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Supplementary Methods S1: Water isotope fractionation model

A model was developed in Matlab 2020b (The Mathworks Inc. 2020) using the principles of isotopic
fractionation to estimate the isotopic composition of incremental ice, incremental vapor, and residual water
as a hydraulically isolated waterbody progressively freezes and evaporates. Natural waters are composed
of hydrogen, which has two stable isotopes (*H and ?H or deuterium, D) and oxygen, which has three stable
isotopes (*°0O, 'O and ¥0). H,O molecules in natural water can therefore have one of nine possible
molecular weights. Due to differences in the vibrational energies of the bonds of these molecules, the
freezing of water under equilibrium conditions results in heavier molecules fractionating more readily into
the solid ice, while lighter molecules fractionate more readily into the remaining liquid water. During
evaporation, lighter molecules fractionate more readily into the vapor, leaving the residual water relatively
enriched in the heavier molecules.

Eq S1 to Eq S4 were used to (1) determine the freeze:evaporation ratio that yielded 6'0-8°H values for
incremental ice and residual water close to 5¥0-6%H values of the ice and water samples measured in this
study, and 2) model the evolution of 3*30 and §H of incremental ice, incremental vapor, and residual water
as an isolated waterbody progressively freezes and evaporates (at relative rates determined in (1)).

1. Calculate the isotopic composition of incremental ice (§;;) at step (i):

811ty = Srw(i-1)tE€-w

EqS1
2. Calculate the isotopic composition of incremental vapor (8;y) at step (i):
51V(i) = 5Rw(i—1) —&w-v
Eq S2
3. Calculate the isotopic composition of residual water (8,.,,) at step (i):
Srw(i-1) = Ou@y X f =Sy X RX f
Srw(iy = " sten —
1—step—(RXf)
Eq S3
4. Calculate the stage of freezing at step (i):
F = (1 —step + R)!
Eq S4

Where:

811(:) Is the isotopic composition of the incremental ice at step (i).



8rw (i-1) Is the isotopic composition of the residual water at the prior step (i-1). Initial 8z, was set
to the average isotopic composition of channel ice.

&_w Is the isotopic difference between ice and water phases (derived as the average at sites 8-9;
Table S1)

8v(i) is the isotopic composition of the incremental vapor at step (i)

ew—y 1S the isotopic difference between the water and vapor phases. €, was set to rates derived
for evaporation at 0°C (1.01173 for §'80 and 1.11255 for 8°H) (Majoube, 1971).

8rw (i) is the isotopic composition of the residual water at step (i).
f is the fraction of the pond that is frozen in each step of the model (0.1%).

R is the ratio of evaporation:freezing and is specified by the user. R was adjusted to optimize the
model’s fit with the §?H-3'80 of observed channel ice, pond ice and pond water samples (0.025).

F is the cumulative fraction of the water that remains residual at step (i).
Supplementary Methods S2: CI- and geochemical model

Eq S5 to Eq S9 were programmed in Matlab 2020b to (1) calculate [CI] in incremental ice and residual
water as an isolated waterbody progressively freezes and evaporates, to determine the stage of freezing
affiliated with each sample site in the pond, and (2) calculate the concentration of other biogeochemical
parameters in incremental ice and residual water as an isolated waterbody freezes to those extents.

1. Calculate the effective segregation coefficients Kesrx) for biogeochemical species (X):

)? .
Kooy = o s Eq S5

[)?]water

2. Calculate the concentration of biogeochemical species (X) in the incremental ice at step (i):
X1y = [Xlrw(i-1) X Kefreo) Eq S6

3. Calculate the concentration of biogeochemical species (X) in the residual water at step (i):
_ [Xlrw -0~ [Xlu@w*f

[Xlewey = =1 —axp Eq S7
4. Calculate the stage of freezing at step (i):

F=({1-f+R) Eq S8
Where:

Kefie 1S the effective segregation coefficient for biogeochemical species X,

[X]ice is the average concentration of species X in the ice at sites 8 and 9

[X]water is the average concentration of species X in the water at sites 8 and 9

[X111iy 1s the concentration of species X in the incremental ice (I1) at step (i)

[XTrw i) Is the concentration of species X in the residual water (RW) at step (i)



[X1rw(i-1) is the concentration of species X in the residual water (RW) at the prior step (i-1). Initial
[X]rw Was set to the average concentration of species X among channel ice samples.

f is the step interval, represented as the fraction of the pond water that is frozen in each step of the
model (0.1%).

R is the ratio of evaporation: freezing (derived from the isotope model; 0.025)

F is the cumulative fraction of water that remains residual at step (i).

Supplementary Methods S3: Hydraulic head calculations

Hydraulic head quantifies the mechanical energy of a fluid. Previous studies have found that the subglacial
drainage structure of polythermal glaciers corresponds to subglacial hydraulic potential, in which water

flows fr

om high hydraulic head to low hydraulic head (Hagen et al., 2000; Palli et al., 2003; Rippin et al.,

2003). Hydraulic head was calculated assuming that the subglacial water pressure is equal to the ice
overburden pressure (Hagen et al., 2000; Palli et al., 2003; Rippin et al., 2003):

—_
(=1

h=S24B1-2Yy Eq S9
Pb Pb

where h is the hydraulic head, S is the surface elevation, p; is the ice density (917 kg/m3) and p,,
is the water density (1000 kg/m3), and B is the bed elevation. Surface and bed elevation
measurements were derived from airborne radar and laser altimeter transect collected by Operation
IceBridge along a cross-sectional profile of the Sverdrup Glacier approximately 100 m north of the
tunnel endpoint (Figure 1) (Paden et al., 2019).
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Figure S1: Air temperature data were recorded hourly (averaged to daily) on a CR1000 data logger at an

automati

were col

¢ weather station (75° 41°N, 83° 15W, 330 m a.s.l.) on the Sverdrup Glacier. All measurements
lected with a Campbell Scientific thermilinear temperature probe nominally mounted ~2 m above

the ice cap surface in an RM Young radiation shield (Burgess, 2017)
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Figure S2: Schematic showing integration of the isotope, Cl-, and geochemical models and the three
simulation conditions
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Figure S3: (a) Sverdrup glacier cross section (B-A) as presented in Figure 1 (a) using elevations from (Paden
et al., 2019), (b) ice thickness across this profile, and (c) hydraulic head across this profile. Dotted vertical
lines in all panels indicate the subglacial pond’s distance from the ice margin.
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Figure S4: Effective segregation coefficients (Kes) used for geochemical modeling in this study compared
to mean Kes values derived from four mesocosm experiments using water from perennially (Antarctic) and
seasonally (Alaska and Montana, USA) ice-covered lakes (Santibafiez et al., 2019). Error bars represent 1
standard deviation. Note TS, HCOg3, SiO,, NOz, NH4*, PO,*, and C1 and C2 fluorescence were not
included in the study by Santibanez et al. (2019).
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Figure S5: PARAFAC components including (a) component 1 (C1) with peak excitation wavelength of
<255 nm and peak excitation wavelength of 445 nm, and (b) component 2 (C2) with peak excitation
wavelength of 270 nm and peak emission wavelength of 300 nm.



Table S1: Typical 6°H and 880 equilibrium values for freezing compared to those derived in this study.

880 °H Reference

Fast freeze 1.0005 | 1.007 | Ferricketal. (2002)
Slow Freeze 1.0027 | 1.015 | Ferrick et al. (2002)
Vostok ice-water interface 1.0031 | 1.0208 [ Jouzel et al. (1999)

Sverdrup subglacial tunnel - pond slush 1.0018 | 1.0109 | This study
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