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A B S T R A C T   

In August 2021, Askja volcano in Iceland returned to the spotlight after a sudden onset of rapid uplift followed 
decades of continuous subsidence. In this study the extended record of microgravity data from Askja between 
1988 to 2017 is revisited, and new microgravity data from 2021 and 2022 are introduced, which were collected 
after the uplift had started. Askja caldera had been steadily subsiding since at least 1984 and was characterised 
by a net decrease in microgravity, potentially signalling the contraction of its magma chamber or eviction of 
magma either laterally or to deeper levels. The microgravity data indicate that despite ongoing subsidence be-
tween 2017 and early 2021, a significant gravity increase can be detected in the center of the caldera between 
2017 and August 2021. This increase may be introduced during – or leading up to – the period of uplift. The new 
microgravity data also indicate that during the period of 40 cm uplift after August 2021 to fall 2022, gravity 
changes approach the free-air gradient, suggesting subsurface density decreases as a driving process. This process 
may relate to the vesiculation of magma previously emplaced in the volcano roots, a change in the hydrothermal 
system, or replacement of dense basaltic magma with less dense rhyolitic magma, or a combination of these 
processes. However, uncertainties for this period are elevated and may obscure a gravity signal expected from 
additional mass accumulation. The timing and high uncertainties of some campaigns make it challenging to be 
conclusive on the driving process behind the uplift, but future microgravity campaigns could help solve the 
ambiguity. The study also provides a description of potential pitfalls in microgravity campaigns and recom-
mendations on how the reliability of microgravity data can be improved.   

1. Introduction 

Long-term geodetic monitoring requires dedication. Worldwide, 
only a handful of volcanoes (e.g., Campi Flegrei (Berrino, 1994; Gotts-
mann et al., 2003), K̄ılauea (Johnson et al., 2010; Bagnardi et al., 2014; 
Koymans et al., 2022), and Krafla (Rymer et al., 1998)) have such a 
uniquely extensive deformation and microgravity record as Askja, Ice-
land. The remarkable geodetic record of Askja enables the study of the 
temporal evolution of the volcano, and covers a sudden reversal in 
August 2021 from a four decade-long interval of subsidence of more 

than 1 m, that changed to rapid uplift at a rate of up to 40 cm per year. It 
presents an opportunity to study the geodetic signatures and to identify 
the source that is responsible for the observed change, and is key for 
hazard implications. In this pursuit, microgravity observations are 
beneficial because it is the only technique that can identify any potential 
change in subsurface mass below the caldera. One key objective of 
microgravity surveys in volcano monitoring is thus to detect gravimetric 
signatures that may indicate, or represent precursors to major changes in 
the character of volcanic activity that would otherwise remain unde-
tected (e.g., Rymer (1994), Battaglia et al. (2008), Poland et al. (2021)). 
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Askja is located in the desolate highlands of central Iceland and lies 
at the heart of the Northern Volcanic Zone (NVZ), at the divergent 
boundary between the Eurasian and North American plates (Fig. 1). 
Near Askja, the NVZ is oriented north–south and extends in length over 
more than 150 km, and is locally up to 10 to 15 km wide (Sigvaldason, 
1979). The divergent plate boundary hosts multiple active volcanic 
systems, including Askja, Bárdarbunga, Grimsvötn, and Krafla that 
accommodate the strain produced by the plate spreading (Drouin et al., 
2017). Askja consists of nested calderas, where the main caldera has a 
diameter of 7 to 8 km (labeled Askja; Fig. 1), and potentially formed as 
the result of a Plinian eruption during the early Holocene. Alternatively, 
the rim of the main caldera may have been built up through sub-glacial 
fissure eruptions (Brown et al., 1991), accompanied by gradual caldera 
collapse (Gudmundsson et al., 2016). The smallest and youngest caldera 
(labeled Öskjuvatn; Fig. 1) developed as the result of an explosive 
eruption in 1875 (Sigvaldason, 1979; Sparks et al., 1981; Hartley and 
Thordarson, 2012). This caldera presently hosts one of the deepest lakes 
in Iceland. The most recent eruption at Askja was effusive and dates back 
to 1961 (Thorarinsson and Sigvaldason, 1962). During this eruption, 
basaltic lava flowed through the Öskjuop pass in the northeast of the 
caldera onto the flanks of the volcano, creating a convenient path into 
the caldera. Askja demonstrates an intermediate level of seismicity that 
is associated with hydrothermal activity (Greenfield et al., 2020; 
Winder, 2021). Hydrothermal activity is extensive and partly focused on 
caldera rims, but also identified surrounding lake Öskjuvatn (Ranta 
et al., 2023), and in the lukewarm muddy waters of Víti. 

1.1. Geodetic monitoring at Askja 

After the 1961 effusive eruption, a monitoring network was 
designed, targeted to capture the volcano’s temporal evolution with a 
diverse set of geodetic tools (Fig. 2). Precise levelling data from a 1.7 km 
line are available from 1966 to 1972 (Tryggvason, 1989), and the line 
has been measured annually since 1983 (Sturkell and Sigmundsson, 

2000; Sturkell et al., 2006; de Zeeuw-van Dalfsen et al., 2013). In the 
1990s, campaign (since 1993) and continuous (since 2000) Global 
Navigation Satellite System (GNSS) measurements were started, and 
Interferometric Synthetic-Aperture Radar (InSAR) observations (since 
1992) began to be included in volcano geodesy. 

1.2. Subsurface structure and evolution of Askja 

Leveling data indicate uplift of Askja caldera between 1970 and 1973 
(Tryggvason, 1989; Sturkell et al., 2006), followed by an extended 40 
year period of slowly decaying subsidence since at least 1984, and 
potentially as far back as 1974 when interpolated between measure-
ments (Sturkell et al., 2006). The character of this subsidence was that of 
stable exponential decay with an estimated relaxation time of 39 – 42 
years (Sturkell et al., 2006; Giniaux et al., 2019), and an inferred total 
subsidence in the center caldera of over 1 m. Deformation data from 
decades of subsidence indicate that a shallow magma body is likely 
located at approximately 2 to 3 km depth (Pagli et al., 2006; Sturkell 
et al., 2006; de Zeeuw-van Dalfsen et al., 2013). Nearly all modeled 
geodetic sources indicate a deflating point pressure source (Mogi, 1958) 
at approximately this depth below the center of the main caldera 
(Tryggvason, 1989; Rymer and Tryggvason, 1993; Sturkell and Sig-
mundsson, 2000; de Zeeuw-van Dalfsen et al., 2012; Drouin et al., 
2017). An elliptical source model (Pagli et al., 2006), and two distinctive 
Mogi sources (Sturkell et al., 2006) – at depths of 3 km and 16 km, 
respectively – have been proposed as alternatives. Seismic tomography 
reveals features that represent a shallow magma storage area at 5 to 6 
km depth b.s.l., and the potential existence of a magma mush storage 
and transport zone at 10 to 25 km depth (Mitchell et al., 2013). These 
models do not have sufficient resolution at 2 to 3 km and thus do not rule 
out the potential presence of magma at shallow depths. However, a 
shallow (⩽3 km b.s.l.) high seismic velocity zone below the caldera may 
indicate an intrusive complex, with an observed low Vp/Vs ratio also 
suggesting the phase transition from water to steam at this depth 

Fig. 1. Hillshaded digital elevation 
model of Askja highlighting the loca-
tion of the caldera rims in brown 
(Hartley and Thordarson, 2012). The 
map inset shows the location of Askja 
and illustrates glaciers (light blue) and 
Icelandic volcanic zones (grey). The 
Northern Volcanic Zone (NVZ) 
stretches from the north of Krafla (K) 
to Askja (A) and towards Bárarbunga 
(B) and Grímsvötn (G). The micro-
gravity network at Askja consists of 20 
microgravity benchmarks with their 
identifiers. The colors represent 
different regional groups of micro-
gravity benchmarks. The crosses indi-
cate locations with continuous GNSS 
receivers or campaign benchmarks.   

M.R. Koymans et al.                                                                                                                                                                                                                           



Journal of Volcanology and Geothermal Research 442 (2023) 107890

3

(Greenfield et al., 2016; Halldórsdóttir et al., 2010). 
In August 2021, the decades-long trend of subsidence reversed, and 

the center caldera floor began to rise at a rate of up to 40 cm per year. 
The present rate of uplift identified from leveling observations indicate 
similar rates that were derived from leveling observations between 1971 
– 1973 (Sturkell et al., 2006). 

Seismic tomography and deformation modeling provides insight into 
source volumes, or their changes and locations, but cannot exclusively 
determine which mechanism is responsible for the observed surface 
deformation of the caldera. Microgravity surveys add information on 
subsurface mass changes to bridge this observational gap, and together 
with surface deformation data can better constrain the governing vol-
canic processes. Microgravity observations were started at Askja in 1988 
and completed episodically in the following decades up until 2022, 
providing a total of 19 microgravity surveys (Table 1). For the extended 
period of subsidence, different source mechanisms have been suggested, 
such as a cooling and contracting magma chamber, and the flow from a 
shallow magma body to deeper levels, or through lateral movement (de 
Zeeuw-van Dalfsen et al., 2005). The stage of uplift that started during 
August 2021 has not yet been thoroughly studied and its cause remains 
enigmatic, but the inflection point from subsidence to uplift has been 
captured by geodetic observations. 

In this study the full microgravity record of Askja is evaluated, 
joining new and previously published data. In the following sections the 
existing historical microgravity observations between 1988 – 2010 are 
reviewed, data from 2015 – 2017 are re-analysed based on available raw 
data, and two new microgravity campaigns from 2021 and 2022 are 
presented. The scope of this work focuses on the period since 1988 
leading up to inflection point from extended subsidence to uplift. 

Microgravimetric signatures associated with the observed long-term 
trends in deformation are studied to investigate subsurface changes 
that may otherwise have remained undetected, and shed light on the 
governing magmatic and hydrothermal processes at Askja. 

2. Methodology 

2.1. Microgravity campaigns at Askja 

Over the past three decades, microgravity campaigns were 
completed by various institutes and operators using state of the art 
equipment of their time (Table 1). Microgravity results between 1988 – 
1991 were collected by Rymer and Tryggvason (1993) using two 
LaCoste & Romberg (L&R) model G instruments. Additional surveys 
were completed between 1992 and 2003, using similar L&R model G 
gravimeters, extending the established record (de Zeeuw-van Dalfsen 
et al., 2005). These authors also improved previously estimated net 
gravity changes between 1988 – 1991, with the latest two-point Mogi 
source model at the time to correct for height changes (Sturkell et al., 
2006). Between 2007 – 2009, microgravity data were collected by 
Rymer et al. (2010), including another campaign completed in 2010 (de 
Zeeuw-van Dalfsen et al., 2013). Campaigns were restarted by Giniaux 
et al. (2019), who added three surveys between 2015 – 2017 using a 
Scintrex CG-5 gravimeter. Microgravity data were also collected in 
September 2021 and August 2022 in response to the observed uplift at 
Askja. These surveys were completed using two pairs of Scintrex CG-5, 
and a Scintrex CG-5 and CG-6, respectively. 

Fig. 2. Approximate coverage of geodetic monitoring techniques during periods of uplift and subsidence (U – Uplift, S – Subsidence). A continuous bar for campaign 
measurements indicates that data are available at least once per year. See Table 1 for the precise microgravity campaign dates and Fig. 3 for the available campaign 
GNSS data since 2012. 

Table 1 
Microgravity campaigns at Askja, Iceland between 1988 – 2022. [1] Rymer and Tryggvason (1993), [2] De Zeeuw-van Dalfsen et al. (2005), [3] Rymer et al. (2013), 
[4] De Zeeuw-van Dalfsen et al. (2013), [5] Giniaux (2019), [6] this study. The Mogi source model for the vertical deformation correction in the 1988 – 2010 
campaigns was published by Sturkell et al. (2006).  

Campaign Instruments and Serial Numbers Deformation Correction References 

1988 L&R model G (513 and 105) Mogi source model [1, 2, 4] 
1989 L&R model G (513 and 105) Mogi source model [1, 2, 4] 
1990 L&R model G (513 and 105) Mogi source model [1, 2, 4] 
1991 L&R model G (513 and 105) Mogi source model [1, 2, 4] 
1992 L&R model G (513) Mogi source model [2, 4] 
1994 L&R model G (513) Mogi source model [2, 4] 
1995 L&R model G (513) Mogi source model [2, 4] 
1997 L&R model G (513 and 403) Mogi source model [2, 4] 
2002 L&R model G (513 and 403) Mogi source model [2, 4] 
2003 L&R model G (513 and 403) Mogi source model [2, 4] 
2007 L&R model G (513) Mogi source model [3, 4] 
2008 L&R model G (513) Mogi source model [3, 4] 
2009 L&R model G (513) Mogi source model [3, 4] 
2010 L&R model G (513) Mogi source model [4] 
2015 Scintrex CG-5 (968) GNSS Measurements [5] 
2016 Scintrex CG-5 (968) GNSS Measurements [5] 
2017 Scintrex CG-5 (968) GNSS Measurements [5] 
2021 Scintrex CG-5 (41301) and CG-5 (41421) GNSS Measurements [6] 
2022 Scintrex CG-5 (41301) and CG-6 (19090203) GNSS Measurements [6]  
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2.2. Askja microgravity network 

The microgravity network at Askja has evolved over the past decades 
and consists of twenty benchmarks (Fig. 1). The network of benchmarks 
was initially designed and set up by Rymer and Tryggvason (1993), 
extended by de Zeeuw-van Dalfsen et al. (2005) in 2002 with the 
addition of NE2, MASK, 430, and DYNG-H, and further developed by 
Giniaux et al. (2019) in 2015 through the introduction of benchmarks 
CASK, DYNG-J, MYV1, MYV2, STAM, and VATN to improve the spatial 
coverage particularly in the south of the caldera. The highest density of 
benchmarks (MASK, OLAF, D19, and NE2) is in the center of the caldera, 
near the center of past subsidence and observed uplift since August 
2021. After the campaign in 2022, benchmark VONK was marked for 
removal from the network because it is not mounted on a solid foun-
dation and was previously measured in soil. Similarly, benchmark IV16 
sits atop of a loose boulder in a region that is subject to heavy erosion 
and difficult to measure consistently. During the 2022 campaign, 
benchmark 430 appeared extremely unstable, both during the micro-
gravity survey and the leveling measurements. Benchmark NAUT was 
established for future surveys at a stable point far away from the 
deforming caldera at an existing benchmark used for campaign GNSS 
measurements. 

2.2.1. Microgravity network anchors 
During the microgravity campaigns between 1988 and 2010, 

benchmark VIKR was selected as the network anchor. Beyond 2002, it 
was recognised that a new benchmark at DYNG, which eventually 
became co-located with a continuous GNSS receiver, provided a more 
suitable setting outside the area of active subsidence. At this site, two 
anchors were established: One anchor (DYNG-H) is located just beside 
the GNSS receiver, with the second anchor (DYNG-J) at 7 m distance. In 
the campaigns of 2015, 2016, and 2017, Giniaux et al. (2019) measured 
gravity differences relative to DYNG-J, while other campaigns in the 
past included an occasional measurement of DYNG-H. Both benchmarks 
DYNG-H and DYNG-J were measured in the 2021 and 2022 campaigns, 
and the effective gravity difference between the two anchors is well- 
constrained at a positive 170 to 180 μGal going from DYNG-H to 
DYNG-J. For continuity with the historical time series, all microgravity 
data presented in this study, including those from recent surveys (2015 – 
2022) for which measurements at DYNG are available, were expressed 
relative to the historical anchor VIKR. Since VIKR is located in the region 
of deformation it may be sensitive to subsurface mass changes and net 
microgravity changes may be underestimated. It is recommended that 
the gravity network anchors are measured relative to (preferably) an 
absolute reference point far outside of the caldera to identify such po-
tential problems, but logistically this may be unfeasible. 

Microgravity differences between the network anchor and the 
benchmarks from the 1988 to 2010 campaigns were taken from the 
literature (Rymer and Tryggvason, 1993; de Zeeuw-van Dalfsen et al., 
2005; de Zeeuw-van Dalfsen et al., 2013). Data collected by Giniaux 
et al. (2019) and the campaigns of 2021 and 2022 were (re-) analysed 
using the online tool presented in Koymans et al. (2022), simultaneously 
solving for instrumental drift and gravity differences (e.g., Hwang et al. 
(2002)), with an independent linear drift function fitted to each 
campaign day. Due to a limited number of measurements in the 2017 
campaign, instrumental drift was fitted over the full campaign instead of 
daily. The microgravity data were corrected for the effect of the solid 
Earth tides using the default applied Scintrex tide correction (Longman, 
1959). An ocean loading and polar motion correction may provide only 
an insignificant 1 to 2 μGal improvement to the results and was not 
applied. 

2.3. Microgravity campaigns of 2021 and 2022 

Besides reviewing and partially re-analysing the existing record of 
microgravity data (1988 – 2017), this study presents new data that were 

collected in field campaigns during September 2021 and August 2022. 
Both campaigns were completed with two instruments in a sub-loop (A 
→ B → C → B → C → A), mirrored form (A → B → C → C → B → A), or a 
modified version thereof. Each benchmark was occupied at least twice 
during a campaign day, completing at minimum two sets of 5 min 
measurements per occupation per instrument. This strategy provides a 
robust dataset with a sufficient number of repeated measurements. The 
campaign of September 2021 is considered unreliable because it was 
completed in poor weather conditions, including the occasional snow-
storm. In particular, high wind speeds produce high variance in the 
microgravity data that can be recognised in the scatter of the measure-
ments with uncertainties of up to 20 to 30 μGal on the windiest days. The 
August 2022 campaign was completed in much better weather condi-
tions and produced robust readings with an associated uncertainty on 
the mean gravity difference with the network anchor of 2 to 3 μGal. 

2.4. Deformation correction 

Corrections for relative changes in height with respect to the network 
anchor are made to the microgravity data. This correction is completed 
using the theoretical free-air gradient (FAG) of 308 μGal/m to isolate the 
effect of subsurface variations in mass on the microgravity observations. 

Microgravity data between 1988 – 2010 are available from a series of 
previous publications (see Table 1). Due to the lack of GNSS coverage at 
this time, these data were corrected for deformation using modeled 
subsidence from the double Mogi point source model proposed by 
Sturkell et al. (2006). The change in vertical deformation between 2010 
– 2015 was estimated by extrapolation from the GNSS data going back to 
2012. For the campaigns between 2015 – 2022, height changes between 
the campaign dates were precisely estimated using co-located or mea-
surements at nearby GNSS stations (see Fig. 1). They are all expressed 
relative to the vertical displacement experienced at network anchor 
VIKR to cancel the deformation effect at the anchor. 

Continuous and campaign GNSS data in Askja from 2012 to 2022 
were processed at University of Iceland using GAMIT/GLOBK 10.75 
(Herring et al., 2010) together with over 100 globally distributed 
reference stations and continuous GNSS stations in Iceland. The solid 
Earth tide, ocean tide, and pole tide were corrected. The IGS final orbit 
products, ocean tide model FES2004 (Lyard et al., 2006), and IGS 
ionosphere products were applied. Only Global Positioning System 
(GPS) signals were used to derive the coordinates of the benchmarks. 
The coordinates were derived in the IGb14 reference frame aligned with 
ITRF2014 (Altamimi et al., 2016), and then converted to topocentric 
coordinate system (North, East, and Up). 

3. Results 

In the following sections, results from vertical deformation estimates 
are given, after which the net microgravity series from 1988 – 2022 
expressed relative to VIKR are presented. A standardized compilation of 
all microgravity results from Askja since 1988, including vertical 
deformation estimates, can be found in tabular form in the Supple-
mentary material (Dataset S1). In the following analysis, the micro-
gravity benchmarks are grouped by region, following the same color 
scheme used in Fig. 1. The microgravity changes are not plotted on a 
map because there appears to be no spatial coherence outside of the 
regional groups, and the results lend themselves better to be presented in 
the form of a time series graph. 

3.1. Vertical deformation estimates 

The geodetic network at Askja is well designed and favorable for 
microgravity analysis. Since GNSS benchmarks are co-located with (or 
nearly adjacent to) microgravity benchmarks (Fig. 1), changes in height 
can be determined to within approximately 1 to 2 cm precision, equiv-
alent to 3 to 6 μGal. In microgravity analysis, only the vertical 
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component is considered to correct for the effect of the free-air gradient. 
Horizontal displacements experienced by benchmarks may be of sig-
nificant amplitude, but will have no detectable effect on the micro-
gravity measurements. 

Fig. 3 illustrates the vertical surface deformation observed at various 
GNSS benchmarks within Askja caldera (see Fig. 1). Since 2012, GNSS 
benchmarks near the center of the caldera (e.g., OLAF and MASK) have 
been subsiding at a slow and steady rate of 1 to 2 cm per year. The 
reversal from subsidence to uplift of up to 40 cm per year in August 2021 
can be clearly observed in benchmarks near the center of the caldera 
(OLAF, OLAC, MASK, and CASK). The uplift is also detected, although to 
a lesser extent, in the east (BATS), south (MYV1), and northern part of 
the caldera (A404 and VIKR). These data clearly indicate that network 
anchor DYNG is a more suitable network anchor than VIKR for micro-
gravity measurements, considering the small amount of vertical defor-
mation between campaigns that is observed at DYNG outside of seasonal 
variations (1 to 2 cm). However, because historical data cannot be 
expressed relative to anchor DYNG, benchmark VIKR, that experiences 
some vertical deformation during inflation, had to suffice. Regardless of 
this suboptimal choice, the relative changes in height between the 
benchmarks and VIKR is naturally accounted for. 

It is noteworthy that the signal that is being recorded during the 
period of uplift appears to be sensed in a wider geographic area by 
benchmarks that were not as strongly affected by the deflationary source 
(e.g., BATS). 

3.2. Microgravity series 1988 – 2022 

Fig. 4 shows net microgravity results (corrected for the free-air 
gradient) since 1988, expressed relative to network anchor VIKR and 

the 2022 measurement. The year 2022 was selected as the base year for 
comparison because all benchmarks were occupied during that 
campaign. Microgravity changes in the center of the caldera (blue) 
indicate a decreasing trend relative to the first measurement in 1988, 
while results from the north and east region (green and orange, 
respectively) scatter around zero observable change. The decreasing 
long-term trend in the center of the caldera reaches a minimum of about 
− 150 to  − 170 μGal towards 2016 and appears consistently in the 
center benchmarks. A small potential diversion from this downward 
trend occurred in 2007 – 2008 (40 to 60 μGal) that was recognised by 
Rymer et al. (2010). The possible causes that have been suggested are 
magma accumulation below the caldera despite continued subsidence, 
or changes in the hydrothermal system (de Zeeuw-van Dalfsen et al., 
2013). The increase in gravity in the center benchmarks between 2016 
and 2017 is challenging to verify, as the single center caldera mea-
surement of 2016 may represent an underestimation. In 2021, a gravity 
increase (80 to 120 μGal) was detected relative to preceding years that 
cannot be accurately timed due to the extended data gap since the 
previous reliable campaign in 2016. During the period of uplift in 2021 
and 2022, gravity did not change significantly in the center of the 
caldera relative to benchmark VIKR. Between 2015 – 2022 no significant 
changes are detected in the north and east benchmarks. It should be 
emphasized that these results are expressed relative to benchmark VIKR 
inside the caldera, which is undergoing active deformation and thus 
likely represent a lower bound on the gravity change estimate. Un-
certainties of the historical gravity record reported in the literature are 
± 20 μGal (de Zeeuw-van Dalfsen et al., 2005; de Zeeuw-van Dalfsen 
et al., 2013), and long-term trends should therefore be considered 
qualitatively. 

The change from 2021 to 2022 in the center benchmarks may not be 

Fig. 3. Inferred vertical surface displacement (cm) between 2012–2022, expressed relative to the first measurement at each GNSS benchmark (Fig. 1). The blue dots 
represent campaign or continuous measurements and the orange curves interpolate between them. The vertical bars and white stars represent the selected height 
observations during the microgravity campaigns (Table 1) that are used for the vertical deformation correction (excluding OLAC, NAUT, and DREK). Note the 
different y-axis scale that is the same for all panels in each row. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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considered significant because of the poor data quality of the 2021 
campaign. Uncertainties in microgravity differences for the 2015 and 
2016 campaigns vary between 10 to 20 μGal. The data from the east and 
south group of stations in the 2017 campaign have uncertainties on the 
order of 40 to 75 μGal. The reason for these elevated uncertainties is that 
a constant linear instrumental drift had to be fit over the entire 
campaign to determine gravity differences for these groups. This 
constraint was imposed by varying circuit anchors on different days and 
poorly tied measurements between the anchors. Fortunately, this 
approach could be avoided for the center and north benchmarks because 
they were in a direct circuit with anchor VIKR, providing sub-20 μGal 
confidence limits. The uncertainty of the mean gravity differences 
recovered in 2021 are on the order of 10 to 30 μGal, mainly due to the 
strong winds. Note that the reported uncertainties represent the inferred 
precision of the measurements but do not provide information on the 
accuracy, nor the repeatability of the measurement, particularly for 
benchmarks that were only occupied once in a campaign. The 2022 
campaign has the highest data quality with uncertainties of less than 5 
μGal. In this campaign, the benchmarks nearest to the observed uplift 
were also measured twice during two circuits on different days. These 
independent measurements of the central caldera benchmarks agree to 
the 1 to 2 μGal level – providing the desired confidence in these results. 
Besides the reported precision, unquantified systemic uncertainties in 
microgravity results and how they can be avoided are discussed in detail 
below. 

4. Discussion 

In the following section, the sensitivity of microgravity measure-
ments is discussed with respect to campaign strategy, user preferences in 

processing, and the applied deformation correction. Furthermore, the 
possible unknown errors that remain in the microgravity data are 
highlighted, along with a discussion on the repeatability of microgravity 
measurements. The results from the microgravity time series are then 
discussed in relation to the observed caldera deformation patterns. 

4.1. Sensitivity of microgravity measurements 

Campaign microgravity measurements are sensitive to any type of 
mass redistribution (Van Camp et al., 2017) and challenging to apply 
effectively due to their limited spatio-temporal resolution and inher-
ently high uncertainties. The gravity effect of the level of lake Öskjuvatn, 
fluctuations in groundwater levels, atmospheric pressure, and snow 
variations cannot be accurately determined and have been neglected 
during the analysis, introducing an error of unknown amplitude to the 
microgravity results. However, all campaigns are completed in sum-
mertime when the caldera is (more or less) snow-free, limiting any po-
tential short-period aliasing effects expected from different seasons. 
Besides, these effects have been shown to introduce an integrated effect 
that is limited to 20 μGal (Giniaux et al., 2019; Poland and de Zeeuw-van 
Dalfsen, 2019), within conventional demonstrated uncertainties in 
microgravity surveys (e.g., Rymer (1994), Battaglia et al. (2003), 
Gottsmann et al. (2003), Poland and de Zeeuw-van Dalfsen (2019), 
Koymans et al. (2022)). In addition to the uncertainty on vertical 
deformation measurements (1 to 2 cm), the applied gravity gradient also 
has an associated uncertainty. Measured free-air gradient estimates in 
the caldera vary between  − 240 to  − 360 μGal/m (Rymer and Trygg-
vason, 1993; de Zeeuw-van Dalfsen et al., 2005). As gradient measure-
ments are not available for each benchmark and this value may change 
over time, the theoretical gradient is used for the deformation reduction 

Fig. 4. Compiled net relative microgravity measurements expressed relative to anchor VIKR. Note that the data have been expressed relative to the year 2022. The 
colors present regional groups illustrated in Fig. 1. Microgravity changes were corrected for vertical deformation estimates using the theoretical free-air gradient of 
308 μGal/m. Campaigns and groups characterised by a hybrid drift correction (2017; combining estimates of daily and full campaign instrumental drift) or large 
uncertainties (2021) are colored grey. 
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of the gravity data. Furthermore, the experienced gravity gradient also 
depends on the character of the source (e.g., depth). A correction using 
the theoretical gradient is often preferred when the source responsible 
for the deformation is at least a few km deep (Giniaux et al., 2019). 
Based on the measurements, the maximum additional error on the 
gravity change introduced by applying an inaccurate vertical gradient 
would approach  − 50 to 70 μGal/m (negative means that the gravity 
change was overestimated). 

The microgravity campaigns studied in this study were also 
completed with various types of instruments. The choice of instrument 
should in theory have no effect on the results because measurements are 
expressed relative to another point measured with the same instrument. 
Modern equipment (e.g., Scintrex CG-5, CG-6) is more convenient to 
operate, enabling multiple measurements in less time, assuring a more 
realistic drift correction. Newer gravimeters are also less prone to sud-
den measurement offsets (data tares). Gravimeter calibration factors 
may change over time (e.g., Battaglia et al. (2018)), but such an effect 
should in this case not influence the results significantly, because there is 
little variation in terrain elevation between the benchmarks at Askja, 
with a maximum difference of 200 m. 

For the compiled microgravity record (1988 – 2022), it should be 
emphasized that observed gravity changes may be underestimated when 
they are expressed relative to network anchor VIKR located within the 
deforming caldera (Figs. 1 and 3). Any mass variations strong enough to 
be sensed at the microgravity benchmarks may potentially also be 
sensed at the network anchor, effectively reducing the observed relative 
difference and obscuring the gravity signal. Benchmark DYNG outside 
the caldera provides a more suitable anchor that is subject to less long- 
term vertical surface deformation. However, anchor VIKR is used here 
because it provides consistent and valuable information on the long- 
term gravity trend in a historical context. Future studies may consider 
using anchor DYNG for post-2022 surveys. 

Drift corrections can be applied on a day-to-day basis (this study) as 
recommended by Poland and de Zeeuw-van Dalfsen (2019), or on a per- 
survey basis (Giniaux et al., 2019). For example, an estimate of the linear 
drift rate over the full survey of 2016 provides an average rate of  − 470 
μGal/d, while the average drift calculated over single campaign days 
ranges between  − 1230 to 558 μGal/d. While a gravimeter operating in 
a lab may experience continuous monotonic drift over days, changing 
environments appear to impose daily variations in drift rate (Poland and 
de Zeeuw-van Dalfsen, 2019). Ideally, instrumental drift is estimated 
and corrected for on a per-circuit basis, but sometimes multi-day drift 
estimations cannot be avoided in the absence of anchor measurements 
(e.g., the 2017 campaign). For the data treated in this study, a daily drift 
correction is applied whenever possible, except for the 2017 campaign 
where a hybrid approach is employed. 

Volcanic processes often produce minuscule gravimetric signatures 
and the choice of processing method has a demonstrable effect on the net 
microgravity changes. This effect may be amplified when a benchmark is 
only occupied once, as is the case for some measurements during the 
2015 – 2017 campaigns. Single occupation measurements are particu-
larly sensitive to variations in the assumed instrumental drift rate. This 
becomes especially critical when drift has to be estimated over multiple 
days due to e.g., the lack of consistent anchor measurements. 

A campaign strategy using varying anchors between circuits can 
sometimes not be avoided, but it compounds the inherent uncertainty 
contained within the gravity measurements. It is recommended that 
each benchmark is measured at least twice at different times in a day, 
preferably in a double-loop or similar form. Multiple double measure-
ments of benchmarks substantially help to accurately constrain the 
instrumental drift rate and vastly improve the confidence in the results. 
The adopted measurement strategy also depends on the type of instru-
ment and for example, its susceptibility to drift, which may be lower for 
L&R instruments compared to modern Scintrex gravimeters. The pre-
cision and accuracy of the analysed microgravity data should be dis-
cussed. The precision of a measurement is naturally defined by its 

reported variance, but a second occupation with a different instrument, 
or on a different day, may produce a markedly different (albeit another 
precise) value. The measurements therefore show limited accuracy, 
despite the apparent high precision. This may happen for example after 
transport of the instrument, when insufficient time is available for the 
instruments to recover from tilting (Reudink et al., 2014) before the 
measurement is made. Repeated measurements between two CG-5 in-
struments in the 2021 campaign show differences of 10 to 30 μGal, and 
up to 80 μGal on the worst occupations. Only for the data collected 
during the 2022 campaign, repeated measurements at benchmarks are 
usually consistent to within the reported measurement precision (sub-5 
μGal for the CG-6 and sub-10 μGal for the CG-5). With only a single 
available measurement, the recovered value is generally considered to 
be representative. However, a second measurement of each benchmark 
(besides the added contribution of this measurement in determination of 
instrumental drift) provides critical insight into measurement repeat-
ability. For the occupations with widely different reported values, 
measurements from two instruments were averaged – unless there 
existed a clear indication that one measurement was more reliable than 
the other (e.g., low versus high precision). 

The exhaustive list of possible complications illustrates why the 
application of campaign gravimetry in volcano monitoring remains 
nontrivial. The limited number of benchmarks in the caldera, and high 
uncertainties of the data make it difficult to provide a quantitative 
analysis of the recovered microgravity results. However, the results that 
are presented in Figs. 4 clearly indicate a long-term trend in the caldera 
center despite the observed yearly scatter, and also show that there is a 
definite coherency between measurements within regional groups. 
These results are discussed in the following sections. 

4.2. Microgravity signal during subsidence (1988–2021) 

The gravity record between 1988 – 2021 summarised in Fig. 4 is 
likely partially influenced by the process driving the subsidence of the 
caldera center (Pagli et al., 2006; Sturkell et al., 2006; de Zeeuw-van 
Dalfsen et al., 2013; Giniaux et al., 2019), acknowledging that e.g., 
hydrological changes may also have had a gravity effect. Generally over 
this period, a net microgravity decrease can be observed at the central 
benchmarks, suggesting a subsurface mass decrease. This observation is 
consistent with caldera subsidence as mass eviction is intuitively asso-
ciated with deflating source volumes. Several source mechanisms have 
been suggested such as contraction of the magma chamber by cooling, 
and the removal of magma to lower levels (de Zeeuw-van Dalfsen et al., 
2013). Indeed, seismic tomography from before 2013 (Mitchell et al., 
2013) reveals a shallow (< 3 km b.s.l.) high velocity anomaly below the 
caldera, indicating elevated densities and potentially, a contracting 
magma chamber, but may also represent a core of denser magma 
deposited in post-glacial time (Brown et al., 1991; Mitchell et al., 2013). 
It is worth noting that the Bouguer survey conducted by Brown et al. 
(1991) is different from the analysis of temporal gravity changes 
explored here. The gravity decrease associated with subsidence may 
have ended in 2017 or continued until the uplift started in August 2021, 
but the precise ending cannot be determined confidently due to the lack 
of campaigns between 2017 – 2021. 

The long-term decrease of the net microgravity was potentially 
interrupted in 2007 – 2008 and 2016 – 2017, when despite ongoing 
subsidence, an increase in net microgravity was observed in the eastern 
and center benchmarks. This observation was explained by a rising 
steam cap in the hydrothermal system, or magma inflow below the 
caldera (Rymer et al., 2010; de Zeeuw-van Dalfsen et al., 2013). How-
ever, these minor deviations may be considered noise in the long-term 
decreasing trend or represent an unidentified effect of the same pro-
cess that went undetected by alternative geodetic techniques. 
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4.3. Microgravity change leading up to and during uplift 

Increases in microgravity suggest that mass has been accumulating 
below the center of the caldera between 2016 – 2021 in the period 
leading up to the uplift. This almost negated the integrated effect of the 
previous two decades of observed gravity decrease (Fig. 4). However, 
the 2021 campaign was completed while the uplift at Askja started an 
estimated 5 to 6 weeks earlier. The detected gravity increase of 100 μGal 
relative to benchmark VIKR – and potentially, a mass increase – may 

have played a role in causing the observed uplift. Unfortunately, the 
gravity increase cannot be accurately timed due to the lack of (reliable) 
microgravity campaigns between 2017 – 2021. This could mean that (i) 
the mass increase could have occurred right before or during the start of 
the uplift in August, or (ii) well in advance, but the magma has been 
filling up the available void space below the caldera first producing no 
detectable surface deformation, or (iii) the caldera does not respond 
elastically to the magmatic source. 

The gravity change between 2017 – 2021 is only detectable in the 

Fig. 5. Contours of the expected vertical microgravity change (μGal) for 
a point source at benchmark OLAF (red) and the closest non-center 
benchmark MYV2 (green) for a source directly below OLAF as a func-
tion of mass and depth (relative to VIKR). The solid green contour at 40 
μGal represents an upper limit at which a signal would have been 
identified at MYV2, but was not. The intersection of the red and green 
areas represent the region of plausible source parameters. (For inter-
pretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 6. InSAR deformation pattern from Askja between July 2021 and September 2022 showing the deformation rate in mm/yr. The concentric uplift pattern is 
clearly visible near the center of the main caldera. 
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group of center benchmarks (Fig. 4). This indicates that the source 
cannot be located at great depth with a large associated mass change. 
Such far-field source would have been sensed by multiple benchmarks in 
an broader spatial area that is not observed. However, the range of 
plausible source parameters for depth and mass that match the obser-
vations can be modeled (Fig. 5). Parameters of the source likely sur-
round the 100 μGal contour of OLAF and intersect with contours falling 
within the uncertainty limit of the measurements at MYV2 (estimated at 
40 μGal), where no signal is detected. It is therefore likely that the source 
is shallower than 2.5 km below the surface, and does not exceed a mass 
change of roughly 1 × 1011 kg. 

The microgravity campaign in 2022 was completed in an attempt to 
capture a hypothesized microgravity increase (i.e., mass inflow) asso-
ciated with the observed uplift. Since August 2021, uplift appears to be 
centered west and below the center caldera benchmarks (Fig. 6). How-
ever, the microgravity results show that there was no detectable increase 
in gravity between 2021 and 2022 after correcting for vertical defor-
mation (Fig. 4). Despite the apparent negligible change, high un-
certainties in the 2021 campaign likely obscure any deep mass 
variations. This observation can be considered peculiar because Askja 
caldera continues to experience uplift after 2021 while there appears to 
be no detectable change in subsurface mass. It may thus be that sub-
surface mass emplaced during 2016 – 2021 is responsible for the pro-
gressive uplift observed during 2022. Perhaps the accumulation of mass 
occurred near the end of the period of subsidence, but did not induce any 
apparent response on the surface. Mass inflow with a muted surface 
response (i.e., without deformation) may be caused by a viscoelastic 
response of the crust to pressurization at depth (Zurek et al., 2012), 
accommodated by resident gas-rich magma (Rivalta and Segall, 2008), 
or through the filling of voids (Johnson et al., 2010). Such a process has 
been detected for example at K̄ılauea, Hawaii where a net microgravity 
increase was observed before the onset of uplift (Poland et al., 2019). 
Drainage of a magma body below Askja caldera between 1988 – 2016 
may have created voids and cracks that could have initially been filled 
during 2016 – 2021 before surface deformation was detected in August 
2021. The uplift after August 2021 associated with a change in gravity 
following the free-air gradient suggests a different process involving 
density decreases in the subsurface. 

4.4. Insight into the driving volcanic processes 

These microgravity results, when combined with the observed 
deformation patterns can be interpreted in terms of volcanic processes. 
One peculiar aspect of the recent uplift remains the limited amount of 
earthquakes below Askja caldera – features that are commonly associ-
ated with uplift (e.g., (Sturkell et al., 2003)) but only if the stresses 
experienced during subsidence are exceeded (Heimisson et al., 2015). 
Weak and intermediate seismicity is not unusual for Askja (Einarsson 
and Brandsdóttir, 2021), but during a period of significant uplift, an 
increase in seismicity may be expected from bulging, although that does 
not directly infer magma movement (Grapenthin et al., 2022). Between 
2016 and 2021, no significant increase in seismicity was detected near 
the storage reservoirs beneath the caldera (Greenfield et al., 2020; 
Winder, 2021) – although seismicity associated with the ring faults 
surrounding the caldera increased during the period of uplift (T. Winder, 
personal communication). Overall, the absence of associated earth-
quakes may not be surprising considering that the co-eruptive and post- 
eruptive processes from the Holuhraun eruption in 2014 – 2015 (Ped-
ersen et al., 2017) may have already relieved excess stress in the sub-
surface. Alternatively, radiating heat from an intruding source may 
provide a ductile regime in the subsurface that is not characterised by 
brittle faulting. 

In summary, the gravity data indicate that Askja appears to have 
experienced an inflow of mass somewhere during 2016 – 2021 and is 
now displaying uplift through a process that introduced no further mass 
below the caldera (i.e., a potential density decrease). A few potential 

hypotheses that fit these observations are discussed and may be 
considered: 

Firstly, simple single-source geodetic models (M. Parks, personal 
communication) of the recent period of uplift between 2021 – 2022 
indicate an estimated volume change of 0.013 to 0.018 km3 at 1.3 to 2.9 
km depth below the surface. With a nominal magma density between 
2300 to 2700 kg m− 3 and the assumption of a point source, this would 
produce gravity signatures within a range of positive 20 to 90 μGal 
directly above the source. The lower bound of this estimate remains 
within the uncertainty introduced by the 2021 campaign and such 
intrusion may thus remain hidden within the noise. Furthermore, the 
transfer of magma from a deep crustal volume to another shallower 
volume would cause little gravity change if the volumes are spatially 
adjacent. 

Secondly, the microgravity changes observed during uplift fall 
around the free-air gradient, and all gravity decreases in the raw ob-
servations can more-or-less be attributed to changes in height. Effec-
tively, this observation indicates that a volume change is experienced, 
without a significant increase in subsurface mass, and hence, a density 
decrease may be responsible for the uplift. Processes that induce volume 
changes without changes in mass may be magma vesiculation (bubble- 
forming) through e.g., the contact of a mafic intrusion with cooler 
rhylotic magma (Eichelberger, 1980), second boiling of intrusions over 
longer time scales (Wech et al., 2020), a viscoelastic response of the 
crust to pressurization at depth (Zurek et al., 2012), or possibly the 
formation of voids (Gottsmann and Rymer, 2002; Van Camp et al., 
2017). Considering the influx of mass between 2016 – 2021, the for-
mation of voids seems unlikely, and bubbles forming from magma 
migrating to shallower levels may be a more suitable mechanism to 
explain the observations. 

A third process that can produce uplift without concurrent subsur-
face mass accumulation would be a change in the hydrothermal system. 
Heat coming from the newly intruded material between 2016 and 2021 
could have an effect on the extensive hydrothermal system at Askja. It is 
not uncommon that a process like this is expressed as significant tem-
poral geodetic changes at volcanoes (Saibi et al., 2010). The phase 
transition from liquid water to steam is commonly detected at around 2 
to 3 km below the surface (Greenfield et al., 2016; Halldórsdóttir et al., 
2010), which may be consistent with the recovered source from surface 
deformation measurements. Furthermore, the center of deformation is 
located on the western edge of lake Öskjuvatn, around which hydro-
thermal activity is commonly observed (Ranta et al., 2023). Future ob-
servations of increased surface heat flow or a similar increase in the 
temperature of lake Öskjuvatn may support this hypothesis. Further-
more, heat from the intrusion may allow the host rock to respond in a 
ductile instead of brittle fashion, explaining the lack of apparent 
increased seismicity. 

A final possibility to be considered is the replacement of denser 
basaltic magma (ρ = 2800 kg m− 3) with its rhyolitic (ρ = 2400 kg m− 3) 
counterpart. This interpretation would have implications of the hazard 
assessment at Askja as rhyolitic magmas are often associated with more 
destructive eruptions than basaltic magmas. Alternatively, it may be 
caused by a convecting basaltic body below the caldera where gas-rich 
basaltic magma is replacing denser degassed magma at shallow depth. 
In the case that such process is driving the uplift, surface deformation 
data from 2023 – 2024 will continue to show uplift with gravity changes 
following the free-air gradient. 

The driving mechanism for the uplift remains enigmatic and further 
microgravity campaigns in 2023 and 2024 will help shed light on the 
cause of the activity. It is recommended such microgravity campaigns 
are completed. 

5. Conclusion 

Since 1988 microgravity measurements at Askja show that the 
extended period of subsidence coincides with an observed decrease of 
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around 100 to 150 μGal restricted to the center of the caldera. Micro-
gravity differences between 2016 – 2021 indicate a significant increase 
(100 to 120 μGal) in gravity associated with mass accumulation in the 
center of the caldera occurred either during a period of subsidence 
before 2017, or leading up to or during the period in inflation after 
August 2021. Due to the lack of microgravity campaigns between 2017 – 
2021, the mass increase cannot be more accurately timed. The recent 
period of uplift appears characterised by an insignificant change in 
microgravity, although a signal may still remain hidden due to the 
elevated uncertainty (45 μGal). Although the unambiguous interpreta-
tion of microgravity in terms of volcanic processes remains challenging, 
these results indicate that the surface deformation being detected in 
2021 – 2022 may be a consequence of mass emplaced somewhere be-
tween 2016 and 2021. The previously emplaced mass may play a role in 
causing the observed uplift without the accumulation of additional 
mass, and likely indicates a process that involves subsurface density 
decreases such as magma vesiculation, a change in the hydrothermal 
system, the replacement of denser basaltic magma with less dense silica- 
rich magma, but may also represent viscoelastic or poroelastic relaxa-
tion of the subsurface. 
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