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Abstract The 1730-1736 eruption on Lanzarote was one of the most significant volcanic eruptions to occur
on the Canary Islands, with lavas covering over 200 km?. Globally, it is volumetrically the third largest known
subaerial basaltic fissure eruption in the past 1,100 years. Here we use Sentinel-1 and ENVISAT interferograms
on both ascending and descending orbits to construct a time series of line-of-sight surface displacements and
calculate linear vertical deformation rates. We resolve a constant subsidence rate of about 6 mm/yr associated
with an area of ~20 km? within the central and western portion of the Timanfaya lava flows relative to the rest
of the island. This is consistent over the 28-year period (1992-2020) covered by the Sentinel-1 and ENVISAT
data when combined with the previously published European Remote-Sensing Satellite data. Time series
constructed using Sentinel-1 short interval interferograms have previously been shown to suffer systematic
biases and we find that by making longer period interferograms these biases can be mitigated (when compared
against an averaged stack of 1-year interferograms). Cooling-driven contraction of an intrusion would require
improbably large sill thickness to achieve the observed subsidence rates. Our observations are consistent with
the cooling of lavas on the order of one hundred meters, twice as thick as previous estimates, which suggests
overall lava volume for this eruption may have been underestimated. This is also evidence of the longest
duration of lava flow subsidence ever imaged which indicates that these cumulative thick flows can continue to
deform significantly even three centuries after emplacement.

Plain Language Summary A common result of a sustained volcanic eruption is large outpourings
of lavas that can form thick flows when activity lasts many years. One of the ways to measure the behavior of
active volcanoes is to use satellites to observe how fast parts of the volcano surface are moving. It is important
to be able to estimate the different physical processes that may lead to the surface deformation around a
volcano. One of these processes is the contraction of thick lava flows which rapidly subside due to cooling.
Here we use radar satellites to measure how fast parts of Lanzarote are sinking. We find that despite these lava
flows being nearly three centuries old, they are still sinking at about half a centimeter every year. These are the
oldest flows known to still be measurably subsiding. This shows that when multiple stacked lava flows get very
thick (here estimated at over 100 m in thickness), they are still able to continue deforming centuries later. It is
important to know this is due to lava subsidence as other magmatic processes can also lead to subsidence and
these might be of greater hazard concern and could indicate the subsurface migration of magma.

1. Introduction

Lanzarote is the northern and eastern-most Canary Island, located in the eastern Atlantic Ocean near the conti-
nental margin and about 100 km off the west coast of Africa (Figure 1a). Like the surrounding archipelago, it is
a small volcanic intraplate oceanic island, mostly probably created over the last 15 million years from hot spot
volcanism in the Miocene, Pliocene and the Quaternary (Carracedo et al., 1998; Hoernle & Schmincke, 1993).
The long-term evolution of the islands, and the degree to which tectonic processes influence this, is still a
matter of ongoing debate (Anguita & Hernan, 2000; Blanco-Montenegro et al., 2018; Negredo et al., 2022). The
Lanzarote style of eruption activity is typified by low-explosive outpourings of basaltic magma from fissures
(Carracedo et al., 1992). The largest of these events in the past half millennium was the 6-year intermittent erup-
tion between 1730 and 1736, where an estimated 3—5 km? (Carracedo, 2014) of material was erupted over much
of the island of Lanzarote (Figure 1a). This eruption is also the third largest historical basaltic fissure eruption in
the last 1,100 years behind a pair of Icelandic eruptions in 1783-84 Laki (Lakagigar), comprising 14 km? of lava
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outpourings (Gudmundsson et al., 2008) from >100 vents along a 25 km long fissure (Thorarinsson, 1969) and
the earlier 934-940 Eldgjé eruption of 20 km? of lava along a 75 km long discontinuous fissure (Sigurardottir
et al., 2015). It is also similar in erupted volume to the largest known historical eruption in Africa at Dubbi
volcano (Eritrea) estimated to be 3.5 km? (Wiart & Oppenheimer, 2000). As way of modern comparison, the
recent eruption at Kilauea in 2018 covered 35.5 km? with a volume of 0.8 km? erupted from a 6.8 km long fissure
(Neal et al., 2019), and the 20142015 basaltic fissure eruption at Holuhraun, Iceland, covered 84 km? with a
volume of 1.44 km? of lava (Pedersen et al., 2017). The 1730-1736 Lanzarote erupted volume was 15-26 times
larger than the estimated extruded volume of almost 0.19 km? from the 2021 flank eruption of Cumbre Vieja at
La Palma in the western Canaries (Carracedo et al., 2022; Gonzalez, 2022), which lasted almost 3 months cover-
ing an area of 12 km? in lava flows over 50 m thick in places.

The period of major activity on Lanzarote initiated on the 1 September 1730 with a large earth tremor and contin-
ued in a number of punctuated phases at varying eruptive centers until ceasing on the 16 April 1736 (Romero
et al., 2019), spanning a total period of 2055 days of discontinuous volcanism. Activity is recognized as being
broken up into five major phases across almost 6 years of eruption (Carracedo et al., 1992). Initially the lavas
predominately flowed out to the north-west, then to the west and west-south-west and again back to the north-west
in the latter phases. The erupted material was emplaced mainly as 'a'a and pahoehoe lava flows, covering an area
greater than 200 km? (Solana et al., 2004a), equivalent to a quarter of the current island (810 km?), erupting
from an east-west trending fissure about 15 km long and comprising multiple volcanic vents (Figure 1b). Over
the course of the multiple eruptions that produced the Timanfaya volcanic field, 30 volcanic cones of varying
morphology of cinder, slag and spatter formed (Romero et al., 2019). One of these volcanic vents is Timanfaya,
which was created during the fourth, highly effusive phase. The lava from this phase of the eruption flowed from
Timanfaya and the surrounding cones North-Westwards to the coast (Carracedo et al., 1992).

Thicknesses of these emplaced flows have been estimated to be between a few meters and 60 m (Arafia et al., 1973;
Sharma, 2005). However, these estimates carry significant uncertainties, as there are few places where the flow
depth is exposed and can be measured directly, but coastal exposures of lava flows in the west are observed as
thick as 30—50 m (Sharma, 2005). The current topography of Lanzarote (Figure 1b) reflects the previous volcanic
activity of the island with dozens of cones being constructed in the various volcanic phases. There are two chains
of cinder cones clearly visible in the digital elevation model (DEM) of the area (Figure 1b). The first is associated
with the 1730-1736 eruption with an ENE-WSW orientation of cone alignment. The second chain, to the south of
the 1730-1736 lava flows is linked with historic island building events. Since the end of the main eruptive phase
in 1736, there has only been one other volcanic eruption in 1824. The 1824 eruption was much shorter in duration
(two and a half months) and far smaller in erupted volume, with the resulting lava flows emplaced on top of the
1730-1736 flows to the north (flowing northwards down to the coast) and north-east of Timanfaya (Figure 1a) at
two isolated cones and a third further to the east-north-east outside Timanfaya (Romero et al., 2019).

Present-day activity is limited to anomalous high heat flow, distributed over topographic highs in a 20 km?
area around Timanfaya (Figure 1). In the 1970s, a hundred thermometers buried at 3 m on Lanzarote measured
temperatures up to 350°C and in deeper wells at 150-250 m, thermal gradients of 0.2°C/m were found (Arafia
et al., 1973). Islote de Hilario, site of the national park visitor center (Figure 1c), has the highest temperature
anomalies, with Arafia et al. (1984) reporting a maximum temperature of 380°C at 69 m depth and 605°C at
13 m depth. A magnetotelluric study of Timanfaya detected a highly conductive subsurface body which was
interpreted as a magma chamber at 4 km depth with temperatures >900°C associated with the 1730-1736 erup-
tion (Ortiz et al., 1986). From almost 300 gravity station measurements across Lanzarote, Camacho et al. (2001)
obtained a 3-D density contrast model of upper crustal anomalies and found shallow density lows with ENE-WSW
and WNW-ESE alignments beneath Timanfaya that may be associated with the recent volcanism. However, a
spatially denser gravity survey and crust density inversion model points to a lack of observable magma chamber
beneath Timanfaya (Camacho et al., 2019).

Interferometric Synthetic Aperture Radar (InSAR) is a remote sensing technique used to show deformation over
a certain time period by differencing two SAR images of the same area acquired at different times (Goldstein
& Werner, 1998). Observations using InSAR are now used for volcanic monitoring in many parts of the world,
primarily focused on deformation caused by current volcanic or magmatic activity. However, InSAR meas-
urements have also captured remnant deformation from historical eruptions or intrusions (Chaussard, 2016;
Ebmeier, 2016; Parker et al., 2014; Wittmann et al., 2017). A measurable subsidence signal caused by volcanic
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Figure 1. (a) Distribution of ~200 km? of emplaced lava flows from the 1730-1736 eruption on Lanzarote (Carracedo

et al., 1992), with the major eruptive centers indicated (red triangles), which are predominately within the designated area of
the Timanfaya National Park (TNP). TF—Timanfaya. The blue triangles indicate the cinder cones associated with the 1824
eruption. The insert shows the relative position of Lanzarote to the other Canary Islands in the Eastern Atlantic Ocean and
the African coastline. (b) Down-sampled LiDAR digital elevation model (DEM) of Lanzarote at 10 m resolution of the entire
island topography. The black arrows show the two chains of cinder cones on the island referred to in the text. (c) Sub meter
LiDAR DEM from 2015 of Timanfaya area (Spanish National Geographic Information Center). The locations of previously
measured thermal anomalies (Arafia et al., 1984) are indicated by red outlines with the northern most one associated with the
national park visitor center at Islote de Hilario (IH). (d) Average mean Interferometric Synthetic Aperture Radar coherence
from the descending Sentinel-1 interferograms highlighting the stable lava flows with high coherence (yellow) and low
coherence in the more mobile sandy regions of the island center (El Jable). Note the magnitude and pattern of coherence is
similar for the ascending track.

activity centuries after it took place, has implications for future volcanic monitoring in regions of long-term effu-
sive activity, especially where background historic subsidence rates need be removed to isolate any new magma
movement (Stevens et al., 2001).

InSAR measurements have previously been used to measure decadal timescale surface deformation rates across
the island of Lanzarote. Gonzdlez and Fernandez (2011) used synthetic aperture radar data from European
Remote-Sensing Satellite (ERS)-1/2 for the period 1992-2000 and found an area centered on the thermal anom-
alies near Islote de Hilario (Figure 1c) to be subsiding about 4-6 mm/yr whilst the rest of the island was largely
stable (at the 1 mm/yr noise level). Given the spatial overlap of the deformation area with the surface temperature
highs and previous geophysical data and models, their preferred hypothesis was that magma crystallization from
cooling and contraction of a shallow magmatic body beneath Timanfaya was still ongoing. We used the results
they present for deformation rates during the nineties to extend our time series back in time by combining their
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observations with ours from more recent SAR satellites of ENVISAT (2004-2010) and Sentinel-1 (2016-2020).
Other sources of surface displacement observations come from Global Navigation Satellite System (GNSS) data
such as from Riccardi et al. (2018) who measured deformation rates for 3 years from five permanent GNSS sites
across the island finding a maximum subsidence rate of 6.1 + 1.7 mm/yr at the location of the thermal anomalies
within the Timanfaya National Park (TNP), with most of the other vertical rates at sites across the island outside
of Timanfaya stable within uncertainty.

The millimeter per year rates of subsidence expected here and previously measured for Lanzarote (Gonzélez &
Fernandez, 2011) are comparable to the detection limit for InSAR time series analysis for volcanic processes
(Ebmeier et al., 2013) given the anticipated noise from the differential atmosphere delay, which is expected to be
particularly large for an oceanic island environment (Webb et al., 2020). To reduce the impact from tropospheric
water vapor we tested using both an external weather model for atmospheric correction of phase delay and also
an empirical linear correction of measured phase with topography within the individual interferograms. We also
performed Independent Component Analysis (ICA) (Ebmeier, 2016) to extract the signal of subsidence and
separate it from contributions of atmospheric noise over the Timanfaya National Park area. This latter approach
is performed to yield a slightly cleaner signal, and to assess whether the two regions of subsidence centered on
Timanfaya and along the north-west coast are within the same extracted independent component.

Additionally, interferometric use of Sentinel-1 data has been shown to suffer systematic phase biases (De Zan
et al., 2015), often termed a fading signal, due to use of short interval interferograms in time series analysis,
which results in an apparent relative subsidence of many land surfaces in the derived velocity fields. As our aim
here is to assess the temporal and spatial extent of subsidence patterns associated with volcanic processes, it is
important to account for sources of contamination from such phase bias due to our choice of network design. To
test the phase bias contribution of the shorter interval interferograms, we used a range of short (half a month)
and longer (up to a couple of months) temporal baseline networks and compare the resulting derived velocities
with each other as well as with an averaged stack of independent 1 year interferograms. Our aim was to find if
the phase bias is generally present across much of the island, and whether there are significant areas with greater
biases that might be associated with vegetation outside of the Timanfaya region (which itself is almost entirely
devoid of vegetation and thus might be expected to not be affected). We made longer period interferograms as a
reference data set against which to compare the change in amount of bias in different network lengths (i.e., when
compared against an averaged stack of independent 1-year interferograms).

In this study, we performed InSAR time series analysis and combined three decades of surface deformation data
to derive vertical rates of motion across the island of Lanzarote. We tested corrections to mitigate the atmos-
pheric noise in the interferograms and also examined the systematic bias due to the use of time series networks
of different interferogram length. We ruled out cooling-driven contraction of a sill as the origin of the subsidence
by comparing the predictions of crystallisation models to our measurements. We then made estimates of the
minimum lava flow thicknesses required for the contemporary subsidence to be due to thermal contraction of the
Timanfaya lava flows. We discuss the implications for the volume estimates if the cooling lava model is correct,
which suggests flows of 100+ m thickness, indicating erupted lava volumes larger than previously estimated.

2. Data and Methods
2.1. InSAR Processing and Time Series Analysis

We used time series analysis of over 4000 interferograms from Sentinel-1 and ENVISAT (Table 1) to give line-of-
sight deformation rates. We used both descending and ascending images to decompose the deformation rates into
vertical and East-West velocities. The different data sets were tied to a common spatial reference area by remov-
ing the mean rate of the regions of the island not affected by the 1700's volcanism (Figure 1a). When combined
with previous published ERS results for the period 1992-2000 (Gonzélez & Fernindez, 2011), this yields a
velocity time series covering most of the past 28 years from 1992 to 2020.

European Remote-Sensing Satellite and ENVISAT data were processed following the methodology presented by
Gonzélez and Fernidndez (2011). We coregistered all scenes to a common reference primary date geometry for
each orbital pass (ascending and descending), and computed differential interferograms using the DORIS soft-
ware (Kampes et al., 2004). Topographic contributions were removed using the 3-arcsec Shuttle Radar Topog-
raphy Mission DEM, at a spatial multilooking factor for the SAR of 4 looks in range and 20 looks in azimuth
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Table 1
Key Parameters of ERS (Gonzdlez & Ferndndez, 2011), ENVISAT and Sentinel-1 Data Sets (This Study) for the Two
Acquisition Directions of Ascending (Asc) and Descending (Dsc)

ERS-1/2 ENVISAT Sentinel-1A/B

Satellite Dsc Asc Dsc Asc Dsc

Track no. 266 302 266 089 023

Time 1992/09/02 2006/02/27 2004/01/17 2017/01/10 2016/09/14
Period - - - - -
Covered 2000/01/08 2010/06/21 2010/01/30 2020/06/29 2020/06/25

Epochs 14 34 21 200 207
Interferograms 91 105 86 2134 2211

Note. Dates are given in the format YYYY/MM/DD. The number of interferograms for the Sentinel-1 datasets represents the
maximum analyzed and is the total using the full 11 forward connections between epochs. ERS, European Remote-Sensing
Satellite.

(80 x 80 m pixel area). A subset of pixels were selected based on the average spatial coherence greater than 0.25.
Time series of displacements were obtained for this subset of pixels, inverting the interferograms unwrapped
phases. The unwrapping was completed with SNAPHU (Chen & Zebker, 2000).

The Sentinel-1 interferograms were made using the commercial software GAMMA (Werner et al., 2000, version
20181130) and the time series analysis (Figure Al) was completed using the openly available software code
LiCSBAS (Morishita et al., 2020), using a small baseline approach (Berardino et al., 2002) of connected inter-
ferogram networks.

We processed a combined total of 407 Interferometric Wide Swath (IWS) images from Sentinel-1A/B (Torres
et al., 2012) from one ascending (089) and one descending (023) track (Table 1) with common spatial cover-
age of almost the entire main island of Lanzarote (~800 km?). The time period covered by the acquisitions is
from late 2016/beginning of 2017 when systematic coverage over the area started from Sentinel-1 and for this
study is complete up until mid 2020 (Figure A2). During this period, Sentinel-1B acquired on every ascending
and descending pass (every 12 days). From May 2017 Sentinel-1A also started acquiring over the area (and on
each pass), giving a combined 6-day repeat interval for most of the time series (the shortest achievable with the
2-satellite Sentinel-1 constellation).

Sentinel-1 IWS data was acquired in Terrain Observation with Progressive Scans (TOPS) mode (Yagiie-Martinez
et al., 2016) on three subswaths in bursts of ~20 km in length in the along-track azimuth direction. We processed
the data from Level-1 Single Look Complex (SLC) images and extracted the three consecutive bursts on the
central subswath 2 for both descending and ascending tracks to give almost complete coverage of the main
island (~800 km?) and used the precise orbital ephemerides data from the European Space Agency (ESA). We
initially resampled the SLCs to a reference primary date using a cross-correlation method and then refined this
to the high precision required for TOPS mode acquisitions using the Spectral Diversity method (Yagiie-Martinez
et al., 2016). Further details are provided by Lazecky et al. (2020).

We formed differential multi-looked interferograms between successive acquisition dates (epochs) with 10 looks
in range and 2 in azimuth to give pixels of approximately 30 m ground spacing. For the purpose of analysis of the
phase bias problem we generated two different sets of independent interferograms but across the same period of
time (2017-2020). First we generated a connected network of interferograms between each epoch and the next
11 closest epochs (creating interferograms typically spanning from 6 days up to 2 months interval) which we
later sub-sampled to create shorter period networks for comparisons. Second we generated a set of independent
interferograms of 1 year in length by connecting each epoch only once to an epoch ~365 days ahead. We used
the 1 arc-second Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007) to remove the contributions to
the phase from topography and for geocoding the results. We spatially filtered the data using an adaptive power
spectrum approach (Goldstein & Werner, 1998) with a filtering window size of 64 pixels and a filtering exponent
of 0.3 and then unwrapped the data in areas with a coherence above 0.1 using a minimum cost function algorithm
(Wegmiiller et al., 2002) to give a line-of-site displacement for each interferogram.
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In order to calculate the average displacement rates from the stack of data as a reference data set, we simply
summed all the independent 1-year interferograms and divide by the number of observations (144 in descending
and 138 in ascending) to yield an average velocity (Figure 2).

For the time series analysis using the connected network of interferograms in a small baseline subset (SBAS)
approach we used the LICSBAS open-source package to generate surface velocities (Morishita, 2021; Morishita
et al., 2020). LiCSBAS performs a number of masking, quality and loop closure checks to identify bad interfero-
grams and pixels before performing a small baseline inversion. The mask and filter thresholds we used (Table A1)
were mostly the default parameters provided within LICSBAS. A coherence value of 0.25 was chosen as this is
the same mask threshold applied to the ERS and ENVISAT data. The number of permissible loop errors was also
reduced to 1. The minimum height used in the linear elevation-phase correction was reduced to 0 m, as much of
Lanzarote's topography is under the default value of 200 m (Figure 1b), the highest elevation of the island being
671 m. For the final filtering of the time series, we first subtracted a linear ramp from each interferogram in
our network, before a Gaussian spatio-temporal filter that is a one dimensional high pass filter in time and two
dimensional low-pass in space is applied with a temporal width of 20 days and a spatial width of 2 km respec-
tively. Standard deviations were calculated for the velocities by using a bootstrap method to randomly resample
the data set with data replacement 100 times, computing velocities for each iteration. See Morishita et al. (2020)
for more details.

To spatially co-reference the ERS, ENVISAT and Sentinel data we removed the mean of a selected area of stable
pixels, after applying a single mask. The mask was created by removing any pixel with a clear and obvious
deformation or noise signal in any of the velocity images from visual inspection of the average velocity maps.
GNSS spatial referencing was explored, but Lanzarote has five permanent GNSS stations. Two of these (LZ01
and LZ02) were only installed in late 2018 and therefore there is not enough data to be reliably used for referenc-
ing. HIRA is also located at 29.15°N, 13.49°E, which is masked due to poor coherence in datasets, except in the
ascending ENVISAT. We decided that the two remaining GNSS stations were not sufficient for referencing the
InSAR velocities, but we used these later for comparison with our data (Figure A3). GNSS data were downloaded
from the Nevada Geodetic Laboratory (Blewitt et al., 2018).

2.2. Phase Bias

Systematic phase bias (De Zan et al., 2015) that affects velocity estimates in InSAR times series has a major
impact on accurately estimating small rates of surface deformation. These fading signals have been attributed to
the result of soil moisture (De Zan & Gomba, 2018) that causes a breakdown in the phase consistency in triplets
of interferograms (De Zan et al., 2014) which occurs as a result of the multi-looking and spatial filtering that is
commonly implemented in interferogram processing strategies (Michaelides et al., 2019). It particularly affects
short period interferograms (Ansari et al., 2021; Maghsoudi et al., 2022) of weeks to a few months, and whilst
in any individual interferogram the error is small compared to other noise terms such as from the atmosphere,
cumulatively it propagates from the network time series causing a systematic bias error that varies spatially. This
bias affects both look directions in a similar fashion (usually a negative bias). Therefore, when the two look direc-
tions are combined to decompose the line-of-sight displacements into vertical and east-west, the negative bias
reinforces for up-down motion but largely cancels for horizontal estimates. As a result the bias creates erroneous
regions of apparent subsidence whereas horizontal measurements will be less biased by this effect.

We explored the phase bias contribution from the Sentinel-1 data by varying the number of interferograms made
from each epoch in the network used for the velocity inversion. We compared the resulting estimates of defor-
mation rates with each other, and with land cover. The greater the number of connections created, the longer the
average interferogram length and the denser the network (Figure A2). However, this comes at the expense of
processing time and loss of coherence in the longer period interferograms, reducing spatial coverage, such as in
the sandier areas in the center of the island (El Jable).

We found that the estimated surface velocity varies markedly across the island depending on how the network of
interferograms is constructed (Figure 2), even though all the same observation epochs are used in each case. By
increasing the number of forward connections when forming interferograms in the network from 3 (Figures 2a
and 2b) to 11 (Figures 2c and 2d), the apparent negative line-of-sight velocities across many parts of the island
in both ascending and descending are reduced. Additionally, regions of apparent positive velocities in the center
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Table 2
Mean Interferogram Length, Mean Velocity and Standard Deviation of Each Velocity Map Across the Whole Island Created
by Varying the Number of Interferogram Connections in Creating the Network Used for the Velocity Inversion

No. of connections

3 5 7 9 11 3= Stack

Ascending Mean Interferogram Length (days) 12.7 18.9 25.1 31.2 37.3 37.7 365.8

Mean Velocity (mm/yr) -0.65 -051 -049 -047 -043 -048 -0.15
Standard Deviation (mm/yr) 1.94 1.30 1.01 0.87 0.79 0.88 0.64
Descending ~ Mean Interferogram Length (days) 13.3 19.9 26.4 329 39.3 39.7 365.9
Mean Velocity (mm/yr) -1.06 -086 -076 -0.69 —0.63 -0.70 —0.82
Standard Deviation (mm/yr) 1.74 1.20 0.96 0.84 0.76 0.86 0.65

of the island observed in the shortest interferogram network disappeared in the longer networks. The spread in
velocity also became more Gaussian in distribution with increasing network length, with reduced noise as seen
by the smaller standard deviation for both ascending and descending look directions (Figure 2).

We tested the impact of interferogram duration on velocity estimates, as opposed to the number of interferograms
in the network, by creating a second network consisting of 3 longer timespan forward connections (interfero-
grams) from each epoch (Figures 2e and 2f and Table 2). We selected a connected network of interferograms
to proceed to time series processing to check the phase closure loops (Figure A2), which results in an average
interferogram length of 38—40 days. Such a network design achieved similar results to that made with 9 connec-
tions (Figure A4 and Table 2), but significantly reduced the processing time as only one third of the number of
interferograms were required.

Since the Sentinel-1 coherence of Lanzarote is excellent (Figure 1d), we were also able to create a stacked veloc-
ity map made by averaging all possible independent 1-year long interferograms (144 for descending and 138 for
ascending) as a reference data set for comparison that we would expect to not be affected by any systematic phase
bias. These velocities had lower standard deviations (0.65 mm/yr) in both the ascending and descending look
directions than those derived from time series analysis.

Phase bias signals in our shorter-interferogram networks are correlated with land cover, especially agriculture and
viticulture. There were significant areas of apparent subsidence immediately north of the village of Guatiza in the
north-east of the island where there is extensive agriculture. This apparent subsidence also occurred in the region
running along the older chain of cinder cones through the central spine of Lanzarote (Figures 2a and 2b). These
negative velocities gradually reduce as the number of connections is increased (Figures 2c and 2d). Likewise, the
apparent uplift near the village of Uga (on the southern edge of Timanfaya) seen in shorter networks (Figure 3b)
reduced to almost O mm/yr after employing seven or more connections. In contrast, the average subsidence signal
near Timanfaya remained approximately constant (Figure 3a) with increasing network length, but the extent of
the signal became more evident in the longer networks as the spurious positive signals to the south were attenu-
ated. The coefficient of determination R? values for the relationship between the velocity and the average inter-
ferogram network length (Table 2) show that there is little to no correlation in the variation at Timanfaya. The
R? values are significantly higher for Uga and Guatiza indicating a strong dependence on the retrieved estimate
and the length of network employed for these areas. However we note that the number of masked pixels varies
between the different networks. At Timanfaya the percentage of masked pixels is less than 4% for all networks
in both the ascending and descending datasets. This is because the lava flows coherence remains high even in
the longest interferograms. At Uga for the ascending orbit the percentage of masked pixels is 0.5% and 40% for
the 3 and 11 network respectively. In the descending orbit these percentages are 1% and 66%. At Guatiza for the

Figure 2. Sentinel-1 average line-of-sight velocity maps constructed from varying the number of network interferogram connections used in the time series inversion.
The number of connections refers to the number of interferograms made from each epoch forward in time (networks are shown in Figure A2. The 3 and 11 connection
networks were made with the shortest possible interval interferograms. The 3* network had the same number of interferograms as in the ordinary 3 connection network
but with a longer average interferogram length (Table 2). The final stack version was made by averaging all independent ~1 year interferograms. Inset histograms in
each panel show the distribution of the velocities and a normal distribution fit (red line).
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Figure 3. Violin plots showing the distribution of velocities for each network at Timanfaya, Uga and Guatiza (optical satellite image and location of each region in
lower panels). The colored dot of each violin indicates the mean value, with the line showing one standard deviation. The R? values are also given for the variation
in velocity compared to the variation in average interferogram network length (excluding the stack value). Note there are a variable number of pixels for each plot as
coherence typically reduces for larger network connections with longer interferograms.

ascending orbit the percentage of masked pixels is 0.1% and 23% for the 3 and 11 network respectively. In the
descending orbit these percentages are 0.3% and 23%.

Visual inspection of optical satellite imagery of Lanzarote showed that the land surface just north of Guatiza
(Figure 3) is covered by cultivated fields. A possible source of localized subsidence in agricultural regions might
be groundwater extraction. However, information from the current and most recent Lanzarote hydrological
plan indicates that no water for irrigation is directly pumped out from groundwater resources in this location
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(www.aguaslanzarote.com). Therefore, we speculated that the negative phase bias seen here is associated with
the variation in soil moisture over time caused by rainfall and the asymmetrical wetting and drying of the land
(De Zan & Gomba, 2018). For this area the difference between the 3 and 11 network average velocities was
6.2 mm/yr in the ascending and 5.1 mm/yr in the descending. This is comparable with corrections of up to
27.4 mm/yr in cropland areas in Turkey, attributed to phase bias (Maghsoudi et al., 2022).

To the north-east of the village of Uga (Figure 3) there are over a hundred thousand artificially constructed
hollows, typically ~10 m in diameter, spread across 10 km?. These circular depressions are designed to capture
and retain moisture for viticulture through the application of the porous scoria on top of the soils, which traps
moisture from the overnight humidity close to the ground (dew), making agriculture possible in otherwise dry
and windy conditions. These cultivated regions resulted in a particularly strong positive phase bias that disap-
peared with longer period interferogram connections. The bias effect was stronger in the ascending pass (early
evening) for shorter connections which indicates an impact of the time of day on the degree of bias for these types
of land cover.

The Timanfaya lava flows have not yet developed soil cover, and the bare rock appears not to generate phase
biases: velocities are relatively consistent, irrespective of network design (Figure 3).

Our analysis showed that choice of interferogram duration has a large impact on the retrieval of surface displace-
ments at rates below a centimeter per year. We demonstrated that this phase bias can be mitigated with a network
of longer period interferograms. For our data, networks with interferograms averaging more than 30 days in time
span begin to more closely approximate velocities derived from stacks of 1 year interferograms.

For our subsequent time series analysis, we proceeded using the 11 connection Sentinel-1 data set, but we note
that an acceptable trade-off between limiting the phase bias and processing time could also be achieved by
making a smaller subset of the longer interferograms (Figures 2 and 3).

2.3. Atmospheric Corrections

Variations in the water vapor content of the troposphere lead to changes in refractivity and subsequent path length
differences for microwaves such as from repeat-pass SAR. Such fluctuations are one of the largest sources of
noise in InSAR analysis as differences in the state of the atmosphere between acquisitions can result in differen-
tial path delays a couple of orders of magnitude greater than some of the smallest surface deformation signals of
interest. Various methods have been employed to try to mitigate such atmospheric contamination (Li et al., 2019),
and here we used empirical linear atmospheric corrections applied to the ERS, ENVISAT and Sentinel-1 inter-
ferograms (Morishita et al., 2020). Additionally, we also tested the tropospheric delay estimates from the Generic
Atmospheric Correction Online Service for InSAR (GACOS) (C. Yu, Li, Penna, & Crippa, 2018) applied to the
sets of Sentinel-1 interferograms (Figure 4) to assess its relative performance over this ocean island.

The topographically correlated component of atmospheric noise was estimated using the linear phase elevation
correction implemented in the final step of time series analysis performed in LICSBAS (Morishita et al., 2020),
with the default elevation mask lowered from 200 to 0 m here to account for the low-lying topography of the
island. As it is an empirical method, it necessarily reduced (or at the very least leaves approximately the same)
each of the interferograms (Figure 5) in terms of the standard deviation in the line-of-sight displacement across
the island. For the ascending passes (which are acquired early evening, 18:57 UTC) there are some large reduc-
tions in the standard deviation of some interferograms, which is observed to a lesser extent for the descending
(early morning 06:54 UTC) passes. However, in terms of the final average velocity derived from the time series
analysis (Figure 4), the difference between the original non-corrected velocity maps and the linear corrected ones
is small (Figure AS), with a maximum residual of 0.8 mm/yr in the ascending and 1.2 mm/yr in the descending.
This modest change is likely because of the low elevation relief (Figure 1b) of much the island, resulting in a
limited phase-elevation dependence in terms of a stratified troposphere water vapor (or at least a lack of consist-
ent linear relationship across both sides of the island).

The Generic Atmospheric Correction Online Service for InNSAR (GACOS) provides zenith total delay maps for
correcting atmospheric noise in SAR interferograms using high resolution weather model data from the European
Centre for Medium-Range Weather Forecasts (C. Yu, Li, & Penna, 2018; C. Yu, Li, Penna, & Crippa, 2018).
The use of this correction can be applied in the initial steps of the LICSBAS processing chain where the zenith
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Figure 4. Sentinel-1 line-of-sight velocities from the 11 connected network with no atmospheric correction applied for
ascending and descending look directions (a, b), an empirical linear phase versus elevation correction based upon the
signal correlation with height implemented in LICSBAS (c, d) and an atmospheric weather model correction from Generic
Atmospheric Correction Online Service applied prior to the time series estimation (e, f).

total delays for each epoch are converted into a differential line-of-sight path delay for each interferogram. The
GACOS correction improved 45% of the interferograms in terms of the standard deviation of phase across the
whole island for the 4223 interferograms but the overall average standard deviation was degraded by 7.0% for the
descending interferograms and 7.2% for the ascending (Figure 5). GACOS is not optimized for correcting atmos-
pheric delay on small ocean islands, due to the low spatial resolution of the ECMWF model used and the 6-hr
temporal resolution. At its widest points, Lanzarote is only 35 km in extent from East to West and 25 km North to
South. The resolution of the ECMWF weather model used in GACOS is about ~10 km (0.125° degree spacing).

PURCELL ET AL.

11 of 35

U801 SUOWILLIOD BATIER.D) 3|cfeoldde ) Ad PeUIAOB a2 311 YO ‘B8N JO Sa|NJ 10} Aeiq T aUIIUO AB]IA UO (SUIO IPUOD-PUE-SLLBIWIOD"AB |1 ARG PUI|UO//ScY) SLOIIPUOD PUe SWB 1 8u) 885 *[2202/0T /i72] uo AreiqiTauiiuo A|iM 893 L Ad 9/50T009Z202/620T OT/10p/w00 A im Akelqijpuljuo'sqndnBe;/:sdny WWoJy papeojumoq ‘0T ‘2202 *£20252ST



I .Yed ¥
. .
NI Geochemistry, Geophysics, Geosystems 10.1029/2022GC010576
ADVANCING EARTH
AND SPACE SCIENCE
Sentinel-1 Ascending Sentinel-1 Descending
12 16
14 4 14 ’
“
10
12 A 12 4
12
E 104 8 E 10
E E ® 10
= 8 = 8 =
£ 3 62 35 8 O
a9 29 2
S 6 =2 =
< < 8
2 . B
w w
4 4 G
! 4
2 24 [ 5
04~ T T T r T T ) 0 r T T T r r T 0
(] 4 8 10 12 14 ] 2 4 6 8 10 12 14
STD Before Correction (mm) STD Before Correction (mm)
25 6 % 10
5
20 20 8
E + E
E E
CD c 154 c 154 6
Q 3 E g E
O £ 38 & 8
< S s 3 3
O 5 i3 &
b 10 = 10 4 4
= > B
w w
54 54 : 4
1
ot . ; . ; ) 0 0 ; . . . . 0
(] 5 10 15 20 5 0 5 10 15 20 25
STD Before Correction (mm) STD Before Correction (mm)

Figure 5. Comparison of the standard deviations of the Sentinel-1 displacement for the shortest interferograms from every epoch before and after each atmospheric
correction. The color of the pixel indicates the frequency of interferograms represented by that point. Points below the line of equity represent an improvement in the
standard deviation after the correction. The difference in range of standard deviations before the correction between the linear and Generic Atmospheric Correction
Online Service correction reflects the place within the LICSBAS processing that each correction occurs.

Therefore, the introduction of noise from the GACOS correction may be as a result of a mistiming in models
of the actual passage of weather fronts (Wadge et al., 2010) passing over the island and the inability to capture
the short-wavelength spatial turbulence (Cao et al., 2021). The increase in the standard deviation is particularly
greater for the early evening ascending pass which may be because the more turbulent atmosphere at the end of
the day is not captured by models.

We therefore used only the linear phase-elevation corrected interferograms for the 11 connection network in our
time series analysis. Comparing the maps of the Sentinel-1 average line-of-sight velocities on respective look
directions with those from ENVISAT, we see very good agreement in both the spatial patterns and magnitude of
the signal over Timanfaya (Figure 6). Similarly, both descending passes from ENVISAT and Sentinel match the
velocities in the previously published ERS data from Gonzélez & Fernandez (2011). The standard deviations for
the line-of-sight velocities can be found in the Appendix (Figure A6).
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Figure 6. Comparison of the Interferometric Synthetic Aperture Radar derived line-of-sight velocities for the whole island
from (a) previously published results with European Remote-Sensing Satellite (ERS; Gonzalez & Fernandez, 2011) and from
the analysis here of (b, c) ENVISAT and (d, e) Sentinel-1 on both look directions.

2.4. Vertical Deformation

We combined the ascending and descending average line-of-sight rates (for ENVISAT and Sentinel-1) to resolve
the velocities into two components of vertical and east-west motion on a pixel-by-pixel basis (Figures 7 and A7).
Using the method set out by X. Yu et al. (2017) we assumed the north-south component was negligible. As the
two line-of-sight look directions are much less sensitive to north-south motion, deviations from this assumption
would have minimal impact on the accuracy of the retrieval of the other two components.

The decomposition was performed on both the Sentinel-1 and ENVISAT velocities, whilst for comparison with
the ERS data with only one look direction on the descending track, we further assume that all of the ERS line-of-
sight represents vertical motion and resolve that component into this direction based upon the angle of incidence.
This is supported by the retrieved Sentinel-1 east-west velocities (Figure A7) which show that there is little
to no relative horizontal movement across the whole island. The ENVISAT east-west results are noisier than
Sentinel-1, but in the Timanfaya National Park area, the range is small, between —1 and 1 mm/yr. The lack of
horizontal movement across the deforming region points more to a vertical dominated process.

2.5. Independent Component Analysis

We used Independent Component Analysis (ICA) on the Sentinel-1 data to (a) reduce noise before modeling and
(b) test the independence of displacements in different parts of the Timanfaya lava fields. Independent compo-
nent analysis decomposes mixed signals into statistically independent components, and is useful for separating
volcanic, tectonic or hydrological deformation from atmospheric noise in multi-temporal InSAR (Ebmeier, 2016;
Gaddes et al., 2019; Maubant et al., 2020; Peng et al., 2022). Random variables are decomposed into a linear
combination of components that are statistically independent in space or time (Comon, 1994; Hyvirinen &
Oja, 1997), based on the assumption that constituent components are non-Gaussian.

Here we used spatial ICA to analyze the Timanfaya displacements using the fast fixed-point algorithm (FastICA,
Hyvérinen and Oja (1997)). Since the displacement rate is constant through time, we maximize the signal-to-
noise ratio by applying spatial ICA to longer timespan interferograms, initially the set of 1-year images used to
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Figure 7. Vertical component of deformation for each of the various periods of Interferometric Synthetic Aperture Radar
covered by pixels coherent in both ascending and descending directions (note for the European Remote-Sensing Satellite
(ERS) estimate of vertical velocity based only upon a single look direction, all line-of-sight motion on the descending track
was resolved into the vertical component). (d—f) Shows the corresponding standard deviations of the velocity calculated in
LICSBAS (Morishita et al., 2020) from the cumulative displacements using a percentile bootstrap method.

produce the stacks in Figures 2g and 2h. We improved our results further by constructing all possible independ-
ent 3-year stacks (almost the full duration of the Sentinel-1 data set). Using these for retrieval of independent
components reduces the number of contributions from noise due to multiple varying atmospheres from each
individual epoch. We also masked out areas of lower coherence (<0.35) to minimize the impact of any small
residual unwrapping errors that occurred over very steep topography in some individual interferograms. We
reduced the number of dimensions of our datasets by removing the smallest principal components (to 15 for the
ascending and 21 for descending) during preparation for ICA, and retrieve 10 and 16 independent components
for the ascending and descending datasets respectively. The numbers of components were selected iteratively
(Ebmeier, 2016), so that (a) the distinctive Timanfaya subsidence always appears as an independent component
and (b) the fixed point iteration consistently converges. As the FastICA algorithm uses a random starting point for
estimation of each unmixing matrix row (Hyvérinen & Oja, 2000), the order of independent components retrieved
is arbitrary and unrelated to their significance. Similar independent components retrieved from multiple retrievals
(restarts of the FastICA algorithm) are therefore most likely to represent a significant property of the input data
set. We used 50 runs for each of the ascending and descending datasets, each time identifying the components
containing the Timanfaya subsidence on the basis of its spatial pattern. By taking the mean of the velocity fields
reconstructed from each of these (Figures 8a and 8d), we obtained a slightly cleaner velocity field for mode-
ling (Figures 8a—8f), with variances of 0.32 mm? (ascending) and 0.18 mm? (descending), relative to 0.35 mm?
(ascending) and 0.42 mm? (descending) for the stack of 1-year interferograms (distribution of variances in data
reconstructed from 50 restarts is shown in Figure 8g).

3. Results and Interpretation

There is a consistent vertical deformation signal across much of the Timanfaya National Park lavas of about
2-6 mm/yr (Figure 7). The main part of the signal is approximately circular, 3—4 km in diameter and centered
just to the south-west of the Islote de Hilario visitor center. However, the subsidence pattern also extends to the
northwest toward the coast where further subsidence of ~4 mm/yr is observed at the coastline (Figures 7a—7c) in
all velocity maps. The area where significant subsidence is observed above the background measurement noise
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Figure 8. Mean displacements of 50 reconstructions of independent components for the descending (a) and ascending (d) datasets. The Independent Component
Analysis reconstruction has a lower variance than the stacks of independent 1 year interferograms (b and e) and residuals between the stack and the reconstruction
(c and f) are spatially correlated on the km scale. The distribution of variances of displacements reconstructed from selected independent components for each of 50
restarts are shown in (g), relative to the variance for the stacks of 1-year interferograms (b and e).

is about 20 km?. Immediately on and around Islote de Hilario, larger magnitude but much shorter-wavelength
(100 m scale) subsidence signals of 8 mm/yr are observed. These higher subsidence rates are centered on the loca-
tion of previously measured temperature anomalies (Figure 1) (Arafia et al., 1984; Gonzalez & Fernandez, 2011).
Time series analysis shows that the deformation rates observed across the Timanfaya area have been consistent
within uncertainty across the three decades of observation from ERS, ENIVSAT and Sentinel-1 (Figure 9).

The independent components corresponding to the Timanfaya subsidence have a distinctive spatial pattern, with
both the long-wavelength region encompassing the present day visitor center (Islote de Hilario) and those on lava
flows to the north-west at the coast consistently retrieved in the same component (Figure A8). We are confident
that this captures all of the long-wavelength subsidence signal identified from the time series and stack, because
reconstructed interferograms produce very similar velocities to those shown in Figure 2. We effectively exclude
from our modeling the very localized patches of higher magnitude subsidence at Islote de Hilario by masking out
lower coherence pixels. That both the broader subsidence around Islote de Hilario and the patch at the coast are
decomposed into the same component is a robust indication that the two processes are correlated.

Subsidence in a post-eruptive period has been attributed to a range of processes related both to volume changes in
a magma reservoir (e.g., Hamlyn et al. (2018)) and to alteration of new flows and substrate (Ebmeier et al., 2012;
Stevens et al., 2001; van Wyk de Vries & Matela, 1998). While some causes for subsidence, such as gas loss
from an isolated reservoir, may end within months to years, others may persist for decades to hundreds of years
in particular conditions. We discuss the range of possible explanations for long-term subsidence in Section 4, but
select two scenarios for exploration with geodetic and thermal models: (a) the crystallisation-driven contraction
of a sill intruded during the Timanfaya eruption, and (b) the thermoelastic contraction of the Timanfaya lava
flows.

3.1. Crystallisation of a Sill
3.1.1. Deformation Source Geometry

To test the possibility of the Timanfaya subsidence being caused by the thermal contraction of a magma body,
we retrieved a first order approximation of the geometry of any subsurface deformation source using elastic
half space models. We focused on the large patch of subsidence surrounding Islote de Hilario as the most prob-
able location of a magmatic intrusion. We modeled the line-of-sight displacement rates reconstructed from our
ICA analysis as the uniform closing of a sill (Okada, 1985) using a Bayesian approach to inversion (Bagnardi
& Hooper, 2018) of the source parameters using their prior probability, and uncertainty characterized by the
variance-covariance matrix of the InSAR data. This approach provides an estimation of posterior probability
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Figure 9. For six chosen localities across the Timanfaya area of Lanzarote shown in (a), time-series plots of the descending
line-of-sight displacements projected into the vertical direction are shown (b—g) for comparison across the three time periods
of Interferometric Synthetic Aperture Radar datasets. The time starts from the first European Remote-Sensing Satellite (ERS)
acquisition on 2 September 1992 and the calculated velocities are for a linear fit through the three time series datasets from
pixels averaged over a square region ~300 m in extent.

density functions of the source parameters based, in our case, on the data uncertainty characterized by the
variance-covariance matrix of the InSAR data and a uniform prior. We downsampled every set of reconstructed
displacements in a bounding box extending from —13.79 to —13.71°E, and 29.02-28.97°N, using a reference
point at —13.79°E, 29.03°N for the local Cartesian coordinate system. This downsampling is conducted using a
quadtree algorithm (e.g., Bagnardi and Hooper, 2018) to produce datasets of approximately 1250 points in each
of our four datasets. Prior to inversion, we characterized spatially correlated errors by fitting an experimental
semivariogram; the corresponding values for sill, range and nugget for each data set can be found in the Appendix
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Figure 10. Best fit sill models and residuals using Geodectic Bayesian Inversion Software for the displacement observed at Timanfaya in the Independent Component
Analysis (ICA) reconstructed line-of-sight velocity datasets. Note positions are relative to an arbitrary origin point —13.79°E, 29.03°N. The upper row shows the data,

model, and residual for the ascending track, while the lower row shows the same for the descending track. The spatial geometry for the optimal model is illustrated as a
black rectangle, in the “Model” panel of each row. The results for the stacked data set can be found in Appendix (Figure A9).

(Table A2). We performed a joint inversion using both ascending and descending data. We find the best fitting
sill geometry by allowing the X (Easting) and Y (Northing) values to vary across the subsiding area of the Islote
de Hilario signal (origin distance of 100-5000 m, and —4500 to —1500 m, respectively). We searched across a
range of 100-10000 m for both sill length and width, and between 1 and 359° for sill strike. Finally, we allowed
sill opening to vary between —5-5 m/yr, across a depth range of between 250 and 5000 m. We iterated 1 x 10°
times, and discarded the initial 5 X 10* iterations as a “burn-in” time. The estimated parameters are presented
in Table A3, while the input data, modeled sill, and residual in both track directions, are presented in Figure 10
for the ICA reconstructed data and Figure A9 for the stack data. Histograms of posterior density functions for
each source parameter for the stacked data set (Figure A10) and for the independent component analysis data set
(Figure A11) are shown in the appendix.

The majority of Islote de Hilario deformation in the Sentinel-1 era can be acceptably explained by the ~10 mm/
yr closing of an approximately WNW-ESE orientated sill in the upper 2 km of the crust. The best-fit parameters
found for the ICA reconstructed signal have a narrower acceptable range (Table A3) than those from the stack of
1-year images (Figure A9), presumably due to the reduction in data variance in the ICA analysis. For example,
the stacked data set has posterior ranges (between the 2.5 and 97.5 percentile) of approximately 764 and 269 m
of posterior length and width, respectively. These ranges reduce to 221 and 113 m in the ICA data set. Addition-
ally, the posterior distribution is much more tightly and normally distributed for the length and opening in the
cleaner ICA version (Figure A11) than for the original stacked data set (Figure A10). The full range of values are
presented in Table A3.

3.1.2. Thermal Modeling

We used our best-fit source geometry to test whether the broader contemporary subsidence could be caused by
cooling and crystallisation of a sub-volcanic magmatic intrusion dating from the 1730s Timanfaya eruption. An
anhydrous magma, where no fresh influx of magma is occurring, will contract as denser-than-melt crystals form
during cooling (e.g., Caricchi et al., 2014; Okmok 2014), causing surface subsidence. We assessed the potential
contribution of magma crystallisation to the Timanfaya surface deformation, by first calculating volume change
for a magma cooling from liquidus to solidus. Using MELTS phase equilibria software (Ghiorso & Gualda, 2015;
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Table 3
Physical Parameters Used in Crystallisation and Lava Subsidence Modeling

Variable Symbol Value Units Reference

Thermal Conductivity®® k 2.5 Wm~'K-! Annen (2017)
2500 kgm~3 Annen (2017)
1000 Jkg~'K-! Annen (2017)
3x10° Jkg~'K-! Annen (2017)
0.95 - Patrick et al. (2004)
c 5.67 x 10-8 Wm—2K—* Patrick et al. (2004)
Convective heat transfer coefficient” h 75 Wm—2K-! Patrick et al. (2004)

Density®

Specific Heat"

SRR

Latent Heat *

m

Emissivity®

Stefan-Boltzmann constant®

Thermoelastic expansion coefficient® n 3.4x 107 K-! Chaussard (2016)
Poissons ratio®? v 0.25 - Chaussard (2016)
Initial Lava temperature® T° 1200 °C =
Ground temperature® T° 25 °C -

Ambient temperature® T, 20 °C -

Crystallisation Model. ®Lava model.

Gualda et al., 2012), we calculated the change in system density for a representative Timanfaya basalt (Solana
et al., 2004b). We then determined cooling timelines for these volume changes, using the 1-D finite-difference
heat equation (Equation 1), for example, Annen (2017)), assuming that all heat loss occurs through conduction.
Here, c, is specific heat, T is temperature, ¢ is time, L is latent heat, X is melt fraction, k is thermal conductivity,
and x is distance. ¢, and p, as well as the solidus and liquidus temperatures, are calculated from the MELTS simu-
lation. Independent variables are presented in Table 3.
2

pcpaa—f+pLaa—)z( =k3% @))]
Although we used an Okada model to initially find the best-fit subsurface geometry (Section 3.1.1), this is not
appropriate for predicting displacements from an isotropic process such as crystallisation-driven contraction.
We therefore used point Compound Dislocation Models (pCDMs) (Nikkhoo et al., 2017) to calculate the change
in surface displacement with time. To model this crystallisation in a sill geometry, we discretized the intrusion
onto a uniform grid of equal length and width. We placed a pCDM at the centroid of each point in the grid, and
calculated the resulting displacement at the surface. We calculated the superposition of displacement of the sill
throughout time, to construct predicted time series of displacement due to crystallisation. We took the geome-
try of the sill (depth and width) from the acceptable ranges predicted by the simple elastic half space inversion
described in Section 3.1.1. We placed the sill at 1700 m depth, with equal length of 1600 m (allowing us to discre-
tize our sill, while conserving sill surface area). These values approximate those found by inverting the stacked
Sentinel-1 data, which are deeper than those found during the inversion of the ICA data. By doing so, ambient
country rock temperatures around are increased, and the emplaced sill will take longer to crystallize. We note that
the depth found from our ICA results would result in even faster cooling, requiring an even thicker sill, which
makes this model less likely. Thermal parameter values, alongside a conceptual model of the modeling scenario
are presented in Figure 11. We systematically varied the thickness of the emplaced magma (between 10 and
200 m, see Figure 11b), along with the geothermal gradient. We varied this from 25°C/km, the average geother-
mal gradient, to 300°C/km, so that the ambient temperature at the depth of emplacement is similar to the >600°C
thermal anomaly identified by Arafia et al. (1984). Though this end-member is unrealistically high (the basaltic
liquidus would be reached at 4 km depth), we used it here as a conceptual scenario where such extreme anomalies
affect the cooling of an intrusion.

For crystallisation to produce surface displacements, the sill must remain above solidus temperature, so that
density changes can still occur as crystals solidify. Parameter testing showed that a sill at least 200 m thick,
intruded into a geothermal gradient of at least 100°C/km (four times the normal continental gradient of 25°C/
km) is required in order for any melt to remain in the sill during our period of measurement. A sill this thick is
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Figure 11. Time series of displacement from cooling and crystallisation of a shallow sill (1700 m depth to mid-point). Volume change with time is predicted using
MELTS phase equilibria software, alongside a 1D thermal model, and a displacement forward model. (a) A 200 m thick sill cooling under a range of geothermal
gradients, shown by the inset colors. The black lines indicate the point at which deformation of 10 mm/yr would be observed. (b) Normalized displacement with time
for an array of sill thicknesses, under constant geothermal gradient. A thickness of 200 m is required for the magmatic intrusion to remain greater than the solidus
temperature in the 21st century. (¢) Schematic of the model setup in cross section view. Gray areas are country rock while the red area is the magma intrusion. Intrinsic
parameters are labeled. Intrusion thickness and geothermal gradient vary with each model run, while density varies with temperature, as predicted by MELTS.

unrealistic (Button & Cawthorn, 2015), especially given the lack of evidence of a magma reservoir from gravity
measurements (Camacho et al., 2019). Our simple modeling assumes that the sill was intruded as a single unit
during the Timanfaya eruption, which is not consistent with understanding of how magmatic zones develop from
multiple successive episodes of intrusion (Annen, 2017), nor with magnitudes of opening during recent major
intrusions (Wright et al., 2006). However, the assumption of a sill of uniform age and properties, while unreal-
istic, gives us an indication of the minimum intrusion thickness and geothermal gradient required for remnant
magma from the 1730s to still be crystallizing. Although it is possible that the Timanfaya subsidence could relate
to more recent magma ascent, there has been no geophysical evidence of intrusions at Timanfaya in the 20th or
21st centuries (Rueda et al., 2020). We therefore consider it highly unlikely that the Islote de Hilario subsidence
is primarily driven by the cooling of a subsurface intrusion.

3.2. Lava Cooling and Subsidence

Large outpourings of lava occurred in the first few months of the Timanafaya eruption (Carracedo et al., 1992).
While individual flows were relatively thin, accumulation of multiple flows, and especially infilling of topo-
graphic lows, have the potential to build up thicker layers of lava.

We predicted surface displacements due to thermal contraction of the Timanfaya lava field with numerical calcu-
lations, using the partial differential equation toolbox, in MATLAB R2021b. We assumed that heat transfer
between the lava flow and underlying country rock is through conduction, with the exclusion of latent heat

release, such that g, = k % . Here, g, is conductive heat flux, k is thermal conductivity, and % is the ther-
mal gradient (e.g., after Chaussard, 2016; Patrick et al., 2004). The values used for independent variables are
presented in Table 3. Heat loss at the lava surface was modeled by imposing a radiative-convective boundary
condition. Radiative heat loss is given by ¢, = eo (T[4 - T;‘), where ¢, is radiative heat flux, € is lava surface
emissivity, o is the Stefan-Boltzmann constant, and 7, and 7, is the lava and ambient, temperatures, respectively.
Convective heat loss is given by g, = h (T, — T,), where g, is the convective heat flux, and £, is the heat transfer
coefficient. The values assigned to each of these variables is given in Figure 12, where an illustration of the model
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Table 4

Modeled Average Decadal Vertical Deformation Rates (mm/yr) for Thermal
Contraction of Varying Lava Flow Thicknesses Emplaced in the 1730-36

Eruption

Lava Cooling Curves
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Figure 12. Time series of displacement for a cooling lava flow. (a). Cooling curves for lava flows of various thicknesses
(25-250 m). Normalized displacement is presented on y-axis to allow all curves to be presented on the same plot. We assume
the lava flows were emplaced during the 1730 eruption of Timanfaya; time since then is presented on the x-axis. Line color
represents the thickness of lava flow at time on emplacement. The inset table presents the initial lava flow thickness, the

total ground deformation since emplacement (AH), and the average rate, in millimeters per year that was observable in the
past decade (covered by the Sentinel-1 data analyzed here). The model is constructed using the MATLAB partial differential
equation toolbox. (b). Conceptual model of our modeling setup. Heat loss occurs as conduction within the lava flow, and in
the country rock that it is emplaced upon. We use a radiative-convective boundary condition on the upper surface of the lava
flow to account for heat loss into the atmosphere.

set up is also described. We neglected the effects of bubble vesiculation, and fixed the ambient temperature to
20°C (the average annual temperature in Lanzarote). Displacement change, driven by thermoelastic contraction

of the lava flows, is calculated by AA(t) = hn [%] AT (¢) (e.g., Chaussard, 2016). Here, Ah is height change,

n is the thermoelastic expansion coefficient, v is Poisson's ratio, T is temperature, and ¢ is time. Using this
approach, we modeled ground surface displacement with time, for lava thicknesses between 25 and 250 m thick.
We emplace the lava flows at 1200°C (liquidus temperature of basalt), and calculated the resulting displacement
change in 2 year increments, for 300 years. We systematically varied the thickness of the emplaced lava to identify
the thickness required to produce the observed displacement rates.

We found that a minimum lava emplacement thickness of approximately 150 m is required to reproduce the
current subsidence rates of ~6 mm/yr observed over significant areas of the Timanfaya lava flows (Figure 12).
With this starting thickness, average subsidence rates due to thermoelastic contraction of 6 mm/yr were predicted
between 2010 and 2020 and would be similar for the preceding two decades
and the next (Table 4). Note that these estimates are minimum values, as we
have neglected additional processes (e.g., latent heat of crystallisation, ther-
mal advection due to ground water circulation, and bubble vesiculation) that
would result in faster cooling. Thickness of 25, 50, and 100 m are insufficient

Thickness (m) 1990-2000

20002010  2010-2020  2020-2030

to recreate the observed deformation, while thicknesses of 200 and 250 m
produce average rates of >10 mm/yr, exceeding the current observed rates.

25 —0.01 -0.01 —0.01 —0.01 This suggests that lava thicknesses in the subsiding areas may be of the order
50 -0.17 —-0.16 —-0.15 -0.13 100-150 m within the national park and nearly as much toward the coast
100 206 —191 177 ~1.65 where up to 4 mm/yr of subsidence is observed. This suggests that previous
150 654 613 577 _sa4 lava fl.ow obserYatlons at the coa}st to the West (.Sharma, 2905) may not be
sampling the thickest accumulations of lava which we estimate here to be
2 g B b —10.07 twice as thick as those previous 30-50 m measurements which were from a
250 —15.43 —14.91 —14.37 —13.86 less effusive stage of the eruption.
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4. Discussion

We consider the best explanation for the long lived Timanfaya subsidence observed here to be the thermal contrac-
tion of the lava flows from the 1730s eruption. First, the subsidence signals are located over the site where we
expect the thickest lava flows to reside. Reconstructions of successive eruption phases by Carracedo et al. (1992)
indicate lavas initially flowing out predominately to the north-west covering a large area in the first couple of
months of volcanism. Then again in 1732, voluminous lava flow outpourings are reported to have occurred and
it is suggested that these followed topographic lows, infilling pre-existing wide valley floors down to the sea
(Carracedo et al., 1992).

Second, the pattern of displacement is discontinuous, extending 6—7 km from near the current visitor center out
to the coast, with local maxima centered south-west of Islote de Hilario and at the coast. This is consistent with
subsidence originating within 10-100 s m of the Earth's surface, rather than at kilometres depth which would
produce a much smoother signal. We are confident that both the coastal and larger central Timanfaya subsid-
ence are related to the same process because they are consistently retrieved in a single independent component
from ICA decomposition of several dozens of independent interferograms. Subsidence related to loading of the
substrate below the 1730s lavas would also be more spatially extensive, so we do not consider this to be a plausi-
ble explanation. We attribute the subsidence found here to the 1730's eruptive phase rather than the more recent
1824 eruption as the latter was much smaller, and the only significant lava outpourings from this later eruption
flowed due north from a cone 500 m north of Islote de Hilario, so is not associated with the area of measurable
subsidence.

Elastic dislocation modeling of the section of the subsidence signal at Islote de Hilario using a sill source model
is consistent with the continued but slow closing of a kilometer scale sill at 1-2 km depth beneath Timanfaya
(see Table A2). Such a sill was previously put forward as a possible source based upon the ERS data from
the 1990's (Gonzéilez & Fernandez, 2011). However, our observations from the following two decades show a
remarkably consistent rate of subsidence (Figure 9), which is improbable for such a shallow sill, especially as
there is no evidence for an intrusion in the decades before the ERS observations of subsidence (Gonzilez &
Fernandez, 2011).

We consider it highly unlikely that the subsidence originates from the cooling of an intrusion emplaced during the
1730s eruption, as this would have required a much thicker intrusion of juvenile material than previously observed
in geodetic data and from field studies. We cannot rule out the possibility that clast repacking or gravity-driven
compaction also contribute to the subsidence. However, we note that this is less likely for a basaltic than ande-
sitic, blockier flows emplaced on steep slopes. Measurements of displacement attributed to clast repacking have
thus far been made only shortly after flow emplacement and over months to years (Ebmeier et al., 2012; Schaefer
etal., 2016).

The very short wavelength (few hundred meters) higher subsidence rates of more than 8 mm/yr observed imme-
diately around the visitor center and also 1 km to the South-South East of this (as seen in the Geodectic Bayes-
ian Inversion Software residuals Figure 10) may be associated with particularly thick accumulations of lava.
However, both regions of highest subsidence are also associated with the highest heat flows (Figure 1c) and
therefore the higher subsidence rates may be the result of overprinting of minor deformation from more efficient
lava contraction along permeable pathways within the eruptive products or vents. Contraction of a cooling sill
would also produce only longer wavelength signals and cannot explain the localized higher-rate displacements
around the visitor center.

Previous literature estimates of the greatest thicknesses for the 1730s flows are of only a few tens of meters
(1060 m (Arafa et al., 1973) and 30-55 m for coastal sections where 2-3 units are vertically stacked
(Sharma, 2005)). If the 100-150 m thickness suggested here are correct for a significant portion of the Timan-
faya lavas in the north-west of the island, the onshore volumes may be significantly larger than those previously
estimated from Carracedo (2014) of 3-5 km? and 5.32 + 1.35 km? from Sharma (2005). Given the 1730s lava
flow area is at least 200 km? in subaerial extent, the average flow thickness based on those previously reported
volumes would be <25 m.

Such potentially thick lava thickness values are consistent with those observed elsewhere in previous studies
of lava effusions. Chaussard (2016) found that subsidence rates of 55 mm/yr in the Paricutin lava field can be
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explained by contraction of a 200 m thick lava flow, emplaced 60 years before the period of observation. In
the Canary Islands, recent eruptive products from the 1971 Teneguia volcano eruption in La Palma has been
observed to still be subsiding (Gonzalez et al., 2010). Additionally, given that the original coastline on Lanzarote
may well have been built out an additional couple of kilometres to the north-west over the course of the eruption
(IDECanarias visor 4.5.1, n.d.), there could be significant additional volumes of lava below sea level filling up
the Island's shallow waters platform (100 m). The recent eruption at La Palma (2021), which despite being much
smaller (0.19 km?) and lasting only 85 days, saw significant thicknesses of lava of >50 m accumulating at the
coast (Carracedo et al., 2022) as they flowed over the pre-existing cliffs and built out the western coastline there.
The coastal subsidence found here on Lanzarote may delineate where the pre-eruption coastline originally ended
and a similar process of lava flow accumulation occurred, shifting out the coastline. Additionally, the relatively
short eruption and low volumes of the Cumbre Vieja Volcanic Ridge eruption on La Palma was still able to accu-
mulate flows of at least 50 m thickness in the center of the lava fields (as well as around the vents).

Whilst the lava volumes may be significantly larger than previously thought, it is unlikely that the 1730s outpour-
ings were as voluminous as either of the pair of Icelandic eruptions from 1783 to 84 at Laki (Gudmundsson
et al., 2008) or the earlier 934-940 Eldgja eruption (Sigurardéttir et al., 2015). However, consideration of a
greater erupted volume (especially the unknown amount of submarine volumes from building out of the coast-
line to the northwest) has potential implications for accurately constraining the environmental impact of the
eruption and volcanic loading for climatic simulations of atmosphere perturbations (Pausata et al., 2015; Yang
et al., 2019), or Canary Islands eruptive hazard assessment (Longpré & Felpeto, 2021).

For the range of thicknesses estimated here of the order of 100 m, the changes in rates of subsidence for lava
cooling are unlikely to be discernibly different across the decades compared to the level of noise. Only the thick-
est of lavas, if they were to have exceeded 150 m, could have resulted in 1 mm/yr difference across four decades
(Table 4). Given the noise in the InSAR time series data, it is not possible to see a decreasing trend in the velocity
across the InSAR datasets (Figure 9), although for the rest of this decade the average rate expected to be observed
in the areas of faster subsidence surrounding Timanfaya with Sentinel-1 would be 0.4—1 mm/yr slower than that
observed in the 1990's by ERS.

One of the limitations of high repeat SAR acquisitions in repeat pass interferometry is that the use of short
time interval interferograms in the time series analysis has been shown to introduce a systematic bias (Ansari
et al., 2021). We have explored that further here and demonstrated a strong bias that appears correlated with land
cover that has a large impact on the measurement of small deformation signals. We have shown that for lava flows
the impact of the phase bias is less. This suggests that the use of SBAS interferograms is still appropriate for other
bare rock or dry areas such as the central Andes or Iceland. For other land cover types, where there is good coher-
ence as in Lanzarote, we present an option to reduce the impact of the phase bias by creating networks of longer
period interferograms (averaging more than 1 month). This is an alternative to correcting for the bias empirically
(Maghsoudi et al., 2022). This bias was not apparent in the previously published ERS InSAR data (Gonzalez &
Fernandez, 2011) as longer period interferograms formed the basis of their analysis.

5. Conclusion

We find that lava flows within the Timanfaya National Park, Lanzarote from the 1730-36 eruption exhibit contin-
ued subsidence rates of up to ~6 mm/yr. This has been consistently observed from earth observation satellite
data from the past three decades using InSAR analysis to extract millimeter per year deformation rates across the
entire island. The spatial pattern and magnitude of subsidence is most consistent with lava flow subsidence from
emplaced flows due to the 1730-1736 eruption,which must be 100-150 m thick in places to still be significantly
cooling and measurably subsiding. This ongoing deformation is the longest lived lava flow subsidence imaged to
date of almost 300 years. Observation of such prolonged subsidence is an important factor to consider in ongoing
analyses of sources of surface deformation associated with volcanoes in regions where there is the potential of
thick lava flow accumulation in the past few centuries.
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Appendix A: InSAR Analysis
Table A1
Selected Masking Threshold and Filtering Values Used in LiCSBAS Processing
Mask Filter
Coherence Threshold* 0.25 Spatial Filter (km) 2
Minimum Number Of Interferograms 1.5 X no. of epochs Temporal Filter (days) 20
Standard Deviation of Velocity* (mm/yr) 10 Deramp Degree 1
Minimum Length of Longest Connected Network (years) 1 Linear Correction Min height* (m) 0
Maximum Number of Gaps in Network 10 Linear Correction Max height (m) 1000
Spatiotemporal Consistency (mm) 5 - -
No. of Interferograms with Unidentified Unwrapping Errors* 1 - -
Maximum Number of Unclosed Loops 5 - -
Maximum RMS of Residuals in SB inversion (mm) 2 - -
Note. * Denotes that the value was changed from LiCSBAS default value.
Table A2
Values of the Sill, Range and Nugget Used for Semivariogram Fitting in Geodectic Bayesian Inversion Software for Each
Data Set
Data set Sill (m?) Range (m) Nugget (m?)
ICA: Asc 5.3e-9 233 1.2e-19
ICA: Dsc 1.1e—8 258 1.8e—18
Stack: Asc 7.4e-9 502 9.3e—-10
Stack: Dsc 9.4e—8 267 5.5e—17
Table A3
Optimal Geodectic Bayesian Inversion Software Results for Best Fitting Sill Model
Parameter (Unit) Stack Optimal Stack 2.5% Stack 97.5% Searchable Range
Length (m) 831 508 1272 100-10000
Width (m) 4091 3975 4244 100-10000
Depth (m) 1757 1605 1833 250-5000
Strike (°) 197.5 195.5 199.3 1-359
X? (m) 1190 1098 1267 100-5000
Y? (m) —2402 —2493 -2316 —4500 to —1500
Opening (m/yr) —-0.014 —0.024 —0.008 -5-5
InSAR Const. Asc. (m) 4x 10 3.6 x 107 44 %107
InSAR Const. Dsc. (m) 1.3x107* 7% 1073 2.1x 10
Parameter (Unit) ICA Optimal ICA 2.5% ICA 97.5% Searchable Range
Length (m) 1712 1562 1783 100-10000
Width (m) 3533 3483 3596 100-10000
Depth (m) 1139 1096 1235 250-5000
Strike (°) 193.4 192 194.8 1-359
X? (m) 1432 1397 1463 100-5000
Y? (m) —2742 —2784 —2654 —4500 to —1500
Opening (m/yr) —0.006 —0.006 —0.005 —-5-5
InSAR Const. Asc. (m) 3.1x 10~ 29 x 10~ 3.4x 10
InSAR Const. Dsc. (m) 1.5%x 10~ 1.3x 107 1.8 x 107*
Note. The Range That Each Parameter Was Allowed to Take Is Given in the Last Column. We iterated 1 x 10° times with a
burn in of 5 x 10* iterations.
2X, Y are positions relative to —13.79°E, 29.03°N.
PURCELL ET AL. 23 of 35

5101 SUOWILLIOD BATER.D 3[eat|dde By Aq PauseA0B a2 oI O 8N J0 S| 10} ARIGIT UIIUQ AB]1M UO (SUOMIPUOD-PUE-SWLBY W00 AB | W AZRiq)1jou! U0/ STNY) SUONIPUOD) PUE SLLLB | 3U) 885 *[ZZ0Z/0T/v72] Uo Areiqi7aulluo Al ‘B8 Ad 9/50T0092Z02/620T OT/10p/woo’Aa| m Areiqputjuo'sandnBe//sdny Wwoiy papeojumoq ‘0T ‘Z20Z ‘£202525T



I Y ed N | . .
NI Geochemistry, Geophysics, Geosystems 10.1029/2022GC010576
ADVANCING EARTH
AND SPACE SCIENCE
Difference n c
Extract Bursts : 2
. Co-register & UERE L Unwrap & 5
& Mosaic R | Apply DEM & G d 5
Swaths esample Calculate eocode S <
Coherence ‘é S
—EZ=
C<
w O
Geocoded, o
Coherence 9
unwrapped =
Maps A ]
interferograms €
Test GACOS CLTE a7 Cneels : Standard o
. & Loop SB Inversion Bootstrap o @
Correction Deviations =
Closure @
<2
— 83
Ascending/ E <
Vertical/ East- Resolve in 2D Descending o
West & Spatially Mask & Filter Velocities & E
Velocities Reference Displacement
TS
Figure Al. Processing flow chart for derivation of Sentinel-1 time series to calculate surface estimates of velocities. The
interferograms were created using GAMMA (Werner et al., 2000) and the time series analysis was completed in LICSBAS
(Morishita et al., 2020). Whilst used for comparison of atmospheric correction approaches, in the final velocity results, the
Generic Atmospheric Correction Online Service for Interferometric Synthetic Aperture Radar (GACOS) correction step (C.
Yu, Li, Penna & Crippa, 2018) was omitted and a linear correction with elevation was instead applied during the mask and
filter step.
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Figure A2. Perpendicular Baseline (Bperp) versus Time plot of Sentinel-1 interferogram networks for ascending track 089 and descending track 023 showing the
difference between the most dense and sparse networks used in this study. Networks made in (a and d) are made with the 3 shortest forward connections from each
epoch. Similarly (c and f) show the 11 shortest forward connections from each epoch. The networks in (b and d) have 3 connections from each epoch with longer
interferogram lengths.
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Figure A3. (a) Location of the five permanent Global Navigation Satellite System (GNSS) stations on Lanzarote with data
openly available (Blewitt et al., 2018) from the Nevada Geodetic Laboratory (NGL). The GNSS vertical time series for the
period of Sentinel-1 coverage from sites YAIZ (b) and TIAS (c) are shown as blue circles and the Interferometric Synthetic
Aperture Radar (InSAR) time series are shown as orange triangles. The corresponding linear velocities are given under each
time series. Note that the InSAR velocity averaged over a square region ~200 m in extent around the GNSS site.

28.8"

Figure A4. Sentinel-1 average line-of-sight velocity maps on ascending (upper row) and descending (lower row) orbits constructed from varying the number of

network interferogram connections used in the time series inversion. The number of connections refers to the number of interferograms made from each epoch

forward in time. The 3, 5, 7, 9, and 11 connection networks were made with the shortest possible interval interferograms. The 3* network had the same number of
interferograms as the ordinary 3 connection network but with a longer average interferogram length. The final stack version was made by averaging all independent

~1 year interferograms (right hand most column). Inset histograms in each panel show the distribution of the velocities and a normal distribution fit (red line).
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Figure AS. Residual differences in Sentinel-1 line-of-sight velocity maps from before and after applying a linear (a, b) or GACOS (c, d) atmospheric correction to the
two look directions. Note the change in color scale in the residuals between the two correction approaches.

ERS Envisat Sentinel 1
-13.8° -13.6° -13.4° -13.8° -13.6° -134° -13.8° -13.6° -13.4°
L L 14 ( L L v L L v
F° 2.0 A
29.2° A 29.2°
(@]
£ o
©
c
3
o 291 29°
(O]
(m)
[ — [ — [ —
28.8° | 10 km 10 km 10 km [ 58 8°
[ 174
L2 7.
29.2° 29.2°
()]
R =
©
C
— g a
0 1 2 2 29 29
Std Dev (mm/yr)
[ — —
28.8° | \ 10 kml \ 10 kmv | og.8°
-13.8° -13.6 -134° -13.8° -13.6° -13.4°
Figure A6. Standard deviations for European Remote-Sensing Satellite (ERS), ENVISAT and Sentinel-1 line-of-sight
velocities calculated in LICSBAS using a percentile bootstrap method.
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Figure A7. Retrieved east-west velocities from the decomposition of line-of-sight velocities from ENVISAT and Sentinel-1
and the corresponding standard deviations.
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Figure A8. Representative independent spatial components from decomposition of 26 3-year descending stacks of data (track 023d). The component identified as
Timanafaya lava flow displacements is indicated by the black box. This spatial pattern was retrieved with every independent restart of the FastICA algorithm. Other
spatial components include both turbulent atmospheric patterns associated with single epochs, and patterns attributable to topographically correlated atmospheric
features that appear in multiple interferograms.Please note that the sign and magnitudes shown here are arbitrary as they trade off with the corresponding mixing matrix

values.

PURCELL ET AL.

29 of 35

5101 SUOWILLIOD BATER.D 3[eat|dde By Aq PauseA0B a2 oI O 8N J0 S| 10} ARIGIT UIIUQ AB]1M UO (SUOMIPUOD-PUE-SWLBY W00 AB | W AZRiq)1jou! U0/ STNY) SUONIPUOD) PUE SLLLB | 3U) 885 *[ZZ0Z/0T/v72] Uo Areiqi7aulluo Al ‘B8 Ad 9/50T0092Z02/620T OT/10p/woo’Aa| m Areiqputjuo'sandnBe//sdny Wwoiy papeojumoq ‘0T ‘Z20Z ‘£202525T



I Y ed N | . .
NI Geochemistry, Geophysics, Geosystems 10.1029/2022GC010576

ADVANCING EARTH
AND SPACE SCIENCE

Data Model Residual %107
S1 Asc. Stack 5 R
-2000 E
— " =
€ 3000 S
8 ’% ! i ki § 1 o
& -4000 = . A 170 &
17) L AL 1 %)
[a) =)
> -5000 7
o
-6000 | ~
-5
%107
S1 Desc. Stack 5 _
-2000 E
= > =
%-3000 ; é
2 " ! I ; 1o 8
_8 -4000 3 : ] 2
e e}
> -5000 s
o
-6000 5~
2000 4000 6000 2000 4000 6000 2000 4000 6000
X Distance (m) X Distance (m) X Distance (m)

Figure A9. Best fit sill models and residuals using Geodectic Bayesian Inversion Software for the displacement at Timanfaya in the stacked Sentinel-1 data set. Note
positions are relative to an arbitrary origin point —13.79°E, 29.03°N. The upper row shows the data, model, and residual for the ascending data set, while the lower row
shows the same for the descending data set. This optimal spatial geometry is illustrated as a black rectangle, in the “Model” panel of each row.
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Figure A10. Histograms of posterior density functions for each source parameter for the stacked data set. In each case blue bars illustrate the histogram, while the red
line shows the optimal value. (a) PDF of the length of horizontal edge of the sill in meters. (b) PDF of the width of horizontal edge of the sill in meters. (c) PDF of the
depth of the sill in meters (positive downwards). (d) PDF of sill strike angle in degrees, relative to North. (e) PDF of X-coordinate of sill edge in meters, relative to a
local reference point. (f) PDF of Y-coordinate of sill edge in meters, relative to a local reference point. (g). PDF of sill opening (change in thickness) in meters. (h, i).
PDF of estimated line-of-sight Interferometric Synthetic Aperture Radar constant offset, in meters.
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Figure A11. Histograms of posterior density functions for each source parameter for the independent component analysis data set. In each case blue bars illustrate the
histogram, while the red line shows the optimal value. (a) PDF of the length of horizontal edge of the sill in meters. (b) PDF of the width of horizontal edge of the sill in
meters. (c) PDF of the depth of the sill in meters (positive downwards). (d) PDF of sill strike angle in degrees, relative to North. (e) PDF of X-coordinate of sill edge in
meters, relative to a local reference point. (f) PDF of Y-coordinate of sill edge in meters, relative to a local reference point. (g). PDF of sill opening (change in thickness)
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Data Availability Statement

The ENVISAT and Sentinel-1 datasets prepared for analysis in this paper are made available through Zenodo
(Purcell et al., 2022). Additionally, this paper contains Copernicus Sentinel data (2014-2020) and the original
Sentinel-1 SAR SLC data are copyrighted by the European Space Agency (ESA) and are distributed through
the Alaska Satellite Facility Distributed Active Archive Center (https://search.asf.alaska.edu/#/?zoom=9.798
&center=-14.000,28.991&polygon=POLYGON((-13.9704%2028.8027,-13.4596%2028.7934,-13.3827%20
29.2879,-13.9261%2029.2952,-13.9704%2028.8027)) &start=2014-06-14T23:00:00Z&end=2020-07-31T22:59
:59Z&productTypes=SLC&beamModes=IW &resultsLoaded=true&granule=S1A_IW_SLC__1SDV_2020073
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