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Silicon isotope equations used in BRNS-Si model 

The BRNS-Si model simulates Si isotope composition with explicit 28Si and 30Si isotope 

concentrations, which can be converted from instrumental measurements of δ30Si using Equation 

S1–S4 (Cassarino et al., 2020; Ward et al., 2022b): 
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(30Si/28Si)reference and (29Si/28Si)reference are equal to 0.0341465 and 0.0507446 respectively (Ding et 

al., 2005). 

 

 

Potential isotopic fractionation of Si associated with the dissolution of Si-Alk and the precipitation 

of AuSi are simulated by the BRNS-Si model with Equation S5–S6 and Equation S7–S8, 

respectively (Cassarino et al., 2020; Ward et al., 2022b): 
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Rd28 and Rd30 are kinetic dissolution rates (Rd, Equation 2 in main text) of the light and heavy Si-Alk 

isotopes respectively. Rp28 and Rp30 are kinetic precipitation rates (Rp, Equation 3 in main text) of 

the light and heavy DSi isotopes respectively. αd and αp are isotopic fractionation factors of the 

dissolution and precipitation reactions respectively, with value of 1.000 indicating no isotopic 

fractionation. 

 

 



Potential changes in Si-HCl isotope composition following the rates of uptake of pore water 28Si 

and 30Si by Fe (oxy)hydroxides (Rup28, Rup30), and the rates of release of 28Si and 30Si into pore water 

due to reductive dissolution of Fe (oxy)hydroxides (Rre28, Rre30), are simulated by the BRNS-Si 

model with Equation S9–S12: 
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 from Equation 1 in the main text, note that Dm_Si = 0 and αirr = 0 for 

solid phases. zox-up and zox-low are the upper and lower depth limits of the oxidizing layer, and zfe-up 

and zfe-low are the upper and lower depth limits of the ferruginous zone (Table S2). 

 

 

Root-mean-square-error equations 

RMSE = √
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i represents the variable of interest. n is the number of data. xi, xmax and xmin are the observation, 

observation’s maximum and minimum values respectively. x̂i is the model simulation.  



 
Figure S1. Analytical results of sediment reactive silica phases at the four fjord sites. Sediment depth 

profiles of (a) Si-Alk content, (b) Si-Alk δ30Si, (c) Si-HCl content, and (d) Si-HCl δ30Si data. Error bars in 

(b) and (d) represent 95% confidence intervals of δ30Si measurements; some error bars are smaller than the 

symbols. The yellow box indicates the range of glacial ASi δ30Si endmembers (Hatton et al., 2019; Hawkings 

et al., 2018).  



 
Figure S2. BRNS-Si model experiment testing the scenario of no Si-Fe coupled reactions in fjord sediments. 

In this scenario, zero values have been assigned to model parameters (Rup28, Rup30, Rre28, Rre30) defining the 

uptake of Si by Fe(III) in the relatively oxic sediment layer and the release of Si from Fe reduction in the 

ferruginous zone. Pore water DSi (a) concentration and (b) isotope composition for the SJ site; and pore 

water DSi (a) concentration and (b) isotope composition for the SB site. Lines are model simulations, while 

squares and triangles are observational data.  



Table S1. Brief information of the sediment cores: location, lithology, overall porosity and sedimentation rates. 

Core 

site 

Corresponding 

core label 

Latitude 

(o S) 

Longitude 

(o W) 

Water 

depth (m) 

Core depth 

interval (m) 
Lithology 

Average 

porosity 

Sedimentation 

rate (cm yr-1) 
Reference 

SJ PI17-FC-S19 48.228 73.502 106 0 – 1.0 

Mainly composed of mud, with notable amount (up to 10%) of 

coarse (>63 µm) ice-rafted sand occurring periodically at 

around every 0.2 m interval. 

0.63 20 
Boldt (2014); 

De Wilde (2016) 

SH FC17-14 47.679 73.715 203 0 – 0.75 Dominantly mud, with laminae of coarser silt and fine sand. 0.58 2.82 Piret et al. (2021) 

SP PI17-FC-S10 48.179 73.347 248 
0 – 0.5 Dominantly mud, with occasional silty laminae. 0.58 

0.75 Piret et al. (2022) 
0.5 – 1.0 Mud with frequent silty-sandy laminae deposits. 0.28 

SB FC17-10 47.787 73.61 151 0 – 0.65 
Primarily composed of silt (A), with relatively frequent 

occurrence of finer silt layers (B). 
0.51 3.26 

Vandekerkhove 

et al. (2021) 

  



Table S2. BRNS-Si model parameters and boundary conditions. Values are categorized as ‘Independent’ (I) for direct laboratory analyses of the fjord samples or field 

measurements at the fjord sites; ‘Constrained’ (C) for those based on evaluation from other global sites; and ‘Model-derived’ (M) for those determined from the simulation 

best fit with the observed fjords’ sediment profiles. 

Parameter 

Unit 

specified in 

model 

Type SJ Site SB Site Notes/Reference 

Bottom depth of simulation, LM cm - 75 65 - 

Run time year - 7.5 42.6 

Steady-state conditions are reached relatively quickly – within 3.75 and 12.75 

years of simulation for SJ and SB respectively, supporting the use of BRNS for 

sites with high sedimentation rates. 

Temperature, T oC I 9.0 8.4 - 

Salinity, S PSU I 33.50 33.80 - 

Core-top porosity, ϕ0
 - I 0.56 0.64 Exponential best-fits of the porosity profiles were computed with the equations:  

ϕz = ϕx + (ϕ0 – ϕx).(1 – exp(-z.βϕ)) for the SJ site, and 

ϕz = ϕx + (ϕ0 – ϕx).exp(-z.βϕ) for the SB site, where z is sediment depth. 

Bottom porosity, ϕx
 - I 0.67 0.50 

Porosity coefficient, βϕ - M 0.0273 0.1142 
[1] Bioturbation coefficient, Dbio cm2 yr-1 C 0.055 0.055 

(Oleszczuk et al., 2019) [1] Bioturbation depth, zbio cm C 10 10 
[1] Bioirrigation coefficient, α0 yr-1 C 0.405 0.405 
[1] Bioirrigation attenuation depth, xirr cm C 3.5 3.5 (Freitas et al., 2020; Ward et al., 2022b); Bioirrigation rate, αirr = α0 . exp(-z/xirr) 

Sedimentation rate, ω cm yr-1 I 20 3.05 De Wilde (2016); Vandekerkhove et al. (2021) 

Molecular diffusion coefficient of Si, Dm-Si cm2 yr-1 C 201 196 
Sediment diffusion coefficient, Dsed-Si = Dm-Si / (1-ln(ϕ2)); ϕ is porosity 

(Boudreau, 1996). 

[28DSi] mol cm-3 I 2.584 x 10-8 1.583 x 10-8 Core-top [DSi] for SB was extrapolated based on least squares exponential 

fitting of available pore water data (Fig. 3 in main text). [30DSi] mol cm-3 I 8.835 x 10-10 5.412 x 10-10 

[28Si-Alk] mol cm-3 I 4.067 x 10-4 6.770 x 10-4 - 

[30Si-Alk] mol cm-3 I 1.388 x 10-5 2.310 x 10-5 - 

[28Si-HCl] mol cm-3 I 2.006 x 10-4 2.596 x 10-4 - 

[30Si-HCl] mol cm-3 I 6.843 x 10-6 8.858 x 10-6 - 

Dissolution rate constant, kdiss yr-1 M 3.0 x 10-3 0.85 x 10-3 - 

Dissolution coefficient ad - M 0.022 0.04 - 

Dissolution coefficient bd - M 0.07 0.05 - 

Amorphous silica saturation, [ASi]sat mol cm-3 C 8.0 x 10-7 8.0 x 10-7 Loucaides et al. (2012); Willey (1974) 

Isotopic fractionation factor of Si-Alk 

dissolution, αd 
- C 1.000 1.000 Wetzel et al. (2014) 

Precipitation rate constant, kprecip yr-1 M 5.0 x 10-5 2.5 x 10-5 - 

Precipitation coefficient ap - M 0.13 0.10 - 



Precipitation coefficient bp - M 0.05 0.06 - 

Authigenic silicate saturation, [AuSi]sat mol cm-3 M, C 1.8 x 10-7 2.0 x 10-7 Khalil et al. (2007); Rickert (2000) 

Isotopic fractionation factor of AuSi 

precipitation, αp 
- M, C 1.003 1.0021 Opfergelt and Delmelle (2012) 

Uptake of 28Si by Fe, Rup28 mol cm-3 yr-1 M 3.3 x 10-7 2.0 x 10-7 - 

Uptake of 30Si by Fe, Rup30 mol cm-3 yr-1 M 11.2471 x 10-9 6.82018 x 10-9 - 

Upper depth limit of oxidizing layer, zox-up cm I 0 0 - 

Lower depth limit of oxidizing layer, zox-low cm I 28 25 - 

Release of 28Si from Fe, Rre28 mol cm-3 yr-1 M 0.7 x 10-7 2.0 x 10-7 - 

Release of 30Si from Fe, Rre30 mol cm-3 yr-1 M 2.38575 x 10-9 6.82018 x 10-9 - 

Upper depth limit of ferruginous zone, zfe-up cm I 40 35 - 

Lower depth limit of ferruginous zone, zfe-low cm I 75 65 - 

[1] Despite the complex and heterogeneous nature of bioturbation and bio-irrigation in the sediments, simplified representations were used given the model’s capacity. 

 

 

 

 

Table S3. Goodness of fit measures between pore water DSi observation and simulated data. RMSE and NRMSE are calculated based on Equation S13–S14. 

Site 

[DSi] δ30Si 

RMSE NRMSE r2 RMSE NRMSE r2 

SJ 22.1 µM 0.12 0.97 0.41‰ 0.20 0.75 

SB 8.0 µM 0.05 0.97 0.08‰ 0.15 0.85 

  



Table S4. Glacial cover and yield of FeA (ascorbate-extractable Fe: mainly composed of freshly precipitated, easily reducible ferrihydrites) upstream of the four fjord sites. 

Data of SH, SP and SB are from Pryer et al. (2020). 

Site Upstream glacial cover (%) Upstream yield of FeA (g m-2 day-1) 

SJ 100 Expected to be very high (Laufer-Meiser et al., 2021) 

SH 71.0 4.5 x 10-3 

SP 18.5 0.4 x 10-3 

SB 7.6 0.5 x 10-3 

 

 

 

 

Table S5. Parameters involved in the calculation of diffusion fluxes of Fe across the sediment-water interface for the four fjord sites (Equation 6 & 7).  

Site ϕ0 θ2 
Dm_Fe 

(m2 day-1) [i] 

[dFe]p 

(mmol m-3) [ii] 

[O2] 

(μmol kg-1) 

k 

(μmol-3 kg3 day-1) [iii] 

k1 

(day-1) 

SJ 0.53 ± 0.04 2.25 ± 0.14 (3.80 ± 0.01) x 10-5 3.04 ± 0.35 173.4 ± 0.1 0.350 ± 0.009 5.8 ± 1.5 

SH 0.77 ± 0.02 1.53 ± 0.05 (3.70 ± 0.01) x 10-5 1.01 ± 0.16 158.5 ± 0.1 0.338 ± 0.009 5.1 ± 1.3 

SP 0.67 ± 0.04 1.81 ± 0.11 (3.68 ± 0.01) x 10-5 0.41 ± 0.05 156.4 ± 0.1 0.335 ± 0.009 5.0 ± 1.3 

SB 0.62 ± 0.03 1.95 ± 0.09 (3.72 ± 0.01) x 10-5 72.91 ± 8.35 155.0 ± 0.1 0.341 ± 0.009 5.0 ± 1.3 

[i] Dm_Fe was determined based on a previous evaluation of Dm_Fe values at a range of temperature (Schulz & Zabel, 2006), and bottom water temperatures proximal to the core sites. 
[ii] [dFe]p was estimated pore water dFe concentration beneath the inferred oxygen penetration depth (0.7 cm) based on linear interpolation of the closest [dFe] measurements.  
[iii] k was evaluated based on an empirical relationship: log k = 21.56 – 1545/T – 3.29I0.5 + 1.52I (Millero et al., 1987), where T is temperature in kelvin, and I is the ionic strength, which is 

assumed to be 0.723 for the bottom seawater at the fjord sites, given measured salinity of about 34 PSU.  



Table S6. Parameters involved in the calculation of diffusion fluxes of Si across the sediment-water interface for the four fjord sites (Equation 8 & 9).  

Site 
Dm_Si 

(m2 day-1) [i] 

[DSi]0 

(mmol m-3) 

[DSi]d 

(mmol m-3) [ii] 

βDSi 

(m-1) [ii] 

SJ (5.5 ± 0.1) x 10-5 28.0 ± 0.7 206 ± 5 6.5 ± 0.6 

SH (5.3 ± 0.1) x 10-5 21.4 ± 0.5 234 ± 3 8.3 ± 0.4 

SP (5.3 ± 0.1) x 10-5 25.4 ± 0.6 261 ± 9 7.6 ± 1.3 

SB (5.4 ± 0.1) x 10-5 17.2 ± 0.4 235 ± 6 8.6 ± 0.8 

[i] Dm_Si was determined based on a previous experimental study that evaluated Dm_Si values at a range of temperature (Rebreanu et al., 2008), and bottom water temperatures proximal to the 

core sites. 
[ii] [DSi]d and βDSi were derived from Equation (7) through least squares exponential fit of the pore water [DSi] profiles (Fig. 3a), using the Regression Wizard function in SigmaPlot (Systat 

Software Inc.). 
 

 

 

 

Table S7. Sediment burial fluxes of reactive Si phases calculated for the four fjord sites and the parameters involved in the calculation (Equation 10).  

Site 
Si-HCl 

(mmol kg-1) [i] 

Si-Alk 

(mmol kg-1) [i] 

ρb 

(kg m-3) 

S 

(m day-1) 

J_RSiburial 

(mmol m-2 day-1) 

SJ 123 ± 18 169 ± 42 1660 ± 210 (55 ± 14) x 10-5 264 ± 155 

SH 121 ± 18 345 ± 86 1750 ± 210 (7.7 ± 0.5) x 10-5 63 ± 26 

SP [ii] 91 ± 14 297 ± 74 1730 ± 130 (2.1 ± 0.8) x 10-5 14 ± 9 

SB 154 ± 23 289 ± 72 1860 ± 150 (8.9 ± 1.9) x 10-5 74 ± 38 

[i] Averages of measured sediment core Si-HCl and Si-Alk content (Fig. S1). 
[ii] Given evidence for a change in depositional environment that is not representative of the current fjord environment below ~0.5 m depth of core SP (Section 3.1.1) (Piret et al., 2022), only 

data from the top 0.5 m depth were used for J_RSiburial calculation. 



Table S8. Global compilation of diffusive benthic dissolved iron flux data reference list. 

No. Reference Region 

1 Ciceri et al. (1992) Mediterranean Sea 

2 Elrod et al. (2004) North East Pacific, California margin 

3 Herbert et al. (2021) Arctic, Svalbard fjords 

4 Herbert et al. (2022) Arctic, Svalbard fjords 

5 Homoky et al. (2012) North East Pacific, California and Oregon shelves 

6 Kalnejais et al. (2015) North West Atlantic, coastal Massachusetts 

7 Noffke et al. (2012) South East Pacific, Peruvian margin 

8 Plass et al. (2020) South East Pacific, Peruvian margin 

9 Schroller-Lomnitz et al. (2019) North East Atlantic, Mauritanian margin 

10 Shi et al. (2019) North West Pacific 

11 Turetta et al. (2005) Mediterranean Sea 

12 Warnken et al. (2001) North West Atlantic, Texas bay 

13 Wehrmann et al. (2014) Arctic, Svalbard fjords 

14 This study Chilean Patagonia, Baker-Martinez Fjord Complex 

  



Table S9. Global compilation of diffusive benthic dissolved silicon flux data reference list. 

No. Reference Region 

1 Aller et al. (1985) North West Pacific, East China Sea 

2 Berelson et al. (1987) North East Pacific, California basins 

3 Berelson et al. (1990) Equatorial Pacific 

4 Bertuzzi et al. (1996) Mediterranean Sea 

5 Cassarino et al. (2020) Southern Ocean, West Antarctic Peninsula 

6 Closset et al. (2022) Southern Ocean, Pacific sector 

7 Devol and Christensen (1993) North East Pacific, Washington margin 

8 Grandel et al. (2000) North Indian Ocean, Arabian Sea 

9 Hammond et al. (2000) North East Pacific, California margin 

10 Hensen et al. (1998) Equatorial and South Atlantic 

11 Holstein and Hensen (2010) Equatorial and South Atlantic 

12 Hou et al. (2019) North Pacific 

13 King et al. (2000) South Atlantic 

14 Koning et al. (1997) North West Indian Ocean, Somali basin 

15 Liu et al. (2005) North West Pacific, East China Sea 

16 März et al. (2015) Arctic Ocean 

17 McManus et al. (1995) Equatorial Pacific 

18 McManus et al. (2003) North East and South East Pacific 

19 Ng et al. (2020) North Atlantic, Labrador Sea and Greenland coast 

20 Pratihary et al. (2014) North Indian Ocean, Arabian Sea 

21 Rabouille et al. (1997) South Pacific 

22 Ragueneau et al. (2001) North East Atlantic 

23 Ragueneau et al. (2009) South East Atlantic, Congo margin 

24 Rutgers van der Loeff and van Bennekom (1989) Southern Ocean, Atlantic sector 

25 Sayles et al. (1996) North West Atlantic 

26 Sayles et al. (2001) Southern Ocean, Pacific sector 

27 Schlüter et al. (1998) Southern Ocean, Atlantic sector 

28 Shibamoto and Harada (2010) North West Pacific 

29 Thibodeau et al. (2010) North West Atlantic, Laurentian Channel 

30 Ward et al. (2022a) Arctic Ocean, Barents Sea 

31 Ziebis et al. (2012) North Atlantic, Mid-Atlantic Ridge 

32 This study Chilean Patagonia, Baker-Martinez Fjord Complex 
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