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Key points

1 Combined geophysical and petrological constraints provide a detailed picture of the sub
volcanic architecturat Wolf volcana

1 Wolf is underlain by twaliscretemagma storage regions: owéhin the edifice, the other in
the lower crust.

1 Almost all themagna ejectediuringthe 2015eruption ofWolf wasderived fromthe lower

crust
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Abstract

The 2015 eruption of Wolfolcanowasone of thdargesteruptions in th&alapagogslandssince the
onsetof routine satellitebasedvolcanomonitoring It thereforeprovides an excellent opportunity
combine geophysical and petrological dat@ place detailed constraints on the architecture and
dynamics of swvolcanic systems in the westearchipelago. We presenewgeodeticnodelswhich
show thatpre-eruptiveinflation at Wolf was caused bgnagma accumulation ia shallowflat-topped
reservoir at ~1.1 km, whereas edificecale deformation during the eruptionwas related to a
deflationary sourcet 6.1 8.8 km. Petrological observations suggest tha erupted m@iterial was
derived from both a subolcanic mush and a liguidch magma body Using a combination of
olivine-plagioclaseaugitemelt (OPAM) and clinopyroxenmelt barometry we show thatthe
majority of magmaequilibration, crystallisation and musintrainmenbccurredat a depth equal to or
greater than the deeggeodeticsource with little petrological evidence of material sourced from
shallower levelsHence, our multidisciplinary study does not suppoitilly transcrustal magmatic
system benehtWolf volcano before the 2015 eruptiomut instead indicatesvo discretestorage
regions, with a smathagma lenat shallow levels and the major zone of magma storage in the lower
crust, from which most of the erupted material was soursgatedominace oflower crustal magma
storagehas previously been thought typical sfibvolcanic systems in theasternGalapagos
Archipelago,but our new data suggest that this naégo occur beneatthe more active volcanoesf

the western archipelago.
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1. Introduction

Determining thecrustalscalearchitecture of magma plumbing systems is essential for understanding
subvolcanic processesuch as crystallisation, magma miximgush formatiorand assimilationas

well as recognisingcritical preeruptive dvarningd signs in volcano monitoring dat&efore awl
during eruptiors, magma storagedepths can be inferred from geophysical and geochemical
observations at t h egrolhd detorimatispAmselumgfeteakc2600;Bigga et &l.u di n g
2009;Hooper et al. 2004;0feigsson et al.2011] seismic activityf Aspinall et al, 1998;Davidge et

al., 2017;Gudmundsson et all994] andgas emissionfBurton et al, 2007;McCormickKilbride et

al., 2016] Following eruptiors, storage deptlstimatesan be obtained frometrological analyses of
erupted materiathrough theapplication of experimentalgalibrated geobarometefButirka, 2008;
Ridolfi et al, 2010; Yang et al. 1996] Geophysical and petrological constraints a often
combinedto studythe architecture of subolcanic systemdargely becausdooth datasetareseldom
simultaneouslavailablefor the same erupti@jJay et al, 2014] In the rare circumstance where both
robust geophysical datasets and rock samples are avaitdblgation carprovidebetter constraints

on magma storage depthsdditional informationabout the structure and dynamics of magma
plumbing systems, andn improved understanding othe processes responsible fpre-eruptive
monitoring signal§Gudmundsson et al2016;Halldérsson et al.2018;Hartley et al, 2018;Jay et

al., 2014;Kligel et al, 2015;Laeger et al.2017;Longpré et al. 2014;Magee et al.2018;Stock et

al., 2018]

The GalapagosArchipelago is one of the most volcanically active regions on Earth, with eruptions
typically occurring every2 years on average and thereforeprovides a natural laboratory for
volcanology and otheEarth sciencege.g. Harpp et al, 2014] The most recent eruption of Wo
volcano, locatedh the north ofisabela IslandFig. 1), occurred betweeB5 Mayi 11 July 2015 and
produced ~16-10° m® of basaltic lavaBernardet al, 2018, making it one of the most voluminous
eruptions in the Galapagos Islands in recent ydatexrferometric Synthetic Aperture Radar (INSAR)
surface displacement measuremenésve recorded ground motion at Wdaince 1992[Fig. 1a;

Bagnardj 2014] providingthe means to track magma accumulation beneath the swdacenore
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than two decades prior to the 2015 eruptim8AR data alsowvell image surface displacements
cause by dike intrusion anagnagma withdrawadluringthe eruptionofferingan excellent oppaunity

to integrate petrological and geophysical techniques to obtain a comprehensive picthee of
magmatic plumbing systerat an active ocean islandolcana Petrological data from the 2015

eruptionallow detailedexaminationof previouslyincompletelystudiedcrystallisation conditions and

crustal magma processing in Baldpagog\rchipelago.

In this study, we present negeodetic models constrained by inversionsit8AR data atWolf
volcano that accurately constrain the depths of p@nd syreruptive sourcesof deformation
interpreted as potential areas of magma stoffgethenundertake geochemicahalysisof eruped
material and apply recently developedpetrological barometers to establish the pressures of
crystallisation, muskentrainmentand magmastorageand equilibrationin the subvolcanic system.
We show thatcomparinggeophysical constraintaith independentpetrological barometersan
provide mutual verification of results anadditional detailaboutthe dynamicsand architecture of
subvolcanic systems This represents the modetailed study of magma storage depths in the
GalapagosArchipelagoto date and the first attempt tuantiatvely reconcile geochemical and
geophysicalresults Our results are widely gjicable to interpreting subolcanic processes in the
active westeriGalapago#rchipelagowhere previougeodeticstudies have detected similar patterns
of deformation[e.g. Bagnardi and Melung 2012] and maybe important for informing future
volcano monitoring Furthermore,by robustly applyingpetrological and geophysical methods,
accounting for the uncertainties in both datasets, we highlight the utility of multidisciplinary

approaches to studying the structure ofgolzanic systems globally.

2. Geological Background

The western suprovince of theGalapago#rchipelago comprises seven distinct volcanic centres on
the islands of Isabela and FernandiRay. 1). These are psomal to the upwellingsalapagoplume
and are characterised by frequemtptive activityrelative tothe older volcanoes in the eastern

archipelago[Geist et al. 2014; Harpp and Geist 2018; Villagbmez et al. 2014] The western
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Galapagosrolcanoedikely emerged <50&yr ago[Kurz and Geist1999]andthe erupted products

are dominanthpasaltic lava and neaent tephrd Geist et al. 2014]

Wolf is the highestolcanoin Galdpagosreachingl 710 m above sea | saupl ,
bowl 6 mo, typdalmfl the gvgstern sytrovinceshields[McBirney and Williams1969] The
volcano istoppedby awell-developedcaldera(6 km diameter, 700 m deepyhich formed through
multiple collapse eventgMunro and Rowland1996] It sits on the northwesternextremity of the
GalapagosPlatform ontop of ~11 km thick, ~10 Myr old oceanic crusfFeighner and Richards
1994;Wilson and Hey1995] There have beerkeportedbasaltic laveeruptions at Wolfzolcanoin

the past 220 yearfeight in the last centurySiebert et al. 2011] which occurredeither from
circumferentialfissures on the caldera rim or radial fissures on the flf@kadwick and Howard
1991] Before 2015, thenost recentruption was in 1982which producedavas from a vent within
the caldera and a secondary fissanethe southeast flanlGeist et al. 2005] Past Wolferuptions
sampl@ melts that are enriched in incompatible trace elements, similar to other wési@pagos
volcanoes, but show langterm isotopic depletiorin their mantle sourgeanalogous tanid-ocean
ridge basalfMORB; Geist et al. 2005] The eruptedmelts have remarkably homogeneous MgO
concentrations (typically 5(%.5 wt%), interpreted as evidence for thermal and compositional
buffering of themagmatic systerh ma i nt ai ned a tGeist & &32005] in/cantragt,he A C;
Al,O; concentrationsof pre2015 lavas (i.e. wholerock samples)vary significanty, due to

plagioclase accumulation frothe erosion of a suvolcanic mustzone[Geist et al. 2005]

2.1.Previous constraints oiGalapagosnagma storage depths

Due to their remoteness, our knowledgfemagma storage deptheneathGalapagossolcanoesis
largely based omremote sensingdata (almost exclusively spaegeodetic dafa with limited
petrological constraints. On long timescal@sost volcanoes in the western archipelagbow
protractedgrounduplift, related to shallow magma accumulatiarflat-topped reservoirat 1i 2 km
depthbeneath the surfagdmelung et a).2000;Bagnardi and Amelun@012;Bagnardi et al. 2013;

Chadwick et al.2011;Xu et al, 2016;Yun et al. 2006] Long-term subsidence, possibly related to

and
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crystallisation andatontraction of a shallow magma body~& km depth has also been observed at
Alcedo [Hooper et al. 2007] Evidence for additional, eeger magma storagat >5 km hasbeen
identified in INSAR datafrom Fernandina[Bagnardi and Amelung2012; Bagnardi et al. 2013;
Chadwick et al.2011] Cerro Azul[Bagnardi and Hooper2018]and Wolfvolcano[Xu et al, 2018,
and byseismidty patternsat Sierra NegrgDavidge et al. 2017] There arecurrently no geodetic
constraints on magma storage depths beneath volcantieseasteriGalapagog\rchipelago,due to
the infrequency of historic eruptionSiebert et al. 2011] and the apparentabsence otlearinter-

eruptive deformation

Current mtrologicalconstraintson Galdpagosnagma storage deptinsly entirely on comparison of
wholerock lava compositions witlthe parameterisationf the MORB olivine + plagioclase augite
+ melt (OPAM)pseudeinvariant pointdefinedby Grove et al[1992]. These omparisons were made
by eye and,ri the western archipelago, individual eruptions retumvide range ofmagmastorage
pressuredetween 1 baand 3 kbar[i.e. 0/ 11 km depthGeist et al. 1998;Naumann et al, 2002]
Togethemwith geophysical constrainendother petrological observatiorthese barometriestimates
have beerused to construct a general modetkted magmatic systems, in whickesternGalapagos
volcanoes are underlain by vertically extensive neahmns capped by shallow liquidch magma
reservoirdCerro Azul is an exception as there is no evidence for shallow magma s@aisfeet al,
2014] The amount ofnagma processing at different crustal lewaid tte extent of mixing between
magma batcheBom differentstorage regionsemainunconstrainedGeist et al. 2014] In contrast
with the westernGalapagosvolcanoes, petrological analyses frahe easterrarchipelago return
storage pressures >5 kij&eist et al. 1998] This isinterpretedas indicating aifferentstyle ofsub
volcanic architecturein which magmas arstored almost exclusivelyin the mid-to-lower crust

[Harpp and Geist2018]

3. The 2015 Wolf eruption

After 33 years of quiescencd@/olf volcanobeganeruptingon the 25 May 2015 fromna~800m long

circumferential fissure on the southeast side of the cal#fégalc). Eyewitnesses on the west flank
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of the volcano report the onset of eruptioetween00.30and 00.45local time)on 25 May when

they felt seismicity and observed an ash plume, illuminatedalg incandescence armblcanic
lightning (David Anchundigan eyewitnesgo theeruption] personal communicationJhe eruption

was accompaniedy a series okeismic eventsrecorded by an Instituto Geofisicgismometepn
Fernanding FER1) beginningat 23:50 on 24 Mand culminatingwith the largest event (M3.8) at

00:58 on 25 Maywww.igepn.edu.ec/servicios/noticias/18@forme-especialgalapagoso-2-2015.

The first direct observation oferupted lava flowsvas by the crew of théa Pinta tourist ship at

01:29. During this initial phasethe NASA Ozone Monitoring Instrumentcordeda major plume
extending northwest from the vent and a subsidiary plume extending eastwards; this transported

cryptotephra that was detected >1000 km away in QB#onard et al. 2015]

The first lava produced in the2015 eruptionflowed down the flanks of the&olcano and were
associated with a >100 m high lava fountiiom the southeast summit fissuteva initially moved
southeast, reachingd-km from the vent. After 112 days the southeast flogtopped,and activity
transitioned to the east flank of the volcano (Fig). The easternava flow reached the sea (~7 km
from the vent) between6227 May andthe circumferential fissurstopped eruptingn 2 June. After a
hiatus,the eruptiorbriefly resumedrom thecircunferential fissureon 11 Jungbefore switching to a
ventwithin the caldera on the southeast siae13 Jungproducing flows that covered much of the
caldera floor(Fig. 1c) The eruption ended on 11 July. total, ~63-1¢° m® of lava were emplaced
during the circumferential fissure phasethe eruption(i.e. flows on the volcano flanksyith a
further ~53-:10° m* eruptedduring the subsequemlderafill phase(Bernard et al, 2018. The

detailed chronology and phenomenology of the eruption isubgect of an ongoing investigation

Multi-platform surface deformation measurements from INSAR data acquired in the years prior to the
2015 eruption shova ~0.6 mnet intra-caldera inflationary signal between 1992 and2@ad no
deformation between 200and late2010 [Fig. la; Bagnardi 2014] when routine INSAR data
coverage ceaseBoor temporal sampling during 192000 does not allowme-integratedstudiesof

the deformation during this period but data acquired after BB08shown near continuous uplift at a

rate of ~0.045 cm/yuntil the end of 2008Routine INSAR coverage resumed in December 2014 with
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the Il aunch of t he Eur o-p satellite n8ssienc ando-Argpve swyfdces Sent

displacementpresenta complex pattern that has been interpreted as the superposition of deformation
caused by the intrusion of twaubverticaldikes feeding the eruptive fissures and the deflationary
signal produced by magma withdrawal from two sources, locatetl @id~5 km depth, respectively

[Xu et al, 2016] The shallow deflationary source correlates with the depreéruptiveinflation
between 19921997 [Fig. 1a; Amelung et aJ.2000]and 20042008 [De Novellis et a).2017] The
constraints on the deeper source placedXhbyet al.[2016] may be affected by the use of an
incomplete datasdhat does not appropriately include displacementshe far field, south of the
volcanic edifice. Fafield deformation measurements ane fact diagnostic of source depth. We
therefore reanalyspre- and syreruptive surfacedeformation data with the aim of placing robust
constraints on the deglof both magma storageegionsand estimate theassociated uncertainties

using a congruent approach

4. Data, samples and rathods

4.1.InSAR dataand geodetic modelling

To estimatesource parameters ftine shallover deformation source, we usgntheticaperture radar
(SAR) data acquirediuring thelong-term pre-eruptive inflationary periodby the European Space
Agencys (ESA) ENVISAT satellite (Fig. 2) The use of preruptive data allows us to avoid a
complicated signal deconvolutiastherwiseneeded for the syaruptive datgdXu et al, 2016] We
processA5 SAR imagesfrom an ascendingtrack (T061) and44 images from adescending (T140)
track, acquired betweedanuary2004 andDecember 2008vith a minimum repeat pass of 35 days
The SAR dataare used to form interferograms with short temporal and perpendicular baseline
maximise coherence and minimise topographic errors.eBoh track weapply a chain stacking
approache.g. Biggs & al., 2007] where wesum the unwrappeuhterferometricphase otemporally
consecutive interferograms to generate cumulative surface displacementsparafiag the fiverear
interval (Fig. 2a,d) In this approach, theecond image used to form eaakerferogram (commonly

referred to as slave imagms) the reference image (commonly referred to as master image) used to
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form the following interferogramsuch thabrbital andatmospheric contributions froimagesin the

middle of the chain cancel out,cnonly those relative to the first master and last slave remain

To estimate source parameters for the dedper
satellite and spanning the 2015 eruptioffrig. 3). Largescale surface displacements caussd
pressure changes in a deeper magma reservqitinafact, only observed during ik eruption.
Sentinell syneruptive dataare only available for the descending pass of the satellite (track T128)
and areacquired in the Terrain Observation by Progressscans (TOPS) mod&/e form three
Sentinell independent interferogramgi.e. using different image pairs)one during the
circumferential fissureeruptive phasel@ May 205 i 30 May 205; Fig. 33, one spanning the
calderdfill eruptive phasel(l June2015 i 23 June 208; Fig. 3d, and a third one measuring the
displacements associated with both phaéesldy 2015 5 July 205; Fig 39. Given the complex
deformation pattern within and around the summit caldera caused by the convoluted ettfect of
openingof the subvertical feeder dikesd shallow source deflatigbe Novellis et al.2017;Xu et

al., 2016] we maskout a subcircular areaaroundthe caldera and only use far field ddéag.
Bagnardi and Amelung2012] The extent of the mask is constrained using source parameters for the
shallower source and the feeder dikes estimatedibgt al.[2016]. We observe thahese sources
produceline-of-sight displacementghat are <0.01 mat radial distances >6 km from the centre of the

caldera(grey ellipses in Figure 3)

All interferograms ardormed using the INSAR Scientific Computing Environment (ISCE) software
[Rosen et al.2015] and by applying conventional differential INSAR processing techniques for
stripmap (Envisat) and TOPS (Sentii¢l data. Topographic contributions to the interferometric
phase are removed using the NASAuttle Radar Topography Mission -80 resolution digital
elevation model[Farr et al, 2007] and interferograms are phasewraped using the Snaphu
unwrappper [Chen and Zebker2000] implemented in ISCE A list of SAR acquisitions,

interferograms, and radar look vector informatiare provided in th&upportingnformation

(O
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Deformation source paramete@nd uncertaintiesare estimated using a Bayesian approach
implemented irthe Geodetic Bayesian Inversion Softwfe8IS; Bagnardi and Hooper2018] The
inversion algorithm samples posterior probabitignsityfunctions (PDFs) of source parameters using
a Markov chain MonteCarlo method, incorporating the Metropetisstings algorithm, with
automatic step size selectiofosterior PDFsre calculatecconsideringerrors in the INSAR data
which we directly quantify using experimental semivariograms to which we fit an unbounded
exponential onelimensional function with a nugggBagnardi and Hooper2018] The exponential

function is then used to populate the data vari@mos@riance matrix.

We jointly invertthe cumulative displacement maps from the Envisatemporarypre-eruptive data

and estimatsource parameters ftie shallower source, which we model as a horizoetdhngular
dislocation with uniform openin§Okada 1985] For the ®ntinell data, ve independently invert

each syreruptivemaskednterferogram spanning the diffent phases of the eruption and infer source
parameters fothe deeper source, which we modelaainite spherical pressure sourséh fixed

radiusr = 1000 m[McTigue 1987] Other sourcdéypeswith more complex geometriagere tested

but did not provide statistically significant improvements in reproducing the observed surface
displacementsWe therefore opted for the source geometry with the lowest number of parameters.
Since the elevation range spanned by the INSAR measurements is in all cases <1000 m and the
average height of data points is 310 bowe sea levelwe do not consider the effect of topography
when estimating surface displacemeisor to inversions, IeINSAR datasets are subsampled using

an adaptive quadtree samplififecriem et al. 2010] to reduce the computational burdeen
calculating the inverse of the data variagogariance matrix and in forward model calculations
Quadtree is an efficient gradieofsed subsampling method that maintains a higbesity of data

points in areas characterised by higher displacement gradients and vice versa. The algorithm
recursively divides a dataset into sets of four polygons until the phase variance of the points within a
polygon is below a given thresholBor all models,we assume that the deformation sources are
embedded in an isotropic elastic hallfp ac e wi t h P &i0.255Sinoedtns detaibed priar

information on the deformation source paranwetee available, por probability distributions are
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assumed to be uniform between geologicediglistic boundsln eachinversion posterior PDFs are

sampled throughCf iterations.Depth estimates are referred to as distance from the surface.
4.2. Petrological samples anmethods

Petrological samples were collected frone east flank of Wolvolcanoduring fieldwork in June
2017 (Fig. 1b).All material was unaltered and collected from lgesicularity flow interiors where
possible. The sixava sampleselected for this study are from differdlaw lobesthat formed during
2015andcoverthe entiretimespanof theinitial circumferential fissure phasd the eruptionintra-
caldera lavas wern@accessibleTephra samplewere also collected frormeven dcationson the east
coast of the volcandNo tephrawasfoundon topof anylavaflows that formed in 2015, including the
initial southeast flow lobegnd we thereforeinfer that it was expelleduringthe high lava fountaining

episodeat theonset oferuption[Bernard et al, 2015]

Lava samples were prepared ioicroanalysis as polished thin sectioBgoria samples were crushed,

and heavy liquid and magnetic separation techniques were used to separate pyrskasdrom the

400500 em size fraction. Crystals and gl ass fragn

for analysis.Samples were examinedy backscattered electron (BSE) imagirig characterise
pyroxene zoning patterns and assess glass fragmentkefgresence oficrolites using a FEI
Quanta 650F scanning electron microscope (SEM) in the Department of Earth Sciences, University of

Cambridge, operating with15kV beamandspd size4.5 5.

Crystaland glass major and trace elements were analysed using a Cameca SX100 electron microprobe
in the Department of Earth Sciences, University of Cambri@tjpopyroxenewas analysedsing a

15 kV, 20 nA, def oc us ssardmentsSwere mgde usiegaanil5kV,@&l nd,s s
def ocussed f{orlnfost elementsiith alkalis and Si@ analysed first to minimise the

effects of electron beanduced sample damags80,, Cr,O; and MnO were measured in a second
glassanalysis at 10 nA bu€r,O; was consistently below detection linsitTypical peak counting

times were 1030 s for major elements and i3 s forminor elements.Pyroxene crystals were

analysed in different textural associations (i.e. phenocrysts, glorgst®ictephra crystals) by point

me



275 analysis or line transects, to charactetigezoning textures identified by SENRelative2l pr eci si on
276 was estimated from repeat an&y®f secondary standards anrdypically better thant5% for most

277 elements exceptCr,0; (£8.8%) and MnO (£34.1%) in clinopyroxeneand SO, (£11.1%), K,0O

278  (x17.4%), P,Os (x17.8%) and MnO £43.9%)in glass.To ensure consistency between analytical

279 sessions, glass compositions were normalised usin@ Y& an internal standafdiarosewich et a).

280 1980} All pyroxeneformula recalculations are on a gixygen (60) basiand phase components are

281 defined according tButirka [2008].

282  4.3. Thermobarometric modelling

283 The OPAM barometeassessethe pressuradependent position of thelivinel plagioclaséaugité
284 melt pseudeinvariant point [Grove et al. 1992] thus quantifying the pressure of magma
285  equilibration Thiswas initially parameteriseds a function of the meXy, Xc. andXyg (WhereXis
286 mole fraction) over range of temperatures and melt major compositignéang et al[1996]. We
287 apply a recent reparameterization Wyigt et al.[2017], which accounts for the effects of oxyy
288 fugacity fO,) andmelt Cr contents orthe OPAM point location Our calculations assume negligible
289 melt Cr (based onur EPMA data) and~eO/FeO* = 0.85 (where FeO* is total FeO +®¢, which
290 approximates arfO, close to thefayalitemagnetitequartz buffer, similar to that measuredy
291 Peterson et al[2015] in Galapagodavas A prerequisite othe OPAMapproachs that liquids are
292  multiply-saturated inolivine, plagioclase and clinopyroxeng@lthough visual assessment 2015
293 Wolf lavas suggests that these melts were multggyuratedi(e. all phasegresent, euhedral crystal
294 forms no resorptionof crystal rimg, this appraisal is qualitative and is not possible in-low
295  crystallinity tephra whererystalswere extracted by density and magnetic separatiorpeserveno
296 textural information). We thereforfdter our input liquid compositions for multiple saturan using
297 the approachof Hartley et al.[2018]. This calculatesa probability factor forthreephase saturation
298  (Pp), with the OPAM modelreturningreliable pressurest P->0.8 Although this filter falsely rejest
299 a minority of multiplysaturated liquids, it minimises the OPAM uncertaifitfartley et al, 2018]

300 The standard error of estimate (SEE) has not been quantified fovdlgg et al. [2017]
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parameterisatioand we therefore assumeanservativeSEEequal tothat ofthe original Yang et al.

[1996] model &1.4 kbay).

Clinopyroxenemelt thermdaromety estimatescrystallisationconditionsthrough pressuresensitive
jadeite component reactionfPutirka, 2008] Putirka et al.[1996] developed the firsbarometric
model relating clinopyroxenmelt equilibriato crystallisation pressures in basaltic systend we
utilise the most recemeparameterizatiowith the lowest SEEt1.4 kbar;Neave and Putirka2017]
Following Neave and Putirka[2017], we solve the barometric equationgteratively with the
thermometricequation 33of Putirka [2008; SEE +28 °C]Our calculation@ssumen anhydrous melt
with FeO/FeO*= 0.85 [Peterson et al. 2015] consistent withour OPAM modelling Robusg
application of clinopyroxeneelt thermobarometers requsrédentifying liquid composition in
equilibrium with analysed pyroxenes. To avoid biasing our results and to maximise the number of
equilibrium clinopyroxenanelt pairs for barometry, e&gmake ngrior assumptions about theature
of liquids in equilibrium with our pyroxene crystalinsteagd we implement a meltnatching
algorithm [as in Neave and Putirka2017; Winpenny and Maclennar2011] tesing each of our
pyroxene analysesagainst our tephraglass analyses andhe wholerock and submarine glass
compositionsof pre2015 Wolf lavasmeasured byGeist et al.[2005]. Crystals withstrong sector
zoning are excludedafter visual assessmefitieave and Putirka2017]and euilibrium liquids are
identified where Kp(Fe-Mg) is within £0.03 of thatpredictedfrom a pyroxene analysis awibpside
hedenbergitDiHd), enstatiteferrosillite (EnFs)andc a |l ci um T gaTs)eampoadadase
within 1 SEE[Mollo et al, 2013;Putirka, 1999;Putirka, 2008] Wherepyroxene analyses match with
multiple input liquids within uncertainty of the equilibrium testge report mean pressure and

temperature conditions estimated frompaitential equilibrium liquids.

Dataare evaluatedising kernel density estimates(KDES), which give anonparametricprobability
density function ofa random variable, analogous tosmmthed frequencyhistogrambut with a
greater statistical significang®udge 2008; Thomson and Maclenna2012] The shape of a KDE
curve strongly depends on the chosen bandwidth. To ensure that KDEs have phgaidalyi.e. all

peaks aresignificant and noreal peaks are smoothed out in data processing), we calculate the



328 bandwidthwith the method ofSheather and Jongld991]. Although crustal desity is not well
329 constrained irGaldpagosthe crustal velocity profile and Moho depth beneath Woltamsparableo
330 Hawaii[Hill and Zucca 1987;Villagémez et a).2011] Hence, we convert pressures to depthagusi
331 the polynomial Hawaiian depth vs pressure curvePuofirka [1997] and # depths aremeasued

332 relative tothesurface (i.e. thealdera flooy.

333 5. Results

334 5.1.Gedletic modellingresults

335 The inversion oEnvisatpre-eruptiveInSAR data recording intrealdera inflation confirmthat it is
336 best explained by opening of~4.8 x 2.3 knflat-topped source dt.1 km depth posteriorPDFs for
337 all parameters are shown SupportingFig. SJ). A comparison between the observed displacements

338 and those predicted using the maximaiposterioriprobability solution is shown in Figure 2.

339 In the case of the deeper sourcayérsions of the thre8entinell syneruptive datasets provide

340 sourcecentroiddepth estimatesanging betwee.1i 8.8 km beneath the surfacpdsterior PDE for

341 all parametes are shown in SupportingFigs S2S4). In detail, estimates based on InSAR data
342  spanning the circumferential fissure phase of the eruption locate the source7a@ &b, those for

343 the calderdill phase at 6.17.5 km, and those for the entire event al 8.8 km depth (depth ranges

344  express th 2.5 and 97.5 percentiles of posterior PDBEsurces with mximum posteriori probability

345 solutionsare centred at 7 km, 6.7 km, and 7.6 km depth, respectivelycamparisos between the

346 observed displacements and those predicted using the maximumigooptebability solutionsare

347 shown in Figure3b, 3e, and 3h. Our results estimate that this source is ~2 km deeper than inferred by
348 Xu et al.[2016]who, in some casesisedthe same INSAR datdhis discrepancy is likely due to our

349 us= of far field dataywhich wasexcluded in the study ofu et al.[2016].

350 5.2. Petrological results

351 5.2.1. Sample petrography
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Lavas from the 2015 eruption apemposed of vesiculaporphyritic basalt. The groundmass is
microcrystalline andcontains acicular plagioclase lathgith anhedral olivine, clinopyroxene and
ilmenite, and minor interstitial glass Macrocrystsinclude euhedralplagioclase (4 mm, ~5 vol.%)
andeuhedral osubhedraklinopyroxene (& mm, ~2 vol.%) and olivine (& mm, <1 vol.%). These
occur in twoprincipal textural associations: (1) isolated phenocrysts surrounded by groundmass and
(2) gabbroicglomerocrytic aggregatesontainingtwo or moretouchingor intergrowncrystals of
plagioclase + clinopyroxene +plivine, with minor microcrystalline interstitial groundmadslany
plagioclasemacrocrystsshow evidence ofsynneusisTephra samples are highly vesicular reticulite
dominantly composed of quenched glass with very fewatiies. Although the tephra is crystabpr,
macrocrystsseparatedrom the40i5 00 ¢ m s i indudefplagindase, dimopyroxenand
olivine (in decreasing modal abundanc®o textural informationis availablefrom these crystal

separate§.e. it is not possible tadlistinguishbetweerpotentialphenocryst®r glomerocrysts)

Clinopyroxene zoning textures westidiedto ensurghoroughcompositionakharacterisationf the
crystal cargo from the 2015 eruptionMost crystalsin lava sampleshow concentric oscillatory
zoning which isweakin phenocrysts bubccasionallymore strongly defineéh glomerocrystswith
small internal resorptiomorizons A minority of glomerocryst clinopyroxenealso include well-
defined coreswhich aredark inbackscattered electrorBSE) images Thesecoresare not resorbed
and are overgrown by oscillatorgoned mantles(Fig. 4a). Somephenocrystic and glomerocrystic
pyroxenes additionally show minor sector zoning,with oscillatory zones crossutting sector
boundaries.Only a very small number of crys have strondy defined sector zoas (Fig. 4b).
Clinopyroxenedn both textural associations typicalhavea thin, welldefinedrim zone which is
intergrown with groundmass microlite$his rim is concentrian phenocrystdut only occurson
crystalfaces in contact with the groundmassglomerocrystqFig. 4a,b) Our interpretatioris that
these rims grewwithin the lava flove at the surfaceClinopyroxene crystals in tephra samples are
typically unzoned ohaveweak oscillatory zoning like those in lava sampleg small numberof
tephracrystalsare texturally distinct in BSE images, witlzoning patternsthat areabsent inlava

samples These includeclinopyroxeneswith faint patchy zoning, a singlanalysedcrystal with a
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concentric brightim aroundan unzoned core (Figic), and rarecrystals withhighly resorbed bright
cores, mantled by a concentric darker rim (Ba). The pyroxeneswith highly resorbed coresontain
abundant mineral and melt inclusiofi$iin rim zones analogous to thoseferred to have grown at

the surface imava samplegéFig. 4c), are absent iorystalsfrom tephra samples.

5.2.2.Melt and pyroxenecompositions

Excluding ALOs-enriched lavas that have accumulated feldspar, wioale analyses frorpre-2015
Wolf lavas plot with decreasing &D; and CaO/AJO; and increasing incompatible element
concentrations (e.g. O, TiO,) with decreasing MgO, consistent with olivine, plagioclase and
clinopyroxene crystallisatiorjfFig. 5; Geist et al. 2005] Our 2015tephra glassanalysesand
submarineglass analysefom pre2015 lavagGeist et al. 2005] plot on the same compositional
array. The tephra glasses have a narrow compositional range wiit6.23.2vt% MgO but are
slightly heterogneous outside of analytical uncertainty for most major elem8uoigportingTable
S1). They have intermediate compositions on the whaik array: most bulk lavas have more
primitive compositions (higher MgO, lower incompatible elements) than the tepdsaes but a
small number extend to more evolved compositions (FigP®2015 submarine glasses aiso
more compositionally diverse than the 2015 tephra glasgnding toboth more primitive and

evolved compositions

Clinopyroxene crystals in lavaamplesare diopsidic (Disgg), With Enyg 40FSi 168W 030146 (SUppoTrting
Table S2) They plot on a well-defined compositional trend, with a strong negative correlation
betweenXyy and Xg, Xa and Xya (Fig. 6). Although there is overlapetween population&KDEs
highlight a compositional distinction between pyroxene crystals in different textural assaqBiipn
6a). glomerocrysts typically havhigh Xyg (~0.8i 0.88 on a 60 bas)sand X, (<0.026)relative to
phenocrystsXyg ~0.79 Xcr <0.0089. All analyses from crystalith strongsector zoning€.g.Fig.

4b) diverge fromthe compositional trendowards high Xy, and low Xc, (Fig. 6), likely due to
disequilibrium crystallisatiorat high growth ratefMollo et al, 2010] Clinopyroxene crystals from

tephrasamplesare also diopsideach (Di.gs) but exhibit greaterdiversity in their enstatite and
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ferrosillite componerstthan crystaldrom the lava(Eng47FS38W0ss46, SupportingTable S2. Most
crystalsfrom tephrasamplelot onthe samecompositional tren@scrystalsfrom lava sampleswith
an Xy KDE peakat 0.85 (Fig.6a), high Xc, and low Xy and Xu. In general, these crystals are
compositionally analogous to the glomerocrystiava samples, with only a small number correlating
with the main phenocrystpopulation The tphra samples also contansubset of clinopyroxene
crystalsthat are compositionally distinct frothosein lava samplgsextending tovery low Xyg values
(0.36'0.68) and very high Xg~ These crystals containegligible Xc; and arepoor in X, and Xc,

relative to crystals on thmain compositional trengFig. 6).

Oscillatory zoning textures observed in BSE images correspond wstimall fluctuations in the
clinopyroxenemajor components (En, Fs, Wdh lava crystalswith defined coremantle zonation

(e.g. Fig.4a), the coresre relatively SiQand MgOenrichedandFeO*, CaO TiQ, Al,O; and CpOs
depleted with higher a Mg# Xug/(XugtXrer)] than the mantlesThesecores arecompositionally
distinct from crystals with strong sector zoning, suggesting that they are not sectioning avtefaets
sector zoned crystabre cut perpendicular to tleeaxis [Welsch et al.2016] In the tephra crystal

with a defined rim zone, the core @an the main clinopyroxene compositional trend but theigim

Mg poorwith a markedly lower Mg#Fig. 4c). The lowestmeasuregyroxeneXy, compositiongand
highestXr) arein the crystals fromtephra samplethat haveheavily resorbed cores or clear patchy
zoning textures In the former, the heavily resorbed crystal cores have very low Mg# and are

overgrown by higher Mg# mantl€Big. 4d).

5.2.3. Thermobarometric modial results

We applied the OPAM barometgroigt et al, 2017]to 58 tephra glass analyses from the 2015 Wolf
eruption.The statistcal test for thregphase saturation retwed acceptable resultB«(>0.8) for ~60%

of the input analysesThese highPe liquids have a restricted range of MgO contents betweshi 5.
6.06wt% and do not include either the most MgCh or poorglass analysed=ig. 7a). This does not
precludethatthesemore primitive or evolvediquids wereternary saturateds the statistical testin
return false negativg#iartley et al, 2018] However the resultswith P <0.8 areexcludedto ensure

the reliability of barometricresults. The mean pessureof magma equilibratiorobtained using the



432 OPAM methodis 2.8 +0.7 k b a r of ¢altulated pressurgsThere isno correlatiorbetween OPAM
433 pressures andny glass compositional parametartside of modelincertaintyand there isonly a

434  single peakn the probability distributionof OPAM pressure estimat€Big. 7b).

435 To identify equilibrium pairs for clinopyroxenmelt barometry, weaested 2 phenocryst and 8D
436 glomerocrystlinopyroxeneanalyses from lava samples and thfAopyroxeneanalysedrom tephra
437 samplesagainst our tephra glassmalysedrom the 2015 eruptimand thepre-2015wholerock and
438 submarine glasanalysedrom Wolf volcano measured Wyeist et al[2005]. Matches wee foundfor
439 35 phenocryst162 glomerocryst and3tephra crystal analysébig. 6). The equilibrium tests did not
440 match any pyroxene analysesth Al,Os-enrichedwholerock analyses that include accumulated
441  plagioclase ando notrepresentiquids (Fig.5). In general, the mod#ig-rich clinopyroxene analyses
442  return equilibrium matches with the most primitieggh-MgO) liquids. HenceJava glomerocrysts
443 and crystalfrom tephra sampletypically return equilibriummatches with liquids similar tomore
444  primitive wholerock andsubmarine glassompositionsand phenocrystBom lava samples typically
445  match with liquids similar to evolved wheteck, submarine glassr tephraglass analyse@-ig. 5a).
446 In detail, pyroxeneanalyses ofterreturn equilibrium matches witfhoth wholerock and glass
447 analyses,but we seek toavoid making a priori assumptions abouthe nature of equilibrium
448 clinopyroxendiquid pairsand hence averagal potential liquids that match each pyroxene analysis
449 using glassor wholerock compositions individually makes negligible difference to the barometric
450 resuls. Equilibrium matches with our input liquids were almost exclusively restrictguytoxene
451 analysedhat ploton the main compositional trendery few equilibrium liquids were identified for
452 the subset of crystals from tephra samplesth low Xy, contentsand those that did return
453  equilibrium matches are only slightKu,-depleted relative to the main population at equivalnt

454  (Fig.6).

455 In lava samfes, clinopyroxene crystals in glomerocrystsreturn a meanclinopyroxenemelt
456  crystallisation pressure of 2.8 +0.6 kifarl af calculated pressuresjhe probability distributioris
457  nat perfectlyGaussianas a small number of analysaisthe rims ofglomerocrystgeturn markedly

458 low pressures (~1 kbarjlowever, the mean pressure correlates with the major peak in th€ HiRE
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8a). Thermometric modelling ahese pyroxenegives an averagerystallisation temperature of 1164
+11°C(1 0 of ctanperatdreg\wite ahirregularprobability distribution peaking at 1160C
and 1173 C (Fig. 8b). Clinopyroxenephenocrystseturna meancrystallisation pressure of23+0.7
kbar (peak at 3.3 kbarand a lower averagerystallisationtemperature of 115+9 °C, both with
approximatelynormally distributed KDEs (Fig8). Clinopyroxenemelt barometric results for crystals
from tephra samplebave more complex probability functiotisan those from lava samplebey
record average crystallisation pressuné®.9 +08 kbar but the probability distribution is skewed
with a peak at 3l kbaranda longtail towards lower pressuréBig. 8a). Thermometric modéhg of
pyroxene crystals from tephra sampliegurns a similarly skewed distributiowith an average
crystallisation temperatuif 1164 +15 °C, the largegieak at 170 °C, and a pronounced tail towards
lower temperatures (Figb). Analyses that return the lowest pressure estimates for a given crystal are
not necessarily at th@m, butthe estinated pressures are within model uncertaiS8&E= +1.4 kbar)

of those calculated fopoints closer to therystal exterios. A single negative pressure estimate is

within uncertainty of other lovpressurelinopyroxenemelt barometric results

Crystallisation pessurs calculated from clinopyroxemeelt barometrydo not show an obvious
relationshipwith either theMg# of pyroxeneanalyses (Fig8a) or their equilibrium liquidsHowever,
there is a positive correlation betweerystallisationtemperature and the Mg# of the pyroxene
crystals(Fig. 8b) and their equilibrium liquidsOur most probablerystallisation temperatures agree
well with the range of Wolf magma storage temperature estinfiededMELTS modeldy Geist et
al. [2005]. There is no cleaconnectionbetween pyroxene zoning texturegs lava samplesand
crystallisation conditions withirthe uncertainty of ourdataset In crystals from tephra samples,
analyses fronthe coreof the crystal with a lowig# rim (Fig. 4c) return pressuredose tathe peakn
the tephra clinopyroxenmelt barometry probability distributioand pointsslightly inside of the rim
zoneplot within the lowpressure tailCrystallisation pessures could not bealculatedfor the low
Mg# rim of this crystal any zones withithe tephra crystals with highly resorbed cooeshe patchy

zoned crystalsas they are not iaquilibrium with anyof ourinput liquids.

6. Discussion
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6.1. Deciphering the Wolf crystal cargo

Glomerocrysts itavas from the2015 Wolferuptionare texturallyanalogougo those in samples from
other ocean islands, which are interpreasftagments of disaggregated swilcanic musHHolness

et al, 2007;Neave et a).2014;Sliwinski et al. 2015;Stock et al.2012] Abundant glomerocrysis

the products of otheeruptionsfrom the westernGalapagosArchipelago[Chadwick et al. 2011;
Cullenet al, 1989;Geist et al. 1995;Sinton et al. 1993]attest tosubvolcanicmush zones across the
region[Geist etal., 2014] At Wolf volcanqg the presence d gabbroic mustzonehaspreviously
beeninferred from wholerock datg Geist et al. 2005. Although some phenocrysts in lavas from the
2015 eruption could also have bemtrainedrom this mush, they are typically compositionadiyd
texturally distinct fromglomerocrystswith planar lowindex growth faces, consistent with growth in
a liquidrich environmenfe.g. Fig. 4b;Holness et aJ.2017a] Plagioclasesynneusidurther attests to

crystallisation under liquigich conditiongHolness et a).2017b]

Excluding samps that show evidence for plagioclasumulationglass and whoteock datafrom
Wolf volcano appear to follow a single liquid line of descent (F&. which is supported by the
majority of clinopyroxene analyses plotting on a single compositional (fégd6). Although there is
significant overlap between trerystal populations,phenocrystdypically havelower Xy, contents
(and Mg#; Fig6) and calculated crystallisation temperatures (8lg.than glomerocrystgnd return
equilibrium matches with our more evolved input liquids (B&). This sugges thatthe crystal mush
formed froma slightly more primitive melt than the phenocrygiat crystallisedin a liquid-rich

magma body.

Most clinopyroxeneanalyses frontephra sampleglot on thesame compositional trend as crystals in
the lava samplesand are compositionally analogous the glomerocrysts (Fig6); they are in
equilibrium with compositionally similamelts (Fig. 5) andhave similar crystallisation temgzures
(Fig. 8). Although no textural information is available for tephra crystals, this geochemical
comparisonsuggests that most crystalampled by the early explosive phase derived from the

samesubvolcanic mush zoneas the later effusive phaséhe subset of pyroxene analyses from
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tephra sampleshat have low Xyy contentsdo notplot on the main trendand do not return an
equilibrium match with any of the input erupted liquidsg( 6) but their low Mg# is consistentith
crystallisation from more evolvdajuids thanthose fronthe main compositional tren@he diversity
of zoning textures in trs® evolvedcrystals indicates a mixed crystal cargo, witdividual grains
recordingdifferent growth histories Specificaly, the presence of both normal zoning (etm-e&im
decrease in Mg#; Figidc) and resorptional reverse zoning (ctor&im increase in Mg#; Fig4d)

suggesterystallisation undeopensystem conditionfStreck 2008;Ubide and Kamber2018]

6.2. Architecture of the subvolcanic plumbing system

Our analyes of INSAR data and geodetic modelling resuiftdicate the presence aft leasttwo
crustalmagma storage regions beneath Walfcanq consistentwith previous studie$Xu et al,
2016] We model a shallow, flatopped magma reservait 1.1 km beneath thesurface anaentred
below the summit caldera. Thissourceoverlies a second deeper storage region modelled as a
pressurisesgsphericalcavity at6.1i 8.8 km. The Wolf calderafloor is located~1 km above sea level
and~2 km above the top of thrthern periphery of théalapago®latform bathymetric high, which

in turn rises ~2.5 km above the Pacific Ocean flpBeist et al. 2005] Hence, theshallow
deformation source iskely within the volcanic pile approximately at sea levéFig. 9). This is
similar tothe shallow magma storage regions beneath Fernandina andN&greavolcanoes, which

are within the edifices at ~1.km (below sea levelpard 1.9 km (below the surface)respectively

[Bagnardi and Amelun@012;Yun et al. 2006]

Our OPAM resultsare broadly distributedwvith the most probable carrier liquid equilibration depth at
9.8 2.7 km ( 1 Gf calculateddepth3. Clinopyroxenemelt barometryreturns most probable
crystallisation depthsf 9.9 +2.2 km and11.2 +2.4 km for glomerocrysts and phenocrysts in lava
samples, respectivelyand 101 +2.8 km for pyroxene crystals in tephra samplétence, the
crystallisation depths for clinopyroxene crystals in different textural associations ovéthap
uncertainty an@re comparableith magma storage depths derived from OPAM barométmg. crust

beneaththe Wolf edifice is ~11 km thick [Feighner and Richards1994] and our petrological
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barometry therefore reveals thabst of the material expelled during th@l5eruptionwas sourced
from a lower crustal storage regioat or only slightly above the Mohd@Fig. 9). The probability
distributions for our petrological magma storage depth estimates overlap with the déqetHosfer
INSAR deformation source (Fig. @ruptedvolumes and geodetily-estimatedvolume changes are
not directly comparabl@ithout accounting fothe physical characteristics afmultiphasemagma in

the reservoir (e.g. compressibility) anfllava at the surface (e.gonversion of bulk volume into
denseock equivalent volume). Howevesur finding that the erupted material is mostly sourced from
the lower crust is qualitatively consistent with a significantly gresyereruptivevolume lossfrom

the deemeodeticsource betweert3-10° and64-1¢ m* [2.5 and 97.5 percentiles of posterior PDFSs]

this study) than the shallow soure2@-1¢° m* Xu et al.,2016).

Although theclinopyroxenemelt barometry probability distribution for crystdfem tephra samples
shows a tail towards low pressures and a few glomerocryst rim analyses return low pressure
crystallisation estimates (Fi§), there is little petrological evidenoé eruptedmaterialbeing sourced

from the shallow storage region idiéieid in our geodeticmodels(Fig. 9). We nevertheless note that
tephra samples containsanall number otexturally and compositionally distinct pyroxeneystals
thathave experienced opeaystem interaction between evolved and primitive liquids @igThese
crystalsare absentfrom lava samplesand are not in equilibriumwith any known magmatidiquids

(Fig. 6), inhibiting calculation of their crystallisation pressuré¥e proposethat theseevolved
crystals were derivedfrom part of the subvolcanic system that was incorporated intutially
ascending melts butot into the magmas feedintater lava flows This region must have been
volumetrically small compared to the ascending magma, so that only a small number of crystals were
incorporated into the ascendinmaterial andthe meltcompositionwaslargely overprintedby mixing

during interaction withasceding liquids magma mixingon short preeruptive timescalesis
supported bythe minor heterogeneity in tephra glass compositions (Figs 4,TBe most likely
possibility is that theevolved crystalswere sourced from the region of shalloinflation, which

underwent periods afooling and crystallisedin the upper crusfe.g. during hiatussin deformation



564 when no new melt entered system) hutpicking the detailed petrogenesis of these evolved

565 componentss beyond the scope of this paper

566 6.3. Pre and syneruptive processes

567 Figure 10 summarises processes before and during the 20DH eruption based onour

568 interpretation ofgeophysical and petrological dataefore the eruptior(t;), the volcano showed

569 shallow inflation asiewmeltsintrudedinto a shalbw sill at 1.1 km depth inflation occurred between

570 19921997 poortemporal samplingnhibits determiningwhether this wapersistent oepisodic)and

571 was continuousbetween 2000 2009 [Fig. la; Bagnardi 2014] Cooling and crystallisation,

572 punctuated by periodic recharge evemave rise to complex pyroxene zoning texturesuding

573 evolved compositionfn shallow parts of the systerithere was no deformation between 2009 and
574 late-2010,as no new melts entered the shallow si)l (There is no evidence for renewed deformation
575 before the eruption in 2015 but we cannot exclude it, due to a gap in routine SAR cobeiraug.

576 the eruptio, magma ascenddam the lower crust, causing deflationéati 8.8 kmdepth(maximum

577  probability 7.6 km). The first magma to asceneruptedin a high fountaining episogddorming the

578 reticulitic tephra. Thigarried a mixed crystal cargo, including mutdrived crystals from the deep

579 storage region (i.e. compositionally analogous to lava glomerocrysts) and crystals with complex
580 zoning that werentrainedon ascent, potentially from the upper crustal sill detected by InSAR (t
581 Magmas that ascended lafed lava flows and only carriecrystalsfrom the lower crustal storage

582  region, sampling bothquid-rich (phenocrystsand musk (glomerocrystsgrystallisationregions(ty).

583 Our OPAM and clinopyroxenmelt barometry demonstrates that almaltthe material expelled

584  during the 2015 eruption was sourced from the lower crust, with very little petrological evidence for
585 materialconceivablysourced from the shallowill. This likely reflects the relative sizes of tiveo

586  storage regionswith only a small amount omaterialfrom the uppeirmid crust mixing with a much

587 largervolumeof magmaascending from depth.

588 7. Conclusions and implications for Galapagosmagma storage
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Previous models of swuimlcanic systems in the westefBalapagosArchipelago typially infer
vertically protracted magma systems, capped by ligold sills or magma chamberin the upper
crust [Geist et al. 1998; Geist et al. 2014] In contrast, volcanoes in the eastern archipelago are
thought to be characterised by magma storage in theaaiaver crust[Harpp and Geist2018]
These interpretations are largely based on geophysical data in the western archipelago, but solely on
petrological constrais and geomorphological observatioirs the east[Geist et al. 2014] Our
integrated petrological and geophysidata from Wolfvolcano(in the western archipelago) support

at leasttwo discretezones of magma storage in the sglcanic system: a small upper crustal sill at
1.1 km and a lower crustal magma storagme at >6.1i 8.8 km, which contains both mushy and
liquid-rich regions(Figs 9, 10. Almost all the material expelled duritige 2015 eruption was sourced
from the deeper storage regidtence, our data do not supporfully transcrustal magmatic system
[e.g.Cashman et al2017;Marsh, 1996]before the 2015 eruptidout rather suggest that the majority

of magma equilibration, crystallisation and mueshtrainmentoccurredin the lower crust (Fig9).

This is consistent witlobservations fronother ocean islands, where recent studies have shown that
eruptions may be spfied by melts ascending directly from the lower crust or uppst mantle
[Gonzalez et al.2015; Longpré et al. 2014; Maclennan et a). 2001; Winpenny and Maclennan
2011] Although shallow sillsin the western archipelago may be relatively small, mixing between
shallow and deep melts coutdnethelesbe responsible for the spread in previous barometric results

from the westeriiGalapagoswhich are based on wheteck analysegGeist et al. 1998]

Patterns of ground deformatiogsimilar to those identified before the 2015 Wolf eruptivave
recently been identified elsewheri@ the westernGalapagosArchipelago (e.g. at Fernandinaand
Cerro Azu), with shallowinter-eruptive inflationandsignificantdeflationof a deeper magmaarage
regionduring eruptions or major dike intrusion evefBsaignardi and Amelung2012;Bagnardi and
Hooper, 2018;Bagnardi et al. 2013; Geist et al. 2008b] Basedon our observationffom Wolf
volcanq thesedeep deflationary sourcesustreflect melt extraction frorfarge lower crustal magma
storage region®r mush columnsfrom which most of the erupted material is sourcethis is

supported byearthquake locations armmajor low velocity zoneimagedby seismic tomographin
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the lower crusbeneath Sierra Negi®avidge et al.2017;Tepp et al. 2014] In this casesignificant

magma storage and processing in the lower crust may not be restricted to the eastern Galdpagos sub
province but couldlsooccur in the westerarchipelagoVolcanoes in the westesub-provinceare
alsounderlain bysmall shallow sillswhich we hypothesisenay be ephemeraupersolidusfeatures,
sustained by high magma supply rates close to the focus of the Galapago$\fliagémez et aJ.
2014]andwith furthermagmaasceninhibited by crustal stresses associated with the summit calderas
[Corbi et al, 2015] Geist et al.[2014] suggest thashallow magma may not be maintained in the
eastern archipelago because volcanoes are in a dying phase, away from theepldumeany event,

the results presented here show that little crystallisation and differentiation occurs in the upper part of

the magmatic plumbing system: most of the compositional variation is imparted in the lower crust.

Although Wolf volcano underwem prolonged period omagmaaccumulationin the shallow crust
this did not immediately precede tB815eruptionand was not where most of the eruptedgma
was storedThis has broad implications f@lobal volcano monitoring, highliging a fundamentk
disconnedbn between inflation and eruptiodongterm shallow inflationdoes not necessarily
representa precursory signabefore eruptions butould insteadcharacterisdypical intereruptive
activity [e.g. Biggs et al. 2014] In Galdpagos, @nuine presruptive varningd signs may be
characterisethy seismicity or other signs of magma movement in the lower esistentified before

the 2005 eruption of FernandifBagnardi and Amelung012]
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Figure 2: (left column a,d) Envisat cumulative displacement maps (January 2dDdcember 2008);
(middle column b,e) forward model using the maximuanposterioriprobability solution; and (right
column c,f) residual maps. Black arrows show the flightedtion of the satellite and the look
direction. The black rectangle on model plots represents the outline of the optimal source solution.
Each colour cycle (fringe) corresponds to 2.8 cm of displacement in theofirsgght direction

between the ground drthe satellite.
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Figure 3: (left column a,d,g) Sentinell interferograms spanning the 2015 eruption at Wolf; (middle
column b,e,h) forward models using the maximuen posteriori probability solutions; and (right
column c,f,i) residual maps. Black arrows show the flight direction of the satellite and the look
direction. The grey ellipses outline the areas masked before inversions. The black stars on model plots
represent the source centroid location of the optimal sourceos@utEachcolour cycle (fringe)
corresponds to 2.8 cm of displacement in the-difisight direction between the ground and the

satellite.



