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S1. Benchmark against Jull and McKenzie 

We benchmarked our numerical model against the semi-analytical model of melt 

production beneath Iceland of Jull and McKenzie1, hereafter JM96. Specifically, we replicated 

their constant mantle potential temperature model, using the same parameters – a viscoelastic 

half-space of viscosity 8×1018 Pa s and shear modulus 0.25×1011 Pa, and a parabolic ice sheet 

extending 180 km in radius and 2 km thick, thinning uniformly over 1000 years. 

The rates of pressure change from our numerical model are similar in magnitude to the 

JM96 solution (compare our Figure S1 with Figure 3 of JM96, noting the different x-axes). 

During unloading (t = 10–9 ka in JM96; first two panels in Figure S1) the contours of pressure 

change follow the same pattern. The depth of maximum pressure change after unloading (t < 9 

ka; bottom panel) is slightly shallower in our model. This may be attributed to the Cartesian load 

implied by our 2-D model, whereas JM96 employ a radially-symmetric load. 



 

Figure S1: Rates of pressure change, at different time steps during unloading (10–9 ka). 

Comparable with figure 3 of JM96. 

 

We then compared the total melt production rate between models (Figure S2). The melt 

production rate obtained from our 2–D numerical model should be equivalent to the values JM96 

obtain at the ridge axis, i.e., at the x-intercept of their Figure 10a (red stars, Figure S2). JM96 do 

not specify which solidus they use, but they do limit the region of melting using a 45° triangle 



truncated at depths 20-112 km. We obtained similar results with the dry solidus of Katz et al.2, 

limited over the same region (compare red lines and stars in Figure S2). 

In the primary model presented in the main text, we obtained a higher melt production 

rate than the model benchmarked against JM96, as we use a different set of assumptions. We 

performed a step-by-step comparison of the assumptions made in the JM96 model and our 

primary model, to explore why our estimate is more productive. The main difference arises from 

the inclusion of enhanced melting from the wings of the melting region in our model (compare 

red and dashed blue lines in Figure S2). JM96 had limited the width of the triangle to 92 km, 

while in our model melts are produced out to 300 km from the ridge axis. It is unclear whether 

(and how rapidly) these peripheral melts would be focused to the ridge axis. The inclusion of the 

temperature derivative in calculating the rate of melt fraction change (as in ref. 3) lessens melt 

production considerably (compare dashed and solid blue lines). Further, the dynamically-

consistent plume thermal structure (compare green and blue line) and the inclusion of thermal 

buoyancy (compare black and green line) also increase melt production. 



 

Figure S2: Model runs illustrating step-by-step the effect of modifying assumptions from 

JM96 (all under the same glacial forcing). Their results are plotted as red stars. The red line is 

the most similar/benchmark run, in which the melting region is limited to a truncated triangle 

extending 92 km off-axis. The dashed blue line shows the effect of using the full melt region 

predicted by the Katz et al.2 solidus. The solid blue line shows the effect of including the 

dependence of melting rate on temperature changes. The green line shows the effect of using the 

plume thermal structure, but turning thermal buoyancy off. The thick black line shows the 

dynamically-consistent model with the plume thermal structure and buoyancy-driven flow, as 

presented in main text. 

 

We also calculated trace element profiles using the melt fractions and melt production 

rates from the JM96 benchmark. Despite using a different method (retained batch melting instead 
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of fractional melting) and partition coefficients, we approximate their reported 15% depletion for 

the LREE and near 0% for the HREE (Figure S3), when comparing unloading timesteps to 

background timesteps. While assuming a larger retained melt fraction of 3 wt.% yields the best 

agreement with JM96 (dashed red line, Figure S3), a smaller value of 1 wt.% (solid lines, Figure 

S3) better matches observations and is used in the remainder of this study. A comparison of our 

JM96 benchmark (solid red line) against that of our primary model presented in the main text 

(solid black line) yields larger depletion of trace elements (~60 %). 

 

Figure S3: Percent change in trace element concentrations, comparable with JM96, for an 

unloading time step (halfway through deglaciation) relative to the background. Our results for 

the benchmark model (red lines) agree with that of JM96 (red stars). Our results for the primary 

model (black line) presented in the main text and Figure S14a predict a more important change. 

 

S2. Iceland sensitivity analysis 

S2.1 Effect of ice sheet history 
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We modeled the effect of the different loading functions used by JM96 (thinning 

parabola), Eksinchol et al.4 (viscous gravity current), and this study (retreating parabola). For the 

models in which the ice sheet retreats inwards, high rates of decompression are initially localized 

off-axis and then move inwards to the ridge axis. As the mantle is most productive at the axis, 

the horizontal retreat models predict an increase in total melt production rate through time, while 

the thinning model from JM96 stays relatively constant during the deglaciation interval (Figure 

S4a). The viscous gravity current function involves smaller ice volumes, leading to lower melt 

production rates (green, Figure S4). The total volume of melt produced over the entire deglacial 

interval scales with the volume of ice lost. 

 

Figure S4: Effect of different loading functions on melt production rate for the Iceland model 

(a), including a horizontally thinning parabola as in JM96 (black), a parabola retreating 

vertically from margins as in main text (blue), and a viscous gravity current (from ref. 4). 

Corresponding ice volumes in 2-D are plotted in b). 

 

S2.2 Effect of spreading rate and mantle temperature 
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The primary Iceland model presented in the main text (blue line in Figure S5) has a 

spreading rate of 10 mm/yr and a mantle potential temperature of 1300 °C, excluding the excess 

plume temperature of 175 °C. In the absence of a plume, these parameters yield a steady-state 

crustal thickness of 7 km. Faster spreading rates of 20 mm/yr (purple line) and warmer mantle 

temperatures of 1320°C (red line) increase rates of melting prior to and during glacial unloading. 

 

Figure S5: Effect of increasing temperature and spreading rate, for the Iceland model. Melt 

production rates for the case presented in the main text (blue), for a doubled spreading rate 

(red), and for a raised mantle potential temperature (purple). 

 

S2.3 Effect of pooling width 

Prior to glacial loading, our model predicts that melt production occurs at distances up to 

150 km from the ridge axis (positive melt fraction rates in Figure 2b).  Assuming all melt is 

focused to the ridge axis, we predict the production of a 120 km-thick crust – larger than the 20–

40 km observed seismically5,6. However, melts produced far from the ridge axis may refreeze at 

the base of the lithosphere during melt migration, thereby not contributing to on-axis crustal 
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production (e.g., ref. 7–9). We find that by limiting the pooling width to 30 km in our model, we 

obtain a 39 km-thick crust (orange circle in Figure S6a), matching seismic observations beneath 

Iceland5,6. This pooling width is similar to the ~25 km estimate9 derived from a global analysis 

of mid-ocean ridge basalt geochemistry and crustal thickness and is significantly narrower than 

the full width of the melt production region. 

Imposing a pooling width also limits the flux of CO2 (Figure S6b), because we assume 

only those melts that reach the ridge axis will degas their CO2 to the atmosphere. By contrast, 

CO2 transported by melts that refreeze in the lithosphere may partially exsolve. Because we 

assume off-axis melts refreeze at the base of the lithosphere (defined as the 1100ºC isotherm), 

the pressure-dependence of CO2 solubility implies that the contribution of off-axis melts to the 

CO2 flux is only important under high mantle source CO2 concentrations (solid lines in Figure 

S6b). In other words, for low source concentrations (~150 ppm) melts that refreeze at depth will 

not be saturated in CO2 and thus will minimally contribute to the total CO2 degassing flux 

(dashed lines in Figure S6b). 

 Finally, we find that the enhancement in the rates of melting and CO2 production relative 

to the background rate, increases with the pooling width (compare black and orange lines in 

Figure S6). This illustrates how glacial unloading extends the region over which melts are 



produced (see Figures 2b&d).

 

Figure S6: Effect of pooling width on a) crustal production and b) CO2 production rate, for the 

Iceland model. Orange lines represent background production rates associated only with the 

plume and ridge before glacial loading. Black lines show deglacially-enhanced rates, midway 

through the deglaciation. Open circles show the preferred 30-km pooling width required to 

produce the seismically observed crustal thickness. CO2 fluxes assume a mantle source CO2 

concentrations of 150 ppm (dashed) and 600 ppm (solid), respectively. 

 

S3 Yellowstone sensitivity analysis 

S3.1 Effect of mantle temperature 

 The primary model for Yellowstone presented in the main text has a background mantle 

potential temperature 1320°C, plus an excess plume temperature of 80°C (i.e. 1400°C mantle 

potential temperature at the plume center). These parameters yield a background mantle melt 

production rate of 0.022 km3/yr (black lines in Figures S7a and 3c), within the range of estimated 

crustal emplacement rates of basaltic mantle melts10,11. We explore the effect of increasing the 
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background mantle temperature to 1340°C and 1360°C, yielding background mantle melt 

production rates of 0.056 km3/yr (as in ref. 12) and 0.15 km3/yr (as in ref. 13), respectively. To 

calculate CO2 fluxes (Figures S7b and 3e), we use mantle source CO2 concentrations of 150–600 

ppm in the 1320°C case, 190–675 ppm in the 1340°C case, and 120–375 ppm in the 1360°C 

case. These concentrations yield background CO2 fluxes of 1.7–7.3 Mt/yr, consistent with 

modern constraints10,14.

 

Figure S7: Effect of mantle temperature, on melt production rates a) and CO2 flux b), for the 

Yellowstone model. Black lines are results presented in the main text. Source mantle CO2 

concentrations in b) are varied to match the modern flux (purple bars). 

 

S3.2 Yellowstone without plume 

While it is established that there is additional melting in the upper mantle beneath 

Yellowstone, the presence of a mantle plume extending to depths of 600 km or greater remains 

controversial15. We perform a run in which we remove the plume tail, to understand its effect on 

our model.  To do so, we artificially lower the temperature of the mantle at greater depths (>150 
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km), such that only an upper mantle thermal anomaly remains. Removing the plume tail and 

reducing the influx of material lessens upwelling from the lower mantle. We find the rates of 

pressure change in the melting region during unloading are similar, implying the 

presence/absence of the plume tail itself does not significantly affect our results (they are instead 

controlled primarily by the viscosity of the upper mantle in the melting region, and overlying 

lithosphere). As the thermal anomaly at the base of the lithosphere was originally set by the 

plume, this test is not equivalent to explicitly modeling another mechanism (e.g., edge-driven 

subduction from the slab).  

 

Figure S8: Effect of the deglaciation of the Yellowstone ice cap, in the absence of a plume 

(green parabola) on rates of pressure change (a,c, teal-brown colors) and rates of melt fraction 

change (b,d, blue-orange colors). The top row shows a model time step prior to any glacial 

loading/unloading, while the bottom row shows a time step halfway through the deglaciation 

-200 0 200 400

0

100

200

D
epth [km

]

b)

         -5e-6 0 5e-6         

Melt fraction rate [1/yr]

v = 0.02 m/yr

-200 0 200 400

0

100

200

a)Background
time step

(prior to
loading/
unloading)

         -5e-5 0 5e-5         

Rate of pressure change [GPa/yr]

-200 0 200 400
Distance [km]

0

100

200

D
epth [km

]

d)

Ice mass
LAB

v = 0.10 m/yr

-200 0 200 400
Distance [km]

0

100

200

c)Unloading
time step

(midway
through
deglaciation)



(1000 years following its onset). Red arrows show mantle flow, the thick black line is the LAB 

(T=1300°C). 

 

S3.3 Effect of loading function 

 Given the thickness of the lithosphere and the great depth of melting beneath 

Yellowstone, the pressure changes due to unloading are distributed throughout the melting zone. 

As a result, the style of ice cap retreat is unimportant (Figure S9a). Upon radial integration, ice 

caps which are thinned horizontally yield nearly identical rates of melt production compared to 

ice caps that retreat vertically, upon radial integration. If the ice cap retreats more slowly, the 

melt production rate decreases proportionately but the total volume of extra melt produced is 

unchanged. Our estimates of the total extra melt and CO2 are produced by the end of the 

deglaciation does not depend on the manner in which the ice cap retreats, given a constant initial 

ice volume. 

 

Figure S9: Effect of different loading functions on melt production rate (a), including a 

horizontally thinning parabola (red), a parabola retreating vertically from margins as in main 
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text (black), and a slower deglaciation lasting 3000 years (orange). Corresponding radially-

integrated ice volumes are plotted in b). 

 

S3.4 Effect of lithospheric rheology 

 One of the primary differences between Yellowstone and Iceland is the thickness of the 

lithosphere. We used semi-analytical models (as in JM96) to examine the influence of 

lithosphere rheology on enhanced mantle melting due to deglaciation, by varying the shear 

modulus and lithosphere viscosity in a viscoelastic half-space at a point located 70 km beneath 

the load center (Figure 5a). We find that the total change in pressure following a deglaciation 

(which is a proxy for the cumulative volume of melt produced) reaches steady-state values in the 

limits of softer/more rigid lithosphere (upper/lower bounds, respectively). To examine the effect 

of lithospheric rheology in our numerical models (while maintaining the same asthenospheric 

viscosity profiles), we run additional simulations with shear moduli of 0.3 and 1000 GPa 

(Figures S10a, S11a). This range bounds the 10 GPa used in the primary models presented in the 

main text (solid black lines in Figure S10, S11). Under smaller shear moduli, decompression is 

more important directly underneath the load (solid red line, Figure S10) at the relevant depths of 

melt generation (70–90 km). However, this effect is offset by increasing compression outwards 

from the load center for small G (dash-dotted lines), implying that the total melt produced 

throughout the domain is relatively insensitive to the elastic properties of the lithosphere (Figure 

S11a). 



 

Figure S10: Depth dependence of pressure change, following Yellowstone deglaciation. Solid 

lines are profiles directly beneath the load, dash-dotted lines are profiles located 100 km 

upstream (eastward) of the load. Total change in pressure is dependent on: a) shear modulus (G) 

and b) load radius (R). These numerical results are comparable to semi-analytical parameter 

space in Figure 5. 

 

 We also note that the pressure change has an exponential dependence on depth over the 

load radius (Figures 5b, S10b, S11b). The smaller load and deeper locus of melting beneath 

Yellowstone explains the more muted response (relative to Iceland). This scaling further 
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motivates investigations into the effect of deglaciation on mantle melting beneath WAIS, given 

its large horizontal extent. 

 

Figure S11: Sensitivity of cumulative melt produced to shear modulus and load radius 

following Yellowstone deglaciation. The primary model from the main text is plotted as black 

solid lines. a) Shear modulus (G) has limited influence on cumulative melt produced. b) Load 

radius (R) exerts a primary control on melt produced. These numerical results are comparable 

to semi-analytical parameter space in Figure 5. 

 

S3.5 Comparison between 2-D and 3-D 

 We assume a 2-D Cartesian geometry in which the applied loads extend infinitely out of 

the page. Reconstructions of the Yellowstone ice cap indicate that it had a finite depth or “long 

axis” of ~150 km, in the direction perpendicular to the plume track/plate motions. To test the 

sensitivity of our results to these 3–D effects, we performed a 3–D model in which we imposed 

an elliptical ice load with long axes (“L” in Figure S12) of 150 km, 800 km, and beyond the in-

plane domain width (3–D “Cartesian” in Figure S12). Within a slice corresponding to the 2-D 
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models (“center plane”), we find that using a load with a 150-km long axis reduces the melt 

production rate by ~70%, relative to the Cartesian case (Figure S12a). We also compare the 

volumetric melt production rate obtained from the 3-D models (dashed lines in Figure S12b) to 

the value obtained from radially-integrating melt production rates in map view along the center 

plane, as done in the 2-D models (solid lines in Figure S12b). Using the 3-D melt production rate 

instead of the radially-integrated 2-D values increases the estimated melt production rate by 

~30%. In combination, these 3-D effects imply the melt production rates from the 2-D models 

are not obviously biased, and therefore capture first-order behavior (subject to uncertainties in 

deglacial history). 

 

Figure S12: Influence of Cartesian 2-D approximations, examined in 3-D models. a) Melt 

production rates in center plane analogous to the 2-D models, for load widths (L) of 150 km 

(blue line), 800 km (red line), and larger than the domain (black line). b) Volumetric melt 

production rates from full 3-D model (dashed lines) compared with radially-integrated values 

from center plane, as done in 2-D models (solid lines). 
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S3.6 Effect of pooling width 

 In the Yellowstone model, we benchmarked melt production rates against estimated rates 

of basalt emplaced underneath the caldera (Werner & Brantley, 2003; Hildreth, 1991). As the 

areal extent of the caldera and underlying magmatic system is broad, we do not impose a pooling 

width (in contrast to the Iceland model in which all melt was assumed to be focused to a narrow 

neo-volcanic zone). We calculate the cumulative melt production with increasing distance from 

the plume head (Figure S13a), and find that most of the melt is generated within a 100 km radius. 

 Implementing a pooling width would imply that the melts generated near the caldera 

exterior may not reach the shallow magma chamber, instead refreezing at depth. These melts 

would contribute smaller amounts of CO2 than those emplaced at 14 km, near the base of the 

magma chamber. However, this effect is minimal (Figure S13b), as these low-degree melts 

contain high concentrations of CO2, well above the concentration of CO2 soluble in the melts at 

depths of 14–70 km. Overall, we conclude that the uncertainties in mantle CO2 flux associated 

with pooling width are small relative to uncertainties associated with the background rate of 

mantle melting beneath Yellowstone (see Section S3.1). 



 

Figure S13: Effect of pooling width on a) melt and b) CO2 production rates during Yellowstone 

deglaciation. Orange lines represent background rates, prior to any glacial loading. Black lines 

show deglacially-enhanced rates, midway through the deglaciation. CO2 fluxes assuming mantle 

source CO2 concentrations of 150 ppm and 600 ppm are plotted as dashed and solid lines, 

respectively. 

  

S4. Trace elements 

We calculate trace element profiles for both Iceland and Yellowstone (Figure S14). These 

profiles compare well with erupted basalts, which provides support for the CO2 calculations in 

the main text. Our modeled Iceland profiles produce a sufficiently large percent change between 

background and unloading time step (Figure S14a). For Yellowstone, trace element compositions 

both before and during unloading are within the range of the data (Figure S14b). None of these 

basalts were dated to the Bull Lake deglaciation (140-150 ka). The percent change predicted by 

the model (~30%) may be too small to be detected, even if basalts dated to the deglaciation were 
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found. We also show the sensitivity of our results to the choice of retained melt fraction (Figure 

S15); a value of 1 wt. % best fits the data. 

 

 

Figure S14: Pooled trace element concentrations before and during unloading, pooled over 

model domain. a) Iceland model results compared to data from Maclennan et al.16 Trace 

element depletion is most apparent when comparing subglacial (74 –12.5 ka) to postglacial 

(12.5 – 10 ka) data from the same volcano (for example, Krafla is a volcano located in Iceland’s 
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northern volcanic rift zone). b) Yellowstone model results compared to data from Bennett17. The 

Iceland and Yellowstone data are normalized to MORB and chondrites, respectively (using ref. 

18), for ease of comparison with the original datasets. 

 

Figure S15: Influence of retained melt fraction (Fretained) on trace element concentrations in 

Yellowstone, for 1-D melt column during background time step. Fractional melting is 

approximated under no melt retained (solid black line), batch melting under all melt retained 

(dashed black line). Blue line shows model used in main text (1 wt. % retained melt). 

 

S5. Mantle CO2 depletion 

 In calculating the concentration of CO2 in the melt, we assume that the concentration of 

CO2 in the mantle (cs) remains in steady-state. In reality, additional melting due to deglaciation 

may deplete the mantle and reduce the CO2 flux estimate. We explore the magnitude of this 

effect in a 1-D profile near the center of the plume (Figure S15). We use the modal 

fractional/batch melting end-members and assume a partition coefficient of 5.5 ´ 10-3 (ref. 19). 

These assumptions provide easily differentiable expressions for the rate of change in cs (Figure 

S16a,b), consisting of an advective term (magenta lines) and change in cs due to melting (black 
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lines). The difference between these terms, integrated through time, represents the CO2 extracted 

from the mantle by melts (Figure S16c). Assuming a mantle source concentration of 100 ppm, 

under steady-state (“background time step”) the mantle loses <1 ppm after 1000 years, at depths 

of 85–90 km. During unloading, an additional 1–2 ppm is lost on average (difference between 

red and blue lines in Figure S16c. Thus, we estimate the transient depletion in mantle CO2 may 

reduce our deglacial flux estimates by 1–2%. This effect is small compared to uncertainties in the 

background CO2 flux (e.g. 14). 

Finally, the CO2 is sourced from a 3–5-km deep region at the base of the melting domain. 

This region is replenished by upwelling mantle at a rate of ~3–5 cm/yr. Estimates of upwelling 

rates range from 3 cm/yr (our model) to 5 cm/yr (ref. 20), where the difference can be explained 

by the omission of chemical buoyancy in our model. We expect that much of this region (3–5 

km) would be replaced by new mantle following a 100-kyr glacial cycle – implying that an 

immediately preceding deglaciation may influence deglacial CO2 fluxes, but that these effects 

are not cumulative over multiple preceding glaciations. 



 

Figure S16: Concentration of CO2 remaining in mantle residue (cs) in a 1-D vertical melt 

column, under modal fractional (solid lines) and batch (dashed lines) melting. Rate of change in 

cs during a background time step (a) and unloading time step (b), due to advection (magenta 

lines) and loss through melting (black). c) Total change in cs after 1000 years, for background 

(blue lines) and unloading time steps (red). d) Melt production rate for both time steps. 
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