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Abstract

Partial melting of the asthenospheric mantle generates the magma that supplies volcanic systems. The timescale of melt

extraction from the mantle has been hotly debated. Microstructural measurements of the permeability of partially molten rocks

typically suggest relatively slow melt extraction (1 m/yr) [e.g. 1]. By contrast, inferences from geochemical measurements of

Uranium series and geophysical observations typically point to much faster melt extraction (100 m/yr) [e.g. 2]. The most recent

deglaciation of Iceland caused the mantle below to depressurise, triggering additional mantle melting and magma flux at the

surface, which has been extensively mapped. The rapid response of magmatic activity to deglaciation has been used to argue

for relatively rapid melt extraction [3,4]. Perhaps, however, this unusual period when magma fluxes increased several-fold is not

representative of steady-state melt velocities under Iceland, let alone the mid-ocean ridge system more generally. We develop a

one-dimensional, but time-dependent and fully nonlinear, model of the generation and transport of mantle melts force by time-

dependent ice unloading. We show that these models are sensitive to the nonlinear nature of the system, namely that the melt

velocities are faster during and following a deglaciation event. For a given nonlinear model, we show that an equivalent linear

estimate of the steady-state melt velocity is too fast. We calculate an overestimation factor as a function of the factor of mantle

melting caused by deglaciation. For the most recent, and best mapped, deglaciation, we show that about 30 m/yr is the best

estimate of melt velocity. This is a factor of 3 smaller than previously claimed [4], but still relatively fast. Finally, we discuss

the applicability of these results to the mid-ocean ridge system by considering the role of spreading rate and the plume-influence

on Iceland. [1] Wark, D. et al. (2003). JGR. doi:10.1029/2001JB001575 [2] Stracke, A., Bourdon, B., & McKenzie, D. (2006).

EPSL. doi:10.1016/j.epsl.2006.01.057 [3] Maclennan, J. et al. (2002). Geochem. Geophys. Geosyst. doi:10.1029/2001GC000282

[4] Eksinchol I., Rudge J.F., Maclennan J. (2019) Geochem. Geophys. Geosyst. doi:10.1029/2019GC008222
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4. Results: deglaciation 
versus normal Iceland
4.1 Cumulative emissions
• Field observations can be used to estimate history 

of cumulative emissions (e.g. Fig. 3)
• Emissions rise faster when accounting for nonlinear 

feedbacks due to amplified melting and porosity 
during deglaciation 

Fig. 5. Cumulative extra emissions from Fig. 4. The  
dashed black arrow and dashed curve indicate how 
previous linear models (small amplification factor) can 
be corrected (shifted) to match a nonlinear model, thus 
accounting for feedbacks from amplified porosity

4.2 Correction for amplified porosity during 
deglaciation
• Previous linear estimates of melt velocity (100 m/yr) 

are likely over-estimated by a factor of about 3

Fig. 6. (a) The true nonlinear velocity required to match 
observations is smaller than previous linear estimates. 
(b) The resulting correction factor depends fairly 
weakly on amplification factor

1. Introduction
• Deglaciation of Iceland caused a large 

increase in magmatic activity 
• Timing and chemical composition of 

erupted lavas can be used to infer rapid 
melt extraction from the mantle

• Generally consistent with geochemistry (U-
series disequilibrium) and seismology (low 
inferred porosities) but not micro-structural 
estimates assuming diffuse flow

Fig. 1:  Geological map of Iceland, including present 
day icecap and volcanic zones (Haukur Jóhannesson)

Fig. 2: Simplified history of major deglaciation events. 
From Eksinchol et al. (2019)

2. Previous estimates
• Jull & McKenzie (1996), Maclennan et al. (2002) 

and Eksinchol et al. (2019)
• Favour melt velocity around 100 m/yr
• Even faster melt velocity excluded by trace element 

(La) concentration
• Armitage et al. (2019) used an estimate based on 

seismology to study CO2 emissions over 120 ka

Fig. 3. Observed (dashed) and modelled (curves) 
cumulative erupted volume in Western Volcanic Zone. 
Black curve: preferred melt velocity (100 m/yr).
From Eksinchol et al. (2019)

Geochemistry, Geophysics, Geosystems 10.1029/2019GC008222

Figure 4. (a) Volumetric rate of melt supply to the crustal chamber (equation (6)). (b) Volumetric rate of La supply to
the crustal chamber (equation (9)) normalized to the La concentration in the source. (c) Concentration of La in melt
supply to the crustal chamber (equation (10)) normalized to the steady-state La concentration. (d) Concentration of La
in erupted lavas normalized to the steady-state La concentration. (e) Modeling-input ice-load volume. (c) is the ratio of
the La volume (b) to the melt volume (a); whereas (d) is the ratio of the 1,000-year SMA of the La volume (SMA of (b))
to the 1,000-year SMA of the melt volume (SMA of (a)). See section 3.5 for physical meaning of SMA used in (d). Gray
shaded regions indicate the time interval during which the ice is retreating. Different line colors correspond to different
values of melt ascent velocity as labeled on top of the figure in meters per year. The melt and La volumetric supply
rates to the crustal chamber are the sum along the ridge axis (red line in Figure 1b) between 45 and 270 km from the
center of the ice. SMA = standard moving average; LGM = Last Glacial Maximum.

3. Results and Discussion
3.1. Decompression Melting and Eruption Rates
The numerical methods we use for the calculations are discussed in Appendix B. Figure 3 illustrates snap-
shots of the decompression rate in the mantle from the model when the ice load history follows the timeline
given in section 2.1.

While the Jull and McKenzie (1996) model with constant radius of ice load predicted that the region of maxi-
mum decompression rate is always below the center of the ice sheet (their Figure 3), our model with variable
ice radius predicts that this region is below the glacier terminus and is moving radially as the ice retreats.
The glacially induced decompression causes the spatially dependent mantle melting rate underneath Ice-
land to increase from its steady-state value by several fold during the deglaciation. These extra melts then
transport to the surface, causing an increase in volcanic eruption rates.

The time delay between the surge of mantle melting and the surge of volcanic eruptions depends on the
melt transport speed and also on how long melts reside in crustal chambers before they erupt. Figure 4a
shows the melt supply rates to crustal chambers predicted by our model from different input values of melt
ascent velocity by integrating equation (6) in the melting region underneath Iceland along the ridge axis
from 45 to 270 km from the ice center, taking into account the time delay due to finite melt ascent velocity.
The graph demonstrates that if melt transport was almost instantaneous, the surge in the melt supply rate
(red curve) would respond almost immediately after the deglaciation period (gray shaded area). Whereas,
with slower melt transport, the surge in the melt supply rate will be delayed from the deglaciation period. At
lower rates of melt transport, the shape of the melt supply rate curve will be more stretched in time because
melts produced at the same time at different depths will arrive at crustal chambers at different times.
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Figure 7. Cumulative eruptive volume normalized to the total volume erupted between time t = −15 and 0 Kyr. The
cumulative volumes of the observational data plotted as steps (dashed lines) come from cumulating the eruptive
volumes sorted by either the minimum age bounds or the maximum age bounds of the eruption units. The eruptive
volume begins at 0% at −15 Kyr and ends at 100% at 0 Kyr. We use the mean cumulative volumes at these two ends to
normalize the observational data. The model results for melt ascent velocity of 30 and 1,000 m/year are plotted as
nonblack colored solid lines. Colors on these dashed and solid lines illustrate the eruption periods: subglacial in blue,
transitional in green, and postglacial in red (see section 3.4 for definition of the transitional period). Black solid line in
each panel shows the model result for melt ascent velocity of 100 m/year. The timings of the eruption periods for the
black curve are the same as those for the remaining model-result curves. Different panels correspond to different
volcanic zones as indicated on the upper-left corner of each panel together with the corresponding modeling-input
zone range (section 3.2). Gray shaded regions indicate the time interval during which the modeling-input ice is
retreating. WVZ = Western Volcanic Zone; NNVZ = Northern Volcanic Zone-North; REYK = Reykjanes Peninsula.

Results on Figure 6e also suggest that the melt ascent velocity is likely to be of the order of 100 m/year. At
below 30 m/year, the subglacial volumes predicted by the model would be smaller than that of the observa-
tional lower bound estimates (min. subglacial). Nevertheless, we note that the model results depend on the
distance along the ridge axis over which the melts are integrated (as estimated in section 3.2). Similar to the
model, the observational lava volumes in the four zones are also integrated over ridge lengths of ∼60–90 km.

3.4. Timing of the Peaks in Volcanic Productivity
Another way to estimate the melt ascent velocity is to use the timing of the peaks in volcanic productivity.
On Figure 7, we plot the cumulative eruptive volume as a function of time for the model outputs and the
observational data. This figure shows that the bursts in the cumulative lava volume predicted by the model
at melt ascent velocities between 30 and 1,000 m/year have timings approximately equal to that of the obser-
vations across all the volcanic zones to within the uncertainties of the lava ages and the modeling-input ice
load history.
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Figure 7. Cumulative eruptive volume normalized to the total volume erupted between time t = −15 and 0 Kyr. The
cumulative volumes of the observational data plotted as steps (dashed lines) come from cumulating the eruptive
volumes sorted by either the minimum age bounds or the maximum age bounds of the eruption units. The eruptive
volume begins at 0% at −15 Kyr and ends at 100% at 0 Kyr. We use the mean cumulative volumes at these two ends to
normalize the observational data. The model results for melt ascent velocity of 30 and 1,000 m/year are plotted as
nonblack colored solid lines. Colors on these dashed and solid lines illustrate the eruption periods: subglacial in blue,
transitional in green, and postglacial in red (see section 3.4 for definition of the transitional period). Black solid line in
each panel shows the model result for melt ascent velocity of 100 m/year. The timings of the eruption periods for the
black curve are the same as those for the remaining model-result curves. Different panels correspond to different
volcanic zones as indicated on the upper-left corner of each panel together with the corresponding modeling-input
zone range (section 3.2). Gray shaded regions indicate the time interval during which the modeling-input ice is
retreating. WVZ = Western Volcanic Zone; NNVZ = Northern Volcanic Zone-North; REYK = Reykjanes Peninsula.

Results on Figure 6e also suggest that the melt ascent velocity is likely to be of the order of 100 m/year. At
below 30 m/year, the subglacial volumes predicted by the model would be smaller than that of the observa-
tional lower bound estimates (min. subglacial). Nevertheless, we note that the model results depend on the
distance along the ridge axis over which the melts are integrated (as estimated in section 3.2). Similar to the
model, the observational lava volumes in the four zones are also integrated over ridge lengths of ∼60–90 km.

3.4. Timing of the Peaks in Volcanic Productivity
Another way to estimate the melt ascent velocity is to use the timing of the peaks in volcanic productivity.
On Figure 7, we plot the cumulative eruptive volume as a function of time for the model outputs and the
observational data. This figure shows that the bursts in the cumulative lava volume predicted by the model
at melt ascent velocities between 30 and 1,000 m/year have timings approximately equal to that of the obser-
vations across all the volcanic zones to within the uncertainties of the lava ages and the modeling-input ice
load history.
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3. Methods
3.1 Dynamical model
• 1D continuum model of porous flow with melting
• Mass conservation:

• Porosity: 

• Melt flux from Darcy’s Law: , where the 
prefactor 

• Melt velocity: 

• Melt rate: , where steady melt 
rate  depends on maximum degree of melting, 
mantle upwelling rate and depth of the melting 
region  

• Amplification factor  [extra melt from deglaciation], 
 is a switch (on during deglaciation, else off) 

3.2 Steady-state behaviour
• Variation of melt flux and porosity with depth:

• Maximum melt velocity (at top of melting region):

3.3 Transient effect of deglaciation
• Calculate scaled extra emissions:

• Scale time with transport time for a porosity wave 
, so deglaciation time is  

Fig. 4. Calculated extra emissions due to early-
holocene deglaciation with different amplification 
factors for 
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λ = 0.23, wmax = 30 m/yr, td = 1 kyr

5. Results: Iceland 
versus ‘normal’ ridges
Iceland is different from other mid-ocean ridges:  
• Higher degree of melting due to plume
• Slower spreading rate than fast-spreading ridges 

like the East Pacific Rise (EPR)
• Role of ‘active’ upwelling due to plume

5.1 Conversion from Icelandic results
• Use equation ( ) from Sec. 3.2 for maximum melt 

velocity and assume  constant and 

• Superscript  denotes the Icelandic version of a 
quantity

5.2 Role of mantle upwelling
• Two competing effects:

(i) For passive mantle upwelling (i.e. driven by 
plate spreading alone), the slow-spreading rate 
at Iceland (7 times slower than the EPR) 
means that faster spreading ridges would have 
faster melt velocity by a factor of about 2.6

(ii) If Iceland is influenced by very fast active 
upwelling (10 times faster than passive), an 
otherwise equivalent ridge would have slower 
melt velocity by a factor of about 3.2

5.3 Role of degree of melting
• Iceland has a higher degree of melting than 

elsewhere due to role of plume (e.g. elevated 
crustal thickness)

• If Iceland has double the degree of melting, an 
otherwise equivalent ridge would have slower melt 
velocity by a factor of about 1.4 

Fig. 7. Possible melt velocity at other ridges 
accounting for differences relative to Iceland. The EPR 
value is the product of all the effects considered. 
Typically, geodynamic models use a much slower melt 
velocity

⋆
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wmax = ( FmaxW0
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maxWI

0 )
1/2

wI
max

Conclusions
• We account for nonlinear feedbacks due to 

porosities higher than their steady-state 
values during deglaciation

• Melt velocities have been overestimated by 
a factor of about 3 because previous 
studies did not account for this feedback

• But melt velocity is still fast (30 m/yr)
• Globally, other ridges are still relatively fast 

(more than 10 m/yr), even accounting for 
plume influence in Iceland

6. Discussion
6.1 Two-dimensional effects

Fig. 8. Geometrical effects in quasi-2D models with 
different models of melt extraction along a sub-
lithospheric channel: (a) slow melt extraction and (b) 
fast (instant)
 

• Quasi-2D models can be constructed from a series 
of 1D column models

• Results depend on assumptions about how fast 
melt is extracted along sub-lithospheric channel

• 1D model is intermediate
• True 2D/3D models could include channelized flow

6.2 Other effects (partly considered by 
previous studies)
• Crustal system response to deglaciation 

(Maclennan et al., 2002, argued that trace element 
geochemistry shows that signal is not mainly 
coming from release from crustal magma chambers 
triggered by deglaciation)

• Elastic response and post-glacial rebound were 
considered by several studies 

• More complex melting behaviour (e.g. the role of 
volatiles like CO2) and complex deglaciation history 
were both considered by Armitage et al. (2019) 

• Geographic variations were studied by Eksinchol et 
al. (2019) using an axisymmetric ice sheet and 
linear ridge
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