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Time series of displacements of Mt. Grimsfjall hdeen collected by Global Positioning

System (GPS) geodetic measurements, with increatayl since 1997. The measurements
provide unique constraints on magma flow in relatio the 1998, 2004 and 2011 eruptions of
Grimsvotn, and on location of a shallow magma chantieneath the complex of three
calderas at Grimsvoétn. The observed displacememtde attributed to several processes: i)
transport of magma in and out of a shallow chamiveler the center of a caldera complex
(inflation, deflation, accompanied by in- and outdvéorizontal displacements), ii) isostatic
uplift due to gradual thinning of the ice cap, annual variation in snow load, iv) crustal plate
movements. Annual GPS measurements started afed 988 eruption and segments of
continuous GPS-monitoring are available from beftive 2004 eruption. During inflation

periods the vertical displacements are a resugdtafial isostatic adjustment due to thinning of
the glacier and inflow of magma to a shallow magamamber, while the horizontal

displacement component is predominately attributedmagma pressure changes. The



horizontal displacements of the GPS-site on theletal rim are directed outward during
inflation and inward (directly opposite) during ptwns. This pattern has been repeated for
each eruption cycle, pointing to location of oné #me same magma chamber in the center of
the caldera complex. Although erupting vents in82®04 and 2011 were located at the foot
of the southern Grimsvotn caldera rim, the inferpedssure centre of a shallow magma
chamber is under the centre of the overall calderaplex. Earthquake patterns were similar
prior to the two most recent eruptions: a slow @ase in number of events during the years
before the eruptions and practically none followithgg eruptions. Time series from the
continuous GPS station on Grimsfjall suggest agestsure recovery of the shallow magma
chamber following the eruption in 2011, similar dbservations after the 1998 and 2004
eruptions. The regularity of the crustal deformatend the earthquake pattern prior to the
past two eruptions led to both successful long- stmatt-term predictions and warning of the
events. Grimsvotn volcano has shown to be in & sthtontinuous magma accumulation at
shallow depth that results in eruptions when thmensggth of the crust is overcome by the
magma pressure.

During the 2011 Grimsvétn eruption high rate geiedeteasurements gave information on
displacements at sub second intervals, revealitgilsleof surface deformation associated
with magma movements during the eruption. A 5 HSGRation and an electronic tilt meter
were in operation at Grimsfjall during the eruptidrhe colocation of these instruments
allows us to relate the observed surface deformatgressure change in a magma chamber
assuming a simple Mogi source within an elasti¢ space. Continuous stream of data was
transmitted during the eruption to Reykjavik, despie strong eruption plume and lightning.
The tiltmeter measures N-S and E-W componentdtpfith the N-S component recorded at
100 samples per second (sps) but the E-W compatehisps. The high rate data from the
GPS station at Grimsfjall (GFUM) were analyzed gdime Track part of GAMIT/GLOBK.
We produced kinematic solutions at 5 Hz and 1 Heruals using reference stations in 40-
120 km distance of the volcano. To minimize muliipaffects we applied sidereal filtering
and stacked the individual solutions to further iaye the signal to noise ratio. The resulting
deformation time series suggests a rapid pressoge garting about 50 minutes prior to the
onset of the eruption when over 20 km high plumrenfed. The characteristics of the GPS and
tilt data time series suggests that the main sigres induced by a single source of fixed
location and geometry throughout the eruption; @lstv magma chamber. Small deviations
in displacement direction prior to the onset of éngption can be explained by the opening of
the feeder dike. We see a total displacement afmdn direction N38.5°W and down at the
GPS station, suggesting a source depth of 1.8.2/kr and a total volume contraction of the
shallow magma chamber of (38 +/- 4) x 106 m3. A% of the displacement preceded the
eruption and more than 95% took place within 24rbai the onset of deformation. The data
show that magma feeding the eruption drained froshalow magma chamber under the
Grimsvotn caldera, and from the GPS record we néar the pressure drop history in the
magma chamber. The pressure dropped at a fasibatg an hour prior to the eruption while
a feeder dike formed. Throughout the eruption tresgure continued to drop, but decayed
mostly exponentially.



The inferred pressure change can be compared tagbeof the eruption and measurements
of plume heights. The eruption produced an inpilaime reaching a height of about 20 km,
rapidly declining over several days. Plume heighsuwneasured by a C-band radar located
257 km from the volcano and a mobile X-band weathdar placed at 75 km distance from
the volcano after the eruption began. The raddahdéuraway has height resolution steps of 5
km at the location of Grimsvotn above 10 km elergtiand the one closer has resolution
steps of 2-3 km. The measurements reveal plumétseajten above 15 km between 19:21
on 21 May and 17:35 on 22 May. Peak elevation walfeabout 20-25 km for about 30
minute intervals were observed a few times betwae5 on 21 May and 06:40 on 22 May.
The initial strong plume was followed by pulsatibgt generally declining activity. After
04:55 on 23 May the measurements indicate a fltioglume mainly below 10 km. In
order to generate a continuous curve of plume &tavave average all available plume
elevation information for each hour. The resulgohgme height is then related to magma flow
rate using an empirical formula from Mastin et(@0D09). Integrating these flow rates yields
an estimate of accumulated volume of eruptive pectedaalculated as dense rock equivalent
(DRE). Despite large uncertainties on the infemegma flow rate, the shape of the curve of
inferred accumulated DRE and the pressure drogiaréar. For this eruption, we see a clear
link between the strength of an eruption plume pressure change in the feeding magma
chamber, measured by high rate ground deformatiodies. Hence we can conclude that
magma flow inferred from plume height correlatesthwihe pressure change, which
demonstrates the potential of real time high ratedgsy to foresee both onset and evolution
of explosive eruptions and their plumes. The i®érvolume change of the underlying
magma chamber, modeled as a Mogi source, is ab@Qttbnes smaller than the suggested
DRE volume from the integration of plume heightdeTdifference can be related to
expansion of magma residing in the shallow chanthes,to its compressibility.



