (141 t.km-2.yr-1) is higher than the one in DS (84 
t.km-2.yr-1) which is in the same range than the CWR in the ANN scenario 
(73 t.km-2.yr-1) (Table 4.1). This suggests that in volcanic regions where 
the riverine Si concentration is controlled by silica precipitation due the 
input from hyper acid thermal waters (as confirmed by the Ge/Si ratio; 
section 4.6.1 and 4.6.3), the higher riverine discharge in wet season do 
not substantially influence the annual Si riverine fluxes. These CWR values 
are in the range of CWR values reported for basaltic volcanic islands (East 
Java: 65-277 t.km-2.yr-1, Louvat, 1997; La Réunion: 63-170 t.km-2.yr-1, 
Louvat and Allègre, 1997; Sao Miguel: 26-50 t.km-2.yr-1, Louvat and 
Allègre, 1997; Iceland: 19-146 t.km-2.yr-1, Stefánsson and Gislason, 2001).  

We estimated the associated atmospheric CO2 consumption by chemical 
weathering of Banyu Pahit/Banyu Putih river (atmCO2 consumption; 
tatmCO2.km-2.yr-1) using the Si mass from BP10 (tSi.yr-1) for the three 
scenarios (DS, WS, ANN) based on the method developed by Edmond 
and Huh (1997); Goldsmith et al (2008); Freire et al (2013). The results are 
40, 62 and 33 tatmCO2.km-2.yr-1 in DS, WS and ANN, respectively (Table 
4.4; details in Suppl. Mat. 4.4). These values are (i) higher than values of 



Part III: Data chapters Ch2 

 

218 

 

atmospheric CO2 consumption by chemical weathering (in tatmCO2.km-2.yr-

1) reported in active orogenic region (Andes : 8-21, Himalaya: 4-14; 
Edmond and Huh, 1997) or in one of the largest tropical basin (Amazon: 
5-15; Moquet et al, 2011) or in cold volcanic regions (Kamchatka: 15-20, 
Dessert et al, 2009), (ii) lower than values reported for some tropical 
volcanic regions, mainly basaltic (Réunion: 48-180, Louvat and Allègre, 
1997; Deccan trapp: 26-110, Dessert et al, 2001; Philippines: 162-180; 
Schopka et al, 2001), and (iii) in the range of values reported for some 
tropical volcanic island arcs such as Java (Dominique: 8-69, Goldschmidt 
et al, 2010; Martinique/Guadeloupe: 48-62, Rad et al, 2006) or for a mid-
ridge volcanic island (Iceland: 6-78, Stefánsson and Gislason, 2001). 

However, the values calculated for the Banyu Pahit/Banyu Putih river 
catchment overestimate the atmospheric CO2 consumption by chemical 
weathering given that CO2 originated from magmatic sources also 
contributed to chemical weathering in the river catchment (section 4.6.1). 
According to the discharge-based model combined with the Ge/Si ratio 
(section 4.6.3), most of the thermal springs contributions to the Banyu 
Pahit/Banyu Putih catchment have been sampled and analyzed for their 
Si concentration and discharge (Table 4.1; except a missed contribution 
for BP4 and for BP6, see section 4.6.3 and Fig. 4.2). Therefore, the 
amount of CO2 originated from magmatic sources (tCO2m.km-2.yr-1; 
considered as a magmatic source of acidity including all volatiles degassing 
from magma such as CO2, HF, HCl, H2SO4) in the Banyu Pahit/Banyu 
Putih river catchment can be calculated based on the total thermal springs 
Si mass (tSi.yr-1) and the same method developed by Edmond and Huh 
(1997); Goldsmith et al (2008); Freire et al (2013) (Table 4.4; details in 
Suppl. Mat. 4.4). By subtracting this amount of CO2 originated from 
magmatic sources to the first value obtained for the atmospheric CO2 
consumption by chemical weathering in the catchment, we provide a value 
for the atmospheric CO2 consumption by chemical weathering the Banyu 
Pahit/Banyu Putih catchment corrected for magmatic CO2 (tCO2c.km-2.yr-

1; Table 4.4). This calculation supports that the hydrothermal 
contribution to the riverine CO2 consumption by chemical weathering in 
the Banyu Pahit/Banyu Putih river catchment ranges from 2.36 % in wet 
season to 4.44 % on an annual basis (Table 4.4; details in Suppl. Mat. 
4.4). This highlights that a hyper acid hydrothermal environment 
contributes substantially to provide CO2 from magmatic sources and 
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should be accounted for in global estimates of atmospheric CO2 
consumption by silicate weathering from volcanic regions. 

A similar calculation of the hydrothermal contribution to the riverine CO2 
consumption by chemical weathering can be done before reaching the 
Asembagus plain for the river water of Banyu Pahit on the flank of Kawah 
Ijen volcano (at BP5). This calculation shows that in wet season, instead 
of a hydrothermal contribution of 2.36 % at BP10, there is a 54.54 % 
hydrothermal contribution at BP5 (Table 4.4). Even if not on annual basis 
(based on available discharge data for BP5 and BP10), this comparison 
importantly highlights the importance of the sampling location used for 
the estimation of the hydrothermal contribution to the overall input of 
CO2 from magmatic sources, and hence for the correction on the 
atmospheric CO2 consumption by silicate weathering from volcanic 
regions. 
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Table 4.4: Chemical weathering rates (CWR, t.km-2.yr-1) and atmospheric CO2 consumption by chemical weathering 
for Banyu Putih river at Lewung dam (BP10; draining area estimated at 450 km2) and for Banyu Pahit on the flank 
of Kawah Ijen volcano (BP5; draining area estimated at 15 km2). The atmospheric CO2 consumption by chemical 
weathering (tatmCO2.km-2.yr-1) is corrected for the amount of CO2 originated from magmatic sources (tCO2m.km-2.yr-1) to 
obtain a corrected value for atmospheric CO2 consumption by chemical weathering (tCO2c.km-2.yr-1). Si concentrations 
and riverine discharge: in dry season (DS) (data from Delmelle and Bernard, 2000), wet season (WS) (data from this 
study) and on an annual basis (ANN) (based on mean BP10 Si concentrations in dry and wet season, and on mean 
discharge on 18 years reported by Löhr et al (2005)). Calculations for atmospheric CO2 consumption by chemical 
weathering are detailed in Suppl. Mat 4.4.   
 

CWR Si atmCO2 consumption magmatic sources hydrothermal contribution Corrected atmCO2 consumption

t.km
-2

.yr
-1 tSi.yr

-1
tatmCO2.km

-2
.yr

-1
tCO2m.km

-2
.yr

-1 % tCO2c.km
-2

.yr
-1

 - 211  - 1.5  -  -

DS 84 5777 40 1.5 3.66 38.5

WS 141 8943 62 1.5 2.36 60.5

ANN 73 4768 33 1.5 4.44 31.5

 - 51  - 0.36  -  -

BP5 WS 265 94 0.65 0.36 54.54 0.29

Thermal springs between BP1 and BP5

Thermal springs between BP1 and BP10

BP10
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4.7 Conclusion  

This study investigated the influence of hyper acid thermal waters on the 
Ge/Si ratio and δ30Si value of the Banyu Pahit/Banyu Putih river draining 
from the Kawah Ijen volcano to the Asembagus plain located 40 km 
downstream. The main following conclusions can be drawn from the data: 

(i) The Banyu Pahit/Banyu Putih river exhibit the highest Ge/Si ratios 
reported in river waters (4.47-513.90 µmol.mol-1), with the highest values 
in the upstream section reflecting hyper acid SO4-Cl thermal water 
discharges characterized by high Ge/Si ratios (160.12-507.89 µmol.mol-1). 

(ii) In this hyper acid hydrothermal environment, the Si concentration in 
rivers is controlled by the saturation of silica, and the Ge concentration 
reflect hydrothermal input to rivers decreasing with hydrothermal dilution. 
In this context, the Ge/Si ratio is a powerful tracer of the thermal input 
to rivers.    

(iii) The low δ30Si values of the hyper acid SO4-Cl thermal water discharges 
(-0.14 to 0.47‰) explain the lower δ30Si values in the upstream section of 
the Banyu Pahit/Banyu Putih river (-0.08 to 0.48 ‰) relative to the 
downstream section of the river (1.06 to 1.73 ‰). The higher δ30Si values 
in the downstream riverine section reflect a contribution from mixed 
neutral HCO3-SO4 thermal waters (-0.35 to 0.19‰) and alkaline tributaries 
(0.99-1.22 ‰) combined with an influence from soil weathering processes 
(i.e., soil pore water input = 1.24-1.56‰). 

(iv) This study provides the first quantitative assessment of all 
contributions to the Banyu Pahit/Banyu Putih river by combining a 
discharge-based model with the riverine Ge/Si ratio, including low 
discharge thermal contributors to rivers (either hyper acid SO4-Cl thermal 
waters or mixed neutral HCO3-SO4 thermal waters) which are not detected 
on the field. 

(v) This study highlights the importance to account for the contribution 
from CO2 from magmatic sources from hyper acid hydrothermal 
environments to global estimates of atmospheric CO2 consumption by 
silicate weathering from volcanic regions. 
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4.9. Supplementary Materials 

 
 
 

 

 

 

 

 

 

 

 

 

Suppl. Mat. 4.1: Silicon isotopes measurements of all water samples plotted onto a mass-dependent fractionation 
array δ30Si and δ29Si (theorical 0.5178 slope for equilibrium mass-dependent fractionation; Young et al, 2002).
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Suppl. Mat. 4.2: Discharge at the Lewung dam (BP10) in wet (February 
2017; this study) and dry (June 2016 and October 2016; data from 
Asembagus Irrigation Office) seasons as a function of the precipitation 
(data from Asembagus Irrigation Office).  
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Suppl. Mat. 4.3: Major element concentrations (µmol.l-1) as a function of total dissolved solids (TDS; µmol.l-1) in 
Banyu Pahit/Banyu Putih river water draining from Kawah Ijen volcano (sampled at eleven different location 40 km 
downstream) and the three alkaline river waters (KST, KS and BA).
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Suppl. Mat. 4.4: Assessment of the magmatic CO2 consumed by silicate 
chemical weathering (using the method developed by Edmond and Huh 
(1997); Goldsmith et al (2008); Freire et al (2013)). 

First, we calculate the Si mass (tSi.yr-1) exported by thermal springs (LF, 
SP1-SP11) yearly considering that thermals springs discharge and Si 
concentrations are constant throughout the year (Eq. 1): 
 
Sithermal springs = [ (DLF.SiLF) + (DSP1.SiSP1) + … + (DSP11.SiSP11) ] * 1000 (l.m-

3) * 3600 * 24 * 365 (s.yr-1)   (Eq. 1) 
 
with DLF = LF discharge (m3.s-1) and SiLF = LF Si concentrations (mg.l-
1),…  
 
Second, we calculate the Si mass (tSi.yr-1) exported by BP10 for the three 
scenarios (DS, WS, ANN) (Eq. 2): 
 

SiBP10 = (DBP10.SiBP10) * 1000 (l.m-3) * 3600 * 24 * 365 (s.yr-1)  
(Eq. 2) 

 
Edmond and Huh (1997), Goldsmith et al (2008) and Freire et al (2013) 
argue that silicate chemical weathering need 2 mol of CO2 to release 1 mol 
of Si.  

 

For thermal springs, we assume that 1 mol of Si is responsible of the 
consumption of 2 mol of magmatic CO2 (magmatic sources including all 
volatiles degassing from magma such as HF, HCl, H2SO4; CO2m) (Eq. 4) 

and we convert the mol of magmatic CO2 into fluxes (tCO2m.km-2.yr-1) (Eq. 
3, 5-7): 

Sithermal springs  = molSi in thermal springs . MSi
-1

  

(Eq. 3) 

 

2x molSi in thermal springs = x molCO2m   

(Eq. 4) 
 

x molCO2m . MCO2m  = mgCO2m.yr-1  
(Eq. 5) 
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mgCO2m.yr-1 . 10-9 = tCO2m.yr-1  

(Eq. 6) 
 

tCO2m.yr-1
 . (Banyu Pahit/Banyu Putih catchment size)-1 = t CO2m.km-2.yr-1  

(Eq. 7) 

 
with MCO2m = 44.01 g.mol-1; Banyu Pahit/Banyu Putih catchment size = 
450 km2. 
 

For the three scenario of BP10 (DS, WS, ANN), we assume that 1 mol 
of Si is responsible of the consumption of 2 mol of atmCO2 (Eq. 9) and 
we convert the mol of atmCO2 into atmCO2 fluxes (tatmCO2.km-2.yr-1) (Eq. 
8, 10-12):  

SiBP10= molSi in BP10 . MSi
-1

  

(Eq. 8) 
 
 

2x molSi in BP10 = x molatmCO2   

 (Eq. 9) 
 

x molatmCO2 . MatmCO2  = mg atmCO2.yr-1  
(Eq. 10) 

 
mgatmCO2.yr-1 . 10-9 = tatmCO2.yr-1  

(Eq. 11) 
 

tatmCO2.yr-1
 . (Banyu Pahit/Banyu Putih catchment size)-1 = t atmCO2.km-2.yr-1 

 (Eq. 12) 

 

with MatmCO2 = 44.01 g.mol-1; DBP10 = BP10 discharge; Banyu Pahit/Banyu 
Putih catchment size = 450 km2. 
 
Values of BP10 Si concentrations and discharge for each scenario (DS, 
WS, ANN) are given in Table 4.4.  
 

Finally, we calculated hydrothermal contribution (Eq. 13) and we obtained 
the corrected atmCO2 consumption by silicate chemical weathering (CO2c) 
(Eq. 14): 
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hydrothermal contribution (%) = [ (magmatic sources/atmCO2 

consumption) ]*100 
(Eq. 13) 

 
t atmCO2.km-2.yr-1 - t CO2m.km-2.yr-1 = t CO2c.km-2.yr-1  

(Eq. 14) 
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Chapter 3: 
 

Imprint of chemical weathering and 
hydrothermalism on the Ge/Si ratio and Si 
isotope composition of rivers in a volcanic 

tropical island, Basse-Terre, Guadeloupe  
(French West Indies)1 

 
 

5.1 Abstract 
 

A significant portion of the disproportionally high weathering flux in 
volcanic island arcs may originate from hydrothermal activity, thereby 
compromising the accurate estimate of atmospheric CO2 consumption 
rates. The objective of this study is to evaluate how the riverine Ge/Si 
ratio and Si isotopes, two well-established tracers of weathering, respond 
to hydrothermal inputs. The work took place in Basse-Terre, Guadeloupe, 
a tropical volcanic arc island with a dense river network, high weathering 
fluxes and various hydrothermal surface manifestations. We characterized 
the Ge/Si ratio and δ30Si of 15 thermal springs, 9 non-impacted (NI) rivers 
and 13 hydrothermally-impacted (HI) rivers. The soil solution from a 
highly weathered soil profile (Ferralsol) and a clayey-rock corresponding 
to the material exposed in an extinct hydrothermal system were also 
measured. Basse-Terre’s thermal springs display variable Ge/Si ratios 
(0.05-21.03 µmol.mol-1) and δ30Si (0.71-1.50 ‰), but with no apparent 
relationship to the water compositional type. The Ge/Si ratio (0.15-2.57 

                                                 
1 Adapted from Gaspard, F., Opfergelt, S., Dessert, C., Robert, V., Ameijeiras-Marino, 
Y., Delmelle, P.,. Imprint of chemical weathering and hydrothermalism on the Ge/Si 
ratio and Si isotope composition of rivers in a volcanic tropical island, Basse-Terre, 
Guadeloupe (French West Indies). Submitted in Chemical Geology. 
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µmol.mol-1) and Si isotope composition (δ30Si = 0.26-1.21 ‰) values of 
the NI rivers reveal differences in the watersheds’ weathering degree. 
Redissolution of Ge- and 28Si-rich clay minerals and Ge-bearing aluminum 
oxides explains the high Ge/Si and isotopically light composition of the 
northern NI rivers draining strongly weathered terranes. The Ge/Si ratio 
and δ30Si values measured for the NI and HI rivers overlap, implying that 
they cannot be used to diagnose hydrothermal contributions to river 
basins unambiguously. However, when combined with the Cl- and SO4

2- 

concentrations, the analysis of Ge and Si in the HI rivers suggests that 
water seeping through an extinct hydrothermal system produces SO4-rich 
drainages with distinctively lower Ge/Si ratios than those inferred for 
watersheds receiving thermal spring discharges associated with an active 
hydrothermal system. Overall, our results provide new constraints on the 
applicability and meaning of Ge/Si and Si isotope measurements to study 
weathering in volcanic environments. 
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5.2 Introduction 

Recent studies highlight that weathering in volcanic island arcs with 
intermediate and felsic rock compositions is responsible for a 
disproportionately large contribution to global weathering budgets (e.g., 
Goldsmith et al, 2008, 2010; Jones et al, 2011; Schopka et al, 2011; 
Gaillardet et al, 2011; Blazina et al, 2013). This is due in part to the high 
abundances of Ca and Mg silicates in arc terranes, the weathering of which 
results in high CO2 consumption rates (e.g., Berner et al, 1983; François 
and Walker, 1992; Louvat and Allègre, 1997; Gaillardet et al, 1999; Dessert 
et al, 2003), but also to the mineralogy (olivine, pyroxene, amphibole, 
glass) and texture (tephra) of volcanic arc-derived rocks which enhance 
dissolution reactions. Moreover, many of the active island arcs are located 
in the wet tropics where high runoff rates prevail (e.g., Vörösmarty et al, 
2000; Gaillardet et al, 2011). 

Chemical weathering rates are controlled by bedrock age, temperature, 
runoff, uplift/erosion rate and relief, among other variables (e.g., Lerman 
and Meybeck, 1988; White and Brantley, 1995; Gaillardet et al, 1999; 
Dixon et al, 2009). Volcanic arc islands usually display rock substrata that 
vary little in composition, but which can span a range of ages, depending 
on the eruptive history of the volcanic center(s). On Basse-Terre Island, 
Guadeloupe, previous studies (Gaillardet et al, 2011; Lloret et al, 2011; 
Dessert et al, 2015) demonstrated that highly weathered watersheds are 
characterized by much lower weathering rates than rivers draining soils 
developed on younger bedrock. This reflects mainly the combined effect 
of bedrock ages and runoff. Additional studies focused on the most 
reactive terranes should contribute to improve our understanding of 
weathering in volcanic arc islands. 

Another characteristic of active volcanic arc islands is that they usually 
host various hydrothermal manifestations, including fumaroles, thermal 
springs and hot grounds, which are sustained by the cooling and degassing 
of a magma intrusion at depth. Importantly, there is evidence that a 
significant portion of the chemical weathering fluxes generated in volcanic 
terranes is driven by water-rock interaction involving hydrothermal 
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waters. For example, Rivé et al (2013) concluded for the Lesser Antilles 
that up to 40% of the weathering flux is hydrothermal in origin. In the 
Philippines, Schopka et al (2011) argued that on average approximately 
10% of the dissolved cation load in rivers relates to hydrothermal activity. 
Similarly, but in different volcanic settings, other studies have 
demonstrated a substantial influence of hydrothermalism on weathering 
rates in La Réunion (Louvat and Allègre, 1997), Kamchatka, Russia 
(Dessert et al, 2009), Iceland (Louvat et al, 2008) and Yellowstone, USA 
(Hurwitz et al, 2010). The acidity responsible for such weathering 
reactions originates from the degassing and dissolution of magmatic 
volatiles, mainly CO2, SO2, H2S and sometimes HCl, in the subsurface 
hydrothermal system. Preferentially generated in active hydrothermal 
systems, this additional source of acidity can also derive from the 
weathering of alteration deposits in extinct hydrothermal systems 
(Gaillardet et al, 2011; Rivé et al, 2013; Dessert et al, 2015). Ignoring the 
volcanic contribution to the chemical weathering fluxes produces 
overestimates of atmospheric CO2 consumption rates. 

Thus, concomitant to the recognition that bedrock age exerts a strong 
control on weathering in volcanic island arcs, it appears that a better 
knowledge of the hydrothermal influence on weathering fluxes is required 
in order to test further the idea that these tectonic settings represent a 
quantitatively significant contribution to global CO2 consumption. Among 
the various geochemical tools that have been used to track weathering in 
volcanic terranes, the combination of Si isotopes and Ge/Si ratio 
measurements has proven to be particularly powerful for identifying the 
processes underpinning the dissolved chemical fluxes (e.g., Derry et al, 
2005; Ziegler et al, 2005; Opfergelt et al, 2010; 2013; Baronas et al, 2018; 
2020). However, the few Si isotope (Douthitt, 1982; Opfergelt et al, 2011; 
Geilert et al, 2015; Ding et al, 2017; Chen et al, 2020) and Ge/Si ratio 
(Arnórsson, 1987; Siebert et al, 2006; Escoube et al, 2015) compositions 
available in the scientific literature for volcanic thermal springs suggest 
that hydrothermalism may alter the original isotopic and chemical 
signatures recorded during low-temperature weathering reactions. On the 
other hand, the tracers (e.g., concentration ratios and isotopes, including 
C, Sr, U-Th, B) used to decipher a hydrothermal contribution to rivers in 
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volcanic terranes (Louvat and Allègre, 1997; Gaillardet et al, 2011; Rad et 
al, 2011; Louvat et al, 2011; Rivé et al, 2013) have not been designed to 
identify catchments with contrasted weathering degrees. 

This study was carried out with the objective of characterizing the Si 
isotope composition and Ge/Si ratio of thermal springs and rivers in 
Basse-Terre, Guadeloupe. More specifically, our goals are to (i) document 
the δ30Si and Ge/Si ratio variability in thermal springs that vary in 
composition, (ii) assess if the riverine δ30Si and Ge/Si ratio record an 
influence from hydrothermal inputs, and (iii) confirm the suitability of 
δ30Si and Ge/Si ratio determinations for tracing low-temperature 
weathering processes in volcanic terranes with hydrothermal surface 
manifestations.  

Basse-Terre is a prime location to address the above objectives because (i) 
the lithology is largely invariant across the island (Westercamp, 1988; 
Boudon et al, 2008; Samper et al, 2007; 2009), (ii) there is a clear south to 
north weathering gradient (Colmet-Daage and Lagache, 1965; Colmet-
Daage, 1969; Cabidoche et al, 2009; Gaillardet et al, 2011; Lloret et al, 
2011; Dessert et al, 2015), (iii) the island hosts both extinct and active 
hydrothermal systems (Verati et al, 2014, 2018; Favier et al, 2019; Salaün 
et al, 2011), and (iv) the geochemistry of the thermal springs and rivers are 
well-described (e.g., Brombach et al, 2000; Villemant et al, 2005; Gaillardet 
et al, 2011; Lloret et al, 2011; Villemant et al, 2014; Dessert et al, 2015). 

 

 

 

 

 

 



Part III: Data chapters Ch3 

 

239 

 

5.3 Geological, pedological and climatic setting  

The study took place on Basse-Terre Island (950 km2; 16°N, 61°W) in 
Guadeloupe, Lesser Antilles, Caribbean Sea (Fig. 5.1). Basse-Terre 
consists of four main volcanic massifs varying in composition from 
basaltic-andesite to andesite (e.g., Samper et al, 2007, 2009; Boudon et al, 
2008; Ricci et al, 2017; Favier et al, 2019). The oldest massifs are found in 
north Basse-Terre and include the Basal Complex (4.30–2.68 Ma) and the 
Septentrional Chain (1.81–1.15 Ma). Younger volcanism in the southern 
part of the island formed the Axial Chain (1.02–0.44 Ma) and the La 
Grande Découverte-La Soufrière composite volcano (445-205 ka to 
present). The Amic crater, which lies within the La Grande Découverte 
Caldeira, hosts the andesitic dome of La Soufrière (1464 m above sea level; 
Fig. 5.1). The lava dome was emplaced at the end of the last magmatic 
eruptive activity in 1530 AD (Boudon et al, 2008). Extinct hydrothermal 
systems, such as those found at Deshaies Dome, Les Mamelles Complex, 
Bouillante, and Carmichaël, are associated to old volcanic centers 
occurring in the main volcanic massifs (Basal Complex, Septentrional 
Chain, Axial Chain, La Grande Découverte complex, respectively; Verati 
et al, 2014, 2018; Favier et al, 2019; Salaün et al, 2011; Fig. 5.1). 

Numerous fumaroles, thermal springs and temperature anomalies at the 
summit and periphery of the lava dome reveal the presence of an active 
hydrothermal system centered on La Soufrière (Brombach et al, 2000). 
This shallow aquifer (~500 m below the surface), delimited by the Amic 
caldera border, has an estimated temperature of 190-260 °C. It is fed by 
meteoric water percolating through pyroclastic deposits and by hot 
magmatic fluids (Brombach et al, 2000). The distribution of thermal 
springs on La Soufrière is controlled by several fracture systems, where 
intense hydrothermal alteration of the andesitic rocks takes place (Nicollin 
et al, 2006; Zlotnicki et al, 2006). Thermal springs are also found around 
extinct hydrothermal systems, for example in the Bouillante geothermal 
area. Several studies have described the geochemistry of Basse-Terre’s 
thermal springs (e.g., Bigot and Hammouya, 1982; Brombach et al, 2000; 
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Louvat et al, 2011; Ruzié et al, 2013; Villemant et al, 2014; Dessert et al, 
2015).  

Basse-Terre Island has a dry-winter tropical climate, with annual 
temperature and relative humidity averaging to ~23 °C and 75 %, 
respectively (Météo-France, 2019). The dry and rainy seasons run from 
January to April and from June to November, respectively. The average 
annual precipitation (between 1981 and 2010; Météo-France, 2019) 
fluctuates between 1050 and 8500 mm.yr-1, depending on relief. This large 
variation reflects an orographic effect; the east coast receives high rainfall 
due to the strong influence of the Easterly and conversely, the west coast, 
protected by the orographic barrier, receives less rainfall (Chaperon et al, 
1985). Combined with the rugged and steep relief of Basse-Terre, the 
abundant rainfall feeds a dense river network. There are 30 and 25 
independent river systems on the west and east coasts of Basse-Terre, 
respectively, all with a watershed area greater than 1 km2 (DIREN; French 
Water Survey agency). Gaillardet et al (2011), Lloret et al (2011) and 
Dessert et al (2015) provide a detailed description of the river 
geochemistry. Depending on location, the river systems drain terrains with 
contrasted soil properties. Highly-weathered soils, which include clay 
mineral-rich Ferralsols and Vertisols are found in the northern and central 
parts of Basse-Terre (Fig. 5.1), where Pliocene volcanic deposits dominate 
the landscape (Colmet-Daage, 1969). In contrast, young and less 
weathered Andosols derived from Quaternary volcanic deposits occur in 
the south of the island.
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Fig. 5.1: Sampling locations on Basse-Terre Island, Guadeloupe, Lesser-
Antilles. The thermal springs (black circle), rivers (black triangle), soil 
solutions (black diamond) and hydrothermally-altered rock (®) are 
depicted on a simplified soil map (modified from Cabidoche, 2011). Also 
shown are La Soufrière volcano, Deshaies Dome, Les Mamelles Complex, 
Bouillante geothermal area and Carmichaël. The approximate boundaries 
of the La Grande Découverte caldeira and Amic crater are represented by 
dotted lines (Barat, 1986; Komorowski et al, 2005). All the sample codes 
are described in Table 5.1. 

 

5.4 Materials and methods 

5.4.1 Sampling 

Fifteen thermal springs were sampled on Basse-Terre Island between 2015 
and 2018 (Fig. 5.1; Table 5.1). Most of these springs have been 
monitored routinely by the Observatoire Volcanologique et Sismologique 
de la Guadeloupe-Institut de Physique du Globe de Paris (OVSG-IPGP) 
since 1978. The springs Ravine Marchand (RM2 and RM3), Galion (GA), 
Galion Blanc (GAB), Galion Froid (GAF), Carbet-Echelle (CE), Bains 
Jaunes (BJ), Pas du Roy (PR) and Tarade (TA) sit inside the Amic Crater 
at elevations ranging from ~980 to 1150 m. Grosse Corde (GC) and Chute 
du Carbet (CC) lie farther away from the lava dome on the eastern side of 
the volcano, whereas Bains Chauds du Matouba (BCM) and Habitation 
Revel (HR) are located on its western flank. Dolé is a thermal spring 
located ~5.8 km to the south of La Soufrière. We also sampled a thermal 
spring (Sofaïa) in the northern part of the island. We did not include 
thermal springs from the Bouillante geothermal area in our study as these 
are contaminated by seawater (Brombach et al, 2000). 

Water samples from 22 rivers were obtained in January-February 2015, 
October-November 2017 and April 2018 (Table 5.1). The river samples 
were collected as much as possible from areas with minimum 
anthropogenic disturbances. The rivers drain watersheds in the north 
(n=5; rivière Nogent (rNogent), Moustique Ste-Rose (rMoustique Ste-
Rose), Petite Plaine (rPP), Grande Plaine (rGP) and Ravine Rouge (rRR)), 
the center (n=5; Corossol (rCorossol), Bras David (rBD), Quiock Creek 
(rQC), Cascade aux écrevisses (rCAE), Petit Bras David (rPBD)), and the 
south of Basse-Terre (n=3; Ravine Marchand (rRM), Ravine Chaude 
(rRC) and Galion (rGA). Water samples from rGA were obtained from 
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three locations: “amont” (rGAam), “aval” (rGAav) and “bassin bleu” 
(rGAbb). Three rivers were sampled on the west coast (Noire (rRN), St-
Louis (rSt-Louis) and Rouge (rRouge)) and fours rivers on the east coast 
(n=4; Capesterre (rCap), Chute du Carbet (rCC), Carbet (rCE), Grosse 
Corde (rGC)) of South Basse-Terre (Fig. 5.1). The rPP, rGP, and rRR 
rivers drain the extinct hydrothermal system associated with Les Mamelles, 
and the rRouge river drains the extinct hydrothermal system of 
Carmichaël. Several of these rivers (rBD, rQC, rPBD, rSt-Louis, rRouge 
and rCap) have been monitored routinely by the Observatoire de l’Eau et 
de l’Erosion-Institut de Physique du Globe de Paris (OBSERA-IPGP) 
since 2006. 

The temperature, pH and conductivity (µS.cm-1, referenced to 25 °C) of 
the thermal springs and rivers were measured in situ with a Hanna HI 
991300 electrode. The water samples were filtered within 24 hours after 
collection using 0.45 µm polycarbonate membranes, and then stored at 4 
°C in the dark in pre-washed polypropylene bottles. An aliquot filtered 
and acidified to 0.5% v/v with suprapure HNO3 was used for major, trace 
element and Si isotope analysis. The anions were measured on a separate 
unacidified sample aliquot. 

Soil solutions were collected from a soil profile (GBD2 in Table 5.1) from 
the Quiock Creek catchment, which is monitored regularly by OBSERA. 
The soil is a Ferralsol, a soil group commonly encountered in the north 
and center of Basse-Terre and which is characterized by an advanced stage 
of weathering (Fig. 5.1). The soil solutions were retrieved at depths of 61, 
91, 152, 274, 344, 457 and 823 cm using no-suction 5-cm diameter nested 
lysimeters equipped with porous ceramic cups (Buss et al, 2010; Clergue 
et al, 2015). The solutions were filtered with 0.45 µm polycarbonate filters 
prior to storage at 4 °C.  

Finally, a sample of clayey, hydrothermally-altered rock collected from the 
Grande Plaine watershed which drains the extinct hydrothermal system of 
Les Mamelles (Fig. 5.1) was determined by X-ray powder diffraction 
(XRD, Bruker D8 Advance, Cu Kα, I = 0.15418 nm, 40 kV, 30 mA, 2θ = 
1°/min). The analysis revealed the presence of pyrite, pyrophyllite and 
dickite, with minor smectite and residual feldspar in this sample (Suppl. 
Mat 5.1).  
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5.4.2 Water composition analysis 

The concentrations of Ca, Na, Mg, K, Al, Fe and Si in the water samples 
were determined by inductively-coupled plasma-optical emission 
spectrometry (ICP-OES; iCAP 6500 Thermo Fisher Scientific). The 
accuracy on majors elements (Ca, Na, Mg, K, Al, Fe and Si) analyses was 
assessed using the trueness (± 3%, ± 4%, ± 1%, ± 7%, ± 4%, ± 2% and 
± 4%; respectively) on the river water  reference material SLRS-5 
(Yeghicheyan et al, 2013) and the analytical precision (± 0.5%) for each 
element. The detection limit are 0.05, 0.43, 0.21, 0.26, 0.37, 0.18 and 0.36 
µmol.l-1 for Ca, Na, Mg, K, Al, Fe and Si, respectively. Anions (SO4

2-, Cl-) 
were measured by ion chromatography (Dionex ICS2000, column: 
AG15/AS15). The accuracy on SO4

2- and Cl- was assessed by using the 
trueness (± 3% and ± 4%; respectively) on river water certified reference 
material LGC6025 (UKAS, 2014) and the analytical precision (± 2%) for 
each anion. The detection limit are 1.5 and 3.1 for SO4

2- and Cl-, 
respectively. Alkalinity (µmol.l-1) was determined on the same day as 
sampling using an automatic titrator (Metrohm 916 Ti-Touch titrator). In 
all cases, the charge balance of the water analyses never exceeds 10%.  
 

5.4.3 Ge concentration measurements by ICP-MS 

The Ge concentration in all thermal springs, river waters, soil solutions 
and hydrothermally-altered rock was determined by ICP-mass 
spectrometry (ICP-MS, ICAPQ Thermo Fisher Scientific) using the 74Ge 
isotope for the measurement (Delvigne et al, 2018). Prior to analysis, the 
hydrothermal-altered rock was dissolved by alkaline fusion with 99.99% 
pure NaOH at 720 °C in a silver crucible (Georg et al, 2006). Accuracy 
and long-term repeatability of the analysis were assessed by measuring two 
international riverine standards, namely SLRS-5 ([Ge] = 0.083 ± 0.014 
nmol.l-1, SD; n=3) and SLRS-6 ([Ge] = 0.097 ± 0.0069 nmol.l-1, SD; n=3) 
(Yeghicheyan et al, 2013). The GAB thermal spring ([Ge] = 23.95 ± 0.096 
nmol.l-1, SD; n=14) was used as an in-house standard. SLRS-5, SLRS-6 
and GAB were measured in each of the analytical sessions that took place 
between July 2017 and June 2018. The detection limit for Ge is 0.04 nmol.l-
1 and the analytical precision of the measurement is ± 8 % for Ge 
concentrations < 0.013 nmol.l-1 and ± 4 % for Ge concentrations > 0.013 
nmol.l-1. The standard deviation of our Ge/Si ratio determinations is 10%. 
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5.4.4 Silicon isotope measurements 

5.4.4.1 Purification of anion-rich samples 

To prevent from matrix effects in mass spectrometry from anions such as 
SO4

2- and Cl-, Si in waters influenced by thermal manifestations has been 
purified by performing a two-step column chemistry, anion-exchange 
resin (Biorad AG MP-1) and cation-exchange resin (Biorad AG50W-X12; 
Georg et al, 2006) following the method developed by Gaspard et al, 
submitted.  

The Si isotope compositions of 9 thermal springs (RM2, CC, CE, GC, 
GA, GAB, TA, Sofaïa, BCM), 15 river waters (rNogent, rMoustique Ste-
Rose, rPP, rGP, rRR, rCorossol, rBD, rQC, rPBD, rCap, rRC, rCC, 
rRouge, rGC, rGAam), 7 soil solutions (GBD2) and the hydrothermally-
altered rock from Les Mamelles were determined after sample treatment 
using the two-step purification method. The hydrothermally-altered rock 
was first digested by alkaline fusion with NaOH (Georg et al, 2006) prior 
to purification; the Na concentration in the resulting solution was below 
the detection limit (< 0.43 µmol.l-1). The SO4

2- and Cl- concentrations in 
all the purified solutions were < 1.5 and < 3.1 µmol.l-1, respectively, i.e., 
below the detection limits for these anions. The Si recovery in all the 
solutions was always > 98% and the blank level was below the ICP-OES 
detection limit for Si (i.e., < 0.36 µmol.l-1). 

 

5.4.4.2 Mass spectrometry 
 

The Si isotope composition of the thermal spring, river water, soil solution 
and hydrothermally-altered rock samples were determined by MC-ICP-
MS (Neptune Plus™ High Resolution Multicollector ICP-MS, Thermo 
Fisher Scientific) in wet plasma mode and medium resolution 
(Δm/m~6000), using a PFA nebulizer of 100 µl.min-1 uptake rate. The 
instrumental mass bias was corrected using the standard-sample 
bracketing technique and an external Mg doping (Cardinal et al, 2003). The 
analyses were performed in a 2% v/v HNO3 matrix, with a typical 
sensitivity of 7 V for 2 mg.l-1 Si and an instrumental blank < 30 mV. Silicon 
isotope compositions are expressed in relative deviations of 30Si/28Si ratio 
from the NBS-28 reference standard using the common δ-notation (‰): 
δ30Si = [(30Si/28Si)sample/(30Si/28Si)NBS-28 - 1] × 1000. One measurement 
comprises 30 cycles with 4.2 s integration time corrected by blank in a 2% 
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v/v HNO3 matrix. Each single δ-value represents one sample run and two 
bracketing standards. δ30Si-values are reported as the mean of replicate 
isotopic analyses ± SD. Quality control of mass bias was performed by 
ensuring that δ30Si and δ29Si measurements fit to a mass-dependent 
fractionation array, supporting the interference-free determination of all 
three Si isotopes via MC-ICP-MS (Suppl. Mat. 5.2). The long-term 
precision and accuracy of the MC-ICP-MS δ30Si analyses were assessed 
from multiple measurements of three reference materials prepared using 
the single step cation-exchange resin method. The values obtained for 
diatomite (δ30Si = 1.29 ± 0.09 ‰, SD, n=19), USGS basalt BHVO-2 (δ30Si 
= -0.27 ± 0.06 ‰, SD, n=10) and quartz Merck (δ30Si of 0.04 ± 0.09 ‰, 
SD, n=6) are consistent with those reported earlier (Reynolds et al, 2007; 
Abraham et al, 2008).  
 
 

5.5 Results 

5.5.1 Major element compositions 

The chemical compositions of the thermal spring, river water and soil 
solution samples are presented in Table 5.1. 
 
 
Table 5.1: Description and compositions of the thermal springs, river 
waters and soil solutions as sampled in 2015, 2017 and 2018. Eleven 
springs and seven rivers were collected several times on different dates. 
The thermal springs are sorted by type, following Brombach et al (2000)’s 
classification (see text). The river water samples are sorted by their 
positioning on Basse-Terre from North to South. Rivers affected by 
hydrothermal inputs are denoted by “HI”. 
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Sample Code 
Sampling 

date 
Type Temperature pH Conductivity Alkalinity Ca Na Mg K Al Fe Si SO4 Cl 

  dd.mm.yy  °C  µs.cm-1 µmol.l-1 

Thermal springs                 

Ravine Marchand 2 RM2(1) 27.01.15 Ca-SO4 water 21.5 3.3 549 0 1268 589 442 68 226 54 1375 2291 813 
Ravine Marchand 2 RM2(2) 12.10.17 Ca-SO4 water 21.6 3.6 711 0 1863 696 602 75 167 54 1449 2697 1336 
Ravine Marchand 3 RM3(1) 27.01.15 Ca-SO4 water 41.1 5.5 1360 1900 4029 1948 1605 384 n.d 208 2585 4281 3960 
Ravine Marchand 3 RM3(2) 12.10.17 Ca-SO4 water 43.3 5.3 1581 2043 4416 2221 1765 431 n.d 253 2882 4788 5141 

Carbet-Echelle CE(1) 17.11.17 Ca-SO4 water 21.0 5.3 1442 883 5115 1170 1646 148 16 1200 1735 8136 301 
Carbet-Echelle CE(2) 15.03.18 Ca-SO4 water 20.9 5.3 1469 1001 5217 1196 1655 148 17 1170 1744 8752 315 

Galion GA(1) 29.01.15 Ca-SO4 water 48.0 4.6 2040 603 6635 2545 2623 492 1 287 2882 6638 7930 
Galion GA(2) 14.11.17 Ca-SO4 water 48.6 4.8 1909 599 5649 2184 2136 454 3 275 2669 6281 7194 

Galion Blanc GAB(1) 29.01.15 Ca-SO4 water 42.8 4.6 1844 499 5692 2455 2546 444 7 111 2607 5842 7295 
Galion Blanc GAB(2) 14.11.17 Ca-SO4 water 44.1 4.8 1795 502 5414 2364 2369 416 5 159 2721 5568 7793 
Galion Froid GAF 29.01.15 Ca-SO4 water 21.7 4.5 304 194 905 485 281 55 26 4 1491 1211 517 
Bains Jaunes BJ(1) 29.01.15 Ca-SO4 water 29.2 4.9 706 181 1935 1334 786 133 3 n.d 1853 2734 1132 
Bains Jaunes BJ(2) 14.11.17 Ca-SO4 water 29.6 5.2 673 194 1819 1290 710 128 4 n.d 1825 2497 958 
Pas du Roy PR(1) 29.01.15 Ca-SO4 water 34.1 5.4 994 677 2706 2008 1306 267 n.d 42 2095 3898 1641 
Pas du Roy PR(2) 14.11.17 Ca-SO4 water 33.9 5.7 980 661 2622 1997 1272 230 n.d 42 2080 3559 1537 

Tarade TA(1) 29.01.15 Ca-SO4 water 42.0 5.5 1574 1292 4276 3796 2210 485 n.d n.d 2384 6076 3393 
Tarade TA(2) 14.11.17 Ca-SO4 water 43.5 5.8 1693 1405 4693 3941 2294 515 n.d n.d 2533 6155 3841 
Sofaïa Sofaïa 02.02.15 Ca-SO4 water 29.3 3.8 165 0 97 435 69 25 34 5 565 358 422 

Bain Chaud du Matouba BCM(1) 30.01.15 Ca-SO4 water 58.5 5.9 1183 348 6629 1551 521 208 n.d n.d 557 7491 573 
Bain Chaud du Matouba BCM(2) 20.10.17 Ca-SO4 water 58.3 5.6 1362 391 6595 1610 537 208 1 n.d 566 7759 577 

Chute du Carbet CC(1) 28.01.15 Ca-Na-Cl water 43.0 6.7 935 2395 1698 2949 1218 438 n.d n.d 1678 847 278 
Chute du Carbet CC(2) 07.11.17 Ca-Na-Cl water 42.0 6.7 852 2577 1608 2636 1117 393 n.d n.d 1651 847 214 

Grosse corde GC(1) 28.01.15 Ca-Na-Cl water 38.3 6.3 1383 2399 2801 4047 1790 522 n.d n.d 1576 2272 4749 
Grosse corde GC(2) 07.11.17 Ca-Na-Cl water 37.5 6.5 1640 2522 2590 3727 1651 495 n.d n.d 1477 2489 4468 

Habitation Revel HR 20.10.17 Ca-Na-HCO3 water 32.6 6.5 254 2098 484 1020 209 91 n.d n.d 1284 175 241 
Dolé Dolé 04.02.15 Ca-Na-HCO3 water 30.8 8.3 555 3248 1293 1690 903 174 n.d n.d 1415 843 870 
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Sample Code Sampling date Type Temperature  pH Conductivity  Alkalinity  Ca  Na  Mg  K  Al  Fe  Si  SO4  Cl  
    dd.mm.yy   °C   µs.cm-1 µmol.l-1 

River waters                                 
North Basse-Terre                                 

Nogent rNogent 02.02.15  23.8 7.6 144 540 162 668 127 47 5 1 538 64 561 
Moustique Sainte-Rose rMoustique Ste-Rose 02.02.15  23.3 6.5 85 233 100 387 78 20 4 2 287 39 414 
Petite Plaine rPP 03.02.15 HI 23.4 7.5 169 893 302 541 182 31 2 0 546 95 410 
Grande Plaine  rGP 27.04.18 HI 23.3 6.1  -  - 761 1044 546 50 4 2 560 741 401 
Ravine Rouge  rRR 27.04.18 HI 23.4 4.2  - 0 435 482 237 29 3 4 560 1441 346 

Central Basse-Terre                                 
Corossol rCorossol 05.02.15  22.9 7.7 69 416 125 322 64 16 1 n.d 408 12 221 
Bras David rBD1 05.02.15  22.7 7.2 83 443 132 362 82 20 1 n.d 429 42 308 
Bras David rBD2 03.10.17  25.7 7.6 77 410 107 311 73 24 1 0 391 17 278 
Bras David rBD3 19.10.17  23.7 7.5 83 412 102 299 69 25 1 0 370 15 263 
Bras David rBD4 10.11.17  23.5 7.5 71 381 106 295 69 22 1 1 360 20 260 
Quiock Creek rQC1 05.02.15  23.1 4.8 46  - 11 274 31 4 2 n.d 89 13 318 
Quiock Creek rQC2 03.10.17  25.1 5.7 46 56 11 246 31 12 2 1 71 9 330 
Quiock Creek rQC3 19.10.17  24.6 5.5 48 43 12 241 29 15 2 1 69 21 323 
Quiock Creek rQC4 10.11.17  23.9 5.4 42 68 13 242 30 13 5 2 76 11 290 
Cascade aux Ecrevisses rCAE 04.02.15  24.9 8.2 137 433 122 450 75 20 1 n.d 373 23 409 
Petit Bras David rPBD1 05.02.15  22.8 7.2 80 291 106 362 74 21 1 n.d 388 21 278 
Petit Bras David rPBD2 03.10.17  24.5 7.2 75 276 86 318 68 29 1 1 360 35 317 
Petit Bras David rPBD3 10.11.17  23.2 7.1 70 297 89 305 66 25 2 1 331 35 295 

South Basse-Terre                                 
Ravine Marchand rRM 27.01.15 HI 22.8 4.0 585 1370 1813 780 607 107 139 45 1451 2452 1347 
Capesterre rCap1 29.01.15  21.7 7.8 62 408 134 247 56 15 n.d n.d 428 23 150 
Capesterre rCap2 27.10.17  22.5 7.3 41 489 68 157 33 20 1 0 211 17 139 
Ravine Chaude rRC1 30.01.15 HI 18.8 6.9 197 267 570 361 117 38 n.d n.d 491 645 178 
Ravine Chaude rRC2 20.10.17 HI 20.5 7.2 128 295 327 265 84 29 1 n.d 445 373 168 
Ravine Chaude rRC3 24.01.18 HI 18.9 7.0 126 285 277 252 72 21 0 0 444 307 157 
Chute du Carbet rCC 28.01.15 HI 22.1 7.6 221 358 620 488 275 61 1 1 657 2018 2434 
Rivière Carbet rCE 17.11.17 HI 20.9 5.5 750  - 2620 674 735 86 1 808 1442 4573 211 
Rivière Noire rRN 27.01.15 HI 21.2 7.5 429 352 1290 944 556 138 1 n.d 1239 1649 1055 
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Saint-Louis rSt-Louis1 30.01.15  22.9 7.1 106 690 222 340 113 27 n.d n.d 543 51 193 
Saint-Louis rSt-Louis2 20.10.17  22.6 7.4 82 639 164 272 89 29 0 n.d 474 35 189 
Rivière Rouge rRouge1 30.01.15 HI 19.1 4.0 176 67 347 278 95 22 70 1 608 643 132 
Rivière Rouge rRouge2 20.10.17 HI 20.8 4.7 133 43 267 243 83 27 37 1 538 495 145 
Rivière Rouge rRouge3 26.01.18 HI 19.2 4.6 133 27 269 247 81 19 47 1 556 519 141 
Grosse Corde rGC 28.01.15 HI 31.5 7.3 983 1937 2305 3417 1494 443 1 n.d 1245 2720 5643 
Rivière Galion amont rGAam 29.01.15 HI 26.6 4.8 645  - 2218 1054 854 156 78 30 1755 2598 2365 
Rivière Galion aval rGAav 29.01.15 HI 28.2 5.1 848 110 3084 1370 1180 223 42 72 1947 3403 3483 
Rivière Galion Bassin 
Bleu 

rGAbb 30.01.15 HI 20.9 6.5 478 173 1576 883 623 94 2 n.d 1124 1551 2051 

Soil solutions Soil depth  Sampling date   Temperature  pH Conductivity  Alkalinity  Ca  Na  Mg  K  Al  Fe  Si  SO4  Cl  
  cm dd.mm.yy   °C   µs.cm-1 µmol.l-1 

GBD2-61 61 10.11.17    - 5.0  -  - 8 170 30 4 10 n.d 83 19 230 
GBD2-91 91 10.11.17    - 5.6  -  - 6 241 31 4 4 n.d 96 14 278 
GBD2-152 152 10.11.17    - 5.1  -  - 2 199 30 2 7 n.d 63 13 239 
GBD2-274 274 10.11.17    - 4.8  -  - 1 208 29 3 10 n.d 70 14 289 
GBD2-344 344 10.11.17    - 4.2  -  - 2 195 26 9 8 n.d 62 20 254 
GBD2-457 457 10.11.17    - 5.0  -  - 10 198 19 6 6 n.d 116 14 217 
GBD2-823 823 10.11.17    - 4.8  -  - 1 232 15 12 1 n.d 106 18 268 

 
-: not measured; n.d: not detected.  
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5.5.1.1 Thermal springs 

The spring BCM has the highest temperature (~58 °C), whereas RM2 and 
CE correspond to cold spring waters (~21 °C), in accordance with 
Brombach et al (2000) and Villemant et al (2005; 2014). Except Dolé (pH 
8.3), all the thermal discharges are slightly (pH 6.3-6.7; CC, GC, HR), 
moderately (pH 4.5-5.9; RM3, CE, GA, GAB, GAF, BJ, PR, TA, BM) and 
strongly (pH 3.3-3.8; RM2, Sofaïa) acidic. In accordance with previous 
studies (Brombach et al, 2000; Villemant et al, 2005; Villemant et al, 2014; 
Dessert et al, 2015), the thermal springs are classified in three groups based 
on their major anion (SO4

2-, Cl- and HCO3
-) and cation (Ca, Mg and Na) 

contents (Fig. 5.2): Ca-SO4 waters (RM2, RM3, CE, GA, GAB, GAF, BJ, 
PR, TA, Sofaïa, BCM), Ca-Na-Cl waters (GC, CC) and Ca-Na-HCO3 
waters (Dolé, HR).  

The Ca-SO4 thermal springs are acidic (pH: 3.3-5.9) and except BCM and 
Sofaïa, they are all located in the Amic crater (Fig. 5.1). They exhibit SO4

2- 
and Cl- concentrations ranging from 358 (Sofaïa) to 8752 (CE) µmol.l-1 and 
from 301 (CE) to 7930 (GA) µmol.l-1, respectively. According to 
Brombach et al (2000), the acidity and SO4

2- content of these springs 
originate from the oxidation of hydrogen sulfide at shallow levels in the 
hydrothermal system. The presence of Cl- in significant concentrations in 
GA, GAB, GAF is due to mixing with neutral pH and Cl-rich waters. The 
Ca-Na-Cl thermal springs are slightly acidic (pH: 6.3-6.7) and are located 
on the eastern side of the Amic crater (Fig. 5.1). They exhibit Ca and Na 
concentrations ranging from 1608 (CC) to 2801 µmol.l-1 (GC) and from 
2636 (CC) to 4047 (GC) µmol.l-1, respectively. The Ca-Na-HCO3 thermal 
springs display near-neutral to alkaline pH values (6.5-8.3) and are located 
outside the Amic crater (Fig. 5.1). Sodium is their major cation, with 
concentrations ranging from 1020 (HR) to 1690 µmol.l-1 (Dolé) µmol.l-1, 
followed by Ca (484-1293 µmol.l-1).  
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Fig. 5.2: Ternary diagrams of the major anion (a) and cation (b) composition of the thermal springs studied. The HCO3 

concentration is calculated based on the measured alkalinity and the charge balance. The samples are grouped as Ca-SO4 
(red), Ca-Na-Cl (green) and Ca-Na-HCO3 (blue) waters.  

(a) 
(b) 
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5.5.1.2 River waters 

Sulfate and Cl- are the major anions in the river waters. The concentrations 
range from 95 (rPP) to 3403 (rGAav) µmol.l-1 and from 132 (rRouge) to 
5643 (rGC) µmol.l-1, respectively. Following Gaillardet et al (2011), we 
assume that rivers with a Cl-/SO4

2- molar ratio < 8-10 and a SO4
2- 

concentration > 25-50 µmol.mol-1 are impacted by hydrothermal activity. 
The river compositions were first corrected for atmospheric salt 
contribution using Cl- as a conservative element. The concentration of 
atmospheric Cl- in rivers is obtained by multiplying the Cl- concentration 
in rainfall (92 µmol.l-1; Dessert, unpublished data) by the 
evapotranspiration factor (~1.5; Lloret et al, 2011). According to this 
calculation, the concentration of atmosphere-derived Cl- in the rivers is 
138 µmol.l-1. This estimate is in good agreement with the Cl- concentration 
of rRouge (140 µmol.l-1; Table 5.1) which is believed to derive solely from 
atmospheric inputs (Dessert et al, 2015).  
 

Table 5.1 indicates that thirteen (rPP, rGP, rRR, rRM, rRC, rCC, rCE, 
rRN, rRouge, rGC, rGAam, rGAav, rGAb) out of the 22 rivers collected 
on Basse-Terre display a molar Cl-/SO4

2- ratio < 8-10 and a SO4
2- 

concentration > 25-50 µmol.mol-1, likely pointing to hydrothermal inputs 
(Fig. 5.3). These rivers will be referred in the following sections as “HI” 
rivers. The river waters displaying a molar Cl-/SO4

2- ratio > 8-10 and/or a 
SO4

2- < 25-50 µmol.mol-1 (rNogent, rMoustique Ste-Rose, rCorossol, rBD, 
rQC, rCAE, rPBD, rCap, rSaint-Louis) and which presumably are not 
influenced by hydrothermal contributions will be called NI rivers. 

 
The temperature (18.8-31.5 °C) and pH (4.0-7.6) values of the HI rivers 
compare with the values measured for the NI rivers (21.7-25.7 °C and 4.8-
8.2, respectively). However, conductivity (and hence the dissolved solid 
load) are three to six times higher in the HI samples than in the NI 
samples. Among the HI river waters, rRouge, rRM and rGAam, rGAav, 
rGAbb display the lowest pH values (pH: 4.0-4.8), whereas rPP and rGP 
are slightly alkaline (pH: 7.5). The pH of rQC fluctuates (pH: 4.8-5.6) 
depending on the time of sampling, an observation already made in 
previous studies (Clergue et al, 2015; Fries et al, 2019). The alkalinity of 
the NI rivers ranges from 43 (rQC3) to 690 (rSt-Louis) µmol.l-1. The 
riverine concentration of dissolved Si varies between 444 (rRC) and 1947 
(rGAav) µmol.l-1. Our results are in generally good agreement with the 
river compositions reported by other authors (Rad et al, 2007; Gaillardet 
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et al, 2011; Lloret et al, 2011; Rivé et al, 2013; Clergue et al, 2015; Dessert 
et al, 2015). 
 
 
 
 

 
 
Fig. 5.3: Plot showing the SO4

2- concentration (µmol.l-1) as a function of 
the Cl-/SO4

2- molar ratio measured in the river water samples. Following 
Gaillardet et al (2011), the river compositions which fall in the grey-shaded 
area of the graph (SO4

2- > 25-50 µmol.l-1 and Cl-/SO4
2- < 8-10) are affected 

by volcanic hydrothermal inputs; these river waters are denoted by “HI”. 
Sample codes as in Table 5.1.  
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5.5.1.3. Soil solutions 
 

The Ferralsol soil solutions are acidic (pH: 4.9-5.5). Sulfate and Cl- 
concentrations are in the ranges 13-20 and 217-278 µmol.l-1, respectively. 
Sodium (170-241 µmol.l-1) is the major cation for all soil depths. The 
concentration of dissolved Si varies between 63 (at a depth of 152 cm) and 
116 (at a depth of 457 cm) µmol.l-1. Clergue et al (2015) and Fries et al 
(2019) have reported similar soil solution compositions at Quiock Creek. 
 
 
 

5.5.2 Ge/Si ratios and Si isotope compositions 

The Ge/Si ratio values and Si isotope compositions of the thermal spring, 
river water, soil solution and hydrothermally-altered rock samples are 
compiled in Table 5.2 and also plotted in Fig. 5.4. 
 
 
Table 5.2: Concentration of Ge, Ge/Si ratio, and Si isotope compositions 
(δ29Si and δ30Si) of the thermal springs, river waters, soil solutions and 
hydrothermally-altered rock sampled at Basse-Terre. Eleven springs and 
seven rivers were collected several times on different dates between 2015 
and 2018. The thermal springs are sorted by type, following Brombach et 
al (2000)’s classification (see text). Rivers affected by hydrothermal inputs 
are denoted by “HI”.  

 
Label Type Ge Ge/Si SD n δ29Si SD δ30Si SD n 

  nmol.l-1 µmol.mol-1   ‰  ‰   

Thermal springs           

RM2(1) Ca-SO4 water 1.85 1.35 - 1 0.54 0.04 1.04 0.02 2 
RM2(2) Ca-SO4 water 1.51 1.05 - 1 0.57 0.02 1.07 0.08 1 
RM3(1) Ca-SO4 water 3.15 1.22 - 1 - - - - - 
RM3 (2) Ca-SO4 water 3.60 1.25 - 1 - - - - - 
CE(1) Ca-SO4 water 2.34 1.36 - 1 - - - - - 
CE(2) Ca-SO4 water 2.62 1.50 - 1 0.63 0.01 1.35 0.05 1 
GA(1) Ca-SO4 water 25.55 8.86 - 1 0.49 0.02 1.00 0.02 2 
GA(2) Ca-SO4 water 22.15 8.33 - 1 - - - - - 

GAB(1) Ca-SO4 water 27.35 9.49 0.96 14 0.5 0.02 1.06 0.05 1 
GAB(2) Ca-SO4 water 18.13 6.69 - 1 0.77 0.07 1.50 0.13 3 

GAF Ca-SO4 water 0.08 0.05 - 1 - - - - - 
BJ(1) Ca-SO4 water 0.48 0.26 - 1 - - - - - 
BJ(2) Ca-SO4 water 0.69 0.38 - 1 - - - - - 
PR(1) Ca-SO4 water 0.91 0.44 - 1 - - - - - 
PR(2) Ca-SO4 water 1.25 0.60 - 1 - - - - - 
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TA(1) Ca-SO4 water 5.00 2.10 - 1 0.67 0.08 1.28 0.12 2 
TA(2) Ca-SO4 water 5.81 2.30 - 1 - - - - - 
Sofaïa Ca-SO4 water 0.53 0.94 - 1 0.37 0.04 0.71 0.05 1 

BCM(1) Ca-SO4 water 11.72 21.03 - 1 0.64 0.01 1.14 0.02 1 
BCM(2) Ca-SO4 water 10.67 18.92 - 1 - - - - - 
CC(1) Ca-Na-Cl water 1.89 1.13 - 1 0.65 0.04 1.22 0.07 2 
CC(2) Ca-Na-Cl water 1.80 1.09 - 1 0.48 0.02 0.99 0.03 1 
GC(1) Ca-Na-Cl water 0.78 0.50 - 1 - - - - - 
GC(2) Ca-Na-Cl water 0.83 0.56 - 1 0.57 0.01 1.13 0.01 1 

HR Ca-Na-HCO3 water 14.44 11.28 - 1 - - - - - 
Dolé Ca-Na-HCO3 water 0.55 0.39 - 1 - - - - - 

River waters           

rNogent  0.08 0.15 - 1 0.44 0.04 0.83 0.03 1 
rMoustique Ste-Rose  0.09 0.30 - 1 0.25 0.04 0.55 0.13 2 

rPP HI 0.10 0.19 - 1 0.53 0.03 1.17 0.06 4 
rGP HI 0.11 0.20 - 1 0.75 0.01 1.50 0.02 2 
rRR HI 0.22 0.39 - 1 0.72 0.01 1.39 0.09 1 

rCorossol  0.14 0.34 - 1 0.51 0.04 0.97 0.03 1 
rBD1  0.08 0.19 - 1 - - - - - 
rBD2  0.11 0.28 - 1 - - - - - 
rBD3  0.11 0.30 - 1 - - - - - 
rBD4  0.09 0.24 - 1 0.15 0.01 0.33 0.01 1 
rQC1  0.09 0.96 - 1 0.20 0.05 0.47 0.01 1 
rQC2  0.11 1.56 - 1 - - - - - 
rQC3  0.14 2.00 - 1 - - - - - 
rQC4  0.19 2.57 - 1 0.09 0.01 0.26 0.05 2 
rCAE  0.16 0.42 - 1 - - - - - 
rPBD1  0.06 0.15 - 1 0.53 0.02 0.95 0.04 1 
rPBD2  0.11 0.31 - 1 - - - - - 
rPBD3  0.08 0.25 - 1 - - - - - 
rRM HI 1.39 0.93 0.01 2 - - - - - 

rCap1  0.18 0.42 0.02 2 0.58 0.01 1.21 0.02 1 
rCap2  0.14 0.65 - 1 - - - - - 
rRC1 HI 0.39 0.80 - 1 0.59 0.02 1.12 0.08 3 
rRC2 HI 0.28 0.62 - 1 - - - - - 
rRC3 HI 0.28 0.62 - 1 - - - - - 
rCC HI 0.23 0.35 - 1 0.60 0.01 1.15 0.01 1 
rCE HI 0.28 1.48 - 1 - - - - - 
rRN HI 0.84 0.61 - 1 - - - - - 

rSt-Louis1  0.15 0.28 - 1 - - - - - 
rSt-Louis2  0.14 0.29 - 1 - - - - - 
rRouge1 HI 0.26 0.43 - 1 0.78 0.07 1.47 0.11 3 
rRouge2 HI 0.21 0.39 - 1 0.64 0.01 1.28 0.03 1 
rRouge3 HI 0.22 0.40 - 1 - - - - - 

rGC HI 0.54 0.43 - 1 0.70 0.04 1.54 0.07 1 
rGAam HI 6.80 3.88 - 1 0.68 0.01 1.33 0.09 1 
rGAav HI 10.21 5.25 - 1 - - - - - 
rGAbb HI 1.19 1.06 - 1 - - - - - 

Soil solutions           

GBD2-61  0.25 2.99 - 1 -0.60 0.04 -1.09 0.04 1 
GBD2-91  0.25 2.59 - 1 -0.37 0.01 -0.66 0.04 1 
GBD2-152  0.28 4.40 - 1 -0.40 0.01 -0.79 0.04 1 
GBD2-274  0.52 7.46 - 1 -0.41 0.08 -0.69 0.01 1 
GBD2-344  0.17 2.67 - 1 -0.26 0.01 -0.54 0.01 2 
GBD2-457  0.22 1.90 - 1 -0.19 0.05 -0.38 0.05 1 
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GBD2-823  0.19 1.82 - 1 -0.29 0.01 -0.52 0.04 1 

Hydrothermally altered rock           
  5524.86 0.68 - 1 -0.19 0.04 -0.35 0.02 1 

- : not measured 

 

 

5.5.2.1 Thermal springs 

 

As shown in Fig. 5.4a, the Ge/Si ratio of the thermal springs of Basse-
Terre Island spans a large range of values (0.05-21.03 µmol.mol-1). The 
two BCM spring samples display the highest ratios. High Ge/Si ratios are 
also measured in Galion’s thermal waters (GA, Ge/Si = 8.33 and 8.66 
µmol.mol-1 and GAB, Ge/Si = 9.49 and 6.49 µmol.mol-1). All the other 
springs have much lower Ge/Si ratios, i.e., ≤ 2.30 µmol.mol-1. The δ30Si 
values of the thermal springs range from 0.71 ± 0.05 ‰ (Sofaïa) to 1.50 ± 
0.13 ‰ (GAB in 2017) (Fig. 5.4b). The RM2 spring collected in October 
2017 and February 2015 display similar Si isotope compositions (1.07 ± 
0.08 ‰ and 1.04 ± 0.02 ‰, respectively). In contrast, GAB has a lighter 
Si isotope value in January 2015 (1.06 ± 0.05 ‰) compared to November 
2017 (1.50 ± 0.13 ‰).  
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Fig. 5.4: Plots showing the Ge/Si ratio (± SD) (a) and Si isotope 
composition (δ30Si ± SD) (b) of the thermal spring (circle), river water 
(triangle), soil solution (diamond) and hydrothermally-altered rock (®) 
samples. The Ca-SO4, Ca-Na-Cl and Ca-Na-HCO3 thermal springs are 
shown with red, green and blue-filled symbols, respectively. The 
hydrothermally-impacted rivers (plain grey triangle) are distinguished from 
the non-impacted rivers (open grey triangle) following Gaillardet et al 
(2011) (see Fig. 5.3). 

 

5.5.2.2 River waters  

Thirty out of the 36 riverine samples analyzed display Ge/Si values ~ ≤ 
1.1 µmol.mol-1 (Fig. 5.4a). Higher Ge/Si ratios are measured in rQC (2017 
sample; 1.56-2.57 µmol.mol-1), rCE (1.48 µmol.mol-1), rGAam (3.88 
µmol.mol-1), rGAav (5.25 µmol.mol-1) and rGAbb (1.06 µmol.mol-1). 
Except rQC, these rivers receive hydrothermal inputs (Fig. 5.3). The 
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Ge/Si ratio of rPP, rGP and rRR, which drain the extinct hydrothermal 
system of Les Mamelles, varies in the range 0.19-0.39 µmol.mol-1. The 
Ge/Si ratio of rRouge, which drains the extinct hydrothermal system of 
Carmichaël, shows little fluctuations (0.39-0.43 µmol.mol-1) between 
January 2015, October 2016 and January 2017. In contrast, rQC collected 
in February 2015 has a lower Ge/Si ratio (0.96 µmol.mol-1) than the 
samples collected in October and November 2017.  

The δ30Si values of the HI river waters tend to be heavier (1.12-1.54 ‰) 
than those measured for the NI river waters (0.26-1.21 ‰; Fig. 5.4b). The 
lowest δ30Si values correspond to the NI rivers rQC (0.26 ± 0.05 ‰) and 
rBD (0.33 ± 0.01 ‰). Except these two samples, the Si isotope 
compositions of the rivers do not differ markedly from those of the 
thermal springs.  

 

5.5.2.3 Soil solutions 

The Ge/Si ratio of the soil solutions varies between 1.82 and 7.46 
µmol.mol-1, but no trend with depth in the soil profile can be inferred (Fig. 
5.4a; Table 5.2). The highest value (7.46 µmol.mol-1) corresponds to a soil 
depth of 274 cm. The Si isotope composition of the soil solutions varies 
between -0.38 ± 0.05 ‰ (at a depth of 427 cm) and -1.09 ± 0.04 ‰ (at a 
depth of 61 cm) (Fig. 5.4b).  
 

5.5.2.4 Hydrothermally-altered rock 

The bulk Ge/Si ratio and δ30Si values of the hydrothermally-altered rock 
are 0.68 µmol.mol-1 and -0.35 ± 0.02 ‰, respectively (Fig. 5.4a and b).  
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5.6 Discussion  

5.6.1 Ge/Si ratio and Si isotope composition of 
the thermal springs  

The Ge/Si ratio in the thermal spring waters do not reflect their 
compositional type. For example, the Ge/Si ratio values of the Ca-SO4 
waters and Ca-Na-HCO3 waters overlap (0.05-21.03 and 0.39-11.28 
µmol.mol-1, respectively). The Ge/Si ratios in the Ca-Na-Cl springs also 
compare with those found for several Ca-SO4 springs (Table 5.2).  

We note that the two Ca-SO4 springs (GA and GAB) sampled in 2015 and 
2017 exhibit consistently high Ge/Si ratio values (6.69-9.49 µmol.mol-1). 
Many factors can influence the Si and Ge contents of thermal discharges. 
The composition of the primary rock reacting with the hydrothermal fluid 
is one of them, but other processes control the Ge/Si ratio in solution. In 
an experimental study, Pokrovski and Schott (1998) determined the 
thermodynamic properties of aqueous Ge(IV) hydroxide complexes from 
25 to 350 °C and predicted a strong dependence of the Ge/Si ratio on 
temperature in aqueous solutions in equilibrium with Ge-bearing silicates. 
Evans and Derry (2002) investigated Himalayan hot springs and 
concluded that the wide range of Ge/Si ratios resulted from the 
progressive precipitation of Ge-poor quartz. These authors also 
highlighted that mixing of hydrothermal fluids with surface waters 
influence the Ge/Si ratio in the thermal discharges. Arnórsson (1987) 
indicates that the Ge/Si ratio in silica sinters from Iceland and New 
Zealand is always lower than in the thermal waters from which the 
deposits originate, pointing again to the non-conservative behavior of Ge 
during silica precipitation. In contrast, the formation of sulfide minerals, 
such as pyrite, in the hydrothermal system incorporates Ge, producing 
lower Ge/Si ratios in the liquid phase (Bernstein, 1985). The rate of 
dissolution and the abundance of hydrothermal alteration minerals that 
can take up Ge to a variable extent will also govern the relative proportions 
of Ge and Si in thermal springs. Finally, in shallow hydrothermal systems 
associated with active volcanoes, high-temperature magmatic gases may 
contribute Ge and Si to the thermal waters sampled at the surface (de 
Hoog et al, 2005; Rouxel and Luais, 2017). The broad range of Ge/Si ratio 
values measured in the thermal springs from Basse-Terre likely results 
from various and complex interactions, some being more significant than 
others, perhaps depending on the extent of water-rock interaction prior to 
resurgence at the surface. A full understanding of the thermal spring’s 
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geochemistry requires additional data, including stable isotope 
measurements, and is out of the scope of this study.  

The thermal springs’ Si isotope compositions (0.7-1.5 ‰, Fig. 5.4b) 
compare well with the range of values reported for thermal springs 
worldwide, i.e., -0.6-1.7 ‰ (Douthitt, 1982; Opfergelt et al, 2011; Geilert 
et al, 2015; Ding et al, 2017; Chen et al, 2020). Similar to the Ge/Si ratio, 
the δ30Si values do not discriminate different spring types (Fig. 5.4b). 
Geilert et al (2015) report the δ30Si of dissolved Si and silica sinter from 
the Geysir geothermal area, Iceland, and show that the deposit becomes 
progressively isotopically lighter downstream from the resurgence. While 
the isotope fractionation correlates inversely with temperature, the authors 
highlight that the dominant control is the rate at which silica precipitates 
from the flowing spring waters. A similar observation was made at 
Yellowstone National Park, USA (Chen et al, 2020). These results 
corroborate previous experimental observations (Geilert et al, 2014). Akin 
weathering reactions in soils (Opfergelt and Delmelle, 2012; Frings et al, 
2016), the formation of clay minerals (e.g., kaolinite and smectite) during 
water-rock interaction in the subsurface hydrothermal system may also 
fractionate Si isotopes by depleting the source solution in 28Si. The light Si 
isotope composition of the clayey hydrothermally-altered rock (δ30Si = -
0.35 ‰) supports this idea. Thus, both silica deposition and alteration 
reactions in different parts of the hydrothermal system(s), extinct and 
active, are likely responsible for the variations in the Si isotope 
composition of the thermal springs across Basse-Terre Island. 

 

5.6.2 Ge/Si ratio and Si isotope compositions of 
rivers  

The Ge/Si ratio in the river samples (0.15-5.25 µmol.mol-1) do not differ 
significantly from the values measured for the thermal waters, although a 
few springs (GA, GAB, HR and BCM) are characterized by much higher 
values (Fig. 5.3). The riverine Ge/Si ratios are within the range of values 
reported for other river systems in the world (0.16-20 µmol.mol-1; e.g., 
Derry et al, 2005; Han et al, 2015; Baronas et al, 2018). They are also in 
good agreement with the few analyses reported for rivers draining volcanic 
terrains elsewhere (0.18-3.16 µmol.mol-1; Derry et al, 2005; Baronas et al, 
2018; Ameijeiras-Mariño et al, 2018).  

Using chemical and Mg isotope compositions, Dessert et al (2015) showed 
that the river chemistry on Basse-Terre Island is the result of mixing in 
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various proportions of rainwater, water that has reacted with andesitic 
rocks, water draining through highly-weathered soils, water leaching 
extinct hydrothermal areas and thermal water associated with La Soufrière 
volcano. The authors also emphasize that the contributions of these end-
members vary from north to south and from east to west, reflecting the 
influence of bedrock age and rainfall gradient.  

The wet atmospheric contribution to the Ge and Si concentrations in 
Basse-Terre’s river is not known. According to Heartsill-Scalley et al 
(2007), the Si concentration in rainwater collected in Puerto Rico, also a 
subtropical island, is less than 1.1 mg.l-1 and does not vary seasonally. The 
Ge concentration in rainwater can be assumed to be negligible according 
to the low Ge concentrations reported in rainwater from Tallahassee, USA 
(Ge=1.7-7.3 ng.l-1; Hambrick et al, 1984). As mentioned above, our river 
water samples were collected upstream of croplands and we dismiss an 
indirect influence of Si-accumulating plants on the riverine Ge/Si ratios.  

Since the Ge/Si ratio values of the HI rivers (0.19-5.25 µmol.mol-1) largely 
overlap with those of the NI rivers (0.15-2.57 µmol.mol-1) (Fig. 5.4a), the 
Ge/Si ratio cannot be used to trace a potential hydrothermal contribution. 
The majority of the HI rivers display a heavier Si isotope composition than 
that measured for the NI rivers. However, the δ30Si of the former also tend 
to be higher than the values obtained for the thermal springs (Fig. 5.4b), 
already suggesting an additional control on the isotope composition of the 
riverine Si. In the next sections, we discuss the Ge/Si ratio and Si isotope 
compositions of the NI and HI rivers taken separately. 
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5.6.2.1 NI rivers 
 

Although the Ge/Si ratios of the NI rivers in the north and in the south 
of the island overlap, the southern river waters exhibit lower values (0.28-
0.65 μmol.mol-1) compared to those typical of the magmatic rock that is 
being weathered (Ge/Si: 1-3 μmol.mol-1 for igneous rocks; Bernstein, 
1985; DeArgollo and Schilling, 1978). This is consistent with the 
preferential incorporation of Ge into the solid phase during chemical 
weathering and associated clay mineral formation and adsorption 
processes on aluminum oxides (Kurtz et al, 2002; Derry et al, 2005; 
Scribner et al, 2006). As a result, with the advance of weathering, the Ge/Si 
ratio in the soil solution can evolve towards higher values when the Ge-
rich clay minerals (e.g., kaolinite, biotite) and aluminum oxide phases 
become unstable and redissolve progressively, thereby producing a broad 
range of compositions (Derry et al, 2005). This probably explains the 
comparatively more variable Ge/Si ratio found for the NI rivers in North 
Basse-Terre (0.15-2.57 μmol.mol-1; Fig. 5.5a) as these drain highly 
weathered terranes dominated by the presence of Vertisols and Ferralsols 
(Fig. 5.1). 

By the same token, the formation of clay minerals during chemical 
weathering typically depletes the soil solution in 28Si, leaving behind 
heavier dissolved Si (Ziegler et al, 2005; Opfergelt and Delmelle, 2012). In 
agreement with this view, rCap (1.21 ± 0.02 ‰), which drain Andosols in 
South Basse-Terre, display higher δ30Si values than rNogent (0.83 ± 0.03 
‰) and rMoustique Ste-Rose (0.55 ± 0.13 ‰,), which both flow through 
older terrains in North Basse-Terre. According to Dessert et al (2015), the 
Ca/Mg ratio in Basse-Terre’s rivers decreases with increasing chemical 
weathering, i.e., along a south to north age gradient. Figure 5.5 shows 
that, except rQC, the NI rivers exhibit a large range in Ca/Mg with higher 
Ca/Mg values mainly found in the southern rivers draining less-weathered 
soils (associated with higher Ge/Si ratios and δ30Si compositions) than 
Ca/Mg values found in the northern rivers draining more weathered soil 
(associated with lower Ge/Si ratios and δ30Si compositions).  

In contrast to the NI rivers characterized by Ge/Si ratio values < 1 
µmol.mol-1, the rQC samples display Ge/Si ratio close to or > 1 μmol.mol-
1 (Table 5.2). The Quiock creek catchment is underlain by Pleistocene 
andesitic pyroclasts covered by >15 m of a deeply weathered and cation-
depleted regolith (Buss et al, 2010). Clergue et al (2015) consider that the 
Li isotope composition of Quiock Creek’s drainage waters represents an 
endmember of such weathering conditions. The regolith contains ~95 
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wt.% of secondary minerals, of which ~70% are almost entirely made of 
halloysite and kaolinite, the rest being comprised of iron and aluminum 
(oxy)hydroxides (Buss et al, 2010). Accordingly, the soil solution of the 
Ferralsol from Quiock creek is acidic (pH: 4.2-5.5). It also exhibits a high 
Ge/Si ratio, i.e., 1.82-7.46 µmol.mol-1 (Table 5.2). Kurtz et al (2002) 
found that strongly desilicated (weathered) volcanic soils in Hawaii exhibit 
high Ge/Si ratios, ranging from 6 to 20 µmol.mol-1. The Ge enrichment 
of the Hawaiian soils results from preferential fractionation of Ge into the 
solid phase as clay minerals precipitate out of the soil solution (Kurtz et 
al, 2002). Moreover, adsorption on aluminum oxides favors Ge over Si 
(Scribner et al, 2006). Derry et al (2005) explain the high Ge/Si ratios (2-
14 µmol.mol-1) measured in the soil solutions from the same strongly 
weathered volcanic soils in Hawaii by the dissolution of Ge-enriched 
secondary minerals. Thus, the high Ge/Si ratios measured in our Ferralsol 
soil solutions likely reflect the dissolution of Ge-rich clay minerals and 
aluminum oxides. We attribute the Ge/Si ratio > 1 µmol.mol-1 of rQC as 
a result of the dissolution under acidic conditions of Ge-rich secondary 
minerals that accumulated in the Ferralsols due to intense weathering. 

The δ30Si compositions of the rQC samples, which represent the most 
depleted values measured in any of the rivers (Fig. 5.5b, Table 5.2), 
support the idea that clay mineral dissolution exerts a major control on the 
riverine Ge/Si ratio. Since weathering of primary minerals enriches the 
neo-formed clay minerals in 28Si (Ziegler et al, 2005; Opfergelt and 
Delmelle, 2012), soils that are strongly weathered, and for which the 
primary mineral reservoir is exhausted, tend to display low δ30Si values 
(Bern et al, 2010; Opfergelt et al, 2010, 2012a; Baronas et al, 2020). With 
the advance of weathering under increasingly acidic conditions, the clay 
minerals are no longer stable and their dissolution releases isotopically 
light Si in solution.  

We further propose that a similar dissolution process influences the Si 
isotope composition of some of the rivers draining the old lithologies of 
northern Basse-Terre. A good candidate is rMoustique Ste-Rose, which 
displays a light δ30Si (0.55 ‰). The low riverine δ30Si value lend credence 
to Dessert et al (2015)’s hypothesis that the δ26Mg isotope composition 
measured for this river (-0.09 ‰, i.e., heavier than andesitic rocks, whereas 
other rivers are generally lighter) reflects a chemical weathering situation 
where dissolution of 26Mg-rich secondary minerals contributes 
significantly to the Mg release. However, despite the agreement between 
the riverine Si and Mg isotopic signatures, we advocate caution in using 
δ26Mg alone as a proxy for weathering degree since Mg release from 
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secondary minerals in highly weathered soils may be controlled largely by 
ion exchange reactions rather than by dissolution of Mg-containing 
secondary minerals (Teng et al, 2010; Huang et al, 2012; Opfergelt et al, 
2012b, 2014; Trostle et al, 2014).  
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Fig. 5.5: Plots showing the Ge/Si ratio (log scale) (a) and the Si isotope composition (δ30Si) (b) as a function of the Ca/Mg 
molar ratio (log scale) in the thermal spring (circle), river water (triangle) and soil solution (diamond) samples. The HI rivers 
that receive discharges from thermal springs (plain orange triangle) are distinguished from those receiving drainages from 
an extinct hydrothermal system (plain blue triangle). The NI rivers are displayed according to their locations in Basse-Terre 
Island: north (open blue triangle), center (open purple triangle), and south (open green triangle). The 2SD error bar reported 
correspond to ±10% for Ge/Si, and to the largest 2SD value measured on a sample for δ30Si (Table 5.2). The river codes 
are explained in Table 5.1. 

(a) (b) 
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5.6.2.2 HI rivers 

Some of the HI rivers (rGAam, rGAav, rGAbb and rCE) display high 
Ge/Si ratios > 1 µmol.mol-1. In contrast, rPP, rGP, rRR, rRM, rRC, rCC, 
rRN, rRouge and rGC show ratios < 1 µmol.mol-1 (the lowest values 
correspond to rPP and rGP) (Table 5.2), on par with the values measured 
for the NI rivers (except rQC). Most of the HI rivers are located in 
southern Basse-Terre and flow through relatively young lithologies (except 
rPP, rGP and rRR). Some HI rivers are characterized by Ge/Si values 
(rCC, rRouge, rGC: 0.35 to 0.43 µmol.mol-1) in the same range than the 
value measured for rRR in Central Basse-Terre (0.39 µmol.mol-1). 
Therefore, unlike the NI rivers, the disparity in the Ge/Si ratio values is 
unlikely to be imparted by different soil weathering degrees. We surmise 
that the SO4-rich hydrothermal inputs to the HI rivers have a distinct 
Ge/Si composition. This is suggested based on a plot of Ge/Si vs. Cl-

/SO4
2- (Fig. 5.6a). The highest Ge/Si ratio values in the HI river samples 

(rGAam, rGAav, rGAbb and rCE) probably reflect the admixing of Ca-
SO4 thermal waters with high Ge/Si ratios. For example, River Galion 
drains terrains where the thermal discharges are characterized by Ge/Si 
values > 6 µmol.mol-1 (i.e., GA and GAB thermal springs: 6.69-9.49 
µmol.mol-1, Table 5.2), low pH and elevated SO4

2- concentrations (Table 
5.1). Similarly, River Carbet probably collects Ca-SO4 waters with relatively 
elevated Ge/Si ratios; the CE thermal spring (Ge/Si ratio: 1.36-1.50 
µmol.mol-1, Table 5.2) being a potential candidate representative of such 
inputs. Lower Ge/Si values in the HI rivers rRM, rRC, rCC, rRN and rGC 
likely reflect contributions from thermal waters that are less enriched in 
Ge compared to hydrothermal discharges affecting River Galion and River 
Carbet. For example, rCC and rGC receive discharges from Ca-Na-Cl 
thermal springs, which exhibit relatively low Ge/Si ratios (CC and GC: 
0.50-1.13 µmol.mol-1, Table 5.2). 

We argue that the lowest Ge/Si ratios in rPP, rGP, rRR and rRouge (0.19, 
0.20, 0.39, 0.40 µmol.mol-1, respectively, Table 5.2) reflect the Ge and Si 
concentrations acquired by the rivers’ tributaries as they drain through 
extinct hydrothermal systems, i.e., Les Mamelles for rPP, rGP, rRR, and 
Carmichaël for rRouge (Fig. 5.1). The hydrothermally-altered rock 
collected from the area of Les Mamelles is comprised of pyrophyllite, 
dickite and pyrite (FeS2), with minor smectite and residual feldspar (Suppl. 
Mat. 5.1). This mineral assemblage is typically encountered when acid-
sulfate fluids interact with volcanic rocks in the subsurface hydrothermal 
system (Reed, 1997). According to Gaillardet et al (2011), the source of 



Part III: Data chapters Ch3 

 

267 

 

the high SO4
2- concentration measured in rGP is the oxidative dissolution 

of pyrite present in the extinct hydrothermal system. Our clay-rich, 
hydrothermally-altered rock specimen has a low Ge/Si value (0.68 
µmol.mol-1), which contrasts with the Ge-enrichment usually noticed in 
secondary clay minerals formed during the meteoric weathering of rocks 
(Kurtz et al, 2002). The reason for this apparently low accumulation of Ge 
in the hydrothermal material is not known. Since pyrite tends to 
incorporate Ge during precipitation from a hydrothermal solution 
(Bernstein, 1985), its subsequent oxidative dissolution at shallow levels 
may lead to a progressive loss of Ge in the altered rock, whereas Si would 
not be modified. Thus, extinct hydrothermal systems such as Les 
Mamelles release low-pH and SO4-rich drainages that probably exhibit a 
low Ge/Si ratio inherited from the clayey, hydrothermally-altered rocks 
found in these areas. 

Our riverine δ30Si measurements suggest that all the NI rivers (0.26-
0.97‰) except one are isotopically lighter than the HI rivers (1.12-1.54‰), 
the NI river rCap1 (1.21‰) being the exception (Table 5.2). The Si 
isotope compositions of the HI rivers partly reflect contributions from 
thermal spring waters with relatively high δ30Si values (Fig. 5.6b). 
However, the high δ30Si of rCap1 indicates that 30Si-enriched riverine 
compositions are not necessarily linked to hydrothermalism. As discussed 
earlier, the isotope composition of dissolved Si in NI rivers is strongly 
dictated by soil weathering degree; rivers (such as rCap1) which drain 
younger soils typically display heavier values than rivers flowing through 
older terrains. Since the HI rivers which receive thermal spring discharges 
exhibit similar δ30Si values as those collecting drainages from extinct 
hydrothermal systems (Fig. 5.6b), Si isotopes cannot be used to 
differentiate between the two types of hydrothermal contributions. 
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Fig. 5.6: Plots showing the Ge/Si ratio (a) and the Si isotope composition (δ30Si) (b) as a function of the Cl-/SO4

2- molar 
ratio in the thermal spring (circle), river water (triangle) and soil solution (diamond) samples. The HI rivers that receive 
discharges from thermal springs (plain orange triangle) are distinguished from those receiving drainages from an extinct 
hydrothermal system (plain blue triangle). The NI rivers are displayed according to their locations in Basse-Terre Island: 
north (open blue triangle), center (open purple triangle), and south (open green triangle). The 2SD error bar reported 
correspond to ± 10% for Ge/Si, and to the largest 2SD value measured on a sample for δ30Si (Table 5.2). The river codes 
are explained in Table 5.1. 

(b) (a) 
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5.7 Conclusions 

We carried out an extensive sampling campaign of volcanic thermal 
springs and river waters in Basse-Terre Island with the objective to gain 
insight into the influence of hydrothermalism on the riverine Ge/Si ratio 
and Si isotope compositions, and to assess if the Ge/Si ratio and δ30Si can 
act as good indicators of weathering in volcanic terranes featuring both 
extinct and active hydrothermal manifestations.  

The following principal conclusions can be drawn using our data: 
 
(i) The thermal springs display a broad range of Ge/Si ratio and δ30Si 
values with no apparent relationship to their compositional types. The 
Ge/Si ratio and Si isotope composition of the thermal springs are 
probably the result of various processes, including wall-rock alteration and 
precipitation reactions occurring along the hydrothermal flow paths and 
at different temperatures. 
 
(ii) The Ge/Si ratio and δ30Si measured for the NI rivers record different 
degrees of soil weathering. The rivers which drain the south (younger 
lithologies) of Basse-Terre display a narrow range of Ge/Si ratios and 
heavier δ30Si than the river waters sampled in the north (older lithologies). 
When the watershed drains highly weathered terrains where the soil 
mineral reserve has been almost or completely exhausted, redissolution of 
Ge- and 28Si-rich clay minerals and Ge-bearing aluminum oxides under 
acidic conditions enriches the soil solution in Ge and 28Si, thereby 
increasing and lowering the riverine Ge/Si ratio and δ30Si values, 
respectively.  
 
(iii) The Ge/Si ratio imparted to rivers due to weathering is largely 
concealed when thermal spring discharges mix with river waters. Although 
the Si isotope composition of such rivers is also affected, the isotopically 
light signature inherited from highly weathered terranes may still persist. 
 
(iv) Watersheds draining areas where hydrothermal activity took place in 
the past collect SO4-rich tributaries that appear to be depleted in Ge 
relative to Si. We tentatively attribute this characteristic to the 
redissolution of clay-rich, hydrothermally-altered rocks, which also display 
low Ge/Si ratio values. The use of the Cl-/SO4

2- ratio and SO4
2- 

concentration cannot discriminate rivers impacted by such hydrothermal 
contributions from those receiving thermal spring discharges. We propose 
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that the determination of the Ge and Si concentrations can circumvent 
this difficulty.  
 
Overall, our results provide new evidence that Ge/Si ratio and Si isotopes 
determinations in river waters are powerful tracers of weathering sources. 
However, in volcanic terranes, they are poor indicators of hydrothermal 
contributions, except perhaps when these are represented by acid SO4-rich 
thermal spring discharges, which seem to exhibit high Ge/Si ratios. When 
used in combination with Cl- and SO4

2- measurements, the Ge/Si ratio 
separates rivers impacted by active hydrothermalism from those affected 
by tributaries draining through clayey rocks formed in the past during 
hydrothermal circulation.   
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5.9 Supplementary Materials 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Suppl. Mat 5.1: Diffractogram of the hydrothermally-altered rock located 
on the flanks of Grande Plaine river water obtained by X-ray diffraction 
(XRD). The hydrothermally-altered rock sample is composed of (1) 
smectite, (2) pyrophyllite, (3) dickite, (4) feldspar and (5) pyrite.  
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Suppl. Mat. 5.2: Plot showing that the δ29Si and δ30Si compositions (± SD) of the thermal spring, river water, soil solution 
and hydrothermally-altered rock samples fall within error of the mass dependent fractionation array. The slope of the 
regression line (0.5178) supports an interference-free determination of all three Si isotopes via MC-ICP-MS (Young et al, 
2002).  
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Chapter 4: 

 Enhanced chemical weathering during 
snowmelt: inferences from Ge/Si and δ30Si in 

rivers draining the Yellowstone Plateau Volcanic 
Field, USA 

 

 
 

6.1 Abstract  

Hydrothermally-active volcanic regions are characterized by the highest 
silicate weathering rates on Earth. The source of acidity for weathering 
reactions in these areas includes protons derived from magmatic activity 
in addition to the protons derived from the dissolution of atmospheric 
CO2 in surface water generally driving meteoric weathering processes. 
However, the seasonal variability on the processes controlling weathering 
fluxes in these regions remain poorly constrained, preveting from accurate 
estimates of the atmospheric CO2 consumption in these key weathering 
loci. Here we use the germanium to silicon ratio (Ge/Si ratio) and the 
stable silicon isotopes (δ30Si) as geochemical tracers to assess the sources 
and processes controlling seasonal dissolved Si weathering fluxes in rivers 
from the Yellowstone Plateau Volcanic Field, USA. 
 
We determined the Ge/Si ratios and δ30Si of 7 thermal springs and 14 
rivers samples collected in September (at base flow) and June (Spring, at 
high discharge, during snowmelt). Elevated riverine Ge/Si ratios (29 ± 3 
µmol.mol-1) at base flow can be explained by a dominant contribution 
from thermal springs (160 ± 27 µmol.mol-1). At snowmelt, decreasing 
riverine Ge/Si ratios and increasing dilution-corrected dissolved riverine 
Si concentrations (Si/Nasnowmelt > Si/Nabase flow) suggest an additional 
process controlling Si contribution to rivers in Spring. Higher surface 
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runoff at snowmelt may release surface water influenced by (i) dissolution 
of primary minerals from rhyolite (reflected by riverine δ30Sisnowmelt < 
δ30Sibase flow) in large drainage basins, or by (ii) dissolution of primary 
minerals and clay mineral formation (reflected by riverine δ30Sisnowmelt > 
δ30Sibase flow) in smaller basins. Using a Ge/Si mass balance calculation, and 
boundary conditions fixed using Si isotopes, we calculate that rivers with 
a large increase in discharge at snowmelt receive between 57 and 84% of 
Si contribution from surface waters influenced by rhyolite weathering, and 
to some extent by the dissolution of cryogenic opal, whereas rivers with 
little or no change in discharge receive between 29 and 63% of Si 
contribution from surface waters influenced not only by primary minerals 
weathering but also by clay mineral formation. Our results demonstrate 
that seasonal variability in runoff during snowmelt adds pulses of Si 
derived from meteoric weathering processes to riverine Si fluxes generally 
dominated by hydrothermal contribution. This seasonal meteoric 
weathering signal, previously unaccounted for in hydrothermally-active 
volcanic regions, directly contributes to atmospheric CO2 consumption. 
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6.2 Introduction 

Hydrothermally-active volcanic regions contribute significantly to the 
global flux of solutes to the ocean and consumption of atmospheric CO2 
through silicate weathering (Louvat and Allègre, 1997; Gaillardet et al, 
1999; Dupré et al, 2003; Gislason and Oelkers, 2011). Silicate weathering 
fluxes are usually assessed by summing the total dissolved elements and 
silica concentrations in rivers. However, a portion of the element fluxes in 
these hydrothermally-active volcanic areas also derives from weathering 
reactions driven by protons from magmatic activity as a source of acidity, 
i.e., not consuming atmospheric CO2 (Dessert et al, 2009; Hurwitz et al, 
2010; Schopka et al, 2011; Gaillardet et al, 2011; Rivé et al, 2013). 

Seasonal changes in riverine chemistry in volcanic regions are reported 
with changes in runoff (Gaillardet et al, 2011), e.g., during flood events 
(Lloret et al, 2011), or at snowmelt (Hurwitz et al, 2010). Runoff is 
paramount to weathering processes as it modifies water residence time in 
soils (White and Blum, 1995). The water residence time in soils dictates 
the proportion of water available for mineral dissolution/formation: lower 
water residence time favors primary minerals dissolution by leaching the 
elements released in solution whereas higher water residence time favors 
clay minerals formation (White and Blum, 1995). Runoff influences also 
the discharge of dissolved weathering fluxes to rivers. Changing runoff 
might therefore change the contribution from meteoric weathering 
processes to riverine weathering fluxes relative to the contribution from 
hydrothermally-driven weathering fluxes. However, uncertainties remain 
regarding the seasonal respective contributions of these major controls on 
riverine weathering fluxes, and this prevents accurate estimates of the 
atmospheric CO2 consumption by silicate weathering from these 
hydrothermally-active volcanic areas. Better constraining these 
uncertainties requires to unravel the relative contributions of meteoric and 
hydrothermal sources and processes to the overall response of riverine 
weathering fluxes to changing runoff.  
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The germanium to silicon ratios (Ge/Si ratios) and the stable silicon (Si) 
isotopes (δ30Si) are particularly well-suited geochemical tracers to assess 
the advance of meteoric weathering processes (Cornelis et al, 2011; 
Opfergelt and Delmelle, 2012 and references therein). The Ge/Si ratio 
and δ30Si can be combined to investigate overlapping influence of 
weathering and hydrothermal processes onto rivers draining volcanic 
terrains (Gaspard et al, submitted). Seasonally, the riverine Ge/Si ratio 
may reflect changes in weathering contribution with runoff during flood 
events (Ameijeiras-Mariño et al, 2018), and seasonal changes in riverine 
δ30Si have been attributed to changing contribution from mineral 
weathering and biological Si uptake (e.g., Engström et al, 2010). Here, the 
aim is to combine the Si isotopes and the Ge/Si ratio to investigate 
potential seasonal changes in hydrothermal and weathering contributions 
to riverine element fluxes in hydrothermally-active volcanic areas, where 
the influence of biological uptake on Si fluxes is expected to be limited 
relative to the contribution from chemical weathering and hydrothermal 
processes.  
 
The Yellowstone Plateau Volcanic Field (YPVF) is particularly a well-
suited hydrothermally-active volcanic region to investigate changing 
controls on riverine chemistry with runoff given that base flow is 
dominated by hydrothermal discharge (Hurwitz et al, 2010; Hurwitz and 
Lowenstern, 2014) and that a well-defined seasonal increase in runoff at 
snowmelt is reported to be associated with seasonal change in riverine 
chemistry (Hurwitz et al, 2007). In this study, temporal variations in the 
Ge/Si ratio and in the Si isotopic composition of rivers of YPVF are 
investigated to better understand the influence of runoff variability on the 
controlling processes of riverine element fluxes in YPVF.    
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6.3 Environmental setting  

The continental hotspot of the YPVF hosts Earth’s largest “restless” 
caldera (Newhall and Dzurisin, 1988; Christiansen, 2001; Lowenstern et 
al, 2006), covering about 6500 km2 at an average elevation of 2400 asl. 
Volcanism at Yellowstone likely started together with the Columbia River 
flood basalts, producing basaltic flows during the Tertiary (Liu and 
Stegman, 2012), and rhyolitic emissions during the Quaternary (Trettin 
and Bartelli, 1980; Smith and Siegel, 2000). The YPVF (44°N, 110°W) 
hydrothermal system has a single “parent” fluid at an estimated depth 
between 2 and 5 km. The fluid is rich in dissolved CO2 and H2S with Cl- 

~ 400 mg.l-1 and low HCO3
- and SO4

2- concentrations with temperatures 
of 340 to 370 °C (Fournier, 1989).  

YPVF is comprised of 9 geyser basins (among which from North to 
South: Norris Geyser Basin (NGB), Lower Geyser Basin (LGB), Midway 
Geyser Basin, Upper Geyser Basin (UGB), Shoshone Geyser Basin (SGB), 
and Heart Lake Geyser Basin (HLGB); Fig. 6.1), thermal areas (such as 
Mammoth Hot Springs (MHS), and Mud Volcano area (MV)), some 280 
named rivers and more than 150 named lakes whose largest is the 
Yellowstone Lake (350 km2). Following the classification of Giggenbach 
(1988), three thermal water types are found in the YPVF. Thermal springs 
are neutral Cl-waters in MGB, i.e., with neutral to slightly alkaline pH 
values and with relatively high concentrations of Cl-, Si and siliceous sinter 
deposition (Hurwitz et al, 2007). Alkaline HCO3-waters are found at MHS, 
i.e., rich in HCO3

-, SO4
2-, Cl- and precipitating travertine as a result from 

subsurface flow through a sedimentary sequence (Pierce et al, 1991). 
Presence of acid SO4-waters are reported in MV. Sublacustrine 
hydrothermal activity in Yellowstone Lake has been inferred for >100 year 
with alkaline HCO3-waters and neutral Cl-waters water types (Hayden, 
1878; Fowler et al, 2019a, 2019b).  

The YPVF is covered in forest (~80 %, Kokaly et al, 2003) rooted in well-
drained soils. Soils in the western side of Yellowstone Lake are mainly 
derived from rhyolite while soils in the southwest part of YPVF are 
developed on basalt (Rodman et al, 1996). The YPVF climate is temperate 
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with cold winters and low annual temperatures characterized by snow 
from October (average temperatures: -6 to 11 °C) to April (average 
temperatures: -6 to 8 °C), followed by snowmelt in May which induces a 
well-defined seasonal increase in runoff. The vast majority of YPVF 
precipitation is locked-in as snow during winter months (~70% of the 
annual precipitation as snowfall; Despain, 1987), with an annual average 
of 180 cm water equivalent, occurring mainly between October and April 
with maxima in January, and annual snowmelt occurring reliably between 
May and June. Precipitation is distributed evenly over the year (annual 
range: 33 to 58 mm), apart from during July which is the driest month with 
precipitation values of ~2 mm (National Park Service, 2020).  

The YPVF is drained by four main rivers (Madison, Yellowstone, Snake 
and Falls Rivers; Fig. 6.1) that have a well-constrained hydrological budget 
(Hurwitz et al, 2007), with base flow conditions from late September-
October to April followed by rapid increase in river discharge during 
snowmelt. Rivers in YPVF have distinct river discharges resulting from 
different water inputs (Fig. 6.1). The Yellowstone river has the largest 
drainage area including contribution from Yellowstone Lake, Gardner 
River, and springs from MV (Hurwitz et al, 2007; McCleskey et al, 2019). 
The Madison river integrates the discharge of Firehole river draining the 
LGB, MGB and UGB, and the Gibbon river receives contribution from 
the NGB (McCleskey et al, 2010a, 2010b). The Falls river drains the 
southwest of YPVF, and the Snake river drains the South of the YPVF 
receiving thermal inputs from HLGB and SGB but also from travertine 
depositing spring in the Upper Snake River (Hurwitz et al, 2007; Hurwitz 
et al, 2020).  
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Fig. 6.1: Location of thermal spring waters (circle) and river waters 
(triangle) studied in Yellowstone Plateau Volcanic Field (YPVF). Thermal 
springs from this study (black circle; from Midway Geyser Basin) are 
located relative to samples from literature (green circle): from Douthitt 
(1982) (A = Porcelaine Terrace, B = Cistern, C = Beryl, E = Ear, and 
Minerva spring outside the map), and from Chen et al (2020) (B = Cistern, 
D = Deerbone). Major geyser basins and thermal areas are located (dark 
blue), from North to South, respectively: MHS = Mammoth hot springs; 
NGB = Norris Geyser Basin; MV = Mud volcano; LGB = Lower Geyser 
Basin; MGB = Midway Geyser Basin; UGB = Upper Geyser Basin; SGB 
= Shoshone Geyser Basin; HLGB = Heart Lake Geyser Basin. The river 
codes are explained in Table 6.1.  

 
 

6.4 Materials and methods 

6.4.1 Sampling campaign  

Sampling sites for thermal springs and river waters are shown in Fig. 6.1. 
Seven thermal springs of MGB were sampled in April 2015, at their outlet 
from the riverbed. Fourteen river waters flowing through YPVF were 
collected in September (corresponding to base flow) and in June (during 
snowmelt) between 2016 and 2017 (n=30), away from any visible 
anthropogenic contributions. River water samples were collected for three 
main rivers (from North to South: Madison (MAD), Snake (SNA), Falls 
(FAL)), and their tributaries (from North to South: Gardner (GAR), 
Gibbon (GIB), and Firehole at two locations, i.e., Firehole Canyon at gage 
(FC) and Firehole above Old Faithful (FIR)). For these rivers, temperature 
(°C) and pH were measured in situ with an Hanna HI 991300 electrod. 
River water samples were also collected from rivers adjacent to 
Yellowstone Lake (from the western to eastern side of the lake: Big 
Thumb creek (BT), Little Thumb creek (LT), Arnica creek (ARC), Bridge 
creek (BCu), Yellowstone at lake outlet (YELo), Pelican creek (PEL), 
Sedge creek (SDG). For these river samples, temperature and pH were not 
measured. All water samples were filtered at 0.45 µm through 
polycarbonate membranes within 24h and stored at 4 °C in the dark in 
pre-washed polypropylene (PP) bottles.  

Most of the sampled rivers (except SNA and FC) are equipped with gaging 
stations and monitored by USGS (FAL, MAD, FIR, GAR, GIB, ARC, 
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BCu, LT, BT, SDG, PEL, YELo), and water flow and element flux data 
are available since 1983 (McCleskey et al, 2012). The sampling period can 
be considered as representative of the discharge conditions, based on a 
long-term trend in riverine discharge available for six rivers (YELo, SNA, 
GIB, GAR, FIR, FAL; National Water Information System (NWIS), 2019; 
Suppl. Mat. 6.1). Based on the USGS database (Suppl. Mat. 6.2), the 
discharge data corresponding to the day and location of sample collection 
in this study support an increase in riverine discharge at snowmelt relative 
to base flow (standardized to the catchment size) between 1.3 and 33.3. 
The largest increase in discharge at snowmelt is for one of the smaller 
draining area (SDG; Fig. 6.2). 
 
 

 

Fig. 6.2: Change in discharge (standardized to catchment size) between 
snowmelt (June) and base flow (September) in river waters flowing 
through YPVF as a function of the draining area. Discharge data and 
drainage area data (USGS database; NWIS, 2019) correspond with the 
sampling days and sampling locations in this study. The river codes are 
explained in Table 6.1.
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6.4.2 Water compositions analysis 

The concentrations of Ca, Na, Mg, K, Al, Fe and Si in the water samples 
were determined by inductively-coupled plasma-optical emission 
spectrometry (ICP-OES; iCAP 6500 Thermo Fisher Scientific). The 
accuracy on majors elements (Ca, Na, Mg, K, Al, Fe and Si) analyses was 
assessed using the trueness (± 3%, ± 4%, ± 1%, ± 7%, ± 4%, ± 2% and 
± 4%; respectively) on the river water  reference material SLRS-5 
(Yeghicheyan et al, 2013) and the analytical precision (± 0.5%) for each 
element. The detection limit are 0.05, 0.43, 0.21, 0.26, 0.37, 0.18 and 0.36 
µmol.l-1 for Ca, Na, Mg, K, Al, Fe and Si, respectively. Anions (SO4

2-, Cl-) 
were measured by ion chromatography (Dionex ICS2000, column: 
AG15/AS15). The accuracy on SO4

2- and Cl- was assessed by using the 
trueness (± 3% and ± 4%; respectively) on river water certified reference 
material LGC6025 (UKAS, 2014) and the analytical precision (± 2%) for 
each anion. The detection limit are 1.5 and 3.1 for SO4

2- and Cl-, 
respectively. Total dissolved solids (TDS; µmol.l-1) were obtained by 
summing major elements (Ca, Na, Mg, K) and SiO2 concentrations in 
rivers. 

 

6.4.3 Ge measurements and Ge/Si ratio calculation 

The Ge concentration in the thermal (n=7) and river (n=30) waters was 
determined by ICP-mass spectrometry (ICP-MS, ICAPQ Thermo Fisher 
Scientific) using the 74Ge isotope. Accuracy and long-term repeatability of 
the analysis were assessed by measuring two international riverine 
standards, namely SLRS-5 ([Ge] = 0.083 ± 0.014 nmol.l-1; n=3) and SLRS-
6 ([Ge] = 0.097 ± 0.0069 nmol.l-1; n=3) (Yeghicheyan et al, 2013), and one 
in-house standard (i.e., the Gallion Blanc (GAB) thermal spring of La 
Soufrière volcano in Basse-Terre Island: [Ge] = 23.95 ± 0.096 nmol.l-1; 
n=14) in each analytical session between July 2017 and June 2018. The 
limit of detection on Ge is 0.04 nmol.l-1 and the analytical precision (n= 3) 
is ± 8% for Ge concentrations < 0.013 nmol.l-1 and 4% for Ge 
concentrations > 0.013 nmol.l-1. The precision on our Ge/Si ratio is 10% 
(SD).  
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6.4.4 Silicon isotope measurements 
 

Purification of silicon  

For thermal spring waters, the Si concentrations are above the limit of 
amorphous silica solubility (~1700-2300 µmol.l-1 at 25 °C; Fournier and 
Rowe, 1977). Therefore, to ensure the solubilization of potential 
amorphous silica precipitates formed after filtration, the water sample was 
dried down on a hotplate at 100 °C, followed by a leaching with 0.125M 
NaOH at 100 °C for four hours after sonication for 10 minutes (adapted 
from Ragueneau et al, 2005). Following leaching, the pH of sample 
solutions was adjusted using suprapure HNO3 to reach pH 2 in a final 
volume at a Si concentration below the limit of amorphous silica solubility.  

To prevent matrix effects from anions such as SO4
2- and Cl- during mass 

spectrometry, Si in thermal waters was purified using a two step column 
chemistry with anionic exchange resin (Biorad AG MP-1) and cationic 
exchange resin (Biorad AG50W-X12) following the method developed by 
Gaspard et al, submitted. After column chemistry, the Si recovery was > 
98%, the concentrations of Na, SO4

2- and Cl- in the purified solution were 
< 0.43, 1.5 and 3.1 µmol.l-1, respectively (i.e., the detection limit values), 
and the blank level was < 0.36 µmol Si.l-1, i.e., the detection limit for Si by 
ICP-OES.  

 
 Mass spectrometry 

Silicon isotope compositions were measured in thermal springs (n=6) and 
river waters (n=17) from YPVF. Silicon isotope compositions were 
analyzed by MC-ICP-MS (Neptune Plus™ High Resolution 
Multicollector ICP-MS, Thermo Fisher Scientific) in wet plasma mode in 
medium resolution (Δm/m~6000) using a PFA nebulizer of 100 µl.min-1 
uptake rate. The instrumental mass bias was corrected for by using the 
standard-sample bracketing technique and an external Mg doping 
(Cardinal et al, 2003). The analyses were performed in 2% v/v HNO3 
matrix, with a typical sensitivity of 7 V for 2 mg.l-1 Si and an instrumental 
blank <30 mV. Silicon isotope compositions are expressed in relative 
deviations of 30Si/28Si ratio from the NBS-28 reference standard using the 
common δ-notation (‰): δ30Si=[(30Si/28Si)sample/(30Si/28Si)NBS-28 -1]×1000. 
One measurement comprises 30 cycles with 4.2 s integration time 
corrected by blank in a 2% v/v HNO3 matrix. Each single δ-value (n) 
represents one sample run and two bracketing standards. δ30Si-values are 
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reported as the mean of replicate isotopic analyses ± standard deviation 
(SD). Quality control of mass bias was performed by ensuring that δ30Si 
and δ29Si measurements fit to a mass-dependent fractionation array, 
supporting the interference-free determination of all three Si isotopes via 
MC-ICP-MS (Suppl. Mat. 6.3). The long-term precision and accuracy of 
the MC-ICP-MS δ30Si analyses were assessed on the reference materials 
diatomite (δ30Si = 1.30 ± 0.09 ‰, SD, n=20), BHVO-2 (δ30Si = -0.27 ± 
0.06 ‰, SD, n=10) and quartz Merck (δ30Si of 0.04 ± 0.09 ‰, SD, n=6) 
with values consistent with those reported earlier (Reynolds et al, 2007; 
Abraham et al, 2008).  

 

6.5 Results 

General parameters (temperature, pH, TDS) and chemical composition of 
thermal waters (of Midway Geyser Basin) and river waters in Yellowstone 
Plateau Volcanic Field (YPVF) are shown in Table 6.1. The abbreviations 
for thermal spring and river water samples are explained in Table 6.1. The 
ion balance of the water samples never exceeds 10%. 
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Table 6.1: General parameters (temperature, pH, TDS) and chemical 
composition of thermal and river waters in Yellowstone Plateau Volcanic 
Field (YPVF) collected in September (at base flow) and in June (during 
snowmelt). Small rivers surrounding Yellowstone Lake are reported from 
the western to eastern side of the lake, and larger rivers draining the YPVF 
are reported from North to South. Also shown is a typical volcanic rock 
composition for rhyolite, which is the dominant bedrock in YPVF.  

- = not measured 
n.d = not detected.   
 

 

 

Sampling date Sample Label Temperature pH TDS Ca Na Mg K Al Fe Si SO4 Cl 

dd.mm.yy °C

Thermal Springs 13.04.15 Black Sand Pool (6 m depth) BSP 94.2 8.7 30066 8 19583 n.d 541 13 0.2 4647 183 10172

14.04.15 Punch Bowl Spring (4.4 m depth) PBS 93.0 7.6 30963 9 19243 n.d 482 7 n.d 5252 179 8787

15.04.15 Crested Pool (11.33 m depth) CP 111.4 9.2 29119 10 17501 n.d 493 13 n.d 5198 219 11040

16.04.15 East Chinaman Pool (5 m depth) ECP 95.2 7.6 25987 18 14326 n.d 464 6 n.d 5229 217 11955

16.04.15 Chinese Springs (4.6 m depth) CHS 97.2 7.8 24082 16 13921 n.d 438 6 n.d 4540 237 11454

16.04.15 Sulphide Spring SS 90.1 6.6 10485 70 4833 12 394 2 1 2421 319 3144

16.04.15 Dome Geyser DG 88.5 7.1 27474 13 14554 0.4 536 4 n.d 5786 451 11489

Rivers 18.09.16 Big thumb creek BT  -  - 5912 235 1478 151 248 n.d 16 1778 54  -

22.06.17 Big thumb creek BT  -  - 609 48 29 14 14 n.d 1 236 n.d  -

18.09.16 Little thumb creek upstream LT  -  - 1745 153 207 91 77 n.d 6 570 16  -

22.06.17 Little thumb creek upstream LT  -  - 447 60 52 15 19 n.d n.d 141 3  -

18.09.16 Arnica creek ARC  -  - 3310 181 739 63 81 n.d 3 1050 28  -

22.06.17 Arnica creek ARC  -  - 2236 173 327 42 51 n.d n.d 769 18  -

18.09.16 Bridge creek upstream BCu  -  - 4490 213 565 81 128 n.d 1 1638 30  -

22.06.17 Bridge creek upstream BCu  -  - 1529 96 38 21 13 3 2 637 n.d  -

21.09.16 Yellowstone river outlet YELo  -  - 1150 154 415 104 49 n.d n.d 200 81  -

24.09.16 Yellowstone river outlet YELo  -  - 1119 148 410 102 44 n.d n.d 194 81  -

09.10.16 Yellowstone river outlet YELo  -  - 2150 257 747 210 95 n.d 1 393 333  -

22.06.17 Yellowstone river outlet YELo  -  - 1093 143 361 97 43 n.d n.d 210 78  -

18.09.16 Pelican creek PEL  -  - 5931 523 2028 567 362 10 2 1147 1180  -

22.06.17 Pelican creek PEL  -  - 1268 85 103 59 22 3 1 467 64  -

18.09.16 Sedge creek SDG  -  - 2861 339 754 340 79 50 62 631 1520  -

22.06.17 Sedge creek SDG  -  - 1031 100 171 65 28 n.d 3 312 266  -

06.06.17 Gardner river GAR 14.9 8.0 1497 549 207 206 51 n.d n.d 227 162 120

01.12.17 Gardner river GAR 10.0 8.0 4633 1472 1153 699 253 2 1 494 1105 879

07.06.17 Madison River near W. Yellowstone MAD 18.6 7.7 4180 114 1866 24 134 5 2 955 81 827

20.09.17 Madison River near W. Yellowstone MAD 11.0 8.1 7119 158 3667 29 214 7 2 1427 208 2817

06.06.17 Gibbon River at gage GIB 18.5 7.1 3394 155 1337 42 132 7 4 809 118 610

20.09.17 Gibbon River at gage GIB 11.3 6.9 6652 206 3214 50 276 15 4 1359 341 1711

06.06.17 Firehole Canyon at gage FC 18.1 8.2 3800 76 1704 15 106 5 2 888 59 799

20.09.17 Firehole Canyon at gage FC 14.2 8.4 7515 125 3821 19 188 5 1 1572 164 2028

06.06.17 Firehole above Old Faithful FIR 8.6 6.9 1095 53 199 11 40 6 2 370 16 104

22.09.17 Firehole above Old Faithful FIR 5.7 7.4 2322 89 575 15 81 5 2 730 38 378

05.06.17 Snake R. above Flagg Ranch SNA 10.3 7.8 923 251 184 67 25 2 1 185 38 64

13.09.17 Snake R. above Flagg Ranch SNA 17.0 8.4 3054 411 1162 121 113 n.d n.d 583 288 443

07.06.17 Falls river FAL 12.5 7.5 995 77 267 29 29 n.d n.d 278 10  -

21.09.17 Falls river FAL 6.7 7.9 2644 118 913 32 74 n.d 1 705 24 265

Volcanic rock Ca Na Mg K Al Fe Si 

Rhyolite RGM-1 USGS reference material RHY 1.00 2.98 0.01 4.07 6.98 1.55 34.47Bobrow et al, 1983

µmol.l
-1

Type Sample Label Reference
wt (%)
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6.5.1 Elemental composition of the thermal springs from 
YPVF 

Thermal springs in MGB have high temperatures ranging from 88.5 to 
111.4 °C and neutral to alkaline pH values (6.9-9.2). These thermal springs 
exhibit high dissolved elements (TDS: 10485-30963 µmol.l-1) and silicon 
concentrations vary from 2421 to 5786 µmol.l-1. Thermal springs in MGB 
contain high Cl- concentrations (3144-11955 µmol.l-1) followed by SO4

2- 
(111-451 µmol.l-1), and Na is the dominant cation with concentrations 
ranging from 4833 to 19583 µmol.l-1 (Fig. 6.3a). These data agree with the 
view that MGB thermal springs are neutral to slightly alkaline waters 
(Hurwitz et al, 2007) and neutral Cl-waters. The MGB thermal springs 
differ from other thermal spring areas in YPVF such as NGB (Porcelaine 
Terrace, Cistern, Beryl) which has neutral chloride waters enriched in K 
and Cl-, and MHS alkaline HCO3-waters that are enriched in Ca and Mg 
(Fig. 6.3a and 6.3b; Bargar, 1978). 
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Fig. 6.3: Ternary diagrams of the major cation (a) and anion (Giggenbach, 1988) (b) composition of the thermal springs 
(circle) and river waters (triangle) from the YPVF. River waters at base flow (plain triangle) are compared with river waters 
during snowmelt (open triangle). Data from this study (dark grey) are compared with literature data (green): rivers from 
Gemery-Hill et al (2007), thermal springs from Norris Geyser Basin (NGB) and Mammoth Hot Springs (MHS) from Bargar 
(1978), and SI Deep Hole vent fluids from Fowler et al (2019b). Alkalinity is not available for our samples. The river codes 
are explained in Table 6.1. 

a)
 

b)
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6.5.2 Elemental composition of the river waters from 
YPVF 

River waters in YPVF display neutral to alkaline pH values (6.9-8.4) and 
exhibit a large range of dissolved elements concentrations as reflected by 
high TDS values (TDS: 447-7515 µmol.l-1). The Si concentrations in river 
waters range from 141 to 1778 µmol.l-1. We observe spatial heterogeneity 
in the chemical composition of river waters in YPVF, irrespective of 
seasonal flow regime (Fig. 6.3a). River waters downstream of the MGB 
such as GIB, MAD and FC rivers have higher Na (1337-3821 µmol.l-1) and 
K (106-276 µmol.l-1) concentrations (Fig. 6.3a) compared to river waters 
such as BCu, SDG and YELo, with Na (38-754 µmol.l-1) and Ca (96-339 
µmol.l-1). 

We observe seasonal variations in the chemical composition of river 
waters between base flow and snowmelt conditions that are superimposed 
on these underlying spatial variations. Notably, river waters collected 
during snowmelt (June) show lower TDS values (447-4180 µmol.l-1) than 
rivers sampled at base flow (September; 1150-7515 µmol.l-1) highlighting 
that river waters are diluted at snowmelt (Fig. 6.4), well in agreement with 
previous studies (McCleskey et al, 2012, 2016; Suppl. Mat. 6.4). To 
compare element concentrations between base flow and snowmelt, 
dilution-corrected element concentrations were obtained by normalizing 
element concentrations to Na. Indeed, Na shows a strong positive 
correlation with TDS (R2 = 0.88, Suppl. Mat. 6.5), indicating that riverine 
Na concentrations are governed by dilution and can be used here to 
correct elements for dilution during the snowmelt event (Fig. 6.5). River 
water compositions during snowmelt are enriched in Si relative to base 
flow, and more specifically in BCu (Si/Nasnowmelt = 16.9), BT (Si/Nasnowmelt 
= 8.18) and PEL (Si/Nasnowmelt = 4.54; Fig. 6.5b). Moreover, for all rivers, 
there is an enrichment in Mg and K at snowmelt relative to base flow, and 
a depletion in Cl- at snowmelt relative to base flow (Fig. 6.5a, 6.5c and 
6.5d).  
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Fig. 6.4: Total dissolved solids (TDS) at snowmelt period (TDSsnowmelt; 
June) relative to base flow (TDSbase flow; September) in river waters (triangle) 
flowing in Yellowstone Plateau Volcanic Field (YPVF). The river codes 
are explained in Table 6.1. The end-member for TDSthermal springs is shown 
for comparison (circle). 
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Fig. 6.5: Plots showing the Na-normalized element concentrations (molar ratio) at snowmelt (June) as a function of Na-
normalized element concentrations at base flow (September) in river waters flowing through YPVF: (a) Cl, (b) Si, (c) Mg 
and (d) K. The river codes are explained in Table 6.1. The dashed line corresponds to the 1:1 ratio; element ratios above 
(or below) the dashed lines indicate an enrichment in this element at snowmelt (or at base flow; respectively).
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6.5.3 Ge/Si ratio of the thermal springs and river waters 

The Ge/Si ratio of thermal springs of Midway Geyser Basin and river 
waters flowing through Yellowstone Plateau Volcanic Field, collected in 
September (at base flow) and in June (during snowmelt), are reported in 
Table 6.2 and shown in Fig. 6.6a.  
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Table 6.2: Germanium concentrations, Ge/Si ratios and silicon isotope 
compositions (δ29Si and δ30Si) in thermal and river waters flowing in 
Yellowstone Plateau Volcanic Field (YPVF). River waters were collected 
in September (at base flow) and in June (during snowmelt). n = number 
of measurements.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- = not measured. 
 

Label Sampling date Ge Ge/Si δ29
Si SD δ30

Si SD n

dd.mm.yy nmol.l
-1

µmol.mol
-1 ‰ ‰

Thermal springs 

BSP 13.04.15 828.74 159.71 -0.04 0.04 -0.04 0.03 2

PBS 14.04.15 775.06 143.85 -0.12 0.01 -0.13 0.07 1

CP 15.04.15 1011.84 188.92 -0.09 0.05 -0.09 0.08 2

ECP 16.04.15 991.19 182.29 -0.09 0.02 -0.14 0.03 2

CHs 16.04.15 960.90 181.70 -0.07 0.04 -0.05 0.05 2

SS 16.04.15 235.41 110.98  -  -  -  -  -

DG 16.04.15 1010.46 170.69 -0.04 0.05 -0.08 0.01 2

Rivers

BT 18.09.16 12.48 7.05 0.61 0.06 1.19 0.03 1

BT 22.06.17 0.21 0.89 0.32 0.12 0.86 0.02 1

LT 18.09.16 0.83 1.47 0.49 0.06 0.92 0.06 1

LT 22.06.17 0.14 0.99 0.53 0.06 1.09 0.11 1

ARC 18.09.16 4.79 4.58 0.09 0.09 0.40 0.04 1

ARC 22.06.17 4.32 5.64 0.10 0.08 0.37 0.05 1

BCu 18.09.16 4.31 2.64 0.22 0.01 0.48 0.01 1

BCu 22.06.17 1.32 2.08 0.32 0.05 0.71 0.07 1

YELo 21.09.16 4.02 20.13 1.07 0.03 2.17 0.03 1

YELo 24.09.16 4.49 23.29 1.04 0.04 2.01 0.09 2

YELo 09.10.16 5.32 13.60 0.77 0.05 1.63 0.03 1

YELo 22.06.17 3.81 18.21 0.89 0.02 1.82 0.04 1

PEL 18.09.16 10.23 8.95 0.59 0.05 1.17 0.06 1

PEL 22.06.17 1.45 3.12 0.26 0.10 0.78 0.07 1

SDG 18.09.16 7.14 11.35 0.50 0.02 1.05 0.05 1

SDG 22.06.17 1.87 6.02 0.39 0.14 0.77 0.05 1

GAR 06.06.17 2.55 11.77  -  -  -  -  -

GAR 01.12.17 16.86 34.27 0.29 0.01 0.57 0.02 1

MAD 07.06.17 60.02 72.32  -  -  -  -  -

MAD 20.09.17 99.12 77.62  -  -  -  -  -

GIB 06.06.17 30.49 42.77  -  -  -  -  -

GIB 20.09.17 63.19 51.64  -  -  -  -  -

FC 06.06.17 65.80 83.95  -  -  -  -  -

FC 20.09.17 130.09 91.92  -  -  -  -  -

FIR 06.06.17 7.37 21.41  -  -  -  -  -

FIR 22.09.17 21.27 32.41  -  -  -  -  -

SNA 05.06.17 3.10 18.19  -  -  -  -  -

SNA 13.09.17 22.30 40.56  -  -  -  -  -

FAL 07.06.17 3.44 13.48  -  -  -  -  -

FAL 21.09.17 12.60 20.06  -  -  -  -  -
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Fig. 6.6: Plots showing the Ge/Si ratio (± SD) (a) and Si isotope 
composition (δ30Si ± SD) (b) of the thermal spring (circle) and river water 
(triangle) samples from the YPVF. River waters at base flow (plain dark 
grey triangle) are compared with river waters during snowmelt (open dark 
grey triangle). Si isotope data from this study (black) are compared with 
reported literature values from YPVF (located in Fig. 6.1): Douthitt 
(1982) (blue; A = Porcelaine Terrace, B = Cistern, C = Beryl, E = Ear, F 
= Minerva; white circles), Chen et al (2020) (red; B = Cistern, D = 
Deerbone). The river codes are explained in Table 6.1.  
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The highest Ge/Si ratios were measured for thermal springs in MGB and 
range from 110.98 (SS) to 188.92 (CP) µmol.mol-1. River waters show 
lower Ge/Si ratios than thermal spring, with values ranging from 0.89 
µmol.mol-1 (BT) to 91.92 µmol.mol-1 (FC).  

River waters sampled during snowmelt (June) and base flow (September) 
display Ge/Si values within the same range (0.89-83.95 and 1.47-91.92 
µmol.mol-1). Considering each river separately, the Ge/Si ratio in rivers 
decreases during snowmelt relative to base flow (Fig. 6.7a). The exception 
to this is ARC river which has the same Ge/Si ratio during snowmelt (5.64 
µmol.mol-1) and base flow (4.58 µmol.mol-1) taking into account precision 
on Ge/Si (10%, SD). 

 

 

6.5.4 Si isotope composition of the thermal springs and 
river waters 

The Si isotope composition of thermal springs in MGB and river waters 
draining Yellowstone Plateau Volcanic Field, collected in September (at 
base flow) and in June (during snowmelt), are reported in Table 6.2 and 
shown in Fig. 6.6b.  

Thermal springs are characterized by lower δ30Si values (-0.14 ± 0.03 ‰ 
in ECP to -0.04 ± 0.03 ‰ in BSP) than those of river waters (0.37 ± 0.05 
‰ in ARC to 2.17 ± 0.03 ‰ in YELo) draining YPVF. The YELo river 
is enriched in 30Si relative to other collected rivers (δ30Si = 1.63 ‰ to 2.17 
‰). 

Considering each river separately, there is no systematic seasonal trend 
between Si isotope compositions at base flow and during snowmelt. Some 
rivers show similar δ30Si values at snowmelt relative to base flow (e.g., 
ARC, δ30Si = 0.37 ± 0.05 ‰ relative to 0.40 ± 0.04 ‰), some rivers have 
higher δ30Si values at snowmelt relative to base flow (e.g., BCu, δ30Si = 
0.71 ± 0.07 ‰ relative to 0.48 ± 0.01‰), and some rivers display lower 
δ30Si values at snowmelt relative to base flow (e.g., BT, SDG, YELo, PEL) 
(Fig. 6.7b).  

 

 



Part III: Data chapters Ch4 

 

303 

 

 
Fig. 6.7: Plots showing the variations in (a) Ge/Si ratios and (b) Si isotope 
compositions in river waters during snowmelt (June) as a function of the 
same parameters at base flow (September) in YPVF. The river codes are 
explained in Table 6.1. The dashed line corresponds to the 1:1 ratio; the 
Ge/Si ratios of δ30Si values above (or below) the dashed lines indicate an 
enrichment in Ge/Si ratios or δ30Si values  at snowmelt (or at base flow; 
respectively). 
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     6.6 Discussion 

6.6.1 Variations in δ30Si and Ge/Si ratio in thermal 
springs in YPVF 

The Si isotope composition of the six neutral Cl-waters from MGB 
reported in this study (δ30Si: -0.14 ± 0.03 ‰ to -0.04 ± 0.03 ‰) are on the 
lower end of the δ30Si values reported for thermal waters in volcanic 
regions (δ30Si = -0.6 to 1.7 ‰; e.g., Opfergelt et al, 2011; Geilert et al, 
2015; Ding et al, 2017). Our values from MGB are in agreement with one 
δ30Si value reported in Ear spring from MGB (δ30Si = -0.1‰; Douthitt, 
1982; Fig. 6.1). But our range of values for thermal springs MGB is lower 
than the Si isotope composition reported for thermal springs from NGB 
(Porcelaine Terrace, Cistern, Beryl and Minerva; located as A, B, C on Fig. 
6.1) where δ30Si values range from 0.1 to 0.4 ‰ (Douthitt, 1982; Chen et 
al, 2020).  

This can be explained by the chemical differences between thermal springs 
from MGB and NGB (located more than 22 km north of MGB). The 
MGB and NGB (Porcelaine Terrace, Cistern, Beryl) are neutral Cl-waters 
(Bargar, 1978; Hurwitz et al, 2007) (Fig. 6.3a and 6.3b), but the 
differences in Cl- and HCO3

- concentrations observed in these thermal 
springs is attributed to varying degrees of conductive cooling, 
decompressional boiling and with mixing of different thermal waters 
(Fournier, 1989), that likely differ between MGB and NGB. Contrasting 
temperatures are reported for thermal springs for MGB and NGB: the 
average temperature of thermal springs from NGB (91 °C; Bargar, 1978) 
is in the lower end of range of temperature from thermal springs from 
MGB (88-111 °C). And their Si concentrations also differ: the Si 
concentration are higher in thermal springs from NGB (6990 µmol.l-1; 
Bargar, 1978) than in those from MGB (2421-5786 µmol.l-1).  

As a result, thermal springs from MGB have overall higher temperatures 
and lower Si concentrations than thermal springs from NGB. We 
hypothesize that the differences in Si isotope compositions between the 
thermal springs from these two areas can be explained by differences in 
conditions for the precipitation of siliceous sinters. As shown 
experimentally (Geilert et al, 2014), sinters incorporate preferentially the 
lighter Si isotopes and enriches surrounding waters in the heavy Si 
isotopes. This has recently been confirmed at YPVF with silica sinters 
from Cistern and Deerbone springs showing light δ30Si (from -4.79 to -
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2.25 ‰ and from -0.81 to -0.11 ‰, for Cistern and Deerbone springs) 
relative to their corresponding thermal springs (from 0.15 to 0.70 ‰ and 
from -0.32 to -0.17 ‰, for Cistern and Deerbone springs, respectively; 
Chen et al, 2020). Therefore, the heavier δ30Si values measured in thermal 
springs from NGB suggest a potentially larger influence of silica sinters 
precipitation in NGB than in MGB, due to Si concentrations above the 
limit of amorphous silica solubility at 91 °C at NGB (~5000-5800 µmol.l-
1; Fournier and Rowe, 1977). A similar explanation has been provided to 
explain the heavier δ30Si on Cistern spring from NGB (0.15 ‰) than in 
Deerbone spring from LGB (-0.32 ‰) (Chen et al, 2020). 

The Ge/Si ratios measured on thermal springs of MGB (110.98-188.92 
µmol.mol-1; Table 6.2) are high values, in agreement with values reported 
for other volcanic thermal springs (Iceland: 3-185 µmol.mol-1; Arnòrsson, 
1983, 1987; Siebert et al, 2006; Wheat and McManus, 2008; Escoube et al, 
2015). High Ge/Si ratios in metamorphic springs from hydrothermally-
impacted areas are generally explained by the precipitation of Ge-poor 
silica such as quartz (Evans and Derry, 2002) and silica sinters (Arnòrsson, 
1987) with much lower values than in their associated thermal waters, 
therefore suggesting the role of the precipitation of silica sinters on the 
Ge/Si values of thermal springs from MGB, as highlighted with Si 
isotopes. This is confirmed by the saturation index (SI = log IAP/Ksp with 
IAP the ion activity product of the chemical species in the fluids and Ksp 

their solubility product, calculated with the PHREEQC geochemical 
modeling program) > 0 for quartz in all thermal springs of MGB.  

 
 

6.6.2 Spatial variations in δ30Si and Ge/Si ratio in rivers 
from YPVF  

The riverine Ge/Si ratios found in GIB, MAD and FIR (42.77-51.64, 
72.32-77.62 and 21.41-32.41 µmol.mol-1, respectively) are higher than 
those from river waters located on the shores of Yellowstone Lake (Ge/Si 
ratios = 0.99-23.29 µmol.mol-1). This could be explained by spatial 
differences in the hydrothermal influence to riverine chemistry, 
considering that contribution of atmospheric deposition-derived solutes 
(atmospheric input) to the river load can be considered as negligible (Miller 
and Drever, 1977; Zelt et al, 1998; Kharaka et al, 2002; Hurwitz et al, 
2007). 
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The chemical composition of river waters located adjacent to Yellowstone 
Lake such as YELo, BCu, SDG, LT and BT highlights higher (Ca+Mg)/K 
ratios (ranging from 1.6 to 8.6) relative to river waters located further from 
the lake, such as GIB, MAD and FIR ((Ca+Mg)/K = 0.9-1.6) (Fig. 6.3a). 
The chemistry of rivers adjacent to Yellowstone Lake (YELo, BCu, SDG, 
LT, BT) is likely influenced by a hydrothermal contribution with a 
common reservoir feeding the hydrothermal vents at the bottom of the 
lake: this is supported by a similar anion chemistry between these rivers 
and the SI Deep Hole vent fluids located at the bottom of the lake in the 
North Eastern part of the lake (Fowler et al, 2019a, 2019b) (Fig. 6.3b). 
This is consistent with recent study of McCleskey et al (2019) showing that 
thermal features draining into Yellowstone Lake account for 34% of the 
Cl- flux at the river YELo. In contrast, rivers within the vicinity of MGB 
thermal springs (GIB, MAD and FIR) are influenced by the neutral 
chloride springs of MGB with HCO3/Cl ~ 1.2 (Hurwitz et al, 2007) 
reflecting the hydrothermal influence of MGB thermals springs on YPVF 
rivers (Fig. 6.3b). 

Thermal springs of MGB are known to contribute to GIB, MAD and FIR 
rivers (McCleskey et al, 2010a, 2010b; McCleskey et al, 2012). The high 
Ge/Si ratio in GAR river (11.77-34.27 µmol.mol-1) is also likely explained 
by a local contribution from thermal springs, given that GAR river is 
known to receive a significant contribution from the MHS area 
(McCleskey et al, 2019). This is also supported by a δ30Si value in GAR 
(δ30Si = 0.57 ‰) lighter than in most other rivers of YPVF, considering 
that the δ30Si values of thermal springs in the YPVF are light, ranging 
between -0.32 and 0.40 ‰; this study, Doutthit, 1982, Chen et al, 2020).  

Overall, river waters flowing through YPVF display a range of Ge/Si 
ratios (0.89-91.92 µmol.mol-1; Table 6.2; Fig. 6.6a) that is larger than the 
range reported for rivers draining volcanic regions (Ge/Si = 0.16-20 
µmol.mol-1; e.g., Derry et al, 2005; Scribner et al, 2006; Baronas et al, 2018, 
2020), and a range of Si isotope compositions (δ30Si = 0.37-2.17‰; Table 
6.2; Fig. 6.6b) within the range of values reported for rivers draining 
volcanic areas (δ30Si = -0.1 to 3.4 ± 0.01 ‰; e.g., Opfergelt and Delmelle, 
2012; Frings et al, 2016). The highest riverine δ30Si values in the YPVF 
were measured in the YELo river collected at the outlet of Yellowstone 
Lake (δ30Si = 1.63-2.17 ‰; Table 6.2). This is highlighting an additional 
factor of spatial variations affecting the riverine chemistry within the 
YPVF: the influence of biological processes. Indeed, these high δ30Si 
values likely reflect the preferential uptake of light Si isotopes by diatoms 
for their silica frustule (De La Rocha et al, 1997) thereby imparting a 
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distinctive heavy Si isotope signal to the residual lake waters contributing 
to YELo river. The presence of diatoms is well studied in Yellowstone 
Lake (Interlandi et al, 2003). Seasonal diatoms bloom in the lake may result 
in larger Si uptake decreasing the Si concentration in June (210 µmol.l-1) or 
September (194-200 µmol.l-1) relative to colder periods such as October 
(393 µmol.l-1; Table 6.1) and thereby inducing higher δ30Si value in rivers 
in June (1.82 ‰) or September (2.01-2.17 ‰) relative to October (1.63 ‰; 
Table 6.2). Given that amorphous silica solubility increases above pH 8 
(Alexander et al, 1954), a contribution from diatom frustule dissolution 
could partly decrease the influence of Si uptake in YELo river (pH 8.25; 
McCleskey et al, 2019). 

 
 

6.6.3 Seasonal variations in δ30Si and Ge/Si ratio in rivers 
from YPVF 

 

6.6.3.1 Possible change in contributions to rivers at snowmelt 

Changes in Ge/Si ratios in rivers between snowmelt and base flow support 
the accepted view that the fraction of hydrothermal inputs to the river is 
reduced at snowmelt relative to base flow (Hurwitz et al, 2007). Indeed, 
rivers display lower Ge/Si ratios and Cl concentrations during snowmelt 
relative to base flow (Fig. 6.7a; Fig. 6.5a). Based on the high Ge/Si ratios 
measured in thermal springs (section 6.6.1), it is assumed that higher 
Ge/Si ratios should be associated with rivers dominated by a 
hydrothermal contribution relative to rivers diluted by snowmelt. The 
chemical composition of rivers from YPVF are dominated by 
hydrothermal contribution at base flow (Hurwitz et al, 2010; Hurwitz and 
Lowenstern, 2014). Overall, the combined evidence from Ge/Si ratios in 
thermal springs and river waters, TDS values (fully consistent with long-
term monitoring of riverine conductivity; Suppl. Mat. 6.4), and chemical 
compositions supports that snowmelt reduces the fraction of 
hydrothermal contribution to rivers. 

A simple dilution by water from snowmelt is not enough to explain the 
observed changes in riverine Ge/Si ratio, given that snow contains 
negligible Si and Ge concentrations. 

Even if the fraction of hydrothermal inputs to the river is reduced at 
snowmelt relative to base flow (Fig. 6.5a), the dilution-corrected Si 
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concentrations are enriched during snowmelt relative to base flow (Fig. 
6.5b), especially in BCu, BT and PEL rivers. This Si enrichment is 
associated with an enrichment in Mg and K at snowmelt relative to base 
flow (Fig. 6.5c and 6.5d) which in combination can be explained by a 
contribution from surface water influenced by weathering processes 
resulting from surface water-rock interaction or the flushing of soil pore 
water (Engström et al, 2010). The lithology of surface rocks in the studied 
part of the YPVF is mainly crystal poor rhyolite (Trettin and Bartelli, 1980; 
Smith and Siegel, 2000; Christiansen, 2001), and rhyolitic rocks are mainly 
composed of quartz, amphibole and feldspar, i.e., with high Si and K 
content (34.47 and 4.07 wt %; as illustrated with one rhyolite international 
standard in Table 6.1). The congruent weathering of primary minerals 
originated from fresh rhyolite may explain the release of Si, K, and a 
contribution from an easily leached element such as Mg (Bobrow et al, 
1983; Rowe et al, 1992) even if present in low amount in rhyolite. In a 
mixing diagram using Na-normalized molar ratio, the river waters fit close 
to the “silicates” reservoir (Suppl. Mat. 6.6). The variability in riverine 
Ca/Na and Mg/Na ratios is higher at snowmelt than in base flow 
suggesting that the change in runoff at snowmelt is likely to mobilize other 
sources of dissolved elements in contact with primary minerals. The 
dissolved riverine Ca and Na concentrations may also be affected by 
hydrothermal salts formed by the subsurface cooling or mixing of acid-

SO4‐saturated thermal waters (e.g., gypsum) as reported in YPVF (Pierce 
et al, 1991).  

The enrichment of Mg, Si and K in rivers draining YPVF during snowmelt 
is likely influenced by changes in water residence time in the catchment. 
The water residence time in soils dictates the proportion of water available 
for mineral dissolution/formation: lower water residence time favors the 
primary minerals dissolution and higher water residence time favors clay 
minerals formation (White and Blum, 1995). Rivers draining YPVF show 
an increase in discharge at snowmelt relative to base flow standardized to 
the catchment size (Fig. 6.2). The largest increase in discharge at 
snowmelt has been reported for one of the smaller draining area (SDG), 
thereby likely affecting to a larger extent the soil water residence time in 
smaller catchments. Based on this observation, it is hypothesized that the 
influence of the change in runoff on soil water residence time, soil 
weathering processes and eventually riverine discharge and riverine 
chemistry will partly depend on the catchment size.  
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Note that other possible sources of Si have been identified during the 
snowmelt period in Arctic rivers such as Si leaching from the forest 
leaves/needles (Engström et al, 2008, 2010) or Si dissolved from river 
suspended load (Pokrovksy et al, 2013). Regarding a contribution from Si 
leaching from the forest leaves/needles, this cannot ruled out given that 
the YPVF is covered in forest (~80 %; Kokaly et al, 2003). However, 
based on a study of the Si cycling in a temperate forested granitic 
catchment with similar tree species (Cornelis et al, 2010; with granite being 
the equivalent intrusive magmatic rock composition to the extrusive 
rhyolite), it can be considered that the dissolution of phytoliths does not 
control the dissolved Si concentrations of the forest floor leachates. 
Indeed, the biogenic Si stock can be considered as low relative to the 
crystalized Si stock with minerals being incorporated into organic horizons 
by bioturbation, and the dissolved Si concentration in forest floor 
leachates is essentially controlled by mineral weathering (Cornelis et al, 
2010). Regarding river suspended load, we have considered the 
contribution from that pool as negligible given that river ice is less 
important in YPVF than in the Arctic rivers, leading to less erosion of the 
river banks by ice blocks and so less-mineral-dominated suspended load 
to supply Si. Moreover, the river catchments in YPVF are smaller 
compared to large Arctic Rivers, so there is less transport time for in-river 
particle attachment and/or dissolution processes to occur.   

 
  

6.6.3.2 Ge/Si mass balance calculation of contributions to 
rivers with boundary conditions fixed by Si isotopes 

Based on Fig. 6.5b for Si, we hypothesize that at least one external source 
of water containing Si and Ge is contributing to the measured Ge/Si ratio 
in river waters in June. According to the increase in Si, Mg, K at snowmelt 
(Fig. 6.5b, 6.5c and 6.5d), we consider a contribution from a surface water 
influenced by rhyolite weathering and potentially also by secondary 
mineral formation (section 6.6.3.2). During snowmelt, fresh event waters 
fill in the rock and soil surface porosity resulting in the expulsion of pre-
event surface water that was previously in contact with the rock/soil, 
influenced by rhyolite dissolution and/or secondary mineral formation, 
thereby contributing to riverine chemistry at snowmelt.  

Here, we performed two scenarii taking into account the catchment size, 
the increase in riverine discharge at snowmelt, and the expected soil water 
residence time. We hypothesize that the water residence time in soils is 
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inversely correlated with the catchment size (based on section 6.6.3.1). In 
Scenario 1, the following hypothesis is tested: at snowmelt, rivers draining 
higher catchment size are affected by a contribution from a surface water 
mainly influenced by rhyolite weathering (primary mineral dissolution) due 
to a lower soil water time residence relative to catchments of lower size. 
In Scenario 2, we assume that, at snowmelt, rivers draining lower 
catchment size are affected by a contribution from a surface water 
influenced by primary mineral dissolution and by clay mineral formation, 
which was favored with higher soil water residence time relative to 
catchments of higher size. 

We have the possibility to test the contributions of both rhyolite 
weathering and secondary mineral formation using Ge/Si ratio and Si 
isotopes for five rivers for which both Ge/Si ratios and silicon isotope 
data are available (BT, SDG, PEL, BCu, LT).  

 

We use the following equation: 

 
Ge/SiSM = Ge/SiBF .x + Ge/SiNW.(1-x)         Eq. 1 

 
with Ge/SiSM as the Ge/Si river water during snowmelt, Ge/SiBF as the 
Ge/Si ratios of river water at base flow, Ge/SiNW as the Ge/Si ratios of a 
new water source, x as the contribution of river water at base flow and (1-
x) as the contribution of the new water. The hypothesis is that the new 
water is a combination of snow and the surface water influenced by 
rhyolite dissolution and/or secondary mineral formation (Fig. 6.8b). To 
calculate (1-x), the contribution of the new water, we can use the Ge/SiSM 
and Ge/SiBF measured in June and September, respectively, and an 
hypothesis has to be made on the value of Ge/SiNW. This is why the two 
scenari (Scenario 1 and 2) are tested. 

With Scenario 1, we tested the contribution of surface water affected only 
by primary mineral dissolution. Based on the literature, it can be 
anticipated that surface water controlled by the dissolution of a fresh 
volcanic rock (δ30Si of rhyolite = -0.14 ± 0.16 ‰; Savage et al, 2011) would 
decrease the δ30Si of the river. Based on Fig 6.7b, this scenario 1 can 
explain the lower δ30Si observed at snowmelt than in base flow for BT, 
SDG, PEL. Therefore, to solve Eq. 1 for these three rivers, we posit that 
Ge/SiNW = 2 μmol.mol-1 to reflect the congruent dissolution of rhyolite 
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(Bernstein, 1985). The results (Table 6.3) indicate that at snowmelt the 
contribution to the river of surface water influenced by primary mineral 
dissolution ranges from 57% for SDG and 84% for PEL. This scenario 
cannot explain the Ge/Si ratio measured in June (at snowmelt) for BT, as 
a contribution >100% is predicted by the mixing model. At BT, the Ge/Si 
value measured in June (at snowmelt) is lower than predicted by a 
contribution from rhyolite dissolution. One hypothesis could be an 
additional contribution from the dissolution of amorphous silica 
precipitates. Low Ge/Si values can be expected for silica sinters based on 
the low Ge/Si values reported for silica precipitates (0.35-1.74 µmol.mol-
1) relative to their corresponding springs (2 - 1000 µmol.mol-1; Evans and 
Derry, 2002) in a metamorphic context. And the formation of amorphous 
silica during the winter is reported in the YPVF as cryogenic opal-A 
deposition (Channing and Butler, 2007). Indeed, sub-zero winter 
temperatures on the YPVF favor the opal-A precipitation pathway of fluid 
erupting from hot springs. These opal-A particles can accumulate in and 
below water-ice and be remobilized and solubilized at snowmelt 
(Channing and Butler, 2007). BT is located on the west side of the lake 
close to the SE West Thumb Deep Vent field with a chemistry analogous 
to that producing siliceous deposits in subaerial YPVF Midway Geyser 
Basin (Fowler et al, 2019a, 2019b), as compared to PEL and SDG located 
further from that hydrothermal area. A more intense hydrothermal activity 
in the area of BT may partly contribute to favor cryogenic opal-A 
deposition in the area of BT.    

With Scenario 2, we tested the contribution of surface water affected not 
only by primary mineral dissolution but also by clay mineral formation. 
Based on the literature, it can be anticipated that surface water influenced 
by clay mineral formation would be characterized by higher δ30Si values 
relative to water not influenced by this process, and this can be attributed 
to the preferential incorporation of the light Si isotopes into secondary 
minerals during weathering (Opfergelt and Delmelle, 2012). Based on Fig 
6.7b, this scenario 2 can explain the higher δ30Si observed at snowmelt 
than in base flow for BCu and LT. This hypothesis is supported by the 
fact that BCu and LT can be considered as small drainage basins with a 
smaller increase in discharge between snowmelt and base flow relative to 
BT, SDG and PEL (Supp. Mat. 6.2): this likely contributes to favor a 
higher soil water residence time for clay mineral formation. Therefore, to 
solve Eq. 1 for these two rivers, we posit that Ge/SiNW = 0.7 μmol.mol-1, 
the value reported for soil solutions influenced by granite (i.e., the intrusive 
equivalent of rhyolite) weathering and secondary mineral formation 
(Lugolobi et al, 2010). The results (Table 6.3) indicate that at snowmelt 
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the contribution to the river of surface water influenced by primary 
mineral dissolution and clay mineral formation ranges between 29% for 
BCu and 63% for LT.  

Overall, this Ge/Si mass balance calculation with boundary conditions 
fixed using Si isotopes supports that at snowmelt, these five rivers from 
YPVF receive a contribution from surface water that are influenced by (i) 
primary mineral dissolution at SDG and PEL, (ii) by primary mineral 
dissolution and likely by cryogenic opal-A solubilization at BT, and (iii) by 
both primary mineral dissolution and clay mineral formation at BCu and 
LT. 
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Fig. 6.8: Schematic showing a plan view of river waters and surrounding 
bedrock in Yellowstone Plateau Volcanic Field (YPVF) in (a) base flow 
conditions (BF), where river water discharge is low and Ge/Siriver =  Ge/SiBF 

= Ge/Si measured in rivers collected in September to December, and in 
(b) high discharge conditions at snowmelt to depict the mixing of 
snowmelt waters (SM) with base flow waters (BF) with the additional 
contribution from surface waters (the term (1-x) corresponds to the 
contribution from surface waters in Eq. 1 (influenced by the dissolution 
of primary minerals and/or by clay mineral formation; see section 6.6.3.2 
for details).  
 
 

a)  

b)
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Table 6.3: The results from the mixing model calculation using measured 
Ge/Si ratios, Si and Ge concentrations on 5 river waters flowing through 
Yellowstone Plateau Volcanic Field (YPVF) to assess the proportion of 
surface water contribution influenced by dissolution of primary minerals 
from rhyolite (Scenario 1) and influenced by clay mineral formation 
(Scenario 2). x = the contribution of river water at base flow and (1-x) = 
the contribution of the new water. The river base flow is defined in 
September (in blue) and provides a reference for the snowmelt period.  
 
 

 
 

 

6.6.4 Influence of runoff variation on chemical 
weathering fluxes from YPVF 

The quantification from section 6.6.3 demonstrates that the seasonal 
variability in runoff induced by snowmelt adds pulses of Si derived from 
meteoric weathering processes (up to 84%) to riverine Si fluxes generally 
dominated by hydrothermal contribution. Even if these pulses are limited 
in time, they directly contribute to atmospheric CO2 consumption. Few 
studies have shown a positive correlation between riverine discharge and 
element flux from volcanic regions (Ingebritsen et al, 2001; Friedman and 
Norton, 2007; Hurwitz et al, 2007). But the seasonal changes in processes 
controlling these fluxes and the associated atmospheric CO2 consumption 
are generally unaccounted for.  

Label Sampling date Ge/Si

dd.mm.yy µmol.mol
-1

18.09.16 7.05

22.06.17 0.89 -0.22 1.22

18.09.16 11.35

22.06.17 6.02 0.43 0.57

18.09.16 8.95

22.06.17 3.12 0.16 0.84

18.09.16 2.64

22.06.17 2.08 0.71 0.29

18.09.16 1.47

22.06.17 0.99 0.37 0.63

BT

SDG

PEL

BCu

LT

Scenario 1 Scenario 2

x (1-x) x (1-x)
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Here, we evaluate how changing riverine discharge affect riverine 
weathering fluxes, by comparing the chemical weathering rates (CWR, 
t.km-2.yr-1) calculated on a seasonal and on an annual basis in this 
hydrothermally-active volcanic region of YPVF. More precisely, we 
calculated the CWR in twelve river waters flowing through YPVF using 
SiO2, Na, K, Mg, Ca concentrations (Table 6.1), the riverine discharges 
(Suppl. Mat. 6.2), and the specific draining surface area (USGS, 2007). 
Three scenarios were performed (Fig. 6.9a): (i) “base flow conditions” 
(BF) considering data in September, (ii) “snowmelt conditions” (SM) 
based on data in June, then (iii) CWR were extrapolated on an annual basis 
averaging “base flow conditions” (eleven months.yr-1) and “snowmelt 
conditions” (one month.yr-1) (ANN), based on the discharge database 
reported by NWIS (2019).  

Our data show distinct CWR values between “base flow conditions” (0.9-
91 t.km-2.yr-1) and “snowmelt conditions” (0.3-1106 t.km-2.yr-1) depending 
of riverine total dissolved species and discharges variation after seasonal 
snowmelt (Fig. 6.9b). The highest value of CWR is obtained for YELo 
under “snowmelt conditions” (1106 t.km-2.yr-1). Compared to the CWR 
values reported for four rivers from the YPVF (YELo, GAR, GIB, FIR; 
Fig. 6.9b; Hurwitz et al, 2010), the CWR value calculated here on an 
annual basis is higher for YELo, similar for GAR and GIB, and lower for 
FIR. Our hypothesis of one month for snowmelt conditions was a first 
order estimate, and should be refined in the future to be closer to the exact 
field conditions. 
 
More specifically, our calculations highlight that during snowmelt, if the 
riverine dilution factor (f = DSM/DBF) is higher than the enrichment factor 
(“E”, E = TDSBF/TDSSM), CWR values at snowmelt are between 6.9 and 
1323% higher than in base flow (for ARC, SDG, YELo, FAL, GAR, GIB: 
values in SM = 10, 18.5, 1106, 36, 89 and 31 t.km-2.yr-1, and values in BF 
= 4.8, 1.3, 89, 23, 34 and 29 t.km-2.yr-1, respectively; Fig. 6.9a). Inversely, 
if f < E, the CWR under “base flow conditions” is higher than CWR under 
“snowmelt conditions” as observed in BCu, LT, BT, PEL, FIR and MAD 
(Fig. 6.9b). Even if limited in duration, pulses of increasing CWR at 
snowmelt directly control estimates of CWR on an annual basis (Fig 6.9a).  

The CWR calculated here for the YPVF rivers (except for the YELo) are 
(i) lower than values of CWR reported for andesite volcanic islands 
(Martinique and Guadeloupe: 100-120 t.km-2.yr-1; Rad et al, 2006), (ii) in 
the same range or lower than the CWR values reported for basaltic 
volcanic islands (Iceland: 19-146 t.km-2.yr-1, Stefánsson and Gislason, 
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2001; La Réunion: 63-170 t.km-2.yr-1, Louvat and Allègre, 1997), and (iii) 
higher than the CWR values reported for the andesite volcanic arc of 
Kamchatka (21 t.km-2.yr-1; Dessert et al, 2009). However, direct 
comparison of CWR values must be considered with caution given that 
the calculated fluxes of solutes were obtained by different methods that 
integrate the seasonal variability at different temporal resolutions (Hurwitz 
et al, 2010). 

We confirm that seasonal runoff variability in hydrothermally-active 
volcanic regions may significantly influence the CWR depending of 
riverine discharge and total dissolved species transported by rivers under 
contrasted flow regime. We raise that (i) the CWR from these regions 
generally assessed by extrapolation of instantaneous riverine dissolved 
compositions and discharges could be improved by considering the 
influence of f and E on CWR annual values, and (ii) the estimates of the 
associated atmospheric CO2 consumption should consider that even if 
limited in duration, short pulses from meteoric weathering processes may 
contribute to riverine weathering fluxes at snowmelt, relative to annual 
fluxes dominated by hydrothermal contributions. 

Importantly, these short pulses of changes in processes controlling 
weathering fluxes may be amplified in the future given that runoff 
variability is predicted to increasingly affect dissolved riverine chemistry 
based on the projected changes in precipitation with ongoing climate 
change (IPCC, 2013). At YPVF, a better assessment of the impact of 
snowmelt on future riverine discharge (duration, amplitude) would be 
needed to increase the accuracy of the estimates of annual chemical 
weathering fluxes and of the changes in the relative contribution between 
hydrothermal and meteoric contributions.  
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Fig. 6.9: Chemical weathering rates (CWR, t.km-2.yr-1) on river waters 
flowing through Yellowstone Plateau Volcanic Field (YPVF) using 
riverine discharge at base flow (BW), during snowmelt (SM), estimated on 
an annual basis (ANN) and compared with data presented by Hurwitz et 
al (2010) (see section 6.6.4). The river codes are explained in Table 6.1. 
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6.7 Conclusion  

We determined the Ge/Si ratios and δ30Si of 7 thermal springs and 14 
rivers collected at base flow and at high discharge (during snowmelt) 
through the Yellowstone Plateau Volcanic Field to investigate changing 
controls on riverine chemistry with runoff. The main conclusions that can 
be drawn from this study are the following:  
 
(i) Elevated riverine Ge/Si ratios (29 ± 3 µmol.mol-1) at base flow can be 
explained by a dominant contribution from thermal springs (160 ± 27 
µmol.mol-1) to rivers. 
 
(ii) At snowmelt, decreasing Ge/Si ratios in rivers and increasing dilution-
corrected Si concentrations (Si/Nasnowmelt > Si/Nabase flow) suggest an 
additional Si contribution to rivers in Spring. 
 
(iii) The riverine Si isotope data indicate that higher surface runoff at 
snowmelt may release surface water mainly influenced by (a) dissolution 
of primary minerals from rhyolite (δ30Sisnowmelt < δ30Sibase flow) in large 
drainage basins, or by (b) dissolution of primary minerals and clay mineral 
formation (δ30Sisnowmelt > δ30Sibase flow) in smaller drainage basins. 
 
(iv) This study highlights that the relative contributions of hydrothermal 
and meteoric processes controlling weathering fluxes in YPVF vary as a 
function of runoff. The seasonal meteoric weathering signal should be 
accounted for in estimates of weathering fluxes from hydrothermally-
active volcanic regions, as it directly contributes to atmospheric CO2 
consumption. 
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Suppl. Mat. 6.1: Discharge (cubic feet per second) of six river waters flowing through YPVF (YELo, GAR, GIB, FIR, 
SNA, FAL) monitored by USGS on long term period (~30 years). Data are from the USGS database (NWIS, 2019). The 
sampling period of these rivers in this study is indicated (yellow square), except for GAR for which the sampling period is 
outside the recording period.
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Suppl. Mat. 6.2: Discharge (m3.s-1) during snowmelt (June) as a function 
of discharge at base flow (September) in river waters flowing through 
YPVF, and draining area of each river catchment for which discharge data 
are available. The data are from the USGS database (NWIS, 2019) on the 
sampling day at the sampling point of collection. BF = base flow; SM = 
snowmelt. 
 
 

 

River draining area Discharge BF Discharge SM

km
2

m
3
.s

-1
m

3
.s

-1

BT 26 0.01 0.1 13.0

LT 15 0.01 0.0 1.3

ARC 60 0.10 0.3 3.0

BCu 23 0.04 0.1 2.5

YELo 179 15.60 204.4 13.1

PEL 250 1.30 3.0 2.3

SDG 60 0.03 1.0 33.3

GAR 520 4.00 31.1 7.8

MAD 1088 16.90 27.4 1.6

GIB 793 4.20 8.4 1.9

FIR 1891 11.90 18.6 1.6

FAL 2354 24.10 96.1 4.0

*Increase in discharge at snowmelt standardized to catchment size

Increase in discharge*
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Suppl. Mat 6.3: Silicon isotope measurements of all samples fit onto a 
mass-dependent fractionation array δ30Si and δ29Si (theorical 0.5178 slope 
for equilibrium mass-dependent fractionation; Young et al, 2002). 
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Suppl. Mat. 6.4: Plot of the specific conductivity (SC) in high discharge 
as a function of the SC in base flow based on long term-monitoring on 
five rivers from the YPVF: FIR from 2009 to 2013, GAR from 2009 to 
2012, GIB from 2008 to 2013, MAD for 2012, YELo from 2009 to 2012. 
Sample names as in Table 6.1. Data from McCleskey et al, 2010a, 2010b, 
2012, and 2016. 
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Suppl. Mat. 6.5: Major elements (Ca, Na, Mg, K), Si, SO4 and Cl as a function of total dissolved solids (TDS) in river waters 
flowing through YPVF.  
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Suppl. Mat. 6.6: Mixing diagram using Na-normalized molar ratio in the 
dissolved phase of the rivers from YPVF at snowmelt (open triangle) and 
in base flow (plain triangle). Data from end-members reservoirs are from 
Gaillardet et al (1999). In this hydrothermal context, “hydrothermal salts” 
are present and represented here with the values from the evaporites from 
Gaillardet et al (1999).  
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Chapter 5:  

Tracing changing seasonal contribution to river 
waters from the Aso caldera, Japan,                             

with Ge/Si ratio and Si isotopes 
 

 

7.1 Abstract  

Rivers draining hydrothermally-active volcanic regions are dominated by 
a hydrothermal contribution affecting the estimations of weathering fluxes 
and the associated consumption of atmospheric CO2. However, seasonal 
change in runoff may influence the relative contribution from thermal 
springs, groundwater and surface runoff to rivers draining these volcanic 
regions. These changes are generally overlooked in the estimation of 
weathering fluxes from these regions. Here, we use the germanium to 
silicon ratio (Ge/Si ratio) and the stable silicon isotopes (δ30Si) to trace 
changing sources (thermal springs, groundwaters, surface runoff) and 
processes affecting the relative contribution to rivers draining the Aso 
caldera (Kyūshū Island, Japan) between base flow (fall, spring) and high 
discharge (summer). Based on Ge/Si and Cl/B ratios, the data 
demonstrate that in rivers draining the Aso caldera, the fraction of 
hydrothermal input to riverine chemistry in base flow is seasonally reduced 
relative to groundwater and surface runoff contribution. A contribution 
from mineral dissolution at high discharge is supported by Si isotopes 
(δ30Sihigh discharge < δ30Sibase flow). Importantly, the changes observed within the 
caldera on smaller river catchments are not detected at larger spatial scale 
at the outlet of the caldera. This highlights the importance of small 
catchment scale studies to nail down the sources and processes 
contributing to river weathering fluxes in hydrothermally-active volcanic 
regions, given the implications for global estimates of the associated 
atmospheric CO2 consumption. 
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7.2 Introduction 

Hydrothermally-active volcanic regions, including volcanic islands, 
contribute significantly to the global flux of solutes to the ocean and 
consumption of atmospheric CO2 through silicate chemical weathering 
(Louvat and Allègre, 1997; Gaillardet et al, 1999; Dupré et al, 2003; 
Dessert et al, 2003; Gislason and Oelkers, 2011). In these regions, 
hydrothermal fluids act as an additionnal source of acids – beside 
atmospheric CO2 – for weathering reactions and hydrothermal 
contribution largely controls riverine weathering fluxes (Louvat and 
Allègre, 1997; Dessert et al, 2009; Hurwitz et al, 2010; Schopka et al, 2011; 
Gaillardet et al, 2011; Rivé et al, 2013).  

In volcanic islands, the runoff can change drastically as a function of 
orography and infiltration but also seasonally (Gaillardet et al, 2011). The 
seasonal runoff variability in volcanic islands is paramount to weathering 
processes as it modifies water residence time in soils (White and Blum, 
1995), dictates the amount of water available for mineral dissolution as 
well as the discharge of dissolved weathering fluxes to rivers (Dessert et 
al, 2015). Only few studies have shown a considerable positive correlation 
between riverine discharge and mass flux (Ingebritsen et al, 2001; 
Friedman and Norton, 2007; Hurwitz et al, 2007). Importantly, runoff 
variability is predicted to increase based on the projected changes in 
precipitations with ongoing climate change (IPCC, 2013). However, the 
influence of change in runoff on the relative contribution from thermal 
springs, groundwater and surface runoff to rivers draining the 
hydrothermally-active volcanic regions are generally overlooked leading to 
inacuraccies in the estimation of weathering fluxes and the associated 
atmospheric CO2 consumption from these regions. 

Geochemical tracers such as the germanium to silicon ratio (Ge/Si ratio) 
and the stable silicon isotopes (δ30Si) have been combined in volcanic 
islands to trace weathering processes (Derry et al, 2005; Ziegler et al, 2005; 
Opfergelt et al, 2010; 2013; Baronas et al, 2018; 2020). According to the 
few studies using theses tracers in rivers draining regions affected by 
thermal input, either volcanic thermal input (Gaspard et al, submitted) or 
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metamorphic thermal input (Han et al, 2015; Wang et al, 2019), their 
combination provides a way to identify changes in contribution from 
thermal springs relative to rock and soil weathering processes. 

The Aso caldera (Kyūshū Island, Japan) is ideal to evaluate the relative 
contributions from thermal springs, groundwater and surface runoff to 
rivers with changing runoff given that (i) the presence of thermal discharge 
in the Aso caldera is well described (Nagai et al, 1986; Shimano, 1997, 
1999; Yamada et al, 2011; Hosono et al, 2018), (ii) a net change in runoff 
is expected with the summer rainy season in Japan (June-September) 
characterized by precipitations 5.5 times higher than the average annual 
precipitations, (iii) groundwater location and their water residence time are 
available (Hase et al, 2005; Kagabu et al, 2011; Yadama et al, 2011; Terada 
et al, 2012). 

In this study, the seasonal variation in chemistry, Ge/Si ratios and Si 
isotope compositions of all contributors to rivers (thermal springs, 
groundwaters and surface runoff) and rivers from the Aso caldera are 
determined to evaluate the influence of changing runoff on the relative 
contributions and changing controls on river element fluxes in this 
hydrothermally-active volcanic region. 
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7.3 Environmental setting  

 
Formed in the context of the subduction of the Philippine Sea plate 
beneath the Eurasian plate, the Aso caldera (located in Kyūshū Island) is 
one of the largest caldera in the world (376 km2, 24 km NS by 18 km EW; 
Nakada, 2003). The caldera’s current shape is the result of four major 
explosive eruptions which produce voluminous pyroclastic flows (~300 
km3; Nakada, 2003) covering much of central Kyūshū: Aso-1 (270 ky), 
Aso-2 (140 ky), Aso-3 (120 ky) and Aso-4 (90 ky) (Ono et al, 1977). The 
overall population in the Aso caldera reaches to 500 000. The Aso caldera 
is highly cultivated (41% of the total caldera surface with ~15500 ha) and 
is dominated by rice paddy fields (25% of the total caldera surface with 
~9600 ha; estimated using Digital Elevation Model on QGIS software by 
Meunier (2019)). 

The Aso stratovolcano (32°N, 131°E), situated within the caldera (at 
1592m asl), is a cluster of central volcanoes consisting of different craters 
(Nekodake, Takadake, Nakadake, Eboshidake and Kishimadake) of 
various types of rocks ranging from basalt to rhyolite reflecting different 
magmatic activities (Ono and Watanabe, 1985). The soil of Aso volcano 
is classified as Andosol (Huang et al, 1995). Continuous observations of 
the Aso volcano have been carried out by Volcanological Laboratory 
(attached to Kyoto University) since 1928 including observations of 
terrestrial magnetism and geodetic surveys including levelling, ranging, 
gravity, electric resistance, heat, gas and thermal springs (Nakada, 2003). 
The crater of Nakadake, is one of the most active volcanoes in Japan in 
terms of the persistent release of volatiles and thermal energy and contains 
a hot (surface temperature = 60-70 °C) hyper acid lac water (pH<1) 
showing variations in water level and temperatures (Saito et al, 2008; 
Terada et al, 2012). Other surface hydrothermal manifestations of Aso 
volcano observed on the central cones are fumarolic gas discharges 
originated from hydrothermal systems at Yuno-tani and Tarutama areas 
on the western slope of Mont Eboshidake (Yamada et al, 2011) and natural 
thermal springs around this area are recognized as steam-heated thermal 
springs. The formation processes of the thermal springs, including their 
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relation to magmatic emanation, have not been investigated at Aso 
volcano (Yamada et al, 2011). Recently, Hosono et al (2018) presented a 
deep fluid discharge model showing that thermal springs located in the 
northwestern plain derive from highly-concentrated hydrothermal fluids 
sources. Since 1991, the surface unrest at Nakadake has been mild for 
most of the period, except for some mud eruptions, which occurred in 
1992, 1994 and 1995 (Hase et al, 2005).  

The caldera floor is separated into north (Aso Valley) and south (Nango 
Valley) part respectively discharged by Shirakawa river and Kurokawa 
river (main rivers), each aggregating the signal of the northern and 
southern part of the caldera, respectively (Fig. 7.1). The two main rivers 
receive also inputs from rivers tributaries on both side of the Aso caldera. 
The Aso valley is covered with lake sediments (Tanaka, 2000) and the 
Nango Valley landform implies a simple stratified structure of the 
groundwater flow system at the Aso Valley area. Those rivers, which meet 
within the caldera, flow out from the caldera at the western rim of the 
caldera (S33; Fig. 7.1).  

The humid continental climate in Aso caldera consists of four distinct 
seasons: winter (from November to March), spring (from March to May), 
summer (from June to September) and fall (from September to October). 
The mean annual temperature reported by the Japan Meteorological 
Agency (JMA) is 13.2 °C (JMA, 2019). Precipitations are high throughout 
the year (min 500 mm of rainfall/month) but the summer rainy season 
(June-September) is characterized by highest precipitations compared to 
mean annual precipitations (~5.5 time higher in wet season; JMA, 2019).  
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Fig. 7.1: Location of thermal springs, groundwaters, river waters and 
surface runoff flowing into the Aso caldera, Kyūshū Island, Japan. The 
numbers refer to Table 7.1. 

 

7.4 Materials and methods 

 

7.4.1 Sampling campaign  

All sampling sites are represented at Fig. 7.1. Seventeen thermal 
springs (n=21), eleven groundwaters (n=28), thirty river waters (n=46) 
and three surface runoff (water flowing on the ground sampled just 
after rainfall) (n=4) were collected manually on both side of the Aso 
caldera between 2014 and 2016 in five distinct seasons: fall 2014, 
spring 2015, summer 2015 (sum 15), summer 2016 (sum 16) and fall 
2016. More precisely, in the northern part of the Aso caldera, 
Shirakawa river was collected at 9 distinct locations (n=17) and 8 
tributaries (secondary rivers flowing into Shirakawa river) were 
sampled. In the southern part of the Aso caldera, Kurokawa river was 
collected at 4 distinct locations (n=5) and 8 tributaries (secondary 
rivers flowing into Kurokawa river) (n=10) were sampled. The 
confluence at the outlet of the caldera (S33) was collected twice in 
spring and sum 15, respectively. Based on precipitations (mm) and 
discharges (m3.s-1) measured from a gauging station at the site S33 
located at the outlet of the Aso caldera between 2014 and 2015 (Fig. 
7.2), we consider the summer seasons (sum 15 and sum 16) as “high 
discharge” conditions and the other seasons (fall 2014, spring 2015 
and fall 2016) as “base flow” conditions (with discharge at “high 
discharge” being ~1.4 times higher than at “base flow”). Thermal 
spring waters were sampled at their outlets from the riverbed and 
sampling of the rivers took place away from any visible anthropogenic 
contributions.  

Temperature (°C) and pH were measured in situ with handheld sensors. 
Water samples were filtered within 24h at 0.45 µm through 
polycarbonate membranes, acidified at 0.5% suprapure HNO3 and 
stored at 4 °C in the dark in acid-washed polypropylene (PP) bottles. 
Alkalinity was determined on the sampling day using an automatic 
acid-base titration stand (Metrohm 916 Ti-Touch titrator).  
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Fig. 7.2: Discharge (m3.s-1) as a function of precipitation (mm) at the 
outlet the Aso caldera between 2014 and 2015 (S33 in Table 7.1). 
Summer (sum) is considered as “high discharge” conditions and the 
other seasons are considered as “base flow” conditions. For our 
sampling seasons: high discharge conditions (sum 2015 and sum 2016) 
and “base flow” conditions (fall 2014, spring 2015 and fall 2016).  

 

7.4.2 Water compositions analysis 

Major element concentrations (Ca, Na, Mg, K), Al, Fe and Si were 
determined on all types of water by inductively coupled plasma-optical 
emission spectrometry (ICP-OES; iCAP 6500 Thermo Fisher 
Scientific) at the Earth & Life Institute, UCLouvain, Belgium. The 
accuracy on majors elements (Ca, Na, Mg, K, Al, Fe and Si) analyses 
was assessed using the trueness (± 3%, ± 4%, ± 1%, ± 7%, ± 4%, ± 
2% and ± 4%; respectively) on the river water  reference material 
SLRS-5 (Yeghicheyan et al, 2013) and the analytical precision (± 0.5%) 
for each element. The detection limit are 0.05, 0.43, 0.21, 0.26, 0.37, 
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0.18 and 0.36 µmol.l-1 for Ca, Na, Mg, K, Al, Fe and Si, respectively. 
Anions (SO4

2-, Cl-) were measured by ion chromatography (Dionex 
ICS2000, column: AG15/AS15). The accuracy on SO4

2- and Cl- was 
assessed by using the trueness (± 3% and ± 4%; respectively) on river 
water certified reference material LGC6025 (UKAS, 2014) and the 
analytical precision (± 2%) for each anion. The detection limit are 1.5 
and 3.1 for SO4

2- and Cl-, respectively. Total dissolved solids (TDS; 
µmol.l-1) were obtained by summing major elements (Ca, Na, Mg, K) 
and SiO2 concentrations in rivers. The B concentrations were 
measured by HR-ICP-MS at IPGP, Paris (collaboration with P. 
Louvat). The ion balance of the water samples never exceeds 10%. 

 

7.4.3 Ge measurements and Ge/Si ratio calculation  

The Ge concentration in the thermal springs (n=21), groundwaters 
(n=28), river waters (n=46) and surface runoff just after rainfall (n=4) 
was determined by ICP-mass spectrometry (ICP-MS, ICAPQ Thermo 
Fisher Scientific, Earth & Life Institute, UCLouvain, Belgium) and 
using the 74Ge isotope. Accuracy and long-term repeatability of the 
analysis were assessed by measuring two international riverine 
standards, namely SLRS-5 ([Ge] = 0.083 ± 0.014 nmol.l-1; n=3) and 
SLRS-6 ([Ge] = 0.097 ± 0.0069 nmol.l-1; n=3) (Yeghicheyan et al, 
2013), and one in-house standard (i.e., the Gallion Blanc (GAB) 
thermal spring of La Soufrière volcano in Basse-Terre Island: [Ge] = 
23.95 ± 0.096 nmol.l-1; n=14) in each analytical session between July 
2017 and June 2018. The analytical precision (n= 3) is ± 8% for Ge 
concentrations < 0.001 µg.l-1 and 4% for Ge concentrations > 0.001 
µg.l-1. The limit of detection for Ge is 0.04 nmol.l-1. Ge/Si ratios 
(expressed in µmol.mol-1) were calculated using Si concentrations 
measured by ICP-OES (Table 7.1), and Ge concentrations measured 
by ICP-MS. The precision on the Ge/Si ratio is 10% (SD). 

 

7.4.4 Silicon isotope measurements 

Purification of silica- and anion-rich samples  

For thermal spring waters, the Si concentration is beyond the limit of 
amorphous silica solubility (~1700-2300 µmol.l-1 at 25 °C; Fournier 
and Rowe, 1977). Therefore, to ensure the solubilization of potential 
amorphous silica precipitates formed after filtration, the water samples 
were dried down on a hotplate at 100 °C, followed by a leaching with 
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0.125M NaOH at 100 °C for four hours after sonication for 10 
minutes (adapted from Ragueneau et al, 2005), then by the 
neutralization of the reaction with suprapure HNO3 to reach pH 2 in 
a final volume at a Si concentration below the limit of amorphous silica 
solubility.  

To prevent from matrix effects in mass spectrometry with anions such 
as SO4 and Cl, Si in thermal waters has been purified by performing a 
two-step column chemistry: anion-exchange resin (Biorad AG MP-1) 
and cation-exchange resin (Biorad AG50W-X12) following the 
method developed by Gaspard et al, submitted. After column 
chemistry, the Si recovery was always > 98%, the concentrations of 
Na, SO4 and Cl in the purified solution were < 0.43, 1.5 and 3.1 µmol.l-
1, respectively (i.e., below the detection limit), and the blank level was 
< 0.36 µmol Si.l-1, i.e., below the detection limit for Si by ICP-OES.  
 
 
 Mass spectrometry 

Silicon isotope compositions were measured in 9 thermal springs 
(n=11), 3 groundwaters (n=5), 14 river waters (n=23) and 2 surface 
runoff just after rainfall (n=2) of the Aso caldera. Silicon isotope 
compositions were analyzed by MC-ICP-MS (Neptune Plus™ High 
Resolution Multicollector ICP-MS, Thermo Fisher Scientific, Earth & 
Life Institute, UCLouvain, Belgium) in wet plasma mode in medium 
resolution (Δm/m~6000) using a PFA nebulizer of 100 µl.min-1 uptake 
rate. The instrumental mass bias was corrected using the standard-
sample bracketing technique and an external Mg doping (Cardinal et 
al, 2003). The analyses were performed in 2% HNO3 matrix, with a 
typical sensitivity of 7V for 2 mg.l-1 Si and an instrumental blank <30 
mV. Silicon isotope compositions are expressed in relative deviations 
of 30Si/28Si ratio from the NBS-28 reference standard using the 
common δ-notation (‰) as follow: δ30Si=[(30Si/28Si)sample/(30Si/28Si)NBS-

28 -1]×1000. One measurement comprises 30 cycles with 4.2s 
integration time corrected by blank in a 2% HNO3 matrix. Each single 
δ-value (n) represents one sample run and two bracketing standards. 
δ30Si-values are reported as the mean of replicate isotopic analyses ± 
standard deviation (SD). Quality control of mass bias was performed 
by ensuring that δ30Si and δ29Si measurements fit onto a mass-
dependent fractionation array, supporting the interference-free 
determination of all three Si isotopes via MC-ICP-MS (Suppl. Mat. 
7.1). The long-term precision and accuracy of the MC-ICP-MS δ30Si 
analyses were assessed on the reference materials diatomite (δ30Si = 
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1.30 ± 0.09 ‰, SD, n=20), BHVO-2 (δ30Si = -0.27 ± 0.06 ‰, SD, 
n=10) and quartz Merck (δ30Si of 0.04 ± 0.09 ‰, SD, n=6) with values 
consistent with those reported earlier (Reynolds et al, 2007; Abraham 
et al, 2008). 

 

 

7.5. Results 

 

7.5.1 Elemental composition of thermal springs from 
the Aso caldera 

The temperature, pH and chemical composition of thermal springs is 
presented in Table 7.1.  

 
Table 7.1: Temperature, pH and chemical composition of thermal 
springs, groundwaters, river waters and surface runoff of water 
samples from the Aso caldera, Kyūshū Island, Japan. River water 
samples were collected between fall 2014 and 2016 (sum = summer). 
north = northern part of the Aso caldera. south = southern part of the 
Aso caldera. - : not measured; n.d : not detected. 
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The thermal springs display a large range in surface temperatures (from 
15.6 °C to 66.2 °C) similar or warmer than groundwaters (14.2-23.3 
°C), river waters (14.4-30.3 °C) and surface runoff (13.9-19.6 °C). 
Thermal springs also present the highest TDS values (2906-19052 
µmol.l-1), the highest Si concentrations (940-2603 µmol.l-1) and the 
lowest pH relative to rivers (TDS = 1066-5272 µmol.l-1; Si = 356-1292 
µmol.l-1), groundwaters and surface runoff (Fig. 7.3). The most acidic 
values of pH are reported in the southern part of the Aso caldera for 
the thermal springs S21 (pH = 2.1), S43 (pH = 2.4), S49a (pH = 3.4) 
and S49b (pH = 5.8), and for the crater groundwater S03 (pH = 4.3-
5.2) and the river water tributary S08 (pH = 4.0-4.5).  
 
 

 

 

 

 

 

 

Fig. 7.3: Plot of the Si concentration as a function of pH for the water 
samples from the northern (green) and southern (red) part of the Aso 
caldera: thermal springs (circle), groundwaters (square), river waters 
(triangle; with main river (plain triangle) and tributaries (open 
triangle)), and surface runoff (diamond). 
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Thermal springs are characterized by a large range of HCO3
 (0-7329 

µmol.l-1) followed by SO4
 (47-9499 µmol.l-1) and Cl (65-3225 µmol.l-1). 

More specifically, the highest HCO3
 concentrations are found in the 

northern thermal springs (510-5587 µmol.l-1) relative to the southern 
thermal springs (0-975 µmol.l-1; Table 7.1). On the opposite, the 
highest SO4

 concentrations are measured in the southern thermal 
springs (47-9499 µmol.l-1) relative to the northern thermal springs 
(552-5853 µmol.l-1; Table 7.1; Fig. 7.4). The most acidic thermal 
springs (S43 and S49a located in the southern part of the caldera with 
pH 2.4-3.4) are generally enriched in dissolved Fe and Al (24-204 and 
259-1411 µmol.l-1, respectively) compared to the other thermal springs 
(0-14 and 0-0.5 µmol.l-1, respectively) given that Fe and Al are soluble 
at these pH values (Michard, 1980). In thermal springs, the dominant 
cation is Na (257-8387 µmol.l-1), followed by Ca (331-4148 µmol.l-1), 
Mg (222-3477 µmol.l-1) and then K (81-819 µmol.l-1) (Fig. 7.4a). The 
highest B concentrations (144-224 µmol.l-1 for S42, S61, S61) are 
reported for the most SO4, HCO3

 and Cl concentrated thermal springs 
(Table 7.1; Fig. 7.4). 
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Fig. 7.4: Ternary diagrams of the (a) cationic composition and (b) 
anionic composition of the water samples from the northern (green) 
and southern (red) part of the Aso caldera: thermal springs (circle), 
groundwaters (square), river waters (triangle; with main river (plain 
triangle) and tributaries (open triangle)), and surface runoff (diamond). 
The HCO3 concentration is calculated based on the charge balance. 
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Overall, the thermal springs can be classified as acid SO4-waters (S21, 
S43, S49a, S49b, S52, S56, S57) and alkaline HCO3-waters (S16, S42, 
S50, S55, S58, S59, S60, S61, S62) (Fig. 7.4b; Ch1; Giggenbach, 1988), 
and both types are present in the northern and in the southern part of 
the Aso caldera (Fig. 7.4b). Some thermal springs represent mixed 
thermal waters, i.e., “mixed neutral HCO3-SO4 waters” (S51, S63). 
This classification agrees with the available geochemical of the springs 
from the Aso caldera (Nagai et al, 1986; Shimano, 1997, 1999; Yamada 
et al, 2011; Hosono et al, 2018). The chemical composition of the 
thermal springs from the Aso caldera has been considered as stable 
according to the survey available since 1968 (Nagai et al, 1986; 
Shimano, 1997, 1999). 

 

7.5.2 Elemental composition of river waters, 
groundwaters and surface runoff from the Aso 
caldera 

The chemical composition of groundwaters, river waters and surface 
runoff is shown in Table 7.1. Groundwater, river waters, surface 
runoff display neutral to alkaline values of pH (6.0-8.9) (Fig. 7.3). The 
major cations are, respectively, Ca in most of groundwaters (164-1869 
µmol.l-1) and Na in most of river waters (60-1765 µmol.l-1) (Fig. 7.4a). 
Major cation in surface runoff is Ca (156-608 µmol.l-1) followed by Na 

(159-514 µmol.l-1), Mg (74-333 µmol.l-1) and K (32-140 µmol.l-1) (Fig. 
7.4a). Bicarbonate is the dominant anion in most of the groundwaters, 
river waters and surface runoff from the Aso caldera (Fig. 7.4b). The 
surface runoff exhibits anions dominated by HCO3

 (564-785 µmol.l-1) 
followed by SO4 (17-685 µmol.l-1) and Cl (36-289 µmol.l-1) (Fig. 7.4b). 
Boron (B) shows concentrations <6 µmol.l-1 in groundwaters and <1 
µmol.l-1 in surface runoff (Table 7.1). River waters present generally 
low B concentrations (<20 µmol.l-1) relative to thermal springs except 
in the northern S32 tributary (22.3 µmol.l-1) (Table 7.1; Fig. 7.4).  

The TDS values in river waters (1066-7356 µmol.l-1) are in between the 
range of TDS values reported for thermal springs (2906-19052 µmol.l-
1), groundwaters (2077-5272 µmol.l-1) and surface runoff (1587-3584 
µmol.l-1). Accordingly, river waters display Si concentration (356-1602 
µmol.l-1) generally lower than in thermal springs (940-2603 µmol.l-1), 
and close to groundwaters (623-1292 µmol.l-1) and surface runoff (545-
929 µmol.l-1) (Fig. 7.3). The anion concentrations support that the 
chemical composition of rivers from the northern part of the caldera 
(SO4 and Cl= 18-2675 and 21-896 µmol.l-1, respectively) and from the 
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southern part of the caldera (SO4 and Cl = 49-4933 and 14-859 µmol.l-
1, respectively) is very similar (Fig. 7.4). 

Seasonally in river waters, lower TDS are generally observed at high 
discharge than in base flow conditions in groundwaters and river 
waters except for the S33 confluence (Fig. 7.5). Dilution-corrected 
element concentrations between high discharge and base flow were 
obtained by normalizing element concentrations to Mg, i.e., the 
element the most sensitive to dilution (as supported by the highest 
correlation with TDS, R2 = 0.78; Suppl. Mat. 7.2). The results show 
that, at high discharge relative to base flow conditions, riverine 
compositions are characterized by similar or lower dilution-corrected 
Cl concentrations (Cl/Mghigh discharge = or < Cl/Mgbase flow; Fig. 7.6a), 
similar or higher dilution-corrected Si and Ca (Si/Mghigh discharge = or > 
Si/Mgbase flow ; Fig. 7.6b and Ca/Mghigh discharge = or > Ca/Mgbase flow; Fig. 
7.6e). Both higher and lower riverine dilution-corrected K, Na and B 
concentrations are measured at high discharge relative to base flow 
conditions (Fig. 7.6c, 7.6d and 7.6f). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5: Plot of the Total Dissolved Solid (TDS) at high discharge as 
a function of the TDS in base flow in the water samples from the 
northern (green) and southern (red) part of the Aso caldera: 
groundwaters (square), and river waters (triangle; with main river (plain 
triangle) and tributaries (open triangle)). The confluence S33 (in Table 
7.1; plain blue triangle) and the crater groundwater S03 (plain blue 
square) are highlighted. 
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Fig. 7.6: Plot of the dilution-corrected element concentration at high 
discharge versus at base flow for (a) Cl, (b) Si, (c) K, (d) Na, (e) Ca and 
(f) B in the water samples from the northern (green) and southern (red)  
part of the Aso caldera: thermal springs (circle), groundwaters (square), 
river waters (triangle; with main river (plain triangle) and tributaries 
(open triangle)), and surface runoff (diamond). The confluence S33 (in 
Table 7.1; plain blue triangle) and the crater groundwater S03 (plain 
blue square) are highlighted. 

 

7.5.3 Ge/Si ratios of waters from the Aso caldera  

The Ge/Si ratios of all water samples (thermal springs, groundwaters, 
river waters and surface runoff just after rainfall) are reported in Table 
7.2. Across the Aso caldera, the thermal springs display a large range 
of Ge/Si ratios values (0.20-19.47 µmol.mol-1) generally higher than 
those reported for river waters (0.13-2.74 µmol.mol-1 except one value 
at 25.46 µmol.mol-1 for S32), and than those for groundwaters (0.11-
1.12 µmol.mol-1) and surface runoff (0.15-0.30 µmol.mol-1) (Fig. 7.7a). 
For the thermal springs, the highest Ge/Si ratios are measured in the 
southern springs (0.3-19.5 µmol.mol-1) relative to the northern springs 
(0.2-3.8 µmol.mol-1; Fig. 7.7a). Whereas for the rivers, the highest 
Ge/Si value is found in a northern river water (S32 = 25.5 µmol.mol-
1), but overall rivers from the northern part of the caldera are 
characterized by similar Ge/Si ratios (0.2-2.74 µmol.mol-1) than in 
rivers from the southern part of the caldera (0.1-1.2 µmol.mol-1).  
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Fig. 7.7: Plot of the (a) Ge/Si ratios (± SD) and (b) Si isotope 
compositions (δ30Si ± SD) in the water samples from the northern 
(green) and southern (red) part of the Aso caldera: thermal springs 
(circle), groundwaters (square), river waters (triangle; with main river 
(plain triangle) and tributaries (open triangle)), and surface runoff 
(diamond). The confluence S33 (in Table 7.1) is highlighted (plain 
blue triangle). 

Seasonally, groundwaters display generally the same Ge/Si values at 
different seasons except for the crater groundwater S03 showing lower 
Ge/Si ratio at high discharge (0.47 µmol.mol-1) compared to base flow 
(1.12 µmol.mol-1) (Fig. 7.8a). In rivers, Ge/Si ratios are similar (± 
10%, SD) or lower at high discharge relative to base flow (Fig. 7.8a), 
except for S22. And the river water collected at the outlet of the Aso 
caldera (S33) shows a similar value of Ge/Si at base flow (1.03 
µmol.mol-1) and at high discharge (0.96 µmol.mol-1) considering 
precision on Ge/Si ratio (10%; SD) (Fig. 7.8a). 
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Fig. 7.8: Plot of the (a) Ge/Si ratio (± SD) at high discharge as a 
function of the Ge/Si ratio at base flow and (b) the Si isotope 
composition (δ30Si ± SD) at high discharge as a function of the δ30Si 
at base flow in the water samples from the northern (green) and 
southern (red) part of the Aso caldera: groundwaters (square), and 
river waters (triangle; with main river (plain triangle) and tributaries 
(open triangle)). The confluence S33 (in Table 7.1; plain blue triangle) 
and the crater groundwater S03 (plain blue square) are highlighted. 
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7.5.4 Si isotope compositions of waters from the Aso 
caldera 

The Si isotope compositions measured on thermal springs, 
groundwaters, river waters and surface runoff just after rainfall are 
reported in Table 7.2. Thermal springs are generally characterized by 
lower δ30Si values (from -0.05 ± 0.06 ‰ to 1.05 ± 0.03 ‰, except one 
higher value at 1.39 ± 0.02 ‰ for S51) than in river waters from the 
Aso caldera (from 1.00 ± 0.04 ‰ to 1.59 ± 0.02 ‰, except one lower 
value at 0.57 ± 0.02 ‰ for S05; Fig. 7.7b). Groundwaters and surface 
runoff display Si isotope compositions ranging from 0.86 to 1.34 ‰ 
and from 0.83 to 1.15 ‰, respectively (Fig. 7.7b). Overall, the riverine 
Si isotope composition is similar in the northern and southern part of 
the Aso caldera (δ30Si = from 1.00 to 1.59 ‰ and from 0.57 to 1.47 
‰, respectively; Table 7.2). And a similar observation can be made 
for the δ30Si in groundwaters (from 1.03 to 1.27 ‰ in the north and 
from 0.86 to 1.34 ‰ in the south of the Aso caldera; Table 7.2; Fig. 
7.7b), and for δ30Si in thermal springs (from -0.05 to 1.05 ‰ in the 
north and from 0.22 to 1.39 ‰ in the south of the Aso caldera; Table 
7.2; Fig. 7.7b). 

Based on the available seasonal Si isotopes data, it can be observed 
that the crater groundwater S03 is enriched in 30Si (δ30Si = 1.27 ± 0.07 
‰) at high discharge relative to base flow (δ30Si = 1.03 ± 0.02 ‰) 
(Fig. 7.8b). In river waters, Si isotope compositions are either lower 
at high discharge relative to base flow (S01, S04, S22, S34, S35) or 
similar (S36) (Fig. 7.8b). Specifically, and as already highlighted for the 
Ge/Si ratio, the river water collected at the outlet of the Aso caldera 
(S33) shows a similar value of δ30Si at base flow (1.14 ± 0.02 ‰) than 
at high discharge (1.14 ± 0.00 ‰) (Fig. 7.8b). 
 
Table 7.2: Germanium concentrations, Ge/Si ratios and silicon 
isotope compositions (δ29Si and δ30Si) in thermal springs, 
groundwaters, river waters and surface runoff of water samples from 
the Aso caldera, Kyūshū Island, Japan. n = number of measurements. 
sum = summer. 
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- : not measured. 

Label Sampling season Ge Ge/Si δ29
Si SD δ30

Si SD n

nmol.l
-1

µmol.mol
-1 ‰ ‰

Thermal springs S16 spring 15 0.28 0.27 0.43 0.02 0.86 0.07 1

S16 fall 16 0.28 0.29 0.43 0.07 0.77 0.06 1

S21 spring 15 6.88 3.12 0.24 0.07 0.47 0.01 2

S42 fall 14 41.16 19.47 0.20 0.06 0.38 0.08 1

S42 spring 15 37.72 15.48 0.10 0.01 0.22 0.01 1

S43 spring 15 3.44 1.67  -  -  -  -  -

S49a spring 15 2.75 1.06  -  -  -  -  -

S49b spring 15 12.39 5.07 0.14 0.03 0.27 0.01 1

S50 fall 16 5.92 2.72  -  -  -  -  -

S51 fall 16 0.96 0.56 0.72 0.06 1.39 0.02 1

S52 fall 16 1.65 0.73  -  -  -  -  -

S55 sum 16 3.44 1.82  -  -  -  -  -

S55 fall 16 3.3 1.75 0.27 0.01 0.51 0.03 1

S56 fall 16 0.28 0.2  -  -  -  -  -

S57 fall 16 0.28 0.25  -  -  -  -  -

S58 fall 16 0.28 0.25 0.59 0.01 1.05 0.03 1

S59 fall 16 0.28 0.25  -  -  -  -  -

S60 fall 16 1.93 1.36 0.30 0.01 0.59 0.06 1

S61 fall 16 30.56 16.02  -  -  -  -  -

S62 fall 16 5.23 2.85 0.03 0.01 -0.05 0.06 2

S63 fall 16 4.82 3.82  -  -  -  -  -

Groundwaters S03 spring 15 1.10 1.12 0.56 0.01 1.03 0.02 1

S03 sum 15 0.41 0.47 0.68 0.06 1.27 0.07 1

S07 spring 15 0.28 0.26  -  -  -  -  -

S07 sum 15 0.28 0.26  -  -  -  -  -

S07 sum 16 0.21 0.19  -  -  -  -  -

S07 fall 16 0.28 0.26  -  -  -  -  -

S19 spring 15 0.28 0.22  -  -  -  -  -

S19 sum 15 0.28 0.22  -  -  -  -  -

S19 fall 16 0.28 0.24  -  -  -  -  -

S37 spring 15 0.14 0.11  -  -  -  -  -

S37 sum 16 0.28 0.24  -  -  -  -  -

S37 fall 16 0.28 0.24  -  -  -  -  -

S38 fall 14 0.28 0.25 0.70 0.03 1.34 0.07 1

S38 spring 15 0.28 0.24 0.66 0.02 1.24 0.03 1

S38 fall 16 0.28 0.25  -  -  -  -  -

S39 spring 15 0.28 0.21  -  -  -  -  -

S39 fall 16 0.28 0.22  -  -  -  -  -

S40 spring 15 0.28 0.22  -  -  -  -  -

S40 fall 16 0.28 0.22  -  -  -  -  -

S41 spring 15 1.24 1.05 0.46 0.03 0.86 0.03 3

S45 spring 15 0.23 0.24  -  -  -  -  -

S45 fall 16 0.28 0.31  -  -  -  -  -

S46 spring 15 0.23 0.22  -  -  -  -  -

S46 sum 15 0.25 0.23  -  -  -  -  -

S46 sum 16 0.25 0.23  -  -  -  -  -

S46 fall 16 0.28 0.27  -  -  -  -  -

S47 spring 15 0.28 0.44  -  -  -  -  -

S47 fall 16 0.28 0.43  -  -  -  -  -
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- : not measured. 

Label Sampling season Ge Ge/Si δ29
Si SD δ30

Si SD n

nmol.l
-1

µmol.mol
-1 ‰ ‰

Thermal springs S16 spring 15 0.28 0.27 0.43 0.02 0.86 0.07 1

S16 fall 16 0.28 0.29 0.43 0.07 0.77 0.06 1

S21 spring 15 6.88 3.12 0.24 0.07 0.47 0.01 2

S42 fall 14 41.16 19.47 0.20 0.06 0.38 0.08 1

S42 spring 15 37.72 15.48 0.10 0.01 0.22 0.01 1

S43 spring 15 3.44 1.67  -  -  -  -  -

S49a spring 15 2.75 1.06  -  -  -  -  -

S49b spring 15 12.39 5.07 0.14 0.03 0.27 0.01 1

S50 fall 16 5.92 2.72  -  -  -  -  -

S51 fall 16 0.96 0.56 0.72 0.06 1.39 0.02 1

S52 fall 16 1.65 0.73  -  -  -  -  -

S55 sum 16 3.44 1.82  -  -  -  -  -

S55 fall 16 3.3 1.75 0.27 0.01 0.51 0.03 1

S56 fall 16 0.28 0.2  -  -  -  -  -

S57 fall 16 0.28 0.25  -  -  -  -  -

S58 fall 16 0.28 0.25 0.59 0.01 1.05 0.03 1

S59 fall 16 0.28 0.25  -  -  -  -  -

S60 fall 16 1.93 1.36 0.30 0.01 0.59 0.06 1

S61 fall 16 30.56 16.02  -  -  -  -  -

S62 fall 16 5.23 2.85 0.03 0.01 -0.05 0.06 2

S63 fall 16 4.82 3.82  -  -  -  -  -

Groundwaters S03 spring 15 1.10 1.12 0.56 0.01 1.03 0.02 1

S03 sum 15 0.41 0.47 0.68 0.06 1.27 0.07 1

S07 spring 15 0.28 0.26  -  -  -  -  -

S07 sum 15 0.28 0.26  -  -  -  -  -

S07 sum 16 0.21 0.19  -  -  -  -  -

S07 fall 16 0.28 0.26  -  -  -  -  -

S19 spring 15 0.28 0.22  -  -  -  -  -

S19 sum 15 0.28 0.22  -  -  -  -  -

S19 fall 16 0.28 0.24  -  -  -  -  -

S37 spring 15 0.14 0.11  -  -  -  -  -

S37 sum 16 0.28 0.24  -  -  -  -  -

S37 fall 16 0.28 0.24  -  -  -  -  -

S38 fall 14 0.28 0.25 0.70 0.03 1.34 0.07 1

S38 spring 15 0.28 0.24 0.66 0.02 1.24 0.03 1

S38 fall 16 0.28 0.25  -  -  -  -  -

S39 spring 15 0.28 0.21  -  -  -  -  -

S39 fall 16 0.28 0.22  -  -  -  -  -

S40 spring 15 0.28 0.22  -  -  -  -  -

S40 fall 16 0.28 0.22  -  -  -  -  -

S41 spring 15 1.24 1.05 0.46 0.03 0.86 0.03 3

S45 spring 15 0.23 0.24  -  -  -  -  -

S45 fall 16 0.28 0.31  -  -  -  -  -

S46 spring 15 0.23 0.22  -  -  -  -  -

S46 sum 15 0.25 0.23  -  -  -  -  -

S46 sum 16 0.25 0.23  -  -  -  -  -

S46 fall 16 0.28 0.27  -  -  -  -  -

S47 spring 15 0.28 0.44  -  -  -  -  -

S47 fall 16 0.28 0.43  -  -  -  -  -

Label Sampling season Ge Ge/Si δ29
Si SD δ30

Si SD n

nmol.l
-1

µmol.mol
-1 ‰ ‰

Thermal springs S16 spring 15 0.28 0.27 0.43 0.02 0.86 0.07 1

S16 fall 16 0.28 0.29 0.43 0.07 0.77 0.06 1

S21 spring 15 6.88 3.12 0.24 0.07 0.47 0.01 2

S42 fall 14 41.16 19.47 0.20 0.06 0.38 0.08 1

S42 spring 15 37.72 15.48 0.10 0.01 0.22 0.01 1

S43 spring 15 3.44 1.67  -  -  -  -  -

S49a spring 15 2.75 1.06  -  -  -  -  -

S49b spring 15 12.39 5.07 0.14 0.03 0.27 0.01 1

S50 fall 16 5.92 2.72  -  -  -  -  -

S51 fall 16 0.96 0.56 0.72 0.06 1.39 0.02 1

S52 fall 16 1.65 0.73  -  -  -  -  -

S55 sum 16 3.44 1.82  -  -  -  -  -

S55 fall 16 3.3 1.75 0.27 0.01 0.51 0.03 1

S56 fall 16 0.28 0.2  -  -  -  -  -

S57 fall 16 0.28 0.25  -  -  -  -  -

S58 fall 16 0.28 0.25 0.59 0.01 1.05 0.03 1

S59 fall 16 0.28 0.25  -  -  -  -  -

S60 fall 16 1.93 1.36 0.30 0.01 0.59 0.06 1

S61 fall 16 30.56 16.02  -  -  -  -  -

S62 fall 16 5.23 2.85 0.03 0.01 -0.05 0.06 2

S63 fall 16 4.82 3.82  -  -  -  -  -

Groundwaters S03 spring 15 1.10 1.12 0.56 0.01 1.03 0.02 1

S03 sum 15 0.41 0.47 0.68 0.06 1.27 0.07 1

S07 spring 15 0.28 0.26  -  -  -  -  -

S07 sum 15 0.28 0.26  -  -  -  -  -

S07 sum 16 0.21 0.19  -  -  -  -  -

S07 fall 16 0.28 0.26  -  -  -  -  -

S19 spring 15 0.28 0.22  -  -  -  -  -

S19 sum 15 0.28 0.22  -  -  -  -  -

S19 fall 16 0.28 0.24  -  -  -  -  -

S37 spring 15 0.14 0.11  -  -  -  -  -

S37 sum 16 0.28 0.24  -  -  -  -  -

S37 fall 16 0.28 0.24  -  -  -  -  -

S38 fall 14 0.28 0.25 0.70 0.03 1.34 0.07 1

S38 spring 15 0.28 0.24 0.66 0.02 1.24 0.03 1

S38 fall 16 0.28 0.25  -  -  -  -  -

S39 spring 15 0.28 0.21  -  -  -  -  -

S39 fall 16 0.28 0.22  -  -  -  -  -

S40 spring 15 0.28 0.22  -  -  -  -  -

S40 fall 16 0.28 0.22  -  -  -  -  -

S41 spring 15 1.24 1.05 0.46 0.03 0.86 0.03 3

S45 spring 15 0.23 0.24  -  -  -  -  -

S45 fall 16 0.28 0.31  -  -  -  -  -

S46 spring 15 0.23 0.22  -  -  -  -  -

S46 sum 15 0.25 0.23  -  -  -  -  -

S46 sum 16 0.25 0.23  -  -  -  -  -

S46 fall 16 0.28 0.27  -  -  -  -  -

S47 spring 15 0.28 0.44  -  -  -  -  -

S47 fall 16 0.28 0.43  -  -  -  -  -

Label Sampling season Ge Ge/Si δ29
Si SD δ30

Si SD n

nmol.l
-1

µmol.mol
-1 ‰ ‰

River waters S48 spring 15 0.28 0.35  -  -  -  -  -

S48 fall 16 0.28 0.34  -  -  -  -  -

S01 spring 15 0.96 1.29 0.82 0.03 1.59 0.02 2

S01 sum 15 0.83 1.03 0.68 0.01 1.34 0.01 1

S01 sum 16 0.69 0.95 0.68 0.01 1.31 0.01 1

S04 spring 15 0.41 0.66 0.81 0.01 1.58 0.10 1

S04 sum 15 0.41 0.50 0.70 0.04 1.31 0.04 1

S05 spring 15 0.28 0.24 0.29 0.01 0.57 0.02 1

S06 spring 15 1.24 1.22 0.76 0.07 1.47 0.01 1

S08 spring 15 1.24 0.78 0.53 0.02 1.03 0.04 1

S08 fall 16 1.10 0.78 0.59 0.01 1.08 0.06 1

S09 spring 15 0.28 0.28  -  -  -  -  -

S10 spring 15 0.21 0.19  -  -  -  -  -

S11 spring 15 0.28 0.33  -  -  -  -  -

S12 spring 15 0.28 0.24  -  -  -  -  -

S14 spring 15 0.21 0.20 0.57 0.06 1.16 0.04 2

S15b spring 15 0.30 0.39  -  -  -  -  -

S17 spring 15 0.28 0.33 0.48 0.09 1.00 0.04 2

S18 spring 15 0.06 0.16  -  -  -  -  -

S20 spring 15 0.14 0.13  -  -  -  -  -

S22 spring 15 0.28 0.35 0.74 0.01 1.39 0.02 2

S22 sum 15 0.55 0.55 0.58 0.03 1.09 0.01 1

S23 spring 15 0.55 0.59  -  -  -  -  -

S23 sum 15 0.55 0.59  -  -  -  -  -

S24 spring 15 0.14 0.17 0.55 0.07 1.18 0.01 2

S25 spring 15 0.41 0.55  -  -  -  -  -

S26 spring 15 0.41 0.52  -  -  -  -  -

S27 spring 15 0.55 0.78  -  -  -  -  -

S27 sum 15 0.69 0.90  -  -  -  -  -

S28 spring 15 0.41 0.44  -  -  -  -  -

S28 sum 15 0.41 0.44  -  -  -  -  -

S28 sum 16 0.28 0.42  -  -  -  -  -

S29 spring 15 0.55 0.71  -  -  -  -  -

S29 sum 15 0.55 0.66  -  -  -  -  -

S30 spring 15 0.41 0.51  -  -  -  -  -

S30 sum 15 0.41 0.49  -  -  -  -  -

S31 spring 15 0.12 0.16  -  -  -  -  -

S32 spring 15 16.8 25.46 0.56 0.02 1.12 0.08 1

S33 spring 15 0.96 1.03 0.58 0.01 1.14 0.02 2

S33 sum 15 0.83 0.96 0.56 0.03 1.14 0.01 1

S34 spring 15 1.93 2.74 0.65 0.04 1.30 0.03 1

S34 sum 15 0.96 1.49 0.54 0.02 1.05 0.04 1

S35 spring 15 1.79 2.26 0.77 0.01 1.47 0.01 1

S35 sum 15 1.51 1.96 0.60 0.01 1.29 0.07 1

S36 spring 15 0.41 0.42 0.46 0.12 1.02 0.08 2

S36 sum 15 0.41 0.44 0.51 0.04 1.08 0.04 2

Surface runoff S02 spring 15 0.22 0.30 0.44 0.01 0.83 0.05 1

S13 spring 15 0.28 0.30  -  -  -  -  -

S44 spring 15 0.10 0.15 0.55 0.01 1.15 0.05 1

S44 fall 16 0.14 0.25  -  -  -  -  -
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7.6. Discussion 

 

7.6.1 Tracing the hydrothermal input to rivers from 
the Aso caldera using the Ge/Si and Cl/B ratios 

It is recognized that both acid SO4-waters and alkaline HCO3-waters 
are present in the northern and in the southern part of the Aso caldera 
(Nagai et al, 1986; Shimano, 1997, 1999; Yamada et al, 2011; Hosono 
et al, 2018), and the presence of these thermal springs is confirmed by 
our data (section 7.5.1; Fig. 7.4). Both types of thermal waters are 
likely to contribute to the sampled river waters. It is indeed reported 
that about 3.2 to 4.1% of the water flux at the caldera outlet 
(corresponding to the sampling site S33) derives from the thermal 
deep fluid from hydrothermal system of the Aso volcano (Hosono et 
al, 2008). 

The hydrothermal contribution to river waters from the Aso caldera 
can be suspected based on their Ge/Si ratios (0.13-2.74 µmol.mol-1 
except one value at 25.46 µmol.mol-1 for S32) with values higher than 
other riverine contributors such as groundwater (0.11-1.12 µmol.mol-
1) and surface runoff (0.15-0.30 µmol.mol-1), with thermal springs 
being the only contributor with higher Ge/Si ratios (0.20-19.47 
µmol.mol-1) (Fig. 7.7a). According to Ch1, the Ge/Si ratio in acid SO4-
waters and alkaline HCO3-waters result from water-rock interaction 
and varies depending on silica precipitation. With this type of thermal 
contribution, the formal identification of a hydrothermal input based 
on Ge/Si ratio is best confirmed by a combination with element ratios 
classicaly used in hydrothermal context, such as for example the 
SO4/Cl ratio and SO4 concentration used in Basse-Terre Island (Ch3), 
or the Cl/B or B/SO4 ratio (Louvat et al, 2011). The advantage of 
using a ratio involving B is the sensitivity of B to high temperature 
providing a recognized indicator for hydrothermalism (Louvat et al, 
2011).  

Boron enrichment is typical in thermal springs due to high volatility of 
B at high temperature (Louvat et al, 2011). The B source in thermal 
springs derives from magma intrusion and high temperature water-
rock interaction with B-bearing volcanic rocks (Arnórsson and 
Andrésdóttir, 1995). Rivers influenced by hydrothermal input in 
volcanic terrains display high concentrations of B (3-52 µmol.l-1 in 
rivers from Basse-Terre Island, Guadeloupe; Louvat et al, 2011). The 
range in B concentrations in the thermal springs of Aso volcano is 
higher than those reported in thermal springs of La Soufrière volcano 
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in Guadeloupe (3-89 µmol.l-1; Louvat et al, 2011) and in the thermal 
springs of Iceland (5-93 µmol.l-1; Arnórsson and Andrésdóttir, 1995).  

The hydrothermal contribution to river waters from the Aso caldera is 
supported by their generally higher Ge/Si ratio and lower Cl/B ratio 
relative to other riverine contributors such as groundwater and surface 
runoff (Fig. 7.9). Indeed, the highest value of riverine Ge/Si ratio in 
S32 (25.46 µmol.mol-1) is associated with highest riverine B 
concentration (22.3 µmol.l-1) and the lowest Cl/B ratio (9.5; Fig. 7.9). 
These ratios in river waters reflect the contribution from thermal 
springs characterized by high Ge/Si values and low Cl/B ratios relative 
to other riverine contributors (Fig. 7.9).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.9: Plot of the Ge/Si ratio as a function of the Cl/B ratio in the 
water samples from the northern (green) and southern (red) part of 
the Aso caldera: thermal springs (circle), groundwaters (square), river 
waters (triangle; with main river (plain triangle) and tributaries (open 
triangle)), and surface runoff (diamond).  
 
 
 



Part III: Data chapters Ch5 

 

361 

 

7.6.2 Seasonal change in riverine Ge/Si and δ30Si 
values with discharge as indicators of changes in the 
relative contribution from thermal springs, 
groundwater and surface runoff within the Aso 
caldera 

 

7.6.2.1 The fraction of hydrothermal contribution to rivers is reduced 
in wet season  

The concentrations of major cations, Si and anions (SO4, Cl and 
HCO3) in river waters flowing in the Aso caldera display seasonal 
variations (Table 7.1) that are primarily due to rainwater dilution effect 
during the summer seasons (highest precipitations and riverine 
discharge; Fig. 7.2). Precipitation rates are reported as the dominant 
hydrological forcing in this area (JMA, 2019). However, not all 
elements are diluted in a similar way (according to their different 
correlations with TDS; Suppl. Mat. 7.2). This supports the view that 
variations in concentrations in rivers are not only caused by rain water 
dilution but result from the mixing of distinct contributors (thermal 
springs, groundwaters and surface runoff).  

Decreasing the Ge/Si ratio in main rivers (S01, S04, S34, S35) at high 
discharge supports a lower relative contribution of hydrothermal input 
to rivers at high discharge (Fig. 7.8a). This hypothesis is strongly 
supported by lower Cl concentrations (Cl/Mghigh discharge < Cl/Mgbase flow, 
except for S34; Fig. 7.6a), lower TDS values (Fig. 7.5), and lower B 
concentration (B/Mghigh discharge < B/Mgbase flow; except S28 and S04; Fig. 
7.6f) in river waters at high discharge relative to base flow conditions.  

One exception is the higher B dilution-corrected concentration 
observed in river water S28 at high discharge. This could reflect the 
increasing relative contribution of groundwater at high discharge, as 
suggested by the higher B dilution-corrected concentration of the 
nearby groundwater S46 at high discharge relative to low discharge 
(Fig. 7.6f; both located in the northern part of the caldera; Fig. 7.1).  
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7.6.2.2 The processes controlling groundwater contribution 
to rivers change seasonally  

The contribution of groundwaters to riverine chemistry of the Aso 
caldera is supported by the existing understanding of the groundwater 
flow system in the Aso volcanic edifice (Hase et al, 2005; Hosono et 
al, 2008; Yamada et al, 2011; Terada et al, 2012). The morphology and 
topography of the Aso caldera watershed are characterized by 
symmetrical features between the northern and southern catchments, 
from higher altitude close to the Aso volcano to lower altitude on the 
border of the Aso caldera, except for a slightly larger catchment area 
in the north, partly associated with the relatively flat plain, favoring the 
contribution of groundwaters to northern rivers (Hosono et al, 2008).  

Most groundwater samples are from low altitudes (except S03, the 
crater groundwater). At high discharge, the hydrothermal contribution 
to groundwater can either increase or decrease according the lower or 
higher B concentration in high discharge relative to base flow (Fig. 
7.6f). This may depend on the groundwater depth as it is reported that 
at lower altitudes in the Aso caldera, deeper groundwaters are mainly 
influenced by a significant contribution of magmatic CO2 due to 
proximity with the magma at the bottom of the Aso volcano (Yamada 
et al, 2011). Groundwaters also display similar (S19, S37) or higher 
(S46, S07) dilution-corrected Si and Ca concentrations at high 
discharge relative to base flow (Fig. 7.6b). This could be dictated by 
the amount of water available for mineral dissolution and modifying 
water-rock interaction in favor of primary mineral dissolution. The 
river waters were plotted in a mixing diagram using Na-normalized 
molar ratio and are shown to fit close to the “silicates” reservoir 
(Suppl. Mat. 7.3). The range in riverine Ca/Na and Mg/Na ratios 
from the Aso caldera is larger at high discharge than at base flow 
suggesting that the change in runoff during the rain season is likely to 
mobilize other sources of dissolved elements in contact with primary 
minerals. 
In contrast, the groundwater sample from the crater (S03) provides 
insights on the functioning of a higher altitude groundwater at Aso. 
The lower Ge/Si ratio in S03 at high discharge (0.47 μmol.mol-1; Fig. 
7.8a) relative to base flow (1.12 μmol.mol-1) suggests a seasonal 
dilution of the fraction of hydrothermal input in groundwater due to 
water recharge with rainfall. This agrees with the reported mixing of 
magmatic CO2 into groundwater beneath the Aso volcano (Yamada et 
al, 2011). Moreover, the S03 crater groundwater displays a higher δ30Si 
value at high discharge (1.27 ‰) than at base flow (1.03 ‰) (Fig. 
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7.8b). Heavier Si isotope compositions may result from clay mineral 
formation, a process preferentially taking up the light Si isotopes 
leading to a residual water enriched in the heavy Si isotopes (e.g., 
Opfergelt and Delmelle, 2012). At Aso, groundwaters located at higher 
altitudes have higher residence time (~30-35 years) relative to 
groundwater located at lower altitudes (~20 years) (Yamada et al, 
2011). It can therefore be hypothesized that a longer water residence 
time in rock fractures would favor clay formation in groundwater 
located at higher altitude, and that the influence of this process is only 
transferred to groundwater upon rainfall recharge (increasing pH from 
4.3 to 5.2 between base flow and high discharge conditions in S03; 
Table 7.1).  
 

7.6.2.3 Higher contribution from mineral weathering to 
rivers at high discharge  

  
For some rivers, the Si isotope compositions are lower at high 
discharge than at base flow (S01, S04, S22, S34, S35; Fig. 7.8b). The 
δ30Si values and the Si concentration in groundwater and surface 
runoff are in the same range than in the river waters (Fig. 7.10a). 
Therefore, lower riverine δ30Si values at high discharge relative to base 
flow support the contribution from waters controlled by distinct Si 
sources or involving Si isotope fractionation processes. More precisely, 
the riverine δ30Si values are either lower at high discharge relative to 
base flow (S01, S04, S22, S34, S35) or similar (S33, S36; Fig. 7.8b). 
Among those rivers, the dilution-corrected element concentrations 
show that some of these rivers are enriched in Si (S01, S04, S22, S34; 
Fig. 7.6b), in K (S01, S22, S34, S35; Fig 7.6c) and in Ca (S04, S22; 
Fig. 7.6e) at high discharge relative to base flow, whereas no change 
in dilution-corrected Na concentrations were observed for these rivers 
(Fig. 7.6d). 

These element concentration data suggest that a lighter Si isotope 
composition might originate from the contribution of primary mineral 
dissolution of volcanic rocks releasing Si and K (Fig. 7.10). This is 
supported for the northern rivers by a correlation between the δ30Si 
and the Ca/K ratio (Fig. 7.10b). At Aso, the lithology ranges from 
basalt to rhyolite (Nakada et al, 2003). A contribution from rhyolite 
and basalt dissolution may contribute to release Si and K (rhyolite) and 
Si and Ca (basalt) (section 7.6.2.2). A contribution from rhyolite and 
basalt dissolution (δ30Si of rhyolite = -0.14 ± 0.16 ‰; δ30Si of basalt = 
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-0.29 ± 0.11 ‰; Savage et al, 2011) following flow paths that storm 
flow can take to the river (Kirchner et al, 2000) can explain the lower 
δ30Si in rivers at high discharge relative to base flow. This is also 
supported by the lower Ge/Si ratios at high discharge relative to base 
flow for 4 of the 5 rivers characterized by lower δ30Si at high discharge 
(S01, S04, S34, S35). Indeed, a contribution from rhyolite and basalt 
dissolution (Ge/Si of rhyolite = 2-3 µmol.mol-1; Ge/Si of basalt = 2.6 
µmol.mol-1; Rouxel et al, 2003) can also explain the lower Ge/Si ratio 
in rivers at high discharge relative to base flow.  

A lighter Si isotope composition in rivers at high discharge relative to 
low discharge could also partly be attributed to the redissolution of 
clay minerals or amorphous silica (e.g., biogenic silica from diatoms or 
phytoliths), both being generally characterized by light Si isotope 
compositions (Opfergelt and Delmelle, 2012). However, secondary 
mineral redissolution is rather unlikely under these pH conditions (6.0-
8.9 for 43 on 46 river samples) decreasing the solubility of Fe- and Al-
bearing minerals. In the same way, the pH conditions for amorphous 
silica redissolution are not met (41 on 46 river samples have pH < 
8.25), considering that amorphous silica solubility increases above pH 
8 (Alexander et al, 1954) such as reported for diatom frustule 
dissolution in the Yellowstone river at pH> 8.25 (McCleskey et al, 
2019). 
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Fig. 7.10: Plot of the Si isotope composition (δ30Si ± SD) as a function of (a) the Si concentration and (b) the Ca/K ratio in the 
water samples from the northern (green) and southern (red) part of the Aso caldera: thermal springs (circle), groundwaters 
(square), river waters (triangle; with main river (plain triangle) and tributaries (open triangle)), and surface runoff (diamond). 
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Even if surface runoff is promoted by high precipitations throughout 
the year (minimum 500 mm of rainfall/month), a higher contribution 
from surface runoff to rivers can be expected in the summer given that 
precipition are more than five times higher in the summer than in the 
Spring in the area (annual average of 2373 mm and 437 mm, 
respectively; JMA, 2019). In the Aso caldera, it is well known that water 
provided by rainfall on the central cones flows down the volcanic 
edifice along the topography (Yamada et al, 2011). This is likely to 
modifie water residence time in rock fractures and soils (White and 
Blum, 1995). The observed changes in Si and K concentrations, in δ30Si 
and in Ge/Si ratios values in rivers at high discharge relative to base 
flow in rivers support the hypothesis that rainfall water fill in the rock 
and soil surface porosity resulting in the expulsion to rivers of a pre-
rainfall surface water that was previously in contact with the rock/soil, 
and influenced by primary mineral dissolution and/or secondary 
mineral formation (Fig. 7.11). 

This observation is consistent with the contribution from mineral 
weathering at snowmelt highlighted in the rivers draining the 
Yellowstone Plateau Volcanic Field (Ch4), and highlights that 
geochemical tracers such as Ge/Si ratio and Si isotopes provide a way 
to identify seasonal changes in riverine chemistry that may be a short-
term pulse of element but has implications for the assessment of 
weathering fluxes and the associated atmospheric CO2 consumption, 
a major stake in hydrothermally active volcanic regions where a 
portion of the source of CO2 is magmatic. 
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Fig. 7.11: Schematic of the influence of the flow regime (base flow 
and high discharge) on the different contributors to river waters in the 
Aso caldera (northern river in green, southern river in red). The main 
contributors are thermal springs, groundwater and surface runoff. The 
width of the arrow is proportional to the relative input from the 
contributors. At high discharge, the fraction of hydrothermal input is 
reduced relative to other contributions, i.e., groundwater, surface 
runoff, and a contribution from subsurface water influenced by 
primary mineral dissolution. 
 
 

7.6.3 Implications for seasonal changes at the 
outlet of the Aso caldera  

Despite the seasonal variations in riverine chemistry observed for 
rivers from the Aso caldera, the river water collected at the outlet of 
the Aso caldera (S33) displays similar value of dilution-corrected 
Cl/Mg, Si/Mg, K/Mg, Na/Mg and Ca/Mg at high discharge relative 
to base flow (Fig. 7.6a, b, c, d, e). Only lower dilution-corrected 
B/Mg is observed at high discharge relative to base flow (Fig. 7.6f). 
Moreover, a similar value of Ge/Si ratios and δ30Si at base flow (1.03 
µmol.mol-1 and 1.14 ± 0.02 ‰, respectively) and high discharge (0.96 
µmol.mol-1 and 1.14 ± 0.00 ‰, respectively) (Fig. 7.8a, b) suggests no 
major changes in contributions and controlling processes to the S33 
river water. This observation shows that despite local seasonal 
variations in riverine chemistry within the caldera, these effects cannot 
be detected at larger scale in the riverine chemistry at the outlet of the 
caldera (S33). This highlights that a comprehensive understanding of 
the sources and processes contributing to riverine chemistry, and the 
seasonal influence on these sources and processes, can only be 
obtained from a local scale investigation (Fig. 7.11). At larger spatial 
scale such as S33 integrating the scale of the caldera and mainly 
controlled by hydrothermal contribution, it seems that the potential 
seasonal influence from meteoric weathering observed within the 
caldera is masked here by the large spatial variability.  

Even if changes in controlling processes cannot be directly identified 
on the river water from S33, this sampling location provides the unique 
opportunity to compare the chemical weathering rates (CWR, t.km-

2.yr-1) at the scale of the Aso caldera for different discharge regime. 
The CWR was calculated at base flow (spring 15) and at high discharge 
(sum 15) using riverine SiO2, Na, K, Mg and Ca concentrations, with 
a catchment surface estimated at 376 km2 and discharge measured at 
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the S33 gauging station, and then extrapolated on an annual basis 
considering a rainy season of two months/year and using the average 
total discharge of spring 2014-2015 for base flow conditions and the 
average total discharge of summer 2014-2015 for high discharge 
conditions. The CWR obtained at high discharge (80 t.km-2.yr-1) is 1.5 
times higher than CWR at base flow (52 t.km-2.yr-1), and the annual 
CWR of the Aso caldera is estimated at 59 t.km-2.yr-1. The difference 
between CWR at high and low discharge is similar to the difference in 
CWR between wet and dry season for Banyu Pahit/Banyu Putit, i.e., 
1.6 times higher in wet season (Ch2), and consistent with the range of 
difference in CWR between high discharge (at snowmelt) and base 
flow obtained for rivers from the Yellowstone Plateau Volcanic Field, 
i.e., 1.1 and 2.6 higher in high discharge (with two exceptions above 
12 times higher; Ch4). This underlines the importance to carefully 
consider seasonal changes in element fluxes when assessing the 
contribution from volcanic regions to global weathering estimates. 
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7.7 Conclusion  

In this study, we investigated the Ge/Si ratio and the Si isotope 
compositions of the main rivers draining the Aso caldera, and their 
contributors (thermal springs, tributaries, groundwater, surface 
runoff). The influence of seasonal change in discharge on the 
processes involved and the relative contribution from these reservoirs 
to rivers (Fig. 7.11) has been peformed based on a seasonal sampling 
at base flow and at high discharge. The following main conclusions 
can be drawn from this study: 

(i) Thermal discharge in the Aso caldera are acid SO4-waters and 
alkaline HCO3-waters, and also involved mixed neutral HCO3-SO4 
waters. The data confirms that these types of thermal waters are 
present in the northern and southern part of the caldera. The Ge/Si 
ratio combined with the Cl/B ratio support a direct hydrothermal 
contribution to rivers draining the Aso caldera. 

(ii) The chemical composition and the Ge/Si ratio of the rivers support 
that seasonally, the fraction of hydrothermal contribution relative 
other contributors (groundwaters, surface runoff) to rivers is reduced 
during the rainy season, i.e., when the rivers are at high discharge. 

(iii) Processes controlling groundwater chemical composition i.e., clay 
mineral formation or hydrothermal contribution, can be modified 
seasonally at high discharge. Hydrothermal contribution to 
groundwater is influenced by the depth of the groundwater with 
deeper groundwaters being influenced by a significant contribution of 
magmatic CO2 due to proximity with the magma. And clay mineral 
formation, typically influenced by water residence time in 
groundwater, likely affects more high altitude groundwater known for 
their longer water residence time in the Aso caldera than lower altitude 
groundwater.  

(iv) A short-term pulse of contribution from mineral dissolution is 
observed in river waters at high discharge based on the element 
concentrations, the Ge/Si ratios, and the δ30Si values. This seasonal 
weathering signal, previously unaccounted for in hydrothermally-
active volcanic regions, directly contributes to chemical weathering 
fluxes and associated atmospheric CO2 consumption.  

(v) At the scale of the Aso caldera, the change in relative contribution 
from thermal springs, groundwaters and surface runoff with discharge 
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can not be detected at the outlet of the caldera, likely erased by the 
variability at larger spatial scale. This supports that a comprehensive 
understanding of the sources and processes involved seasonally in the 
control of riverine chemistry from a hydrothermal active volcanic 
region can only be obtained at a smaller catchment scale, i.e., inside 
the caldera.  
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7.9 Supplementary Materials 
 
 

 
Suppl. Mat. 7.1: Plot of the silicon isotopes measurements of all water 
samples from the Aso caldera (thermal springs, groundwaters, river 
waters and surface runoff) onto a mass-dependent fractionation array 
δ30Si and δ29Si (theorical 0.5178 slope for equilibrium mass-dependent 
fractionation; Young et al, 2002).
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Suppl. Mat. 7.2: Major element (Ca, Na, Mg, K), Si, SO4 and Cl 
concentrations as a function of total dissolved solids (TDS) in river 
waters flowing into the Aso caldera, Kyūshū Island, Japan.   
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Suppl. Mat. 7.3: Mixing diagram using Na-normalized molar ratio in 
the dissolved phase of the rivers from the Aso caldera at high discharge 
(open triangle) and in base flow (plain triangle). Data from end-
members reservoirs are from Gaillardet et al (1999).  
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Contribution of the study 
 

 

8.1 Contribution of the study to the estimation of 
chemical weathering rates from volcanic regions 
and the associated atmospheric CO2 consumption   

 
In the PhD thesis, we obtained chemical weathering rates (CWR) for 
three volcanic regions: the Banyu Pahit/Banyu Putih river, Java island 
(Ch2), the rivers from the YPVF (Ch4) and the river draining the Aso 
caldera, Kyūshū island (Ch5). The quantification of CWR (t.km-2.yr-1) is 
obtained via the following equation: 
 
CWR (t.km-2.yr-1) = (Na+K+Mg+Ca+SiO2).(riverine discharge).(draining 
basin surface area)-1  
 
with the element concentration in mg.l-1, the riverine discharge in l.yr-1 
and the draining basin surface area in km2. 
 
The CWR values from Kawah Ijen volcano in Java Island (Ch2), i.e., 
andesitic-basaltic, are in the range of values reported for basaltic or 
andesitic volcanic islands, and higher than the one reported for more 
silicic magmatic rocks, i.e., dacitic volcanic islands (Fig. 8.1). The CWR 
values from Aso volcano in Kyūshū island (Ch5) are also within that 
range, despite including magmatic rocks from basaltic to rhyolitic 
compositions. The CWR values from YPVF (Ch4) i.e., mainly rhyolitic, 
present the highest reported CWR values at high river flow regime (high 
discharge), up to 6.5 times higher than the highest literature value. 
 
However, direct comparison of CWR values between studies remain to 
be considered with caution given that the calculated fluxes of solutes 
were obtained by different methods integrating seasonal variability 
(Hurwitz et al, 2010). This may have large impact on the calculated as 
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illustrated by the up to 12 times higher CWR value obtained for rivers 
draining the YPVF in high discharge relative to the CWR value for the 
same rivers in base flow. 
 
 

 
Fig. 8.1: Comparison between the chemical weathering rates (CWR; 
t.km-2.yr-1) calculated in the PhD thesis (YPVF: Ch4; Aso: Ch5; Kawah 
Ijen: Ch2) and the literature, presented from the more silicic magmatic 
rocks (left) to the less silicic magmatic rocks (right). BF = base flow, HD 
= high discharge initiated by snowmelt (YPVF) or rain season (Aso, 
Kawah Ijen), ANN = annual basis. YELo, the main river of YPVF is 
generally used to assess CWR from YPVF (Hurwitz et al, 2010). Data 
from La Réunion: Louvat and Allègre, 1997; Sao Miguel: Louvat and 
Allègre, 1997; Iceland: Stefánsson and Gislason, 2001; Martinique and 
Guadeloupe: Rad et al, 2006; Kamchatka: Dessert et al, 2009; Dominica: 
Goldsmith et al, 2010; New Zealand: Goldsmith et al, 2008. 
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Comparing the Si concentration in river waters from this PhD thesis 
with the reported Si concentrations in rivers draining volcanic regions 
confirms a general correlation of the Si concentration with the Total 
Dissolved Solids (TDS; Fig. 8.2). The data from Java Island (Ch2) 
display the highest Si concentrations and the highest TDS values relative 
to the reported values, reflecting the hyper-acid weathering 
conditions from the Kawah Ijen volcano. The limited range in Si 
concentrations and TDS values in the river draining the Aso caldera 
(Ch5) relative to other rivers likely reflect a more homogeneous 
weathering degree within the catchment than in other sites, such as for 
example for the rivers draining Basse-Terre Island, Guadeloupe (Ch3). 
Multiple catchments studies (Ch3, Ch4) display more variable riverine Si 
concentrations and TDS values likely reflecting the variability in soil 
weathering degree, thermal input, runoff (etc.) between catchments. The 
Si concentrations and TDS values from Basse-Terre Island (Ch3) agree 
with data reported in the Lesser Antilles (Basse-Terre Island, 
Martinique/Dominique), La Réunion, Kamchatka and New Zealand. All 
of these studies involve catchments with distinct soil weathering degree, 
except river waters from La Réunion showing a lower range of Si 
concentrations. Note that additional parameters should also be further 
considered to compare the variations in Si concentrations and TDS 
values between these studies, such as the climate (e.g., the tropical 
climate in volcanic islands, with high precipitations and temperature, 
enhances chemical weathering), the lithology, and the hydrological 
connectivity within the catchments (connection to groundwater, 
number of tributaries, etc.).  
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Fig. 8.2: Plot of the Si concentration as a function of the Total 
Dissolved solid (TDS) in river waters from this study (triangle; Basse-
Terre Island, Java Island, Kyūshū Island, YPVF) and from the literature 
(circle). The water samples from this PhD thesis were filtered at 0.45 µm 
whereas filtration at 0.22 µm was used in the studies from the literature, 
i.e., potentially leading to differences in colloidal Si. 
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This thesis contributes to improve the estimates on the hydrothermal 
contribution to CWR hydrothermally active volcanic regions by 
demonstrating that (Fig. 8.3) (i) river sampling location, i.e., 
depending on the distance to the magmatic gases source, largely control 
the hydrothermal contribution of magmatic CO2 (between 54 % close to 
the volcanic crater to 2 % 40 km downstream at Kawah Ijen volcano, 
Ch2), and that (ii) short pulse of meteoric weathering contributing at 
high river discharge (at snowmelt or during the rain season) should be 
considered for atmospheric CO2 consumption (Ch4, Ch5). 
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Fig. 8.3: Conceptual scheme on the hydrothermal (red) and weathering 
(blue) contributions to Chemical Weathering Rates (CWR) in rivers 
draining volcanic terranes featuring hydrothermal manifestations. The 
associated consumption of atmospheric CO2 depends on the 
contribution from magmatic CO2. The intensity of the color (red or blue) 
is proportional to the contribution (hydrothermal or weathering, 
respectively) to CWR in rivers, and hence to magmatic or atmospheric 
CO2 consumption. 
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8.2 Contribution of the study to the range of 
variations in Ge/Si ratios and Si isotopes in 
terrestrial reservoirs 

 
 
This PhD thesis provides a total of 245 original data of Ge/Si ratios and 
132 original data of Si isotope compositions across different terrestrial 
reservoirs (thermal springs, river waters, groundwaters, soil solutions, 
surface runoff and hydrothermally-altered rock; Table 8.1).  
 
Table 8.1: Numbers of Ge/Si ratios and Si isotope compositions 
measured in each study sites. n=total number of samples (some locations 
were sampled multiple times for seasonal comparison).  

 
 
 
Across the different chapters, we contributed to expand the knowledge 
on the variations of the Ge/Si ratio in volcanic context (Fig. 8.4). More 
specifically, we expanded the range of reported Ge/Si ratios: (i) in 
volcanic thermal springs (literature: 0.72-185.23 μmol.mol-1) towards 
lower values (with the lowest at 0.05 μmol.mol-1 from La Soufrière 
volcano) and towards higher values (with the highest at 188.92 μmol.mol-
1 in YPVF); (ii) largely in rivers draining volcanic areas (literature: 0.16-

La Soufrière Kawah Ijen YPVF Aso Kanlaon Mutnovsky

Basse-Terre Island Java Island Continental hot spot Kyūshū Island Negros Island Kamchatka

Thermal springs 15 (n=26) 13 (n=13) 8 (n=8) 17 (n=21) 1 (n=2) 2 (n=2)

River waters 22 (n=36) 4 (n=14) 15 (n=33) 30 (n=46)  -  -

Soil solutions 7 (n=7) 4 (n=4)  -  -  -  -

Groundwaters  -  -  - 11 (n=28)  -  -

Surface runoff  -  -  - 3 (n=4)  -  -

Hydrothermally-altered rock 1 (n=1)  -  -  -  -  -

Thermal springs 9 (n=12) 13 (n=13) 7 (n=7) 9 (n=11) 1 (n=2) 2 (n=2)

River waters 15 (n=17) 4 (n=11) 8 (n=17) 14 (n=23)  -  -

Soil solutions 7 (n=7) 2 (n=2)  -  -  -  -

Groundwaters  -  -  - 3 (n=5)  -  -

Surface runoff  -  -  - 2 (n=2)  -  -

Hydrothermally-altered rock 1 (n=1)  -  -  -  -  -

δ30Si

 Samples

Ge/Si
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20 μmol.mol-1) towards lower values (with the lowest at 0.13 μmol.mol-1 
from Aso volcano) and towards higher values (with the highest at 513.9 
μmol.mol-1 in YPVF); and (iii) in groundwaters (literature: 0.24-0.74 
μmol.mol-1) towards lower and higher values with groundwaters from 
Aso volcano (0.11-1.12 μmol.mol-1); and we remained  within the range 
reported in soil solutions (literature: 0.7-14 μmol.mol-1). 
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Fig. 8.4: Contribution of the PhD thesis to the knowledge on the 
variations of the Ge/Si at the surface of the Earth. [1] Arnòrsson, 1983, 
1987; Siebert et al, 2006; Wheat and McManus, 2008; Escoube et al, 2015 
[2] Mortlock and Froelich, 1987; Froelich et al, 1992; Kurtz et al, 2002; 
Kurtz and Derry, 2004; Derry et al, 2005; Scribner et al, 2006; Opfergelt 
et al, 2010; Han et al, 2015; Baronas et al, 2018, 2020 [3] Derry et al, 
2005 [4] Derry et al, 2005 [5] Lugolobi et al, 2010; Kurtz et al, 2011; 
Ameijeras-Mariño et al, 2018. n = total number of data. 
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We also contributed to expand the knowledge on the 𝛿30Si variations in 
terrestrial reservoirs (Fig. 8.5). More specifically, we remained within the 

range of reported 𝛿30Si values: (i) in volcanic thermal springs 
(literature: -0.7 to 1.7‰); and (ii) in rivers (literature: -0.1 and 3.4 ‰). 
And we expanded the range of reported 𝛿30Si values: (i) in soil solutions 
(literature: -1.85 to 1.25‰) towards heavier values (with the heaviest at 
1.56‰, Kawah Ijen volcano); (ii) in groundwaters (literature: -1.43 to 
0.43‰) towards heavier values (with the heaviest at 1.34‰, Aso volcano; 
and (iii) in hydrothermal clay deposits (literature: -0.1 to 0.1‰) 
towards a lighter value (-0.35 ‰, La Soufrière volcano).  
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 Fig. 8.5: Contribution of the PhD thesis to the knowledge on Si isotope 
variations at the surface of the Earth. [1] Douthitt, 1982; Ding et al, 
1996, 2017; Opfergelt et al, 2011, 2013; Geilert, 2014; Wang et al, 2019; 
Chen et al, 2020 [2] De La Rocha et al, 2000; Ding et al, 2004, 2016, 
2017; Allemand et al, 2005; Georg et al, 2006, 2007; Cardinal et al, 2010; 
Engström et al, 2010; Hughes et al, 2011, 2013; Opfergelt and Delmelle, 
2012; Pokrovsky et al, 2013; Fring et al, 2016 ; Baronas et al, 2020 [3] 
Ziegler et al, 2005 [4] Georg et al, 2005, 2007, 2009 [5] Ding et al, 1996. 
n = total number of data. 
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8.3 Implications for the interpretation of δ30Si and 
Ge/Si in rivers draining volcanic regions 

 

Overall, the comparison between the 𝛿30Si values and the Ge/Si ratios 
measured in all thermal spring, river and soil solution water samples 
from this PhD thesis (across all chapters; Fig. 8.6) shows that: (i) soil 

solutions display the lowest 𝛿30Si values (end-member for highly 

weathered soils; Basse-Terre Island, Ch3) whereas the highest 𝛿30Si 
values are found in river waters (end-member for rivers influenced by 
biological fractionation by lake diatoms; Yellowstone river draining the 
Yellowstone lake, Ch4), and (ii) the highest Ge/Si ratios are found in 
thermal springs (end-member for hyper-acid thermal water; Kawah Ijen 
volcano, Ch2) whereas the lowest Ge/Si values are measured in river 
waters. The Ge/Si ratio is not enough to distinguish rivers impacted by 
hydrothermal input from the non-impacted rivers (element ratios such as 
Cl/SO4 should be used, Ch3), but among the rivers impacted by 
hydrothermal input, rivers draining extinct hydrothermal systems are 
characterized by the lowest Ge/Si values, except for three low Ge/Si 
values measured in rivers draining the Aso caldera (S05, S14, S24 from 
Ch5; the lowest Ge/Si values among the yellow triangles in Fig. 8.6) in 
which the occurrence of extinct hydrothermal manifestations has not 
been investigated, thereby potentially leading to a mis-attribution of 
these three river water samples to rivers only impacted by active 
hydrothermal input. 
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Fig. 8.6: Plot of the Si isotope composition as a function of the Ge/Si 
ratio in water samples from this PhD thesis: thermal springs (circle; 
hyper-acid SO4-Cl waters (open red circle), acid-SO4, alkaline HCO3, 
immature neutral-Cl, mixed acid SO4-Cl and mixed neutral HCO3-SO4 

waters (open green circle), mature neutral Cl waters (open orange circle)), 
rivers waters (triangle; draining hyper-acid thermal discharges (plain red 
triangle), receiving fluctuating input from active hydrothermal systems 
(plain yellow triangle), draining extinct hydrothermal systems (plain blue 
triangle), not impacted by hydrothermal input and draining catchments 
with low to moderate soil weathering degree (open grey triangle), not 
impacted by hydrothermal input and draining highly weathered 
catchments (open purple triangle), influenced by biological fractionation 
by lake diatoms (open pink triangle)), and soil pore waters (lower soil 
weathering degree (plain grey diamond), higher soil weathering degree 
(open grey diamond)). 
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As a summary, the identified controls on Ge/Si ratio and 𝛿30Si values in 
thermal springs and river waters are summarized in Fig. 8.7. 
 

 
Fig. 8.7: Conceptual schema of the evolution of the Ge/Si ratio and the 
δ30Si value in thermal springs (left) and river waters (right) as a function 
of the identified controls (see text for details). The intensity of the grey 
color decreases with decreasing value of the riverine Ge/Si or δ30Si. 
 

A value of Ge/Si ratio or 𝛿30Si in a river draining a volcanic region can 
therefore be considered to be driven by three main factors (Fig. 8.8): a 
hydrothermal input (from a hyper-acid endmember to a extinct end-
member depending on location), a weathering driver (with a magmatic 
or atmospheric source of acidity depending on the hydrothermal 
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contribution, and with the soil weathering degree of the catchment 
depending on location), seasonal fluctuations (induced by snowmelt or 
by the rain season) of the relative contribution from hydrothermal 
discharges relative to meteoric weathering contributions. What is 
particularly relevant to improve the estimates of chemical weathering 
rates in volcanic regions and the associated atmospheric CO2 

consumption is that combining Ge/Si ratio and 𝛿30Si values allows the 
identification of (i) rivers consuming magmatic CO2 for weathering, i.e., 
receiving input from hyper-acid endmember (Ch1, Ch2) to other types of 
thermal waters (Ch1-5) to extinct hydrothermal endmember (Ch3), and 
(ii) rivers dominated by hydrothermal input but receiving seasonal 
contributions (pulse) from meteoric weathering processes consuming 
atmospheric CO2 (by comparing seasonal Ge/Si ratio and the δ30Si value; 
Ch4, Ch5) (Fig. 8.8). 
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Fig. 8.8: Schematic view of factors influencing Ge/Si ratios and Si 
isotope compositions of river waters draining hydrothermally-active 
volcanic regions. These factors were discussed separately via the three 
research questions (Q1, Q2, Q3) in the relevant data chapters 
(Ch1,2,3,4,5) of the thesis (in red). The consideration for the factors in 
the existing literature is mentioned in green. The biological effect on Si 
(by plants or intra-rivers) is not represented here but often investigated 
in the literature.   
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8.4 General conclusions 
 
The overarching aim of the PhD thesis was to better understand the 
factors controlling weathering fluxes in rivers draining hydrothermally-
active volcanic regions. We used a multi-proxy approach combining 
riverine element concentrations and geochemical compositions (Ge/Si 
ratio and Si isotopes).  
 
In order to address this goal, we successfully developed a method 
allowing the reliable determination of Si isotopes in anion (SO4

2- and Cl-

)-rich aqueous solutions. The new method, which involves a two-step 
purification of the sample using ion exchange resins, expands our 
capacity to characterize the Si isotope composition of natural waters, 
such as thermal springs, rivers affected by hydrothermal discharges, river 
plume waters and seawater, which were hitherto difficult to measure. 
The protocole involves: (i) sulfates purification by addition of suprapure 
Ba(NO3)2 for water samples with SO4

2- concentration > 210 000 µmol.l-1 
(Ch2), (ii) drying down, dissolution by NaOH leaching, and dilution to 
ensure the solubilization of potential amorphous silica precipitates for 
samples with Si concentration beyond the saturation for amorphous 
silica (Ch4), (iii) a two-step purification using anion- and cation-exchange 
resin (Part II; Gaspard et al, submitted). We also tested and validated a 
methodology to measure Ge concentrations in water samples by ICP-MS 
(Part II).  
 
Based on these analytical developments, this PhD thesis addresses the 
following conclusions to the three specific research questions. 

Q1. What controls the variability of Ge/Si ratio and δ30Si in thermal 
springs from the main generic types of thermal waters?  

We provide for the first time analyses of the Ge/Si ratios and 𝛿30Si 
values of a range of thermal waters representative of the main generic 
types of thermal springs (Ch1). Some key processes that likely control 

their Ge/Si ratios and 𝛿30Si have been explored: volcanic gases, silica 
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precipitation and water-rock interaction (Fig. 8.7). In immature hyper 
acid SO4-Cl waters (“magmatic end-member”), the high Ge/Si ratios 
likely result from Ge enrichment in thermal waters due to Ge volatility 
and transport by volcanic gases (via GeF4, GeCl4 and GeS) and by silica 
precipitation. The large range of values of Ge/Si ratios and δ30Si values 
measured in acid SO4 -, alkaline HCO3- and neutral Cl-thermal waters 
can be explained by an increasing intensity of water-rock interaction 
involving silica precipitation. Extensive water-rock interaction erases the 
imprint of intermediate levels of water-rock interaction on the Ge/Si 
ratios and δ30Si values in thermal waters and leads to similar values than 
in waters from the original magmatic end-member. 

 
Q2. Can Ge/Si ratio and δ30Si in rivers be used as good indicators 
of weathering processes in volcanic terranes featuring 
hydrothermal manifestations?  
 
We highlight that the riverine Ge/Si and δ30Si values can be useful to 
identify the source of acidity for weathering (magmatic or atmospheric 
CO2, or alteration deposits from extinct hydrothermal systems) (Ch2 & 
Ch3; Fig. 8.8). We used the Ge/Si ratio to provide the first quantitative 
assessment of the hydrothermal contribution in a river draining a 
hyper-acid hydrothermal system (Ch2) and we highlight the importance 
to account for river sampling location, i.e., the distance from the source 
of magmatic gases, to estimate the hydrothermal contribution to river 
weathering fluxes, and hence the proportion of magmatic CO2 in the 
estimates of atmospheric CO2 consumption by volcanic rock weathering 
(Fig. 8.3). 
 
We show that the Ge/Si ratio and δ30Si of rivers free from hydrothermal 
additions record different degrees of soil weathering. The Ge/Si ratio 
imparted to rivers due to weathering is concealed when thermal spring 
discharges mix with river waters (Ch3). Only rivers draining extinct 
hydrothermal systems display distinctively low Ge/Si ratios (Fig. 8.6). 
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Q3. What is the influence of seasonal change in runoff on the 
relative hydrothermal and weathering contributions to rivers 
draining hydrothermally-active volcanic regions? 
 
We demonstrate that the seasonal change in Ge/Si and δ30Si values 
between base flow and high discharge periods in rivers draining 
hydrothermally-active volcanic regions (high discharge being at snowmelt 
(Ch4) or in the rain season (Ch5)) reflects changes in the relative 
contribution of hydrothermal and meteoric processes to chemical 
weathering fluxes in those rivers as a function of runoff (Fig. 8.8). The 
seasonal meteoric weathering signal at high discharge (involving the 
dissolution of primary minerals) should be accounted for estimates of 
weathering fluxes, as it directly contributes to atmospheric CO2 
consumption (Fig. 8.3). In volcanic areas, the average intensity of 
tropical cyclones, the proportion of category 4 and 5 tropical cyclones 
and the associated average precipitation rates are projected to increase 
for a 2 °C global temperature rise above pre-industrial level (IPCC, 
2014). Recent detection of trends in extreme precipitation and discharge 
in some catchments implies greater risks of flooding at regional scale 
(IPCC, 2014). This underlines the importance to carefully consider 
seasonal changes in the factors controlling riverine element fluxes when 
assessing the contribution from volcanic regions to global weathering 
estimates and associated atmospheric CO2 consumption. 
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8.5 Perspectives 
 
This PhD thesis contributes to a better understanding of controls on 
weathering fluxes from hydrothermally-active volcanic regions. These 
findings are not exhaustive and many questions remain still open. 
Further investigations concerning the following aspects would be 
interesting perspectives: 
 

- Exploit the newly developed method to purify Si from anion 
(SO4

2- and Cl-)-rich aqueous solutions to other thermal springs, 
other locations with rivers affected by hydrothermal discharges, 
but also river plume waters and seawater. 
 

- Coupling the multi-proxy approach of Ge/Si ratios and Si 
isotopes with other isotopic systems such as, Ge isotopes to 
better understand the Ge behavior in different terrestrial 
reservoirs, S isotopes to better understand magmatic processes 
influencing chemistry of the thermal springs, B isotopes to better 
understand hydrothermal input to rivers. 

 

- In the Appendix, our preliminary study suggests that the 
influence of Si-accumulating crops harvest on dissolved Si 
fluxes exported to the ocean should be considered in volcanic 
islands. To better quantify this effect in volcanic context, we 
suggest to: (i) build a database by volcanic island listing Si-
accumulating crops species, cultivated area surface and associated 
particular agricultural practices; (ii) compare data obtained in situ 
(via fresh/dry and total/per parts weights) with data of Si-
accumulating crops yield reported by FAO and using specific 
Harvest Index (HI) listed by species in the literature; (iii) consider 
the roots impact of plants releasing cations and which can 
potentially contribute to weathering; (iv) carry out simulations 
adjusting different parameters (Si-accumulating species, number 
of crops harvest by year, agricultural practices) and estimate the 
parameters sensitivity on the assessment of fluxes exported by Si-
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accumulating crops; (v) improve the assessment of Si fluxes in 
rivers taking into account punctual events (floods, droughts) and 
data measured during wet and dry season varying with runoff and 
rainfalls; (vi) evaluate the soil impact and its potential 
contribution to rivers in hydrothermally-active volcanic areas; 
(viii) extrapolate at the global scale the impact of Si export by 
crops on the main volcanic islands on Si fluxes exported to the 
ocean and on the assessment of the atmospheric CO2 
consumption by silicate weathering based on riverine Si 
concentrations.  
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Appendix 1:  

Preliminary assessment of the influence of Si-

accumulating crop harvest on Si fluxes exported 

from volcanic islands: a case study from 

Asembagus Plain (Kawah Ijen, Java Island) and 

Aso caldera (Aso volcano, Kyūshū Island) 

 
 

9.1 Introduction 

Land-use is another uncertainty that may influence weathering fluxes 
from hydrothermally-active regions and more specifically relates to 
cultivation of silicon-accumulating crops which are commonly found in 
tropical volcanic islands. Indeed, volcanic soils, most of them being 
Andisols, support more than 10% of the total world population while it 
represent less than 1% of the total land surface, are fertile and suitable 
for crops cultivation (Delmelle et al, 2015). As a result, volcanic islands 
are the most-cultivated areas worldwide (Ramankutty et al, 2008). The 
most cultivated crops worldwide, i.e. sugar cane, maize, rice, and wheat 
(FAOSTAT, 2015), are Si-accumulating plants: Si taken up by the plant 
is precipitated as biogenic Si in the plant tissue (phytoliths; Jones and 
Handreck, 1965) leading to Si content of ~1% Si dry weight in the plant, 
and up to 5% in rice (Datnoff et al, 2001).  

Cultivation and harvest of Si-accumulating crops, including plant 
biomass export, result in the loss of a non-accounted sink for Si released 
during weathering (e.g., Desplanques et al, 2006). We suggest that crop 
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harvest may also influence the flux of dissolved Si exported to the ocean 
because the estimated global agricultural Si export (0.22×1012 kgSi.yr-1; 
Matichenkov and Bocharnikova, 2001) is on the same order of 
magnitude than the riverine Si discharged into the ocean as dissolved and 
biogenic Si (0.20×1012 kgSi.yr-1; Tréguer and De La Rocha, 2013).  

Considering the global increasing demand for agricultural soils (Godfray 
et al, 2010), the impact of crop harvest on global Si export to the ocean 
is likely to be emphasized in the future and needs to be better quantified 
given that Si is a key nutrient for diatoms, which are essential organisms 
for the oceanic C pump (Smetacek, 1999). The effect may be particularly 
pronounced in volcanic island arc regions, which contribute 
disproportionately to the dissolved Si delivery to the ocean (Dürr et al, 
2011) mainly influenced by input of surface water (~66%, rivers and 
lake).  

In this preliminary study, we bring first assessment of Si-accumulating 
crop harvest influence on Si fluxes exported from volcanic islands with a 
case study at small spatial scale with good constraints on Si and water 
fluxes (Asembagus Plain (36 km2), Kawah Ijen volcano, Java Island) and 
at larger spatial scale (Aso caldera (353 km2), Aso volcano; Kyūshū 
Island) to provide a knowledge base to implement the impact of crop 
harvest on dissolved Si fluxes to the ocean in global models. 

 

9.2 Study sites 

At small spatial scale, the site of Asembagus Plain (7°44’S, 114°12’E) 
located in Eastern Java is an ideal study case. The study site (Kawah Ijen 
volcano and Banyu Pahit/Banyu Putih catchment) is described more 
specifically in Ch2. The Banyu Putih river serves to irrigate an intensively 
cultivated zone, the Asembagus plain (36 km2), before reaching the 
ocean (Löhr et al, 2005; van Rotterdam-Los et al, 2008), dominated by 
Si-accumulating crops, mainly rice (~1000 ha) and sugar cane (~2000 
ha). The climate of Indonesia is separated in two seasons: the wet 
(October-April) and the dry (May-September) season. Flooded rice crops 
are cultivated in wet season (October-March) and two rice crop harvest 
are observed over a year.  

At large spatial scale, the Aso caldera (32°55’N, 131°E) located in 
Kyūshū Island, one of the largest caldera volcanoes in the world (353 
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km2; Nakada, 2003), is an ideal study case. The site (Aso volcano and the 
Aso caldera) is described more in details in Ch5. The north (Aso Valley) 
and south (Nango Valley) part of the caldera are respectively discharged 
by Kurokawa river and Shirakawa river. The cultivated area within the 
caldera is ~10 times larger than that found in the Asembagus plain and is 
also dominated by rice paddy fields. Japan is a large contributor to 
dissolved Si to the ocean (6.6 times higher than the world average; 
Hartmann et al, 2010). The climate of Japan is divided in four seasons 
(winter, spring, summer and fall) with wet season during summer 
between June and August. Flooded rice crops are cultivated between 
spring and fall and one rice crop harvest is observed over a year.  

 

 

9.3 Materials and methods 

9.3.1 River waters and biomass sampling 

The Banyu Putih river water was collected at the Lewung damn ~40 km 
before irrigating the coastal Asembagus Plain before irrigating two rice 
(BP1R, BP2R) and sugar cane (BP1C, BP2C) plots. We also collected the 
alkaline Bangoran river located in the north-east part of the Java Island 
and irrigating rice (BAR) and sugar (BAC) plots. On each plot (BP1R, 
BP2R, BP1C, BP2C, BAR and BAC), five plant biomass were collected 
randomly. All samples were collected on field in February 2017 during 
wet season and locations are shown in Fig. 9.1.  
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Fig. 9.1: Location of Banyu Putih (BP10) river water sampled at Lewung 
damn ~ 40 km of Kawah Ijen’s acid lake downstream before irrigating 
two rice (BP1R, BP2R) and sugar cane (BP1C, BP2C) plots in the 
Asembagus Plain. The alkaline Bangoran (BA) river water and irrigated 
rice (BAR) and sugar cane (BAC) plot are also represented.  

 

In the Aso caldera, river water samples were collected at the confluence 
of Kurokawa and Shirakawa at the outlet of the caldera (S33) on 
different seasons (spring 15, summer 15). Five rice plants were collected 
randomly in September 2018 on four rice plots (two in the northern part 
of the caldera (N1, N2) irrigated by Kurokawa and two in the southern 
part of the caldera (S1, S2) irrigated by Shirakawa river). Samples location 
is shown in Fig. 9.2. The plant biomass was collected at the terminal 
stage of growth just before harvest.  
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Fig. 9.2: Location of the two rice plots irrigated by Kurokawa river in 
the northern part (N1, N2) and by Shirakawa river in the southern part 
(S1, S2) of the Aso caldera. These rivers, surrounding the Aso caldera 
drain the Mount Aso, Kyūshū Island. S33 represents the river water 
resulting from mixing of Kurokawa and Shirakawa river waters at the 
outlet of the Aso caldera. 

The waters sampling methodology was described more in details in Ch2 
for Asembagus Plain rivers and in Ch5 for Aso caldera rivers.  

 

9.3.2 Waters flow rate measurements 

Water flow rate (m3.s-1) in Banyu Putih was measured in situ using flow 
meter (Flo-Mate Model FH950) based on the Faraday law of 
electromagnetic induction and the following equation: Flow rates (m3.s-1) 
= Ū (m.s-1) × S (m2) with Ū representing the average steam velocity and 
S the cross-sectional area (m2). The method is more detailed in Ch2. We 
assess the water flow rate discharging out the Aso caldera (S33) by 
averaging total annual flow rates obtained by flow monitoring station on 
daily basis during two years (2014-2015). 
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9.3.3 Biomass: Si content analysis 
  
Si content analysis 

The total fresh weight and fresh weight per part (grains, stems and leaves 
for rice; stems and leavs for sugar cane) of all plant biomass were 
determined in situ using balance scale (accuracy = 0.01g). All data are 
represented in Table 9.1. Samples were then placed for one week at 
50°C in oven to measure their dry weights. An alkaline fusion (1:4 
lithium meta:tetraborate; Hauptkorn, 2001) at 1000°C was performed on 
crushed composite samples with liquid nitrogen and Si content was 
measured by inductively-coupled plasma-optical emission spectrometry 
(ICP-OES; iCAP 6500 Thermo Fisher Scientific) after dissolution of the 
melting sparkle with suprapure HNO3 (detection limit of Si = 0.36 
µmol.l-1).  

 

Table 9.1: Total/per parts fresh weight (g) and total/per parts dry 
weight of plant biomass collected on (a) three rice plots of Java Island 
irrigated by Banyu Putih (BP1R, BP2R) and Bangoran river (BAR), (b) 
three sugar cane plots of Java Island irrigated by Banyu Putih (BP1C, 
BP2C) and Bangoran river (BAC), (c) two rice plots of Kyūshū Island 
irrigated by Kurokawa river (N1, N2) and (d) two rice plots of Kyūshū 
Island irrigated by Shirakawa river (S1, S2). BPxRy with x = first or 
second rice plot irrigated by Banyu Putih and y = G (grains), L (leaves) 
and S (stems). R = rice and C = sugar cane. BA = Bangoran. N = 
northern plot and S = southern plot. N2R2S = steam part of second rice 
sample on second northern parcel. 
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a) 
Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

BP1R1G 2.76 6.7 1.31 11.8

BP1R1L 11.96 29.1 3.47 31.2

BP1R1S 26.42 64.2 6.33 57.0

BP1R2G 19.03 22.9 8.27 31.6

BP1R2L 15.56 18.7 5.16 19.7

BP1R2S 48.50 58.4 12.77 48.7

BP1R3G 11.76 21.7 7.22 37.1

BP1R3L 11.71 21.6 4.87 25.0

BP1R3S 30.66 56.6 7.36 37.9

BP1R4G 12.63 18.0 5.74 24.7

BP1R4L 17.53 25.0 6.14 26.4

BP1R4S 40.09 57.1 11.36 48.9

BP1R5G 14.23 14.1 6.66 19.5

BP1R5L 25.30 25.0 11.62 34.0

BP1R5S 61.60 60.9 15.88 46.5

Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

BP2R1G 20.28 21.5 10.72 33.8

BP2R1L 24.71 26.2 9.33 29.4

BP2R1S 49.28 52.3 11.68 36.8

BP2R2G 15.22 16.8 7.81 26.7

BP2R2L 27.87 30.8 11.34 38.7

BP2R2S 47.37 52.4 10.13 34.6

BP2R3G 23.12 19.7 12.19 32.5

BP2R3L 29.59 25.3 12.77 34.1

BP2R3S 64.41 55.0 12.50 33.4

BP2R4G 22.82 21.5 15.42 41.2

BP2R4L 31.36 29.5 9.33 24.9

BP2R4S 52.04 49.0 12.69 33.9

BP2R5G 15.72 17.7 9.96 31.0

BP2R5L 20.84 23.5 7.79 24.2

BP2R5S 52.20 58.8 14.37 44.7

Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

BAR1G 15.42 14.4 6.92 22.7

BAR1L 30.53 28.6 8.21 26.9

BAR1S 60.90 57.0 15.38 50.4

BAR2G 13.32 13.6 7.07 20.4

BAR2L 31.84 32.6 14.30 41.4

BAR2S 52.58 53.8 13.21 38.2

BAR3G 19.48 14.9 9.96 21.7

BAR3L 38.80 29.7 10.46 22.8

BAR3S 72.16 55.3 25.38 55.4

BAR4G 14.17 13.4 6.72 18.1

BAR4L 38.28 36.2 14.15 38.1

BAR4S 53.38 50.4 16.24 43.8

BA1R5G 10.28 16.3 4.72 17.6

BA1R5L 18.46 29.3 10.99 41.1

BA1R5S 34.28 54.4 11.06 41.3

Sample Label

1 04.02.17

2 04.02.17

41.14

83.09

54.13

70.25

101.13

11.12

26.21

19.45

23.24

34.16

3 04.02.17

4 04.02.17

5 04.02.17

2 04.02.17 90.46 29.29

3 04.02.17 117.12 37.47

Sample Label

1 04.02.17 94.27 31.74

Sample Label

1 06.02.17 106.85 30.51

4 04.02.17 106.22 37.44

5 04.02.17 88.76 32.12

4 06.02.17 105.83 37.11

5 06.02.17 63.02 26.76

2 06.02.17 97.74 34.57

3 06.02.17 130.44 45.8
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b) Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

BP1C1S 1259.15 89.8 289.04 85.2

BP1C1L 143.58 10.2 50.04 14.8

BP1C2S 1274.09 88.5 294.95 83.7

BP1C2L 165.12 11.5 57.44 16.3

BP1C3S 1521.56 91.8 303.95 87.1

BP1C3L 135.64 8.2 44.83 12.9

BP1C4S 1309.92 89.3 327.33 86.1

BP1C4L 157.21 10.7 52.84 13.9

BP1C5S 815.13 87.4 214.25 82.7

BP1C5L 117.99 12.6 44.97 17.3

Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

BP2C1S 1204.31 87.0 269.83 80.4

BP2C1L 180.00 13.0 65.80 19.6

BP2C2S 1065.89 88.0 248.68 82.7

BP2C2L 145.96 12.0 52.14 17.3

BP2C3S 1140.45 95.3 257.71 93.4

BP2C3L 55.63 4.7 18.22 6.6

BP2C4S 1346.85 88.5 386.85 88.7

BP2C4L 175.48 11.5 49.26 11.3

BP2C5S 1219.30 94.7 193.23 88.9

BP2C5L 68.23 5.3 24.15 11.1

Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

BAC1S 1080.54 87.6 291.77 83.9

BAC1L 152.25 12.4 56.00 16.1

BAC2S 2316.55 89.2 670.77 87.0

BAC2L 280.34 10.8 100.64 13.0

BAC3S 1625.40 88.5 495.07 86.3

BAC3L 211.79 11.5 78.69 13.7

BAC4S 1728.01 90.9 465.17 87.6

BAC4L 173.26 9.1 66.14 12.4

BAC5S 2071.01 89.5 481.37 85.4

BAC5L 243.16 10.5 82.25 14.6

4 06.02.17 1901.27 531.31

5 06.02.17 2314.17 563.62

2 06.02.17 2596.89 771.41

3 06.02.17 1837.19 573.76

Sample Label

1 06.02.17 1232.79 347.78

4 05.02.17 1522.33 436.11

5 05.02.17 1287.53 217.37

2 05.02.17 1211.85 300.82

3 05.02.17 1196.08 275.93

Sample Label

1 05.02.17 1384.31 335.64

4 05.02.17 1467.13 380.18

5 05.02.17 933.12 259.22

2 05.02.17 1439.21 352.39

3 05.02.17 1657.20 348.78

Sample Label

1 05.02.17 1402.73 339.08
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c) 
Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

N1-1G 3.45 50.4 3.11 57.8

N1-1L 1.04 15.2 0.95 17.7

N1-1S 2.35 34.4 1.32 24.5

N1-2G 3.55 41.9 3.00 48.6

N1-2L 2.08 24.5 1.73 28.0

N1-2S 2.85 33.6 1.44 23.3

N1-3G 3.23 45.3 2.93 54.6

N1-3L 1.36 19.1 1.24 23.1

N1-3S 2.54 35.6 1.20 22.3

N1-4G 4.34 44.1 3.73 56.0

N1-4L 1.72 17.5 1.43 21.5

N1-4S 3.78 38.4 1.50 22.5

N1-5G 4.08 46.8 3.88 52.3

N1-5L 1.58 18.1 1.59 21.4

N1-5S 3.06 35.1 1.95 26.3

Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

N2-1G 4.27 45.8 3.53 55.2

N2-1L 1.62 17.4 1.28 20.0

N2-1S 3.44 36.9 1.58 24.7

N2-2G 4.36 44.9 3.76 56.3

N2-2L 1.72 17.7 1.38 20.7

N2-2S 3.62 37.3 1.54 23.1

N2-3G 3.33 41.3 2.78 51.1

N2-3L 1.45 18.0 1.17 21.5

N2-3S 3.28 40.7 1.49 27.4

N2-4G 4.49 46.8 3.78 59.3

N2-4L 1.43 14.9 1.12 17.6

N2-4S 3.67 38.3 1.47 23.1

N2-5G 3.60 48.6 3.01 57.3

N2-5L 1.17 15.8 0.97 18.5

N2-5S 2.63 35.5 1.27 24.2

1 22.09.18

Sample Label

6.84 5.38

9.84 6.66

5 22.09.18 8.72 7.42

2 22.09.18 8.48 6.17

3 22.09.18 7.13 5.37

4 22.09.18

2 22.09.18 9.70 6.68

3 22.09.18 8.06 5.44

Sample Label

1 22.09.18 9.33 6.39

4 22.09.18 9.59 6.37

5 22.09.18 7.40 5.25
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d) 
Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

S1-1G 3.63 42.8 2.72 52.1

S1-1L 2.26 26.6 1.41 27.0

S1-1S 2.60 30.6 1.09 20.9

S1-2G 3.03 40.8 2.31 49.7

S1-2L 1.55 20.9 1.05 22.6

S1-2S 2.85 38.4 1.29 27.7

S1-3G 3.91 46.2 2.97 60.4

S1-3L 1.59 18.8 0.85 17.3

S1-3S 2.96 35.0 1.10 22.4

S1-4G 3.42 36.3 2.65 42.6

S1-4L 2.68 28.5 1.81 29.1

S1-4S 3.32 35.2 1.76 28.3

S1-5G 3.23 37.2 2.47 45.5

S1-5L 2.06 23.7 1.38 25.4

S1-5S 3.40 39.1 1.58 29.1

Sampling date Fresh weight Total fresh weight Percentage fresh weight Dry weight Total dry weight Percentage dry weight

dd.mm.yy g g % g g %

S2-1G 2.57 46.1 2.01 58.9

S2-1L 1.20 21.5 0.76 22.3

S2-1S 1.81 32.4 0.64 18.8

S2-2G 3.41 46.8 2.62 57.0

S2-2L 1.06 14.5 0.87 18.9

S2-2S 2.82 38.7 1.11 24.1

S2-3G 3.08 42.1 2.34 51.7

S2-3L 1.39 19.0 1.00 22.1

S2-3S 2.85 38.9 1.19 26.3

S2-4G 3.09 44.0 2.53 56.0

S2-4L 1.34 19.1 0.94 20.8

S2-4S 2.59 36.9 1.05 23.2

S2-5G 3.63 43.9 2.79 53.6

S2-5L 1.61 19.5 1.10 21.1

S2-5S 3.03 36.6 1.32 25.3

Sample Label

1 22.09.18 8.49 5.22

4 22.09.18 9.42 6.22

5 22.09.18 8.69 5.43

2 22.09.18 7.43 4.65

3 22.09.18 8.46 4.92

Label

1 22.09.18

4 22.09.18

5 22.09.18

2 22.09.18

3 22.09.18

Sample

5.58 3.41

7.02 4.52

8.27 5.21

7.29 4.60

7.32 4.53
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9.3.4 Method to assess the influence of Si-
accumulating crops on Si fluxes  

The strategy for estimating Si fluxes (gSi) exported by Si-accumulating 
crops (Fluxexported) is based on closed system following equation: Fluxin (Si 
fluxes in river water irrigating the cultivated area) = Fluxexported + Fluxout 

(Si fluxes in river water flowing out the cultivated area) and summarized 
in Fig. 9.3. Briefly, Fluxin and Fluxout are assessed with Si concentration 
(DSi; mg.l-1) and water flow rate (D; m3.s-1) in river waters irrigating (e.g., 
BP10, Asembagus Plain) and flowing out (e.g., S33, Aso caldera) the 
cultivated area, respectively. Fluxexported is obtained using the total Si fresh 
weight (Siexported by plant) obtained by extrapolating the Si concentration 
(gSiexported by parts.gDW

-1) measured by ICP-OES and the dry weight (gDW) 
measured in plant parts biomass, the fraction of different plant parts, the 
number of plants biomass surveyed in 1 m2 and the cultivated area (m2) 
assessed via the catchment surface area (m2). The respective catchment 
surface area is estimated using Digital Elevation Model (DEM: U.S. 
Geological Survey, Earth Explorer) on QGIS software. To determine 
Fluxexported, we used Fluxin in Asembagus Plain (via BP10) and Fluxout in 
Aso caldera (via S33) (Fig. 9.3).  
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Fig. 9.3: Strategy for estimating Si fluxes (gSi) exported by Si-
accumulating crops (Fluxexported) based on closed system following 
equation: Fluxin (Si fluxes in river water irrigating the cultivated area) = 
Fluxexported + Fluxout (Si fluxes in river water flowing out the cultivated 
area). To determine Fluxexported by Si-accumulating crops harvest, we used 
Fluxin in Asembagus Plain (B10) and Fluxout in Aso caldera (S33).  
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Sampling date Flux Sample pH Si 

mg.l
-1

Kawah Ijen Feb-17 in BP10 3.8 41.4

River waters Aug-96 in BP10 4.3 45.8

Feb-17 in BA 8.1 38.7

Aso spring 15 out S33 8.0 26.4

River waters sum 15 out S33 8.5 24.2

9.4 Results and discussion 

General parameters (Si concentrations, pH) of streams from Java Island 
(BP10 and BA) and from Kyūshū Island (S33 sampled in different 
seasons) are presented in Table 9.2. The Si content (g.kg-1

DW) of plant 
biomass are in Table 9.3.  
 
 
Table 9.2: pH and silicon concentration (mg.l-1) of the acidic Banyu 
Putih irrigating the Asembagus Plain (BP10), the alkaline Bangoran (BA) 
river water from Java Island and of the S33 river water from Kyūshū 
Island (river confluence at the outlet of the Aso caldera). Data of August 
1996 in BP10 1996 are from Delmelle and Bernard (2000). 
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Si Si

g.kg
-1

DW g.kg
-1

DW

BP1RG 49.14 N1R1G 21.22

BP1RL 46.49 N1R1L 99.23

BP1RS 50.62 N1R1S 58.12

BP2RG 26.16 N1R2G 14.57

BP2RL   - N1R2L 118.95

BP2RS 58.44 N1R2S 62.08

BARG 50.74 N1R3G 26.23

BARL 49.20 N1R3L 124.57

BARS 34.16 N1R3S 66.63

BP1CL 21.87 N1R4G 23.18

BP1CS 42.71 N1R4L 110.67

BACL 22.77 N1R4S 65.51

BACS 33.49 N1R5G 22.09

N1R5L 116.21

N1R5S 57.49

Asembagus Plain Aso caldera

Sample Sample

Table 9.3: Si content (g.kg-1
DW) of plant biomass (rice and sugar cane) 

collected on the Asembagus Plain (1st column) and in the Aso caldera 
(2nd column). BPxRy with x = 1 (first) or 2 (second) rice plot irrigated by 
Banyu Putih and y = G (grains), L (leaves) and S (stems). R = rice and C 
= sugar cane. BA = Bangoran. N = northern plot and S = southern plot. 
N2R2S = stem part of second rice sample on second northern parcel.  

 

 

 

 

 

 

 

 

 

 

 

 

9.4.1 Assessment at small spatial scale: the 
Asembagus Plain  

In Java Island, the Si flux irrigating the Asembagus Plain for BP10 
(Fluxin) was assessed using Si concentration and water flow rate of BP10 
first (1) measured in wet season and extrapolated to a one-year scale (Si 
= 41.4 mg.l-1; flow rate = 6.9 m3.s-1; Fluxin = 9004.2 tSi.yr-1; Table 9.4) 
(Scenario A) and (2) calculated by combining data of wet and dry season 
(Delmelle and Bernard, 2000) considering seven months of wet season 
and five months of dry season for averaging Si concentrations (43.2 mg.l-

1) and using mean BP10 flow rates on 20 years (1981-2000) reported by 
Löhr et al (2005) (5.5 m3.yr-1 and Fluxin = 4768.2 tSi.yr-1; Table 9.4) 
(Scenario B).  
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Farming practice

Our data A B

All plant parts exported (irrigating by acidic water) min 20.35 38.43

All plant parts exported (irrigating by acidic water) mean 37.02 69.89

All plant parts exported (irrigating by alkaline water) 52.29 98.75

FAO (2014) All plant parts exported 26.41 49.90

Edible parts exported, inedible parts restored 2.76 5.22

All plant parts exported, leaves of sugar cane restored 4.72 8.91
A
Year = data of wet season × 12; BP10 = 41.4 mg.l

-1
;  BP10 flow rate = 6.9 m

3
.s

-1
; Fluxin = 9004.2 tSi.yr

-1
; 1 harvest.yr

-1

B
Year = (7/12 × data of wet season)+(5/12 × data of dry season); BP10 = 43.2 mg.l

-1
; BP10 flow rate = 5.5 m

3
.s

-1
; Fluxin = 4768.2 tSi.yr

-1
; 1 harvest.yr

-1

Fluxexported /Fluxin (%)

 
Table 9.4: Percentage (%) of Si fluxes exported by Si-accumulating 
crops involving rice and sugar cane (Fexported) relative to Si fluxes irrigating 
the coastal Asembagus Plain assessed for BP10 (Fluxin) river water in 
Java Island, Indonesia.  

 

In the two scenario A and B, and respecting agricultural practises in 
Indonesia (one harvest. yr-1), we performed different scenarios to assess 
the percentage of Si fluxes exported by Si-accumulating crops (rice and 
sugar cane) on the Asembagus Plain. With our data of total/per parts 
biomass weight (Table 9.1), Si contents (Table 9.3) and the cultivated 
area in Asembagus Plain, we calculated Fluxexported in Scenario A in the 
case of all plant part are exported (irrigating by acidic BP10 river water) 
and the results show values ranging from 20.35 % (using rice and sugar 
cane plots with lower Si concentrations exported by plant) and 37.02% 
(using rice and sugar cane plots with mean Si concentrations exported by 
all plants). These values are lower than those reported for Scenario B and 
in the case of irrigating by alkaline water (BA). Indeed, the alkaline 
Bangoran river displays Si rice yield (54.76 gSi.m-2) higher than acidic 
B1R and B2R (40.36 and 53.38  gSi.m-2, respectively) and Si sugar cane 
yield (160.93 gSi.m-2) higher than acidic B1C and B2C (112.13 and 132.65 
gSi.m-2, respectively), highlighting the potential effect on crop yield in 
areas irrigated with acid water (van Rotterdam-Los et al, 2008). 
Nordstrom (1982) show that the acidified Asembagus Plain soil quality is 
altered because of occurrence of an aluminium hydroxysulfate that 
generates a cyclic seasonal pattern of retention and releases of Al and 
SO4. 

Finally, we compare our results with the FAO’s average rice yield in 2014 
for Indonesia (5.66 t.ha-1; FAO, 2014) and the harvest Index (HI = 
FWharvest part of crop.FWnon-harvest part of crop

-1) of Saccharum officinarum rice plant 
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Farming practice

1 harvest 2 harvests 3 harvests

All rice parts exported 2.43 3.11 3.79

Grains and leaves exported, stems restored 1.71 2.19 2.66

All rice parts exported, leaves of sugar cane restored 0.57 0.73 0.89
1
S33 = 25.3 mg.l

-1 
(mean of spring 2015 and summer 2015); S33 flow rate = 8.5 m

3
.s

-1 
(mean of total flow rates during 2014-2015 obtained by summing daily flow rates)

 
; Fluxout = 6752.2 tSi.yr

-1

Fluxexported/Fluxout 

and Oryza sativa sugar cane plant (HI = 0.39; Carey and Fulweiler, 
2016). In the case of all plant parts are exported, generally applied in 
Indonesia, the results obtained by FAO data vary in the same range 
(26.41-49.90%) than those obtained with our data (20.35-38.43%). We 
also perform simulations in the case of only edible plant parts are 
exported (grains for rice, stem for sugar cane) and other parts are 
restored to the soil and Fluxexported strongly decreases in Scenario A and B 
(2.76 and 5.22%, respectively). 

 

9.4.2 Assessment at large spatial scale: the Aso 
caldera  

In Kyūshū Island, the Si flux flowing out the Aso caldera for S33 
(Fluxout) was estimated using the mean Si concentration measured in 
spring 2015 and summer 2015 (25.3 mg.l-1; Table 9.5) and water flow 
rate of S33 (mean of total annual flow rates obtained by flow monitoring 
station on daily basis during two years (2014-2015); flow rate = 8.5 m3.s-

1; Table 9.5) and display the value of 6752.2 tSi.yr-1.  

Table 9.5: Si fluxes exported by Si-accumulating rice plants (Fexported) 
relative to Si fluxes flowing out the Aso caldera assessed for S33 (Fluxout) 
river water in Kyūshū Island, Japan 

 

Using total/per parts biomass weight (Table 9.1), Si contents (Table 
9.3) and the cultivated area in Aso caldera, we assess the 
Fluxexported/Fluxout for different simulation (all rice parts exported, grains 
and leaves exported + stems restored, all rice parts exported, leaves of 
sugar cane restored to the soil) ranging from 0.57 to 2.43 times the 
Fluxexported (1 harvest.yr-1), from 0.73 to 3.11 times the Fluxexported (2 
harvests.yr-1) and from 0.89 to 3.79 times the Fluxexported (3 harvests.yr-1). 
Note that the first harvest provides 60% of the annual production.  
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9.4.3 Sampling bias on the estimation of Si fluxes 
exported by Si-accumulating crops  

Our results of Fluxexported present a large range of values. This could be 
induced by a sampling bias. The collection of five-plant biomass 
randomly on each plot may lead to inaccuracies. We need to consider 
potential effects of: 

- Representativity: The total number of plants at the plot scale has 
been extrapolated from the number of plants assessed in a 1 m2 

plot. This extrapolation requires a homogeneous distance 
between each plant. To increase accuracy, we need to increase 
the number of collected plants.  

- Field border effects: Plant biomass can be overestimated due to 
border effects (difference in growth and therefore yield between 
plants located on the border or inside a plot). A study of Gomez 
and Datta (1971) reported a yield increase ranging from 63% to 
159% for rice plants located at the plot border. This could be 
due to more sunshine access, a better ventilation and less 
competition for nutrients. We need to sample plants distributed 
all along the plot. 

- The sampling season: In order to be more representative for the 
Si concentration exported by biomass, we need to collect Si-
accumulating crops just before harvest. Indeed, a study of 
Makabe-Sasaki et al (2014) shows that Si absorption in rice plant 
is more important at the harvest stage than in tillering stage. In 
Kawah Ijen, due to field conditions, we harvested plants just 
before the final stage of growth and this can lead to 
underestimates of Si export.  

- The rice species: The comparison of Si concentrations exported 
in Indonesia and Japan is difficult because the rice species are 
different (Oriza Sativa Indica in Indonesia and Oriza Sativa japonica 
in Japan) and each species accumulate differently Si in their 
biomass. This should be taken into account in future studies. 
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9.5 Conclusion  

Our preliminary results suggest that the influence of Si-accumulating 
crop harvest on dissolved Si fluxes exported by rivers to the ocean 
should be considered in hydrothermally-active volcanic regions such as 
volcanic islands.  

Indeed, in this study, the first assessments show that, in Kawah Ijen, if 
all plant parts are exported, Fluxexported ranges from 20.35 to 69.89% for 
acidic waters and from 52.29 to 98.75% for alkaline waters. If we 
consider that edible parts of plant are exported and inedible parts are 
restored, the Fluxexported falls to 2.76-5.22%. The agricultural practices are 
crucial to provide accurate assessment. In Aso caldera, the Fluxexported is 
also significant and strongly depends on the number of harvest.yr-1. 
Further studies are needed to better assess the influence of Si-
accumulating crop harvest on DSi fluxes exported to oceans in volcanic 
islands, contributing disproportionately to DSi delivery to ocean. 
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