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Abstract

The Icelandic volcano Baroarbunga experienced a caldera collapse and a fissure eruption at 

Holuhraun from 16 August, 2014 to 27 February, 2015 (Sigmundsson et al., 2015). This eruption 

produced about 1.44 km3 of lava deposited over an 84 km2 area on the Holuhraun plain north of the 

Vatnajokull Glacier (Pedersen et al., 2017), making it the second largest Icelandic eruption since the 

1783-1784 Laki eruption (Gudmundsson et al., 2016). Since basaltic lava flows erupt at high 

temperatures (1100 to 1250 °C), they contract as they cool over time, which can manifest as 

measurable deformation of the lava flow surface. Remote sensing observations with high 

spatio-temporal resolution afford us with an opportunity to capture and analyze such post-eruptive 

processes. Here, we use Synthetic Aperture Radar (SAR) observations from 2015-2020 captured by 

the European Space Agency's Sentinel-I A/B satellite pair to perform Interferometric Synthetic 

Aperture Radar (InSAR) time series analysis on descending and ascending tracks that cover the 

Holuhraun lava field. Two Short Baseline Analysis (SBAS) are computed, and modeled deformation 

from plate tectonics and glacial isostatic adjustment is removed from these line-of-sight (LOS) 

velocity fields. We leverage the dual-view geometry of the estimated LOS InSAR velocity fields to 

infer effective vertical and east-west velocities of the lava flow surface. The effective vertical 

velocity field constrains a model linking lava flow compaction to cooling.

The InSAR-inferred average velocities indicate higher rates of motion at lava tubes, eruptive 

centers, and "distributary centers" (as defined by Pedersen et al., 2017) where lava pooled before 

entering lava tubes during the eruption. We hypothesize that the different emplacement history of 

individual lobes and features of the lava field, as well as inconsistent compaction amounts of the 

Holuhraun alluvial plain, have caused the heterogenous cooling that manifests in a highly varying 

surface deformation field.
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1. Introduction

The Icelandic volcanic system Barðarbunga experienced a caldera collapse at its central 

volcano and a dike-fed fissure eruption at Holuhraun from 16 August, 2014 to 27 February, 2015 

(Gudmundsson et al., 2016). This eruption produced about 1.44 km3 of lava, (Pedersen et al., 

2017; Fig. 1) which is the second largest volume Icelandic eruption since the 1783-1784 Laki 

eruption (Gudmundsson et al., 2016). The lava flow with an area of 84 km2 formed north of the 

Vatnajökull ice cap on an alluvial plain known as Holuhraun.

Bárðarbunga is located in the northwest comer of the Vatnajökull ice cap, on the 

mid-Atlantic Ridge, the extensional plate boundary between North America and Eurasia. 

Bárðarbunga's fissure swarms extend 115 km to the southwest and 55 km to the northeast from 

the central volcano. Recent effusive eruptions from the Askja volcanic system, north of the 

Vatnajökull ice cap are inferred to have produced the Holuhraun lava field from 1794-1864, with 

an area known as Holuhraun-1 erupting in the winter of 1797 (Alsdorf and Smith, 1999; Hartley 

and Thordarson, 2013). Prior to the most recent activity of Bárðarbunga resulting in the eruption 

at Holuhraun, the Gjálp subglacial eruption of 1996 was presumed to have been triggered by a 

dike propagating from Bardarbunga (Gudmundsson et al., 1997).

Both caldera forming eruptions and rifting events have been rarely observed by modem 

geophysical methods, which makes Bardarbunga and Holuhraun exceptions. A rifting event is 

when shallow dikes push laterally through the cmst, often parallel to the plate tectonic boundary, 

resulting in plate spreading. Dike swarms are fed by shallow magma chambers that overpressure 

with deeply sourced magma, and can last for months or years (Hartley and Thordarson, 2013). 

The caldera collapse and dike propagation processes for this survey are well constrained and 

understood because of the extensive network monitoring the volcano prior to and during the 

eruption (Sigmundsson et al., 2015; Gudmundsson et al., 2016; Parks, et al., 2017; Sigmundsson 

et al., 2020b). With seismic and Global Navigation Satellite System (GNSS) stations throughout 

the region, and frequent Sentinel-1 Synthetic Aperture Radar (SAR) satellite observations 

(Torres et al., 2012), this voluminous fissure eruption has been studied in great detail, to better 

understand со-eruptive processes (Sigmundson et al., 2015; Gudmundsson et al., 2016 ), caldera 

collapse initiation (Sigmundsson et al. 2020b), and various post-emptive processes (e.g., Li et 

al., 2021).



Remotely sensed satellite data have become instrumental to study volcanism. Watson and 

Prakash (2015) state that “When applied to volcanism, remotely sensed data can yield primary 

information about the temperature, emissivity, deformation, emitted products (both ground-based 

and atmospheric), characteristics and the lateral extent of deposits.” Interferometric Synthetic 

Aperture Radar (InSAR) is a remote sensing tool to quantify deformation of the Earth’s surface. 

It has been used to measure tectonic processes such as earthquake ruptures e.g., Massonnett et 

al., 1993; subsidence from change in subsurface water levels, e.g., Ruch et al. (2012); and crustal 

deformation related to magmatic movement in volcanic systems, e.g., Sigmundsson et al. (2015). 

The rapid repeat of acquisitions by SAR satellites on the order of a few days to two weeks 

enables time series analysis of high density spatial and temporal deformation that span months to 

years. Many different techniques have been developed to lessen the impact of atmospheric 

distortions or loss of coherence, resulting in millimeter scale precision of the deformation 

observations (Osmanoğlu et al., 2016).

This work leverages five years of post-eruptive Sentinel-1 C-band SAR observations with 

6 and 12 day repeat intervals. InSAR time series analysis of these observations produces a 

velocity field and deformation time series from 2015-2020 in the region of the 2014-2015 

Bardarbunga eruption, capturing the bulk of the post-eruptive deformation. Here, we focus on 

inferring the thermal evolution from surface deformation of the freshly emplaced lava field north 

of the Vatnajökull ice cap, where the dike erupted onto the surface of the alluvial plain 

(Sigmundsson et al., 2015, Pedersen et al., 2017) from surface deformation. Decomposition of 

the generated multi-view InSAR velocity fields creates an effective vertical-only velocity field. 

Removal of motions due to regional processes such as divergent plate motion and glacial 

isostatic adjustment isolates volcanic processes. We focus our work on the use of vertical 

InSAR-derived velocities to infer lava emplacement temperatures and solidification times for 

basaltic lavas using a one-dimensional heat flux model (Wittmann et al., 2017). This is the first 

time SAR satellites have been in orbit while an effusive eruption of this magnitude has occurred. 

Hence, this provides a unique opportunity to model the heat flux of a basaltic lava flow from its 

initial emplacement.
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Figure 1: Holuhraun lava flow thickness (Pedersen et al., 2017) just north of the Vatnajökull 
glacier’s northernmost toe, the Dyngjujöokull outlet glacier. The dike which fed the initial 
pahoehoe flow is just inside the west central edge of the lava flow. The inset image of Iceland 
shows the SAR data used for this survey; Ascending path 147 is outlined in green; descending 
path 9 is outlined in orange. The points labeled 1-5 are later analyzed for decaying deformation 
rates in the analysis.
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2. Background

On 16 August 2014, activity that would grow into a rifting event began with seismic 

unrest and lateral dike propagation at the Bárðarbunga caldera (Sigmundsson et al., 2015, 

Gudmundsson et al., 2016). A seismic swarm in the southeast comer of the caldera was followed 

by more seismicity southeast of the crater rim for 15 hours. The trace of earthquake locations 

abruptly changed direction after 7 km of lateral motion, and propagated northeast after a 90 

degree turn from the original dike propagation path. This seismic activity was closely monitored 

for 14 days by measuring and locating the frequent 4-12 km depth earthquake epicenters which 

propagated along a segmented linear path for approximately 41 kilometers to the northeast of the 

caldera (Gudmundsson et al., 2016). When the seismicity propagated north of the Vatnajökull 

glacier to non-glaciated terrain, a subaerial fissure eruption began on 30 August, 2014, and 

continued to erupt for 6 months. As the erupted lava flowed over basaltic deposits from 1797 

(Hartley and Thordarson, 2013), the original fissure eruption evolved into a single vent. In total, 

this eruption produced a lava flow up to 50 m thick, 84 km2 in area, with a volume of about 

(Figs. 1 & 2) 1.44 km3 (Pedersen et al., 2017), making it the second largest Icelandic eruption 

since the 1783-1784 Laki eruption (Gudmundsson et al., 2016).

Details of the Holuhraun lava emplacement history have been recorded by multiple 

surveys. Pedersen et al. (2017) describe the flow history over 6 months, with flow features and 

their emplacement times recorded to a high resolution. They use field measurements, airborne 

data surveys and satellite observations to compile this eruption chronology thoroughly. 

Aufaristama et al. (2018) create a preliminary assessment of the major features of this eruption; 

they include thermal measurements from Landsat-8 thermal infrared (TIR) and short-wave 

infrared (SWIR) data to asses the emplacement temperatures of the basaltic lava flow. Dumont et 

al. (2019) use TerraSAR-X/TanDEM-X and Cosmo-SkyMed synthetic aperture radar data to 

track the motion of the dike and fissure eruption. The initial fissure eruption produced a large 

flowing sheet of pahoehoe type basalt, with most eruptive material moving in an eastward 

direction, following river drainages. After weeks of this effusive flow, the lava type changed to 

a’a as it resurfaced on the initial sheet of lava, closer to the initial vent. Pedersen et al. (2017) 

describe distributary centers, locations where lava pooled prior to re-entering the subsurface 

through lava tubes. Lava inflation episodes, where lava from the fissure entered underground 
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lava tubes, only to erupt on the recently emplaced lava flow, occurred closer to the vent and 

centralized channels, which led to breakouts of fresh lava emplaced onto prior eruptive materials. 

These central and final locations of eruptive material surfacing are where flow thicknesses of up 

to 50 meters have been observed (Pedersen et al., 2017). At the fringes of the new lava flow, 

where only the initial sheet of pahoehoe flowed, we find the thinnest lava deposits. Final motions 

on the edges of the lava flow occurred in the furthest east deposits of this lava flow, as well as 

the north central lobes which collapsed as late as 27 February, 2015, when the eruption was 

officially considered over (Pedersen et al., 2017).

Lava flows of this thickness will not reach ambient temperature immediately after the 

eruption has ceased, but will trap heat in the central portion of the flow for years (Wittmann et al. 

2017). The crust of the lava will insulate the enclosed lava, which slows the heat flux of the 

erupted material. We expect a long-term compaction process, resulting in observable motion of 

the surface of the lava flow (e.g. Chaussard, 2016, Wittmann et al. (2017). This compaction will 

be rapid at the onset, with a decaying rate of deformation for decades to come, manifesting as 

exponential decay function as expected from Newton’s law of cooling (Turcotte and Schubert, 

2002). One example of decaying rate of deformation from heat loss compaction is found in 

Chaussard (2016), where she demonstrates a strong correlation between subsidence from cooling 

and motion of the basaltic Parícutin lava field, Mexicos. Using equations for thermal elastic 

contraction of basalt, the author finds a cooling rate and initial temperature of the lava emplaced 

six decades ago. Wittmann et al. (2017) use a version of the same heat flux equation to infer 

emplacement temperatures for two volcanic deposits (a 5-year-old deposit and a 15-year-old 

deposit) on the flanks of Hekla volcano, Iceland, but with different coefficients of thermal elastic 

compaction. They also find a strong correlation between motion and thermoelastic compaction 

for each volcanic deposit. Briole et al. (1997), on the other hand, estimate the subsidence of the 

crust from 9 and 13 year old lava flows on the flanks of Mt. Etna from InSAR data; The rates of 

subsidence on the lava flow are higher than their observed subsidence rates outside of the lava 

field, due to compaction of the lava flow from heat flux. They attribute the motion outside the 

lava flows as likely from relaxation of the substrate from nearby loading of the crust as well as 

compaction subsidence central to the narrowest and deepest flow of the deposit. Ebmeier et al. 

(2012) used differential InSAR time series to find extrusion rates for Santiaguito volcano,
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Guatemala, during the activity from 2000-2005. They estimate flow thickness, and subsidence 

rates due to thermoelastic compaction for the volcanic deposit. These surveys motivate us to use 

the same method, but instead of analyzing deformation beginning years to decades after 

deposition, we use data covering the first 5 years directly after the cessation of a large effusive 

eruption.

Figure 2: Holuhraun flow history (from Pedersen et al., 2017). Earliest lava flows reached 
furthest east as a pahoehoe flow. Lava began to flow more south as the eruption continued; the 
lava type changed to a’a flow, then began to flow underneath the surface in lava tubes. 
distributary centers, or lava pooling areas, formed at several locations, indicated by stars; 
breakouts of lava, or areas where fresh lava erupted on top of the initial lobes of the lava flow, 
are indicated with dark and light gray mottled colors. This ~6 month eruption deposited lava at 
Holuhraun from 30 August, 2014 to 27 February, 2015.
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There are other examples of using InSAR data to determine compaction rates related to 

heat loss of material. For instance, Masterlark et al. (2006) estimated the emplacement 

temperature for a 1986 pyroclastic density flow on Augustine Volcano, by analyzing differential 

InSAR data from 1992-1999; they use a finite element model to simulate thermoelastic 

contraction of the pyroclastic density flow. McAlpin et al. (2017) observed subsidence of 

pyroclastic flows from 1992-2010 at Augustine volcano, Alaska, with differential InSAR time 

series methods. In their survey, the initial temperature is derived from a finite element model 

which simulates thermoelastic contraction of the pyroclastic density flow from subsidence data. 

These surveys help guide our methodology in resolving the compaction rates at Holuhraun.

Aufaristama et al. (2018) infer Holuhraun lava temperatures using Landsat-8 infrared 

datasets. They determine a lava breakout temperature maximum of 1096 oC (1369.15 K) for a 

3.05 m2area, which is .33% of a pixel the 30 km2 resolution of the satellite; this is compared to 

the thermal camera measurement of 1047 oC (1320.15K) for an area occupying 4.52 m2.

The Holuhraun eruption took place in a geodynamically very active region, characterized 

by rapid deformation due to active plate spreading and glacial isostatic adjustment (GIA). 

Holuhraun is located near the active spreading center of this subaerially exposed segment of the 

mid-Atlantic ridge system. The width of the zone of deformation between the North America and 

Eurasian plates in the Northern Volcanic Zone of Iceland is distributed over 100 km in the 

east-west directions (Einarsson, 2008). With respect to a stable North American Plate, eastward 

spreading at this plate boundary occurs at a rate of up to 20 mm per year; Droiun and 

Sigmundsson (2019) recently estimated a high-resolution distributed plate spreading rate from a 

country-wide InSAR analysis.

The Vatnajökull ice cap directly adjacent to the south of the lava flow has experienced 

increased melting in recent decades. More than 30 mm per year of vertical crustal motion have 

been attributed to ice retreat (Pagli et al., 2007; Sigmundsson et al., 2020a). Auriac et al. (2013) 

model this glacial isostatic adjustment (GIA). Since this melting has accelerated in recent 

decades due to climate change Compton et al. (2015), the original model by Auriac et al. (2013) 

is commonly scaled (e.g., Drouin and Sigmundsson, 2019; Li et al., 2021) to approximate more 

recent GIA related deformation.
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There is evidence for post-rifting relaxation of the crustal zone around the intruded dike 

(Li et al., 2022), a visco elastic process that relaxes the stresses in the lithosphere due to the rapid 

со-eruptive opening. Subsidence due to the load of the lava flow itself is expected to be minor, 

on the order of 2-4 mm per year at the edges of the lava flow (e.g., Grapenthin et al., 2017). 

These motions are expected to display exponentially decaying rates as well. The motion of the 

post-rifting relaxation of the dike will predominantly move in the western direction, while 

subsidence of the to the lava flow will occur in the vertically down direction. We expect these 

motions to be captured in the InSAR survey.

3. Methods

3.1 InSAR- Background

Interferometry is the process of superimposing two or more sets of electromagnetic 

waves with similar frequencies, and then comparing the change in phase found between the two 

datasets in order to determine physical properties of the waves. This process works well when 

applied to Synthetic Aperture Radar (SAR) images (Simons and Rosen, 2007). SAR images are a 

representation of the surface of the earth, created from the backscatter of transmitted satellite 

radar data. The data are recorded in complex form, storing the amplitude and phase of the 

electromagnetic wave. Because the radar instrument is orbiting the Earth, it is possible to create a 

large virtual, or “synthetic” aperture by combining the data from multiple radar pulses. The 

larger the aperture, the higher the image resolution will be. This is necessary for radar imaging, 

as the larger wavelengths need a significantly higher aperture for higher resolution images. This 

is realized through a combination of similar coherent pulses from an orbiting SAR satellite to 

create one large synthetic antenna, kilometers in size. As this data is reflected back to the antenna 

and transmitted to earth, the satellite maintains its orbit and transmission of radar waves to the 

planet. The orbit takes 12 days to return to its position in the sky, at which point another SAR 

dataset is created and transmitted to Earth.
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Figure 3: Flow Chart visualization of the methods used for this study. For details see text; For 
interferogram stack creation, please refer to GMTSAR processing (Sandwell et al., 201 lb).
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This data collection process enables the comparison of radar images of the surface of the 

planet and thus the inference and measurement of change between acquisitions. One method to 

do this is radar interferometry, which utilizes only the phase information of a SAR-acquisition. 

When two SAR images are interfered, we produce the difference in phase between the two. This 

difference in phase represents the change in distance between the earth’s surface and the satellite 

over the time span of the SAR image acquisitions plus some nuisance terms. This produces a 

spatially dense image where each pixel contains the fractional change in phase (∆ϕ) between the 

two acquisitions at that location. Equation 1 gives a model for the InSAR phase change, which is 

a combination of change in the reflected radar surface from the earth’s curvature 

(T R-stχe) ∖ττor) ^ue t0 viewing geometry changes between acquisitions, where β± is the 

perpendicular baseline of the SAR satellites, and λ is wavelength of the backscattered radar 

signal, θ is the incidence angle of each pixel, R is the distance from satellite to target, herror are 

unknown errors in the DEM; surficial deformation in line of sight (^γ^v ∙ ∆t) with v as the 

displacement rate of each pixel in the line of sight (LOS) direction of the satellite, and ∆t as the 

change in time; atmospheric delays (φ ); orbital errors (ϕ); and remaining, unmodeled 

signal noise (ϕnoise ); W is the number of revolutions in 2π that this change in phase has been noise

“wrapped” into:

10

By removing the earth’s curvature and topographic phase aspects of the signal, it is possible to 

constrain deformation of the Earth’s surface. That signal still contains atmospheric disturbances, 

potential orbital errors, and other signal or sensor noise, but it is a direct indicator to changes in 

the topography between the time frame of the two SAR images taken from an orbiting satellite 

(Simons and Rosen, 2007). While change in phase (∆ϕ) is a high resolution indicator of 

deformation of the Earth’s surface, the signal is represented in fractional form modulo 2π. We 

can infer total change of the input data by unwrapping these cyclic deformation rates into total



line of sight (LOS) deformation. We use the Statistical-Cost, Network-Flow Algorithm for Phase 

Unwrapping (SNAPHU) algorithm for unwrapping to find absolute deformation (Chen and 

Zebker, 2002). The unwrapped phase is the cumulative phase difference in the LOS.

3.2 InSAR Time Series Processing

We utilize synthetic aperture radar (SAR) acquisitions from the Sentinel-1 satellite 

missions from the European Space Agency (Torres et al., 2012) on descending path 9, tracks 

374-378 and ascending path 147, tracks 210-213 between 2015 and 2020 (Fig. 1). Details on 

analyzed tracks, frames, number of scenes and respective time periods are available in Table 

Al-1. There, we also list the primary reference image picked for each Sentinel-1 path to which 

we align the remaining scenes for time series analysis with the Generic Mapping Tools (GMT) 

InSAR processing system GMTSAR (Sandwell et al., 201 la, 201 lb). The Sentinel-1 satellite 

pair provides data ranging from the present back to the year 2014, thus covering the full 

post-deposition time frame of the 2014-2015 basaltic deposit at Holuhraun. InSAR time series 

analysis of these data provides both a long term trend of deformation of the lava flow and its 

temporal and spatial evolution from two viewing angles.

Figure 3 shows the general workflow for this analysis. We begin with downloading data, 

a DEM, and creating the stack of interferograms as directed with GMTSAR (Sandwell, et al., 

201la). To remove the topographic signal contribution in the processing, we use the ArcticDEM 

2-meter digital elevation model (Porter et al., 2018) that includes the topography of the lava 

field. This high resolution DEM was collected 30 March, 2016 and offers the most complete 

coverage, almost fully encompassing the Holuhraun lava field (Fig. 4) post emplacement. A 

small section of the very easternmost portion of the lava flow is cut off from this DEM; however 

we neglect this bit as this portion is only a few tens of meters in width, length and depth. Even 

though this DEM was collected about one year post emplacement of the lava, we can expect 

negligible additional changes in phase because of the ~100 meter or less Sentinel-1

perpendicular baseline changes for each SAR acquisition (Lazecky et al., 2015).

The time series processing starts with GMTSAR. This program uses a single reference 

image to focus and align all the SAR and processing files to match. After creating a stack of 

interferograms with GMTSAR from available data we manually separate high quality 
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interferograms from low quality interferograms for a continuous time period. We estimate a 

long-term velocity field by assuming linear deformation between these high quality 

interferograms. By removing the low percentage coherence and high atmospheric noise 

interferograms, we improve the signal to noise ratio and increase the number of coherent pixels 

in the final product. Finding high rates of surface correlation was first accomplished by 

analyzing all ~2500 interferograms for both the phase and the unwrapped images for each 

ascending and descending path (Figs. Al-1 to Al-4). In order to observe the displacement of the 

post eruptive Holuhraun lava flow, and treat tropospheric effects, we employ an additional time 

series analysis algorithm on these manually filtered interferograms. Time series analysis for 

InSAR data is a method which estimates a continuous displacement between InSAR images over 

a time period for which SAR datasets are available (Osmanoglu et al., 2016). There are several 

methods of combining multiple interferograms to create line-of-sight time series, spanning 

months to years with a temporal resolution approaching the SAR platform observation interval, 

depending on coherence. We employ a short baseline analysis (SBAS) to determine a time series 

of motion at Holuhraun (Berardino et al., 2002; Lee et al., 2006). Other strategies include the 

Persistent Scatterer interferometry (Ferretti et al., 2000), which utilizes wrapped radar scatterers 

with dimensions smaller than the SAR resolution cell to increase coherence; this method is more 

accurately geolocated, and works well in urban locations.

An SBAS uses interferometric pairs to generate surface deformation over long temporal 

periods. The baseline in regards to InSAR processing is the distance between the satellite 

acquisition locations in orbit; two acquisitions with shorter baselines create better, more highly 

correlated interferograms. The SBAS method utilizes these highly correlated interferograms to 

create a spatially dense velocity field.

In our analysis we utilize Miami INsar Time-series in Python (MintPy; Yunjun et al., 

2019) as it can correct for unwrapping errors with algorithm’s that bridge reliable regions, or 

pixels in localized regions free of unwrapping errors. MintPy uses the “minimum spanning tree” 

algorithm to connect these reliable regions in order to determine unwrapping errors. MintPy also 

uses global weather model estimates to remove tropospheric delays included in each 

interferogram. Tropospheric delays are estimated using these global atmospheric models, by 

comparing the path of the signal through the troposphere from any given pixel in the SBAS to 
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the reference pixel. By removing either ERA-5 and ERA-Interim models from European Center 

for Medium-Range Weather Forecast, NARR models (North American Regional Reanalysis) 

from NOAA or MERRA models (Modern-Era Retrospective Analysis) from NASA (Jolivet et 

al. 2011) from each interferogram, MintPy produces cleaner interferograms, from which it 

generates the the time series and average velocity products for our analysis. These average LOS 

velocity fields are created from pixels that maintain above a 0.3 coherence over the 5 year time 

period of SAR data used for this survey (Fig. 5). This has provided more precise velocity fields, 

with less decorrelated pixels than a standalone SBAS processing. Finally, MintPy processing 

uses a reference pixel to eliminate arbitrary background noise; this helps to minimize the impacts 

of spatially related atmospheric noise.

We originally generated 1145 interferograms from ascending path 147 and 1249 

interferograms from descending path 9 for the time series analysis. These outputs were used to 

create two LOS linear velocity fields with the SBAS method (Berardino et al., 2002; Lee et al., 

2006) via MintPy (Yunjun et al., 2019) processing. We employ the ECMWF ERA-5 weather 

models (Jolivet et al. 2011) to remove tropospheric disturbances from individual interferograms. 

The initial velocity field outputs contained heavy amounts of decorrelated pixels within the area 

of interest, which led to employing a manually filtered list of continuous interferograms. This list 

(Table A1-2) consists of 97 interferograms for path 147, and 102 interferograms for path 9. Our 

first SAR image for path 147 was collected 20 March, 2015; for path 9,11 March, 2015. The 

Holuhraun fissure eruption ended on 27 February, 2015; these data were acquired 21 days and 12 

days, respectively, after the eruption stopped.
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Figure 4: Digital Elevation Model of the Holuhraun Lava flow from ArcticDEM (Porter et al., 
2018). This was collected on 30 March, 2016, just one year after the Holuhraun eruption was 
declared over.
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Figure 5: Coherence heat map for percentage of highly-correlated pixels of the lava field and 
alluvial plain at Holuhraun; Top is ascending Sentinel-1 path 147 interferograms, Bottom 
correlation matrix is from path 9.
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3.3 LOS Decomposition

The InSAR line-of-sight (LOS) velocity field is limited in its information as it only 

captures one dimensional surface motion in the direction of the satellite. However, a combination 

of two one-dimensional velocity fields with different viewing angles, as estimated in our work 

from ascending and descending Sl tracks, can approximate east-west and vertical motion of the 

earth’s surface. To achieve this decomposition (after removing crustal motions due to plate 

spreading and GIA, see next section), and thus isolate the predominantly vertical lava flow 

compactions, we employ a method described by Fuhrmann and Garthwaite (2019) to derive 

pseudo-3D motion from InSAR (Fig. 6). Using a “multi-geometry InSAR data fusion,” we can 

calculate the velocity in the north, east, and vertical directions.

With multiple InSAR velocity fields observed from different viewing angles it is possible 

to apply a least squares inversion to estimate the east, north, and vertical deformation. With a 

favorable viewing geometry (i.e., one that allows to resolve the ambiguity of whether LOS 

motion is horizontal or vertical, and resolves motion along-track of the satellite orbit) this 

method can map LOS motion into each cardinal direction. For the tensor transformation of each 

set of LOS velocities at a pixel, the linear equation у = M * x + ϵ is used to estimate the 

motion in east-north-vertical system, and Mcaptures the satellite viewing geometry. Ideally, for 

each pixel with three observation points in 3-dimensional space: 

where θ is the incidence angle and α is the satellite azimuth, or heading. Because we want to 

retrieve the velocity in the East, North, and Up directions from the velocity found in the LOS 

direction, we need to frame Eq. 2 as an inverse problem. Unfortunately, with only Sentinel-1 data 

we cannot resolve the full 3D deformation field, as there are only two flight directions; ascending 

and descending in a north and south azimuth. Thus, north motion is difficult to constrain given 

the approximately North-South motion of both ascending and descending Sl satellite tracks. 

Lacking clearly resolved LOS motion on an east to west orbit to unambiguously resolve the
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north component, we estimate just “near” east and “near” vertical velocities from the two LOS 

observations, mapping north motion into those two components. For each pixel, we can frame 

the following forward problem:

Where the subscripts “A” and “D” each designate the ascending and descending heading 

directions.

We can expand equation 3 for N pixels where VA|Dn is the velocity value found from 

either ascending or descending satellite per n pixel.
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Figure 6: Schematic of the multi-geometry InSAR data fusion calculation. By using the 
incidence angle (θ) and azimuth (α) of the satellite orbits, it is possible to constrain the 
different components of surficial motion in east-west horizontal direction and the 
vertical direction. (Fuhrmann and Garthwaite 2019)

Equation 4 can be solved for near east and near vertical velocities (υev) using least squares

solutions as given, for instance, through the normal equations (Aster et al., 2018):
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where vlos is the vector of LOS velocities on the left side in equation 4 and G is the matrix 

capturing the viewing geometry information. We test this calculation on a synthetic mogi model 

mapped into our survey area (Figs. A2-l to A2-9)

3.4 Regional Deformation Corrections

In order to properly analyze and model the compaction from heat flux of the lava, we aim 

to remove “background”crustal motions from the InSAR velocity fields. We can do so in two 

ways: the first, by removing motions captured by the “reference pixel” - a nearby pixel or GNSS 

station from the InSAR time series, which is manually selected pixel which we remove from the 

average velocity fields. This method assumes that the signals do not vary substantially across the 

lava flow area. The 2nd method involves removal of background motion models from the 

measured average velocity fields. These background models have been zeroed on the same 

reference pixel for each LOS velocity field, so that more motions are not introduced into the 

velocity fields.

The heat flux of this InSAR survey is analyzed with two methods: By using a dense 

spatial analysis of the linear, LOS decomposed velocity fields, and by taking a temporal analysis 

of displacement measurements from the time series at selected pixels on each LOS velocity field. 

We apply both of these corrections prior to calculating the near-east and near-vertical velocity 

fields in the LOS decomposition. We do this in order to isolate just motion of the lava flow prior 

to mapping north motions into the near-east and near-vertical velocity fields. For the temporal 

analysis, which uses non-decomposed LOS velocity fields, we select five pixels on the lava flow 

which correspond to zero motion on the near-east velocity field so that minimal horizontal 

motions are included in this analysis. This is to minimize horizontal motions from affecting the 

displacement decay rates.

3.4.1 Model-Corrected SBAS

GIA motion is predominately vertically upwards, closer to the Vatnajokull ice cap, and 

horizontally north and away from the ice cap as well (e.g., Auriac et al., 2013). To remove this 

component from the LOS velocity fields, we use an appropriately scaled model derived by 
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Auriac et al. (2013). As mentioned above, the scaling captures the recent acceleration of GIA 

(Compton et al., 2015). We use a scaling factor of 3.1 for the horizontal and 1.8 for the vertical 

data.

The divergent plate tectonic boundary separating North America and Eurasia is slightly 

west of the Holuhraun lava field. The plate spreading motion has been modeled by Drouin and 

Sigmundsson (2019). This motion affects only in the horizontal direction, and moves 

predominately east north east, assuming North America is stable. Both of these model motions 

are mapped into ascending and descending LOS directions, zeroed on the MintPy reference 

pixel, then removed from the individual SBAS velocity fields prior to decomposition of LOS to 

near-vertical and near-east motion (Fig Al-11 to Al-12) to ensure modeled north motion is 

appropriately removed from the data.

3.4.2 Temporal Analysis

In order to model the temporal evolution of the lava flow cooling, we analyze the MintPy 

generated time series at pixel locations representative of the observed processes. We select five 

pixels (Fig. 1) on the lava flow, at which we observe zero motion on the near-east velocity field 

(Fig. 7), so that minimal horizontal motions are included in this analysis. While this method will 

include some horizontal motions captured, the temporal evolution of lava compaction from heat 

loss is captured more accurately in the timeseries than the average velocity field which assumes 

linear deformation.

In order to reference the floating InSAR displacement data to zero background motion, 

we manually select a reference pixel. Deformation at this, assumed stable, location is removed 

from all other pixels. This effectively removes all hydrologic and other seasonal motions, as well 

as long-term crustal motions. Selecting the reference pixels which are far enough away from the 

lava flow is necessary so that subsidence localized around the freshly emplaced lava flow is not 

biasing our analysis. While this method has been proven to work in other locations (Yunjun et 

al., 2019), the Holuhraun lava is emplaced in a region of strong GIA and plate motion gradients. 

In order to remove this gradient, we remove the modeled GIA and plate velocities at the 

reference pixels from the respective model velocities at the selected pixels (Fig. Al-11 to
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Al-12), and then remove the remainder - projected into the satellite LOS - from the observed 

pixel displacement time series.

The five pixels we select (Fig. 7) are distributed over the lava flow such that they capture 

different cooling histories, which allows the evaluation of emplacement temperature and 

solidification temperature in different deposition regimes. We fit a decay curve У = a ∙ e , 

where A is the amplitude, T is the decay time, and t is the time variable, to the displacements per 

pixel to infer the decay rate of each pixel’s displacements over the length of data used for this 

survey.

3.5 Thermal contraction modeling

All molecules (except water) have a smaller crystalline structure in their solid form than 

liquid, resulting in deformation as materials cool. To relate the observed, corrected InSAR 

velocity to the thermal properties of the lava flow, we employ a first-order thermoelastic 

compaction model to infer the cooling history of the flow over the roughly 5-year observation 

period. The heat flux model from Wittmann et al. (2017) relates temperature change to height 

change of a cooling lava flow (equation 6).
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With an initial height (h) of the lava flow in meters (Pedersen et al., 2017; Fig. 3); the thermal 

expansivity values (α) of 8.3xl0-6γ- from Hekla volcano; the difference of the contraction 

coefficient (cc=1.3) and the Poisson ratio (0.25) from Hekla volcano at 1.7 for gamma (γ); and 

the change in height (∆h) from our near-vertical 2D deconvolved LOS velocity field, we can find 

the change in temperature for the entire lava flow. We discretized the survey area into 416100 

{x,y} cells for which to derive the average temperature change per year at Holuhraun.

The same thermal modeling equation is also applied to the displacement time series 

where we use the exponential decay fit to infer thermal change over time. This equation can also 

be used to backcast the emplacement temperature of the lava at Holuhraun; or to forecast the



equilibration time with ambient temperature of the lava at Holuhraun and the time that cooling 

compaction will be below the detection limit.

4. Results

4.1 SBAS Velocity Fields and LOS Decomposition

The model-corrected SBAS velocity fields give superb coverage and resolution on the 

freshly emplaced lava field (Fig. 7 & Al-6). We find similar patterns in the rates of motion for 

both ascending and descending satellite directions, although the amplitudes vary between some 

features in the two observations, and the descending velocity field produces an overall crisper 

view of the deformation field than the ascending view. The ascending path 147 shows a 

maximum displacement of -73 mm per year, while the descending path 9 shows maximum 

displacements of -92 mm per year. High rates of negative LOS motion (darkest blue colors; 

increasing distance between satellite and ground) between 60-90 mm per year are captured by 

both ascending and descending observations in the central region of the lava flow and are 

consistent with flow compaction. Linear features with compaction rates between 40-60 mm per 

year are aligned with the predominant flow direction of the lava field toward the northeast. 

Deformation rates gradually decrease toward the edges of the lava field, forming a band of 

relatively uniform width that decreases from about 40 mm per year to residual background rates 

of motion captured outside of the lava flow. Pixels outside of the lava flow generally have rates 

of motion from about -5 to 5 mm per year, increasing from southwest to northeast. The majority 

of these pixels are close to zero for both ascending and descending paths—except for the area 

southwest of the Holuhraun lava. This section has pixels moving positively in ascending path 

147, and close to zero in descending path 9.

The decomposition of LOS velocities from the model-corrected ascending and 

descending velocity fields (Fig. 7), allows us to infer near-east and near-vertical velocities (Fig. 

8). The near-vertical motion (Fig. 8A) velocity field shows predominantly negative vertical 

motions. This velocity field reproduces the major features of the two LOS velocity fields, with 

small scale features and details more sharply defined than in either of them individually. The 

highest average vertical velocities of about -98 mm per year (dark blue) over the 5 year 

observation period are still centrally located within the lava flow. High rates of subsidence are
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retained in the linear features pointing north east from the dark blue central region, in the range 

of 40-60 mm per year. The edges of the lava flow in the near-vertical velocity field range from 

-15 to 8 mm per year. This small portion of positive rates of motion are seen on the southernmost 

fringe of the lava flow (Fig. Al-5). Outside of the lava flow the pixels typically range from -5 to 

5 mm per year, again except for the near the southern fringe of the lava flow. Higher rates are 

also still observed in areas to the south west of the lava flow. The decomposed near-east velocity 

field (Fig. 8B) shows a mottled mixture of eastern and western motion, locally changing in 

smaller regions spread throughout the lava field. A good portion of this horizontal motion shows 

close to zero velocity, as indicated by the white pixels.
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Figure 7. Model-corrected SBAS for both descending path 9 (152 interferograms, A) and ascending path 147 (99 interferograms, B). 
Models removed from each velocity field are the Glacial Isostatic Adjustment from (Auriac et al., 2013) and Plate Velocity motion 
from (Drouin and Sigmundsson 2019) in order to Constrain just the motion from the lava flow. Numbered locations indicate 
locations of pixels used for the exponentially decaying time series temperature calculations. As predicted, higher rates of 
compaction are found more centrally on both satellite path velocity fields.



Figure 8: Near-Vertical motions (A) of the lava at Holuhraun. Higher rates of downward motion, due to lava flow compaction, can 
be seen here in dark blue. Centrally located lavas tend to have higher rates of compaction in this 5 year time series. Fringes and 
channel walls of the lava flow tend to have less vertical motion, as seen in red to yellow hues. Near-east motion at Holuhraun (B), 
from the 2D decomposition. The motion in the horizontal motion is mixed in the east and west directions due to the chaotic nature 
of lava motion post emplacement. Higher western velocities (blue, or negative east) seen on the western end of the lava flow are 
likely from post-rifting relaxation of the dike which propagated through the crust.



4.2 Time Series results

As the ascending and descending track observations do not directly coincide in time, we 

did not decompose each acquisition into near-east and near-vertical fields to analyze the temporal 

evolution of the lava flow compaction. Instead, we identify five pixels (Fig. 7) with near-zero 

horizontal motion as suggested by the near-east velocity field (Fig. 8B) to analyze the LOS time 

series in regions with predominantly vertical motions. Fig. 9 (and A1-9&A1-10) shows the 

results for ascending path 9 and descending path 147 as exponential decaying motions on all five 

pixels. As suggested by the linear velocity fields (Figs. 7 & 8), the centrally located pixel 3 

moves the most, with reduction of motion toward the edges of the flow (pixels 1,2 and 4,5). The 

overall amplitude of deformation varies somewhat between the ascending and descending time 

series, particularly for pixel 3. All pixels show the largest deformation in the first summer season 

after the end of the eruption in 2015, decaying to very small changes in 2020, or about 5.5 years 

after the end of the eruption. We identify some unexpected discontinuities in these displacement 

time series from fall to spring, where no coherent InSAR data is available due to snow covered 

terrain during the Icelandic winter months. Once these displacements are corrected from crustal 

and seasonal motions, an exponentially decaying curve is fit to these measurements (Fig. 10).
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Figure 9. LOS displacements from five pixels (Fig. 7) show exponential decay. The centrally 
selected pixel (red, #3) shows the most displacement over the timeseries. The pixel located on 
the fringes of the lava flow shows the least amount of displacement (light blue, #5).
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Figure 10: These displacement curves for ascending path 147 (top) and descending path 9 
(bottom) show the model-corrected compaction rates for the 5 selected pixels at Holuhraun. 
Each displacement has been zeroed on the crustal model-corrected MintPy reference pixel. We 
find exponentially decaying rates of change of the displacements, with higher rates on pixels 
nearest the dark blue regions in Fig. 8; lower rates are found on the fringes of the lava field.
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Figure 11: Temperature change per year found from application of the heat flux model 
(equation 6) and the change in height (∆h) near-vertical model-corrected velocity field 
(Fig. 5). The height (h) is from Pedersen et al. (2017); the thermal expansivity values ( 
α) of 8.3e — from Hekla volcano; the difference of the contraction coefficient 
(cc=1.3) and the Poisson ratio (0.25) from Hekla volcano at 1.7 for gamma (γ).

4.3 Heat Flux Models

4.3.1 Heat flux from average velocities

To model the average heat loss rate experienced by the lava flow from 2015-2020, we 

combine our estimates of near-vertical velocity (Fig. 8) with the lava flow thickness map of 
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Holuhraun produced by Pedersen et al. (2017) in the heat flux model (Eq. 6). The resulting heat 

loss rate map (Fig. 11) shows the highest rates of heat loss centrally located within the lava flow. 

We see temperature changes up to ~300 oK∕yr in these areas. Other areas with high rates of heat 

loss are the lava flows on the northcentral extent of the Holuhraun deposit. Heat flux rates in the 

~150 to ~50 oK∕yr range are seen around the initial fissure eruption. Emplaced lava furthest east 

shows rates of temperature change in the ~100 to ~25 oK∕yr. The southern fringe of the lava 

flow has close to 0 oK∕yr

4.3.2 Temporal heat flux evolution

The final step for modeling heat loss from compaction of this lava flow is to use the fitted 

decay curves from the time series displacement data at the observation pixels (e.g., Fig. 1) to 

model an exponentially decaying temperature change. The change in height (∆h) is scaled by 

total height h and then linearly mapped to temperature change (ΔT) in equation 6. Any 

discrepancies between ascending and descending change in temperature are inherited from the 

InSAR time series. These calculations show lava temperatures dropping as much as 700 oK for 

path 9, and over 500 oK for path 147 (Fig. 12), both for pixel 3. This pixel is located in the 

central dark blue regions of maximum LOS displacement on the SBAS velocity fields (Fig. 7). 

Pixels 2, 3, and 4, which are located further away from the maximum displacement zones (green 

to yellow colors in Fig. 7 & 13) show lower rates of temperature change, in the range of 200-300 

oK. Pixel 5 shows a larger decay than pixels 1,2, and 4, with a ~450 oK change, not agreeing 

with the other pixels.
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Figure 12: Using the fitted decay curves from Fig. 11, we plot the temperature change for the 5 
selected pixels of both descending path 9 (top) and ascending path 147 (bottom), using the one 
dimensional heat flux (equation 6) from Whittman et. al (2017). These curves predict how the 
temperature of the lava flow will continue to progress for years, as well as can be backcast to 
define the emplacement temperature of the lava at Holuhraun.
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5. Discussion

5.1 LOS Velocity Fields

The coherence of the LOS velocity fields (Fig. 6 & 12) surpassed our expectations for a 

5-year observation interval of a newly emplaced lava flow in a wet, snowy and cold climate. 

Coherence on the lava flow is much greater than in the areas around it, partly because of its 

warmth which melts snow faster, allowing us to include SAR observations earlier and later in the 

season than in the surrounding area. Ongoing erosion of the glacial outwash plain surrounding 

the lava flow has also likely been a factor in lowering coherence around the lava flow. The 

success of these average velocity fields is only shadowed by the loss of coherence at the final 

vent site, which is the tallest emplaced basalt at around 50 meters, but also the least stable given 

its scoria and lava splatter architecture. Resolving similar displacement patterns for both 

ascending and descending Sentinel-1 paths suggests (a) that we are observing real signals and (b) 

that these signals dominate in vertical displacements. However, the absolute velocities in those 

central parts for both paths do not agree—likely an artifact from the time series processing (Fig.

6 & 12), or an impact of the different viewing geometries and horizontal deformation. Removing 

the crustal background motions for resolving the lava compaction rates further confirms our 

analysis, as the motion of the lava flow’s edges become more homogeneous. The majority of the 

motion seems to be occurring quite centrally within this deposit. The dark blue feature, seen on 

both ascending and descending paths (Fig. 7), is likely due to the heat flux of the cooling lava. 

Thicker and more central portions of the lava flow will take the longest time to cool, as heat 

conducts through the emplaced lava. The thinner fringes of the lava flow will cool faster as there 

is also more surface area relative to lava volume, expediting the cooling. The thickest portion of 

the deposit is around the initial fissure eruptive vent, on the west central portion of the lava flow. 

In this area we unfortunately find the most decorrelation, perhaps due to tephra deposits from the 

fountaining eruption; we expected this region to have high rates of vertical motion, as it would 

be the thickest and hottest part of the lava flow.

Other features that contain high displacement rates are the distributary centers, lava flow 

channels, lava inflation centers and fresh breakouts of eruptive materials (Figs. 6 & 7, Pedersen 

et al., (2017)). The north central zones are the locations of late, or younger, lava emplacement 

episodes, which were deposited from 31 December, 2014 to 27 February, 2015 (Fig. 2). The 

32



furthest east portion of our study area, where the initial sheet of lava flow covered the Holuhraun 

plain in September of 2014, contains the thinnest and some of the earliest deposits of this lava. 

The south-central extent of the lava flow (Fig. 2, Pedersen et al. 2017), emplaced from 

mid-September to late November of 2014, shows elevated rates of near-vertical motion within 

the middle of this portion of the deposit. The fringes of the lava flow and walls lining the lava 

flow channels of these velocity fields indicate minimal rates of motion, which are seen in red and 

yellow in this velocity field. These edges of the lava flow show LOS lengthening rates of motion 

around ~5 to ~15 mm per year on ascending path 147, and similarly ~5 to ~15 mm per year on 

path 9.

Lower rates of motion on features inside the lava flow are attributed to pre-existing 

topographic highs where thinner layers of lava were emplaced. These locations match the digital 

elevation height model (Fig. 1) from Pedersen et al. (2017). The positive motion (Fig. Al-5) on 

just the southernmost fringe of lava can not be explained by lava compaction as all motion on the 

lava should be negative. This anomaly could be explained by several factors. First, these are LOS 

velocity fields. There might be some motion in the horizontal and vertical motions in the 

one-dimensional velocity field that increase the motion to seem like the lava has an upward 

velocity. LOS motion in the 0 to 15 mm range is high for this additional horizontal motion, 

however. The more likely culprit to this upwards motion is imperfect removal of regional and 

local deformation.

The MintPy reference pixel is meant to be selected in a region where there is zero 

motion, or an area which represents the background noise of a region. This is a difficult pixel to 

select for the zone around Holuhraun; accelerating GIA crustal motions (Compton et al., 2015), 

difficult to define distributed plate spreading (Drouin and Sigmundsson, 2019), and post-rifting 

relaxation following the dike emplacement (Li et al., in review) are all creating spatially 

gradational changes. While we have tried to account for and remove these motions through 

models and subtraction of remaining motions at reference pixels, some sources of crustal motion 

are still included in the velocity fields as the models are imperfect, and not all local motions are 

modeled or otherwise removed. For instance, the post eruptive relaxation and cooling of the dike 

which fed this lava flow generates some motion which has not been removed. This can partially 

be seen southwest of the lava flow, where the dike was emplaced (Fig. 8, Li et al., 2022).
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Figure 13: Comparison of the Pedersen et al. (2017) model on the left with the heat flux map on the right.



5.2 LOS Decomposition

The near-east velocity (Fig. 8) horizontal motions of the model-corrected lava flow shows 

substantially more westward motion in the southern part and mostly eastward motion in the 

north, with occasional areas of eastward motion in the center of the lava flow and some western 

motion on the north central areas of the lava flow. This random horizontal motion is most likely 

due to the compaction of the freshly emplaced basalt, which will be pulled downhill in the 

direction of gravity, which varies spatially with pre-deposition topography. Higher rates of 

western motion dominate the western side of the near-east velocity field. This pattern of motion 

is expected to generally move radially inwards to the central high velocity portion of the lava 

flow (Fig. 7).

The near-vertical velocity field (Fig. 7) matches patterns seen on both ascending and 

descending LOS velocity fields. While the combination of these two LOS velocity fields into a 

single near-vertical velocity field increases the number of decorrelated pixels, we can still 

discern the patterns of motion found in both LOS velocity fields (Fig. 6), with centrally located 

high rates of motion, and lower rates of motion radially outwards from the central dark-blue 

region. We attribute these motions to the imperfect removal of the GIA gradient. The removal of 

GIA and plate velocity models eliminated the predominant regional processes. Although, some 

vertical upward motion remains near the southern fringe of the lava flow on the order of 0 to 8 

mm per year. While these crustal model removal methods have already been discussed for the 

LOS velocity fields, it is worth noting that the LOS decomposition has mapped some of the 

northern horizontal motion into this region of the lava flow. This could be another source of the 

additional vertical upwards velocity field seen here.

5.3 Average Heat Flux Map

The average heat flux map reflects our intuition that thickest lava flows should emit the 

most heat. This is what we would expect based on the applied linear mapping of height change to 

temperature change. The complex deposition of the flows over 6 months with deactivation and 

reactivation of flow paths adds significant complexity to our simplifying assumptions. However, 

because the initial acquisitions of SAR data does not begin until March of 2015, the heat loss 

from earliest emplaced deposits will not be captured. The initial flows of this eruption likely 
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experienced a similarly high rate of heat loss in September and October of 2014, as the later 

emplaced lobes from January and February of 2015. This is apparent in some areas of the InSAR 

near-vertical velocity field which align with the height and timeline map of the Holuhraun lava 

flow (Pedersen et al., 2017). In areas where the final lava breakouts in late January and February 

of 2015 were deposited, we see higher rates of heat loss (Fig. 11). These are located at the fringes 

of the lava, as well as at the central northern flow features which were deposited as late as 27 

February, 2015. Both records of these last emplacements (Pedersen et al., 2017 and Aufaristama 

et al., 2018) of eruptive material are deposited from late December, 2014 to late February, 2015. 

Distributary centers (where lava ponds prior to bifurcating), as described by (Pedersen et al., 

2017) align somewhat well (within a few hundred meters) to where our heat map shows its 

highest rates of heat loss. Lava flow channels and lava tubes on the central eastern portion of the 

lava flow also indicate higher rates of heat loss. Finally, a few of the areas that Pedersen et al. 

(2017) described as breakouts- where lava first inflated internally prior to surficial eruptions- 

show high rates of heat loss near the original fissure eruption. One of these from December of 

2014 is visible on the flank of the initial fissure vent; a thin red line of pixels in a north-south 

lineament correlates to a lava breakout (Fig. 13).

Conversely, we can see some of these higher rates of heat loss which do not align with 

morphological features of the lava flow. In particular, the southern central lobes of the lava flow 

show large swaths with high rates of near-vertical motion (Fig. 8) and corresponding heat loss 

(Fig. 9). These southernmost dark blue areas (Fig. 8) do not align with any lava morphology or 

height calculation; nor are they more recently erupted onto the surface (October-November of 

2014). There could be heterogeneous rates of sediment compaction over pre-eruptive active 

riverbeds, alluvial plain material, or paleo lava flow deposits. In order to investigate this theory, 

we find a pre-eruption ArcticDEM Digital Elevation Model from October, 2013, and plot the 

near-Vertical velocity field on top (Fig. 14). These maps reveal some similarities between 

anomalously high rates of compaction and sediment substrates. We assumed for the heat flux 

calculation, that the majority of sediment compaction happens hours to days after the lava flow is 

initially emplaced (Lee et al., 2006), and negligible amounts of additional compaction rates are 

included in our measurements. These maps seem to point to varying rates of vertical motion due 

to heterogeneous substrate material type.
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Because these high rates of vertical motion and heat flux are centrally located, it could 

also be inferred that our one dimensional model isn’t sufficient in modeling the full heat flux of 

the lava flow- there is certainly conduction laterally and below the lava flow. A quick 

investigation of the lava change in height over the initial height of the lava (Fig. Al-14) 

visualizes where areas don’t fit the linear relationship that our model assumes. This image shows 

that while some of the pixels do likely accurately model the linear change in height, there are 

other areas on the velocity field which seem to have another factor that is affecting the rate of 

change, creating a parabolic shape to this plot. This will be investigated further in future studies, 

to find which areas are showing change in heights in a non-linear pattern.

The heat map (Fig. 11) shows lower rates of heat loss in areas we expected to have higher 

rates of heat flux. In particular, this is observable in our heat map (Fig. 11) on the northwestern 

fringes of the lava flow. These eruptive materials were deposited somewhat later in the eruptive 

timeline, from 31 December, 2014, to 13 January, 2015 (Fig. 13; Pedersen et al., 2017). Other 

zones of late eruptive deposits show high rates of heat loss. This zone is close to the initial vent, 

and where we expect some additional motions from post-rifting relaxation. These motions could 

have affected our near-vertical velocity field in the positive vertical direction, which would result 

in a biased lower heat loss estimate of the lava in this localized region.
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Figure 14: Comparison of the 2013 Arctic DEM and near-vertical velocity field. We use the same area for simplicity, and highlight 
the Holuhraun lava flow in red (A). This DEM faintly discerns some earlier eruptive material, which are lighter gray colored, 
juxtaposed near glacial outwash sediments, a darker tone of gray, west and south of the selected pixel #3. We infer that this is the 
1797 deposits discussed by Hartley and Thordarson, 2013. When a faintly colored near-vertical velocity field is overlain on the 2013 
DEM (B), we can see the darker blue areas, which signify anomalous high rates of motion, are surrounding the 1797 eruptive 
material. This higher rate of subsidence could therefore be a result of heterogeneous substrate compaction rates captured by InSAR.



5.4 Time Series, Functional Fit, and Heat Flux from Displacements

The model-corrected LOS displacement data shows the decaying rates of displacement 

(Fig. 9 & 10) we expected from a recent lava flow. The decay time equations (Table Al-3) are all 

similar for the equations which define the exponentially decaying curve, with variable amplitude 

values. Looking at these displacements from different angles may shift the amplitude between 

coordinates, even if zero horizontal motion has occurred at these pixels. This is highlighted by 

the strange break in these time series that doesn’t show expected continuous decaying motion 

throughout the winters. The discontinuity is larger for path 147 than path 09 (Fig. 9). These 

discontinuous patterns in the decaying displacements cannot be explained by seasonal 

fluctuations, snow loading, glacial isostatic adjustment or plate velocity crustal motions. Because 

no natural motions can be the source of these discontinuous patterns, we attribute them to the 

lack of data present for the winter months for the SBAS calculations. The SBAS method creates 

an average of phase velocities between the time-adjacent acquisitions (Berardino et al., 2002). 

Finding highly correlated interferograms for these winter time periods was difficult, and not 

many InSAR pairs from fall to spring are included in the calculation.

The decay displacements are fit with decay curves. These curves fit the data well, so we 

use them for a heat flux calculation. Basaltic lavas are known to have eruptive temperatures 

between 1200 and 1500 oK; other studies have shown a range of maximum emplacement 

temperature at Holuhraun of ~1320-1370 oK. Temperatures found on the lava flow by 

Aufaristama et al., (2018) using Landsat-8 infrared are 1369.15 oK (1096 oC), as well as their 

maximum thermal camera measurements of 1320.15 oK (1047 oC). Using our decay curves and 

modeled temperature changes for the 5 pixels, we find that these decay curves model lower than 

expected lava emplacement temperatures. These two sets of temperature curves show different 

ranges of motion, with maximum temperature change for path 147 at 500 oK, and path 9 at 700 

oK. This lower estimate is likely due to when we start our InSAR survey; 12 and 21 days (path 9 

and path 147, respectively) after the official end of the eruption. Each pixel of lava has an even 

older emplacement date than 27 February, except for the north central lava near pixel 5. We lose 

the hottest temperatures of the lava by just two to three weeks on some of these pixels. The 

majority of the eruptive material was deposited before 27 February, which indicates these 

displacement curves could be starting several months after the lava of that pixel was actually 
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emplaced. This time series has modeled well the heat flux temperatures for the lava at Holuhraun 

for this time period. We plan to use these temperature curves to backcast emplacement 

temperatures to specific dates in future studies, as well as a prediction of the cessation of motion 

due to the lava decaying to ambient temperatures.

6. Conclusions

This survey of the Holuhraun lava flow has shown incredible ability to capture 

post-emplacement lava flowmotion from space via Sentinel-1 SAR satellites. The velocity fields 

from both directions show an abundance of coherent pixels over a 5 year period in both 

Sentinel-1 path directions. We see high rates of motion centrally and closest to lava venting, as 

well as near some of the youngest sections of lava emplaced on this deposit.

The decomposition of these LOS velocity fields into two directions has shown to 

successfully separate horizontal motion from the vertical. Model correction to discern lava 

compaction rates mostly isolates our desired motion, with some residual GIA motion adding to a 

vertically upwards motion on the southern fringe of the lava flow. By using the one-dimensional 

heat flux model from Whittmann et al. (2017), we have detailed areas where higher heat flux is 

expected. The timing of this eruptive material seems to play a crucial role in modeling accurate 

heat flux. The 6-month time frame for this eruption at Holuhraun has quite a complex history of 

emplacement, and these surveys have shown that Sentinel-1 InSAR surveys can resolve intricate 

motion and heat transfer details of this history.

Further exploration of the displacement data from the average velocity fields show 

expected exponentially decaying rates of motion of the lava flow. We use these displacements to 

fit a decay curve, and with the use of the heat flux model equation 6, we have shown this can 

calculate decaying temperatures of the lava over the 5 years of our survey. Future studies will 

take these curves, and backcast an emplacement temperature for each pixel, as well as estimate 

when the lava flow has reached an ambient temperature.

There is hope that this survey can be operationalized for rapid surveys on eruptive 

processes. While running a timeseries of 2500 interferograms is a days to weeks long process, 

once that step is completed, MintPy processing can rapidly deduce a velocity field of any survey 

area. Automation of the LOS decomposition would reduce the computational time necessary for 
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completion of this process, and would be a simple task to do. Any InSAR survey with multiple 

satellite directions could benefit from this method.

This study for the lava of Holuhraun showcases how InSAR methods can be useful for 

monitoring the deformation processes of volcanic events. We are finding more complex motions 

closer to the eruption; some we can explain, and others we are still searching for understanding. 

The spatially dense data suggests motion will continue here for years to come. As more satellite 

data becomes available, this study will become a baseline for monitoring these effusive eruptions 

with satellite radar data. Knowledge of what to expect from an InSAR study of effusive eruptions 

will help guide future studies.
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Appendix 1: Supplemental Tables and Images

Table Al-1. Satellite information for the InSAR Survey at Holuhraun.

Satellite Path Frame Direction
#SAR 
images Date Range

SlA 9 374 Desc. 21 July 9, 2015-April 10, 2016

SlB 9 375 Desc. 101 May 29, 2017-Sept. 22, 2020

SlA 9 376 Desc. 41 May 22, 2015-May 17, 2017

SlA 9 377 Desc. 102 May 23, 2017-Sept. 28, 2020

SlA 9 378 Desc. 4 April 22, 2016-Aug. 25, 2016

Reference Image for path 9: 
2017-07-28

S1A+S1B 147 210 Asc. 16 March 20, 2015-Sept. 28, 2016

S1A+S1B 147 211 Asc. 36 July 18th, 2015-April 15, 2018

S1A+S1B 147 212 Asc. 122 June 24th, 2015-Oct. 1, 2020

SlA 147 213 Asc. 7 Aug. 11, 2015-April 9, 2018

Reference Image for path 147:
2017-06-13
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Table A1-2: Interferograms used for each SBAS velocity field

Path 147 Path 9
0 20150319_20150424 33 20160723_20160816 66 20180905_20190515 0 20150404_20150416 33 20170405_20170411 66 20180605_20180611 99 20191004_20200811
1 20150331_20150424 34 20160723_20170624 67 20190603_20200608 1 20150416_20150428 34 20170405_20170417 67 20180605_20180623 100 20200513_20200519
2 20150424_20150506 35 20160804_20160816 68 20190608_20200614 2 20150428_20150522 35 20170405_20170423 68 20180611_20180623 101 20200519_20200531
3 20150424_20150518 36 20160804_20170630 69 20190614_20200620 3 20150522_20150615 36 20170411_20170423 69 20180617_20180623 102 20200519_20200606
4 20150518_20150611 37 20160816_20160909 70 20190620_20200626 4 20150603_20150615 37 20170411_20170429 70 20180617_20180705 103 20200531_20200606
5 20150518_20150623 38 20160816_20170501 71 20190702_20190708 5 20150603_20150627 38 20170417_20170423 71 20180623_20180705 104 20200730_20200817

6 20150530_20150611 39 20160828_20160909 72 20190702_20190720 6 20150627_20150709 39 20170417_20170429 72 20180804_20190805
7 20150530_20150623 40 20170525_20170612 73 20190702_20200708 7 20150627_20150721 40 20170417_20170505 73 20180816_20180822
8 20150530_20150705 41 20170612_20170630 74 20190708_20200714 8 20150709_20150721 41 20170423_20170429 74 20180816_20190817

9 20150623_20150705 42 20170618_20180619 75 20190714_20200720 9 20150709_20150814 42 20170423_20170505 75 20180822_20190823
10 20150623_20150717 43 20170624_20180625 76 20190720_20200726 10 20150721_20150802 43 20170423_20170511 76 20180903_20190904
11 20150705_20150717 44 20170706_20180707 77 20190726_20190807 11 20150721_20150814 44 20170429_20170511 77 20180909_20180915
12 20150705_20150729 45 20170730_20180731 78 20190726_20200801 12 20150721_20150826 45 20170505_20170523 78 20180909_20190910

13 20150717_20150729 46 20170805_20180806 79 20190801_20200807 13 20150802_20150826 46 20170523_20170529 79 20180915_20181003
14 20150717_20160605 47 20170823_20170910 80 20190807_20200813 14 20150814_20150919 47 20170523_20170604 80 20180915_20190916
15 20150729_20160629 48 20170829_20180502 81 20190813_20200819 15 20150814_20160808 48 20170604_20170610 81 20180921_20181003
16 20150729_20160804 49 20170829_20180830 82 20190819_20200825 16 20150919_20160410 49 20170610_20170616 82 20180921_20190922
17 20160430_20160512 50 20170910_20180502 83 20190825_20200503 17 20150919_20160715 50 20170610_20170628 83 20190507_20190531
18 20160430_20160524 51 20180502_20180508 84 20190831_20190906 18 20151001_20160715 51 20170628_20170716 84 20190519_20190606
19 20160430_20160605 52 20180502_20180514 85 20190831_20200503 19 20160410_20160715 52 20170710_20170716 85 20190519_20190612
20 20160512_20160629 53 20180508_20180526 86 20190831_20200509 20 20160528_20160715 53 20170716_20170803 86 20190706_20190724
21 20160524_20160629 54 20180514_20180526 87 20190831_20200906 21 20160609_20160715 54 20170803_20170815 87 20190718_20190724
22 20160524_20160711 55 20180601_20190602 88 20190906_20200503 22 20160609_20160808 55 20170803_20170821 88 20190718_20190805
23 20160605_20160629 56 20180613_20190614 89 20190906_20200509 23 20160703_20160820 56 20170803_20180804 89 20190805_20200805
24 20160605_20160711 57 20180619_20180701 90 20190906_20200515 24 20160715_20160901 57 20170809_20180810 90 20190811_20200811
25 20160605_20160723 58 20180619_20190620 91 20190906_20200906 25 20160808_20160913 58 20170815_20170821 91 20190817_20200817

26 20160605_20170606 59 20180625_20190626 92 20200503_20200515 26 20160820_20160901 59 20170821_20170908 92 20190823_20200823

27 20160629_20160711 60 20180701_20190702 93 20200608_20200626 27 20160901_20160913 60 20170914_20180915 93 20190829_20190904
28 20160629_20160723 61 20180707_20190708 94 20200720_20200807 28 20160901_20160925 61 20171002_20180418 94 20190829_20190910
29 20160711_20160804 62 20180725_20180731 95 20200819_20200825 29 20160913_20160925 62 20180506_20180512 95 20190829_20200829
30 20160711_20160816 63 20180725_20190726 96 20200819_20200906 30 20160913_20170405 63 20180506_20180518 96 20190910_20200922
31 20160711_20170618 64 20180806_20180818 97 20200826_20200906 31 20160925_20170405 64 20180518_20180605 97 20190916_20200928
32 20160723_20160804 65 20180905_20190503 32 20160925_20170411 65 20180524_20180611 98 20190928_20200805
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Table A1-3: Decay Curve Equations for Pixels 1-5

PATH 147 Decay Curves

Pl = 132.98525485711687 * е^(-0.0016260122635152676 * x) + -149.17681308861268

P2 = 175.5217815861498 * e^(-0.0018013474083164054 * x) + -220.60121518768236

P3 = 437.70825110039135 * е^(-0.001182723452657335 * x) + -549.0931365641708

P4 = 144.45680370232444 * е^(-0.002053664726714646 * x) + -175.63116243135954

P5 = 46.1426758359361 * е^(-0.0011820844728257424 * x) + -55.592648647672455

Path 9 Decay Curves

Pl = 132.1753001315197 * е^(-0.0022029533905288568 * x) + -143.5981268478359

P2 = 209.72528255419743 * e^(-0.0024470596083332155 * x) + -248.94688828263875

P3 = 537.1616164539657 * e^(-0.0015251651581416775 * x) + -680.3709924358599

P4 = 141.55590422224589 * e^(-0.003157854711106258 * x) + -176.20610670988674

P5 = 58.17920227459894 * e^(-0.0014352326928343136 * x) + -67.36894605446774
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Figure Al-1: pathl47 wrapped images. See list of interferograms (table 2) for specific dates of these unwrapped phase images.



Figure A1-2: Path 147 unwrapped images
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Figure Al-3: path 9 wrapped images. See list of interferograms (table 2) for specific dates of these unwrapped phase images.



Figure Al-4: path 9 change in phase images



Figure Al-5. Near-vertical velocity field, with only the positive rate of motion colored. This shows the models have not fully 
removed the crustal motion on the surface of the Holuhraun plain.
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Figure A1-6 SBAS velocity fields for both ascending (left) path 147 (99 interferograms) and descending path 9 (152 
interferograms). Glacial Isostatic Adjustment and Plate Velocity motions are still included in these velocity fields. Numbered 
locations indicate locations of pixels used for the exponentially decaying time series temperature calculations. As predicted, higher 
rates of compaction are found more centrally on both satellite path velocity fields.



Figure Al-7: Mintpy Raw outputs for path 9 with associated error
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Figure Al-8: Mintpy Raw outputs for path 147 with associated error
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Figure Al-9. LOS displacements from five pixels (Fig. Al-6) show exponential decay. The centrally selected pixel (red, #3) shows 
the most displacement over the timeseries. The pixel located on the fringes of the lava flow shows the least amount of displacement 
(light blue, #5).
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Figure Al-10. LOS displacements from five pixels (Fig. Al-6) shows exponential decay. The centrally selected pixel (red, #3) 
shows the most displacement over the timeseries. The pixel located on the fringes of the lava flow shows the least amount of 
displacement (light blue, #5).
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Figure Al-11: Plate Velocity model from Drouin and Sigmundsson (2019) and glacial isostatic adjustment models from Auriac et al. 
(2013) are mapped into the ascending (left) and descending (right) LOS directions. In order for removal of these gradational rates of 
crustal motion, these models need to have the same reference pixel removed as the SBAS velocity field. We locate the reference 
pixel used in MintPy processing and set this location to zero.



Figure Al-12: Both motions from PV model from Drouin and Sigmundsson (2019) and GIA models from Auriac et al. (2013) have 
been mapped into both ascending and descending LOS directions; then passed through the decomposition calculator to show the 
near-east (left) and near-vertical (right). These velocity fields were previously set to zero at the MintPy reference pixel, so that the 
floating InSAR calculations are all zeroed to the same pixel. The glacial isostatic adjustment is shown to move upwards closer to the 
glacier in the near-vertical velocity field, which is also accurate for these models.
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Figure A1-13: Perpendicular baseline history tables for path 9 (left) and path 147 (right)
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Figure Al-14: Scatterplot comparing the velocity of pixels and their corresponding lava thicknesses.



Figure Al-15: On the left, is the near-east velocity field normalized by the height of the lava flow. On the right is the gradient of the 
lava flow normalized by the height of the lava flow.



Appendix 2: Synthetic Mogi Test

Figure A2-l: The three directions of a synthetic mogi model are plotted on this map, with East motion positive (A), North motion 
positive (B) and Vertical motions positive (C) in the three images pictured. This is a synthetic model from Mario Angarita Vargas 
(February 2022).



Figure A2-2: Taking these three mogi mode directions from Fig. A2-l, we map the motion into the line of sight (LOS) for both 
ascending path 147 (A) and descending path 9 (B).



Figure A2-3: We use the two LOS mapped synthetic mogi models to test the decomposition calculator. The products of the 
calculator combine some northern motion into both the East and Vertical directions, which is why we call these the “near-East” (A) 
and “near-Vertical” (B) velocity fields.
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Figure A2-4: in order to calculate the amount of northern motion mapped into both near-East and near-Vertical velocity fields, we 
subtract the near-East and near-Vertical from the corresponding original synthetic Mogi model velocity fields. We map these 
residuals with the same scale used in the near-East (A) and near-Vertical (B).
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Figure A2-5: in order to calculate the amount of northern motion mapped into both near-East and near-Vertical velocity fields, we 
subtract the near-East and near-Vertical from the corresponding original synthetic Mogi model velocity fields. We map these 
residuals with a smaller scale than the near-East (A) and near-Vertical (B) original scales, so that we can visualize the northern 
motion which has been mapped into the near-East and near-Vertical velocity fields. At this scale, the northern motions can clearly be 
seen in the residual maps.
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Figure A2-6: Taking the three mogi mode directions from Fig. A2-l, we map the motion into the line of sight (LOS) for both 
ascending path 147 (A) and descending path 9 (B). Noise is added for this iteration in order to regularize the decomposition 
calculation of near-East and near-Vertical velocity fields.



Figure A2-7: We use the two LOS mapped synthetic mogi models to test the decomposition calculator. This iteration has noise 
added to each LOS velocity field to regularize the calculation, prior to decomposition. The products of the calculator combine some 
northern motion into both the East and Vertical directions, which is why we call these the “near-East” (A) and “near-Vertical” (B) 
velocity fields.
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Figure A2-8: In order to calculate the amount of northern motion mapped into both near-East and near-Vertical velocity fields, we 
subtract the near-East and near-Vertical from the corresponding original synthetic Mogi model velocity fields. We map these 
residuals with the same scale used in the near-East (A) and near-Vertical (B). This iteration has noise added to each LOS velocity 
field to regularize the calculation prior to decomposition.
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Figure A2-9: In order to calculate the amount of northern motion mapped into both near-East and near-Vertical velocity fields, we 
subtract the near-East and near-Vertical from the corresponding original synthetic Mogi model velocity fields. We map these 
residuals with a smaller scale than the near-East (A) and near-Vertical (B) original scales, so that we can visualize the northern 
motion which has been mapped into the near-East and near-Vertical velocity fields. At this scale, the northern motions can clearly be 
seen in the residual maps. This iteration has noise added to each LOS velocity field to regularize the calculation. The noise added 
has oversaturated the near-East output, and its residual doesn't reflect the northern motion. This also indicates that a majority of the 
north south motion is being mapped to the near-Vertical velocity field.


