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Abstract

Volcano flank instability has been recognized at many volcanoes around the globe.
Structural, morphological, geodetic and geophysical evidence supports the continuous
deformation of their flanks. While identification of instability has been recognized in
well-documented examples, until recently the initial stages of such processes have been
difficult to capture. Using a combination of geological, geodetic and geophysical data
analysis, we study the stability of the Cumbre Vieja. New descending radar
interferometric data, covering a volcanologically quiet period between 1992-2008 at
Cumbre Vieja, indicate movement away from the satellite on the western volcano flank.
Using an inversion of stacked velocity maps, we determine the geometry and slip for a
near-horizontal dislocation beneath the western flank of Cumbre Vieja. Our ground
deformation modelling results (position and depth) are in agreement with a low-density
anomaly constrained by gravity data. The previously undetected intereruptive ground
deformation at Cumbre Vieja volcano flanks was explained as an indicator of a
kinematic passive response model of the flank, where the flanks were mobilized only
during periods of magmatic activity (shallow dike intrusions) and remained stable and
undeformed during intereruptive periods. Here, we present new results indicating that
active creeping stress release due to gravitational loading is also a dominant
deformation mechanism for (current) intereruptive periods at Cumbre Vieja, which
would contribute positively to the stabilization of the edifice and reduce the associated
hazard related to the volcano flank dynamics. This study at Cumbre Vieja can be
considered as a prototype for similar volcanoes around the Macaronesian islands group

(e.g. Fogo, Teide, El Hierro, Pico) and elsewhere.
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1. Introduction

Volcanic edifices are some of the most rapidly growing geological structures on Earth.
As a consequence, their flanks often tend to be deformed under structural instability.
Since the occurrence of the 1980 Mt. St. Helens debris avalanche, volcano flank
instability has been a subject of intensive research and monitoring (Lipman et al., 1981;
Duffield et al., 1982; Clague and Denlinger, 1994; Moore et al., 1989, 1994; Holcomb
and Searle, 1991; Masson 1996; Day et al., 1999a and 1999b; McGuire, 1996; 2006). A
list of mechanisms producing mass-wasting processes includes, but is not limited to,
spreading and/or slumping, basal décollements, landslides and flank failures. In
particular, at ocean-island volcanoes, the risk associated with such processes is, in part,
due to its likely tsunamigenic potential and often the flank deformation is used as
indicator of the likelihood of such a process (Cervelli et al., 2002; Ward, 2002; Cervelli,
2004). The identification of continuous and episodic aseismic slip at faults in volcanic
regions has been identified geodetically at the mobile southern flank of Kilauea
(Denlinger and Okubo, 1995; Owen et al., 1995, 2000; Cervelli et al., 2002) and the
eastern flank of Mt. Etna (Froger et al., 2001). At both places, slow continuous and
rapid sudden episodic transients have been recorded at basal and intravolcanic fault
surfaces. Continuous aseismic slip has been quantified using classical geodetic
techniques, as well as GPS surveys (Owen et al., 2000) and DInSAR data (Froger et al.,

2001; Lundgren et al., 2003). At the moment, the ground motion due to episodic sliding
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(Slow Slip Events, SSE) on these surfaces has been imaged using only continuous GPS

(Cervelli et al., 2002; Brooks et al., 2006, 2008; Segall et al., 2006).

FIGURE 1

Using the rationale mentioned by Day et al. (1999a), two different types of unstable
flanks can be distinguished at volcanoes, using the flank slopes as a parameter. Some
gentle sloping (Kilauean-like) volcanoes are associated with high flank deformation
dynamics (Fig. 1a). Conversely, steep-sided (Macaronesian-like) volcanoes are largely
associated with minimal ground deformation (Fig. 1b). Both types of volcano flanks
tend to stabilize through different mass-wasting processes (Holcomb and Searle, 1991;
Morgan et al., 1994). Around the Canary Islands, as many as fourteen giant debris-
avalanche deposits have been identified (Masson et al., 2002). Analysis of turbidite
records in the Agadir basin 300 km north of the Canary Islands indicates that
progressive and recurrent slumping flows correlate well with the occurrences of major
debris avalanches on the Canary Islands (Wynn and Masson, 2003; Masson et al.,
2006). This evidence raises the question as to whether such mass-wasting processes are
sudden and occur with minimal precursory signals in heavy steep-sided volcano flanks,
such as the Macaronesian volcanoes (Day et al., 1997; Day et al., 1999b). If the debris
avalanches occurred as the consequence of many and multiple high-density flows,
precursory signals such as progressive slumping and deformation might affect the

unstable volcano flanks.

Interferometric Synthetic Aperture Radar (InSAR) can potentially help resolve slope

stability questions. Continuous surface displacements related to progressive slumping
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processes can be imaged with subcentimeter precision with InNSAR and can be compared
with the location of surface expressions and the inferred subsurface location of such
processes. A link between the ground deformation and the inferred location of shallow
active décollement would also suggest that aseismic slip and creep may be dominant or,
at least, important mechanisms acting during the intereruptive periods of steep-sided
volcanoes. Since modern space geodetic techniques were developed in the 1990°s,
neither a geodetic monitoring network nor an advanced satellite-based interferometric
study has been carried out in such an environment, providing no constraints on the
ongoing processes acting on such steep-sided volcanoes. The availability of more than
15 years of SAR images at Cumbre Vieja volcano could help to constrain the volcano
flank deformation. In this paper, we combine radar interferometry with other
observations to investigate the resulting surface displacements, and we discuss the
implications for the stability of steep-sided volcanoes affected by aseismic slip and

creeping.

2. Structure and Geology of La Palma

The island of La Palma is the second youngest of the Canarian Archipelago. It
represents a salient example of steep-sided composite volcano. Its volcanic edifice rest
upon the oceanic crust at a sea-floor depth of 4000 m., and the subaerial topographic
elevations reach around 2500 m. The structural and geological development of La
Palma is complex, with interactions between large intrusions linked with high effusive
episodes inserted between erosional gap periods, together with gravitational mass-
wasting phenomena (Carracedo et al., 2001). At least two debris avalanches have
occurred at La Palma (Urgeles et al., 1999; Masson et al., 2002). Cumbre Vieja is the

last volcanic expression of a succession of growing and overlapping volcanic centers in
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La Palma. In the following two subsections we introduce the main characteristics of the
La Palma structure and volcanology, which are relevant to the later discussion of the

current structure and state of deformation.

FIGURE 2

2.1. Pre-Cumbre Vieja geological and structural evolution

La Palma Island began to grow onto the oceanic crust, probably > 4 Ma ago (Staudigel
et al., 1986). Pre-Cumbre Vieja volcanic stratigraphy consisted of three fully overlapped
shield volcanoes and a partly overlapping stratovolcano. The lower stratigraphic unit is
called the basal complex (Staudigel et al., 1986) or seamount/submarine volcano series
(Carracedo et al., 2001), a basic composition complex with a large amount of intrusives.
The seamount series are outcropping at the base of the Caldera de Taburiente depression
at a height of 1500 m., which indicates an uplift process either due to repetitive
intrusions (Gallip et al., 2006) or of tectonic origin (Hildenbrand et al., 2003). Much of
this deformation probably was accommodated under brittle conditions (Fernandez et al.,
2002a), also supported by the presence of low grade (~200-300 °C) hydrothermal
metasomatism rock alteration (de la Nuez, 1984). Currently, the submarine series

clearly dips 50° to the SW (Fernandez et al., 2002a).

The top of the SW tilted submarine series is marked by an erosive unconformity,
overlaid by the Taburiente I or Garafia volcano stratigraphic unit, a buried basaltic
shield volcano. Garafia volcano built rapidly from its central feeding system (1.72 —
1.20 Ma) and its activity abruptly ceased after the occurrence of a southward lateral

collapse, which formed the so-called “Coebra” structure, a main subsurface
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hydrogeological feature recognized at underground tunnels for groundwater abstraction
(galerias) (Plan Hidrologico Insular de La Palma, 2001). This structure can be related to

the “Playa de La Veta” debris avalanche submarine deposits (Urgeles et al., 1999).

Later, the magmatic activity migrated slightly southward, resulting in the Taburiente 11
or Taburiente volcano (1.08 — 0.44 Ma), fully overlapping the older Seamount and
Garafia volcanoes. This unit is a thick unit with a central system and a triple armed rift
zone structure (Carracedo et al., 2001). Progressively, the volcanic activity focused
along the prominent topographic southern rift, the “Cumbre Nueva™ ridge (0.77 — 0.56
Ma). Cumbre Nueva volume surpassed the lithostatic pressure at depths corresponding
to the top of the tilted seamount series and/or the Playa de La Veta collapse scar,
triggering a catastrophic collapse (0.5 Ma ago) forming Los Llanos de Aridane valley
(Navarro and Coello, 1993; Ancoechea et al., 1994; Carracedo et al., 1998) and the
submarine Cumbre Nueva debris avalanche deposits (Urgeles et al., 1999; Masson et
al., 2002). Soon after, Bejenado stratovolcano started to fill the scar collapse (560 to
490 ka). Its magmatic activity showed declining production rates due to the diminished
effect of unloading at the magma-source region (Guillou et al., 1998, 2001). Between
Bejenado and the Northern shield volcanoes developed an erosive incision, the Caldera
de Taburiente, which resulted in the thick E/ Time sedimentary unit (see, Fig. 2).

Finally, the Cumbre Vieja volcano began to grow after activity finished at Bejenado.

2.2. Cumbre Vieja volcano-structural evolution
Currently, Cumbre Vieja volcano is the only active volcanic system on La Palma Island.
Cumbre Vieja is a composite volcano of mafic lavas, with interbedded pyroclastics and

sparse phonolitic domes, crystallized at shallow levels (Ancoachea et al., 1994; Day et
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al., 1999a; Johansen et al., 2005). Topographically, it is a steep-sided volcano with 20-
30° slopes that rises to almost 2 km above sea level. It has a subaerial area of 220 km?

and an estimated volume of approximately 125 km® (Carracedo et al., 2001).

Several authors contributed to the Cumbre Vieja geological stratigraphy and its
associated structural changes (Guillou et al., 1998; Carracedo et al. 1999; Day et al.,
1999a; Guillou et al., 2001; Carracedo et al., 2001). In particular, we recommend a very
detailed (1:25000) analysis of a geological and structural survey at Cumbre Vieja
(Carracedo et al., 2001). To briefly summarize, Cumbre Vieja can be divided into three

main periods and two clear stratigraphic units:

(1) The Cliff-forming unit, which is formed by the oldest dated rocks, indicating that
Cumbre Vieja starts to grow 125 ka B.P. (Guillou et al., 1998), but probably before
(Carracedo, 1999; Carracedo et al., 1999). From 125 to 80 ka, eruptive products focused
on three distinct rift zones separated by roughly 120° as shown in Fig. 3a (Guillou et
al., 1998; Day et al., 1999a). The rift system was established with a high and distributed
production rate throughout the three rifts (NW, NE and NS). Later, the production and
growing rate decreased and the marine erosion became the dominant process (80-20 ka),
also partly due to the relative low-stand sea level (Guillou et al., 1998; Carracedo,

1999).

(2) In the platform-forming unit (20 ka B.P.), the activity resumed, focusing along two
of the three previous rift zones (NS and NE). In particular, the NE rift zone underwent
high rates of eruptive activity. Contemporaneously, the magma focus migrated slightly

northwards and, consequently, the NS rift-zone propagated to the north (Guillou et al.,
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1998; 2001; Carracedo et al., 1999). It continued until 7 ka., when the NE activity
abruptly ceased. During that period (20-7 ka), apparently, the activity declined almost
entirely at the NW rift zone (Fig. 3b), probably due to an early manifestation of the
subsequent reorganization of the whole plumbing and shallow feeding system (Day et

al., 1999a).

(3) In the last 7 ka to present, a strong reorganization of the stress field of the shallow
plumbing system occurred as, a) eruptions along the NW and NE rifts stopped and
eruptive activity was concentrated on the axis of the NS rift zone that is prominent
today, and inside the western flank (Day et al., 1999a). b) At historical and subhistorical
times there have been seven eruptions, in ca. A.D. 1480, 1585, 1646, 1677, 1712, 1949,
and 1971 (Fig. 3c). During 1585, 1712 and partly during the 1949 eruptions along the
western flank, the eruptive vents opened in nearby E-W fissures reconfiguring the
pattern of fissural vents distribution (Day et al., 1999a). Most recently, ¢) an unusual
feature appeared during the 1949-summit eruption, a 4-meter downslip in a west-to-

southwest-facing normal fault (Day et al., 1999a; Kliigel et al., 1999), see Fig. 3d-e.

Such structural evolution (new structural features) indicates a progressive increase of
the role of the NS rift as a preferentially magmatic path. Repeated, forceful shallow
intrusions along the NS rift zone tend to mobilize the western flank, which increases the

related hazards, as suggested by Day et al., (1999a).

FIGURE 3
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3. Geodetic data analysis

3.1. Previous geodetic data

Previous geodetic studies that focused on the analysis of the stability of the western
flank of Cumbre Vieja did not identify significant deformation rates using EDM, GPS
and classical DInSAR (Moss et al., 1999; Massonnet and Sigmundsson, 2000;
Fernandez et al., 2002b). Recently, the ground deformation pattern at Cumbre Vieja
volcano has been studied using a combination of geodetic techniques, a comparison of
two temporal series of differential interferograms based on a single master approach
(Perlock et al., 2008) and the analysis of a GPS network (Prieto et al., 2009). Although
they reported significant ground deformation in the area of the last eruption, the
Teneguia volcano, both studies lack evidence for conclusive and precise ground
deformation (large estimated errors) on the western slopes of the Cumbre Vieja, partly
due to an ERS SAR dataset that was limited in time and the sparse spatial coverage of

the GPS network.

3.2. Interferometric data analysis

Studies of volcanic deformation have used SAR interferometry as a valuable resource
for poorly monitored areas (Amelung et al., 2000; Anderssohn et al., 2009), as in the
case of Cumbre Vieja volcano. Briefly, SAR interferometry records the phase delay
caused between two temporally separated SAR images in the line-of-sight direction
(pointing ~23° degrees from vertical, for ERS1/2 and I12-Envisat mode satellites) with
subcentimetric precision for areas that remain coherent (ie. with stable ground
reflectivity) during the observed period. The differential phase can be caused due to the

topography, atmospheric perturbations and/or motion of the ground surface. If
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topographic and atmospheric delays can be corrected or assumed negligible, InSAR can

lead to precise ground deformation maps over large areas (Hanssen, 2001).

To better evaluate the expected current low rates of deformation at Cumbre Vieja
volcano (Moss et al., 1999; Perlock et al., 2008), we have extended the SAR dataset to
include ENVISAT data and analyzed 25 SAR images acquired by the European Remote
Sensing (ERS1/2) satellites between May 1992 and September 2000 (Table S1) and 19
ASAR images acquired by the ENVISAT satellite from March 2003 to February 2008
(Table S2), archived by the European Space Agency (ESA). We selected descending
SAR images, roughly regularly sampled over the period studied (1992-2008), to obtain
a detailed image map of the ground deformation at Cumbre Vieja volcano. We note that
a similar analysis using ascending data is not feasible due to severe foreshortening that
would result from the steep slopes of the western flank of Cumbre Vieja. Moreover,
only five ascending ERS1/2 SAR images are archived in the ESA catalogues.
Topographic contribution in the interferograms was cancelled using a local precise
Spanish Instituto Geografico Nacional Digital Elevation Model with 25-meter posting
ground resolution. Interferograms were computed using DORIS v.4.02 software with

DEM-assisted co-registration (Kampes et al., 2003).

3.2.1 The importance of the atmospheric path delays

Due to the low deformation rates, single differential interferograms do not show clear
ground deformation patterns, except for those with long temporal baselines that exhibit
a rough subsidence signal around the Teneguia volcano area (Perlock et al., 2008).
Deformation can be partly obscured by atmospheric perturbations consisting of

turbulent mixing and tropospheric stratification (Hanssen et al., 2001). Water vapour
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turbulence also produces path delays, but these signals typically do not correlate at
distances longer than the thickness of the boundary layer, typically 1.5-2.5 km
(Williams et al., 1998; Hanssen, 2001). Although, in general, turbulent path delay
effects have been demonstrated to be temporally uncorrelated at lag times longer than 1
day (Hanssen, 1998), at oceanic islands with strong topography turbulent effects
potentially can be both spatially and temporally correlated, reaching largely several
centimetres in line-of-sight (Foster et al., 2006). On the contrary, path delays due to the
thermal-topographic dependence account for differences in the water vapour content
with height, which is common around volcanoes accompanied by steep topographies

(Delacourt et al., 1998).

For the Canary Islands, the latter effect has been analysed using MODIS spectral
imagery. In particular, the tropospheric stratification effect has been shown to be the
dominant process in the lower troposphere (Eff-Darwich et al., 2009; Eff-Darwich et al.,
in preparation). In addition, a very limited, but useful, GPS-based Zenith Tropospheric
Delay (ZTD) analysis, using standard weekly EUREF products, was carried out for the
only two available public continuous GPS stations in the Canary Islands area. The GPS
stations are located at different heights and their ZTD time series shows magnitude of
the annual fluctuations depending on the GPS station altitude, suggesting that height
dependent water vapour delay plays an important role in the microwave propagation

measurements for any combination of temporal separated SAR images (Fig. S2).

3.2.2 Atmospheric effect mitigation and averaged ground deformation maps
As detailed earlier, we can not consider the atmospheric contribution to be negligible.

To deal with the dominant vertical troposphere contribution, we perform, on an
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interferogram-by-interferogram basis, a correction procedure consisting of the
estimation of the best-fitting linear model between differential interferometric phase and
the elevation of each coherent point (Cavali¢ et al., 2007; Doin et al., 2009). In our
particular case, the use of a linear model in conjunction with the local topography may
correct the differential phase for atmospheric contribution, but at the same time it likely
will mask those ground deformation signals correlated with topography, which should
not be neglected at a steep volcano centred on the vertical axis of its magma feeding
systems. So, this method will be inefficient to detect global inflation/deflation beneath

the rift system, which will reproduce the local topography.

To enhance the signal-to-noise ratio of differential interferograms with ground motion
signal, we have stacked the atmospherically-corrected interferograms for long-interval
(longer than a year) and short-baseline interferograms (less than 300 meters) to reduce
the uncorrelated noise (Wright et al., 2001, 2004; Fialko, 2006), including any pixel that
exhibits good coherence (average coherence threshold > 0.3). We exclude short-time
separated interferograms in order to increase the reduction due to large strain rates in
such interferograms from turbulent tropospheric effects (Fig 4b and 4d). Stacking
involves averaging multiple (independent) interferograms, theoretically reducing the
level of atmospheric noise by a factor of 1/VN when averaging N independent
interferograms (Sandwell and Price, 1998; Wright et al., 2001). To evaluate the level of
correlated noise on each interferogram, we have computed empirical covariance
functions in the northern part of the island, where we do not expect deformation (Fig. 4a

and 4c).

FIGURE 4
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3.2.3. InSAR ground deformation results

The northern half of La Palma exhibits a higher degree of temporal decorrelation due to
the dense subtropical vegetation. This area has been inactive for the past 1 Ma (see sec.
2.1), so it is unlikely to be suffering from significant ground deformation processes.
Moreover, the persistent uplift of the northern shield volcano has been estimated at an
average rate of ~0.4 mm/yr for the El Time sedimentary formation and ~0.6 mm/yr for
the submarine complex (Hildenbrand et al., 2003). Such a slow rate of vertical
movement is difficult to recover with DInSAR techniques. Although sub-millimetric
precision has been claimed (Colesanti and Wasowski, 2006), cross-validation tests show
much lower precision in the determination of average ground motion velocity of ~1
mm/yr (Casu et al., 2005). Because of this, we have concentrated our ground

deformation analysis in the active rift zone of Cumbre Vieja.

FIGURE 5

Our measurements using average LOS velocity maps from the 1992-2000 (Fig 5a) and
2003-2008 (Fig 5b) periods reveal two clear subsidence signals which can be detected at
the Teneguia volcano area and on the western slopes of the Cumbre Vieja volcano (Fig.
5). The detected deformations were calculated using the descending orbit pass, so it

could be either subsidence, westward motion, or a combination of the two.

3.3. GPS and gravimetric data
Results from an EDM/GPS network set up in 1994, for three campaigns spanning 1994

to 1997, indicate that residual motions were not significant (Moss et al., 1999). This has



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

15

been interpreted as confirmation that the fault (Fig. 2 and 3d) has been inactive since the
1949-eruption (Ward and Day, 2001). However, the very limited spatial coverage and
difficulties in the observation strategy of the whole flank network means that it is only
valid to measure strain rates around and near the 1949-fault (Moss et al., 1999).
Geodetic observations of the entire western flank should be carried out using GPS. In
2006, a GPS network of 26 stations was designed and installed to cover the entire La
Palma Island (Fig. 2). In the design of the network, a few previous precise GPS station
coordinates (from 1994) computed for reference frame realizations in the Canary
Islands, REGCANO9S5, were taken into account (Caturla, 1996). The network was
revisited three times (2006, 2007 and 2008), and preliminary results about the network
quality and precision were presented by Prieto et al. (2009). GPS coordinates at each
epoch were computed using scientific geodetic-precision softwares (GAMIT-GLOBK
v10.3 and Bernese v.5.0). Horizontal deformations from the comparison between the
1994 and 2007 epochs are insignificant, but vertical deformations are quite significant
(see Fig 9a-b, in Prieto et al., 2009). Comparison between low precision coordinates
from the 1994 campaign has limited our interpretation of those results, but assuming
that the large source of error between the pair of coordinate sets may be the reference
system, inner differences should be smaller than global differences. Taking into account
that DInSAR is a relative measurement and we have obtained a zero-deformation rate in
the eastern flank of Cumbre Vieja (Fig 5a), we can analyze the differences with respect
to the TIRI vertex. The JEDE vertex exhibited a relative vertical motion with respect to
TIRI of ~2-3 mm/yr of subsidence, but for both TIME and SANT stations (north and
south of the western flank, see Fig 5a) deformation rates are marginal. In Fig. 4b, we

show that horizontal components of the motion are not significant for a period of almost
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one year between 2006 and 2007 (Prieto et al., 2009). These results suggest that a large

part of the ground motion could be vertical.

The terrestrial gravity survey (Camacho et al., 2009) was carried out in June and
November 2006 with a LaCoste & Romberg model G gravimeter equipped with a
digital recording device. The total number of observations was 385, corresponding to
318 benchmarks. The total amount of redundant observations is about 17% of the total.
Simultaneously, elevation values for the benchmarks were determined by means of GPS
differential observations with an estimated accuracy of the resulting values that is
generally better than 10 cm. By traverse fit we estimate the internal accuracy of the

adjusted gravity data as 0.068 mGal (1 mGal=10-5 m s-2).

Gravity values were referred to IGSN71. By combining the gravity and GPS elevation
data, we calculated the gravity anomaly. For that, a free-air gradient of -0.308 mGal/m
and a value for average density of 2300 kg/m’ were considered to be applied for the
Bouguer correction. Terrain effects were determined from a digital elevation model
(DEM) composed by 129000 points. This model is composed of a grid of points, 25 m
square, for the terrestrial area plus satellite bathymetry for a distance of 100 km on a 3
km grid, obtained from http://topex.ucsd.edu/cgi-bin/get data.cgi. Very large correction
values for the topographical effects were obtained. They range from 12.5 mGal to 62.4

mGal, with an average value of 26.2 mGal.

By including the terrain correction for the gravity anomaly we computed a Bouguer

anomaly (with terrain correction) map (see Fig. S3). Values for Bouguer anomaly are
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distributed around an average value of 247.17 mGal with a standard deviation of 25.50

mGal.

4. Geodetic Data modelling

4.1. Ground deformation modelling

We assume that the observed LOS ground deformation (Fig. 5) could be due to
deformation or slip on a detachment or weak layer beneath the western flank of Cumbre
Vieja that corresponds to either debris avalanche deposits or marine/volcanoclastic
sediments (Carracedo et al., 1999; Day et al., 1999a; Urgeles et al., 2000; Ward and Day
et al., 2001; Hildenbrand et al., 2003). Here we have modelled the ground deformation
using a rectangular dislocation with free dip-slip motion on the fault plane, simulating
in a homogeneous, isotropic and elastic half-space a normal fault mechanism (Okada,
1985). Such a modelling approach is convenient for fast evaluation (inverse modelling),
but it has several clear disadvantages and can potentially bias our results. It assumes a
flat surface, yet topography may play an important role at Cumbre Vieja. To assess the
contribution of topography, we evaluated such an effect using the method of Williams
and Wadge (1998), which approximates the topographic effect using the variation of
depth method. The results indicate that these differences can be as large as ~10%.
Heterogeneity of the media also can present a potential bias source (Fernandez and
Rundle, 1994), but these effects has been demonstrated to be of first order at caldera
systems (Manconi et al., 2007), and a minor effect on volcano flanks (Hooper et al.,

2002), so the assumption of homogeneity can be accepted.

Stacked average velocity maps result in several thousands of useful data points (Fig. Sa-

b), impacting the efficiency of the search for the set of optimal model parameter for the
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fault plane dislocation. Therefore, it is necessary to reduce this number. In the literature,
several algorithms have been proposed to deal with the simplification of the ground
deformation, but most are based on a raster-based concepts, regular sampling or quad-
tree partitions (Jonsson et al., 2002). Here, we developed a procedure to select the best
subset of points that represents the ground deformation pattern using a Triangulated
Irregular Network (TIN) instead of a raster (grid). This concept adapts better to an
irregular distribution of points, as obtained from advanced DInSAR processing
techniques (SBAS or PSI). In our particular case, this approach also adapts better to an
irregular coastline contour with striking azimuth. Essentially, it searches for an optimal
Delaunay triangulation, where we analyzed the normal distance of each triangle facet to
a selected point and this point will be remove from the Delaunay network if the distance

is below a specified error threshold (Gonzalez et al., in preparation).

FIGURE 6

In the search for optimal model parameters, we adopt a non-linear global inversion
technique, a bounded simulated annealing (Cervelli et al., 2001), to calculate the best-
fitting model that finds the minima in the misfit function in a weighted least square
sense. We weighted the TIN-selected data on each period with a variance-covariance
matrix constructed with a theoretical covariance function fitted to the empirical
covariance function of the stacked data in the northern part of the island (Fig. 6).
Determination of the temperature decay function for the simulated annealing is not
trivial and there is a likelihood that it will be incorrectly selected, which can result in a
failure to find the global minima (Shirzaei and Walter, 2009). For that reason and to

evaluate the performance of the algorithm, we started the inversion 500 times with a
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homogenously distributed random set of initial model parameters. We determined the
best-fitting model parameters as the mean of the 500 best-fitting set of model

parameters and the associated errors as their standard deviations (Fig. 7).

FIGURE 7

In Fig. 8, we show the TIN-selected data for both periods (Fig. 8a and 8d), the best-
fitting model prediction (Fig. 8b and 8e) and the residuals (Fig. 8c and 8f). The model
explains the bulk of the deformation observed in the stacks, but is less accurate in the
noisier 2003-2008 period, with a root-mean-square misfit of 1.782 and 2.477 mm/yr for
1992-2000 and 2003-2008 periods, respectively. In the 1992-2000 period, it is worth
noting the very good fit; despite of the explored simple geometry model and the
assumed homogenous slip, only significant spatially correlated residuals occur on the
Teneguia area (Fig. 8c). The noisier ground deformation rates for the 2003-2008 period
present similar results to the 1992-2000 period. Much larger residuals occur around the
Cumbre Vieja, but a significant reduction of the observed deformation occurs in the
western flank. This indicates that these results should be carefully used during
interpretation. A complete list of results with the best-fitting model parameters and their
uncertainties, together with the selected searching bounds used for the inversion, can be

found in Table S4.

FIGURE 9

4.2. Gravity modelling
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Using the 317 gravity measurements, we performed a nonlinear three-dimensional
gravity inversion technique (Camacho et al., 2007), which has been modified to take
into account a density increase with depth. This inversion scheme discretizes the
subsurface volume and assigns a density contrast, in a fully automatic and non-
subjective manner, in a random growth process with respect to a continuous
exponentially stratified background. It results in the construction of the geometry of the
anomalous density bodies (Camacho et al., 2009). The three-dimensional gravimetric
inversion model suggests several structural properties of the island. In the Fig. 9, three
profiles where constructed, a N-S profile across the western slopes of Cumbre Vieja
(Fig. 9a) and two E-W at the northern (Fig. 9b) and southern (Fig. 9c) section of
Cumbre Vieja. In the N-S profile, we can clearly distinguish the high-density body
corresponding to the uplifted seamount and the plutonic complex that crops out at the
bottom of Caldera de Taburiente, while the southern half of the island, comprised
primarily of the Cumbre Vieja series, is characterized by less dense material. Another
interesting feature is a discontinuity in the border of the high-density body, which may
represent a contrast between different materials, as expected in the buried “Coebra”
collapse structure. In the density model, we do not distinguish a density contrast
between the volcanic and the pre-volcanic (sedimentary and oceanic-crust) formations,
likely related to the loss of resolution with depth of geophysical inversion methods.
Finally, in Fig. 9a an important body of low density has been detected beneath western
slopes of Cumbre Vieja. Such low density bodies are not only constrained to the
western flank of Cumbre Vieja, but it are seen where the anomalies are thicker as well
(Fig. S4). We suggest that this body might represent, to some degree, either debris-
avalanche and hyaloclastite deposits from Cumbre Nueva collapse or significant

deposits of an older sedimentary apron that completely surrounds the high-density core,
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or some combination of the two. Their significant thicknesses may be the result of the
superposition of a long-term denudation of subaerial material or old collapses from the
northern shield volcanoes. E-W profiles seems to indicate that extension diminishes
southwards with a relatively larger thickness in the northern part of Cumbre Vieja and
smaller amount of material at the southern part of the island. A deeper analysis of the
gravimetric data, methods and the structural model can be found in Camacho et al.

(2009).

FIGURE 9

5. Discussion

5.1. The relevance of the 1949 summit eruption

The 1949 summit eruption was both qualitatively and quantitatively different from other
events in the recent geological history of the island and includes the occurrence of a
west-facing 4-km long normal fault scarp (Fig. 3e and Romero-Ortiz and Bonelli-Rubio,
1951; San Miguel de la Camara et al., 1952; Martel San Gil, 1960; Day et al., 1999a)
and the opening of two very sparsely separated effusive vents with chemically different
erupted magmas (Kliigel et al., 1999). Historical eruptions (< 500 years) has been
grouped into the more frequent N-S rift zone eruptions with the opening of roughly N-S
oriented vents (1480; 1646; 1677 and 1971), but also those along the summit area and
the western flank with opening fissures and vents oriented E-W (1585; 1712 and 1949),
an indicator of stress change (Day et al., 1999a). The 1949 event was largely different
and a strong indicator of the flank instability, because it was the first faulting event
occurring over, at least, a period of some tens of thousands of years (Day et al., 1999a).

Even after more than 60 years the fault trace can be recognized in the field (Day et al.,
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1999a; Carracedo et al., 2001) and using Google Earth©. The mechanism of the faulting
has been debated (Kliigel et al., 1999), but a certain consensus has been reached about

its volcano-tectonic origin (Day et al., 1999a; Hilderbrand et al., 2003).

5.2. Structural and morphostructural features

A particularly important feature is the presence of the Cumbre Nueva collapse scar,
upon which the Cumbre Vieja volcano is partly built. Apart from the suggestion of
several authors, up to now no geophysical evidence corroborated the hypothesis that the
scar was infilled by a different low-strength material. Here, we confirm the existence of
a thicker body of anomalous mass by means of a gravimetric anomalous density model
(Camacho et al., 2009). Also, a recent magnetotelluric survey (Garcia and Jones, 2010)
suggests the existence at similar depths of a low-resistivity body, which also confirms
that scuh hypothesis is correct and the Cumbre Vieja volcano series rests on the remains
of the collapsed Cumbre Nueva ridge (a breccoid layer). In Fig. 10, we show the
morphology of the low density body at depth and the extension. The anomaly aligns
with the region of the maximum vertical deformation region of both DInSAR stacks
(Fig. 5). The low density body also is spatially coincident in its depth range with the
modelled fault planes (rectangles on Fig. 10). Despite the assumptions used in these
simple models, gravimetric inversions and ground deformation modelling (half-space)
results suggest a depth range for the detachment fault of 2-4 km depths. Those results
are consistent with the lower bounds of possible intravolcanic structures, such as the
Cumbre Nueva collapse scar (debris avalanche process), or the very upper depth limits
for the contact between pre-volcanic sediments and island-volcanics (slumping process).
Unfortunately, we are not able to resolve the depth range more accurately using

geodetic data alone, so we cannot rule out the possibility of a fault located at the contact
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between prevolcanic material and the volcanic series or at the shallower levels.

Additional investigations should be carried out to better constrain this aspect.

FIGURE 10

Additional insights into the long-term dynamics of the flank can be obtained from
geomorphologic analysis. Topographic bulges and/or plateaus are commonly associated
with deformation processes at active volcanoes (Wooler et al., 2004; Marquez et al.,
2008). In particular, a morphological analysis of the local topography suggests the
presence of topographic anomalies in several E-W profiles across the Cumbre Vieja,
attributed to active volcano-tectonic processes (see Fig. 5 in Hildenbrand et al., 2003),
which also are spatially coincident with the mapped deformation (Fig. 5 and 10). In
addition, a clear open westward bending structure (Fig. 10) drawn from the outline of
the last eruptions (Guillou et al., 1998) may reflect sliding on a gently sloping structure
at depth (Wooler et al., 2004). However, it should be noted that, as in the case of the
mobile south flank of Kilauea, no shear (strike-slip) structures are recognized onshore at
the north and south boundaries of the deformation area, probably due to the limited

movement of such structures (Denlinger and Okubo, 1995).

5.3. On-going deformation and its implications for steep-side volcano flanks

The observed volcanic ground deformation can be caused by a broad range of
mechanisms: a) changes in the pore-pressure of shallow aquifers produce measurable
ground deformation at similar rates elsewhere in the Canary Islands (Fernandez et al.,
2005). However, although the Cumbre Vieja aquifer has high permeability, it is not

used for groundwater abstraction for water supply due to its high salinity as a result of



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

24

volcanic CO; enrichment (pp. 16292 in Plan Hidrologico Insular de La Palma, 2001). 5)
Deformation due to lava compaction or loading should also be restricted to areas
covered by or adjacent to recent lava flows, but that is not the case in this region (Fig.
5). The spatial wavelength of the signal (~8 km in the N-S direction) also does not
support very deep magmatic sources, such as petrologically inferred magma chambers
at mantle depths (Kliigel et al., 2005). Finally, ¢) ground deformation due to the
emplacement of shallow intrusions likely occurs only during unrest periods

accompanied by felt seismicity, which also is not the case for the 1992-2008 period.

In general, ground deformation is accompanied by seismicity, but it is noteworthy that
at La Palma seismicity is lacking completely, with no seismic events recorded inside or
in the close wvicinity of the island in the past 20  years
(http://www.ign.es/ign/en/IGN/SisCatalogo.jsp). This may be due, in part, to the poor
spatial coverage of the national seismic network, with only two operating seismographs
(http://www.ign.es/ign/home/geofisica/sismologia/mapaEstaciones.jsp). Another likely
possibility is that seismic events are not occurring on well-defined seismic faults, which
radiate enough seismic energy to be recorded at nearby stations. Instead, creeping
processes with associated non-volcanic tremor may release the stress on the sliding
surfaces, a process that potentially can remain undiscovered without dedicated seismic

observations.

The smoothness and spatial distribution of our geodetic results (Fig. 5) suggests that the
detachment fault is slow stable-sliding at depth beneath the western flank of the edifice
in the on- and offshore region close to the shoreline, on a fault segment with creeping

friction properties (Fig. 10). This behaviour is likely steady-state, or might be
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punctuated by unobserved slow-slip events, in the transition zone between frictionally
different segments of the developing fault surfaces (Segall et al., 2006; Brooks et al.,
2006). Only during eruptions, the slip could be able to propagate into immature, stick-
slip frictional fault segments, as ruptured during the 1949 eruption. The possibility of a
similar event during the next summit eruption should be inferred with caution (Ward
and Day, 2001), as only optimally located and oriented dike intrusions will result in
encouragement of the slip on the detachment fault, as suggested by recent results of

stress transfer at volcanoes (Walter et al., 2005; Amelung et al., 2007).

We also speculate that the on-going creeping processes, acting at the base of the western
flank, may contribute to the equilibrium of the anomalous gravitational potential energy
of the flank masses, reducing the landslide risk, as long as the bulk cohesion of the
material remains stable. However, the exact mechanism of stress dissipation at the
sliding area/surfaces could greatly differ from this process (e.g., progression from creep
to more stable sliding/failure in favour of weak layers or well oriented structure/mineral
fabrics). Dilatational stresses due to shallow dike intrusion along the rift-zone, fluid
injection or groundwater pressurization (Elsworth and Voight, 1995) will promote
reduction of the friction angle on the sliding surfaces, which in turn can result in the
acceleration of the slumping structure. However, a potential collapse seems to be a
more remote possibility, due to a) the relatively low variance of the volume of Cumbre
Vieja volcanic edifice during the last 7 ka (a period with several summit eruptions), b)
the immature geomorphologic/topographic expression of the fault at the surface, and ¢)
the relatively gentle slopes in comparison with more steep-sided volcanoes (e.g., Fogo

(Cape Verde), Pico (Acores), Teide (Tenerife) which exhibit greater slopes, Fig. S1).
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6. Conclusions

In this work, we report a slow subsidence rate on the western flank of Cumbre Vieja
volcano detected using InSAR data, and a prominent low density zone identified using a
new gravity structural model. Elastic modelling of the radar data could explain observed
deformation with slip on an active creeping detachment surface that fits the contour of
the low density zone (Fig. 10). Spatial coalescence of a) a prominent volcano edifice
underlain by a ductile layer (old sediments or debris avalanche deposits), ) a buried
buttress structure in the eastern flank and ¢), concentrated westwards dilatational
magmatic stresses due to repeated N-S rift intrusions in the last 7 ka results in the
initiation and progressive development of an active aseismic mobilisation of the western
flank. We conclude that the detachment layer may act as an efficient boundary for the
aseismic stress release due to gravitational loading during intereruptive periods (present
activity), encouraging dike intrusions at the N-S rift zone. The release of dilatational
magmatic stresses during these N-S rift intrusions encourages slip and promotes high-
angle normal faulting at the border of the slip area (1949 eruption), reorienting the stress
field around the volcano and resulting in near E-W fissural eruptions in the western
flank. This simple model satisfactorily explains the ground deformation data and also
complements the geological and geophysical evidence that Cumbre Vieja volcano is in
an early state of an immature collapsing process (< 20-7 ka). We also speculate that
ongoing creeping beneath the western flank of Cumbre Vieja tends to stabilize the flank
through reorganization and a decrease of gravitational potential forces. In any case, this
conclusion does not preclude that any sudden and/or unusual change in the stress field,
such as a dike intrusion or groundwater pressurization, could trigger a catastrophic

collapse.
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We want to emphasize, based on our results, the potential of stacked InSAR data to
measure subtle deformation rates at volcano flanks, even in the absence of clear seismic
evidence of magmatic or volcano-tectonic activity. Our results support the proposition
that volcano-tectonism and the present and recent past volcanic activity are intimately
related at La Palma and may help the evaluation of the hazard related to a future
eruption. We also envisage that the characterization of volcano-tectonic deformation
process will contribute to any quantitative parameterization analysis of tsunamigenic
studies at La Palma (Ward and Day, 2001; McGuire, 2006). Finally, the intensification
of ground deformation measurements and a possible near-real time geodetic monitoring
system is crucial on this specific volcano flank and would contribute significantly to the
understanding of the associated hazard specifically and volcano flank dynamics in

general.
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List of Figures:

Figure 1. Sketch of shallow vs. deep flank motion (a) Kilauean-like unstable volcanoes
and (b) Macaronesian-like unstable volcanoes. See also the Fig. S1 and its caption for a
non-comprehensive list of identified unstable flanks at ocean-island volcanoes in the

supplementary material. m.s.l stands for mean sea level.

Figure 2. Overview of the main geologic features of La Palma, after the geologic map
of Carracedo et al., (2001). Black color shows the outcrop area of the submarine and
intrusive complex under the northern shield volcanoes (dark blue colours). After the
occurrence of the Cumbre Nueva collapse (discontinuous black line), the Bejenado
stratovolcano began to grow, filling the scar (light blue colour). Finally, Cumbre Vieja
volcanism (orange colour) developed a prominent NS rift volcano at the southern part of
the Island, where current volcanic activity concentrates (historic lava flows in red).
White dots show the location of the GPS monitoring network established in 2006

(Prieto et al., 2009).

Figure 3. Evolution of the volcano-structural lineaments features at Cumbre Vieja
volcano. a) Spatial distribution of the vents and fractures associated with the early
period of the Cumbre Vieja construction (125-20 kyr) (modified from Fig 4 in Day et
al., 1999a). b) Spatial distribution of the vents and fractures associated with the NE high
production period (20-7 kyr) (modified from Fig. 5 in Day et al., 1999a). ¢) Recent lava
flows from historic and sub-historic eruption events (modified from Fig. 6 in Day et al.,
1999a). d) Fracture developed during the 1949 summit eruption on 2-3 July (modified

from Geological map of La Palma in Carracedo et al., 2001). ¢) 1949 normal surface
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ruptures at Llano del Banco (1949-contemporaneous Mr. Bonelli-Rubio photograph)
with estimated throw-slip around one-half to one meter from comparison to pine-trees at

the background, which have been estimated at 10 to 15 m in height.

Figure 4. Error analysis on each interferogram that was used in both stacks. a) All (81)
empirical spatial covariance functions of the ERS interferograms, b) histogram of all
interferograms (gray color) and those used in the ERS period stack (black color), c) all
(18) empirical spatial covariance functions of the ENVISAT interferograms, and d)
histograms of all interferograms (gray color) and those used in the ENVISAT period

stack (black color). Ifgs means for interferograms.

Figure 5. Stack results shown onto a shaded DEM. Differential interferograms were
corrected for atmospheric elevation-phase dependence. Results are only from coherent
points (pixels), which exhibit LOS linear velocity (positive away from satellite,
indicated with the arrows). a) Stacking of 82 long temporal separation ERS differential
interferograms for the period 1992-2000, accompanied by vertical GPS linear velocity
between 1994 and 2007. b) Stacking of 18 long temporal separation ENVISAT
differential interferograms for the period 2003-2008. We also show estimates of
horizontal GPS linear velocities between 2006 and 2007. Note the linear rate from
2003-2008 results is noisier than the 1992-2000 results, mainly due to the smaller
dataset, so these results should be considered with caution. The largest magnitude

subsidence signal corresponds to the Teneguia volcano (T symbol).
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Figure 6. a) Empirical and best-fitting covariance function for the ERS stack. b)
Empirical and best-fitting covariance function for the ENVISAT stack. The theoretical
covariance function used in the study is in the form of cov(d) = a J, (cd) ¢ where
Jo() 1s the zero-order Bessel function and is a, b and ¢ are constant parameters
(Barzaghi and Sanso, 1983). ¢) The variance-covariance function from the fitted
covariance function for the 454 TIN-selected points for the ERS period. d) The
variance-covariance function from the fitted covariance function for the 1019 TIN-
selected points for the ENVISAT period. Note the different level of noise in the period
1992-2000 and 2003-2008 and also the variance reduction after application of the

stacking methodology (Fig. 4).

Figure 7. Results of the inversion of the InNSAR data from Cumbre Vieja (a and d),
using a dislocation model (b and e) (see Table S4 for the corresponding source
parameters), where (b) and (e) represents the best-fitting modelled LOS displacement
rates. (c¢) and (f) Residual LOS displacements after subtracting the model from the data.
Modelling results in the upper row correspond to the 1992-2000 period and lower row

to 2003-2008 period.

Figure 8. a) Histograms of the best-fitting parameters and the root mean square of the
weighted residuals for the ERS period (1992-2000) stack. b) Histograms of the best-
fitting parameters and the root mean square of the weighted residuals for the ENVISAT

period (2003-2008) stack.

Figure 9. Interpreted profiles across the anomalous density inverse gravimetric model.

Colours indicate density contrast, blue colours are lower density contrast (min = -306
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kgr/m®) and red colours are upper density (max = 351 kg/m’). a) North-South profile. b)
West-East profile at 3167500 UTM Northing coordinate, and c) West-East profile at
3160000 UTM Northing coordinate. Note the anomalous low density body beneath the
western flank of Cumbre Vieja tends to diminish in extension southward. The axis units
are distance in kilometres. Non-interpreted profiles and a horizontal section at -2000 m.
bsl are showing the density contrasts. The location of the profiles can be found in the

supplementary material (Fig. S3 and S4).

Figure 10. Surface projection of: the best-fitting fault models, for the period 1992-2000
(black rectangle) and 2003-2008 (white rectangle); the 1949 normal-faulting surface
ruptures (black line); the density contrasts of -150 Kgr/m® (blue line) and 150 Kgr/m®
(red line) at a depth of 3000 m. bsl. Interpreted bend area shown with a high density of

effusive centers and vents related to the activity of the growing detachment surface.
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