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Supplement to “Seasonal dispersal of fjord meltwaters as an important source of iron and manganese to coastal
Antarctic phytoplankton”

Supplemental Methods: Estimating particulate matter crustal and authigenic fractions

To estimate the fractional contribution of crustal, biogenic, and authigenic particulate matter in our samples using
equation 4, we first identify the geochemical composition of the weathered source bedrock surrounding Andvord Bay. It is
known that there is widespread volcanism and metamorphism (Jordan, Riley and Siddoway, 2020), and thus, ratios (Me:Al,
where Me is either Fe or Mn) should reflect basaltic and andesitic crusts. However, uncertainty of the source of weathered
particulate matter leads us to use average upper continental crust values (Table 1), although any contribution of a volcanic
source would lead to some enrichment of TpFe and TpMn relative to TpAl and a greater estimate of the crustal contribution.

Equation 4 allows for the calculation of the crustal contribution:

%crustal = ([TpAl]sample * Me: Alcrustal)/[TpMe]sample (4)

After accounting for a biological contribution based on Me:P quotas for Fe-replete diatom cultures (0% for all samples, data

not shown), we then assume the remaining particulate fraction to be authigenic.

Supplemental Methods: Limitations of surface meltwater dye experiment

When we examine the time series derived from the model, we find the model consistently underestimates the contribution of
meltwater to the surface (Fig. S8). The MWT does not exceed 0.0013 at either S3 or GS stations, and its seasonal maximum
of 0.0046 is found at IBB in early February. Since processes like melting of drifting icebergs and sea ice cannot be captured
in the model, the applied meltwater flux is based on a simplified representation of all new freshwater sources except for
precipitation in Andvord Bay. These sources include, for example, surface runoff and local melt of glacial ice exposed to the
atmosphere. The flux which best recreates observed salinity and temperature profiles in Andvord Bay was achieved by a
meltwater input of 0.15 GT over 4 months (Hahn-Woernle ef al., 2020).

The overall low modeled meltwater fraction is likely a consequence of multiple factors of which we discuss three. First, the
meltwater was tracked only for the field season. The generally low salinity in the upper layer at the beginning of the season
and the presence of meltwater dye at the end of the summer season (fjord average of 0.0003 MWT in upper 20m) suggested
that meltwater can reside for multiple years in the fjord and cannot be fully captured by our meltwater dye. Second, local
melt of glacial ice, e.g. floating icebergs, caused by a summertime surface heat flux, can have a strong impact on the MWfT in

the surface layer and is likely to be underestimated and not well-represented with the parameterization of the modeled
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meltwater input. Third, only meltwater from the inner Andvord Bay is tracked and other sources are neglected. Based on
other modeled meltwater dyes that track sources just outside Andvord Bay, the impact of the external sources is minor
(maximum of 0.0003 MWf in early February) compared to the local sources, but they still contribute to the seasonal increase

in MWT,

Supplemental Methods: Estimating total surface meltwater export from WAP fjords

To estimate the meltwater export resulting from a single katabatic wind event along the WAP, we first identify two
fjord types: 1) fjords where waters are below the freezing temperature (cold-water); and 2) fjords where intrusions of
modified UCDW reach the glacier terminus (warm-water). This distinction leads to different MWT production rates. We use
data collected from Andvord Bay as a basis for export occurring in cold-water fjords. In this instance, a maximum MWf of
0.025 was observed, which corresponded to an export of 38x10” m? glacial meltwater and is based on the glacial meltwater
dye export across the mouth of Andvord Bay integrated over the duration of a week-long katabatic wind event.

Meltwater runoff from glaciers due to warm atmospheric temperatures is parameterized as a function of number of
days above a temperature threshold. The area of the glacier in contact with the atmosphere predicts how much meltwater is
generated. We use this simple relationship with surface area and relate it to the MWT we observe, allowing us to estimate the
fractional contribution from each glacier in Andvord Bay. As an example, Bagshawe Glacier has an area of 250 km?, which
is 48% of the total glacier area for this fjord, and so would be responsible for producing 48% of the surface glacial meltwater
(~18.4 x 107 m%). By dividing the total surface glacial meltwater export for a single katabatic wind event by the total area of
glaciers in Andvord Bay, we calculate the export rate of meltwater in Andvord Bay glaciers to be 7.4 x 10° m® km™
assuming glaciers have an equal rate of meltwater production per unit area. We use this rate as representative for cold-water
type glaciers.

Since warm atmospheric temperatures in contact with the glacier surface cause production of meltwater, which
enters the ocean as surface runoff, this seems a reasonable assumption. Additionally, intrusions of modified UCDW can
reach the glacier terminus, causing slightly higher fractions of meltwater at the surface (~0.06 in Barilari Bay). Our general
model results showed exchange with water outside of the fjord occurred during katabatic wind events, including inflow of
water masses at depth located from outside of the fjord. Thus, these events are likely to enhance delivery of modified UCDW
to the glacier terminus (Jackson, Straneo and Sutherland, 2014). We scale the meltwater export to the meltwater fraction
since both Barilari and Andvord Bays had similar mixed layer depths. Also, ~40% export of meltwater during katabatic wind
events in our model is reasonable compared to estimates for Arctic fjords (10-50%, Jackson ef al., 2014). Based on the area
of glaciers in Barilari, we calculate an export rate of meltwater for representative warm-water glaciers to be 10.2 x 10° m?
km. We extrapolate these rough estimates for all glaciers on the western coast of the WAP identified by Cook et al. (2016).
All glaciers to the south of Andvord Bay are considered warm-water, while those to the north are cold-water (Fig. S9). The

area of each of the glaciers used here is published in Cook ef al. (2016).
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Summing the entire volume export of surface glacial meltwater, we find that if all surface waters along the western
coast of the WAP experienced a single katabatic wind event, reminiscent of the one recorded in Andvord Bay, a total of 3.6
x 1019 m? (36 km?®) of surface glacial meltwater is exported towards the continental shelf (5 km® from cold-water glaciers; 31
km? from warm-water glaciers). This latitudinal difference is consistent with greater meltwater fractions found on the
continental shelf in the southern lines of the PAL LTER grid (Annett et al., 2017). Based on a recent compilation of TDFe
content in icebergs from Antarctica (Hopwood et al., 2019), and including two measurements from our study, we use a
median concentration of 544 nM (n = 57). We then assume a rough estimate for 10% of TDFe as the dissolved phase, which
yields a dFe content of glacial meltwater to be 54.4 nM. This is close to our average dFe measured for three glacial ice
pieces in this study (71+121 nM). To our knowledge, there are no other measurements of dMn in glacial ice, so we use our
mean for three glacial ice pieces from this study (49+82 nM). We estimate a single wind event lasting one week on the
western coast of the WAP corresponds to an export of 2.0 x 10° mol dFe and 1.8 x 10° mol dMn.

We realize this analysis does not take in to account the impact of shallow sills in fjords that might be important for
restricting UCDW from entering the fjord mouth and interacting with glaciers. Invigorated upwelling due to buoyant plumes
originating at the glacier face is expected to have a positive feedback on the melting of the glacier terminus by increasing the
delivery of modified UCDW to glaciers and enhancing melt (Cape et al., 2019). This may be driven by warm ocean
temperatures, directly melting the face of the glaciers, or atmospheric warming could increase drainage of surface melt to the
base of the glacier, resulting in subglacial discharge and buoyant plumes driving circulation. Directionality of the katabatic
winds is an important parameter for wind forcing in fjords surrounded by steep topographic features (Lundesgaard et al.,
2019). We have explored the possibility when one katabatic wind event per year occurs in the along-fjord direction
(seaward) for the entire western coast of the WAP. These mechanisms are fjord specific and deserve further attention due to
the complex interactions between the ice, ocean, and atmosphere. We also concede that areal extent of glaciers may not be
the most representative measure for meltwater production, when in fact glacier flow velocities might better correlate with
meltwater production rates, and thus, meltwater export rates. However, the interplay between surface melt and the subglacial
hydrological system, and thus flow rates could mean this is a sufficient, albeit rough assumption. Finally, large uncertainties
exist for the average glacial ice content of dFe and the degree to which TDFe may be solubilized and made bioavailable.

This analysis does not take into account the large quantities of solid ice (i.e., icebergs) exported via this mechanism.



90 Supplemental Figures and Tables

Figure S1. Comparison of analytical detection methods used for the determination of dissolved Fe (FIA versus ICP-MS). The red

line denotes the 1:1.
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95  Figure S2. Porewater dissolved metal concentrations for Fe (red), manganese (blue), and oxygen (green) for Mega Core 8 (left) and

10 (right), at the coring station near OB (see Fig. 1).
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Date Sampied _Station Name _Lattude Longitude _ Depth _FIA [ TCPMS [nM]
[degN] _[deg E] {m]_dFe | dFe _oMn TOFe TOMn

TIN5 Sil5 647498 629844 8 229
35 197
134293
12815 MBA 6485682 625632 8 212
25 188
134 377
276 844
TIR915 i3 648407 626176 5 208
25 197
109 283
273 706
TIBONS BA 648635 625434 6 232
15 214
109 326
174483
12115 Sil4 648149 627378 7 201
71 270
191 476
294 1009
12215 BA 648937 625724 5 185 5491 748
27 187 | 252 349 17070 833
174 447 | 584 356 99257 2270

3981087 35582 1202

123115 BB 648783 624146 5 251 23987 938
43 348 23098 688
174469

123115 Sil3 648180 626261 1 249
338 1186

1204715 Sil3 648180 626261 11605

1214115 Sil3 62,6261 11382

120115 Sil3 26261 1 225
330 15.13

1205115 BA 648915 626025 5 218 | 246 350

33 271 | 281 342
100 860 | 814 438

206115 BB 648654 624024 6 341 | 336 440
43 340 | 329 345

76 488 | 467 339

218 1501 | 019 349

1207715 MBB 648252 626492 5 278
56 312
240 1022

1208115 Sil3 648175 626251 4 249 | 237 325 8361 563

50 372 | 366 380 13758 681
279 17.14 | 1355 356 21186 751

28715 OBA 647680 -62.7565 5 173 10442 462
37 274 9099 442
109416 10224 416
12/6/15  Gerlache Strall -64.6607 629274 1 344
121125
12110715 MBA 648669 625585 4 196
13430
121715 TBA_ 648950 625704 5 219
121115 Gerlache Stail -64.6613 62,9283 5 131 | 149 258 5227 424

30 151 | 161 260 3517 353
110 281 | 301 185 4225 277
1212715 OBB 647738 628663 5 195 | 250 298
30 233 | 296 306
110 358 | 387 237

1212715 Sil3 648257 626204 10340
100476
1213715 Sil3 648255 626141 10 312
12113715 Sil3 648248 626155 10329
1213715 Sil3 648261 626176 10 378
90 453
214715 Erera Stall 647520 627026 5 153
35 236
100298
26115 1BA 648936 625737 5 201
50 305
344728
1217715 Sil3 648348 626089 4161
12118715 Sil4___ 648095 62,6908 5 552
1220115 StationB 647732 653177 5 207
300 157
4606 Sila 648072 627027 25 693
80 835
150 1393
300 9.03
e 1BA 548812 625508 25 780
80851
486 Andvord Front -64.7990 -62.7525 15 469 | 460 446
120 537 | 510 424
46 EreraStait 647525 626993 25 549 | 545 454 10895 637
100 - | 878 537 20799 798
@none MBA 648606 625837 20 616
60 627
300 1235
atine BB 648752 624044 20 848 | 689 681 38325 1534

75 576 | 594 587 33075 1311
250 768 | 770 676 227.84 1217
atine Sil3 648380 626106 15 461 | 541 517 13197 869
75 453 | 520 465 14141 797
250 569 | 622 449 8942 609
EEE OBA 647657 627057 15 489 | 544 480 12235 694
80 451 | 499 401 8136 544
250 600 | 682 454 13819 7.14
411116 Gerlache Strail 64,6590 62.9255 15 514 | 527 390 10184 607
80 483 | 512 400 9621 521
250 516 | 559 407 10476 670

412116 Andvord Front 648224 626941 15 529
40 543
250 720
ai3iie Sil15 648608 625378 15 823
125 692
anane MBB 648256 626472 15 7.83
80 696
200 812
r1aie MBA 648734 625605 60 1269
2616 Sil3 648323 626004 5 778
75 690
250 791

4166 1BA 648925 625825 20 915 | 067 554 30883 1384

100 1084 | 1164 582 41988 1573
280 1288 | 1445 943 68363 2346
TG 1BA 648922 625738 20 608 | 654 567 24894 1272
100 901 | 940 622 53833 1728
280 1156 | 1051 918 50270 18.48
500 1425 | 1241 1579 879.48 3496

anane BB 648728 624315 20 809

75 743

240 797
aeie OBB 647736 628663 15 661

100 596

280 1634
420116 Sil1 648752 624538 15 698

150 607

280 1141
w2116 Sii55 647385 629666 20 650

67 490

280 451
422116 1BA 649003 625780 110 754 | 726 5286 27724 1163
4122116 IBA___ 64.8834 625500 110 687 | 672 479 20234 10.36
4126116 StationB 646167 -65.3537 20 197 | 191 232 3051 289
4126116 150 204 | 185 127 1540 193
4126116 400 194 | 179 073 2875 182

Table S1. Seawater samples: Fe, Mn determined for the dissolved (dTM, 0.2 pm) and the total dissolvable (TDTM) determined by
100  FIA and ICPMS methods, and collected during LMG1510 and NBP1604. Additional information covers sampling date, location
(station), and latitude and longitude.
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Figure S3. Bagshawe Glacier CTD transect during LMG1510 (late Spring) showing temperature (top panel) and beam attenuation
coefficient at 660 nm (bottom panel). Section plots are oriented as if facing the coast. The transect is highlighted by a red box on

105  the map. (Plots were made with Ocean Data View visualization software (Schlitzer, 2002, Ocean Data View, last access: 1 February
2021).
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Figure S4. Speciation of Andvord Bay sediments as percent dry sediment weight (left) and percent total Fe (right) for defined
110 fractions based on chemical lability, as in Burdige et al. (2020). Ox = oxides.
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Figure S5. Modeled fate of numerical dyes representing three possible Fe sources. Contours show the 0.1% extent for the (a)

meltwater dye and the 0.01% extent of the (b) subsurface, and (c) deep dyes according to the day in the model run (colorbar).

Approximate dye release depth and location are highlighted by the arrows. The plots are oriented from the inner basins (0 m) to
115 the Gerlache Strait (~35000 m) as distance from Bagshawe Glacier ([m]).
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Figure S6. (a) Fraction of initial subsurface (blue) and deep (orange) numerical dye within the fjord domain over the 120-day
model run. (b) Percentage of subsurface and deep dye within the surface layer (0-20m) over the 120-day model run.
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120  Figure S7. Modeled meltwater dye profiles as a percent of water volume in the (left) Gerlache Strait and (right) Sill 3. Each profile
corresponds to a different timepoint: late Spring (December 11, 2015 Gerlache, December 3, 2015 Sill 3), peak bloom period
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Figure S8. Modeled surface (0-20m) meltwater fraction for Gerlache Strait and Sill 3 (map inset), over the course of the 2015-16
summer season.

Figure S9. Map showing all 432 glaciers (blue dots) located on the western coast of the WAP (from Cook et al., 2016). The yellow
line indicates the region of convergence of two intermediate water masses; cold Weddell Water to the north and warm modified
UCDW to the south. Image was produced using © Google Maps, 10 January 2021.
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