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Abstract
A MODEL OF SHORT TERM SURFACE DEFORMATION OF
SOUFRIERE HILLS VOLCANO, MONTSERRAT,

CONSTRAINED BY GPS GEODESY

Erin Elizabeth McPherson, M.S.

The University of Texas at Arlington, 2013

Supervising Professor: Glen S. Mattioli

Geodetic surveying is a core volcano monitoring technique. Measurements of how the crust
deforms can give valuable insight into the mechanisms and processes that drive an eruption, and the way
in which they change (Odbert et al., 2012). Campaign and continuous GPS geodetic measurements on
Soufriére Hills Volcano, Montserrat are reported here from 1995 to 2010, spanning three dome growth
and repose episodes extending the results of Mattioli et al. (2010). Soufriere Hills Volcano (SHV),
Montserrat, in the Lesser Antilles island arc, became active in 1995, and for nearly two decades, geodetic
surveys have been conducted using both continuous and campaign GPS observations. Data have been
collected and processed using the latest and most advanced geodetic instruments and techniques
available. The NSF-funded CALIPSO and SEA-CALIPSO projects have allowed for some of the most in
depth studies of the ongoing SHV eruptions to date, and many models for surface deformation and
magmatic chamber configuration have resulted (Voight el al., 2013).

| focus on data gathered from the early stages of the SHV eruption in 1996 through the end of
2010 from two continuous GPS sites, Hermitage Peak (HERM - located ~1.6 km from the vent) and
Montserrat VVolcano Observatory 1 (MVO1- located ~7.6 km away from the vent). These data have been
reprocessed using GIPSY-OASIS Il (v. 6.1.2) with final, precise IGS08 orbits, clocks, and earth orientation
parameters using an absolute point positioning (APP) strategy. The study is being conducted to re-
examine spatial and temporal changes in surface deformation, constrained by GPS, and to better

illuminate the short term (i.e. sub-daily to weekly) deformation signals noted amongst the longer, cyclic
v



deformation signals (i.e. monthly to annually) that have been previously reported and modeled. In
addition, | have extended the time series for HERM and MVO1 to the end of 2010, beyond what has been
previously analyzed and published by Mattioli et al. (2010). The reprocessed time-series show lower
variance for daily APP solutions over the entire temporal data set; trends in the long-term inflation and
deflation patterns are generally similar to those previously published (e.g. Elsworth et al., 2008; Mattioli et

al., 2010; Odbert et al., 2012), but now superimposed, shorter term signals are more clearly visible.
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Chapter 1
Introduction

1.1 Background

Since the early 1990s, Global Positioning System (GPS) geodesy has become common in
volcano monitoring because of its high precision, relatively low cost, and ease of use in even the most
challenging field environments (Dzurisin, 2007). Geodetic studies of ground deformation in volcanic areas
include the construction of models to help constrain parameters such as locations, geometry, and
pressure changes of crustal deformation sources. Deformation modeling has advanced from the
revolutionary approaches of Anderson (1936) and Mogi (1958) to models accounting for complex source
geometries; a recent review by Poland et al., (2006) discusses many of these models. Since activity
began in July 18, 1995, the Soufriere Hills Volcano (SHV) has been studied with many ground breaking
technologies, making it one of the most prolifically studied volcanoes in the world. The 1995 to present
eruption of SHV on Montserrat has been, in many respects, an ordinary example of a Peléan dome
eruption (Wadge et al., 2006) and many techniques have been used prior to and during the current
eruptive episode on Montserrat to study and thus model surface deformations, and chamber
configuration.

One of the advantages of Global Positioning System (GPS) geodesy over traditional survey
methods is that data collection and analysis can be automated and thus only limited human involvement
on active volcanoes is required. The initial GPS sites located on SHV were selected due to ease of
access, horizontal distance (0.8 to 3.6 km) to the active vent, and their azimuthal distribution around the
Soufriere Hills Volcano. Because GPS data can be linked to external references frames, well outside of
the active volcanic zone, satellite geodesy can provide unique constraints for modeling complex surface
deformations (Mattioli et al., 1998). Using additional geodetic techniques in the CALIPSO project and up
to date GPS and InSAR data, the understanding of the magmatic system underneath the island and
surface deformation that has occurred at SHV is un-paralleled. Long term surface deformation of SHV
has been modeled by many authors over the past nearly two decades, but this study will focus on the

short term deformations noted at two sites, HERM and MVO1, located 1.6 and 7.6 km from SHV,
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respectively. These deformations occur over time periods ranging from hours to days to a few weeks.
The short term deformations recorded on this volcano have been noted in earlier research but never
modeled. Some of these deformation signals, at the most proximal GPS site to the vent, HERM, when
examined in detail do not follow the longer term cyclic cycles seen in the data collected from other, more
distal GPS sites located on SHV. The data collected at these sites are due in part to non-eruptive activity
occurring within the volcanic edifice and modeling these data could lead to a better understanding of
surface and volcanic loading, as well as magma movement that occurs in the upper conduit of a volcano
at the beginning of an eruption phase. The purpose of the models, used for comparison in this study, are
to try and determine if the observed surface deformation could be due to a non-effusive dike
emplacement below the vent, or possibly to a magmatic stick-slip occurring along the walls of the upper
conduit.

1.2 Geologic and Tectonic Setting

1.2.1 Caribbean Plate

The geology of the Caribbean is both complex and varied, as the Caribbean plate is typified as an
anomalously thick sequence of oceanic crust (Draper et al., 1994), with a thickness ranging from between
12 to 15 km, which is much greater than the typical 6 km ocean basin crustal thickness (Fox and Heezen,
1975). The present Caribbean Plate is thought to have formed from the Farallon-Phoenix-Pacific triple
junction between 136 and 130 Ma (Ghosh et al., 1994), during the spreading of the North and South
American Plates. Most Caribbean tectonic models show the approximate configuration of the present day
plate boundaries being established during the Miocene (Mann et al., 1990). The major crustal boundaries
were determined from refraction data and overlying sediment thicknesses were determined by seismic
reflection data. The thickened area of the Caribbean can be compared to western Pacific plateaus, like
Manihiki and Ontong Java, which are similar in scale and age (Mann et al., 1990), and this may help
partially explain why the Caribbean is somewhat unusual among the tectonic plates (Sykes et al., 1982).

The present day boundaries of the Caribbean Plate were originally roughly defined by the
distribution of seismic activity (Sykes and Ewing, 1965; Molnar and Sykes, 1969). It was at first thought

that the northern boundary of the Caribbean was a single boundary with the North American plate and a
2



single southern boundary in contact with the South American plate. Several studies (see Jansma et al.
(2000), Jansma and Mattioli, (2005), and Manaker et al. (2008)) have suggested that microplates occur
between the North American and Caribbean plates. The most current study, done by Benford et al.
(2012), uses a more spatially dense velocity field to better constrain the microplate boundaries west of
Puerto Rico and the Virgin Islands. Benford et al. (2012) used elastic block modeling of 126 GPS site
velocities from Jamaica, Hispaniola, Puerto Rico and other islands in the northern Caribbean to test for
the existence of a Hispaniola microplate and estimate angular velocities for the Génave, Hispaniola,
Puerto Rico-Virgin Islands and two smaller microplates relative to each other and the Caribbean and
North America plates. From the derived angular velocities, their model strongly suggests that there are
indeed several microplates that are between the North American plate and the Caribbean plate (Figure
2). Similar studies have been done on the southern boundary of the Caribbean plate, to determine if there
could be microplates situated between the Caribbean and South American plates as well. While these
studies have not been completed yet, it is quite possible that microplates occur along this boundary zone
as well. The eastern boundary of the Caribbean plate is in contact with oceanic crust of both the North
and South American plates, while the western boundary is oceanic crust of the Cocos plate. Very
generalized plate boundary tectonic configurations are as follows: Dextral and sinistral strike-slip motion
with localized extension characterizes the southern and northern boundaries, respectively (Burke, 1988;
Bird et al., 1993). It is very difficult to give an accurate and simple representation of the tectonics that
occurs along the Northern boundary due to the microplate configuration and its complexity. Eastern and
western boundaries are subduction zones where the Caribbean Plate is being under-thrust by the oceanic

crust of the North and South American plates and the Cocos Plate, respectively.



Figure 1 Caribbean Plate Seismicity Map

Caribbean plate boundaries showing the Cocos, Nazca, and North and South American plates.
Earthquakes from 1900 to Present with known faults, topography, and bathymetry Credit: Eric Calais,
Purdue University
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Figure 2 New model of the tectonic setting of the northern Caribbean (Benford et al., 2012).

Bold black arrows in panels (a) and (b) show MORVEL estimate of North America plate motion in mm
yr—1 relative to the Caribbean plate (DeMets et al. 2010). CSC, Cayman spreading centre; PR, Puerto
Rico. Two-minute seafloor bathymetry and land topography are from Sandwell & Smith (1997). (b) GPS

site velocities relative to Caribbean plate, with 10, 2-D error ellipses. Velocities from Hispaniola are taken
from Calais et al. (2010); velocities for PRVI are from Jansma and Mattioli (2005). Velocities are color-
coded based on plate. Scale is shown in upper right corner. Black lines mark plate boundaries used for
the analysis. All plates included in the analysis are labeled, PRVI microplate, Puerto Rico-Virgin Islands
microplate.



1.2.2 Lesser Antilles

The Lesser Antilles Island Arc spans north to south from the island of Sombrero to the island of
Grenada and is separated from the Greater Antilles by the Anegada Passage in the north and by the
Venezuela continental margin, which begins just south of Grenada and is the result of westward
subduction of oceanic crust of the North and South American plates beneath the Caribbean Plate
(Wadge, 1994). The Lesser Antilles has been described as a true island arc: thus the islands are built
largely by volcanism above a subduction zone (Tomblin, 1975), and also as a double arc (Fink et al.,
1972). Arcuate in shape and convex eastward, the island arc is approximately 850 km long and subtends
an angle of nearly 90° (Wadge and Shephard, 1984). North of Martinique, the island arc bifurcates into
eastern and western segments. The eastern segment is referred to as the Limestone Caribbees and
includes from north to south: Sombrero, Anguilla, St. Martin, Barbuda, Antigua, Desirade, and Marie
Galante. These islands have not been volcanically active since the Oligocene and are capped by younger
Cenozoic limestone (Draper et al., 1994), with the oldest volcanic rocks being Late Cretaceous in age.

In the Limestone Caribbees the ages of the exposed rocks increases as you move northward
(Wadge, 1984), which implies that the change in the arc from the Limestone to the Volcanic Caribbees
began in the north and propagated southward through time. The greatest distance separating the eastern
and western segments of the Lesser Antilles is at a maximum distance in the north, reinforcing that idea
that the divergence in the forearc began in the north and propagated south. It is unclear whether the
separation is a result of extension within the upper plate or a westward migration of the subduction zone.
A 10 My volcanically quiet period between the Oligocene and Miocene separates the Limestone
Caribbees eastern arc from the volcanic active Volcanic Caribbees arc in the west (Wadge, 1984).

The western arm of the northern Lesser Antilles, along with the southern Lesser Antilles, are
known as the Volcanic Caribbees. The Volcanic Caribbees are the active island arc and are the surface
representation of rising magma that is being produced as the North and South American plates are being
subducted beneath the overriding Caribbean plate. From north to south the Volcanic Caribbees is
comprised of the islands: Saba, St. Eustatius, St. Kitts, Nevis, Redonda, Montserrat, Guadeloupe, Les

Saintes, Dominica, Martinique, St. Lucia, St. Vincent, Bequia, Carriacou, and Grenada. The exposed
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volcanic rock from Martinique and continuing south, date back to the Eocene, whereas, the oldest
volcanic rock exposed in the northern portion of the Volcanic Caribbees are early Pliocene to latest
Miocene in age. There are no active volcanoes south of Grenada (Maury et al., 1990). Montserrat is

located in the northern region of the Lesser Antilles in the Volcanic Caribbees (Figure 3).

Figure 3 Lesser Antilles

Black triangles represent the volcanoes located on the islands of the Volcanic Caribbees. Red triangle
indicates Soufriere Hills Volcano, Montserrat. Modified figure from Simkin and Siebert (1994).



Changes in seismicity associated with the subducting Atlantic oceanic crust allow the subduction
zone to be divided into more seismically active northern and less active southern portion. This division
occurs at the 14.5° N latitude, and it has been proposed by Wadge and Shephard (1984) that the change
that occurs here is due to a change in the dip of the Waditti-Benioff zone and the depth to which the
seismic activity occurs (i.e. seismogenic zone). Using hypocenters from intermediate-depth seismicity
monitored on a telemetered network of seismic stations located along the island chain, Wadge and
Shephard (1984) showed that the strike of the Benioff zone changes from NNE between St. Lucia and
Grenada to NNW between Martinique and Saba in the north. In recent research using improved seismic
networks, a reanalysis of the Waditti-Benioff zone has been conducted that shows that the dip of the
subducting slab is much more complex than originally proposed by Wadge and Shephard. Their study
concluded that from 11°N to 12°N, the Benioff zone that underlies the Venezuelan continental shelf is
essentially vertical; slab dip between 13°N and 14°N is 45-50°; while the northern segment, defined as
north of 14°, dips at angles of 50-60°. Matson (2007), however, it showed that there was a bias in the
original data at depths of 10 km and 33 km. Matson, (2007) discovered that there were numerous
earthquakes with hypocenter of depths of 10 km (2792 events) and 33 km (5907 events), as well as
earthquakes that had no magnitude solutions (2963 events) or magnitudes less than 3.5 (5946 events)
and these were eliminated from the data set. When these events were eliminated and the new data set
reevaluated and compared with the previous data set, it was observed that the Waditti-Benioff zone
shows much shallower subduction than previously proposed by Wadge and Shephard (1984). Matson’s
study suggests near vertical 11°N to 12°N southern region at 25.27°, the 13°N and 14°N region at 37.58°,
and the northern segment at 33.64°. The new cross-sections also revealed a possible kink in the
subduction zone at 14.5°N latitude with the dip of the subducting slab shallowing to the north and south.
This is in contradiction to the data presented by Wadge and Shephard (1984), which indicated gradual

southward steepening of the subducting slab (Matson, 2007).



1.2.3 Soufriere Hills Volcano, Montserrat

The island of Montserrat is located approximately 480 km east-southeast of Puerto Rico and
48 km southwest of Antigua, and has an aerial extent is 104 km? that is currently increasing in size due to
the buildup of volcanic deposits on the southeast coast. Montserrat has volcanic centers dating as old as
4.3 Ma (Roobol and Smith, 1998; Harford et al., 2002; Smith et al., 2007). These are, from oldest to
youngest: the Silver Hills in the north; the Centre Hills in the center; and the active volcano of the
Soufriere Hills and South Soufriere Hills in the south (Roobol & Smith, 1998; Smith et al., 2007).

The island is primarily composed of andesitic lavas and volcaniclastic rocks produced by dome-
forming eruptions, remnants of andesite lava domes and brecciated previous lava domes, pyroclastic flow
deposits, lahar and debris avalanche deposits, and tephra fall deposits; however, the rocks of South
Soufriere Hills are of basaltic to basaltic-andesite in composition. Deposits older than 4,000 years are
lithified (Roobol and Smith, 1998). There are also zones of hydrothermally altered rock and active
fumarole fields that occur on the Soufriere Hills Volcano (Smith et al., 1997; Young et al., 1998)

Historical eruptions for the SHV complex show a range from 1.1 to 0.25 Ma (Harford et al., 2002),
between 24 — 16 Ka (Wadge and Isaacs, 1998), 4 Ka, and 325150 years before present date (Young et
al., 1998). Prior to the current eruption cycle, the SHV complex experienced three aborted eruption
events: 1897-98, 1933-37 (Macgregor, 1938; Perret, 1939), and again in 1966-67 (Sheppard et al., 1971).
These events showed an increase in hot spring and seismic activity (Shepherd et al., 1971; Young et al.,
1998), which were interpreted by Young et al. (1998) as 30-year cycles with each one being marked by
increasing seismicity.

The SHV began to show renewed activity again in 1992, with an increase in seismic activity that
was recorded by regional monitoring seismic networks on Montserrat. From 1992 through June 1995,
eighteen distinct earthquake swarms were recorded in the south of the island, with the largest swarm
occurring in June 1994 (Montserrat Volcano Observatory). Prior to the onset of activity in 1995, the
volcanic center was comprised of five distinct dome complexes: Castle Peak, Chance’s, Gage’s,

Galway’s, and Perche’s (Figure 4). Castle Peak was located inside English Crater, remnants of a
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breached sector collapse that is open to the Northeast and dated to ~4 Ka (Roobol and Smith, 1998). The
present and still currently active eruption cycle of SHV began on 18 July 1995 (Young et al., 1998; Mattioli
et al., 1998), with phreatic explosions from east of Castle Peak, a prehistoric andesitic dome sited within

the horseshoe shaped English’s Crater (Norton et al., 2002).

T T
T - w2 1ow ek
1Bl -

N [ m
T A ~__ Montserrat
v muk\ (UK Overseas Territory)

a
i

Litthe n‘.i.\\') ‘::

2 km

Cantour interval is 200 fest
(metres « feet x 03048)

\ Soufriere Hills

Figure 4 Topographic map of Montserrat.
Showing detailed geographical locations of volcanic domes prior to volcanic activity onset in 1995

(modified from Sparks and Young, 2002). Red circles enclose the five young domes that were present
before current activity began in English Crater.
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There was no increase in seismic or hydrothermal activity noted in the weeks prior to the onset of
phreatic venting that began July 18,1995, which began as multiple steam vents that were trending NNW
in English Crater (Young et al., 1998). The phreatic explosions coalesced into one large vent on July 28
that created a phreatic explosion of steam, as well as an ash column that reached ~3 km in height. Three
more phreatic eruptions occurred (August 21, October 31, and November 9), which covered the capitol
city of Plymouth, with a few millimeters of ash (Young et al., 1998). The first evidence of deep magma
movement was recorded as volcano tectonic (VT) earthquakes, which showed an increase in number and
were noted as occurring at much shallower depths (~6 km to the surface) from August to November of
1995 (Miller et al., 1998).

Seismic swarm periods, which were noted to occur for the same duration as the recorded surface
deformation, recorded by tiltmeter data, were most commonly made up of hybrid earthquakes, and
characterized by sharp onset, no identifiable S phase and having shallow foci of less than 2 km (Voight et
al., 1999). Swarms began and ended abruptly and were interspaced with periods of no seismicity or of
movement associated with rockfalls or pyroclastic flow due to dome collapse. The swarms started while
inflations were occurring and stopped near peak inflation or when deflation began. Cycles lasted from 3 to
30 hours and were sometimes accompanied by visual dome growth and/or with spine formation, as well
as enhanced degassing with non-explosive ash emissions (Voight et al., 1998). Before the first effusive
emissions in late November/December 1995, there were multiple short term surface deformations that
occurred. These short term deformation events were recorded at the CHPK and HERM GPS sites located
~0.8 and ~1.6 km from the SHV vent, respectively; however the CHPK site was destroyed by volcanic

activity in 1996 and was not replaced due to hazardous conditions (Mattioli et al., 1998).

1.2.4 The CALIPSO Project
The ongoing eruption of the SHV, Montserrat has been exceptional for a number of reasons.
Firstly, this eruption has been unusually long-lived. Whereas the median eruption duration for andesitic
volcanoes is two to three years, the longevity of the SHV eruption ranks within the top 4% for all recorded

dome-building eruptions (Odbert et al., 2012). The longevity of the MVO eruption enabled scientist from
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around the world to study this volcano in greater depth than any other active andesitic eruption before. A
major part of this study was performed under a project called CALIPSO, the Caribbean Andesite Lava
Island Precision Seismo-geodetic Observatory. This was a collaborative project involving Pls from four
U.S. institutions working together with the Montserrat Volcano Observatory (MVO) and scientists from two
United Kingdom institutions. In November of 2002 installation of four 200 m deep boreholes around
Soufriere Hills Volcano began, with drilling and instrument installation completed in late February 2003
(Mattioli et al., 2004). CALIPSO'’s purpose is to investigate the dynamics of the entire SHV magmatic
system using an integrated array of specialized instruments in four strategically located boreholes in
concert with several shallower holes and surface sites. The project was unique, as it represented the first,
and at the time of emplacement, the only such borehole volcano-monitoring array deployed at an
andesitic stratovolcano.

The sensor package at each CALIPSO site includes four instruments: a single-component, very
broadband Sacks-Evertson dilatometer; a three-component seismometer designed by Duke/Carnegie
Institution of Washington (~Hz to 1 kHz); a Pinnacle Technologies series 5000 tiltmeter, which
consequently, all failed to work properly; and a surface Ashtech u-Z CGPS Continuous Global Positioning
System (CGPS) station with choke ring antenna, precision Southern California Integrated GPS Network
(SCIGN) mount, and tall radome (Mattioli et al., 2004). The Ashtech u-Z receivers were replaced with
Trimble NetRS receivers in 2007 (Mattioli et al., 2010). The CALIPSO project instruments were integrated
into the ongoing surface monitoring (seismic, geodetic, and gas) networks of the Montserrat Volcano
Observatory and were used to track in near real-time the processes that occurred in and about the
magma reservoir and its associated conduit system. The CALIPSO borehole instrumentation reduced
noise and allowed for the ability to locate effective stations farther from the volcano than possible with
surface instruments, and both features aid the sampling of both seismic and deformation signals from the
deep transport, storage, and recharge systems. The borehole sites were selected at azimuths and
distances to maximize scientific return, with some field adjustments required from preliminary plans
because of changes in volcanic hazard zonation, and perceived needs to access line power and drill

water (Mattioli et al., 2004).
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In 2003, the CALIPSO project enhanced the GPS infrastructure at SHV, from the original six GPS
sites with the installation of four more sites (Mattioli et al., 2004). The four new sites were installed at Air
Studio (AIRS, ~5.2 km), Gerald’s Yard (GERD, ~9.6 km), Olveston (OLVN, ~6.9 km), and Trants (TRNT,
~6.2 km, Figure 5). Between October 2008 and June 2009, the original six MVO-operated cGPS sites
(HARR, HERM, MVO1, SOUF, SPRI, and WTYD) were upgraded with Trimble NetRS receivers. Trimble
Zephyr Geodetic antennas have been phased-in to replace the choke ring antennas, but monuments
have remained largely unchanged except for the few various times throughout the eruption, when the
original equipment deployed in the field was damaged or destroyed by volcanic activity (Odbert et al.,

2012).
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Figure 5 Montserrat GPS site location map.

Insert map shows location of Montserrat relative to other islands in the northeastern Caribbean. Sites are
superimposed on digital elevation map created from GTOPO30 data. The approximate location of the
vent and center of mass of andesite domes of Soufriere Hills Volcano is marked as a red cross labeled
SHV. GPS sites are coded by type, with campaign sites shown as blue diamond with yellow outlines.
These sites were abandoned after NOV 1999. Continuous sites are shown as upright or inverted triangles
and are color coded based on receiver type and agency/project under which they were originally installed.
Sites used in this study are marked by upright yellow triangles (HERM, MVO1 and were installed by
UPRM with NASA funding in mid-1996 and were rehabilitated in early 1998 and deployed Trimble
4000SSi receivers. Figure modified after Mattioli et al. (2010).
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Table 1 Soufriere Hills Volcano GPS sites -Modified from Odbert et al., (2012).

I Name Location (WGS84) Date Equipment
AIRS Air Studios 62.2139°W, 16.7408°N 2003 Trimble NetRS Receiver/ Ashtech Dorne Margolin CR. Antenna <D
BROD Broderick’s 62. 20897, 16.6929°N 19 Nov 2009 Ashtach UZ-12 Receiver/ Leica AT5304 CR Antenna
(CHPE) Chances Peak 62.18°W, 16.71°N* 1995 (dug 97)  Trimble 400055I Receiver/ Trimble CR Antenna
DRYG Dry Ghaut! Landing 62.1480°W, 16.6920°N 3 Dec 2009 Ashtech UZ-12 Receiver/ Leica AT504 CR Antenna
Bay

FERG Fergus Ridge 62 1774°W, 16.6928°N 17 Feb 2010 Ashtech UZ-12 Receiver/ Leica AT504 CR Antenna
FRGR Fergus Ridge 62 1774°W_ 16.6928°N 27 Tul 2011 Trimble NetR8 Receiver/ Trimble Zephvr Geodetic 2 Antenna <D
GERD Gerald’s 62.1943°W_ 16.7948°N 2003 Trimble NetRS Receiver/ Ashtech Dorne Margolin CR. Antenna +D
HARR Harris Lookout 62.1678°W. 16.7413°N 7 Oct 1995 Trimble 4000ST CE. Antenna

20 Nov 1996 Trimble CR Anfenna

11 Aug 1997 Leica AT302 Antenna

17 Nowv 2000 Trimble Dome Margolin TurboRogue CR. Antenna

16 Jan 2003 Ashtech UZ-12 Receiver/ Leica AT504 CE Antenna +D

5 Nowv 2008 Trimble NetRS Receiver/ Leica AT504 CR Antenna +D

7 Apr 2009 Trimble NetRS Receiver/ Trimble Zephyr Geodefic Antenna +D
HERM Hermitage Estate 62.1698°W_ 16.7216°N 12 Jul 1996 Trimble 4000S5I Receiver/ Trimble CR. Antenna

18 Jan 1997 Trimble 4000551 Recetver/ Leica AT302 Antenna

19 Feb 1998 Trimble 4000S51 Recetver/ Trimble CR. Anfenna

16 Jan 2003 Trimble 4000551 Receiver/ Trimble 4000ST CR Antenna +D

3 Oct 2008 Trimble NetRS Receiver/ Trimble Zephyr Geodetic Antenna +D
(LEES) Lee’s Estate 62.191°W, 16.72°N* 1996 Trimble 400055 Receiver/ Trimble CR Antenna
LGFM Long Ground Farm 62 1585°W, 16.7248°N — Leica SRO500 Receiver! Leica AT302 Antenna

9 Apr 2010 Ashtech UZ-12 Receiver/ Leica AT504 CR Antenna
LGRD Long Ground (Clinic) 62 1615°W, 16.7244°N 19 Nov 2009 Ashtech UZ-12 Receiver/ Leica AT504 CR Antenna
(LETN) Lookout Yard 62.188°W, 16.79°N* 1996 Trimble 4000551 Receiver/ Trimble CR Antenna
MVO1 MVO Mongo Hill 62.1920°W_16.7767°N 18 Feb 1998 Trimble 4000551 Receiver/ Trimble CR. Anfenna

16 Jan 2003 Trimble 4000551 Receiver/ Trimble 40005T CR Antenna +D

1 Oct 2008 Trimble NetRS Receiver/ Tnmble CR Antenna +D

16 Jul 2010 Trimble NetRS Recetver/ Trimble Zephyr Geodetic Antenna +D
MVO2 MVO Flemmings 62.2126°W, 16.7486°N 26 Nov 2009 Ashtech UZ-12 Receiver/ Leica AT504 CR Antenna

Details of GPS sites installed on Soufriére Hills Volcano since 1995, showing dates of installation and equipment changes. Not a

complete listing, Stations which have been destroyed or otherwise decommissioned appear in parentheses (the end date, where

available, is also in parentheses). Episodic GPS (eGPS/ campaign) sites appear in italics. Orange cross represent the two sites
used in this study.



Chapter 2
Methods

2.1 Data Acquisition

All data for this analysis was gathered by or for Dr. Glen Mattioli as part of a study that was
initially funded by a NASA grant and then was subsequently funded by several NSF awards. In the 1990’s
GPS became the primary tool for geodetic surveys. According to Blewitt (1993) the main reasoning
behind this switch was: (1) easy access to economically affordable hardware and software; (2) ease of
portability; (3) an international civilian tracking network that allowed easy collaboration; and (4) the
development of millimeter precision for baselines in the 10’s of kilometers and centimeter precision for
baselines in the 100’s of kilometers. By the late 1990’s dense networks of GPS receivers had been
deployed along seismogenic zones in populated regions to measure surface deformation, with data used
to understand strain accumulation as well as aid in hazard assessments.

Before the 1995 eruption of SHV, the U.K. Department of Ordnance Survey (DOS) operated a
triangulation network on Montserrat. Surface deformation measurements on SHV using GPS geodesy
began in August 1995 at the onset of unrest (Mattioli et al., 1998). GPS data were initially collected in
campaign mode from six sites distributed around the SHV. These six sites were chosen at azimuths and
horizontal distance to SHV (0.8 to 3.6 km) to maximize scientific return, in relation to volcanic hazard
zonation, access to power lines and availability of water during drilling operations (Mattioli et al., 2004).
The original DOS monuments were comprised of a small cylindrical or rectangular concrete pedestal, with
a central 25 cm diameter steel pipe driven to refusal, that was buried ~1-2 m below ground surface. A
rigid plastic (PVC) insert, with a clearly defined central mark, was created to insure a tight fit with the steel

pipe and then inserted to allow for easy antenna set up (Mattioli et al., 1998; Odbert et al., 2012).
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According to Mattioli et al. (2010) and reiterated by Odbert et al. (2012) these early GPS
observations at SHV can be divided into four distinct phases:

1) Network establishment with L1-carrier phase and C/A code observations
during August1995;

2) Daily L1/L2 phase and code observations between October 7, 1995 and
December 29, 1995;

3) Network densification and expansion with nearly daily L1/L2-carrier phase and
code observations between May 14, 1996 and August 8, 1996;

4) Installation of two continuous GPS sites in July 1996 and intermittent
reoccupation of all network sites from September 1996 to June 1997.

The initial GPS observations were made in late August 1995 using two Trimble GeoExplorer, 6-
channel, L1 carrier phase receivers with internal antennas. The study was conducted to determine if any
measurable displacement or strain greater than position uncertainties of the original DOS survey had
occurred on SHV between the time of last adjustment in 1974 and August 1995. Site coordinates,
transformed to the WGS 84 reference surface, were provided by the DOS along with an estimated
uncertainty of £9 cm for baselines of 3 to 8 km (Mattioli et al., 1998). GPS L1 baseline repeatability during
the August 1995 survey was 3-5 cm for occupations lasting several hours at each site. Within these error
limits, no statistically significant (1 o) deformation had occurred on SHV DOS baselines between 1974
and 1995 (Mattioli et al., 1998). When surface deformation data were reexamined at a later date, looking
at changes based only on GPS observations, deformation was clearly observed. In the summer of 1996,
a continuously-operating GPS (cGPS) stations was installed at Hermitage Estate (HERM, ~1.6 km from
SHV). It was destroyed by volcanic activity in 1996, and has been damaged and repaired several times
and then worked nearly continuously since 1998. In early 1998, a new cGPS sites was installed at what
was then the Montserrat Volcano Observatory (MVO1, ~7.6 km from SHV on Mongo Hill). The cGPS
network at the end of 1999 consisted of 6 sites. In 2003, the CALIPSO project enhanced the cGPS
infrastructure at SHV with the installation of four more sites (Mattioli et al., 2004). Since 2002, all of the

CALIPSO cGPS sites have been equipped with choke-ring antennas and SCIGN hemispherical radomes.
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Observations are routinely logged at 30-second intervals in 24-hour sessions. Between October 2008 and
June 2009, the original six MVO-operated cGPS sites (HARR, HERM, MVO1, SOUF, SPRI, and WTYD)
were upgraded with Trimble NetRS receivers and the network was upgraded with new FreeWave
Ethernet radios (Table 1). The new configuration provided improved remote access to the receivers for
configuration and data download. Trimble Zephyr Geodetic antennas have been phased-in to replace the
choke ring antennas at the three original sites installed by Mattioli with NASA funding and the three sites
installed by BGS, but monuments have remained largely unchanged (personal communication with G.
Mattioli). Since mid-2010, receivers at all of the MVO-operated cGPS stations have been configured to
record two parallel 24-hour sessions: one logging observations at 30-second intervals and the other at 1-
second intervals. Earlier data archives contain only lower rate (30-second) observation files.

Various challenges make GPS monitoring at SHV difficult. The loosely-consolidated
volcanoclastic deposits, which comprise the bulk of Montserrat’s geology, are not ideally suited for the
installation of high-precision survey stations (Odbert et al., 2012). Optimally a GPS antenna monument
would be ‘fused’ to the bedrock via a drilled and braced frame for example similar to UNAVCO standards
used for PBO or COCONet. A particular style of monument has been adopted on Montserrat to account
for the absence of solid bedrock and the logistical and safety considerations that render deep drilling
impractical on the volcano’s flanks. These were built by manually digging a pit with a depth of up to about
2 m then constructing a reinforced foundation using blocks, cement and rebar, with maximum possible
mechanical coupling to the surrounding ground. Vertical rebar rods connect the foundation to a concrete
pillar extending about 1-1.5 m above ground level and about 30 x 30 cm in cross section. A threaded,
metal antenna mount rod is built in to the pillar, extending vertically such that the antenna is installed
about 10-30 cm above the top of the pillar (Mattioli et al., 2010; Odbert et al., 2012).

At Mongo Hill (MVO1), a similar concrete pillar was built on the corner of the roof of a small
building in the garden of the old observatory building. According to Odbert et al. (2012) there is an
enhanced susceptibility at this site to multipath effects due to the surrounding buildings since the layout

and extent of the surrounding construction have changed since installation however an in-depth
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evaluation of the M1/M2 signals for this site in comparison to others was not done for this study. The
potential for multipath — whereby satellite signals reach the antenna via multiple direct and reflected
paths, thus introducing path length ambiguity — and this should be a concern for installation and
subsequent use of any future GPS site. Despite this potential problem, this site has yielded excellent data
and has the longest un-interrupted time series of any GPS site on SHV.

GPS data were originally processed using NASA’s GPS Inferred Positioning System-Orbit
Analysis and Simulation Software (Lichten and Border, 1987), (GIPSY-OASIS Il or GOA-II) version 4
using a non-fiducial, absolute point positioning strategy. All raw GPS observations were processed with
final, precise satellite orbits, clocks, earth orientation parameters, and X-files from the Jet Propulsion Lab
(JPL) to estimate the 3D position for each cGPS site per 24 hr UTC day in ITRF05 (Mattioli et al., 1998;

Mattioli et al., 2010 SOI).

2.2 Data Processing and Analysis

GPS data were reprocessed with GOA-II version 6.1.2, which is a collection of UNIX based
software programs developed at the Jet Propulsion Laboratory (JPL) that uses precise clock and orbit
parameters also provided by JPL. The initial calculated positions are non-fiducial, and in the free frame or
satellite reference frame. These positions are then translated, rotated, and scaled into the International
GNSS Service 2008 (IGS08), the realization of the International Terrestrial Reference Frame (Altamimi et
al., 2011), using x-files from JPL (Zumberge et al., 1997), and then into a more useable, plate-based
reference frame with the Demets et al. (2000; 2007) version of the GPS-derived Caribbean plate to
examine site velocities relative to the fixed Caribbean plate.

GOA-Il was developed at JPL to solve for precise positions from GPS data collected in the field. It
consists of numerous individual programs and modules and can be tailored to suit the needs of any user.
For GOA-Il to be used, the raw data, or GPS observables, must be converted from the receiver specific
formatting to the Receiver Independent Exchange Format (RINEX) (Estey and Meertens, 1999), and

named according to GIPSY format, which then allows the data to be processed in an automated manner
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using a UNIX script that was initially authored by Charles DeMets and then later significantly modified by
Glen S. Mattioli. Turner (2003) presents a detailed description of the steps involved in the processing of
GPS data using GOA-II software to calculate precise point positions. The discussion below is taken from
Turner (2003) and reproduced here with minor modifications.

1. The program Ninja translates the rinex files into a FORTRAN binary file, removes

outliers, and detects cycle slips. The data are decimated into 300 second intervals and

data for each satellite are merged into a gm file.

2. Individual gm files are merged into a single file, the QMfile, by the program
merge_gm. A namelist is created from the QMfile called qregress.nml.

3. The gregress.nml namelist is used to derive qregress, which does the physical
modeling of the receiver measurements. In our analysis scheme, qregress uses final
precise satellite orbits, clocks, and earth orientation parameters provided by JPL
Qregress applies the physical models (receiver location time dependence, tidal effects,
polar motion and earth rotation, nutation, procession, perturcation, rotation, geocenter
offset, and coordinate scaling) to the orbits and observations and outputs a regress file,
rgfile, which contains the parameter partials and nominal values.

4. The rgfile is used by the program wash_nml to create a wash.nml file. The rgfile and
the wash.nml files are the input for the preprefilter, prefilter, and filter modules. The filter
module runs the Square Root Information Filter, which processes small batches of data
sequentially and produces the accume.nio, smooth.nio, and uinv.nio files.

5. Smapper follows the filtering process and smoothes and maps the covariance,
sensitivity, and solution of the parameter estimation.

6. Postfit computes the post-fit data residuals.

7. Postbreak searches for cycle slips missed by Ninja and modifies the QMfile if cycle
slips are detected and reruns GIPSY.

8. Edtpnt2 adds or deletes data points to or from the filtered solution to remove outliers.
After Edtpnt2 is run, smapper and postfit are rerun.

9. The stacov module produces the final solution files in text format.

2.2.1 GD2P.PL Perl Script
Information below is from a training class given by the JPL in December 2008 and is presented
with little modification.
According to JPL, gd2p Perl script (gd2p.pl - GPS data 2 Position) is a high level GIPSY interface

for processing data from a single GPS/GLONASS receiver. GOA-II version 6.1.2 uses gd2p.pl. asitis a
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more modern code, written in modern programming language known as perl, and is the preferred
processing code for single receiver data due to the ease it allows in making changes to an existing run,
(e.g. run_again),as well as offering better error detection. Gd2p can be used for Static Point Positioning,
Kinematic Point Positioning, and Precision Orbit Determination (POD), clock estimation, and troposphere
estimation. For POD gd2p is able translate data from Dual Frequency, Single Frequency, Single Antenna,

and Multiple Antennas.

2.2.2 GIPSY-OASIS Processing Version 6.1.2
This latest version of GOA-II at the time this study was used to reprocess the raw GPS data for
the HERM, MVO1, and BGGY sites. Listed below are the changes made to the program in comparison to
Version 4, as outlined from the GIPSY 6.1.2 Release Notes of January 18, 2012, (Jet Propulsion
Laboratory, California Institute of Technology) and reproduced here with little modification.
New or Updated Models

IAU80. The IAU80 model can be applied by setting PreNut = 'lAU80' in either the
$earth_orientation namelist group or in the Info line of a GIPSY Earth Orientation
Parameter (GEOP) file.

IERS2010 tidal displacement models added or verified identical to IERS2003. IERS2010
is the default displacement model. The most significant effect for a receiver on the
surface of the Earth is the effect of the IERS 2010 model for the mean pole location on
the pole tide. The change to the mean pole location model results with differences (w.r.t.
the previous model) of < 0.1 arcseconds from 1990-2015, which then causes change of <
3 mm in vertical and < 1 mm in transverse positions from the pole tide. This difference will
manifest as a cubic function before 2010 and as a linear function after 2010 and thus
changed the pole tide Love number from 0.6027 to IERS2010 value of 0.6207.

Replaced previous subroutine for ocean load tides (hardisp.f) with new version
(hardispjg.f). The new subroutine is a modification of the program hardisp.f that is
provided with the IERS2010 standards, with the following modifications:
IERS2010 program hardisp.f made a subroutine named hardispjg.f,

All real numbers changed to double precision.

MDAY subroutine removed and replaced with GIPSY’s DOYOYR subroutine.

TOYMD, JULDAY, LEAP, and ETUTC subroutines removed and replaced with GIPSY
subroutines for computing IERS2010 models of fundamental tidal arguments and
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frequencies, and for converting UTC time to ephemeris time. As such, modifications are
not needed for future leap seconds.

IERS2010 tidal potential models added were verified as identical to IERS2003. IERS2010
is the default model. Also includes adopting the IERS2010 model for the mean pole
location, which affects the solid Earth and ocean pole tide models.

All products are provided in formats native to GIPSY.

Products include information to enable single receiver ambiguity resolution with the
GIPSY-OASIS software. The table above indicates the current availability of the product
file (wlpb) that is required to enable single receiver ambiguity resolution. However, a
reanalysis of historical GPS data is underway to generate wipb files (see section 6.2).

Daily Rapid and Final products span a 30-hour window centered at noon of each day.

All orbit estimates are provided with respect to the Earth’s instantaneous center of mass.
When applying ocean load tide corrections, users are advised to use a model that is
defined with respect to the instantaneous center of mass. The option “- add_ocnld” in
gd2p.pl allows the user to specify a specific coefficient file with ocean loading
coefficients.

Ultra-Rapid, Rapid, and Final clock products all include 5-minute clock solutions. Final
products also include high-rate (hr) 30-second clock estimates. Reprocessed Final
products released in 2011 will include high-rate clock estimates for the entire product set.
Rapid products also include high-rate (hr) 30-second clock estimates starting in July
2011. The high-rate clock estimates are available about two hours after delivery of the
standard Rapid products.

All three products may be automatically fetched with gd2p.pl using the —orb_clk flag.
Orbit/clock products for the GLONASS constellation are expected to be available in 2012.

GIPSY 6.1.x should be capable of performing precise positioning with those GLONASS
products.
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Chapter 3
Previous Deformation Models

3.1 Voight et al. (1999) Model

A model by Voight et al. (1999) proposes that a stick-slip situation occurring in the upper conduit
of the SHV, could cause surface deformation of the edifice, as well as lead to aborted eruption events.
This model finds its basis in cycles that lasted from hours to days, which were proposed to have been
initiated when degassed stiff magma retarded flow in the upper conduit. It is thought that this stick-slip
situation is controlled by two processes: 1) degassing and crystallization create a viscoplastic magma
plug that inhibits conduit flow; and 2) pressurization occurring under the plug of the gasses and magma,
which eventually exceeds the tensile strength of the plug resulting in extrusion and explosive activity. The
Voight et al. (1999) model is based on the idea that the rheology of the magma changes over time, due to
degassing and expansion of the magma, leading to the cyclic pressure changes in the upper conduit, and
thus edifice deformation recorded on the tilt stations. It was estimated that the undegassed magma had a
viscosity of about 10°® Pa s, and the completely degassed dome lava had a viscosity of about 10" Pa's
with the material behaving as a non-Newtonian fluid and with yield strength. Using evidence that there
have been stable lava spines of (~100m) or greater on SHV, the assumption was made that the shear
strength of the extruded lava dome was > 1 MPa. Gas exsolution from the ascending magma and
microlite crystallization caused an increase in magma viscosity thus forming the rheologically stiffened
plug that restricted conduit and caused edifice deformation to occur (Voight et al., 1999). The idea that
the plug was being formed from heat loss due to conductive cooling was ruled out due to the short time
span of the process so while latent heat was being liberated during the degassing-promoted
crystallization, temperatures taken from pyroclastic flow show dome lavas still exceeding temps of
>700°C.

Because of the magma plug, the pressure buildup in the upper conduit caused edifice inflation,
which was then used as a pressure gage. Using tiltmeters stationed at 630 and 770m from the dome, and

using the ratio of the tilt inflations from both (avg 1.28), a model of the depth to pressurization was
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created. It is typically assumed that for a strain source embedded in a homogeneous elastic half-space
you would expect a depth of pressurization of 770m with a spherical shape. However since this is almost
certainly not the case at Montserrat, it was determined that a better model would be one of a finite line
source in an elastic half-space, such as a pressurized vertical conduit. Using this idea it was proposed
that the minimum depth to the top of the pressurizing part of the conduit, or the base of the plug, is
around 400 m from the top of the dome, and it was noted that little changed with shifts of <200 m from the
assumed vent location.

Using this information, compression tests were performed on altered Soufriere Hill’s tuff and thus
it was concluded that the pressure change in the conduit during inflation has an upper bound of 60 MPa,
which is greater by a factor of ~2 from the upper bounds derived from ballistic launch velocities testing
previously done (Voight et al., 1999) These data imply that the hybrid earthquakes that begin during
inflations start when a pressurization threshold is exceeded and stop when the pressure is released and
drops below this threshold. Calculations suggest a seismic threshold overpressure of ~ 3 to 8 MPa, which
are very similar to the tensile strength seen in intact andesite on the volcano, thus it is hypothesized that
hydrofracturing and the release of pressurized gas from the upper conduit are the cause for the
earthquake swarms (Voight et al., 1999). Eventually the overpressure increased enough to remove the
plug, usually explosively, from the conduit and thus the cycle begins all over.

The conduit pressure gradient is constrained by the dimensions of the conduit, extrusion and
intrusion flux rate, and magma viscosity. It has been determined that all play a significant role in the
eruption, and that a larger conduit alone does not lead to larger eruptions, but that viscosity plays an
important role in the amount of magma and type of eruption that occurs. The model concluded that a
minimum conduit outlet pressure of Soufriere Hills (at the time the model was created) is constrained by
the pressure exerted by the 250 m thick dome, and is around 5 MPa, and with a magma chamber depth
of ~ 5km, the magma chamber over pressure is approximately 11 to 25 MPa. These results suggest that
shallow conduit overpressures may be equal to or may even exceed magma chamber over pressures,

and thus the pressure gradient in the conduit of andesitic volcanoes is highly nonlinear.
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Correlations made between accelerated ascent rate and the cyclic behavior seen at Montserrat is
consistent with a reduced rate of degassing during ascent, with rates >1 km/day. Thus highly volatile rich
magmas have reached the surface in less than 5 days, where steady flow became unstable due to
pressure decreasing as the velocity increased, and slip occurs, as does deflation, providing a first order

stick-slip description of the cyclic behavior noted at Montserrat.
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Figure 6 Cyclic CP2 tilt time series.
Correlation of cyclic CP2 tilt time series (radial component, 067 azimuth) with triggered earthquakes,
hybrid earthquakes, LP earthquakes, VT earthquakes, and seismic amplitude RSAM for 18 to 22 May
1997. RSAM provides a simple real time quantitative measure of seismicity but does not discriminate
between event types; large spikes reflect pyroclastic flows. Triggered earthquakes are the numbers
recorded at a given station during 10-min periods with data presented as triggers per hour; they are a
measure in real-time of hybrid earthquake swarms (Voight et al., 1999).
Figure 7 shows a proposed configuring of the magmatic system beneath Soufriere Hills VVolcano,

as proposed Mattioli et al. (1998) and modified by Hautmann et al. (2010). If this geometry is taken as the

most likely for the magmatic system situated under the volcano, the stick situation described by Voight et
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al. (1999) would occur in the upper portion of the conduit. The green line in the image represents the
magmatic plug in the upper conduit, which would cause inflation and deflation of the edifice as pressures
built and dropped beneath it. Figure 8 is a simplified diagram of the proposed model using the magmatic

configuration of Figure 7.

SHVT50 m as.l

dike conduit
0-1 km depth: cylindrical conduit with
15 m radius at top

1-5 km depth: NNW-SSE trending dike,
width ca. 500 m, thickness ca. 2 m

shallow magma chamber
centered at 6 km depth, spherical
to slightly flattened, size 4 km?

conduit
connecting deep with shallow
magma reservoir

deep magma reservoir
centered at 13 km depth,
prolate geometry,

size 32 km?® (1st order approx.)

Figure 7 Proposed chamber geometry of SHV
Geometry of SHV magma chamber as proposed by Mattioli et al., (1998) and modified by Elsworth et al.,

(2008). Figure is from Hautmann et al., (2010) Small green line is proposed stiffened magmatic plug in
upper conduit.
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Figure 8 Simplified view of Voight et al. (1999) model.

A. Volcano as plug is initially formed, little to no pressure build up behind plug. B. shows the edifice
beginning to inflate and crack as the pressure builds behind the plug. Degassing and crystallization
begins. C. Pressure exceeds the tensile strength of the plug, magma and gasses are extruded as slip
occurs in the conduit. This continues until magma degasses and crystallizes until the viscosity increases
to the point that a new plug is formed and the cycle begins all over again.
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3.2 Denlinger and Hoblitt (1999) Model

Denlinger and Hoblitt (1999) also developed a model to explain observed deformation cycles that
were hours to days long. Their model is based on experiments on extrusion of industrial polymer melts,
which are known to show periodic oscillations when extruded at high pressures through a small conduit.
The foundation for this model was developed after eruptions at SHV and Mount Pinatubo, where it was
seen that the two volcanic edifices inflated and deflated during short term eruption cycles. Based on
polymer melt experiments, Denlinger and Hoblitt (1999) made the assumption that silicic magmas behave
according to a Newtonian rheology, and thus the rheology stays constant, which is also supported by
experimental data showing that silicic magma is Newtonian at eruption temperatures (Hess and Dingwell,
1996). This difference in rheological behavior of the magma in the upper conduit is a major distinction
between this model and the Voight et al. (1999) model.

Denlinger and Hoblitt (1999) infer that as magma rises, shear stress exerted against the conduit
wall reaches a threshold or detachment point, where the wall-strength is overcome and magma slip
occurs. The onset of slip only slightly affects the magnitude of the shear stress along the wall, but it
greatly increases the shear rate. Because the magma behaves as a Newtonian fluid, when the wall slip
event occurs, the fluid has an abnormally high flow rate for the same pressure drop in the conduit. If flow
rate through the conduit exceeds magma supply, then the pressure in the conduit, or flow resistance
abruptly drops, thus the flow rate jumps even higher and the compressed magma expands. Thus the
output flux decreases until slip ceases when magma reattaches to the conduit wall and the cycle begins

all over again (see figure 9).
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Figure 9 Conduit Model

A: Conduit model. Along branch | in B, melt adheres to conduit wall. Along branch Il in B, melt slips along
near-surface portion of conduit (hundreds of meters) while adhering to remainder of conduit. B:
Hysteresis in flow resistance that drives oscillatory flow. Nonoscillatory flow occurs for supply rates Qs
<Q1 (2 m3/s) or greater than Q2 (10m3/s). For supply rates between Q1 and Q2, oscillatory flow occurs
as pressure (P) and flow rate follow path shown by arrows. Pressure increases along branch | with melt
adhering to wall everywhere. At Q1, P1 melt slips along conduit wall above detachment point and flux
jumps from branch | to branch Il as wall slip enhances flow rate. Along branch Il, melt production exceeds
supply and pressure decreases. Eventually melt readheres to conduit wall at Q2 and P2, flux switches to
branch I, and cycle begins again. Such behavior is observed in high-pressure extrusion of polymer melts
Denlinger and Hoblitt (1999).
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Denlinger and Hoblitt (1999) applied the polymer model, and concluded that a change in flux
through the conduit changed the shape and period of the waveform of the efflux and pressure oscillations;
rapid flux (10.5 m3/s) resulted in a sharp peak with a long release time, while slow flux (2.5 m3/s) resulted
in a low sloping rise and quick drop. Thus it was noted that the key elements for the oscillations to occur
are: 1) that the magma is fed into the conduit at a constant rate and that the magma is compressible, and
2) that the magma is Newtonian and will slip on the conduit wall when supply rate exceeds the threshold
shear stress (Figure 9). Because the magma is a Newtonian fluid, compressibility is required for the
oscillations to occur, as energy can be stored and released as the magma alternately sticks and slips
along the conduit wall (Denlinger and Hoblitt, 1999). Figure 10 shows the waveforms created by an

increase in flux rate from low flux rate to high flux rates.
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PARAMETERS
Density (p): 2300 kgim3
Bulk modulus of melt {K; ) 0.3 Gpa

Conduit radius (R): 12 m

Conduit length for volume (V): 5 km

. . i Viscosity (n): 108 Pa-s
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Hours Length of slip {L): 500 m

Figure 10 Flux Rates and resulting cycle shapes.

Modified from (Denlinger and Hoblitt, (1999). Changes in pressure cycle shape that result from varying
supply rate for hysteresis loop. Supply rates (<2 m3/s) and (> 10 m3/s) do not produce oscillations. Solid
waveform line represents the surface deformation and is produced by the changes in pressure that occur
in the upper conduit during the stick-slip cycle. Waveform asymmetry results from supply rate closer to
one end of hysteresis loop than the other. This provides paradigm to interpret oscillatory behavior of
erupting volcanoes. Dashed lines show change in flux rate that occurs during the inflations and deflations
caused by the stick-slip in the conduit.
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3.3 Mattioli et al. (1998) Dike Emplacement Model

An alternative model that could explain the short term deformation seen SHV could be due to the
opening of a dike below the conduit of SHV. Feeder dikes bring magma to the surface, while non-feeder
dikes become arrested and never reach the surface (Geshi et al., 2010). The presence of a shallow dike
beneath SHV was first proposed by Mattioli et al. (1998), to explain non-axially symmetric, horizontal
displacements and decreasing subsidence observed at SHV from October 1995 to July of 1996. It was
proposed that a shallow vertical dike (<3 km), which expanded >1 meter, was coupled with a deflating
Mogi source located at about 6 km depth to best explain the observed GPS derived velocities. This model
is based on GPS data from 1995 to 1997.

This model was derived from the inversion of recorded ground deformation data and resulted in a
proposed dike —conduit system that is trending NW-SE to NNW- SSE (Mattioli et al. 1998). This geometry
was supported by later studies including Hautmann et al. (2010) and Linde et al. (2010). As there was no
effusive activity seen before November 1995, this dike would be considered to be a non-feeder dike
initially that transitioned to a feeder dike. It has been noted that during periods of volcanic unrest, when a
dike may have been injected into the upper edifice from a magma chamber, an eruption does not always
occur (Geshi et al., 2010). | propose that a dike emplacement model could explain the short term
deformations recorded at HERM and show that as this volcano was becoming active, a non-feeder dike
opening in the region below the vent could be an alternative and more likely scenario for the surface
deformation events recorded at HERM. The HERM GPS site sits nearest to the vent of SHV, and as such,
this site does not conform to the cyclic deformation recorded at sites further from the vent, thus it has

always been excluded from other models.
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Chapter 4

Results

Deformation recorded in the continuous sites HERM and MVO1 are shown in the time series in
Appendix A for the GOA-II (ver. 6.1.2) reprocessing. Each time series has three panels, showing the
latitudinal, longitudinal, and vertical components of 3-D positions and least squares linear best fits to
velocities relative to the fixed or stable Caribbean plate. To derive the site rate with respect to the
Caribbean plate, the observed best site rate in IGS08 is subtracted from the site rate predicted by the
Caribbean plate model in IGS08. These time series represents GPS data collected over the period [1995-
2010] at Soufriere Hills Volcano (SHV), Montserrat, West Indies, arguably the most extensive surface
deformation dataset from any actively erupting, andesitic, composite stratovolcano (Mattioli et al., 2010).
For comparison, time series data from the BGGY site from Antigua are included and these show little, if
any, surface deformation relative to a fixed Caribbean. The improved time series can be seen clearly in
the BGGY time series, after a new antenna was installed in 2008. Overall the GOA-II (ver. 4.0) time series
(Figure 11), the data shows less variance in the plot when compared to when the data was rerun in
GIPSY ver. 6.1.2 (Figure 12). This is caused by the fact that the linear model used is no longer adequate
to model these sites. Due to the amount of surface deformation recorded at these sites, using the linear
model will cause higher noise errors, however the reprocessing does show the “structure” of the surface
deformation much clearer with GOA-II (ver. 6.1.2). The higher precision of the daily position estimates are
due to better processing procedures, improved corrections for ocean loading, antenna models, and
recomputed orbit. This has in part led to a higher "apparent" variance relative to a simple linear velocity

model, (per G.S. Mattioli).
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Figure 11 Time series for continuous site BGGY site processed using GIPSY (ver. 4.0).
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4.1 A Damping Effect

After reprocessing the data, along with adding the additional years of data to the time series, it
was noted that SHV appears to be undergoing a cyclic damping effect. The duration of the volcanic
period, or length of time the edifice is undergoing inflation and deflation, is decreasing with each
successive cycle. By projecting the data back in time (Figure 13) to the period before the GPS site at
MVO1 was installed, it can be seen that the length of time for inflation and deflation has decreased over

the last two cycles. This projection of the data recorded at MVO1 goes back to the beginning of activity

recorded at SHV, late 1995. Figure 13 shows that initially V7719t = yde/late yith v being the rate or
length of time the SHV is undergoing inflation and/or deflation of the edifice, but with time the deflation
rate is seen to dramatically decrease and becomes much shorter in duration than the inflation rate for the
respective cycle. Volcanic eruptions are episodic despite being supplied by melt at a nearly constant rate
and for three cycles of effusion followed by discrete pauses, supply of the [SHV] system from the deep
crust and mantle was continuous (Elsworth et al. 2008). The long term deformation seen at SVH can be
related back to the Denlinger and Hoblitt (1999) model that shows flux rate of magma in a system could
lead to cyclic oscillations. While the Denlinger and Hoblitt (1999) model is used to describe short term
oscillations ranging from hours to days in length, taking the model and applying to long term deformations
that appear to follow the same cyclic oscillations is not such a long stretch, with the idea that the
magmatic system is maintaining an average flux rate that falls into the parameters of the short term cycle

model.
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Figure 13 MVO1 period and amplitude of long term deformation.

The black line is the projected inflation for the first period, projected out prior to MVO1 placement. Green
in the latitude graph shows the period from beginning of inflation to end of deflation. The purple bars are
the amplitudes of each period.

In Figure 13, it is noted that in the first long term deformation cycle the inflations period and
deflation period are roughly symmetric, as the data shows that it took SHV roughly the same time to
inflate as it did to deflate. This observation is of course only an approximation as the data had to be

projected back in time to before the monitoring began. In the Denlinger and Hoblitt (1999) model

symmetric oscillations could be observed when the flux rate is at an intermediate input of approximately 6
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m?®/s. If the flux rate of the magma from the mantle into the lower magma chamber and then into and
through the second smaller chamber and onto the surface had an average flux rate of ~ 6 m?s, it is highly
plausible that the resulting data recording nearly symmetric deformation over the course of ~7.5 years,
could in fact be due to the system maintain a steady flux rate. The second cycle of data recorded at SHV
shows a change in the oscillation, with the deflation period occurring at a faster rate than the inflation. In
this cycle, when compared to the Denlinger and Hoblitt (1999) model (figure 10) this cycle would fall in
between the slow and intermediate flux, as the oscillation recorded does not look like either the 6 m*/s or
the 2.5 m*/s cycle shapes, so perhaps it could be for a flux rate of around 4m’s, though this of course is
only speculation. The third data cycle at SVH resembles the cycle shape of the Denlinger and Hobilitt
(1999) model for a flux rate of (2.5 m*/s), as in this cycle the deflation period was much more rapid than
that of the inflation. The implications of this relate back to the Denlinger and Hoblitt (1999) experiment,
and show that the flux rate of magma into the chamber is decreasing from a rate of approximately 6 m%/s
in the first inflation-deflation cycle to around 2.5 m®/s in the third cycle (Figure 14). This slowing of flux

rate is consistent with a volcano that is undergoing a damping cycle.
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Figure 14 Apparent Flux Rate vs. Time
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Apparent flux rate change over time from beginning of first deflation period in the first cycle in 2001 to the
start of the deflation period in the third cycle in 2009.

When comparing the conclusions of this study based off of the Denlinger and Hoblitt (1999)
model for flux rate to the Elsworth et al. (2008) model, they are similar in the fact that both seem to agree
that the flux rate during the deflation or repose periods is slower during the second eruption cycle than
during the first cycle. However, in the Elsworth et al. (2008) model, the flux rate jumps to an even higher
rate during the third cycle than that of the rate for the first cycle which does not agree with the Denlinger
and Hoblitt (1999) model. The Elsworth et al. (2008) model has the first efflux cycle having an average
rate of 4 m*/s and the second cycle having an average rate of 2.5 m®/s. The third cycle however, is shown
to have an average rate of 6 m%/s (Figure 15). This jump in rate does not agree with Denlinger and Hoblitt
(1999) due to the fact that the long term surface deformation during the third cycle shows a much faster
deflation period in respect to the inflation period, where as the if the rate were 6 m®/s then it should show

more symmetric deformation. There could be another factor such as stiffening of the upper chamber that

caused the non-symmetric deformation, but further study would need to be done to confirm or deny this

idea.
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Figure 15 Elsworth et al. (2008) flux rates

Average interchamber, basement supply, and chamber inflation rates recovered from co-inversion of
surface efflux and geodetic data for dual-chamber geometry. Flux rates are in cubic meters per second of
dense rock equivalent (DRE), with surface efflux measured and all others calculated. Error bars denote
the spread obtained from using data from the longest-aperture station (MVO1) together with data from
stations SOUF, HARR, and WYTD. Chamber volume change rates (red, lower chamber; dark blue, upper
chamber) are positive for deflation. Surface (surf, dark blue), interchamber (inter, red/blue), and basement
(base, light blue) fluxes are each positive for upward flow. Shal is shallow. Interchamber flux is equivalent
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to the sum of lower chamber deflation and basement supply (which passes through the lower chamber).
Surface efflux is the sum of upper chamber deflation and interchamber transfer (pass-through).

What could be causing the flux rate to drop? Is the mantle melt in this region being depleted, or
could the volcano be stiffening as the magma in the chambers cool, and thus the flux rate cannot be
maintained as the chambers no longer have the same capacity? More modeling would and should be
done to try and determine the likely cause for the dampening occurring at SHV.

Table 2 shows the total period length, amplitudes, and individual inflation and deflation lengths
for the MVO1 sight for each long term period of deformation recorded in north, east, and the vertical. The
first cycle recorded has a total period length of ~7.50 years, including the time span of the projected
period, with a deflation period of ~3.48 years, or ~ 46.4% which is close to half the cycle time, thus this
period is nearly symmetric (Figure 13). The second cycle has a total period of ~3.72 years, with the
deflation period lasting ~ 1.42 years, which is a little more than ~ 38% of the time length of the cycle. The
total period length for the third cycle is ~ 2.84 years, with the deflation period lasting only ~.32 year, or
~11.27% of the time length of the cycle. The data also show that not only is the volcano deflating at a
much faster rate with each cycle, and that it is also failing to deflate to the same position it obtained in the
previous deflations. The amplitude of each cycle is also damping. The volcano is inflating nearly the same
amount with each cycle, with the loss in inflation significantly less dramatic than that of the deflation. SHV
shows a loss in amplitude between the first cycle deflation to the third cycle deflation that is close to half
in the north, east and vertical directions (Figure 13). This again causes us to ask the question of why? Is
this related to a decrease in flux rate? Is there less magma being injected in to the system due the
magmatic system cooling? Has the magma in the crustal storage zones cooled to the point that more
solid rock is now under the volcano and thus the entire system is stiffening so that the edifice can no
longer respond elastically and return to its former position? More study of this system is definitely called

for to fully answer these questions.
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Table 2 Period and amplitudes for the three cycles.

Long Term deformation cycles: period and amplitude of Soufriere Hills Volcano, MVO1 Site

First Deformation Cycle

Period | Amplitude
(yrs)

~7.529° | N 70 mm

~7.529° | E 55mm

~7.529° | V 120 mm

Second Deformation Cycle

Amplitude

Period | Amplitude Period
(yrs) (yrs)
3.7210 [ N 55 mm 2.841
3.7210 [ E 40 mm 2.841
3.7210 | V 100 mm 2.841

N 40 mm
E 25 mm

V 80 mm

a) This length includes the projected time for inflation prior to the site at MVO1 being

placed.

b) This length includes the projected time for inflation prior to the site at MVO1 being

placed.

Long-term surface deformation period and amplitudes for the cycles recorded at MVO1 site on SHV.



4.2 Secondary Short Term Deformation Signal

When comparing the older MVO1 time series from SHV using GOA-II (ver. 4.0) versus the new
time series from GOA-II (ver. 6.1.2), the daily position solutions show only a slightly lower variance,
however there was a greater definition of the “structure” of the entire plot that allowed for a higher
frequency short term deformation signal that is superimposed on the longer term deformation of the
volcanoes to be clearly noted. In Figure 16, the short term signal seen in the first cycle of MVO1 is shown,
the inflation on the left and deflation on the right, with periods and amplitudes marked. The high frequency
signal is shown to have an average period of 4.83 months and average amplitude of 52.3 mm change in
deformation in the vertical for the inflation period of the first long term deformation cycle. There is an 11.5
month average period and 66.5 mm amplitude for the deflation period during the first long term
deformation cycle. The average period and amplitude in the vertical for the inflation during the second
long term deformation period are 5.88 months and 43.0 mm, respectively, and for the deflation there is an
average change of 44.0 mm. The data are too scattered in the vertical component to constrain the high
frequency signal period. In the inflation period of the third long term deformation cycle, the high frequency
signal has an average period of 6.00 months and an average amplitude of 36.5 mm, whereas the
deflation has an average period of 4.50 months and an average amplitude of 36.0 mm. All computed
periods and amplitudes, as well as the averages for the three long term cycles in the latitudinal,

longitudinal, and in the vertical can be seen in Table 3.
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Figure 16 Short term signal periods and amplitudes

MVO1 - first long term deformation period showing short term signal amplitudes in purple and periods in green for the North, East,
and Vertical components of both the inflation (left) and deflation periods (right).



Table 3 Short Term deformation period and amplitudes

High Frequency Signal, Short Term Deformation: Pericds and Amplitudes
First Cycle Second Cycle
Cycle Date | Direction | Period (mth) | Amplitude (mm)] AwG (P]4) | Cycle Date | Direction] Period (mith) | Amplitude (mm)] AvG (P|&) | Cycle Date | Direction] Period (mth) | Amplitude {(mm) | AvG (P|4)
Jang8-Novea] N 14.0) 16.5]  15.0]16.5) Juld3-NowvD5| M 9.50 10.00| Aprd7-Oct03 M 70 10.0
E 7.5 44.0 N 7.00 10.00] 8.50[12.67 N 7.0 10.0) B.63|10.75]
E 6.5 440 7.0[44.0) N 9.00 9.00 N 75 12.0)
E 2.00 25.00| N 5.0 11.0
W 3.5 50.0 E 6.00 25.00] 6.38)25.25 E 5.5 23.0
W 5.0 4500 4.83)52.33 E 4.50 16.00| E 6.0 22.0
v 6.0 62.0 E 7.00 35.00] E 5.5 23.0 5.8120.4)
W 5.50 2200, E 6.0 18.0
M 225 2200 17.520.5 3 5.50 45001 5.8E43.00 E 6.0 16.0)
M 13.0] 19.0) W 7.00 40.00] W 7.5 440
W 5.50 &3.00, W 5.0 41.0
E 10.5) 400 M 7.50 2200, 75|22.0 W 30 31.0 4.536.00
E 6.5 320 E £.00 37.00| E.0]32.0 1 5.0 35.0
E 8.0 27.0 7.3132.4 E 6.00 27.00, W 40 7.0
E 4.5 36.0 W Scattered 4400, 44.00, W 25 25.0
N E 7.0 270 M 1.8 80
(O8] E 5.0 220 E 2.0 15.0) 2.0015.04
3 1.3 28.0
W 13.5) 68.00 11.5)66.5 W 0.7 25.0 .99|28.DB|
W 9.5 &5.0

" PlA s the average perod | awerage ampiltude for each component

“*Diates are grouped by It ar no surfacs fux (pink) and dome growth (aiug)

The high frequency, short term deformation signal super imposed on the long term cycles seen at MVO1 site.




The stick slip situation modeled by Voight et al. (1999) was used to explain short term
deformation that occurred in the upper edifice of the volcano (~<1 km of depth) and lasted from several
hours to a little longer than a day. However, when you look at the data from MVO1 and pull out individual
epochs of the time series, where the short term signal can be clearly seen, and then correlate this signal
with the observed surface volcanic activity recorded by the MVO on Montserrat, we may infer that the
same stick-slip situation due to a magmatic plug in the conduit could be controlling this longer duration
cyclic deformation. Examining Figure 17, which is the inflation period of the first cycle of MVO1 site on
the left, and the deformation period from the first cycle on the right, you can see the short term
deformation signal clearly. When comparing this time series to the record of events from the MVO a clear
pattern emerges. During periods of little to no dome growth the cycle shows inflation, and during times of
dome growth, venting and/or ash emissions, and frequent pyroclastic flows the cycle shows deflation.
These events are occuring during the over all long term deformations. So while the entire island of
Montserrat is undergoing a long term inflation period there are actually shorter periods, recorded in the
short term signal, of deflations that are occuring.

According to Foroozan et al. (2010) from 1995-2009, the SHV system has erupted ~ 1 km® of
mainly andesitic material but the presence of small amounts of basalt mixed in with the erupted andesite
implies that there is a deeper supply of hot mafic magma (Elsworth et al., 2008). According to Elsworth et
al. (2008), during periods of reinitiated high surface efflux, magma rose quickly and synchronously from a
deflating mid-crustal reservoir (at about 12 km) augmented from depth and during repose, the lower
reservoir refilled from the deep supply, with only minor discharge transiting to the upper chamber to the
surface. Elsworth et al. (2008) used a combination of GPS data with known SHV efflux data and assumed
a magmatic system with two Mogi sources, one fixed at 6 and one fixed at 12 km similar to Figure 7 of
this study. The additional constraint added from including lava efflux allowed for estimation of fluxes at the
base of the crustal magma system, and estimation of the volume changes and fluxes of the two crustal
chambers. Elsworth et al. (2008) concluded that the deeper chamber dominated the overall geodetic
signal, and that there is a valve mechanism situated between the lower and upper chambers that
controlled the magma movement between them. This is a similar idea to the Voight et al. (1999) model,

just occurring much deeper in the system. The valve closes off the lower magma chamber and as it
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continues to fill with magma from the mantle pressures will build beneath the valve. While the valve
between the lower and upper chamber is closed, only the magma that is currently in the upper chamber
can be extruded. Based off of the small deformational signal from the upper reservoir Elsworth et al.
(2008) inferred that either pressure changes are small and the upper system is largely open, or the upper
reservoir is smaller and more geometrically rigid than the lower chamber. Using this geometry, if no
magma is being moved from the lower chamber into the upper, this could account for the small extrusions
that are occurring during the longer inflation cycles. The larger chamber is inflating, yet none of the
magma being stored there can move up the system, so the pressure builds from below, forcing the small
chamber to undergo small extrusion and thus deflate. Eventually, the pressure from below will reach a
point where the valve can no longer hold, and the magma will be forced up into the upper chamber, and
perhaps at that point also be extruded on the surface. However, Mattioli et al. (2010), after comparing
numerous models trying to define the SHV magmatic plumbing system, concluded that defining the mogi
sources beneath the SHV based on GPS data alone cannot be done. Complex geometries that include
deep, multiple Mogi sources (or by extension of our analysis, other types of deformation sources, for
example dikes or sills), are not justified statistically over simpler models. Any number of plausible
geometries fit the data equally well when only GPS data are used to condition the model (Mattioli et al.
2010). So in the case of SHV it is highly plausible that there are several different situations occurring in
the plumbing system that cause the deformation signals recorded at the GPS sites.

Since the long term signal and the short term signal noted in the MVO1 time series seem to be
showing very similar patterns, just on different time scales, it can be infered that they may in fact be
controlled by the same type of situations. If the long term signal is being controlled by the influx of magma
into the lower, much larger magma chamber and how often it is moved into the upper and extruded onto
the surface, then it is not much of a stretch to infer that the short term signal could be controlled by a
similar situation (i.e. the Voight et al. (1999) model) occuring in the upper conduit. But if the short term
signal is controlled by the stick-slip situation created by a stiffened magmatic plug, why are there even
smaller episodes of inflation and deflation occuring during the short term deformations? This could be due
to degredation of the plug, but only enough to allow sepage of magma around the edges or through

cracks, thus a short period of dome growth occurs during an overall period of inflation. It stops when the
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magma degasses and crystallizes to a point to patch the defect in the plug. If this were happening at the
same time that the lower chamber were valved off from the upper chamber as Elsworth et al. (2008)
suggests occurs, this would account for very short lived events. The small pressure build up from below
would dissipate quidkly with extrusion and degassing allowing for the magmatic plug to solidify again.
This process would work in reverse for long term deflation periods, when short term inflations occur due
to cesation of dome growth, due to flux rate slowing because the upper chamber is onve again valved off
from the lower as it is replinished from the mantle. This decrease in flux could allow for a thin, weak plug
to be formed. Such decrease in flux rate can be seen recorded in Figure 17, in section 6, that began in
May 2002. The inflation continues through December of 27, 2002 even though flux rate increases a small
amount during this time from ~ 0.1 m>s by the end of July to ~ 0.86 m’s by September 2002 (MVO). Flux
rate jumps higher and several large lobes and a large spine are extruded from the very end of December
2002 through July of 2003. This deflation period ends abrubtly in mid July of 2003 with a major dome
collapse, and several Vulcanin eruptions with the losing approximately 120 million m%in pyroclastic flows,
the largest volume event of the current eruption (MVO). The short term signal can be correlated with MVO

observations through the entire current eruption.
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Figure 17 Short term, Voight et al. (1999) stick-slip correlation

MVO1 site inflation and deflation periods, respectively, of the first cycle. Blue lines demarcate record of
dome building and repose from visual observations made of volcanic edifice that are correlated to MVO
records. Link below is chronological history of SHV eruption from start to present day.
http://www.mvo.ms/about-volcanoes/soufriere-hills-volcano/chronology-of-current-eruption

. Dome growth noted on SHV

. Dome growth ceases and begins to degrade. Small collapses and pyroclastic flows occur

. Major venting and ash emissions occurring with pyroclastic flows, increase in seismic activity

. Activity decreases, dome continues to degrade, no new growth

. Begin new dome growth, intermittent collapses and pyroclastic flows

. Decline in activity, magmatic flux rate estimated at ~ 0.1m%s

. Dome growth rate increases, several major collapses occur from end of September- December
. Dome growth resumes with several new lobes developing.
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4.3 A “Hitch” in the Cycle

While quantifying the period and amplitude of this higher frequency signal of the individual epoch
time series of the MVO1 site, an interesting signal was discovered. During each of the inflation, or repose
periods of SHV, there appears to be a “hitch”, or hiccup in the inflation that occurs during the last third to
quarter of the cycle, where the volcanic edifice undergoes a small deflation period before resuming the
inflation (Figure 18). This small deflation “hitch” also appears to be increasing in amplitude, with SHV
undergoing a greater deflation before resuming inflation, as each cycle occurs. This was previously
undetected in the data as the variance in the position estimates were too high to clearly see this trend and
the extended time series has made this discovery even more pronounced. In the individual time series for
MVO1 during the repose period, Figure 19, the vertical change in the first cycle, January 1998 —
November 1999, is ~ 40 mm. In Figure 20, the vertical change of the second cycle, July 2003 —
November 2005, is ~ 45mm, while in Figure 21, the vertical change in the third cycle, April 2007 —
October 2009, is ~ 50 mm. Table 4 shows an estimation of the deformation changes (in mm), which

occurred during the deflation “hitch” in for each period in the north, east, and vertical.
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Figure 18 MVO1 "hitch"

MVO1 extended time series showing the “hitch” period denoted by the blue lines.
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Table 4 Deflation “hitch” approximations.

Aproximation of Deformation occuring during deflation "Hitch” period during repose cycles

First Cycle Second Cycle
Epoch Dates | Deflation (mm) | Time to Peak®*] Epoch Dates | Deflation (mm) | Time to Peak®
N 10.0] ~ 9.5 months N17.0] ~8.0 months

E22.0

E 36.0

* Time to Peak is the an approximation of the start time of the hitch occurrance with respect to the peak of inflation during the cycle

Approximated deformation in millimeters and approximation of start time to peak of inflation
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Epoch Dates

Deflation (mm) ] Time to Peak®

N 17.0] ~11.5 months

E17.0




Latitude {mm)

Longitude {(mm)

Vertical (mm)

MVO1- Inflation period during first long term cycle. Blue line represents the “hitch” deflation period, but
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Figure 19 First hitch episode.

does not represent the quantification of the deflation.
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MVO1 Residual Coordinate changes - igs08
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Figure 20 Second hitch period.

MVO1- Inflation period during the second cycle. Blue line represents “hitch” deflation period, does not
represent the quantification of the deflation.
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Figure 21 Third hitch period.
MVO1 - Inflation period during third cycle. Blue line represents the “hitch” deflation period, does not

represent the quantification of the deflation. Green stars are an estimation of an average position for the
beginning and end of the “hitch” period
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This “hitch” in the overall inflation period could be related back to the model proposed by Voight
et al. (1999) as well, and could be due to failure of the magmatic plug. As previously noted when
correlating the short term cycle to surface volcanic observations recorded by the MVO it was noted during
the time period that is the “hitch” the volcano is indeed undergoing a release of pressure. In all three of
the inflation “hitch” periods there is an increase in seismic activity as well as an increase in ash emissions
and phreatic explosions occurring. In both the first and second cycles the SHV is noted to have new gas
vents opening in the craters as well as increased ash emissions. The last cycle, which has the largest
deflation to date, it is noted that there are several large phreatic explosions that occur during December of
2008 as well as a new large dome being formed. All such activity ceased on January 4™ of 2009, when
the deflation ceases and inflation resumes. It is reasonable to assume that these episodes of the volcano
releasing pressure could indeed be due to a partial magmatic plug failure occurring when the pressure in
the upper conduit reached a point too great for the plug to withstand. As for the duration and amplitude
change of the “hitch” period increasing with each successive cycle, this could be due to degradation of
the magmatic system as a whole. With each cycle, the edifice of the volcano becomes more highly
fractured due to weakening from earthquakes and fracturing from degassing and thus it takes less
pressure build up to cause the slip situation to occur again and the plug to be removed from the conduit. It
could also in part be due to the cooling of the system as a whole and the influx rate of magma from the
lower chamber into the upper chamber being less, thus the system takes a longer time to reestablish
inflation. Lower flux rate of hot magma and greater ability to degas and for the magma to expand would
cause the magma to stiffen more quickly once the inflation resumes and thus the pressure to build more
quickly and the plug fails much quicker after the inflation resumed. This would explain why the volcanic
edifice is failing to show the same amount of overall “inflation” deformation for each successive cycle.

This overall cooling would also explain why the deflation period of each cycle is also occurring at
a significantly faster rate with each progressive cycle. As the magma around the edges of the upper
chamber and the conduit to the surface cools and solidifies, the volume of the chamber is reduced. If the
flux rate of magma from the lower chamber into the upper chamber is also decreasing with each cycle
then the upper chamber will deplete more quickly and then would it take a longer to refill in comparison to

the time it takes for it to empty and the edifice to deflate.
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In the Elsworth et al. (2008) model, they proposed that the third cycle showed the highest flux
rate of the three cycles to date. If this model is correct and the flux rate did in fact jump to a higher rate,
perhaps the lack of symmetric deformation, that according to Denlinger and Hoblitt (1999) you should see
with an average flux rate of 6 m*/s, and the fact that the edifice failed to return to even close to the same
pre — inflation position could be that this was not the “true” repose period. This deflation could have just
been a longer sustained, second “hitch” period, as the edifice deflated to ~ -18mm, only a 10 mm greater
deflation, in the vertical component, than that of the first “hitch in the cycle (Figure 18). In the second
deflation period SHV returned to nearly the same pre-inflation position. In the first cycle it is unknown if
the edifice also acted as elastically as it did in the second cycle, but can be inferred that it did when you
look at Figure 15, and projected line for inflation. This second “hitch” occurring in the third cycle could be
due to a further degradation and failure of the magmatic plug that took the system longer to recover from,
since the flux rate was much higher than that in the second cycle. Or this could be due to the proposed
valve between the upper and lower chambers being open at the time and thus there was a much larger
volume of magma brought to the surface allowing for a much greater deflation. During this time the MVO
has record of an increase of large VT/hybrid earthquakes, and increase in dome building and pyroclastic
flows occurring from late October of 2009 through early January of 2010. From January 8, 2010-
February 11, 2010 there were several large earthquake swarms accompanied by large vulcanian
eruptions, pyroclastic flows and dome collapses. Since we do not have access to any of the data the
periods of time after the end of December 2010 this theory is hard to prove, however based off of record
from the MVO public record, it does appear that SHV has continued to undergo inflation up through the
end of the record to date of March 23, 2012. Thus the inflation that begins again in mid February of 2010
could indeed just be a continuation of the third cycle inflation and a complete deflation of the system has

not in fact, occurred.
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4.4 New Site Velocities
Reprocessing the raw data also produced new site velocities with respect to a fixed Caribbean
plate. Table 5 shows these site velocities and errors calculated using GOA-II (ver.4) and for comparison
the new site velocities for HERM and MVO1 that were generated using GOA-II (ver. 6.1.2). Included are
the extended time series velocities and errors as well. Table 5 shows that the velocities have changed a
small amount with the reprocessing, but not significantly enough to make any real difference with respect

to the Caribbean plate as compared to the analysis in 2010.
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Table 5 - Site velocities for ITRF05 and IGS08 processing.

Calculated GPS site velocities for HERM and MVO1 for 1995-2010 - adapted from Matticli et al., 2010,

ITRF2005 data is orginal data from Mattioli et al., 2010.

Site 1p|Time Span| Mumber ITRF2005 (mm/yr] - Mo Common Mode Correction” CAR rate® {mm/yr) CAR Fixed Velocity” { mm,/yr) Epoch®
Years |Sta.Daysd Wn |Error| WN | FN | Ve |Error] WN [ FN | Wv |Ermror| WN [ FN |[RWHN| Vn Ve ¥n |Error] Ve |Emor Error|
HERM 0.5028 61 £2.1| 11.9 29| 68| -3.6] 17.0 8.5] 9.7]-75.5] 28.3] 16.8] 154] 1.0 14.95 11,62 | 47.14[/11.90]-15.22] 17.00f -75.50| 28.3
HERM 1.7370 433 S04 48 3.8 10.8] 75.8] 4.6 8.8)10.7] 3.0 3.0] 1es| 114f 1.0 145 11,63 | 75.44[ 4.80| 6417] 480 2.00] 5.0[01ANSE-30NOVSS
MVO1 1.7753 609 26.0] 1.7 3.0/ 3.8 6&d] 2.7 B4l 6.2] 7.4 44| 14,3 10.5) 1.0 14.55 11,60 | 11.05] 1.70| -5.50] 2.70 7400 4.4 |011ANSE-IONOVSS
HERM 34658 952 69.7| 28| 42 13.5] 564 3.5 74]16.6]| -36.3 37| 14.1| 174) 1.0 ]| 14.5% 11.63 | 54.74| 2.80 44.77| 3.50| -56.30| 3.7
MVD1 3.6110 1240 -4.3 1.2 37 58| 17.0] 1.2 69| 5.3]-33.3 2.5] 13.0] 13.2[ 1.0 1455 11,60 |-15.25] 1.20] 540] 1.20[ -23.30] 2.5
HERM 2.23041 EE4 21.5| 4.4 2.7 14.0] 259| 4.4 7.2]112.8] 20.7 3.2] 12.9] 10.2] 1.0 ] 149 11.62 6.34| 4.40) 1427 440 20.70] 2.2[130003-01N0VOS|
MVO1 2.2932 7235 29.3 1.2 3.0/ 33| 43 2.0 67| 6.0] 23.4 24) 11,2 74) 1.0] 14.55 11,60 | 14.35] 1.20( -7.30] 2.00f 22.40| 2.4[3300003-00NOWVOS
HERM 0.8658 230 16.0f 3.0/ 40 3.0[ -1.5] 62 B.1]| 6.8]|-81.6 69 141 65| 1.0] 145 11,63 1.04 3.00]-13.23] 6.20]| -B1.60| &9
MVO1 13945 237 -27.1 1.7 30| 27| 253| 2.5 8.5] 3.5]-60.2 42] 124 7.4) 1.0] 14.55 11,60 [-42,05] 1.70{ 13.70] 2.50| -60.20| 4.2
MVO1 1.5021 230 29.1 1.2 31| 20| 51| 2.5 9.2] 4.3] 20.3 3.5] 11.0] &.2[ 1.0 14585 11,60 | 14,15 1.30| -6.50| 2.50) 20.20) 3.5[01APROV-010CTDE
Site 1p|Time Span| Mumber 1G508 (mm/yr] - Mo Common Mede Correction® AR rate® (mm/yr CAR Fixed Velocity® {mm,/yr) Epoch?
Years |Sta.-Days W¥Wn | Error| WH FN Ve | Ermor] WHN FN Wv | Ermor| WHN FN_[RWHN Vi Ve Vin Error| Ve Error Error]
HERM | 0.5028 &1 542] 125 79| e8| 64| 20.4] 163 9.7] 11| 35.1] 30.6] 15.4] 1.0 | 14.96 | 11.63 | 35.24|12.50] -5.23[2040] 1.10 35.1_
HERM 1.7370 433 87.2] 49 42| 11,7 724| 62| 109])146] 0.7 5.2] 14.8( 12.0| 1.0 ]| 14.5% 11,63 | 72.24] 450 60.77] 6.20 0.70] 5.2 |010ANSE-JONOVSS
MVD1 1.7753 6049 22.6 1.7 34| 3.5 3.0 2.8 76| 67| 7.8 31] 136] 7.2 1.0] 1455 11.60 765 1.70] -8.60] 2.80 7.80| 3.1 |DIIANSE-30NOVSS
HERM 34658 952 68.3 3.7 34 18.1] 56.8] 4.4 7.4122.1]-54.6 46| 12.7] 22.8[ 1.0 ]| 1455 11,63 | 53.34] 3.70] 4517] £.40( -54.60] 46
MVO1 26110 1240 —a6 1.4 3.0/ 5.0/ 164 1.6 67| 7.3]-30.2 25 12.4| 12.2) 1.0 14.55 11,60 [-20.55] 1.10{ 4.80] 1.60f -30.20| 2.5
HERM 23041 (2 242! 64| 48| 158( 251| 60| 10.1]154] 1848 41] 160 12.5] 1.0 ]| 14.% 11,63 5.24| 6.10] 1747| 6.00] 18.80) 4.1 ]33N 03 03NOVOS
MVD1 2.2932 725 30.1 1.3 3.5 3.3 62 2.5 7.1] 7.8] 179 3.0] 12.7] 5.2 1.0| 14.55 11,60 | 15.15| 1.30] -540[ 2.50| 17.50| 3.0[1330003-01NOVOS|
HERM 0.8658 230 128/ 39 65 35| 78 7.4 152 7.1]-73.5] 109 21.5] 10.8] 1.0 ] 1495 11.62 -2,16] 3.90) -3.83] 7.40| -73.50| 10.9
MVO1 1.3945 337 -25.5| 2.4 42| 43| 260/ 2.6 9.3] 4.4]-55.8 32| 155 S54) 1.0] 14.55 11,60 |-40.85] 2.40] 14.40] 2.60| -55.80| 3.2
MVO1 1.5021 330 29.2] 11 28 14 54| 2.0 7.2] 3.3] 1648 29] 105 5.2] 1.0] 1455 11,60 | 14.25] 110 -6.20] 2.00f 16.80] 2.9 0AAPROV-OICCTOE
|
HEEM" | 0.8356 2035 3.0 1.7 27 18] 43| 3.3 4.5 24| 239 3.7] 12.1] F.1f 1.0] 14.9 11.62 -9.96] 1.70) -7.33] 2.20 2.90| 5.7 |030CTOS-090CTOS
MVO1 2.5232 783 236 1.5 235 48| 6d] 1.1 5.7] 3.3] 12.2 27| 100 9.2) 1.0] 14.55 1.6 8.65| 1.50) -5.50| 1.40] 12.20| 2.7|01APRO7-DS0CTOS
HERM 03178 96 51.8| 20.5] 46| 6.8[-36.2] 256 74| 9.7 -287] 48.2] 13.9] 154] 1.0 14.% 11.63 | 76.84|20.50] 47.83]| 20.60(-287.40| 48.2
MVO1 03178 107 -744| 14.5 26| 68| 37.3| 20.9 5.2 9.7] -135] 33.7| 10.7| 15.4) 1.0 | 14.95 11.6 |[-89.35]14.50] 25.70(20.90]-134.90| 33.7
HERM 0.8229 183 12,7 8.7 28| 68] 56| 124 3.2 9.7 .7 20) 11.6| 154) 1.0 | 14.95 11.62 -2.26| 8.70| -6.02|12.40 7.70| 20.0|03FEB10-01]ANIT
MVO1 0.8329 304 250 1.8 29 1.5 47 26 54| 24]-21.2 62] 108 645 1.0] 1455 116 10.05] 1.80( -6.90] 260 -21.20| 6.2 [0CFEBI0-01JANIY

a) Caloulated sihe companent velocities assumiang linear motion. WVn = MNarth, Ve = East, W = Verticsl velooities and comesponding 1 sigma &rmes. WN = white nolsa, FN = flicer noise, and RWN = random walk noise components (Mao et al., 1999).
b} Caribbean plate motion In ITRFOS from DeMets et al., 2007
©) Linsar Site component velocities and 1 Sima emors after remowval of fued CAR motion in ITRADS.
dj Epoch ower which the linsar velocities are calculated. The boundaries are demarkad on time-series in Figs. S.4a3-e. Data are grouped by dome growth (blue) and Ittle or no swrface efffux (pink).
&) Extencen time series for HERM site represented by yellow and MVOL represented by orange.

The top portion of the table is the velocities for the HERM and MVO1 sites calculated in GIPSY-OASIS Il (ver. 4.0) and the bottom is the
recalculated site velocities calculated in IGS08 from GOAII (ver. 6.1.2). Table includes the extended time series data.



4.5 HERM - A model of deformation due to dike emplacement

The HERM site, located ~1.6 km from the vent of SHV, has in the past been routinely omitted for
use in the many models created to determine the cause of the long-term surface deformation recorded by
GPS at SHV (see for example Mattioli et al., 2010). This is most likely due to the HERM site data not
behaving in the same manner as rest of the GPS sites located on SHV. From personal conversations with
G. S. Mattioli, it is to be understood that the HERM site is located on a wedge of land that sits at the peak
of the volcano in between two valleys. These valleys are routinely the paths that pyroclastic flows, lahars,
and debris avalanches follow when any activity occurs at SHV. Thus it is a reasonable to assume that the
unconsolidated volcanic sediments that make up the edifice of SHV could show weakening with the
continuous removal of sediment from these valleys. With the weakening in these valleys, the wedge of
land between the two valleys in essence almost an island, and thus would not move as a whole with the
rest of SHV. This decoupling could allow for the distinct deformation recorded at the HERM site.

Using the near vertical dike estimated by Mattioli et al. (1998), which was modeled to be one
kilometer long and situated near the vent of SHV under the HERM site, we hope to show that the
displacement of the surface due to the (> 1 meter) opening of this dike could indeed have cause this
wedge of land to be pushed out away from the rest of the volcanic edifice. If this portion of the edifice is
no longer coupled with the rest of SHV, it could deform in a much different way than the rest of the

volcano. Figure 21 shows how this hypothesis might work.
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Figure 22 Dike Emplacement Hypothesis
A. Model of SHV magmatic system with hypothesized dike emplaced. B. Simplified view of SHV showing
location of the vent, red circle with X, HERM site (yellow triangle) and dike (red line) in relation to the
HERM site. C. Shows HERM site situated between two valleys (brown lines) before dike expansion. D.

Dike expansion pushing the decoupled “wedge” of land HERM site is situated upon away from the rest of
the edifice.

This hypothesis gives a very plausible explanation for why HERM does not show the more cyclic
inflation and deflation periods that the rest of the sites record. It has been proposed that the dike began
as a non-feeder dike that opened approximately in meter in width, as no surface efflux of lava was seen.
When activity began in 1995 at SHV, the edifice began to inflate as magma was filling the upper magma
chamber. A weakened area or crack in the edifice filled with magma but it did not reach the surface. The
Voight et al. (1999) model proposed a rheologically stiffened magmatic plug forming in the conduit that
stopped the magma from reaching the surface. This plug would cause pressure to build in the upper
edifice of the volcano and could cause cracks to widen without having any magma being extruded. The
location of the dike, being situated under an area that had thinner crust, located in the valleys, allowed for

the wedge to be pushed out away from the rest of the edifice. According to Voight et al. (1999), hybrid
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earthquake swarms during this inflation have been theorized to have caused hydrofracturing and allowed
the pressurized gases to escape from the upper conduit, thus relieving pressure and deflation occurred
with no magmatic effusive activity noted, often at a much quicker rate than inflation. The hybrid swarms
began when inflations were underway and stopped near the peak of inflation or the start of deflation.
Tiltmeters recorded surface deformation that indicated the pressure changes in the magma were located
at shallow depths (<1 km). These earthquakes could have easily caused an already weakened area of
the volcanic edifice, namely in the valleys, to fracture even more, causing this area to become more
decoupled with each successive earthquake swarm.

Once the dike transitioned from a non-feeder dike to a feeder dike, with each new pulse of
magma that was pushed through the dike, the area would undergo a small inflation, and when magma
flow slowed, a small deflation. However, due to the initial opening of the dike causing the wedge to be
pushed away from the edifice, it acts almost as a completely separate entity and does not show the larger
scale inflations and deflations that SHV is undergoing.

Modeling done with MATLAB based Coulomb 3.3 (Toda et al., 2005; Lin and Stein, 2004),
showed that the strain that a 1 kilometer dike opening up >1 meter beneath the HERM site causes a
displacement of greater than 10.0 mm (see Figures 23-27). As the HERM site sits directly in the area
most affected by the strain caused by this dike opening, the hypothesis of this causing the unique
deformation recorded at this site, is justified. Greater opening of the dike, after several pulses of magma
are pushed through for example, would cause even more strain of to be imposed on the area. If for
example the dike was opened to a width of ~3 meters, it can be seen from the model that this creates a
much greater displacement of the edifice, especially in the area where the HERM site is situated (see
Figures 28-32). While the deformation of the edifice is mostly controlled by the magma that is being
pushed through the conduit leading from the magma chamber to the surface, the inflation of the mogi
source situated ~5 km below would also have an effect on the edifice as well. Further modeling should be
done to couple the inflation of that mogi source and the dike to determine just how much it would affect

the HERM site.
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Figure 23 Horizontal Displacement Vectors for dike opening 1 meter

Yellow triangle is Coulomb 3.3 produced overlay of SHV vent according to known latitude and longitude
measurements. Green line labeled with number 1 is the dike. HERM site is the yellow/blue diamond.
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Figure 24 Vertical Displacement

Yellow triangle is Coulomb 3.3 produced overlay of SHV vent according to known latitude and longitude
measurements. Green line labeled with number 1 is the dike. HERM site is the yellow/blue diamond.
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Figure 25 Vertical Displacement Vectors in 3D view

Green Arrows are vertical displacement for dike opening 1 meter. Red rectangle is the dike. HERM site is
the yellow/blue diamond.
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Green Arrows are vertical displacement for dike opening 1 meter. Red rectangle is the dike.
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Figure 27 Vertical Displacement Wire Frame Drape

Red rectangle is the dike opening 1 meter. Vertical Exaggeration is X 10000.
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Figure 28 Horizontal Displacement Vectors for 3 meter dike opening

Yellow triangle is Coulomb 3.3 produced overlay of SHV vent according to known latitude and longitude
measurements. Green line labeled with number 1 is the dike. HERM site is the yellow/blue diamond
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Figure 29 Vertical Displacement

Yellow triangle is Coulomb 3.3 produced overlay of SHV vent according to known latitude and longitude
measurements. Green line labeled with number 1 is the dike. HERM site is the yellow/blue diamond
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Green Arrows are vertical displacement for dike opening 3 meters. Red rectangle is the dike. HERM site
is the yellow/blue diamond.
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Green Arrows are vertical displacement for dike opening 3 meters. Red rectangle is the dike.
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Figure 32 Vertical Displacement Wire Frame Drape

Red Rectangle is the dike opening 3 meters. Vertical displacement exaggerated by 10000.
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4.6 Reprocessing using GOA-II (ver.6.2)

Near the end of this study, the Geodesy Lab received and updated its processing procedures and
updated to latest version of GOA-II. Error estimates were also fixed in a program called SuperVel that is
also used in the processing that had been causing errors to be overestimated in GOA-II (ver. 6.1.2). The
reprocessing of the HERM data was run with single receiver ambiguity resolution on and off.
Reprocessing with ambiguity resolution on gives an even more precise daily point position for each day
(see Appendix B). This allows for smaller variations in ground deformation to be noted in the time series.
After the reprocessing was completed with ambiguity resolution turned on, an amazing discovery was
made. It appears that there is a possible third deformation signal in the MVO1 site that is super imposed
on top of the short term signal detailed in this study. The short term signal that was first discovered with
the GOA-II (ver. 6.1.2) reprocessing that was outlined in previous chapters now appears to show a near
annual duration, with a period of 12-18, while the new signal has a much shorter duration of around 3-5
months. What was originally thought to be part of the second signal, showing shorter periods now
appears to be this third signal.

Due to time constraints, only a qualitative analysis was done on this third signal. Figures 33-35
below show the third signal that is super imposed on top of the already known short term signal. The
figures show the clearer approximately annual period for the second deformation signal and the shorter
period signal overlaying it. The green and blue lines used to highlight the individual signals are drawn in
by hand into the figures, based off of personal observations and may not be a true representation of the
signal. In some periods the new third signal is harder to decipher in all three plots of the time series, as it
is sometimes closely following the longer duration signal, but in others it is quite clear (see Figure 35). As
for the causation of this very short term signal, one could only hazard a guess at this point. It could be
unloading of unconsolidated volcanic debris from the edifice due to lahars, and rock falls associated with
seismicity, very short lived inflations due to small period dome growth and venting. This theory could also
account for the periods of time when the third signal is not as easily defined or nearly follows the second
signal. During periods of quiet on SHV where little to no seismicity is occurring and only small amounts of
rain fall occurs would lead to period of little to no unloading of surface debris being recorded, and thus the

signal is not is weak to not present.
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The reasoning behind the theory that there are two separate signals and not just one is due to
the lack of the third signal reaching the same level of deflation noted in the longer second signal. This can
be most clearly seen in Figure 33 where the cyclic movement is easily noted in the north component of
the time series. In the largest second signal period here, denoted by the green line, it is seen at the
beginning of this period the inflation period began at approximately -9 mm in mid July of 2000. The
deflation returns it to almost the same position of -9 mm in late June of 2002. However it is noted that the
edifice of SHV, during the smaller inflations and deflations that occur in between these two points of time,
fails to deflated to that original position, and only obtains a deflation of around -2 to -4 mm. This trend can
be seen throughout the time series in all three directional plots. This trend is what led to the determination
that there was likely a third signal being recorded here at SHV.

Another thing of interest to note from the reprocessing with ambiguity resolution on is that the
BGGY site which was used in this study as a site that showed little variation in movement as a
comparison for the SHV sites now shows slight cyclic movement as well. While the movement is nowhere
near as dramatic as the SHV sites, it does have implications of its own. This site was previously believed
to be a relatively stable site that only underwent small surface deformations and generally showed the
same movement as the Caribbean plate. So with these new results, gives rise to new questions? Is this
type of movement associated with more sites in the Caribbean? Is this a localized phenomenon, or does
this cyclic movement occurs on more if not all of the Lesser Antilles Arc islands? Perhaps if more GPS
data sets for the islands in the Lesser Antilles Arc are reprocessed with GOA-II (ver. 6.2) new light can be
shed on the movement of complicated Caribbean plate. The signal noted here at the BGGY site opens
thought to a new theory to try and explain the third signal noted at the MVO1 site on SHV. Could this third
signal possibly be a common mode noise, created by movement of the entire Caribbean plate? The
BGGY site was chosen as a stable site to compare SHV sites to because it is not situated on or near any
active volcano, and thus the movement recorded there is thought to be due to Caribbean plate
movement. The signal duration recorded at BGGY closely mirrors the signal at MVO1 (Figure 36),
especially in the east panel of the BGGY time series, thus lending credence to the theory that they could

be caused by the same movement, (i.e. Caribbean plate movement).
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MYVO1 Residual Coordinate changes - IGS08 stacovs used AMB
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Figure 33 Possible Third Deformation Signal
The third signal that is superimposed on top of short term signal is shown here. The hand drawn green

line represents the reanalyzed short term signal described in this text and the hand drawn blue represents
the possible third signal discovered when data were reprocessed with GOA-II (ver. 6.2).
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MVO1 Residual Coordinate changes - 1GS08 stacovs used AMB
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Figure 34 Possible Third Deformation Signal (2)
The third signal that is superimposed on top of short term signal, the hand drawn green line represents

the short term signal described in this text. The hand drawn blue represents the possible third signal
discovered when data were reprocessed with GOA-II (ver. 6.2).
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MVO1 Residual Coordinate changes - 1GS08 stacovs used AMB
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Figure 35 Possible Third Deformation Signal showing little variation

The possible third signal that is superimposed on top of short term signal, the hand drawn green line is
the short term signal described in this text. The hand drawn blue is the possible third signal discovered
when data were reprocessed with GOA-II (ver. 6.2) This epoch the new signal shows only a small amount
of variation form the longer signal.
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Figure 36 Possible third signal at MVO1 correlated with signal at BGGY

Hand drawn blue line represents possible third signal seen at MVO1 & similar signal noted at BGGY site, data reprocessed with GOA-II (ver. 6.2).



Chapter 5

Conclusions

Short term deformations signals are often over looked when trying to get a complete, large scale
idea of the workings of a volcano. However, when GPS data are processed with the latest, most
advanced software, a greater understanding of the daily activity that is occurring at a volcano may be
obtained. Reprocessing the Soufriere Hills Volcano GPS data for the two continuous sites HERM and
MVO1 has yielded astonishing results. The greater precision of daily point positions has illuminated not
only a high frequency, short term surface deformation signal that is super imposed on top of the long term
deformation signal but also allowed for the surface deformations recorded by GPS to be correlated with
known events that have occurred on SHV. The short term signal shows that even small events, those
lasting for days to a few weeks are seen to have an recordable effect on the edifice of the volcano.
Knowing how the volcanic edifice reacts to even small loading or unloading events could help with
volcanic hazard planning and potentially save lives some day.

The reprocessing of the data, with the extension of the time series have shown that surface
deformation at SHV may in fact be damping down and be nearing the end of this long lived eruption cycle,
to yet again go dormant. If the flux rate for magma into the chambers is indeed decreasing significantly,
and if it follows the Denlinger and Hoblitt (1999) model, the volcano is likely to show little to no oscillations
in the future with new dome growth and repose periods. However, if the third cycle is in fact still in the
inflation period and has yet to undergo a true deflation period, this volcano may be active for years to
come. Continued analysis of the ongoing recording of GPS data from this volcano is vital to trying to
understand if and when activity here may cease. Knowledge of this kind can help in future eruptions to
determine when an area might be potentially safe for either habitation to return and/or clean up or
recovery to take place. So much more study can still be done on Soufriere Hills Volcano, using the data
already collected more intense modeling of the ”hitch” that occurs during the inflations and deflation
periods in each cycle could be done to try and determine causation. Is this caused by a new pulse of

magma being injected into an upper magma chamber from a lower one? What other knowledge could
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be gained from modeling the data collected here? Reprocessing of the other continuous GPS sites
located around SHV may also garner greater knowledge of this volcano’s internal workings.

Modeling the HERM site with a proposed dike showed that it is possible that the portion of the
edifice that the HERM site is situated on is indeed decoupled with the rest of the volcano. As magma is
moves up through the conduit from the mogi sources, and the dike is filled and opened, it pushes the
block of land further and further from the rest of the edifice, thus causing it to act as a unique entity and
show an all together different deformation pattern than the rest of SHV. More modeling of this process
should be done to determine if the inflation of the proposed mogi sources beneath the SHV would cause
more deformation to occur if the mogi source and dike were to simultaneously inflate and open. It is likely
that this is the case however, with the mogi sources being modeled at a depth of ~5-6 km below the vent
of SHV it may in fact have only a small affect on the HERM site.

With the discovery of a possible third deformation signal at SHV, that seems to be closely
mirrored by the BGGY site on Antigua, has opened an even greater opportunity to study and continue
modeling this remarkable volcano as well other sites in the area and could lead to an even greater
understanding of the movement of the Caribbean plate. If the data could be obtained from the MVO from
January 2011 to present, much more knowledge could be obtained about the complete eruption cycle of
an andesitic volcano, and thus could lead to a greater understanding of this type of magmatic system as a
whole. With a better understanding of how a long lived andesitic eruption may act it is feasible that
strategic planning for other systems similar to SHV around the world could benefit from this knowledge

and less lives be lost.

76



Appendix A

GOA-II (Ver. 6.1.2) Time Series

77



8.

HERM Coordinate changes - CA plate is fixed HERM Residual Coordinate changes - ITRF0S

300 PR NI T T A ST A NN T N AN TN T S N T ST T A S SR AN Y .I...I...II.--I L .I...I...I.|||I|||I|||I|||||||
4 i i 0
T o0 3 E .
Esm: E
ERE : g E
3 100 L 3 -
a_'.-Pﬁmrmms:uumm
1 Site eoordinates are 16722 N 297830 E 1001 . !_
rate wrt ITRFO5: 60.14/-5.3 CWNAFN= 478& B0S -1oo— ¢ Best sjte rat = BO.4+-53 CWNA&FN= 478 BOS
T LTI s CLEL S T Ly B S S e A - 478 M2
+ 3 ‘_ o ., Tote =
A ] z
& ] E ]
Eﬂ : En"m [} ' B
- - H

naral w

g 3 E 3
g -1o0 £

= -150 E -

E -100 L E 0 4
E -250 E E

5 5 1

5
&

af ] 1 ! |
! Best site rate ([TRF0S) = -26.3+- 4 8 “WN&FN= 1538 688 mm [

Site rate wrt TRF03: -26.3H- 46 mmfyr -WNEFN= 153 & .Eﬂjlmm E HN‘J—-
T T T T

L T T T T T T T T T T T T T T T T T
997 lo9g  J999 2000 1000 1002 2003 1004 I0OF 2006 2007 1997 J99g 1999 1000 1007 2001 1003 N4 2005 2006 2007

Figure 37 HERM time series in GOA-II (ver. 4.0).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in ITRF05 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise
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Figure 38 HERM time series processed with GOA-II (v. 6.1.2).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise.
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Figure 39 Extended HERM time series reprocessed with GOA-II (v. 6.1.2).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise. The first line after the large break in data from (late 2006 —
Oct. 3, 2008) represents a manual alteration to the data to fix an offset due to an antenna change.
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Figure 41 MVO1 time series reprocessed in GOA-II (ver. 6.1.2).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise.
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Figure 42 Extended time series for continuous site MVO1 site reprocessed using GIPSY (ver. 6.1.2).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise. The last dotted line in the vertical component presents a
manual alteration to the data to fix an offset due to an antenna change.
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Figure 43 Time series for continuous site BGGY site reprocessed using GIPSY (ver. 4.0).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise.
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Figure 44 Time series for continuous site BGGY site reprocessed using GIPSY (ver. 6.1.2).

Best site rate {igs08) = -0.8+/- 2.0 mmiyr -

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise.
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Figure 45 Extended time series for continuous site BGGY site reprocessed using GIPSY (ver. 6.1.2).

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal). The green lines
are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise.
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Figure 46 BGGY time series in GOA-II (ver. 6.2) with ambiguities

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal).

The green lines are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise
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Figure 47 MVO1 time series in GOA-II (ver. 6.2) with ambiguities

Red dots are UTC daily position solutions. The blue lines are the predicted Caribbean plate rates in IGS08 held fixed (horizontal).
The green lines are the least squares best fit site rates in IGS08. WN = white noise, FN = flicker noise
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Figure 48 HERM time series in GOA-II (ver. 6.2) with ambiguities

Red dots are UTC daily position solutions. Ignore the offset of the data height, needs to be corrected in the server. Blue lines are
predicted Caribbean plate rate, IGS08 held fixed (horizontal). Green line, the least squares best fit site rate, IGS08. WN = white
noise, FN = flicker noise.
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