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Abstract New and previously published micro-gravity
data are combined with InSAR data, precise levelling and
GPS measurements to produce a model for the processes
operating at Krafla volcano, 20 years after its most recent
eruption. The data have been divided into two periods: from
1990 to 1995 and from 1996 to 2003 and show that the rate
of deflation at Krafla is decaying exponentially. The net
micro-gravity change at the centre of the caldera is shown,
using the measured free air gradient, to be —85 pGal for the
first and —100 pGal for the second period. After consider-
ation of the effects of water extraction by the geothermal
power station within the caldera, the net gravity decreases
are —73417 wGal for the first and —65+17 pGal for the
second period. These decreases are interpreted in terms of
magma drainage. Following a Mogi point source model, we
calculate the mass decrease to be ~2x 10'° kg/year reflect-
ing a drainage rate of ~0.23 m%/s, similar to the ~0.13 m?/s
drainage rate previously found at Askja volcano, N. Iceland.
Based on the evidence for deeper magma reservoirs and the
similarity between the two volcanic systems, we suggest a
pressure-link between Askja and Krafla at deeper levels
(at the lower crust or the crust-mantle boundary). After the
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Krafla fires, co-rifting pressure decrease of a deep source at
Krafla stimulated the subsequent inflow of magma, even-
tually affecting conditions along the plate boundary in N.
Iceland, as far away as Askja. We anticipate that the pres-
sure of the deeper reservoir at Krafla will reach a critical
value and eventually magma will rise from there to the
shallow magma chamber, possibly initiating a new rifting
episode. We have demonstrated that by examining micro-
gravity and geodetic data, our knowledge of active volcanic
systems can be significantly improved.
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Introduction

The Northern Volcanic Zone north of the Vatnajokull ice
cap in Iceland, consists of five NNE-SSW elongated vol-
canic systems: Theistareykir, Krafla, Fremri-Namur, Askja,
and Kverkfjoll, (Fig. 1-inset). They are arranged en echelon
along the plate boundary which is ~50-80 km wide. Each
volcanic system consists of a fissure swarm transecting a
central volcano.

The Krafla Volcanic System comprises a fissure swarm,
which is 100 km long and ~10 km wide, more than
1,000 tectonic fractures, and a central volcano (Fig. 1).
The Krafla central volcano forms a low, broad shield
some 20 km in diameter with a caldera in the centre.
The topographically indistinct caldera has an elliptical
shape and stretches 10 km in the E-W direction and
8 km N-S. It formed during an explosive eruption in
the last interglacial period about 0.1 Ma ago and has
since been filled almost completely with lavas and ash
(Brandsdottir et al. 1997).

Two geothermal areas, Krafla and Namafjall (Fig. 1) are
located in the Krafla Volcanic System. Namafjall is located
just south of the Krafla caldera on the eastern part of the
Krafla fissure swarm. Its 3—4 km? surface expression is
characterized by mud pools and fumaroles and three active



Fig.1 Overview of the Krafla volcanic System, inset shows location
of Krafla in Iceland. The locations of the main ice caps are depicted
with light grey and the volcanic zones are depicted with dark grey. The
inset also shows the five NNE-SSW elongated volcanic systems of
the Northern Volcanic Zone, Tr Theystareykir, Kr Krafla, Fr Fremri-
Namure, As Askja and Kv Kverkfjoll (Einarsson 1991). The black
box marked on the inset shows the area covered by the enlargement
given in the main figure. The larger figure shows the Krafla Rift Zone
(dotted), the outline of the Krafla central volcano (solid white line),
the caldera (white dashed line), the geothermal areas (blocked), the
town of Husavik (H), lake Myvatn (L) and Krafla mountain (K) with
a SAR amplitude image for reference in the background. Note the
location of micro-gravity stations Hotel and FM115. White dashed
box shows outline of Fig. 1

wells, with a maximum temperature of 320°C, which
supply a 3 MW back-pressure turbine unit. The larger
Krafla geothermal area, ~7 km?, is located in the centre
of the caldera and is elongated in the NW-SE direction.
At present, 18 wells are used to operate a 60-MW power
generator and geothermal fluid temperatures reach 350°C
(Gudmundsson and Arnérsson 2002).

The activity at the Krafla volcanic system is charac-
terised by rifting episodes separated by long periods of
dormancy (e.g., Arnadéttir et al. 1998). Two historical rift-
ing episodes, the so called Myvatn and Krafla fires, oc-
curred from 1724 to 1729 and 1975 to 1984, respectively.
During the Myvatn fires, the crater Viti was formed (Fig. 2),
although most of the other activity manifested itself south
of the Krafla caldera (Ewart et al. 1991). Activity resumed
in 1975, when seismicity increased and deformation data
suggested inflow of magma to the shallow Krafla reservoir,
causing inflation followed by rapid deflation and an initial
diking event (Tryggvason 1994). A rifting episode from
1975 to 1984 was then characterised by 21 such cycles of
which 9 culminated in basaltic fissure eruptions (Bjornsson
1985; Brandsdottir et al. 1997). During each cycle, the
reservoir pressure exceeded a critical value, reservoir walls
failed, dykes were injected into the fissure swarm and rift-
ing occurred. The largest and most voluminous eruption of
this period occurred over two weeks in September 1984
during which an 8.5-km-long volcanic fissure erupted a
pahoehoe lava field with a total area of 24 km? (Rossi
1997).
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Fig. 2 Sketch of the location of the main micro-gravity, levelling
and GPS stations at Krafla. Numbers refer to station names: 3 FM115,
5 085595, 6 5596, 7 0S5596, 9 5599A, 11 5672, 12 OS5684, 14
0S5688, 23 A001, 24 A002, 25 A003, 26 A004, 27 A005 and 29
A012

Krafla is one of the few calderas in the world—others
include Askja in Iceland (Rymer and Tryggvason 1993),
Masaya in Nicaragua (Williams-Jones et al. 2003), Poas in
Costa Rica (Rymer et al. 2000) and Campi Flegrei in Italy
(Gottsmann et al. 2003)—with a long-term micro-gravity
data set. The area has also been studied extensively us-
ing a variety of geophysical techniques (Tryggvason 1986;
Arnadéttir et al. 1998; Sigmundsson et al. 1997). Here
we present Interferometric Synthetic Aperture Radar data
(InSAR; 1993-1999) and micro-gravity data (1997-2003).
Results of these techniques are combined to produce an in-
tegrated model for the processes operating at Krafla today,
20 years after the most recent eruption.

Methods
Geodetic methods

Previously published and new precise levelling, Global Po-
sitioning System (GPS) and InSAR data were combined to
calculate the height change at each gravity station. InNSAR
allows the measurement of change in range from ground to
satellite at a high spatial resolution by combining pairs of
Synthetic Aperture Radar (SAR) images acquired at differ-
ent acquisition times (Massonnet and Feigl 1995; Masson-
net and Feigl 1998). Interferograms were produced with the
use of the DIAPASON software (CNES 2000) following an
approach similar to that used by Sigmundsson et al. (1997).
Topographic fringes were removed with the help of a
digital elevation model (DEM) from the Icelandic Geodetic
Survey and orbital corrections were performed utilising
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post-computed orbits from the European Space Agency
(ESA). Residual orbital effects were removed by sub-
tracting a linear range-change gradient. The remainder
of the processing was done using sub-sections of the
complete interferograms covering the Krafla area. These
sections were filtered using an algorithm developed by
Z. Lu (personal communication 2002) and unwrapped
using deformation tools developed by Gudmundsson et al.
(2002). After unwrapping, the interferograms provide an
unambiguous measure of the change in range whereas
the original interferograms show deformation as fringes,
each corresponding to a vertical displacement of 28 mm.
The precise levelling technique measures the vertical
deformation, with respect to reference station FM115,
with millimetre precision (Fig. 1). Differential GPS
measurements are referred to station NE9301 and have an
accuracy in the vertical component of ~1-2 cm.

Micro-gravity methods

All the micro-gravity measurements discussed in this pa-
per were acquired with the use of LaCoste & Romberg
instruments following standard techniques as described by
Rymer (1996). Meter G-513 has been used for all surveys
since 1990 and its calibration characteristics are well known
(Carbone and Rymer 1999); meter G-403 has been used in
addition since 1997. The micro-gravity network tradition-
ally uses station Hotel (Fig. 1) as reference, because it is
located outside the main zone of deformation (Rymer et al.
1998). Station FM115 has also been measured on a regular
basis. Although its location near the central axis of the plate
boundary is not ideal, it has been used here as an alternative
reference station to better coordinate with the deformation
network. The uncertainty expected for this type of micro-
gravity survey considering the climate, time delay between
readings, and jolting of the instruments during transport
is 10-20 pGal (Rymer 1989). Repeat measurements have
been made during this study and the uncertainties for the
newly acquired data are displayed in Table#x00AO0;2. Be-
fore we can interpret the micro-gravity data in terms of
mass movements, they need to be corrected for height with
the use of geodetic data. The free air gradient (FAG) is the
change of gravity with elevation and is used to calculate the
expected gravity change at each station due to the height
changes alone. The FAG varies depending on the local
sub-surface mass distribution. The local value of the FAG
can be determined in the field following the methodology
of Rymer (1996) and is used here to calculate net gravity
changes.

Data and results
Deformation data
The Krafla system is subject to deformation because of

the stresses associated with the divergent plate bound-
ary, the effects of magma movements and geothermal

processes. The recent extensive geothermal exploitation
and production at the Krafla power station also influences
the system. Any deformation data collected will neces-
sarily reflect the complex interaction between all these
processes.

Previous results

No significant ground deformation changes were observed
in data from the 1938 to 1965 period (Bjornsson et al.
1979). Between 1965 and 1971, apparent contraction took
place followed by extension and uplift between 1970 and
1975 (Moller and Ritter 1980; Rymer et al. 1998). The
Krafla power plant was under construction at that time and
geodetic surveys and exploration drillings had started in
1974. Levelling profiles crossing the caldera region were
available from the very beginning of the 1975-1984 rifting
episode. Ground deformation was monitored extensively
during the episode (Ewart et al. 1991), using a wide range
of techniques such as electronic distance measurements
(EDM; Tryggvason 1994), precise levelling (Bjornsson
1985) and tilt and lake level measurements (Tryggvason
1986; Tryggvason 1994). Deformation during the rifting
episode was characterised by steady inflation interrupted by
rapid subsidence (Tryggvason 1994). After the last eruption
in September 1984, slow inflation was observed from 1985
to 1989. This was followed by subsidence, initially at a rate
of ~5 cm/year, declining to ~2.5 cm/year in 1992—-1995
(Tryggvason 1994; Sigmundsson et al. 1997; Arnadéttir
et al. 1998; Rymer et al. 1998).

Radar interferometry (InSAR) has also been used suc-
cessfully in the Krafla region to monitor deformation (Sig-
mundsson et al. 1997; Henriot et al. 2001; de Zeeuw-van
Dalfsen et al. 2004a). Analysing interferograms covering
the 1992-1995 period, Sigmundsson et al. (1997) observed
2.4 cm/year of subsidence in the centre of the Krafla area
and ~0.7 mm/year along axis subsidence of the spreading
segment. Henriot et al. (2001) analysed interferograms
from the 1992-1998 period and found steady subsidence at
Krafla and the fissure swarm of 1.9 cm/year (2.1 cm/year in
the ground to satellite direction). Based on interferometric
data from 1993 to 1999, de Zeeuw-van Dalfsen et al.
(2004a) showed the existence of a wide inflating area in
addition to the already suggested subsiding zones.

New data

Integration of the new GPS and InSAR data with previ-
ously published geodetic data is complicated by the fact
that different groups acquired the data, using different
reference stations and with several temporal gaps in the
data set. To alleviate this problem, all data are first nor-
malised to the same base station (FM115; Figs. 1 and 2)
and yearly height changes are calculated for each grav-
ity station (Table 1), interpolating and extrapolating where
necessary.



Table1 Total height change data for 1990 to 2003 based on the pre-
cise levelling surveys reported by Bjornsson and Eysteinsson (1998)
and Agistsson (2001). Numbers refer to location of station, for co-
ordinates see Table 2 (also partly displayed on Fig. 2). An ‘a’ in the
first column means the levelling station is close to but not identical
to the gravity station with that number, but height change data from

423

the a-station are used to correct for height changes at the correspond-
ing gravity station. Method of estimation is described in text. Note
that the negative numbers here reflect deflation. These should not
be confused with the decreasing rate of deflation shown in Fig. 3.
The standard deviation on the data is 1.5 cm which corresponds to
~5 nGal (based on the average FAG ~310412 pGal/m)

No Levelling station ~Estimated height change Levelling 1995-2000 Estimated height change  Total height change
1990-1995 (m) Agustsson (m) 2000-2003 (m) 1990-2003 (m)

3 FM115 0.000 0.000 0.000 0.000

5 085595 —0.074 —0.019 —0.005 —0.097
6 5596 —0.086 —0.041 0.001 —0.126
7 085597 —0.061 —0.022 0.001 —0.083
8 5599 —0.013 —0.003 0.000 —0.015
9 5599A —0.013 —0.003 0.000 —0.015
10 085600 —0.002 0.004 0.000 0.002
11 5672 0.013 0.037 0.000 0.049
12 085684 —0.052 —0.000 0.001 —0.052
13 085685 —0.054 0.007 0.001 —0.046
15 085697 —0.000 0.004 0.000 0.004
16 0S5698 0.002 0.003 0.000 0.005
17 085699 0.001 0.003 0.000 0.004
la KONGSP 0.017 0.014 0.000 0.032
14a KBO0S8 —0.075 —0.032 0.001 —0.106
14a KB11 —0.088 —0.030 0.001 -0.117
23a KV08 —0.079 —0.007 0.001 —0.085
24a KVI12 —0.097 —0.025 0.001 —0.120
25a KV02 —0.111 —0.028 0.002 —0.137
26a LV956104 —0.085 —0.028 0.001 —0.112
27a FM5670 —0.054 —0.011 0.001 —0.064
29a LV956107 0.108 0.035 —0.001 0.141

First order levelling surveys conducted in the Krafla area
in 1989, 1995 and 2000 (Bjornsson and Eysteinsson 1998;
Magnitisson 2003) form the basis of our deformation model.
The data exceed the requirements for height correction of
the gravity data as they have a standard deviation of less
than 1.5 cm and the levelling stations are equivalent or close
to the micro-gravity stations (Rymer 1996). We consider
two distinct periods, 1990-1995 and 1996-2003, in order to
take into account change in productivity of the geothermal
power plant from 30 to 60 MW between 1995 and 1996
(Hauksson and Benjaminsson 2003).

Twelve SAR images from the European Remote Sensing
(ERS) satellites 1 and 2 (track 9, frame 2277), acquired
during the 1993-2000 period, allowed the formation of
twelve interferograms, with reasonable coherence. The four
with the best coherence were selected for modelling and
the average subsidence rate over the time period (spanning
from 2 to 6 years) was inferred. Overall, the subsidence
rate calculated from these data decays from ~1.5 cm/year
in late 1996 to ~1.1 cm/year in late 1997.

Previous work indicates that the deformation rate at
Krafla has been decaying rapidly since 1989 (Tryggvason
1994). In order to extrapolate the deformation data at
Krafla from 2000 to 2003, it is important to know the
trend of this decay. The vertical change over a time period
obtained from different measurements by several authors is
expressed as a rate (cm/year) in Fig. 3. The points may be

Exponential decay of deflation in the Krafla area
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Fig.3 Exponential decay of deflation in cm in the area of maximum

deflation at Krafla. Numbers refer to publications: / (Tryggvason
1994), 2 (Bjornsson and Eysteinsson 1998), 3 (Sigmundsson et al.

1997), 4-6 and 8 (this paper) and 7 (Agﬁstsson 2001)

fitted by two straight lines or by an exponential curve. We
prefer an exponential fit because the subsidence is expected
to show exponential behaviour like the subsidence at other
Icelandic volcanoes (Sturkell and Sigmundsson 2000). A
good fit through the data with a root mean square of 0.96,
is found using estimates for average maximum subsidence
from published data (Tryggvason 1994; Sigmundsson et al.
1997; Bjornsson and Eysteinsson 1998; Agﬁstsson 2001;
Henriot et al. 2001) together with the newly acquired
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Table 2 Coordinates and micro-gravity data (in mGal) for stations
in the monitoring network. Numbers refer to location on map (partly
displayed in Fig. 2). Station names starting with A and NE were
installed by the Nordic Volcanological Institute, stations Hotel and

Helluhraun by the Open University and the remainder by the Na-
tional Energy Authority of Iceland. SD standard deviation (jwGal), in
brackets in data column

2002 2003
No Station name Latitude Longitude Meter G-403 Meter G-513 Meter G-403 Meter G-513
1 Hotel N65°38'42.0" W016°54'55.1" 15.436(9) 15.501(7) 15.412(25) 15.518(35)
2 Helluhraun N65°38°31.1" W016°54'28.2" 13.311(22) 13.367(1) 13.279(18) 13.395(7)
3 FM115 N65°3840.6" W016°48'08.8”  0.000 0.000 0.000 0.000
4 2313 N65°38'40.8" W016°48'08.9” 13.311(—) —0.014(5) —0.021(—) —0.032(7)
5 085595 N65°42'51.5" W016°45'59.7"  —30.667(8) —30.761(18)  —30.688(21) —30.770(16)
6 5596 N65°42'27.2" W016°46'01.5"  —14.740(1) —14.769(10)  —14.757(16) —14.766(0)
7 085597 N65°41'56.7" W016°46'14.2"  —13.222(5) —13.274(20)  —13.239(16) —13.260(35)
8 5599 N65°40'54.8" W016°46'30.9”  —0.179(22) —0.172(5) —0.241(—) —0.184(—)
9 5599A N65°40'53.2" W016°46'35.8”  —0.186(21) —0.211(12) —0.228(33) —0.220(18)
10 0S5600 N65°40'20.4" W016°47'02.4"  —0.479(17) —0.492(14) —0.507(—) —0.455(20)
11 5672 N65°44'28.1" W016°43'36.9”  —52.051(11)  —52.215(10)  —52.137(—)
12 0S5684 N65°42'16.1" W016°44'26.3"  —45.946(—) —46.078(—) —45.932(—) —46.087(—)
13 085685 N65°42'08.2" W016°43'38.0"  —48.230(—) —48.382(—) —48.266(—) —48.382(—)
14 0S5688 N65°42'08.6" W016°46'35.9” —13.669(31)  —13.688(2) —13.662(10) —13.706(5)
15 085697 N65°39'51.5" W016°47'33.5"  —0.378(16) —0.358(14) —0.385(12) —0.337(34)
16 0S5698 N65°39'30.7" W016°47'38.4" —0.127(39) —0.103(38)
17 085699 N65°39'00.8" W016°47'31.0"  0.152(2) 0.144(3) 0.150(6) 0.168(23)
18 085843 N65°41'12.9” WO016°46'41.8”  —15.402(10)  —15.46(21) —15.435(20) —15.478(—)
19 NE220 N65°3813.8" W016°48'33.6"  —1.377(24) —1.380(—) —1.398(21) —1.338(22)
20 NE9301 N65°4124.8" W016°46'31.0"  —13.027(1) —13.074(18)  —13.061(—) —13.036(—)
21 NE80051 N65°41'34.5" W016°45'25.6”  —35.776(—) —35.864(—) —35.790(—)
22 NE79077 N65°42'34.3" W016°46'34.5"  —34.424(29)  —34.496(4) —34.445(6) —34.498(7)
23 A001 N65°42'42.8" WwW016°49'14.77  —31.580(20)  —31.664(43)  —31.669(—) —31.644(—)
24 A002 N65°43'01.5" W016°47'46.5"  —=39.750(18)  —39.861(27)  —39.794(—) —39.876(—)
25 A003 N65°43'06.5" W016°47'26.9”  —=39.053(27)  —39.161(17)  —39.121(—) —39.181(—)
26 A004 N65°43'18.3" W016°46'42.9”  —28.013(13)  —28.055(7) —28.056(13) —28.028(16)
27 A005 N65°4321.1" W016°4529.5"  —=31.030(25)  —31.113(29)  —31.088(57) —31.097(—)
28 A008 N65°44'12.7" W016°44'54.3"  —34.510(—) —34.659(—) —34.628(—)
29 A012 N65°44'37.7" W016°44'18.5"  —58.327(8) —58.487(4) —58.373(—) 15.518(—)
Average SD 14 12 19 12

results from InSAR (Fig. 3). Since the micro-gravity
stations do not coincide with the assumed location of max-
imum subsidence caused by the shallow magma chamber,
the extrapolated height change data (for the period post
2000) also need to be interpolated (spatially). This is done
by noting the distribution of measured elevation changes in
the 1997-1998 period (middle of the 1995-2000 levelling
period) compared to the predicted maximum deformation
from the decay curve (Fig. 3). The same decay curve is also
used to interpolate data for those stations lacking levelling
data from 1990 to 1995. Finally, the curve is used to extract
the 1990 to 1995 deformation from the 1989 to 1995
levelling data. Estimated deformation in 1989 has been
subtracted from the 1989—1995 measured value. The total
deformation (Table 1) at each levelling station relative to
base station FM 115 is then calculated by adding the results
from the levelling (or interpolated values) from 1990 to
2000 and the extrapolated values from 2000 to 2003.
Because each micro-gravity station is the same or close
to a levelling station, these values are used to interpret the

micro-gravity data. The standard deviation is estimated,
based on repeated measurements, to be 1.5 cm for the
vertical component. In summary, results from geodetic
surveys in the Krafla region after 1998, show that the Krafla
volcanic system is still deflating. The deflation at Krafla fol-
lows an exponential decay trend and, assuming there is no
change in activity, is expected to reach the detection limit by
2007.

The total volume change at the surface, AV,, can be
calculated from the deformation data most simply by as-
suming a Mogi model (Mogi 1958 ) where the deformation
is caused by a pressure change of a point source within an
elastic half-space, (Johnson 1987):

2 232
AV, = ZnAh% (1)

The maximum subsidence, A#, at the centre of the defor-
mation relative to station FM115 is —0.085 m from 1990
to 1995 and —0.024 m from 1996 to 2003. The average



depth to the source, d, is 2,800 m as inferred from previous
geodetic modelling (Sigmundsson et al. 1997, Arnadéttir
et al. 1998; Rymer et al. 1998). The horizontal distance
from the centre of deformation to this source, r, is 1,300 m
in the 1990-1995 period and 2,000 m in the 19962003 pe-
riod. FM115 is located within the deformation zone and any
estimates for AV, are therefore minimum values. InSAR
data covering most of this period (de Zeeuw-van Dalfsen
et al. 2004a ) indicate that the subsidence does not extend
beyond this region and therefore the volume calculated for
AV, is considered to be realistic. AV, is calculated to be
—0.006 km? for the 1990 to 1995 period and —0.002 km?
for the 1996 to 2003 period.

Micro-gravity

The first micro-gravity measurements in the Krafla region
were made in 1965 (Bjornsson et al. 1979) and extensive
work was done during the beginning of the 1975-1984
rifting episode (Johnsen et al. 1980). Since then, micro-
gravity measurements have been made yearly at Krafla
from 1990 to 1997, with the exception of 1993 (Rymer
et al. 1998), and again in 2002 and 2003.

The 29 main micro-gravity stations (partly displayed in
Fig. 2 and Table 2) at Krafla can be grouped according to lo-
cation: Hreindyrahdll (5672, A0O8 and A012), Leirhnjikur
(A001, A002, AOO3 and A004), Hlidar Krafla (OS5595,
5596, 5597, 0S5688, NE79077 and A005), Hvitholaklif
(5599, 5599a, 0OS5843, NE9301 and NE80051) and
South Hlidardalur (NE220, OS5697, 0S5698, OS5699 and
0S5600). There are four control or base stations (Hotel,
FM115, Helluhraun and 2313) and two stations that fall
outside these groups (OS5684 and OS5685).

Previous results

Rymer et al. (1998) investigated post-eruptive gravity
changes from 1990 to 1996 inclusively. After corrections
for elevation change, significant net gravity decreases on
the order of —50 wGal, were observed over the modelled
Mogi-type deflation source. Net gravity increases up to
60 wGal were observed 1-3 km from the centre of de-
formation. In addition to this, here the effect of water ex-
traction has been taken into account for the 1990-1996
period.

Gottsmann and Rymer (2002) analysed Ag/Ah gradients
for all available data from 1977 to 1996. Their theory sug-
gests that the relationship between the measured gradient,
the free air gradient (FAG) and the Bouguer corrected free
air gradient (BCFAG) predicts which process is responsible
for caldera unrest.

New results

The micro-gravity network at Krafla (Fig. 2, Table 2)
was re-measured during the summers of 1997, 2002 and
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Micro-gravity and water extraction data at Krafla from 1990-2003
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Fig. 4 Micro-gravity and water extraction data for Krafla between
1990 and 2003. Micro-gravity data are referred to base station FM115
and relative to 1990. The names of the station groups refer to loca-
tions plotted in 2. The thick dashed line shows the average grav-
ity. The average standard deviation on all data through all years is
15 pGal. Total yearly water extraction data are taken from the Na-
tional Energy Authority of Iceland (Hauksson and Benjaminsson
2003)

2003 using station FM115 as a reference and the results
are presented here. The average standard deviation of all
measurements is 14 and 12 pGal in 2002 and 19 and
18 wGal in 2003 (Table 2), for meters G-403 and G-513,
respectively.

During the 2002 survey, the FAG was measured at several
key stations as suggested by Gottsmann and Rymer (2002).
The results show a FAG close to the theoretical value for
the reference station (FM115) and the South Hlidardalur
stations. Across the rift, the FAG differs considerably, with
values of —386+12 pGal/m in the Leirnjikur area and
—2804-12 pGal/m in the Hreindyraholl area (Table 3). This
difference is caused by topographic variations and the local
Bouguer anomalies. The measured FAG values were then
contoured to allow the FAGs at the unmeasured stations to
be estimated.

A comparison of the 2002 and 2003 data with ear-
lier surveys (Fig. 4) reveals that there has been a micro-
gravity increase at the Leirhntkur, Hlidar Krafla and South
Hlidardalur stations from 1990 to 1996 averaging to about
~25 pGal. This is followed by a relative micro-gravity de-
crease of ~45 pGal from 1996 to 2002 and a small increase
of ~10 wGal from 2002 to 2003. At the Hreindyrahdll and
Hvithoélarklif stations, micro-gravity data show an increase
of ~20 nGal from 1990 to 1994, followed by a steep de-
crease of 80 pGal from 1994 to 1997. No change occurred
from 1997 to 2002 and from 2002 to 2003 these stations
show a micro-gravity increase of ~10 pGal. The average
of all gravity stations is also depicted in Fig. 4 (broken
line). For gravity changes to be considered significant, they
need to exceed 15 wGal. There is some (non-linear) trend
in the gravity change signal in Fig. 4 but before any inter-
pretation can be made, the effects of height changes need
to be considered.
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Table 3  Calculation of the net micro-gravity change for the 1990-1995 and 19962003 periods. Numbers refer to location on map (Fig. 2). FAG values without superscripted are values

measured at that station (£12 pGal/m) Station names in brackets are the nearest levelling station if different from gravity station.

6

1996-2003
Height

1990-1995

Net Ag

Measured Ag [nGal]

Expected Ag

Measured Net Ag

Height change [cm] Expected

FAG

Name

No

[nGal]
25

change [cm] [nGal]

[nGal]
49

Ag [1Gal]

35

Ag [nGal]
—14

[nGal/m]
—0.310
—0.300
—0.314
—0.322%
—0.322¢
—0.304
—0.290?
—0.347
—0.330?
—0.365*
—0.375%
—0.386
—0.348
—0.315*
—0.280

19

1.720
0.000

4.482

Hotel (KONGSP)

FM115

0.000

3
5
6
7
9

—81
—20
71
—56
-20

-73

—2.334
—5.036
—2.702
—0.369
4.545

0.184

—3.931

2.948

-20

19
42

—6.082
—13.125

—7.043
—0.960

085595
5596

35
72

—62
-55
-33

49
27

23

085597

5599A
5672

—13

29
17

—34

11.844
0.480

11

—104
—61
-31

—104
—48
—42
—61
=77

15
52
41

0S5684

12
14
23

13

34

—10.244

7.683

085688 (KB08&11)
A001 (KV08)
A002 (KV12)

—11

69
22
16

—28

—58
-175

0.737

15
12

1.921
0.960

24

0.369

31

A003 (KV02)

25

-19

12

—3.439
—1.351
4.299

—86
—-34

19

—55
-23
—13

—8.963
—3.521

A004 (LV956104)
A005 (FM5670)

26

—14
-53

11

27

—41

—12

=31

11.204

A012 (LV956107)

29

2Values have been estimated from contours

Bold numbers represent net gravity decreases

Calculation of net micro-gravity

The net micro-gravity changes were calculated using the
measured values of the FAG where possible (Table 3), or
with estimates derived from the contoured FAG values. The
vertical motion at each station is multiplied by the FAG to
calculate the expected micro-gravity change. Subtraction of
the expected changes due to vertical motion from the mea-
sured micro-gravity changes yields the net micro-gravity
change due to changes in sub-surface mass. The net micro-
gravity changes for the two periods under consideration
are most easily visualised on contour maps (Fig. 5). Station
5596 was excluded from the contouring during the 1996—
2003 period because the net gravity decrease found at this
location is small (—20 nGal) compared to that found at
nearby gravity stations (~—75 pGal). A reason for this
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Fig.5 aNetmicro-gravity contours (in pGal) at Krafla from 1990 to
1995 following data from Table 3. Gravity stations are represented by
a cross and numbers refer to values as in Table 3. Diamonds represent
drill holes for water extraction. Positive contours are dashed while
negative contours are solid lines. The thick dashed line shows the
calderarim. The area of net gravity decrease is located in the centre of
the caldera. Suggested locations of possible shallow magma chamber
(see Table 4) are depicted with black stars a, b, c and d. b Net micro-
gravity contours (in pGal) at Krafla from 1996 to 2003 following data
from Table 3 and same symbols as a. Note that the anomalous data
points FM5596 and A012 have not been taken into account during
the contouring. Area of net gravity decrease is concentrated around
the drill hole sites



Water extraction from drill holes in the Krafla area
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Fig.6 Water extraction from drill holes in the Krafla area from 1990
to 2003 (Hauksson and Benjaminsson 2003). Note that extraction has
doubled since 1998 compared to the 1990-1996 period. Names refer
to locations of drill sites as used in Fig. 5 c Leirbotnar; m Hvithélaklif;
£ Bjarnarflag; = Sudurhlidar; m Vesturhlidar

could be that this gravity station is closest to the drill-hole
site where, in 2002, 1,400 kt of water was injected into the
system.

There is an important contrast between the 1990-1995
and 1996-2003 data. During the 1990 to 1995 period, a
net gravity decrease of —85 pGal was concentrated around
the Leirhnikur stations. This coincides with the location
of the latest activity during the Krafla fires and suggests
it may have been caused by magmatic processes. During
the 1996 to 2003 period, almost all stations show a net
micro-gravity decrease. An E-W elongated feature with
a maximum net gravity decrease of —100 pwGal can be
identified. This area correlates well with the location of the
drill-hole sites. Processes responsible for the observations
could include (1) influences of the geothermal power plant:
water mass extraction and the increased cooling rate of
the shallow magma body (causing contraction) caused by
the increased water circulation and (2) drainage of magma
from a shallow magma body.

Influence of the geothermal power plant

Water extraction (dotted line in Fig. 4) has been increasing
steadily since 1992 (Hauksson and Benjaminsson 2003).
The average yearly water extraction of ~6,000 kt for the
1990-1996 period, increased to ~11,000 kt for the 1998—
2003 period (Fig. 6). There is a clear inverse correlation be-
tween the average gravity and the water extraction (Fig. 4).

The fact that there are net micro-gravity changes suggests
that sub-surface mass changes are occurring. Sub-surface
mass decrease could be caused by movement of the steam-
water interface, drainage of magma from a reservoir or
extraction of geothermal water at the Krafla power plant.
Movement of the steam-water interface can not be excluded
but its influence will be too small to explain the observed
mass changes (Gottsmann and Rymer 2002). We suggest
the two alternative explanations are more likely causes. In
order to better understand the non-magmatic influence on
the gravity signal, we consider in more detail the extraction
of water at the geothermal power plant (Fig. 6).
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From 1990 t0 2002, a total of 7.94 x 103 kt (7.94 x 10!k g)
water was extracted at the various drill holes (Hauksson and
Benjaminsson 2003). The drill holes are co-located with
the micro-gravity network (Fig. 5) and are concentrated at
five sites located (1) south of the caldera in Bjarnarflag,
(2) at Hvithélaklif, (3) in the centre of the caldera (near
the power plant), (4) at Leirbotnar, and (5) south of the
Krafla mountain at Sudurhlidar Krafla. The extraction of
water was more or less constant from 1981 to 1996, but
subsequently almost doubled due to the increased demand
caused by the installation of the second turbine in 1996.
To complicate the mass balance picture even further, injec-
tion of water into the system was initiated in 1999. This
did not contribute considerably until 2002 when injection
amounted to 1,400 kt/year. This may account for the small
increase in raw gravity observed from 2002 to 2003.

The Krafla geothermal system consists of two separate
geothermal zones at different depths (Stefansson 1981).
The shallower of the two is avoided during exploitation of
the field because of its lower temperature and association
with calcite deposition. The top of the ~1,000-m-thick
deeper zone is located around 1,100-1,300 m.

The gravitational effect of the water extraction in the
Krafla area can be simulated by a cylinder with changing
density in the same way as used by Hunt (1970) for the
Wairakei geothermal field in New Zealand. The density
change, o, can be calculated as follows:

Am
o =—
(rr2h)

(2

The mass change in kg, Am, in the centre of the caldera
(excluding Bjarnarflag), is —2.28 x10'* kg from 1990 to
1995 and —6.57x10'% kg from 1996 to 2003. The radius
of the cylinder or the effected area, 7, varies from 100 to
10,000 m. The height of the cylinder or the thickness of the
aquifer, 4, is 100 m.

The gravitational effect, Ag, on the surface above the
centre of this cylinder can then be calculated as follows
(Parasnis 1979):

Ag =2Go[hy —z+Vr?+z2 —\/r? + h3]

where G, is the gravitational constant, of
6.67x107!! Nkg?/m?. The depth of the cylinder, z,
from the surface to the top of the aquifer, varies from 100
to 1,300 m. /4 is the depth to the bottom of the cylinder, in
metres. Equation 3 is empirical and variations in g will be
caused by variations in z, 4, and r.

The results of the calculations are shown in Fig. 7. The
average estimate of the gravitational effect of the water
extraction from 90 to 1995 is approximately —12 pGal,
assuming the extraction affects an area with a radius of
4 km. This is the approximate radius of the caldera and the
aquifer is known to exist as a broad layer within this region
(Stefanson 1981). This effect is smaller than the average
standard deviation on the data set and may therefore not
be detectable. For the period of 1996-2003, the estimated

3)
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Fig. 7 Micro-gravity effect of water drainage in Gal for the two
periods. z is the depth to the top of the cylinder, i.e., the depth to the
top of the aquifer, varying from 1,100 mm to 1,300 m. The thickness
of the aquifer is 1,000 m and r is the radius of the cylinder

gravitational effect is approximately —35 pGal, assuming
the same area is affected. This effect is larger than the aver-
age standard deviation and should therefore be measurable
and visible in the data set. Since we ignore the flow of
water into the area from the surroundings to accommodate
the water extraction, the estimated gravitational effects are
maximum values.

Interpretation
Geodetic data

Over the years, several deformation models have been de-
veloped using data acquired with a range of geodetic tech-
niques (Table 4, Fig. 2). All of these models include a Mogi
point source sometimes referred to as the Krafla magma
reservoir. Its location varies only slightly between mod-
els, although depth is less well constrained. Analysis of

local earthquakes (Einarsson 1978) defined two regions of
shear wave attenuation, which were inferred as a shallow
magma reservoir, although this study did not define the
magma reservoir in any detail. Brandsdéttir and Menke
(1992) showed the presence of a low velocity zone that
is interpreted as the shallow magma reservoir, less than
1 km thick with its top at a depth of approximately 3 km.
However, it is not possible to explain all the observed defor-
mation with this one point source, especially at an increased
distance from the source. Therefore, several types of ad-
ditional sources have been suggested to complement the
model (Table 4). All micro-gravity stations lie within the
zone mostly influenced by the point source and by the ex-
traction of the geothermal resources, and therefore for the
context of this work, only the Mogi source and geothermal
field will be considered.

Subsidence observed in interferograms spanning the
1993-1999 period (de Zeeuw-van Dalfsen et al. 2004a),
is consistent with a Mogi source deflating at a rate of
~0.3%10% m?/year. This process is envisaged as deflation
of the shallow Krafla magma reservoir. Over the same
period, a deeper inflating Mogi source, further north and
at 21 km depth, inflated at a rate of ~26x10° m?/year.
The inflating source is at or near the crust-mantle bound-
ary as identified by seismic studies and is interpreted as
accumulating magma (de Zeeuw-van Dalfsen et al. 2004a).

Gravity data

Rymer et al. (1998) interpreted the observed (1990-1996)
net gravity decrease at Krafla as magma drainage of at
least 4x10' kg and the net gravity increases as the re-
sult of a migrating steam-water interface and/or closure of
micro-fractures during post-eruptive cooling and contrac-
tion. Gottsmann and Rymer (2002) emphasised, however,
that the net gravity increases were not only associated with
a density increase, but also were accompanied by a mass
increase of ~10'° kg. They suggested that magma moved
laterally out of the reservoir into dykes.

The inverse correlation between micro-gravity and water
extraction data (Fig. 4) suggests water extraction has an
important influence on the mass balance of the system and
therefore on the gravity data. Furthermore, the fact that
gravity is decreasing in areas of general deflation indicates
that sub-surface mass decreases may be occurring. The
influence of the water extraction by the geothermal power
plant is also obvious in 1996-2003 (Fig. 5). There may be
a volcanic signal hidden within these data, but before this
can be observed, data should be corrected for the water
extraction.

The calculated net gravity decrease from 1990 to 1995
is —85 +12 pGal (to correct for the influence of water
extraction) which leads to a still significant net-gravity
decrease of —734+17 pnGal (RMS of gravity readings
is =16 pwGal, RMS of deformation data is +6 pGal,

V16462 = 17). Since the effects of water drainage have
been taken into account, this mass decrease is most likely
caused by magma drainage over the 6-year period. From
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Table4 Model data for a Mogi point source as reported by various authors throughout the years. EDM Electronic Distance Measurements;

InSAR Interferometric Synthetic Aperture Radar

Parameters of Mogi source

Reference Latitude(°) Longitude(°) Depth (km) Additional source Input data
Bjornsson (1985) — - - Molten layer 5-7 km feeding Magneto-telluric
shallow reservoir

Trygvasson (1986) see star a, 65.715 16.797 2.6 Three more stacked reservoirs, at EDM, lake level, tilt
Fig. 5 5-10 km, >20 km and deeper

Rymer et al. (1996) same as 65.715 16.797 ~2.5 EDM, lake level, tilt
star a, Fig. 5

Sigmundsson et al. (1997) see 65.71 16.79 3 Line source InSAR
star b, Fig. 5

Arnadottir et al. (1998) see star ~ 65.715 16.806 ~3 Dike EDM, tilt, height
c,Fig. 5 differences

De Zeeuw-van Dalfsen et al. 65.72 16.78 ~2.4 Mogi 2 at 65.83 °N, 16.73 °W, InSAR

(2004a) see star d, Fig. 5

line source

1996 to 2003 the calculated net gravity decrease is —100
435 wGal (to correct for the influence of water extraction)
which culminates in a significant net gravity decrease of
—65417 wGal over the 8-year period.

The mass change (AM) within a spherical (point source)
body, whose depth is much greater than its radius, causes
a gravitational effect on the surface (Ag) that is related to
its mass change (AM) by (Dzurisin et al. 1980; Johnson
1987; Rymer and Tryggvason 1993):

_ Ag(rP 4 d?y?
B Gd

AM 4

where G is the Universal gravitational constant of
6.67x10~'"" Nm?/kg?. The depth to the point source, d, is
2,800 m as estimated by geodetic modelling (Tryggvason
1986 ; Sigmundsson et al. 1997; Arnadéttir et al. 1998;
Rymer et al. 1998). The horizontal distance to this
source, r, is 1,300 m from 1990-1995 and 2,000 m from
19962003 (i.e. the horizontal distance from the point
source to the area with maximum net gravity change).

In the following text, we refer to edifice volume changes
(AV.) and relate them to sub-surface magma volume
changes (AVy) and magma chamber volume changes
(AV). Following Eq. 4, a mass decrease of 1.1x10'!" kg
occurred from 1990-1995, followed by a decrease of
1.4x10" kg from 1996 to 2003. This is equivalent to
magma drainage of ~2x10'° kg/year visualised as a con-
tinuous ongoing process. After correction for the water
extraction, the two periods show very similar drainage
rates and, because drainage is visualized as a continu-
ous process, we prefer to interpret the data in terms of
volume changes for the whole period at once. Assum-
ing a density of 2,700 kg/m® for the sub-surface magma
body, the total mass decrease represents a minimum change
in magma outflow volume (AV,,) of —0.09 km® from
1990 to 2003.

Earlier (see section Deformation data, Previous results),
we calculated the total volume change at the surface (AV,)
from 1990 to 2003 to be —0.008 km?. This volume change
comprises a combination of volume change caused by wa-

ter extraction, cooling/contraction of the magma reservoir
and/or magma drainage from the magma reservoir. Because
AV, is dependent on the maximum subsidence at the centre
of the caldera (% in Eq. 1), the curve following the decay of
deformation is also representative for AV.. This suggests
that AV, was not significantly influenced by water extrac-
tion, as data would not follow a smooth line if influenced by
a significant change in water extraction between 1995 and
1996. Therefore, we argue that there is no need to correct
AV, for water extraction. Following Johnson et al. (2000),
the corresponding sub-surface volume change of the Mogi
source (AV.y) is two thirds of the surface deflation volume
or —0.005 km?. INSAR modelling (de Zeeuw-van Dalfsen
et al. 2004a) at Krafla suggests a total volume change of
the deflating Mogi source of the same order of magnitude
(—0.002 km? for the 1993-1999 period).

Comparing this value with the calculated total change
in Mogi source volume (AV,,) we find that the magma
drainage volume is actually 17 times larger than the Mogi
source volume. It has been suggested that volumetric de-
compression of stored magma may be caused by the vari-
ation in reservoir pressure accompanying magma drainage
(Johnson 1992; Johnson et al. 2000). The net volume
change of the stored magma, AV, changes because of this
decompression. A combination of reduction of the reser-
voir size, AV, and decompression of the stored magma,
AV, would accommodate the magma drainage. Although
not our preferred explanation, part of the volume discrep-
ancy could also be explained by boiling in the geothermal
system and density decrease in excess of that suggested
only from extracted water.

Discussion and conclusions

The results from this work show significant mass decreases
at the Krafla caldera which we interpret in terms of magma
drainage. The Krafla caldera is located on the Northern
Volcanic Zone in Iceland and as such is part of a larger
volcanic system. It is therefore important to extend our in-
terpretation and discussion beyond the Krafla area. In the
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past three years, more and more data covering the North-
ern Volcanic Zone have been analysed. To advance our
knowledge of volcanic processes, it is important to use all
available information.

The Askja volcanic centre in the Dyngjufjoll central vol-
cano (Sigvaldason 2002) hosts three calderas, the largest
one being the circular Askja caldera. Askja volcano is lo-
cated 80 km south of the Krafla volcanic system but is
also located on the divergent spreading plate boundary in
N. Iceland. The most recent eruption began there in Octo-
ber 1961 and continued into early December of the same
year. de Zeeuw-van Dalfsen et al. (2004b) found a net
micro-gravity decrease of 115 pGal at Askja caldera, cor-
responding to a sub-surface mass decrease of 1.6x 10! kg
between 1988 and 2003. They suggested the mass decrease
of 0.125 m?® s~! was due to magma drainage from a shal-
low reservoir. They suggest that extensional tectonic forces
generate space in the ductile lower crust to accommodate
drainage (of degassed magma) from the shallow magma
chamber to deeper levels. The work presented here sug-
gests a mass decrease of 2.5x10'! kg, implying a drainage
rate of 0.23 m> s~! at Krafla from 1990 to 2003, which is
of the same order of magnitude as that at Askja. We sug-
gest that pressure reduction along the plate boundary due to
the plate spreading process can accommodate this ongoing
magma drainage from the shallow magma chamber. Links
between the two volcanoes have been suggested by several
authors (Tryggvason 1986; Rymer and Tryggvason 1993;
Sturkell et al. 2004—accepted).

Deflation at both the Askja and Krafla volcanoes is decay-
ing through time. However, while Askja has been deflating
with an average rate of 5 cm/year between 1988 and 2003,
Krafla deflated at only 1 cm/year between 1990 and 2003.
Also, the AVy,/AV, ratio at Askja for the 1988-2003 pe-
riod is 3, roughly five times smaller then the ratio estimated
for Krafla (17) for the 1990-2003 period. A possible ex-
planation for this difference might be the existence of the
extensive geothermal system at Krafla, cooling the volcanic
system more rapidly.

Recently, re-evaluation of new and previously published
geodetic data at both volcanoes suggests a best fit for mod-
els with two stacked magma reservoirs. For Askja, Sturkell
et al. (2004-accepted) suggested two magma reservoirs at
3 and 16 km depth; while at Krafla, de Zeeuw-van Dalf-
sen et al. (2004a) suggested the existence of deep magma
accumulation at 21 km depth in addition to a magma reser-
voir at 2.8 km depth. It is possible that a pressure-link be-
tween these volcanoes exists along the ductile lower crust
in Iceland. We suggest that after the Krafla fires, co-rifting
pressure decrease of the deeper source stimulated the sub-
sequent inflow of magma. This inflow might influence con-
ditions along the plate boundary as far away as Askja,
70 km to the south. The pressure of the deeper reservoir
at Krafla will reach a critical value and eventually magma
will rise to the shallow magma chamber, possibly initiating
a new rifting episode. The last significant eruptive period
at Krafla before 1974 was in 1724—1729 and this may in-
dicate the timescale for replenishment of the upper magma
chamber.

It is possible that not only Icelandic but also other vol-
canoes located on a constructive plate boundary are inter-
connected at depth. Several authors have suggested con-
nections between volcanoes in other parts of the world in
all types of tectonic settings, but the suggested connections
are mostly shallow in nature. At Mauna Loa and Kilauea
in Hawaii, the possible connection between the two volca-
noes remains controversial. Recently, Miklius and Cervelli
(2003) suggested a crustal-level interaction between the
two magma systems based on a short timescale correlation
found in continuous deformation data.

This paper has demonstrated the power of using a range
of techniques simultaneously to study volcanoes. We have
shown it can improve the understanding of the ongoing pro-
cesses at the studied volcano as well as offering constraints
on the dynamics of, and linkages through, the volcanic sys-
tem at a broader scale. We anticipate that using a range
of techniques concurrently will considerably increase our
knowledge of volcanic systems in the future.
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