Fire and ice
Part III Magma Dynamics, Lecture 4
Glacial cycles are associated with a redistribution of mass at the Earth’s surface, as ice
moves between being on land and being as water in the oceans. This redistribution can cause
significant changes in pressure within the partially molten regions of the mantle, and thus cause
significant changes in the rate of magma production.

Iceland
The effect of glacial loading and unloading on volcanism is best documented in Iceland, where
we have good constraints both on the history of the ice load, and on the dating of the eruptions.
About 10,000 years ago much of the island was covered by an ice sheet, which shrank in a
period of about 1,000 years to roughly its present size. A surge in volcanism followed the
retreat of the ice sheet, with volcanism occurring at around 20-30 times higher a rate than in
the preceding glacial period. As the practical exercises demonstrate, it is straightforward to
explain this surge: the glacial unloading causes a big increase in the decompression rate of the
underlying mantle, and hence a big increase in the melting rate.

Figure 1: A sketch of the
Jull and McKenzie (1996)
model of glacial unloading for Iceland. The mantle decompresses due to
the upwelling caused by
the spreading ridge, and
also due to the glacial
unloading.

A very simple model of melt production by glacial unloading was developed by Jull and
McKenzie (1996) and is illustrated in Figure 1. This model consists of an axisymmetric ice
sheet above a spreading ridge, and can be used to calculate the rate of melt production as the
ice sheet shrinks. Eksinchol et al. (2019) recently developed an updated version of this model,
results from which are shown in Figures 2 and 3. Importantly, Eksinchol et al. (2019)’s model
takes account of the finite speed of melt transport, unlike that of Jull and McKenzie (1996)’s
original model which assumes instantaneous transport.
Geological observations of Icelandic volcanism place important constraints on the speed
of melt ascent beneath the island (Maclennan et al., 2002). It is possible both to date flows
(e.g. using tephrochronology) and to know which eruptions happened under ice and which
were sub-aerial (e.g. using the morphology of the volcanoes). If melt transport were very
rapid, much of the excess volcanism would be expected to occur under ice; whereas if melt
transport were slow, the new magma produced would not reach the surface until after the ice
was gone. Ultimately, a comparison of the timing of the surge in volcanism with the timing
of the unloading constrains the melt transport speed (see Figure 3). Typical estimates of melt
ascent speeds by this method are at least 50 m yr−1 (Maclennan et al., 2002), consistent with
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Figure 2: Model of the decompression rate in the mantle beneath Iceland by Eksinchol et al.
(2019) (similar to Jull and McKenzie (1996)). Shown are different time-snapshots, where the
period of glacial unloading is from 10,000 years before present to 9,000 years before present.
The black bar at the top of each panel shows the radial extent of the ice sheet. Note that
decompression continues after the ice has disappeared owing to the finite time scale of postglacial rebound.
estimates from (230 Th/238 U) and (226 Ra/230 Th) disequilibria, and inconsistent with estimates
from diffuse porous flow (∼ 1 m yr−1 ).
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Figure 3: Time-dependence of fluxes for the model of glacial unloading by Eksinchol et al.
(2019) as shown in Figure 2. The top panel shows total eruptive flux. The lower three panels
show flux of incompatible elements, with different partition coefficients D as indicated. Different lines show different rates of melt ascent (vt in m yr−1 ). The grey band shows the period
of glacial unloading.

3

Ridges
Glacial cycles not only cause changes in the decompression rate directly beneath ice sheets,
but they potentially have a global effect because of the associated changes in sea-level. There
has been much recent speculation that these changes in sea-level influence magma production at mid-ocean ridges, leading to variations in crustal thickness, and in turn variations in
bathymetry (Huybers and Langmuir, 2009; Lund and Asimow, 2011; Crowley et al., 2015a;
Conrad, 2015; Tolstoy, 2015).

Figure 4: Model of melting beneath a mid-ocean ridge by Crowley et al. (2015a). Halfspreading rate is 4 cm/yr and permeability pre-factor K0 = 10−12 m2 . Streamlines for the
magma flow (light blue) and mantle matrix (black) are plotted over-top of the porosity (color
map). The green line is an analytical approximation to the boundary of the melt regime.
A numerical model of the effect of sea-level changes on melt productivity was developed by
Crowley et al. (2015a), and is illustrated in Figure 4. In this model, there is a finite time scale
over which melt is transported to the ridge-axis, which controlled by both the spreading-rate
U0 and the permeability pre-factor K0 . Crowley et al. (2015a)’s model assumes diffuse porous
flow, so the typical transport speeds are relatively slow (∼ 1 m yr−1 ) compared to transport
speeds inferred from the Icelandic observations.
Figure 5 shows the expected bathymetric relief predicted by Crowley et al. (2015a)’s model
as a result of sea-level forcing. Slower-spreading ridges show greater amplitudes of bathymetric relief, largely because the relative change in the decompression rate is greater for slowerspreading ridges. The finite speed of melt transport acts as a low-pass filter, suppressing the
signals from high-frequency variations in sea level. Thus as the permeability pre-factor K0
increases, more high frequency content is apparent in the bathymetry.
As geophysicists like to do, Crowley et al. (2015a) quantify the nature of this filter by
plotting an admittance function (Figure 6). This admittance function is similar to that you will
have seen for flexure of an elastic plate, in that it is defined by a ratio of Fourier transforms
of two quantities. In Crowley et al. (2015a)’s case it is the ratio of the crustal thickness to
the sea level. The admittance function shows a peak around the melt transport timescale. At
low frequencies there is a steady increase in admittance with increasing frequency because the
more rapidly sea-level varies, the greater the decompression/compression rate, and the greater
the variations in crustal thickness. However, once the timescale of sea-level variations become
much shorter than the melt transport time, melt arriving at the surface starts becomes a mixture
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Figure 5: Simulated bathymetric relief driven by Plio-Pleistocene sea-level variation (Crowley
et al., 2015a). (A) Imposed sea- level variation [black] and predicted bathymetric relief (color)
for the past 1.25 million years from simulations at three half-spreading rates U0 and three permeability levels K0 . Isostatic compensation is assumed to scale the amplitude of crustal thickness variation by 6/23 to give bathymetric relief. Permeability in the simulations is computed
by applying K(x, z) = K0 (ϕ/ϕ0 )3 m2 to the porosity field ϕ(x, z), where ϕ0 = 0.01 is a reference
porosity. Light blue, dark blue, and red lines correspond to log10 K0 = −(13, 12.5, 12), respectively. (B) Power spectral density estimates for each time series, made by using the multitaper
method with seven tapers. Axes are logarithmic.
of melt that was formed at times of increased and decreased decompression rate and thus the
effects on crustal thickness are diminished. Crowley et al. (2015a) suggest that for plausible
system parameters, Milkanovitch frequencies are expected to pass through the filter and be
recorded in the bathymetry.
Crowley et al. (2015a) present evidence for Milankovitch cycles being recorded in sea-floor
bathymetry from a transect across the Australian-Antarctic ridge (Figure 7). Their spectra
shows peaks at the 100,000, 41,000, and 23,000 year periods. A contemporaneous study by
Tolstoy (2015) also shows evidence for the 100,000 year period being recorded in bathymetry
of the South East Pacific Rise (Figure 8).
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Figure 6: Crustal thickness admittance, computed for a sinusoidal variation in sea level with
period TSL . The model is evaluated for a range of spreading rates U0 and permeability levels
K0 as shown. (Crowley et al., 2015a)
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Figure 7: Bathymetry at a section of the Australian-Antarctic Ridge. A region of consistent
bathymetry is indicated between the black lines (top right) and is shown in profile (bottom left,
blue) after converting off-axis distance to an estimate of time. Time is zero at the approximate
ridge center. Also shown is bathymetry after filtering frequencies outside of 1/150 ky and
1/10 ky (green), and simulated bathymetry (black, for U0 = 3.3 cm/year and K0 = 10−13
m2 ). Spectral estimates (bottom right) are shown for the unfiltered bathymetry (blue) and
model results (black), where the latter are offset upward by an order of magnitude for visual
clarity. Data availability is uneven across the ridge, and spectral estimates are for the longer,
southern flank. Unlike in Figure 5B, spectral estimates are pre-whitened in order to improve
the detectability of spectral peaks. Vertical dashed lines indicate frequencies associated with
100-ky late-Pleistocene ice ages, obliquity, and precession. Axes are logarithmic. Statistical
significance is indicated by the black bar at the top right; spectral peaks rising further than the
distance between the mean background continuum (corresponding to the black dot) and 95th
percentile (top of black bar) are significant.
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Figure 8: (a) Comparison of bathymetry from the Southern East Pacific Rise (SEPR) (red line),
CO2 records from Antarctic ice cores (blue line), and orbital eccentricity (brown line). The
grey vertical bars indicate periods of high orbital eccentricity. The bathymetry is an average
of nine ridge perpendicular lines on the western SEPR flank from 17°21’S to 17°29’S plotted
versus age based on a half spreading rate of 7.3 cm/yr. The bathymetry profiles were demeaned
and filtered using a Butterworth high-pass filter at 150 kyr to remove long-term lithospheric
cooling trends. Periods of low and high CO2 appear to be roughly in phase with periods
of low and high crustal production, and low and high orbital eccentricity, particularly in the
most recent glacial cycles where timing is most accurate. As the age of the seafloor increases,
uncertainties in spreading rate compound, making the timing of older bathymetric variations
less robust. (b) Normalized periodogram of Antarctic ice core CO2 (blue), SEPR bathymetry
(red) from panel (a) and eccentricity (brown) filtered at 150 kyr. Seafloor bathymetry exhibits
clear peaks at ∼ 96 kyr, ∼ 71 kyr, and ∼ 55 kyr, with much smaller peaks at ∼ 44 kyr and
other higher frequencies. The absence of strong peaks associated with shorter period sea level
changes suggests magma flux at the SEPR may also be responding directly to 100 kyr orbital
eccentricity changes. The CO2 and eccentricity data also show prominent peaks at ∼ 95 − 96
kyr. CO2 shows some deflection at ∼ 71 kyr relative to eccentricity and smaller peaks at higher
frequencies. Eccentricity has a small peak at ∼ 55 kyr. (Tolstoy, 2015)
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Scepticism
Relationship of hill spacing with spreading-rate

Figure 9: Abyssal hill characteristic widths, averaged by region, plotted as a function of halfspreading rate. Error bars, mean ±1 SD. Black symbols indicate regions formed at axial valley
MORs; open symbols at axial high MORs; and grey symbol at transitional MOR. (Goff, 2015)
There has been much vocal opposition to the idea that Milkanovitch cycles are recorded
in the fabric of the sea floor. The simplest alternative explanation for the short wavelength
bathymetry is that is caused by faulting, and nothing at all to do with changes in the rate of
magma supply. Goff (2015) wrote a comment on Crowley et al. (2015a)’s paper stating just
this, and moreover made the point that the variation of abyssal hill spacing with spreading
rate is opposite to what Crowley et al. (2015a)’s model would predict (Figure 9). Abyssal hill
spacing decreases with increasing spreading rate, which can be attributed to thermal control:
slow-spreading ridges are cooler near the axis, thus having a greater effective elastic strength,
and correspondingly larger distances between faults. Crowley et al. (2015b) responded that
there might be some increase in the hill spacing for fast-spreading ridges that would be in
accordance with their model.
Ridges as a low-pass filter
Olive et al. (2015) have suggested that the high frequency signals associated with Milkanovitch
cycles do not make it through the filter of crust formation (Figure 10). There are several ways
in which the process of crust formation and its associated bathymetry acts as a low-pass filter:
1. The finite melt transport speed, as discussed above.
2. Flexural filtering (Figure 11A) due to Te ∼ 3 km.
3. The finite width (typically a few kilometres) of melt emplacement near the ridge axis
(Figure 11B).
4. Interactions between variations in magma supply with faulting (Figures 12 and 13).
5. Spreading of lava flows by a few km at the surface.
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Figure 10: Abyssal hill fabric formed at the intermediate-spreading Chile Ridge. Bathymetry
of a segment of the intermediate-spreading Chile Ridge located at 39°12’S, 91°30’W (white
star), looking south. Beneath is a schematic cross section showing the major tectono-magmatic
processes that shape the seafloor as melt supplied from below is emplaced as new oceanic crust.
(Olive et al., 2015)
Like Goff (2015), Olive et al. (2015) favour a faulting explanation for the apparent 100,000
year spacing of abyssal hills, and suggest that the higher frequencies peaks are simply overtones
of this frequency (Figure 13B). Huybers et al. (2016) disagree, and suggest that there is further
evidence for Milkanovitch cycles in the Chile Ridge (Figure 14), which Olive et al. (2015) use
as an example in their paper (Figure 10).
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Figure 11: Seafloor topography from static compensation mechanisms. (A) Bathymetric relief
created in response to oscillations in crustal thickness on a given wavelength, assuming three
different effective elastic thicknesses (Te ) for the lithosphere. Relief amplitude is given in percentage of the isostatic end-member (black axis) and in meters, assuming a crustal thickness
fluctuation of 600 m and a density of 3000 kg m−3 for the oceanic crust (green axis). Red
arrows indicate the seafloor wavelengths corresponding to Milankovitch periods for a spreading half-rate U = 3 cm/year. (B) Crustal thickness fluctuation (∆h = ∆hUC + ∆hLC ) resulting
from emplacement of a melt flux oscillating by ∆Φ0 , within a zone of width w, on a period τ .
Green axes (dimensional) illustrate the case where U = 3 cm/year and w = 1 km. Black axes
are normalized. (Olive et al., 2015)
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Figure 12: A tectono-magmatic interaction model for the spacing of abyssal hills. (A) Abyssal
hill spacing data obtained from various studies of MOR bathymetry; US, SS, IS, and FS:
ultraslow-, slow-, intermediate- and fast-spreading ridges, respectively. A fraction M of the
total plate separation is accommodated by dike intrusion and fraction 1 − M by slip on normal
faults. Green, red, and orange curves show model predictions corresponding to estimates of M
versus spreading rate shown as inset and calibrated on measurements [circles, with error bars
indicating the full range of uncertainty in the determination of M from bathymetric profiles].
Blue lines illustrate spacing controlled by Milankovitch periods. (B) Schematic cross section
showing the basic cycle of fault growth interacting with dike injection at the ridge axis. (Olive
et al., 2015)

Figure 13: Sensitivity of MOR bathymetry to fluctuating dike injection rates. (A) Bathymetry
obtained from numerical models of sequential faulting interacting with intermittent magma
emplacement on an imposed period τ , amounting to a time-averaged M = 0.85 over 1.1 million
years. (B) Whitened power spectral density (PSD) of modeled profile a2 (first 20 km to the right
of the ridge axis). Blue dashed line shows measured fault spacing; red lines show Milankovitch
wavelengths. (C) Spacing of modeled faults versus imposed period of magmatic fluctuations.
Red and blue lines show the predictions of scaling laws and a linear relation between spacing
(S) and τ , respectively. (Olive et al., 2015)
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Figure 14: Bathymetry from the Chile Ridge. (A) Map of bathymetry (colouring), the track
from cruise PANR04MV (black line), Brunhes-Matuyama reversals from magnetics and visually identified ridge center (dots), inferred spreading rates (numbers in cm/year), and the transect that is focused on (thicker red line). (B) Rate of change of the bolded bathymetry section
and (C) the associated spectral estimate (black), indicating peaks near the 1/100, 1/41, and 1/23
ky−1 Milankovitch bands (marked with vertical dashed lines). Spectral peaks are statistically
significant when they rise above the background continuum by more than the 95th percentile
(i.e., after aligning the dot on the black confidence bar with the spectral peak, the lower vertical
bar does not reach the level of the background continuum). Note the use of logarithmic axes.
Also shown is a spectral estimate for the time period between 1.2 and 0.7 million years ago
during the “41 ky” world (red), where there is significant spectral energy at the 41-ky obliquity
band (judged using the red vertical bar) but the other Milankovitch bands are diminished. (D
and E) Analysis of sea level changes (note reversal of the y axis) shows spectral peaks matching
(C). A version of the bathymetry rates of change are also shown (cyan) after alignment with
the sea level variations using a dynamic time warping algorithm and scaling to match variance.
(F and G) The analysis is repeated using the faulting simulations from Olive et al. (2015) with
a 100-ky time scale, but which obviously cannot reproduce the transition to 41-ky variability.
Overtones of the 100-ky time scale are indicated at 2/100, 3/100, and 4/100 ky(green vertical
dashed lines). An aligned version of the bathymetry data is also presented (cyan) that illustrates
the difference between the continuous high-frequency variability recorded in bathymetry and
abrupt transitions in the fault simulation. (Huybers et al., 2016)
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CO2 stories

Figure 15: Response to single step change in sea level from the model of Burley and Katz
(2015). Plots show (a) sea-level change, (b) the negative rate of sea-level change, and (c) CO2
emissions from a section of mid-ocean ridge, measured as percentage change from baseline
emissions. The plate half-spreading rate and the permeability constant at 1% porosity are U0
and K0 , respectively. Negative Ṡ is plotted so that peaks in Ṡ and consequent peaks in ECO2
point in the same direction.
Changes in the decompression rate affect not only the flux of magma, but also the chemistry
of the erupted magmas (as illustrated for Iceland in Figure 3, and discussed by Maclennan et al.
(2002)). In particular, surges in fluxes of CO2 (which can be treated as a highly incompatible
element), are expected to follow periods of unloading. This has been linked to an interesting
potential climate feedback whereby melting of ice sheets causes increased CO2 which causes
more melting of ice sheets (Huybers and Langmuir, 2009, 2017).
Burley and Katz (2015) have recently modelled the expected changes in CO2 fluxes for the
ridge system. Figure 15 shows the response to a step-function unloading, which leads to an
increased flux after a lag of about 100,000 years (given by their melt transport time). Figure 16
shows their predictions given a sea-level history curve. While the CO2 fluxes do vary, their longtime lag would mean that they cannot influence the deglaciation event that caused them. But
this is all predicated on Burley and Katz (2015)’s slow assumed melt transport speeds...
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Figure 16: Reconstructed sea level. Plots show (a) sea-level change, (b) the negative rate of sealevel change, and (c) CO2 emissions from a section of mid-ocean ridge. The lag is ∼ 90 kyrs.
(Burley and Katz, 2015)
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This handout simply provides a brief introduction to the relevant literature on links between
glacial cycles and volcanism. I urge you to read through the references above yourself, and form
your own opinions on this controversial topic. There are strong opinions held on both sides,
which has made for some very vocal disagreements at recent conferences.
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