
We thank all three reviewers for their judicious comments and suggestions on 
this section as we believe it has helped bring clarity to this section and improve 
the manuscript overall. Here we include responses to all of the comments as 
follows: (1) Reviewer’s comment (2) Author’s comment (3) Suggested change to 
the manuscript. 

Reply to reviewer #1 

(1) One of the key challenges in this paper is in the interpretation of Si isotope 
systematics at very low DSi concentrations ([DSi]). Specifically, I am concerned that 
without the very depleted DSi waters included in the isotopic analysis, it’s 
challenging to determine the isotopic behaviour of DSi in the mixed layer (relevant 
for the discussion on line 269 onwards regarding the decoupling of N and Si†). From 
Figure 4, it’s clear that there are several profiles missing between -5 and 5 degrees 
longitude. Furthermore, several very low [DSi] surface samples do not have 
corresponding d30Si(OH)4 measurements (which is entirely understandable as these 
are very challenging measurements to make!). It appears from Figure 4 that there is 
only one datapoint from within the mixed layer in the transect (although it’s not 
clear how this corresponds to the data shown in Figure 6 – what depths are these 
data from?). So, interpreting the relationship between uptake/utilisation and 
isotopic composition (i.e., closed vs. open systematics) in the mixed layer is going to 
be challenging. As such, I would suggest perhaps toning down this aspect of the 
interpretation, relating to closed vs. open nature of DSi uptake. I was hoping to test 
out some of these plots myself, but I found that the data link was for the incorrect 
year of sampling, and the d30Si data were not available.  [†Note that if the discussion 
of N and Si decoupling is included, please note that this could be due to other 
related processes in addition to shifting limitation e.g., algal population structure 
changes throughout the season. If there are any data available on algal population 
structure, they would be useful to include or refer to here.]  

(2) Samples shown in Figure 4 are for FS2018 cruise only, while the dataset in Figure 
6 includes both FS2018 and JR17005. The majority of the d30Si dataset from within 
the mixed layer is from JR17005. We have focused our measurements in the core of 
AW & PSW water masses ( -5˚ < & >5˚ longitude) as the physical circulation of 
central Fram Strait is strongly eddying and highly temporally variable, impeding 
straightforward interpretation of biogeochemical data. (3) The equivalent section of 
Figure 4 for JR17005 is now included in supplementary material S2. Samples from 
within the mixed layer are now highlighted in a different colour in Figure 6 for 
clarity. (2) As we have no measurements for either d15N &d30Si from within the 
mixed layer for later summer PSW as nutrient concentrations were depleted to 
nearly 0µM, (3) this aspect of the discussion has been toned down in the 
manuscript. The data link provided in the manuscript for biogeochemical data and 
d15N data of JR17005 have now been updated to the correct year. 

(1) Related to this question, I’m also intrigued as to why the observational data 
consistently fall ‘below’ the d30Si(OH)4 model curve in Figure 6 (c,d). It seems that, 



unlike for the N isotope model (Fig. 6 a,b), the model predicts heavier isotopic 
compositions in the seawater for DSi, regardless of assumptions about whether the 
system is open or closed. Why could this be? Is this related to an incorrect 
assumption about the endmember compositions, or related to 
recycling/dissolution?  

(2) Following suggestions from all reviewers, we have updated the parameters of 
our Rayleigh model in Figure 6 and the heavier prediction was related to incorrect 
assumptions about endmember compositions. This is addressed in more details in 
the general comment to all reviewers. 

(1) I don’t think it’s necessarily clear from the evidence presented that “DSi uptake 
is being regulated by nitrate availability” across the Arctic (line 278, and very 
relevant for discussion on line 319 onwards). This could be the case in some regions 
of the Arctic, but I think DSi uptake and biogenic silica formation will ultimately, on 
a Pan Arctic scale, be regulated by multiple factors. I think a lot of the nuance here 
lies in the different interpretations of limitation at different spatial and temporal 
scales, and different biological/ecological contexts. For example, the evidence 
noted by the authors for DSi limitation in summer seasons (especially in AW 
dominated surface waters) based on silicon- 32 uptake experiments (e.g. Krause et 
al. papers) in addition to the relationship between [DSi] and nitrate concentrations. 
Giesbrecht et al., 2021, used similar experiments to show that Si uptake by diatoms 
was limited by DSi even high [DSi] availability in Pacific Arctic Region, likely because 
the diatoms were acclimated to high ‘background’ [DSi] conditions, and that there 
was also strong interaction between DSi and light limitation (also relevant for the 
discussion on line 466). In other words, Si uptake and biogenic silica formation can 
become limited before exhaustion of DSi in the water column, and can be promoted 
through addition of DSi even at relatively high background levels. Again, I would 
suggest that the authors rephrase these aspects of the paper to account for these 
complexities.  

(2) We agree with Reviewer #1 that nutrient regimes and subsequent limitation in 
the Arctic Ocean are strongly varying, and would like to emphasise that the 
conclusions drawn in this paper relating to N availability are relating to the Eurasian 
Arctic nutrient regime only, not to Arctic biological systems with high nutrient 
concentrations like ones from Pacific origins. (3) Certain aspects of the paper have 
been rephrased to clearly state that N-limitation and subsequent modulation of DSi 
uptake is observed in the Eurasian Arctic although we recognise that this does not 
apply to different nutrient regimes of the Arctic Ocean where biogeochemical cycles 
are vastly different. These aspects of the paper have been rephrased to account for 
the difference in regimes. 

(1) Giesbrecht et al., 2022, also present d30Si(OH)4 data from the Pacific Arctic 
Region that needs to be included in this manuscript (and there is some very relevant 
content for the discussion on sea-ice on line 388 onwards). (3) Watermass 
endmember data from Giesbrecht et al. (2022) are now included in Figure 8. 



(1) There could be more discussion surrounding the delivery of Si from glacial 
meltwater sources. As mentioned on line 57, although there is a lot of both DSi and 
amorphous silica (ASi) in glacial meltwaters, we don’t yet have a good handle on 
fjord and estuary processes (perhaps the authors could cite Meire et al., 2016, and 
Hopwood et al., 2020 here for discussion on this subject). I agree that the majority 
of studies show that surface waters within glacial fjords can be depleted to very low 
[DSi], and it’s highly likely that much of the ASi will be trapped in fjord sediments 
(line 381 onwards). However, given the very high [ASi] in glacial meltwaters (an 
order of magnitude higher than [DSi], Hawkings et al., 2017) even a small 
percentage of ASi escaping the fjord system will contribute a significant amount 
towards the total silicon supply from glaciers. For example, a study of benthic Si 
cycling off SW Greenland revealed evidence for slow remineralization of isotopically 
light Si (a good proportion of which is likely to be glacial ASi) in coastal shelf 
sediments, driving a significant diffusive flux of DSi into overlying shelf waters (Ng et 
al., 2020). This ASi contribution would shift the glacial contribution in Figure 8 
towards high ln(Si), with only a minor shift in d30Si, closer towards the riverine 
endmember (but likely with an isotopically lighter composition). As such, this would 
make the glacial endmember more challenging to exclude. The questions of how 
much amorphous silica is present in Arctic river particulates, and how it impacts the 
overall isotopic composition of runoff, sadly remain unanswered.  

(2) Thank you for this comment. We agree with the reviewer’s comment that much 
remains to be understood regarding estuarine processes of glacial geochemical 
cycling and export to the ocean, and that it would be useful to understand the role 
of ASi in Arctic river particulates. (3) References to Hopwood et al. (2020) & Meire 
et al. (2016) have been added to improve the discussion from line 57 onwards 
regarding the characterization of the export of DSi and ASi into the open ocean. (2) 
We recognize that findings from Ng et al. (2020) show significant fluxes of DSi into 
shelf waters, however, it is hard to make this comparison to the data presented in 
Figure 8 without direct measurements from isotopic signatures from the shelf 
waters themselves and any discussion resulting from this would be speculative. As 
such, their research is now acknowledged in this paragraph but we refrain from 
making any direct comparison to this study. 

(1) There is further information that could be included regarding the benthic supply 
of DSi to Arctic (shelf) waters (relevant to discussion on e.g., line 307, 312, 320, 
330). Ward et al., 2022, (GCA and Biogeosciences discussion) present new 
porewater/solid phase silicon isotope data from the Arctic. Given that these data 
were from samples that were collected in the Barents Sea, and so more relevant 
geographically than the study cited on line 211, I would suggest that this study is 
referenced here in addition to Ehlert et al., 2016. It might be possible (c. line 214), 
with the additional data and model results from Ward et al., to attempt to calculate 
possible fluxes of benthic DSi and their contribution to the overall water column 
signature (see their BGC discussion paper, Figure 6). Further, these authors show 
that lithogenic silica (LSi) plays an important role in supplying DSi to Arctic shelf 



waters. Given that this LSi is isotopically light relative to river waters, this additional 
source exacerbates the Arctic isotope balance ‘problem’ (from Brzezinski et al., 
2021). However, Ward et al. also discuss the possibility of abiotic uptake of Si into 
sediments (adsorption and – critically – authigenic phase formation) during early 
diagenesis that could form a sink of isotopically light Si. The longer-term BSi burial 
found by these authors is actually quite low due to strong benthic-pelagic coupling 
on a seasonal timescale. 

(2) We thank the reviewer for bringing the two Ward manuscripts to our attention 
as we were not aware of their publishing at the time of writing our manuscript. 
They greatly add to our understanding of benthic efflux in the Arctic Ocean and (3) 
their measurements  from the Barents Sea are now referred to on line 211 and 
included in the discussion from line 307 onward. (2) With regards to calculating 
fluxes of benthic DSi in this manuscript, the light d30Si referred to from line 214 
onwards are primarily observed in the deep basin of Fram Strait. Benthic cycling is 
vastly different in the Arctic Ocean on the shallow shelves compared to the deep 
basins (März et al. 2015), and we feel that as the model results from Ward et al. 
(2022) characterize benthic cycling on the shallow Barents sea shelf, these should 
not be directly applied to our measurements as they can be unrepresentative of the 
biogeochemical cycling of the deep Fram Strait. As our measurements are also 
sparse in resolution above the sediment interface and not easily distinguished from 
advective signals, we maintain our opinion that our dataset precludes accurate 
quantification of recycling processes in the deep Fram Strait and we therefore 
refrain from doing so in this manuscript. 

(1) Please add limits of detection and precision/accuracy data for the dissolved 
inorganic nutrient measurements section in the Methods (line 120-121). This is 
important when discussing such low nutrient concentrations, and using these low 
nutrient concentrations as an indication of ecosystem-scale nutrient limitation. (2) 
Detection limit for nutrient analysis was 0.1µM and 0.03µM for silicate and nitrate 
respectively with accuracy with respect to CRMS of 2.75% and 0.91% for JR17005. 
For FS2018, analytical precision is of 2% and the detection limit was of 0.4µM for 
nitrate and 0.1µM for silicate.  (3) Detection limit and precision data is included in 
method section.  

(1) It’s a shame that the d30Si values were not able to be measured, as using the 
three isotopes is an extra check on data quality (through the determination of mass 
dependency). However, the d29Si values of reference standards do seem to 
reproduce well and agree with published data. Please rephrase the sentence on line 
146: whilst I agree it’s a useful exercise for comparison with other datasets, I don’t 
think that the conversion of d29Si to d30Si (by simply assuming mass dependency) 
results in better accuracy, per se.  

(2) Following from another comment from Reviewer #3, we realise the writing of 
the method section read as if the d30Si isotope of samples was not measured 



during analysis and thank the reviewers for highlighting this. To clarify, all three 
isotopes were measured during analysis and a strong relationship was found 
between measured d29Si and d30Si (d29Si = 0.5131*d30Si, R2 = 0.99), but larger 
variability and standard deviations were measured on the d30Si, hence the 
conversion from d29Si to d30Si. (3) The method description has now been amended 
for clarity on our method of analysis and the d29Si vs d30Si relationship of our 
measurements is now included in the supplementary material S1. (2) We agree with 
the comment on the conversion of both isotopes and (3) the sentence was edited to 
now read “d29Si were converted to d30Si to improve reliability and global 
comparability of datasets” instead.  

(1) Are there any seawater d18O data that could be used together with salinity 
values to determine the contribution of meteoric and sea-ice sourced freshwater to 
the samples? This might help to deconvolve the runoff vs. sea ice contributions to 
the system. (2) We recognise that seawater d18O data could bring important 
hydrographical information, however, for the FS2018 cruise data was not available 
at the time of writing this manuscript, but we refer to the long term dataset from 
Dodd et al. (2012) to evaluate PSW composition. 

(1) It would be useful to add + or – signs before silicon isotope values for clarity. (2) 
+ / - signs were not originally added as all d30Si seawater measurements considered 
in this study were positive, (3) but these have now been added to silicon isotope 
values for clarity. 

(1) Please be consistent with the use of high/low and heavy/light when referring to 
delta values or ‘isotopic compositions/isotopic values/isotopically’ (etc.) 
respectively. (3) Manuscript amended to use heavy/light only when referring to 
delta values for consistency 

(1) I’m not sure that the authors need to include the dashed lines (showing the 
products of uptake e.g., biogenic silica) in Figure 6, given that solid phase data are 
not included in the paper. These could be removed for clarity. (3) The products line 
have been removed from Figure 6 in the main body of text for clarity, and solid 
phase data where available is now included in the supplementary section S3 
alongside collection and method of analysis. 

(1) Note that Lena is spelled incorrectly in the caption to Figure 8. (3) Spelling 
corrected in Figure 8 caption.  

Reply to reviewer #2 

(1) Use dissolved silicon instead of silica: (3) Inconsistencies were addressed in the 
manuscript and “silica” replaced to “dissolved silicon” where relevant 



(1) Fig. 1 and Table 1 and §2.1 From all these parts, it is unclear what are the sampling 
stations for N and Si isotopes from which cruises. There are 4 cruises on table 1, but in the 
paper isotopes data come mostly from only 2?... Please clarify.  

(2) Thank you for highlighting this. The data presented in this manuscript for the main 
section across Fram Strait comes from two cruises (FS2018 & JR17005), with profiles for the 
Ile de France section from separate oceanographic cruises (FS2017, FS2018, FS2019, data 
presented in section 4.2.4 on sea-ice). (3) This has now been clarified in the Methods and 
Table 1 has been edited. 

(1) In Fig. 1 mention that sea-ice extent displayed is from summer (I guess). There is no 
mention of N isotope sampling? (2) Sea ice extent is from September, (3) this has now been 
added to the Figure caption. (2) Nitrate isotope stations are shown by the blue & green 
dots on the map, silicon isotope stations are a subset of this. (3) This is now mentioned in 
the Figure 1 caption. 

(1) L49 This sentence is unclear, since Pacific water are entering the Arctic, so the link with 
DSi export is not straightforward. Put “net supply of DSi” instead of “net export”? Or 
rephrase more clearly. (3) This sentence was rephrased to read “the excess of DSi in the 
Arctic Ocean’s Si budget is attributed to Pacific water […] and freshwater sources”. 

(1) L84 and 87-88, 93 provide st. dev. of these end-members isotopic signatures. (3) Stdvs 
for end-member isotopic signatures now included in the text. 

(1) L86 Wrong reference. It should be Fripiat et al. 2018 instead of Fripiat et al. 2011 (3) 
Thank you for pointing out this mistake. It has now been edited to the correct reference 

(1) L115: Samples have been deep-frozen, also for silicic acid concentration? This is not 
optimal since silica precipitation can take place during deep freezing. Please comment. 

(2) We recognise that measurement from frozen is suboptimal for silicic acid 
concentrations, but separate non-frozen samples could not be collected for nutrients due 
to sampling and shipping restrictions. Concentrations were independently checked at the 
University of Edinburgh from the silicon isotope samples (acidified preserved) during 
analysis with the HACH reagent method. Both datasets were in very good agreement and 
frozen samples were not found to have lower DSi concentrations. DSi concentrations from 
FS2018 also closely align with concentrations measured in the same water masses in 
JR17005 below the seasonal layer in the upper 500m of the water column, and align with 
published concentrations in the literature. Through these combined methods of 
verification, we are confident on the validity on the accuracy of the concentrations 
measured by DTU.  

(1) L120 Even though it is standard protocol, some reference on methods should be 
provided for nutrient analyses. (3) References to nutrient analysis of JR17005 (Brand et al. 
2020) and FS2018 (Hansen and Koroleff, (1999) & Schnetger and Lehners, (2014)) are now 
included. 

(1) L135 What is the difference between this preconcentration protocol and the one of 
Reynolds 2006, which has 2 steps too? (2) It follows the same principles as Reynolds et al. 



(2006) with increased sample volumes (40ml instead of 2ml) and reduced NaOH volumes 
for co-precipitation (1.1% v/v in 1st step, 1% v/v in 2nd step instead of 2%). 

(1) Fig. 2 Legend is incomplete, e.g. there is no scale for the T°C panels. (3) Temperature 
scale added to figure 2 and legend has been updated. 

(1) Table 2. Add st. dev. on all parameter water mass averages (e.g. NO3 and DSi 
concentrations, N*, Si*, capital delta). (3) Stdvs for all parameters now included in Table 2. 

(1) Fig. 4 and 9. Be consistent with the name of the parameter, certainly no silica 
concentration is displayed here. Dissolved silicon or silicic acid would be much more 
appropriate. (3) Figure captions edited to read dissolved silicon instead of silica. 

(1) L253-254. It is claimed here that AW follow more an open system with small 
fractionation. This is not so obvious from Fig. 6, especially for spring where almost no point 
fits the open model (grey line) except at low utilization (f close to 1) where both models 
cannot be differentiated. In summer, data are more consistent with open model, but then, 
why summer (i.e. more stratified I guess) would be more behaving as an open system? It 
would have been expected more from spring. 

(2) Regarding the first part of this comment: Thank you for pointing this out, which we 
agree with. We have updated parameters of the Rayleigh model based on reviewers 
suggestions (see general comment to all reviewers for details of this). Based on the updated 
model, AW falls between closed and open conditions in AW, with a shift from more closed 
conditions in spring to more open conditions in summer. An increase in stratification would 
indeed lead to closed system fractionation. On the other hand, a shift from utilisation of 
“new” nitrate to regenerated nitrate is expected as nitrogen becomes depleted over the 
growth season and becomes more heavily recycled within the water column, leading the 
apparent fractionation trends to shift from closed to open system instead, as observed in 
our study. 

(1) L262-263 The linearity between d30Si et DSi utilization is consistent with an isotopic 
fractionation highlighted L257, so, why say at the end of the § that it is mixing that control 
d30Si? Could mixing behavior be displayed on Fig. 6 to decipher? (2) This was a typo in the 
text and the sentence should have referred to the mixing behaviour of PSW instead. (3) This 
sentence has now been amended in the manuscript. 

(1) Fig. 6 is there a justification having spring and summer displayed in different panels? 
Since they could a represent the same growth season / isotopic system, data could be 
merged? (2) Following suggestions from all reviewers we have updated our Rayleigh model 
and data is now separated by water masses instead to reflect different nutrient sources. 
This is further commented on in the general comment to all reviewers. 

(1) Fig. 8. Mention from which depths the data have been taken. Is it only surface samples? 
Here also, the legend seems to be incomplete / erroneous. In the caption panel, the 
triangles are different from the graph (e.g. there are different colours, and different shapes 
with triangle tips up / down not consistent with the main graph). Consequently, I don’t 
understand how the linear trendline for AW has been drawn? How these AW and PSW 
trendlines compared with Rayleigh models displayed in Fig. 6? 



(3) Figure 8 and its figure caption has now been updated for clarity (Figure 8 included below 
for reference). (2) The AW and PSW trendlines in Figure 8 follow observations from the 
Rayleigh models in Figure 6. Namely that DSi utilisation in AW follows closed system 
kinetics from isotopically light Atlantic DSi sources, while fractionation in PSW does not 
show a good fit with Rayleigh models. d30Si in PSW appears to be controlled by a mixture 
of AW and Arctic-sourced nutrients instead, plotting between the AW and Arctic trendlines. 

 
Figure 1: Pan-Arctic trends of d30Si(OH)4 against ln(DSi). Colored dots show measurements 
from within AW (red, max. depth = 600m) and PSW watermasses (blue, max.depth = 150m) 
from this study based on water mass definitions in Table 2. Grey symbol sets are published 
d30Si(OH)4  from major DSi sources to the surface Arctic domain and surface water masses. 
Triangles: N.Pacific (<100m, stations 1-6); Stars: Transpolar drift (<60m, stations 30-38 from 
Brzezinski et al., 2021). Crosses: Bering Strait (max. depth = 60m, stations 4-6 from 
Brzezinski et al., 2021). Squares: Canadian Arctic (surface and intermediate water mass 
signatures of the Canadian Arctic sector, from Table 2 in Giesbrecht et al., 2022). 
Octogones: Glacial runoff from Greenland and Svalbard glaciers (Hatton et al., 2019). 
Diamonds: Lena river (Sun et al., 2018). Stars show average endmember composition of 
AW (red) and Pacific and riverine sources (Grey).  Red dotted trendline is the least-squared 
regression for d30Si(OH)4 vs the natural logarithm of DSi within AW, blue and grey dotted 
trendlines are the equivalent for PSW and pan-Arctic (excluding Fram Strait) respectively. 

AW 

N. Pacific 

Arctic rivers 



These trendlines show fractionation from partial utilisation of DSi consistent with 
fractionation models. 

(1) L397 Weird wording here, probably “while” is not needed…(3) ”While” removed from 
sentence. 

(1) L407 who is Francis??? (2) This refers to data from the master’s thesis by A. Francis 
(University of Edinburgh) on nitrate isotopes in Arctic rivers from ARCTICGRO samples 
(Francis 2019). (3) This work is now directly referenced within the manuscript. 
 
Reply to reviewer #3 

(1) Method part, L145-L148: I understand that it is difficult to measure δ30Si of 
samples with low DSi concentrations. However, it is not common nowadays to 
report δ30Si values based on the measurements of δ29Si. This practice will be more 
justified if the authors could provide more details (can be in the supplementary) on 
why it was not possible to measure δ30Si directly. For example, what kind of efforts 
the authors have already put into trying to resolve the matrix effects and 
interferences? Normally anion doping (sulfate, nitrate, etc...) or pre-removal of 
organic matter could help to diminish the matrix effect (Closset et al., 2016; Hughes 
et al., 2011). Isobaric interferences of e.g., nitrogen (14N2) and nitric oxide (14N16O) 
can be avoided by medium resolution mode focusing on the left side of the peak 
shoulder (Liguori et al., 2020). At least it would be nice to see that the authors have 
already tried all these approaches before giving up on directly measuring δ30Si.  

(2) We thank reviewers #1 and #3 for their comments on measuring d29Si and for 
giving us the opportunity to elaborate on the methods of measurements, as we 
realise the writing of the method section reads as if the d30Si isotope of samples 
was not measured. To clarify, all three isotopes were measured during analysis and 
a strong relationship was found between measured d29Si and d30Si (d29Si = 
0.5131*d30Si, R2 = 0.99), but larger variability and standard deviations were 
measured on the d30Si. The left side of the peak shoulder was measured for each 
measurement in medium resolution as it is the standard practice of analysis for Nu 
plasma II MC-ICP-MS. An increasing number of laboratories has been reporting δ30Si 
values based on the measurements of δ29Si for the comparison of datasets, 
particularly at very low DSi concentrations (most recently for the Arctic Ocean: 
Liguori et al., 2021). Considering the robust relationship measured between d29Si 
and d30Si in our dataset, we found the method of conversion preferable to anion 
doping which we experienced within the wider context of this project and found to 
slightly increase variability in our measurements. (3) The method description has 
now been amended for clarity on our method of analysis and we will include a 
supplementary material section illustrating the d29Si vs d30Si of our 
measurements. 

(1) The initial level of the nutrients before utilization should be the subsurface 
water from the time period with strong mixing prior to the sampling, i.e. winter 



season. Initial condition for both spring and summer seasons should be the same 
(i.e. upwelled winter subsurface water). The authors did not give too much details 
of their choice on the initial condition, but it seems like they simply chose the 
subsurface waters in each sampling event as the initial condition. On the other 
hand, considering the horizontal transport of the water mass (i.e. PSW and AW), the 
initial condition might be found horizontally. Therefore, I wonder whether the 
authors’ choice of the initial condition of the model is correct and I recommend the 
authors to provide more information on this aspect. 2)  It makes more sense to 
sperate PSW and AW dataset into different models because their initial conditions 
are different. Spring and summer dataset from the same water mass should be 
combined into the same model, because they belong to the same fractionation 
system, i.e. the nutrient kept being utilized in summer after the utilization in spring. 
3)  In figure 6, δ30Si data do not fit any of the models during any of the sampling 
events, so the discussion between L257 to L260 is not valid. This might point to the 
incorrect choice of initial condition that the authors applied to calculate the 
nutrient utilization.  

(2) We thank Reviewer #3 for their comment on the initial conditions of the 
Rayleigh fractionation model and general suggestions as we believe this has 
contributed to improve our manuscript. Following suggestions from all reviewers, 
we have updated the parameters of our Rayleigh model in Figure 6, improving the 
fit of the	δ30Si data. (3) Panels are now separated by watermasses rather than by 
season. Initial conditions were chosen from subsurface waters and we discuss the 
importance of horizontal transport within the manuscript.(2) Adjustments made to 
the Rayleigh model is addressed in more details in the general comment to all 
reviewers. 

(1) It is not justified to estimate the PSW Si:N (that free of terrestrial influence) 
based on the assumption of “further modification of marine δ30Si(OH)4 and DSi:N 
through the Bering Strait is linear with North Pacific trends”. Especially after the 
authors already concluded that nitrate was largely removed via denitrification in the 
Arctic, which will clearly modify the Si:N within the Arctic. It is thus not convincing 
to conclude DSi:N>0.78 in the PSW must originate from terrestrial riverine sources. 
Therefore, the estimation in the paragraph L434-441 is not valid.  

(2) We have taken this comment onboard and have now independently evaluated 
the composition of PSW DSi using the estimated Arctic-wide fractionation factor 
from the robust pan-Arctic Rayleigh trend (R2= 0.67 & 0.83) shown in Figure 8 (now 
including data from Giesbrecht et al., 2022) & subsequent apparent utilisation of 
nutrients in PSW. Closed and open fractionation trends are shown in the two graphs 
below (included in supplementary material S4). Using this method, we calculate a 
pan-Arctic isotope effect 30e, and calculate that around 50% of nutrients from shelf 
and halocline waters are utilised in PSW. From this updated calculation we find 
riverine sources contribute to 40 ± 4% of the total DSi inventory at Fram Strait, with 
Pacific sources contribute to around 8 ± 1%. We believe this new calculation to be 



more robust than the original evaluation based on Si:N ratio and (3) the discussion 
in the paragraph L434-441 has been updated accordingly. 

 

 (1) Additionally, as the authors illustrated the mixing scheme in Figure 10, it is quite 
obvious that Si:N of the PSW is located within the error of the mixing line between 
the AW and E.S. Shelf. This indicate that the increase of Si:N in the PSW is more a 
result of the shelf CPND. The only prominent outliers of PSW dataset beyond the 
mixing lines are the three data points with lower Si:N/heavier δ15N. 

(2) As per our discussion in section 4.1.2, we agree that the dominant influence on 
d15N is from shelf CPND, which will impact Si:N. Terrestrial influence is however 
observed on the Pan-Arctic trend, and to a smaller extent, within PSW, with lower 
d15N and higher Si:N than expected from the linear regression. Although the PSW 
dataset fall within 1SD of the linear regression, a large part of the measurements 
fall below the mean where DSi:N>1. This trend is further supported by seperate 
measurements from the Eurasian shelves (Laptev Sea) and over the continental 
slope (Debyser, in preparation). 

(1) L130-139: The two-step co-precipitation has been widely used previously, so 
there is no need to elaborate its necessity here. It can be directly cited from 
previous work, for example (Reynolds et al., 2006), (Grasse et al., 2013), (Liguori et 
al., 2020) etc... (3) Method has now been edited down. 

(1) L137: What does “regrouped” mean?  (2) This refers to the regrouping of the 
two separate precipitate during the two-step preconcentration.   



(1) L152: Please note whether the uncertainties are 1SD or 2SD. (2) Uncertainties 
are 1SD. (3) This is now included in the text. 

(1) L181: Please add “in the upper 400m”. (3) Added  

(1) L185: Please add (Figure 3c).  (3) Added 

(1) L189: Please add (Figure 3b). (3) Added 

(1) L193-195: Please tone down the argument here, as (5.42 ± 0.70 μM) and (6.65 ± 
1.67 μM) are within error identical.  (3) Sentence now edited to read  “Below the 
mixed layer, DSi is low in AW (5.42 ± 0.70 µM) from DSi poor Atlantic waters of sub-
tropical origins. DSi in PSW is slightly higher albeit within error of AW (6.65 ± 1.67 
µM), potentially reflecting Arctic sources of DSi to PSW.” 

(1) L196: Please add (Figure 3d). (3) Added 

(1) Section 3.3: The description in this section is bouncing back and forth between 
figure 3 and figure 4&5, i.e. between whole depth profile and surface data. It will be 
clearer if the authors can give clearer information on which figure/panel the 
sentence refers to, and describe the distribution from the surface to the deep for 
both Si and N/O isotopes. (3) References to panels and figures for each sentence of 
section 3.3 are now included.  

(1) L234-235: “Nutrient utilization” is normally defined as the fraction of nutrient 
that has been utilized. The way that the authors define it here is against the 
common cognition. (3) Nutrient utilization changed to nutrient fraction (f) instead in 
the manuscript and figure captions. 

(1) L291-293: The whole sentence “settling particulate nitrogen... sediment 
interface.” reads a bit repetitive, please rephrase. (3) Sentence rephrased to read 
“[…] settling particulate organic nitrogen from coastal productivity degrades at the 
sediment interface of the extensive shallow shelves and produces large sources of 
sedimentary ammonium.” 

(1) Section 4.1.2 The authors try to discuss the modification of nitrate and DSi in the 
Arctic ocean in this section, so maybe the authors should exclude the dataset within 
the mixed layer, which are largely impacted by the local biological uptake. From 
Figure 7, only panel (c) excludes samples from within the mid-layer depth.  

(2) We believe it is important to include datasets within the mixed layer in Figure 
7.a, b and d as they illustrate how the variation in nutrients in both water masses 
lead to diverging trends within the surface layer, linking remote nutrient 
modification to biological trends at Fram Strait. 



(1) L355: It is not easy to understand “merging towards signatures resembling 
riverine endmembers” here, please give the values of the riverine endmembers. (3) 
Values of riverine endmembers added to L355. 

(1) L367: TDP → TPD. (3) Typo amended 

(1) L372: The larger variability in Si isotope signatures of PSW (R2>0.3) at Fram strait 
might reflect the combination of mixing and local biological uptake. (2) We agree 
with this, (3) sentence has now been rephrased to read “[…] reflects the combined 
effects of local biological uptake and mixing between Arctic and Atlantic source 
signatures around Fram Strait.” 

(1) L376: valuated → evaluated. (3) Typo amended 

 
(1) L397: while. (3) “While” removed from sentence. 

 
(1) L409: ply? (3) Sentence rephrased to “[…] by mixing across the halocline in 
basins where AAW underlies below PSW” for clarity. 

 
(1) Line 429-430: Please show the linear relationship between δ30Si and DSi:N in 
North Pacific waters. (2) Following our answer to comment 3 above, this is no 
longer relevant to the discussion as estimations are no longer based on DSi:N and 
this has been removed from the discussion. 

(1) L489: I would not describe a 0.11‰ increase of δ30Si(OH)4 as “significantly” 
enriched, as the long- term reproducibility of the ALOHA1000m measurement is 
0.08‰, the two values with a difference of 0.11‰ even overlap within error. (2) 
The enrichment we measure align with trends of enrichment measured across the 
Arctic (Varela et al., 2016, Brzezinski et al., 2021, Giesbrecht et al., 2022). We are 
confident that this is a trend within our dataset and not measurement error and 
have decided to keep the mention of this trend in our conclusions. 

(1) Figure 2: the scale of temperature (left panel) is missing. (3) Figure is amended 
and temperature scale is now included. 

(1) Figure 6: I wonder whether it is necessary to add the fractionation lines of the 
products, as there is no data from the biogenic phase and there’s no discussion of 
the fractionation of the products. Removing these unnecessary lines can make the 
plots cleaner. (3) Product fractionation lines have been removed from Figure 6 , and 
biogenic phase measurements are now included in this work in the supplementary 
material S3. 



(1) Figure 10: Please correct the sentence in the caption: “Dotted lines Solid line 
shows the regression (conservative mixing line) between AW and shelf endembers 
endmembers, dotted lines are for one standard deviation.” Also, if the line is 
conservative mixing line, then it is not regression line. They are not the same. (2) 
The line displayed in Figure 10 is the regression line, not a conservative mixing line 
and (3) the caption has been edited to “Solid line shows the linear regression 
between AW and shelf endembers, dotted lines are for one standard deviation”. 

Following comments from Reviewers #2 and #3, PSW and AW datasets are now 
divided into separate models to reflect the different nutrient sources for initial 
conditions.  Building on the comments raised by Reviewer #1, the colour code of the 
fractionation model now clearly highlights which samples are from within the mixed 
layer for clarity of interpretation of data at low nutrient concentrations. Updated 
Figure 6 is included below for reference. 
 
Initial conditions prior to utilization were chosen from the subsurface water 
nutrient concentrations from the water mass (Table 2) as data on winter nutrient 
concentrations in Fram Strait is limited, particularly for PSW. The study from 
Randelhoff et al. (2018) shows that summer nutrient concentrations below the 
mixed layer depth are a good approximation of winter concentrations. The authors 
found using these conditions preferable to finding horizontal conditions instead due 
to the large uncertainty arising from the spatial and temporal variability expected 
for these conditions. This is further discussed in the edited manuscript. Adjusted 
initial conditions address the issue of AW d30Si measurements artificially falling 
below the predicted compositions raised by Reviewers #1 and #3, now reflecting 
the lower DSi nature of AW. PSW does not fit either model of fractionation, which 
we attribute to the lateral transport of DSi signal instead. The updated model has 
not majorly changed observed trends but greatly improved fit of d30Si data and has 
provided clarity for interpretation. The discussion of all trends relating to Figure 6 
have been updated accordingly. 
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