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Rapid transcrustal magma movement under
Iceland

Euan J. F. Mutch®©™, John Maclennan, Oliver Shorttle "2, Marie Edmonds ©' and John F. Rudge ®3

Magma supply from the lower crust is often proposed as a trigger mechanism for volcanic eruptions. The timescales over which
magma can be transported from the deepest parts of volcanic systems are, however, poorly constrained. This uncertainty poses
problems for the construction of physical models and for assessment of volcanic hazards. Here, we combined geothermo-
barometry with Bayesian inversion diffusion chronometry on primitive olivine crystals from the Borgarhraun eruption, north-
ern Iceland. We find that magma took about 10 days to ascend from near-Moho storage at 24 km depth before its eruption,
and therefore present timescales for transcrustal magma transport on the global spreading ridge system. Our results reveal
a rapid connection between the lower and upper crust with melt transport rates of 0.02 to 0.1ms", which are consistent with
the propagation rates observed in seismic swarms in the Icelandic lower crust. Monitoring of such events using surface CO,
fluxes may provide one of the earliest indicators that an eruption is imminent. At the high transport rates and low CO, contents
estimated for the Borgarhraun eruption, any effect of rising magma on surface CO, fluxes is limited to a period of less than two

days before eruption.

are fed by widespread magmatic systems that extend from

the base of the crust to the surface’. In mafic systems such as
Iceland, Hawai’i and the mid-ocean ridges, crystallization of melts
has been shown to occur in stacked sill-like bodies over a range
of depths’. Establishing the timescales of the magmatic processes
operating in such systems is a major focus of volcanic petrology.
Diffusion chronometry has developed into a vital tool for resolving
the timescales of volcanic processes. This method involves model-
ling the diffusive relaxation of compositional boundaries within
zoned crystals at magmatic temperatures, and has been particularly
important in capturing the final stages of magma assembly before
eruptions. A number of studies of shallow mafic systems have estab-
lished that the timescale between magma recharge and eruption
can be short, often occurring days before an eruption’*. In con-
trast, little is known about how rapidly melt can move through the
lower crust.

Rapid transport rates (0.1-10ms™") from the mantle have been
reported for exotic magma types such as kimberlites’ and alkali
basalts'®"" that are derived from low-degree, volatile-rich partial
melts. However, ascent timescales of the tholeiitic and calc-alka-
line magmas that feed most of the Earth’s active volcanism remain
poorly constrained. Moho-to-surface transport rates at one volcanic
arc have been estimated to be 0.0005-0.001 ms~' by Ruprecht and
Plank’?, who used a thermal model to argue for deep crystallization
of forsteritic olivine. Here, we establish pre-eruptive transport times
for magma that shows compelling geobarometric evidence that it
was once stored close to the Moho. We use a Bayesian approach
to robustly characterize uncertainties in the diffusion chronometry
and to concurrently fit multi-element profiles in olivine crystals.

Borgarhraun is an early postglacial (10.5-7kyrBp) primi-
tive basaltic lava flow located in the Northern Volcanic Zone in
northern Iceland. It displays strong petrologic evidence that it was
sourced from primary magmas that resided close to the Moho (at
approximately 20km depth", see Fig. 1), and thus provides direct

| here is growing evidence to suggest that active volcanic regions

insight into lower crustal processes. It contains a primitive crystal
cargo of magnesian olivine (Foy, o,), clinopyroxene (Mg# of 0.87-
0.92), Cr-spinel (Cr# of 0.25-0.42) and plagioclase (Ang,_,,) that
was initially in equilibrium with a suite of diverse mantle melts'.
This is shown in the diversity of the trace element composition of
olivine-hosted melt inclusions'. Independent geobarometry using
clinopyroxene-liquid equilibria'>'® and the position of the oliv-
ine-plagioclase-augite-melt saturation boundary (OPAM)" indi-
cate that crystallization took place at approximately 24km depth
(Fig. 1). Ultramafic cumulate nodules from Borgarhraun often
show rounded crystals of olivine surrounded by clinopyroxene in
a poikilitic arrangement (Fig. 2). This texture suggests that clinopy-
roxene replaced plagioclase as the third liquidus phase; a phenom-
enon observed experimentally at pressures greater than 0.6 GPa
(refs. ). Strong correlations between CO, and incompatible trace
elements in olivine-hosted melt inclusions also suggest that crys-
tallization took place at depths below which CO, exsolves into a
vapour phase®.

Timescales of pre-eruptive magma mixing and transport
Individual and wehrlite olivine crystals were picked from clean,
glassy tephra present in the Borgarhraun eruption crater. These
olivines are normally zoned in forsterite content (Xj,), Ni and Mn
with rims in contact with the matrix glass (Fig. 2). The rims grew in
response to the crystal mush being disaggregated, entrained into a
carrier liquid (that is, melt) at depth and subsequently transported
to the surface?.

Diffusion chronometry can be used to estimate the timescale of
these processes. Current obstacles in extracting robust magmatic
timescales include selecting appropriate initial conditions and
deconvolving the effects of crystal growth and diffusion***. Here
we use aluminium, a slow-diffusing element in olivine that has been
shown to be immobile over the timescales of interest***, to iden-
tify the compositional control of crystal growth, and as a proxy for
initial conditions. Of the 20 crystals in which Al was measured, we
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Fig. 1| Crystallization of near-Moho magmas underneath the
Theistareykir volcanic system. a, Schematic cross-section below
northern Iceland showing the petrological model for the formation of the
Borgarhraun magma (not to scale). Primary magmas leave the melting
column and pool at the Moho before being transported to the surface for
eruption. b, Storage depth estimates of the Borgarhraun magma. Pressure
estimates for different clinopyroxene-liquid pairs are shown in the kernel
density estimate (KDE) distributions that have been smoothed with a
bandwidth of 0.14 GPa. The blue KDE corresponds to pressure estimates
made by Winpenny and Maclennan', and the grey KDE shows pressure
estimates by Neave and Putirka’. The yellow diamond shows the pressure
estimate made by the OPAM barometer"”. The CO, solubility curve
calculated for the Borgarhraun tephra glass composition*” is shown by
the red line. The black dashed line shows the point at which CO, from the
Borgarhraun magma exsolves into a fluid phase.

identified two distinct populations. In the first population, there is
prominent decoupling between X, and Al (n=13 crystals), which
indicates control by both growth and diffusion (Supplementary
Fig. 2). We will refer to this population as Al-decoupled. In the sec-
ond population, Al linearly correlates with X, across the crystal
rim (n=7 crystals), which indicates dominantly growth-controlled
zonation (Supplementary Fig. 3). This population will be referred to
as growth-dominated.

We have developed a finite element model for the one-dimen-
sional diffusion of multiple elements in olivine (Fe-Mg, Ni, Mn)
using FEniCS*, and have combined this with a nested sampling
Bayesian inversion”” (see Methods) to estimate the timescale of
crystal entrainment into the carrier liquid and transport to the sur-
face. Al contents were converted into initial conditions for X, Ni
and Mn assuming a linear relationship between Al and each ele-
ment during olivine fractionation, and using a linear working curve
between core and rim compositions. In all cases, a rim Al content of
250-260 ppm was used (see Methods). This meant that the shapes of
Al profiles were mapped into X, Ni and Mn space, and were then
used as initial conditions (now referred to as Al-based conditions).
In X;,, Ni and Mn versus Al space these initial conditions appeared
as straight lines (see Supplementary Figs. 2-23). Temperature (T),
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pressure (P) and ferric iron content of the melt (Fe**/Fe,,,) were
assigned Gaussian prior distributions in the modelling, with 1o
error estimates of 1,230 +30%, 0.8+0.14 GPa'>"" and 0.14 +0.02%.
To ensure correct error propagation, we re-examined the cova-
riance in error structure for multivariate linear fits of published
experimental diffusion data****~*%; commonly parameters in the dif-
fusion coefficients have been treated as independent. Combining
this uncertainty structure with the uncertainties in the intensive
parameters (P, T and oxygen fugacity (f,,)) in the Bayesian inver-
sion allows for more robust timescale uncetrtainty estimates, and the
simultaneous consideration of all measured elemental observations.
The inversion typically converged on short magma transport
timescales using Al-based initial conditions. A median timescale
of 12.6d was estimated for all modelled crystals (defined as global
median), and 95% of the retrieved timescales were shorter than
37.5d (Fig. 3). The growth-dominated crystal profiles returned
median times of 7.2d and the Al-decoupled crystals with median
timescales of 16.4 d. The shortest growth-dominated crystals return
times of 1.5-5d. If growth is not considered and the crystal profiles
are modelled using constant initial conditions, then the inversion
calculates much longer timescales with a much wider range (global
median of 24.6d and 95% quantile of 73.5d). This emphasizes the
importance of detailed screening of crystal chemical profiles.

Determination of transcrustal magma ascent rates

The diffusion timescales recorded by the growth-dominated and
Al-decoupled subpopulations should both represent mush entrain-
ment and transport. The range in median timescale estimates (7.2
16.4d) ultimately falls within the uncertainties of the method (see
Supplementary Table 5 for uncertainties), but could also be recon-
ciled by sectioning and anisotropy effects’ or by considering incre-
mental break-up and entrainment of the mush nodules into the
carrier liquid’. As Borgarhraun was a pre-historic eruption, there
are no records of eruption duration; however, it is expected to be
similar to modern basaltic fissure eruptions which can typically last
between months and years (for example the 2014-2015 Holuhraun
eruption®). The tephra collected as part of this study was one of the
last products of the eruption, hence a feeder dyke had already been
established with magma being continuously extracted. One possible
interpretation is that the longer timescales of the decoupled crys-
tals may have been caused by earlier entrainment into the carrier
liquid with a longer residence time at high temperature, whereas
the growth-dominated timescales represent later entrainment with
rapid transport to the surface following soon after. If this were the
case, then it could be speculated that the shorter timescales (1.5-5d)
represent the final transport time. The low dispersion in crystal res-
idence times from Borgarhraun is consistent with the contention
that basaltic fissure eruptions are efficient at extracting their crystal
load, as is inferred for the 1783-1784 Laki fissure eruption’.

The OPAM barometer, which is based on rim-equilibria (Fig. 1),
suggests that rim crystallization took place close to the Moho'". This
would mean that the diffusion timescales represent more realistic
maximum Moho-to-surface transport times than studies that do
not constrain rim crystallization depth (for example ref.'?). A sig-
nificant change in the major element chemistry of the melt associ-
ated with shallow crystallization would shift the OPAM estimate to
lower pressures and would produce a large fraction of small crystals
in the glass, which is not observed. Rapid ascent rates are needed for
OPAM to preserve near-Moho pressure estimates. Near-adiabatic
conditions associated with rapid magma ascent would preclude
significant shallow crystallization given that the olivine saturation
curve is subparallel to the adiabat and that any cooling would be
minimized by efficient dyke transport’’. Rim crystallization was
likely to have been associated with the cooling of the resident melt
in the open magma body following disaggregation of slightly cooler
mushes from the chamber margins.
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Fig. 2 | Ultramafic cumulates from the lower Icelandic crust. a,d, QEMSCAN Fe maps of wehrlitic nodules from Borgarhraun that have been colour-coded
by mineral: olivine (Ol, green), clinopyroxene (Cpx, blue), glass (Gl, pink) and spinel (Sp, light green). Profile positions are shown as red lines. Scale bars,
1Tmm. b,c.e f, Accompanying plots showing representative zonation profiles from included magnesian olivines. Al and Mn data are grey and forsterite
content in mole fraction (X;,) and Ni data are in red. Blue curves show the modelled fit for the median timescale from the Bayesian inversion (tin b and e)
and correspond to the maximum likelihood fit from all three elements (X,,, Ni and Mn). The insets are equal-area pole figures that show the orientation of
the crystallographic axes and the measured profile (red point, marked P). a-¢, Sample BORG_NOD2_N3_C6_P2. d-f, Sample BORG_NOD3_N2_C2_P2.
Both are Al-decoupled crystals (see Supplementary Figs. 14 and 17 for initial conditions). The error bars correspond to an average s.d. based on counting
statistics from individual electron probe analyses and repeat measurements of the San Carlos secondary standard.

We can combine our diffusion modelling timescales with the
depth estimates from geobarometry (approximately 24km) to
obtain depth-averaged magma ascent rates of 0.02-0.1ms™". These
would be considered as minimum ascent rates as some component
of the diffusion time may involve crystal residence in the carrier
liquid at depth following mush entrainment. Furthermore, the rate
of ascent will change with depth due to the exsolution of volatiles
and changes in the mechanism of magma rise®. We can then com-
pare our estimated ascent rates to those expected for the buoyant
rise of magma through the crust. We calculate the Moho-to-surface
travel time of the Borgarhraun magma driven by its buoyancy alone
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(see Methods). Assuming a dyke half-width of 0.5m gives an ascent
speed of 3.63 ms™, which is approximately an order of magnitude
greater than the fastest rates estimated by diffusion chronometry.
This could either suggest an overestimation of the dyke half-width
or that mixing at depth contributed to a larger portion of the
residence time. To produce our diffusion-based ascent rates and
maintain thermal requirements for near-adiabatic decompression,
which requires ascent rates greater than 0.0l ms™ (ref.'?), a dyke
half-width of 0.02-0.06 m would be needed. The dyke half-widths
required for our fastest ascent rates using growth-dominated crys-
tals with shorter residence times (approximately 0.1 m for 0.1 ms™)
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Fig. 3 | Timescales of transcrustal magma movement under the Theistareykir volcanic system. a, Cumulative frequency distributions showing the
entrainment and transport timescale estimates from the Bayesian inversion. Grey lines are the distributions for individual modelled crystals. b,c,
Temperature-time density plots showing the Monte Carlo realizations (posterior distribution) for profiles BORG_NOD2_N3_C6_P2 (b) and BORG_NOD3_
N2_C2_P2 (¢) (shown in Fig. 2). These posterior distributions are shown on the axes as blue histograms. The exponential trade-offs between temperature
and time are clearly shown, given the Arrhenian relationship between diffusivity and temperature.

are similar to melt channels with 0.2-0.5m thickness inferred from
geodetic and seismic observations of mid-crustal melt propagation
events'',

Our estimated Moho-to-surface transport times are much faster
than those recently made for arc basalts (0.0005-0.001 ms™")".
These estimates of protracted ascent from the mantle have been
attributed to temporary storage in the crust and punctuated magma
transport'’. Previously, rapid ascent from the mantle was thought
to be exclusively associated with exotic magmas such as nephenel-
ites and alkali basalts (0.1-1ms™)'""". We show that the parental
magmas that feed many of the Earth’s magmatic systems may also
ascend from the mantle at high rates, albeit much lower than those
estimated for volatile-rich magmas such as kimberlites (1-10 ms™)°.
This emphasizes the importance of volatiles in controlling magma
dynamics in addition to magma density and viscosity™.

Constraints on magma transport rates from volcano
seismicity

Microseismicity in the lower crust of the Icelandic magmatic sys-
tems has been linked to melt migration’****. In most cases, this
seismicity was related to crustal accretion and the emplacement
of sills in the lower crust*>*. Lower crustal seismicity temporally
related to eruptions at Eyjafjallajokull*’ and Bardarbunga® has been
interpreted as melt migrating through continuous conduits linking
the upper and lower crust. In the case of Eyjafjallajokull, clusters
of seismic activity were detected sporadically jumping over a range
of depths (12-30km) during a two week period with melt moving
aseismically between the seismic clusters*. Melt injection occurring
in bursts propagating at 0.03-0.05ms™' has been inferred in the
lower crust by White et al.*’. The swarms of microseismicity were
documented to last for hours, punctuated by periods of quiescence
lasting tens to hundreds of hours. These rates of active propaga-
tion are comparable to the ascent rates of this study. However, the
stop-start nature of dyke propagation and the time periods over
which deep seismicity has been detected (weeks to years) could
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suggest that the timescales of initial dyke propagation may take much
longer than the rate of magma transport once an open dyke is estab-
lished. The process of dyke propagation could therefore be the rate-
limiting step in controlling magma ascent from the lower crust.

The CO, outgassing flux before and during eruptions

Monitoring pre-eruptive CO, fluxes at the surface could prove to
be a powerful tool for forecasting imminent eruptions and volcanic
hazards. By combining magma ascent timescales with observational
constraints on the CO, budget of an erupted magma, we can make
exploratory models for the pre-eruptive degassing behaviour that
can be detected. The texture and zoning patterns of olivine crystals
from lava flows of earlier phases of the Borgarhraun eruption are
similar to those observed in the tephra'*'>'”. The consistency in pre-
eruptive residence times inferred throughout some large basaltic
fissure eruptions means the ascent timescales obtained in this study
could be used to approximate pre-eruptive ascent, despite being cal-
culated from late-stage tephra’. The CO, budget of Borgarhraun is
well constrained”, with only the most trace-element-enriched oliv-
ine-hosted melt inclusions being close to vapour saturation. As the
magma underwent minimal degassing before ascent, the bulk CO,
content of the magma can be estimated. The rate of CO, outgassing
at the surface can then be estimated using two endmember scenar-
ios”: open- and closed-system degassing. Pure open-system degas-
sing assumes that CO, can efficiently segregate from the melt once
it exsolves. In contrast, pure closed-system degassing assumes that
there is no removal of CO, before eruption and that all degassing
occurs at the vent. The temporal evolution of the eruption rate was
estimated using a total eruptive volume of 0.35km? (ref.'”) and an
eruption decay rate and duration similar to that of Holuhraun®® (see
Methods). Estimated peak eruptive CO, fluxes of 13 ktd ™" for open-
system degassing (inset in Fig. 4) are comparable to those measured
before explosive paroxysms at Stromboli (11ktd™)*, and those esti-
mated for the recent Icelandic fissure eruptions Laki (20-360ktd™")’
and Holuhraun (50-110ktd!)*. CO, fluxes of a similar order of
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Fig. 4 | Exploratory models of open-system pre-eruptive CO, fluxes

at Borgarhraun. The models use estimated ascent rates from diffusion
timescales and estimates of eruption rate parameters from modern
observations at Holuhraun. Grey dashed lines are flux estimates made
using the median diffusion timescales for individual crystals, and the
coloured lines correspond to flux estimates made from median timescales
of modelled crystal populations. Calculated ascent velocities are shown
next to the curves. The shaded region shows the range of possible fluxes
based on all of the modelled crystals. Inset, the calculated CO, flux during
the eruption, assuming an eruption duration and decay in eruption rate
similar to that of Holuhraun.

magnitude (41.6ktd™") have also been measured from space dur-
ing an eruption at Yasur volcano*. Background soil CO, fluxes rou-
tinely measured in volcanically active regions are typically on the
order of 0.001-0.1ktd" (ref. *).

The bulk CO, content of the melt for Borgarhraun is 628 ppm
(refs.’7?%), meaning that the melt becomes saturated in a CO,-rich
vapour phase at approximately 3km depth® (Fig. 1). For open-sys-
tem degassing, an increase in CO, flux above typical background
levels will be observed approximately 40h before eruption using a
median ascent timescale from the diffusion modelling results of all
measured crystals (Fig. 4). Longer ascent timescales on the order
estimated using Al-decoupled crystals would show elevated CO,
fluxes approximately 50 h before eruption. Elevations in surface CO,
fluxes would only be detected 5-20h before eruption at the faster
ascent rates of the growth-dominated crystals. These detection
times would be considered maximum estimates as bubble segrega-
tion following exsolution can only take place once the yield strength
of the melt is overcome. Only once the diameter of a bubble exceeds
a critical threshold, through expansion and coalescence, can it rise
buoyantly through a moving liquid™. For the closed-system case,
the CO, cannot segregate from the melt and there would be no pre-
eruptive CO, flux. Given the rapid rates of ascent and minimal stor-
age time in the shallow crust, it is unlikely that many CO, bubbles
would grow large enough to segregate from the melt, meaning that
any pre-eruptive CO, fluxes will lie between the two endmember
degassing scenarios. Consequently, detecting elevated CO, fluxes as
an eruption precursor may have limited scope to provide adequate
warning for these volatile-poor magmas that ascend rapidly from
great depth. It also suggests that CO, outgassing from these types
of near-Moho magmas will mostly occur during eruption, which
will have important implications for volcanic inputs to global CO,
budgets. In ocean island settings with more enriched magma suites
(such as Hawai’i), or in volcanic systems in Iceland with higher
initial CO, levels than Borgarhraun (for example Bardarbunga,
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Eyjafjallajokull), vapour saturation occurs at higher pressure and
there is a greater likelihood of elevated CO, fluxes before erup-
tions—as is observed™'. Ascent velocities of these more volatile-rich
magmas may be enhanced by the additional buoyancy supplied by
deeper volatile exsolution™.
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Methods

Analytical methods. Individual olivine crystals and wehrlitic nodules were
separated from fresh glassy tephra collected at the Borgarhraun eruption

crater (65.830°N, 16.881° W) in 2009 and 2014. These were then mounted

in 1” epoxy rounds and polished using silicon carbide papers and Metprep
diamond suspension down to 0.25 pm grade. The texture and zoning patterns of
approximately 100 olivine crystals (both individual and wehrlitic olivines) were
assessed using back-scattered electron (BSE) microscopy and energy dispersive
X-ray spectroscopy (EDS) phase mapping (quantitative elemental mapping
scanning; QEMSCAN) using a FEI Quanta 650FEG SEM at the University of
Cambridge. BSE microscopy images were typically collected using an accelerating
voltage of 10-20kV and a working distance of 13 mm. QEMSCAN maps were
collected using two Bruker XFlash 6|30 Energy Dispersive Spectrometers. The
QEMSCAN system includes an automated spectrum acquisition and classification
procedure. Analyses were performed by obtaining field-scans, providing a
complete characterization of particle surfaces above a predefined electron back-
scatter threshold. The brightness coefficients were calibrated against quartz, gold
and copper. Spectra were collected at 25kV and 10nA with 2,000 total X-ray
counts at a 2 pm spacing, and compared to a species identification protocol (SIP)
that discriminates minerals on the basis of their characteristic X-ray and electron
back-scatter intensities.

To minimize the influence of sectioning and multidimensional diffusive
effects”, crystals with large euhedral faces were selected for more in-depth analysis.
Major (Mg, Fe and Si), minor (Ni, Mn, Ca and Cr) and trace element (Al) profiles
were analysed by electron probe microanalysis (wavelength dispersive X-ray
spectroscopy, EPMA) using a Cameca SX100 with five wavelength dispersive
spectrometers at the University of Cambridge. Calibration was carried out using
a mixture of natural and synthetic minerals and oxides. Instrument drift and
measurement uncertainty was assessed by measuring secondary standards. An
accelerating voltage of 20kV was applied with a working current of 20 nA for
major elements and 200 nA for minor and trace elements. On-peak count times
of 20's were used for major elements and 100-120s for minor and trace elements,
with half-count times off-peak. A spot size of 1 pm was selected, with profile point
spacing varying from 5pm (typically within 150 pm of the crystal edge) and 20 pm
(distances exceeding 150 pm from the edge). This was to ensure both high spatial
resolution and analytical precision, but also to limit analytical convolution between
adjacent activation volumes. Assuming diffusion from an intial step-like function
at 1,230°C in an olivine crystal (along [100]) with Fo,,, the lower limit of 20%
diffusion timescale accuracy for 5 pm spatial resolution would be approximately
0.8, 0.5 and 1d for Fe-Mg, Ni and Mn respectively™. Diffusive anisotropy in
olivine was corrected for by characterizing the lattice orientations of the measured
olivine crystals using electron back-scatter diffraction (EBSD). EBSD data with a
resolution of 1-10 pm were collected at the University of Cambridge with a Bruker
e- Flash HR EBSD detector equipped on the Quanta 650FEG SEM, operating at
20KkV, with a beam spot size of 5.5, and a stage tilt of 70°. The detector resolution
was 320 pixels x 240 pixels, whereas the working distance and sample-detector
distance were 17-30 mm and 12-18 mm, respectively. The data collection and
indexing was performed with Bruker QUANTAX CrystaAlign software™, using a
Hough transform resolution of 60-70. Data were analysed using MTEX V4.0*, a
freeware toolset for the commercial software package MATLAB™.

Diffusion modelling. To characterize the competing influence of growth and
diffusion, compositional profiles of faster-diffusing species (Mg-Fe exchange, Ni
and Mn) were compared with Al (here assumed to be diffusively immobile*-*)
using compositional cross-plots that have been colour-coded on the basis of profile
distance (for example, Supplementary Figs. 4-23). Ca and Cr were measured,

but not included in the inversions. In the case of Ca, this was because secondary
fluorescence from the surrounding glass influenced measurements close to the
crystal edge, making it difficult to estimate appropriate boundary conditions in
the diffusion model. The temporal resolution of Ca, which is a slower diffuser in
olivine™, is not high enough for short-timescale work, and this may introduce
more uncertainty to the Bayesian inversions. For Cr, the data was too noisy to
provide any useful temporal constraints. The diffusivity and anisotropy of Cr also
still need to be refined in natural olivines”-*.

Cross-plots that showed a strong linear correlation between Al and the element
of interest for points close to the crystal edge were deemed to be growth-dominated
and suggest that there was insufficient time to decouple the two elements
diffusively. Crystals with cross-plots that display deviation from linearity in the
rims thus show contributions from both growth and diffusion. A linear working
curve between selected core and rim compositions of Al and the element of interest
was subsequently used to constrain the growth-contributed initial conditions that
were used in the modelling. Here we assumed that the elements of interest and
Al covary linearly during olivine fractionation. The shape of selected parts of the
Al profiles were thereby mapped directly into X, Ni and Mn space to create the
Al-based initial conditions. In X, Ni, Mn versus Al space these initial conditions
appear as a straight line (termed here the linear growth curve). Supplementary
Figs. 2 and 3 show how these initial conditions were constructed and also how
diffusion of the faster elements can cause distributions of X, Ni, and Mn versus
Al to deviate from linearity. During calibration of the linear growth curve, a rim Al
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content of 250-260 ppm was used in all cases, which was the lowest rim Al value
observed in the Borgarhraun crystal population. These values were used to try and
eliminate the effects of analytical contamination and secondary fluorescence from
the adjacent glass. This was particularly important for crystals with very thin rims
for which the outer rim point may not have been analysed properly (for example,
Supplementary Fig. 10). In some growth-dominated crystals Ni and Al did not
correlate, which we attribute to boundary layer effects on growth or complexities
associated with mixing the host melt with the mush liquid®. In such instances, Al
did not form a representative initial condition, but was still incorporated into the
modelling framework. These crystals produced much larger timescale uncertainties
as the fit to the data was poorer.

The temperature of the carrier liquid (1,230 +30°C) was estimated using
the Sugawara® melt thermometer; pressure (0.8 +0.14 GPa) was estimated using
both clinopyroxene-liquid'*'° and OPAM barometry'”*'. A Fe**/Fe,,, value of
0.14+0.02, typical of depleted Icelandic basalts®, was used. Oxygen fugacity was
calculated from glass compositions and Fe**/Fe,,, using equation (7) of Kress and
Carmichael”. The activity of SiO, (ag;q,) of the Borgarhraun magma (0.62+0.03)
was calculated using rhyolite-MELTSv1.0.2>** using the liquid’s affinity for quartz
of measured tephra glass compositions®.

New multivariate regressions through a compiled database of olivine diffusion
experiments***~** were conducted for Fe-Mg exchange (Global and TaMED
mechanisms), Ni and Mn diffusion along the [001] axis. The least squares multiple
linear regressions are expressed in the form shown in equation (1), with best fit
parameters for each element presented in Supplementary Table 1. Previously
the uncertainty structure of diffusion experimental fits has been assumed to be
independent causing significant overestimations in uncertainty”'>*.

i

. -+
In Djyy ;= a;+ b, lnf02 + Xt K T +jP+k; In age, 1)

Pis expressed in Pa, T'in K and Infy_in its native form (that is, f02 is in bar).
Dy is the diffusion coefficient parallel to the [001] axis; a;, b;, ¢, g;, h;, j; and k; are
the best fit parameters for diffusing species i derived from the multivariate linear
regressions. Diffusive anisotropy is taken to be six times faster along the [001] axis
than the [010] and [100] axes for each element®’.

We present the covariance matrices (Supplementary Tables 2 and 3) associated
with these new regressions so that the uncertainty structure associated with the
experimental fits can be rigorously explored. It is currently accepted that Mn
tracer diffusion occurs by a similar mechanism to that of Fe-Mg exchange®’.
Consequently, Fe-Mg diffusion experimental data were used to supplement Mn
data to determine the diffusive dependence of Mn on forsterite content. The
regressions recover all of the experimental data within 0.5 log,, units and are
consistent with previously reported equations**** (Supplementary Fig. 1). Minor
differences between the regressions of this study and previous equations (for
example Dohmen and Chakraborty™) are due to slight differences in calibrant
datasets. Dohmen and Chakraborty* include unpublished diffusion experiments
by Meifner®”, whilst we include more recent data from Spandler and O’Neill*".
These differences only culminate in a factor of two difference in recovered
timescales for the TaMED Fe-Mg diffusion mechanism, which is minor in
comparison to the uncertainties introduced by other parameters (most notably
temperature). Recently, ag,, was shown to have an influence on the diffusivity
of trace elements in olivine (particularly Ni and Mn)**; its effect on Fe-Mg has
yet to be fully explored due to difficulties in buffering ag,, during an exchange
reaction™. As previous experiments were not explicitly buffered for g, the new
data could not be incorporated into the dataset used in the regressions. éeparate
regressions and covariance matrices for diffusion along [001] were derived for
experimental datasets that were explicitly buffered for a g, .

One-dimensional finite element diffusion models deveioped using FEniCS*
for Fe-Mg exchange, Ni and Mn were combined with a Bayesian inversion, using
the MultiNest algorithm?>"° and the Python wrapper PyMultiNest™, to invert for
magmatic transport timescales and rigorously assess the associated uncertainties.
Each diffusion model used a Crank-Nicholson time-stepping scheme’ and linear
finite elements were used to represent elemental concentrations. The standard
number of mesh points for a profile of length L was set to 300. The number of
timesteps in each Monte Carlo realization was kept constant at 300, the sizes of the
timestep were therefore not kept constant. During each realization the numerical
stability of the solution was assessed using the Courant-Friedrichs-Lewy condition
(equation (2)). If the Courant-Friedrichs-Lewy value exceeded 0.5, the mesh
was coarsened so that this criteria could be met. However, optimal standard
timesteps and mesh intervals were selected initially on the basis of the expected
diffusivities and observed lengthscales of diffusion. Therefore any significant mesh
coarsening would only occur at conditions far outside the prior values used in the
Bayesian inversion. As the diffusivity of all the elements of interest is dependent
on forsterite content (equation (1)), a spatially dependent version of Fick’s Second
Law was used in the modelling (equation (3)). Fe-Mg exchange was treated as
nonlinear and was solved first at each timestep using a Newton solver. Ni and Mn
diffusion was treated as a linear problem and was solved at each timestep using the
corresponding Fe-Mg (forsterite) solution. The models assumed that there was a
semi-infinite reservoir that the elements of interest could diffuse into. Dirichlet
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boundary conditions (fixed boundary conditions) were therefore maintained at
the crystal edge (x = 0) and Neumann boundary conditions (no-flux boundary
conditions) employed in the crystal interiors (x = L). Both Al-based initial
conditions (growth and diffusion) and constant initial conditions (diffusion only)
were used in the modelling.

AtD
<
(Ax)

@
in which At is the timestep, Ax is the mesh spacing, D is the diffusion coefficient,

aC _ 0 oC
—=—|D(C)— 3
Jat  ox [ © o0x ] ®
in which ¢ is time, x is distance and C is the concentration of the diffusing species.
Boundary conditions: C=C;, on x=0, a—i =0onx=L

In each model, diffusivity parallel to the measured profile (D,), which accounts
for diffusive anisotropy, was calculated using equation (4)*"%:

2 2 2
D, =Dyy49c08"a + Dyg41c08°ff + Dy cos’y (4)

in which a, f and y are the angles between the profile and the [100], [010] and [001]
axes respectively. Dy, Djgyo and Dy, are the diffusion coefficients parallel to the
[100], [010] and [001] axes.

As f was above 107" Pa, the TaMED diffusion mechanism equation was
used forcige—Mg exchange. A log uniform prior was used for time (0-1,000d).
Independent Gaussian priors, set with 1o uncertainties, were used for intensive
parameters including T, P, Fe**/Fe,,, and ag;, . Multivariate Gaussian priors
were used for coefficients in the diffusion equations, which are controlled by
their respective covariance matrices. The variation in T, P and Fe**/Fe,, for
each of the runs is also shown in Supplementary Figs. 24-26 with marginal plots
shown in Supplementary Figs. 27-46. The log likelihood function of the inversion
employed a »* misfit between the model and all measured observations, which
were weighted by their analytical uncertainties. The MultiNest algorithm employed
ellipsoidal nested sampling”*"". A fixed size of parameter vectors or ‘livepoints’
(n=400) were drawn randomly from the prior distributions and were clustered
into multidimensional ellipses. New points were selected from the prior within
this ellipsoid until one with a likelihood that was greater than the lowest likelihood
point was obtained; this point was then removed””*”". The selection of diffusion
coefficient prior points using the derived covariance matrices reduced the size
of the parameter space explored and thus reduced uncertainty. The algorithm
terminated once convergence of the marginal likelihood was attained.

In the case of growth-dominated profiles, the inversion timescales were
probably the result of smoothing of the Al-based initial conditions, but still
demonstrate that there was insufficient time for effective diffusive decoupling
within the resolution of conventional olivine geospeedometers (Fe-Mg, Ni, Mn)
applied to profiles measured using standard EPMA means™.

To assess the effect of Asiop We also modelled the diffusion of Ni and Mn
using an a;;,, for Borgarhaun of approximately 0.62 + 0.03 and using the ag;,,
-dependent diffusivities*. These calculations show that ag;o, affects the timescale
estimates only marginally for Al-based initial conditions: a global median of 12.7d
and 95% quantile of 38.7d.

Physical modelling. The buoyancy-driven transcrustal magma ascent rate is
calculated, which provides a theoretical minimum transport time based on the
magmas physical properties. We assumed laminar flow in the centre of an elliptical
dyke, meaning that maximum velocities were calculated. We initially assumed that
dyke half-width was approximately 0.5 m, consistent with typical dyke widths of
0.1-7 m observed in Iceland**”’. The mean speed of magma, i, through the cross-
section of the dyke was calculated using an approximation (equation (5)):

2
w

A 5)
where Ap is the density difference between the magma and the host rock, w is the
dyke half-width, g is gravitational acceleration and y is the magma viscosity. The
host rock density was assumed to be constant at 3,000 kg m~* throughout the entire
crustal column. The melt density was calculated to be 2,820 kg m~ using the model
of Lange and Carmichael™ and the intensive parameters and melt composition
used in the diffusion modelling (see above). As volatile exsolution has been shown
to take place in the shallow crust (CO, at approximately 3 km depth and H,O at
approximately 1km), any density changes associated with exsolution and bubble
growth were not considered. Melt viscosity was calculated to be 9 Pas using the
viscosity model of Giordano et al.”. The crystal content of Borgarhraun is typically
low (8-10%), so any changes in effective viscosity associated with crystallinity
were not considered any further. We then rearranged equation (5) to calculate
the dyke half-widths that would be required to satisfy thermal and diffusion
chronometry constraints.

CO, flux estimate calculations. The eruptive volume of Borgarhraun has been
estimated as 0.35km? (ref. '7), which is similar to recent large fissure eruptions in

Iceland (such as Holuhraun). The eruption duration and decay in mass eruption
rate were therefore assumed to be similar to that measured at Holuhraun*. A
similar style of exponential decay in mass eruption rate has been suggested for
Laki™. The initial mass eruption rate was calculated by integrating the mass
eruption curve (equations (6)-(8)) and substituting values for the total mass
erupted (1.015 X 10" kg, assuming a lava density of 2,900 kg m~), the eruption
duration (6 months) and the decay rate (1.37 X 1077)*.

F=Fe™ (©6)
Ly
/ Fdt=M @)
0
M

Fo 1 — exp(—4t,) ®)
in which F is the mass eruption rate, F, is the initial mass eruption rate, M is the
total mass erupted, ¢, is eruption duration, ¢ is time and 4 is the decay constant.

A bulk melt CO, content of 628 ppm was calculated using the average CO,/Nb
content measured in olivine-hosted melt inclusions (391)*" and multiplying it

by the measured Nb content of crystal-poor whole rock samples (1.62 ppm)"”.

The CO, solubility in the melt was then calculated using the parameterization of
Shiskina et al.”” using Borgarhraun carrier liquid parameters. Exsolution of CO,
was estimated to start at approximately 3 km depth and was assumed to instantly
segregate from the melt (open-system degassing). At such shallow depths the
solubility curve becomes almost linear, allowing the rate of CO, release from the
melt to be assumed to be constant. The rate of CO, release was then used in a
normalized top hat filter function (s, equation (9)), which was then convolved with
the mass eruption curve (equation (10)). The peak in CO, flux corresponds to the
start of the eruption, where mass eruption rate is at its greatest, and any CO, flux
before this point was considered to be pre-eruptive for an open-system degassing
scenario.

0, i<t
VZ
O=1 4 ©

€O,

v,, otherwise

t
foo, O =(F*9) (1) = /F(T)s(t - 1)de (10)
0

in which feo, i the CO, flux, v, is ascent velocity, C,_ is the concentration of CO,,
s is the top hdt filter, t and T are time, z is depth and z,,, is the depth at which CO,
becomes saturated in a fluid phase.

Data availability

The data that support the findings of this study, including Supplementary Datasets
1-3 and Excel spreadsheet versions of Supplementary Tables 1-5, are available from
the BGS National Geoscience Data Centre at: https://doi.org/10.5285/0ad0959d-
aa0e-4b79-9077-20216a02922a.

Code availability

We are unable to make the computer code associated with this paper available
at this time because it will be the focus of a future methods paper. The diffusion
model code and Bayesian inversion in its current format are available on request
from the corresponding author.
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