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SUPPLEMENTAL MATERIALS SECTION 1

The simplest expression for the thermal energy balance per unit time (B) at the base of an ice sheet
includes two heat sources, geothermal heat flux (GHF) and mechanical heat dissipation
accompanying ice motion (E), as well as one heat sink, the conductive heat loss associated with
heat flow from warm ice near the base to cold ice near the ice sheet surface:

__ E+GHF—Q
=

B Eq. (1)

The two material constants in the denominator of Equation (1) are the latent heat of fusion (L =
334 kJ/kg) and ice density (o ~ 917 kg/m?). In our analysis, we assume that all ice sheet properties
and boundary conditions are uniform everywhere and first calculate the melt rate B on a per unit
area basis and then convert it to the total volume of water produced beneath the ice sheet at any
given time by multiplying B by an assumed time invariable ice sheet area of 14 million kilometers

squared. Our approach is equivalent to simplifying the ice sheet to a zeroth-dimensional ice column
with thickness H.

The geothermal flux is not climate dependent and is considered a constant with a value of 0.065
W/m? representing an average heat flux in Antarctica, consistent with previous estimates (e.g.,
Llubes et al. 2006; Pattyn, 2010). Since GHF ' is time invariable, the exact choice of its value does
not substantially impact our primary objective of calculating climate-driven changes in subglacial
water production rates in Antarctica.

Most commonly, glaciologists think in terms of force (stress) budget during ice movement and
consider ice sheet flow to be propelled by gravitational driving stresses. Here, we translate this
conceptual thinking to an energy balance approach. In our simplified model, ice motion towards
ice sheet margins is ultimately driven by the loss in gravitational potential energy of ice that moves
from high elevations in the accumulation areas to sea level. Hence, the total mechanical power
dissipation, E, during ice flow/sliding has the same magnitude as the gravitational energy loss rate,
G, associated with the drop that the snow/ice mass input per unit time, M, experiences as it is
transported from the accumulation zone to the sea level. In the spirit of our simplified model, we
assume that this elevation drop equals the average ice sheet thickness, H.

E=G=MgH=(a—H)ogH Eq. (2)

Note that the symbol g in Equation (2) is the gravitational acceleration, 9.8 m/s%. If we were to
consider just an ice sheet in a steady state (i.e., no change in ice thickness and volume through
time), the relevant mass flux rate in Equation (2) would be only due to accumulation rate, a (with
units of length per unit time), which varies with climate changes (e.g., Buizert et al., 2021).
However, a critical additional process we will capture in our model is the effect of ice sheet
thickness/volume changes on mechanical power dissipation. For instance, during glacial
terminations, the ice sheet thins rapidly because it loses ice mass at a rate that exceeds the
accumulation rate. Hence, the mechanical dissipation rate is higher than in a steady state.
Conversely, during ice sheet growth and thickening (i.e., glacial periods), the mechanical
dissipation rate is lower because ice sheet discharge is lower than the accumulation rate, part of



which is retained in the ice sheet to increase ice thickness through time. Within the simplified
framework of our energy-balance model, this effect can be represented using the rate of ice
thickness change, H, such that M = (@ — H)o. Negative values of H designate ice thinning while
positive ice thickening. Finally, it should be noted that our approach assumes that all mechanical
energy dissipation is concentrated at the ice sheet base and neglects any internal viscous heat
dissipation within the ice, e.g., within shear margins (Suckale et al., 2014).

The rate of conductive heat loss is represented in our model based on a steady-state solution for a
vertical advection-diffusion-dominated ice temperature profile within an ice sheet (e.g., Begeman
et al., 2017):

Qz—ka—T — _k 2(~Ts)y/Pe/2 - _k 2(-Ts)JHa/(2k) Eq. (3)
azly H\/Eerf(w/Pe/Z) HVmerf(\/Ha/(2x)) ’

aT
Where —
0z

is the vertical ice temperature gradient evaluated at the bed (basal ice temperature
b

gradient), k is the thermal conductivity of ice (= 2.2 W/m/C), T; is the ice surface temperature in
degrees C, k is the thermal diffusivity of glacier ice (1.2%10°% m?/s ~ 37 m?/yr), Pe is the non-
dimensional Peclet number (Ha/ k), and erfis the error function. Equation (3) has been simplified
by assuming that the basal ice temperature is always zero degrees C. By using a steady-state
approximation in Equation (3), we are neglecting the time lags with which a climate signal affects
the thermal energy balance of an ice sheet base. MacAyeal (1993) provides an insightful discussion
of these lags.

Equations (1) through (3) have three climate-dependent variables: a, Ty, H, with a fourth variable
H being calculated as the time derivative of H. We use linear parametrizations of these three
variables based on the EPICA (EDC) ice core deuterium record, which covers the last 800 kyr of
climate history (Jouzel, et al., 2007):

§=¢&,+C:(0D —0D,) Eq. (4)

Where ¢ is dummy variable that a, Ty, H, are substituted for during calculations, &, is the symbol
representing the modern values of these three variables, Cy represents the three proportionality
coefficients, and dD represents the ice core deuterium value at a given time, while dD,, is the
modern (latest Holocene) value of ice core deuterium. The modern values of a, Ts, and H, are taken
to be 0.1 m/yr, -35°C, and 2000 m, respectively. The values of the proportionality coefficients were
calculated to match the magnitude of the LGM (Last Glacial Maximum) to modern changes in
these variables (at LGM Aa = -0.5 m/yr, ATy = -6°C, DH = +300m; Buizert et al., 2021; Kahle et
al., 2021).

With the histories of a, Ty, and H estimated based on the climate variability reflected in the EDC
deuterium data, we calculated the basal melting rate, B, from equations (1) through (3) for the
period 0 to 800 kyrs ago, which covers the period of our sample precipitation. The total volume of
Antarctic subglacial water production throughout this entire time interval was then simply
estimated by multiplying B by the assumed time invariable ice sheet area of 14 million kilometers
squared. This curve is like the EDC deuterium record, except for large spikes in water production
during termination and suppression of water generation variability during glacial phases. These



effects reflect the significant impact of variability in the dissipation of mechanical energy
associated with changes in ice sheet thickness with time (Fig. S4).
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Figure. S1. Bayesian Deposition Age Model for PRR50504. Black markers are 23*U-*Th with
20 error bars. Blue envelope is Bayesian age-depth model using stratigraphic position as a prior to
refine dating uncertainties!.
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Figure S2. PRR50504 trace metal versus silicon concentration. Markers colored by sample

height.
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Figure S3. PRR50504 trace metal versus aluminum concentration. Markers colored by sample
height.
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Figure S4. EPICA Dome C (EDC) ice core record of dD. Higher values signify warm climates,
lower values signify cold climates. D) Modeled meltwater production rate beneath the Antarctic
ice sheet.



