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Abstract

Ground deformation in the Azores, at the triple junction between the Eurasian, Nubian, and North American plates, has been

mapped with continuous GPS (Global Positioning System) geodetic measurements to improve tectonic motion estimates and

for understanding volcanic unrest. We compute daily GPS positions, spanning almost 17 years (2000-2017), from 18 continuous

GPS stations. The GPS time-series are analyzed by searching for discontinuities and periodic functions. Results show that

Flores and Graciosa islands have displacements close to predicted North American and Eurasian plate motions, respectively,

while São Miguel, Terceira, São Jorge, Faial and Pico islands have displacements in between predicted Eurasian and Nubian

plate motions. The Eurasian-Nubian plate boundary in the Azores behaves as a diffuse ultra-slow oblique spreading center

with focused deformation found in the Central Group and Sao Miguel Island. The velocity field is modeled by approximating

segments of the Eurasian-Nubian plate boundary with vertical dislocations with right-lateral motion and opening below a

locking depth. Best fitting models have deep motion in the range of 2.4-2.7 mm yr-1 on segments directed N(76.5-78.8º)E. Such

displacement accounts for more than half predicted Eurasian-Nubian relative plate motion. The modeling results suggest that

the locking depth in the Central Group is about 17 km while in São Miguel is about 2 km. We found transient deformation

at Fogo volcano, S\˜{a}o Miguel Island, due to unrest activity mainly during 2003–2006 and 2011–2012, and local continuous

subsidence in Terceira Island, attributed to a deflation source centered on the island.
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Key Points:13

• The EU-NU plate boundary in the Azores show ultra-slow oblique spreading with14

focused deformation found in the Central Group and São Miguel15

• The velocity field of the EU-NU plate boundary is modeled with vertical sliding16

dislocations with deep motion of ∼2.6 mm/yr directed ENE17

• Transient deformation occurs at São Miguel due to episodic unrest at Fogo vol-18

cano and local continuous subsidence occurs in Terceira19
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Abstract20

Ground deformation in the Azores, at the triple junction between the Eurasian, Nubian,21

and North American plates, has been mapped with continuous GPS (Global Position-22

ing System) geodetic measurements to improve tectonic motion estimates and for un-23

derstanding volcanic unrest. We compute daily GPS positions, spanning almost 17 years24

(2000-2017), from 18 continuous GPS stations. The GPS time-series are analyzed by search-25

ing for discontinuities and periodic functions. Results show that Flores and Graciosa is-26

lands have displacements close to predicted North American and Eurasian plate motions,27

respectively, while São Miguel, Terceira, São Jorge, Faial and Pico islands have displace-28

ments in between predicted Eurasian and Nubian plate motions. The Eurasian-Nubian29

plate boundary in the Azores behaves as a diffuse ultra-slow oblique spreading center30

with focused deformation found in the Central Group and São Miguel Island. The ve-31

locity field is modeled by approximating segments of the Eurasian-Nubian plate bound-32

ary with vertical dislocations with right-lateral motion and opening below a locking depth.33

Best fitting models have deep motion in the range of 2.4-2.7 mm yr-1 directed N(76.5-34

78.8)◦E. Such displacement accounts for more than half predicted Eurasian-Nubian rel-35

ative plate motion. The modeling results suggest that the locking depth in the Central36

Group is about 17 km while in São Miguel is about 2 km. We found transient deforma-37

tion at Fogo volcano, São Miguel Island, due to unrest activity mainly during 2003-200638

and 2011-2012, and local continuous subsidence in Terceira Island, attributed to a de-39

flation source centered on the island.40

Plain Language Summary41

The Azores is located at the junction of three tectonic plates, the North Ameri-42

can, Eurasian and Nubian plates. The boundary between the North American and the43

other two plates is well defined by the Mid-Atlantic Ridge, but the boundary between44

the Eurasian and Nubian plates is unclear. Ground deformation in the Azores has been45

mapped with GPS (Global Positioning System) measurements between 2000 and 201746

to estimate tectonic motion and understand volcanic unrest. We calculate the velocity47

of 18 continuous GPS stations and compare it with predicted velocities from plate mo-48

tion models. Results show that Flores and Graciosa islands are close to stable North Amer-49

ican and Eurasian plate motions, respectively. In contrast, São Miguel, Terceira, São Jorge,50

Faial and Pico islands are subject to inter-plate motion between the Eurasian and Nu-51

bian plates, with focused spreading in the Central Group and São Miguel Island. The52

velocity field can be explained by the motion of vertical rectangular dislocations in the53

Central Group and São Miguel Island buried at 17 and 2 km, respectively. The focused54

spreading in the central part of São Miguel Island helps explain the episodic intrusions55

at Fogo volcano during unrests.56

1 Introduction57

The Azores archipelago is located at the triple junction between the Eurasian, Nu-58

bian, and North American plates (Figure 1). The islands rise from the so-called Azores59

Plateau, an area of thickened crust, roughly defined by the 2000 m isobath. Estimates60

of the crustal thickness in the Azores are in the range of 14-17 km (Escartin et al., 2001;61

Spieker et al., 2018).62

The boundary between the North American and the other two plates is well de-63

fined by the Mid-Atlantic Ridge (Figure 1), but this is not the case for the boundary be-64

tween the Eurasian and Nubian plates. The Corvo and Flores islands form the Western65

Group and are located west of the Mid-Atlantic Ridge, on the North American plate.66

The other seven islands lie to the east of the Mid-Atlantic Ridge. The Graciosa, Terceira,67

São Jorge, Faial and Pico islands form the Central Group, while São Miguel and Santa68

Maria form the Eastern Group.69
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Figure 1. Overview of the tectonic setting of the Azores Plateau roughly defined by the 2000

m isobath. Mid-Atlantic Ridge (MAR) segments are represented by heavy black lines and the

intersecting fracture zones by black narrow lines (Luis et al., 1994). The Terceira Rift comprises,

from west to east, the West Graciosa Basin (WGB), Graciosa Island, East Graciosa Basin

(EGB), Terceira Island, Hirondelle Basin (HB), São Miguel Island, Povoação Basin (PB) and

Formigas Through (FT). The Gloria Fault (GF) is located to the east of Santa Maria Island. The

GF and plate boundaries (inset) (DeMets et al., 2010) are represented by black heavy lines. The

dashed line represent a proposed area of the Eurasian-Nubian inter-plate deformation zone.

Green triangles are continuous GPS stations located in Flores (FLRS), Graciosa (AZGR), São

Miguel (PDEL, RIB1, RCHA, PCNG, FRNS, and QBN1, from west to east), Terceira (NOV1,

TERC, and SRPC, from north to south), São Jorge (QEMD), Faial (HORT) and Pico (PTRP

and PIED, from west to east). Red circles are recorded earthquakes (ML ≥ 3) between April

2000 and January 2017 (CIVISA database). The bathymetric and topographic data have been

derived from 30 arc seconds resolution SRTM (Becker et al., 2009). The arrows in the inset show

the opening rate of 4.3 ± 0.1 mm yr-1 in direction N(80.5 ± 2.5)◦E between EU and NU plates

according to ITRF2008 plate motion model (Altamimi et al., 2012), calculated at the average

location of all GPS sites to the east of MAR.

The so-called Terceira Rift (Machado, 1959; Searle, 1980) is an important geolog-70

ical structure located to the east of the Mid-Atlantic Ridge and comprises a series of basins71

alternating with volcanic highs aligned NW-SE to WNW-ESE direction, from the West72

Graciosa Basin to Formigas Through (Figure 1). To the south of Terceira Rift, the São73

Jorge and Faial-Pico alignments have a general WNW-ESE direction defined by the is-74

lands volcanic systems and adjacent submarine volcanic ridges.75

Previous GPS (Global Positioning System) geodetic measurements in the Azores76

show that to the east of the Mid-Atlantic Ridge, Graciosa and Santa Maria islands have77

displacements closer to predicted Eurasian and Nubian motion, respectively, while the78

other islands display an intermediate motion (Fernandes et al., 2006). According to plate79

motion models based on geologic and geodetic data (Argus et al., 2010; DeMets et al.,80
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2010; Altamimi et al., 2012), the predicted plate spreading between the Eurasian and81

Nubian plates in the Azores is slow compared with most active plate spreading regions,82

with full velocity in the range of 4.2-4.8 mm yr-1 and direction of N(73-82)◦E. The plate83

boundary is highly oblique to this direction with a strike ranging N(45-75)◦W. This obliq-84

uity leads to a complex deformation zone accommodating right-lateral shear and exten-85

sion.86

Since the fifteenth century, many destructive earthquakes and volcanic eruptions87

have been registered in the Azores (Gaspar et al., 2015). Most seismic activity is located88

on the Mid-Atlantic Ridge, the Terceira Rift, and on the Faial-Pico alignment towards89

the Mid-Atlantic Ridge (Figure 1). Some areas are more affected by seismic activity than90

others. For example, the central area of São Miguel Island, has experienced periods of91

increased seismic activity (Silva et al., 2012). Ground deformation including inflation and92

deflation of Fogo volcano was observed in the unrest episodes of 2003-2006 (Trota, 2008)93

and 2011-2012 (J. Okada et al., 2015).94

This study reports results from 18 continuous GPS stations (CGPS) in the Azores95

from April 2000 to January 2017. The time-series show long-term displacements due to96

plate motion in the Azores and temporal variations of the deformation, particularly in97

the central area of São Miguel Island during periods of unrest.98

2 CGPS and Data Analysis99

2.1 The CGPS network100

CGPS (Continuous GPS) station measurements in the Azores began in 2000 with101

the installation of the PDEL station in Ponta Delgada, São Miguel Island (Figure 1). In102

2002 RIB1 station was installed on São Miguel Island and in 2003 three stations were103

installed: QBN1 in São Miguel Island and NOV1 and SRPC on Terceira Island. In 2005,104

HTN1, PCNG, and RCHA stations were installed on São Miguel Island. On the same105

island, BVF1 was installed in 2007. A regional CGPS network (REPRAA, 2021) was cre-106

ated to support users interested in precise GPS data from the region. Three stations were107

installed in 2008: AZGR on Graciosa Island, FRNS on São Miguel Island, and TERC108

on Terceira Island. Other three stations started operating in 2009: FLRS on Flores Is-109

land, PIED on Pico Island, and VFDC on São Miguel Island. More recently, PTRP sta-110

tion was installed on Pico Island in 2010, QEMD station on São Jorge Island in 2012,111

and HORT station on Faial Island in 2013.112

Most of the CGPS monuments of CIVISA (Centro de Informação e Vigilância Sis-113

movulcânica dos Açores) consist of a ∼1-meter high stainless steel rod screwed in a stain-114

less steel benchmark cemented directly into a solid bedrock or a concrete platform with115

a deep foundation in soil. The benchmarks are leveled during the installation, and the116

GPS antennas are fastened to the top of the rod. Choke ring antennas are used with radomes117

covering most of them. Some stations are located in public buildings, with the anten-118

nas fixed at the top, while other stations are remote. Presently, most of the remote sta-119

tions contain solar panels, batteries, and data transmission devices. However, some sta-120

tions have been operated without data transmission devices for several years, and data121

were collected intermittently. This resulted in data gaps in some stations, especially dur-122

ing the first years of observation. The data files from CGPS stations with data trans-123

mission are downloaded automatically daily via ADSL or digital radio to the CIVISA124

database.125

Presently, CIVISA together with IVAR (Instituto de Vulcanologia e Avaliação de126

Riscos), operates a CGPS network comprising around 30 stations, aiming to monitor ground127

deformation in near real-time and to contribute to a better understanding of processes128

causing deformation in the Azores.129
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2.2 Data Processing130

Dual-frequency phase and pseudo-range data at 30-second intervals are recorded131

at all CGPS stations in 24 hour-long RINEX files, with antenna elevation angle limit set132

in the range of 5◦-15◦, depending on the local terrain and open-sky visibility.133

The daily positions of the CGPS stations are calculated using the RINEX files and134

reprocessed precise orbits from the Center for Orbit Determination in Europe (CODE)135

aligned to the ITRF2008 reference frame (Susnik et al., 2016). Data from about 50 sta-136

tions from the International GNSS Service (IGS) are also used. The data is analyzed us-137

ing Bernese 5.2 software (Dach & Walser, 2015) using the following strategy: (1) pre-138

processing, including receiver clock synchronization and cycle slip correction; (2) initial139

ionosphere-free analysis with computation, analysis, and removal of residuals; (3) am-140

biguity resolution scheme using multiple strategies depending on the length of the base-141

line: Code-Based Widelane (WL), Phase-Based Widelane (L5), Quasi-Ionosphere-Free142

(QIF) and Direct L1/L2; (4) computation and analysis of station coordinate solutions143

and uncertainties. All the daily coordinate solutions are transformed into the ITRF2008144

reference frame with a 3-parameter Helmert solution imposed on the coordinates of 20145

fiducial stations from the IGS (ALGO, BOR1, BREW, DRAO, DUBO, GODE, GODZ,146

JOZE, MAR6, MATE, NYAL, ONSA, STJO, THU3, WILL, WSRT, WTZR, YEBE, YELL,147

and ZIMM). We selected the fiducial stations after checking the data quality from the148

GPS time-series analysis performed by JPL. The processing utilizes absolute antenna149

phase center offset models from the IGS (Schmid et al., 2016), ocean tidal loading ef-150

fects from FES2004 model (Lyard et al., 2006), troposphere refraction effects from Vi-151

enna Mapping Function data (Böhm et al., 2006), and zenith path delay corrections from152

the European Centre for Medium-Range Weather Forecasts.153

2.3 Time-series and Velocity Estimation154

2.3.1 Time-series Analysis155

The coordinate time-series resulting from data processing, in the ITRF2008 ref-156

erence frame, are evaluated using the FODITS program included in the Bernese 5.2 soft-157

ware. FODITS allows computing functions that fit times-series. The functions include158

four elements: outliers, discontinuities, linear velocities, and periodic functions. A sta-159

tistical test, based on the defined user level of significance, terminates the analysis when160

the model adequately represents the time-series (Dach & Walser, 2015).161

The discontinuities in GPS time-series are the result of equipment changes or ground162

deformation processes. Known equipment changes at the CGPS stations (see Table S1)163

are detected as discontinuities in the time-series using FODITS (see Table S2).164

In addition to discontinuities from known equipment changes, there are others of165

unknown origin (see Table S2). These discontinuities may relate to unreported equip-166

ment changes or ground deformation processes. It was not possible to check equipment167

changes in some cases, especially from older data-sets and from the REPRAA agency168

stations. We find unknown discontinuities in the time-series of AZGR, PDEL, and SRPC169

stations located in relatively stable areas where no significant seismic activity was recorded.170

These discontinuities are very sudden and classified as unreported equipment changes.171

Additional unknown discontinuities are found in the time-series of stations located around172

the Fogo volcano. These discontinuities happen more gradually during the 2003-2006 and173

2011-2012 unrest periods of Fogo, and are classified as ground deformation events.174

The amplitudes of the seasonal signals found in the time-series (see Table S3) are175

small when compared with values found, for example, at CGPS stations in Iceland where176

water and snow loading effects are large (Geirsson et al., 2006; Drouin et al., 2016). Am-177

plitudes of seasonal signals estimated in this study are in the range of 0.8-2.5 mm in the178
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Table 1. Velocities of the more stable CGPS stations in the ITRF2008 reference frame, with

1σ Uncertainties, in East, North, and Up components, and correlation factor between horizontal

components

Velocity (mm yr-1)
Station Latitude Longitude Date Interval E N U Corr

AZGR 39.088 -28.023 2008/07 - 2016/07 15.1 ± 0.3 16.7 ± 0.3 -2.7 ± 0.6 -0.1
FLRS 39.454 -31.126 2009/01 - 2017/01 -9.9 ± 0.6 20.1 ± 0.3 -1.3 ± 1.1 -0.2
FRNS 37.769 -25.308 2008/07 - 2016/07 14.9 ± 0.4 15.9 ± 0.5 -1.2 ± 1.0 -0.1
HORT 38.531 -28.626 2013/03 - 2016/03 12.1 ± 0.9 15.4 ± 0.9 -4.1 ± 2.1 -0.2
HTN1 37.773 -25.315 2005/05 - 2012/05 15.0 ± 0.4 15.7 ± 0.6 -1.1 ± 1.3 -0.1
NOV 1 38.776 -27.149 2003/02 - 2016/02 13.3 ± 0.2 15.1 ± 0.2 -2.8 ± 0.5 -0.1
PDEL 37.748 -25.663 2000/05 - 2016/05 12.6 ± 0.2 16.1 ± 0.2 -1.6 ± 0.4 -0.1
PIED 38.414 -28.032 2009/01 - 2017/01 11.8 ± 0.3 14.9 ± 0.4 -2.3 ± 0.7 0.0
PTRP 38.420 -28.386 2010/05 - 2016/05 11.8 ± 0.5 15.6 ± 0.6 -3.0 ± 1.4 -0.1
QBN1 37.835 -25.146 2003/07 - 2016/07 14.8 ± 0.2 16.9 ± 0.2 -1.0 ± 0.5 0.1
QEMD 38.672 -28.194 2012/11 - 2016/11 12.7 ± 0.5 15.6 ± 0.6 -1.9 ± 1.4 0.0
SRPC 38.663 -27.205 2003/02 - 2016/02 13.9 ± 0.2 16.8 ± 0.2 -3.5 ± 0.5 0.0
TERC 38.719 -27.153 2008/09 - 2016/09 12.8 ± 0.3 16.3 ± 0.4 -3.8 ± 0.7 -0.1

horizontal components and 0.4-3.7 in the vertical component. The seasonal signals are179

more clear in the north component than in the east and up components, ranging in the180

direction from 151◦ to 173◦ at most stations. It was not possible to estimate seasonal181

signals for the time-series of HORT and QEMD stations because of the short period of182

observations.183

Using the results of FODITS, we remove outliers, discontinuities from equipment184

changes, and annual seasonal signals from the time-series in the ITRF2008 reference frame185

(Figure S1). Other discontinuities are not removed from the time-series.186

2.3.2 Velocity Estimation187

We estimate the time-series velocities in the ITRF2008 reference frame using lin-188

ear fitting of the data (Table 1). Similarly to Geirsson et al. (2006), we estimate the ve-189

locity uncertainty from the variance of the residuals of the regression and the length of190

the time-series, using the formula σv = σ/T , where σ is the standard deviation of the191

residuals and T is the length of the time series in years. A correlation factor between the192

horizontal velocity error components is computed from the covariance of the residuals.193

The velocities of stations at Fogo volcano are not estimated because of the transient dis-194

turbances in the time-series.195

We finally remove the ITRF2008 predicted motion (Altamimi et al., 2012) from the196

estimated time-series velocities (Figures 2C, 3C and S2). The time-series of FLRS sta-197

tion is relative to predicted North American plate motion, while all other time-series are198

relative to predicted Eurasian plate motion. There are differences in the time-span of199

the time-series of the CGPS stations. The station with the longest time-series is PDEL200

spanning almost 17 years, whereas the station with shortest time-series is HORT with201

almost 4 years. There are some gaps in the time-series, mostly at remote stations op-202

erating without data transmission devices. The time-series from PDEL, HTN1, FRNS,203

and QBN1 stations at São Miguel Island and the stations at the other islands show sta-204

ble displacements. In contrast, the time-series of RIB1, RCHA, BVF1, VFDC, and PCNG205

stations located at Fogo volcano, in São Miguel Island, show significant variations in the206
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rate of the displacement, as a result of unrest episodes at the volcano during the study207

period.208

3 Eurasian-Nubian Plate Spreading209

3.1 Velocity Field and Predicted Motion210

We analyze the regional deformation field in more detail from the estimated veloc-211

ities of the more stable CGPS stations. We exclude the data from the stations located212

around Fogo volcano affected by transient deformation. Most previous ground deforma-213

tion studies have relied on sparse GPS data, mostly from annual campaign surveys (Fernandes214

et al., 2006; Trota et al., 2006; Miranda et al., 2012; Marques et al., 2013; Mendes et al.,215

2013). Besides lower temporal resolution, the data from campaign observations have sev-216

eral limitations, such as high susceptibility to severe atmospheric conditions, multipath217

error, and bad satellite geometry, resulting in lower precision of the estimated velocities.218

The number of stations used in this study is small compared with some previous GPS219

campaign surveys, but the higher temporal resolution of the CGPS data allows estimat-220

ing velocities with higher precision. Therefore, CGPS data analyses allow us to better221

discriminate between long-term displacements such as plate motion and local short-term222

displacements such as volcano deformation.223

The velocities show differential motion between the CGPS stations (Table 1). In224

the ITFR2008 reference frame, the FLRS station on the North American plate is mov-225

ing at a rate of 22.4 mm yr-1 in direction N26◦W. In contrast, all other stations located226

east of the Mid-Atlantic Ridge are moving at a rate of 20.5+1.9
−1.6 mm yr-1 to N(39+4

−2)
◦E227

in the same reference frame.228

Various plate motion models provide estimates of plate spreading direction and full229

plate velocity across the Azores. We use the ITRF2008 plate motion model (Altamimi230

et al., 2012), which has an intermediate Eurasian-Nubian full plate velocity compared231

with MORVEL2010 (DeMets et al., 2010) and GEODVEL2010 (Argus et al., 2010) (see232

Table S4). We compare the horizontal velocity of FLRS station with predicted stable233

North American displacement and the velocities of the stations located in the Central234

Group and São Miguel Island with both the predicted stable Eurasian and Nubian ve-235

locities.236

The station on Flores Island (FLRS) (Figure 4A) moves with a velocity close to237

predicted North American velocity and the lack of significant recorded seismic activity238

in the area is an indication that the island is located on a relatively stable area. How-239

ever, the deviation of ∼3 mm yr-1 between estimated and predicted motion suggests that240

the island could be subject to local deformation. Using the GEODVEL2010 and MORVEL2010241

plate motion models we get a slightly better correlation between estimated and predicted242

velocities. The deviation may also relate to the lack of data from this area in the east-243

ern edge of the North American plate used to compute plate motion models.244

The station located on Graciosa Island (AZGR) (Figure 4B) moves close to pre-245

dicted Eurasian motion. The maximum estimated Eurasian-Nubian motion is found be-246

tween this station and PIED station located on the eastern part of Pico Island. The AZGR247

station is moving at a rate of 3.7 ± 0.2 mm yr-1 to N(62 ± 4)◦E relative to PIED sta-248

tion, which is ∼85% of predicted spreading in the area, indicating that the inter-plate249

deformation zone is broader than the area between the two stations. Despite the displace-250

ment close to Eurasian predicted motion, the recurrent seismicity west of Graciosa is an251

indication that the island is located in an active deformation area.252

The stations located in the eastern part of São Miguel Island (HTN1, FRNS, and253

QBN1) (Figure 4C) and Terceira Island (NOV1, TERC, and SRPC) (Figure 4D) are also254

moving close to predicted Eurasian motion, but at a lower rate. The small deviation of255
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the QBN1 velocity is an indication that the eastern part of São Miguel Island is not fully256

within the predicted stable Eurasian plate and is subject to some inter-plate deforma-257

tion.258

On the other hand, PDEL station on the western part of São Miguel Island and259

the stations located on São Jorge (Figure 4E), Faial (Figure 4F) and Pico (Figure 4G)260

islands have higher displacements away from the Eurasian predicted motion and displace-261

ments closer to the Nubian motion. Spreading between the western and eastern parts262

of São Miguel Island is revealed from the differential motion between PDEL station and263

stations HTN1, FRNS and QBN1, with a maximum displacement of 2.4 ± 0.2 mm yr-1264

in direction N(72 ± 2)◦E and 0.17 µstrain. The station QEMD on São Jorge Island is265

moving closer to the Eurasian motion than the stations on Faial and Pico islands. The266

station PIED in the eastern part of Pico Island has the fastest displacement away from267

Eurasian motion and closer to Nubian motion. The other stations, HORT on Faial and268

PTRP on Pico, are moving with intermediate displacements relative to QEMD and PIED269

stations. The similar velocities displayed from HORT and PTRP stations located on Fa-270

ial and Pico islands, respectively, suggest that the eastern part of Faial Island and the271

western part of Pico Island are moving as a block as indicated from previous campaign272

GPS surveys (Marques et al., 2013). Both HORT and PTRP stations move about 1 mm273

yr-1 away from QEMD station located on São Jorge Island. The small differential mo-274

tion observed between the stations of São Jorge and Faial/Pico islands constitute evi-275

dence that spreading occurs between the islands.276

Comparing with previous GPS studies in the Azores, the values of the vertical ve-277

locities in this study are well constrained, with uncertainties ranging from sub-millimeter278

level to a few millimeters. The results from the more stable CGPS stations show that279

the Azores Islands are subsiding at an average rate of 2.3 ± 0.4 mm yr-1 during the study280

period (see Table 1).281

3.2 Plate Boundary Modeling282

Previous studies of geodetic measurements across oblique spreading plate bound-283

ary such as the Reykjanes Peninsula, southwest Iceland (Árnadóttir et al., 2006; Keid-284

ing et al., 2008) have used analytical models of opening and shearing dislocation sources285

to fit observed horizontal velocity fields. We follow this approach and approximate seg-286

ments of the Eurasian-Nubian plate boundary with infinitely long-buried vertical rect-287

angular dislocations, embedded within uniform elastic half-space (Y. Okada, 1985). We288

perform the modeling for the Central Group (Figure 5A) and São Miguel Island (Fig-289

ure 5B) in separate runs using different dislocations. We assume that the dislocations290

have opening and right-lateral slip displacements. The dislocations have a locking depth,291

which represents the depth of the brittle-ductile boundary in the crust. The brittle crust292

is locked while the ductile part below opens and slips freely.293

We perform an inversion of the data to estimate the best fit values of the locking294

depth, opening and right-lateral slip by determining the minimum value of the chi-square295

statistic between observed velocities of the CGPS sites and model predictions (Table 2),296

using the Dmodels software (Battaglia et al., 2013).297

Before the inversion, we corrected the velocity field from a local subsidence in Ter-298

ceira Island by estimating the deformation generated by a spherical source of pressure299

decrease within uniform elastic half-space (Mogi, 1958) located between Guilherme Mo-300

niz caldera and Pico Alto volcano summit at 5 km depth, with a volume change of −2.5×301

105 m3 yr-1. During the inversion, we search for a locking depth in the range of 1-20 km,302

following estimates of crustal thickness in the Azores. The opening and slip motion vari-303

ables are constrained between zero (no displacement) and the maximum predicted Eurasian-304

Nubian relative plate motion of 4.8 mm yr-1 (see Table S4).305
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Table 2. Elastic Half-space Dislocation Model Parameter Estimates for São Miguel Island

(SM) and Central Group (CG)

Velocity (mm yr-1)
Model Stations Depth (km) Open Slip Deep Motiona Azimuthb (N◦E) χν

2

SM1 4 1.8 1.6 2.2 2.7 76.5 1.1
CG1 8 17.4 1.3 2.0 2.4 78.8 2.9
CG2 8 20.0 1.8 2.4 3.0 76.7 2.6

aMagnitude of the vector sum of the right-lateral slip and opening.
bDirection of the deep motion.

We use geologic, geodetic and seismic data to constrain the location and direction306

of the dislocations. Neotectonic studies show that the dominant morpho-tectonic struc-307

tures at São Miguel Island are NW-SE to WNW-ESE trending faults (Carmo et al., 2014;308

Madeira et al., 2015). The location of the boundary in the central part of São Miguel309

Island, between Fogo and Furnas volcanoes, is constrained from previous geodetic and310

seismic studies (Jónsson et al., 1999; Trota et al., 2006; Silva et al., 2012; J. Okada et311

al., 2015). We test a dislocation model with the N112.5◦E direction (WNW-ESE) and312

assume it crosses the seismically active Achada das Furnas fissure zone between Fogo and313

Furnas volcanoes, where the main morpho-tectonic structures have a WNW-ESE direc-314

tion (see Figure 3A). There is more uncertainty about the location of the spreading axis315

in the Central Group. There we test the dislocation model with two different locations316

(see Figure 2A): between Faial-Pico islands and São Jorge Island (CG1), and between317

Graciosa-Terceira islands and São Jorge Island (CG2). We also define the dislocation ori-318

entation in the Central Group as N112.5◦E following the main orientation of the shape319

of the islands and surrounding bathymetric structures (Lourenço et al., 1998).320

The model results (Table 2) for São Miguel Island (SM1) predicts a deep motion321

of 2.7 mm yr-1 in N76.5◦E direction, with 1.6 mm yr-1 opening motion, and 2.2 mm yr-1322

right-lateral slip motion. The locking depth is about 2 km, much shallower than the crustal323

thickness in the Azores. It may be an underestimate because of the relatively low num-324

ber of CGPS stations from São Miguel Island used in the modeling. For the Central Group,325

we favor the model CG1 over CG2, despite the slightly higher chi-square value. The qual-326

ity of fit in the stations located on Terceira Island is similar in the CG1 and CG2 mod-327

els. On the other hand, the quality of fit in the stations located on São Jorge, Faial and328

Pico islands is better in the CG1 model, while the quality of fit in the AZGR station lo-329

cated on Graciosa Island is better in the CG2 model. The CG1 model predicts a deep330

motion of 2.4 mm yr-1 at N78.8◦E direction, with 1.3 mm yr-1 opening motion, and 2.0331

mm yr-1 right-lateral slip motion. The locking depth is about 17 km, agreeing well with332

estimates of crustal thickness.333

4 Seismic Activity and Volcano Deformation334

Some areas in the Central Group are more affected by seismic activity than oth-335

ers, including the northeast area of Faial Island (see Figure 2). Many earthquakes north-336

east of Faial Island are clustered at deep levels, between 10 and 20 km (see Figure 2B).337

Most seismic activity in this area occurred before 2007 and is possibly related in part338

to crustal relaxation processes after the 1998 major earthquake (ML 5.8) that occurred339

in the area (Matias et al., 2007). The station HORT located about 10 km south of the340

area most affected by seismicity in Faial Island was installed in 2013. The time-series341

of this station show no transient disturbances.342
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The central part of Terceira island is also affected by higher seismic activity. We343

find relatively high subsidence levels in the stations located on Terceira island, with a344

maximum estimated subsidence rate of 3.8 ± 1.0 mm yr-1 at TERC station located close345

to the center of the island. Also, the horizontal velocities of Terceira stations show con-346

vergence towards the center of the island.347

The central part of São Miguel Island has been the stage of recurrent unrest ac-348

tivity in the last 20 years. The seismic activity is mainly concentrated in the central area349

of São Miguel Island, between Fogo and Furnas volcanoes, and is characterized by a large350

number of small magnitude events along the main fault system. Most seismic events in351

the area have hypocenters above the 5 km depth level (see Figure 3B). There were sev-352

eral episodes of unrest activity in the central part of São Miguel Island during the study353

period, including a major episode in 2005 with a maximum of more than 150 events (MC354

≥ 2) recorded per month. Evidence of volcano deformation at Fogo, with both inflation355

and deflation, is inferred from the time-series of stations RIB1, RCHA, BVF1, VFDC,356

and PCNG located around the volcano (see Figure 3C).357

5 Discussion358

Our results show that Flores Island has a very distinct motion compared with the359

other islands consistent with its location in the North American plate. Graciosa Island360

shows a displacement close to predicted Eurasian motion, while São Miguel, Terceira,361

São Jorge, Faial and Pico islands have displacements in between predicted Eurasian and362

Nubian motions. The modeling results predict a deep motion of 2.7 mm yr-1 at N76.5◦E363

direction for São Miguel Island, and 2.4 mm yr-1 at N78.8◦E direction for the Central364

Group. This motion account for 50-64% of predicted Eurasian-Nubian relative plate mo-365

tion.366

Observations from morpho-tectonic analysis (Lourenço et al., 1998) and previous367

campaign GPS surveys in the Central Group (Fernandes et al., 2006; Marques et al., 2013)368

show evidence that the Eurasian-Nubian boundary in the Azores is diffuse. Our obser-369

vations from CGPS data are in line with this assessment. The Eurasian-Nubian motion370

in the Azores appears not to change gradually across the inter-plate deformation zone371

but instead is more focused in some areas, namely in the central area of São Miguel Is-372

land and between Faial-Pico ridge and Terceira Island. In particular, a narrow area in373

the central part of São Miguel Island accommodates at least half of predicted regional374

spreading. The existence of active plate spreading in São Miguel Island is suggested from375

other studies using both campaign (Trota et al., 2006) and CGPS data (J. Okada et al.,376

2015).377

Our results show spatial variations of the differential motion along the Eurasian-378

Nubian plate boundary in the Azores Plateau. The broader deformation zone in the Cen-379

tral Group is consistent with volcanism distributed over a wider area, while in São Miguel380

Island, the deformation is more focused. Seismic activity is also focused in some areas381

of the Eurasian-Nubian boundary (see Figure 1), with stronger earthquakes more con-382

centrated in rift basins between the islands and in the central area of São Miguel Island.383

From 2002 to 2010, the central area of São Miguel Island has experienced a higher seis-384

mic activity than in the previous decades, mainly as swarms with events of small mag-385

nitude (Silva et al., 2012).386

There is evidence of low degrees of partial melting beneath the thick lithosphere387

caused by a mantle anomaly centered under the Central Group (Moreira et al., 1999; Gente388

et al., 2003; Yang et al., 2006). The existence of deep processes in the Central Group is389

also suggested from the large locking depth of our prefered model dislocation in the area390

(see Table 2) and the deep earthquake activity (see Figure 2B).391
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Analysis of geochemical data indicates that focused magmatism occurs along the392

Terceira Rift below volcanic systems (Haase & Beier, 2003; Beier et al., 2008; Storch et393

al., 2020). The existence of shallow processes in São Miguel Island is inferred from the394

shallow locking depth of our modeled dislocation for the island (see Table 2) and the shal-395

low earthquake activity (see Figure 3B). The shallow processes may weaken the crust396

and cause strain localization. Strain focusing in the central area of the island may re-397

late to the episodic intrusions at Fogo during volcano unrests.398

The high temporal resolution of the CGPS data allows calculating velocities with399

high precision and performing an inversion of the data using simple analytical models.400

On the other hand, the low spatial resolution and poor distribution of CGPS stations401

are limitations to the modeling. There is no geodetic data from large submarine areas,402

and some islands have no CGPS stations or only a single station. In particular, our pref-403

erence for CG1 model for the Central Group is constrained by the higher number of CGPS404

stations located in Terceira, São Jorge, Faial and Pico islands, comparing with the Gra-405

ciosa Island area.406

The spatial variation of the crustal deformation and the seismicity distribution sug-407

gest partitioning of strain release, in rift basins with tectonic earthquakes and on the is-408

lands with volcano unrests. The spreading in the Eurasian-Nubian plate boundary in409

the Azores follows patterns similar to other ultraslow mid-ocean ridges (Sibrant et al.,410

2015; Storch et al., 2020). The ultra-slow spreading axes of the Gakkel Ridge and the411

South Indian Ridge comprise segments showing amagmatic extension and segments with412

magmatic extension (Cochran, 2008; Cannat et al., 2019).413

We infer that some submarine areas of the Eurasian-Nubian plate boundary in the414

Azores are presently subject to rifting, contributing to the remaining predicted plate spread-415

ing not detected with our observations, such as the Povoação basin to the east of São416

Miguel Island and the Hirondelle basin between São Miguel and Terceira islands.417

Previous campaign GPS surveys show evidence of continuous subsidence of Ter-418

ceira Island (Miranda et al., 2012; Marques et al., 2015). The previous surveys show hor-419

izontal residual velocities compatible with a deflation in the center of the island, but no420

confirmation from the vertical component was possible. The horizontal velocities of Ter-421

ceira stations from this study show a deviation towards the center of the island, which422

agrees with a deflation source located in that area. The higher subsidence rate found in423

TERC station in the central part of Terceira confirms the existence of deflation in the424

area. The extended period of deformation and modeling results suggests that the defla-425

tion could be due to crystallization and degassing of a underlying magma body or de-426

compression of an hydrothermal system in the center of the island. The deflation could427

contribute to concentrated seismicity occuring in the center of the island.428

The time-series of the stations located around Fogo volcano (BVF1, RCHA, RIB1,429

PCNG, and VFDC), on São Miguel Island, show disturbances related to unrest activ-430

ity, signaling the likely accumulation of volcanic fluids below the volcano.431

6 Conclusions432

The current analysis of CGPS data from the Azores shows the importance of es-433

timating high precision velocities. The analysis of long time-series with removed estimated434

noise is critical to measure accurately the ultra-slow spreading rate in the region. The435

results show that Flores and Graciosa islands have displacements close to predicted North436

American and Eurasian motions, respectively, while São Miguel, Terceira, São Jorge, Fa-437

ial and Pico islands have displacements in between predicted Eurasian and Nubian mo-438

tions. The spreading in the Eurasian-Nubian plate boundary in the Azores occurs in a439

wide area between the Mid-Atlantic Ridge and southeast of São Miguel Island. The inter-440

plate motion does not change gradually across the boundary but is instead focused in441
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some areas, including the central area of São Miguel Island and between Faial-Pico ridge442

and Terceira Island. Modeling, using a freely sliding dislocation below a locking depth,443

in a uniform elastic half-space, predict a deep motion in the range of 2.4-2.7 mm yr-1 di-444

rected N(76.5-78.8)◦E located in the Central Group and São Miguel Island. This mo-445

tion account for more than half predicted Eurasian-Nubian relative plate motion. The446

results suggest that spreading in the Central Group is dominated by deep processes while447

in São Miguel is dominated by shallow processes. Transient deformation occurs at Fogo448

volcano, São Miguel Island, due to unrest activity, and local subsidence occurs in Ter-449

ceira Island explained by a continuous deflation source centered in the island.450
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(2016). Code reprocessing product series. Astronomical Institute, University of597

Bern.598

Trota, A. (2008). Crustal deformation studies in s. miguel and terceira islands599

(azores). volcanic unrest evaluation in fogo/congro area (s. miguel). PhD600

Thesis in Geology. Universidade dos Açores (281p).601
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Figure 2. A - Location of the CGPS stations AZGR, NOV1, TERC, SRPC, QEMD, HORT,

PTRP and PIED located in the Central Group. Red circles are recorded earthquakes (MC ≥ 2).

Dashed lines are the profiles CG1 and CG2 modeled in this study for the area. B - Time-series

of the CGPS stations movement relative to predicted ITRF2008 Eurasian motion (Altamimi et

al., 2012), transformed onto the direction away from predicted Eurasian motion (N260.5◦E). The

times-series are shifted from top to bottom to display the CGPS stations movement from the

north (AZGR) to the south (PIED). The vertical gray bars are the monthly number of earth-

quakes in the area (MC ≥ 2).

–16–



manuscript submitted to JGR: Solid Earth

0

100

200

300

400

N
o
 E

a
rt

h
q

u
a
k

es
 /

 M
o
n

th

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

Year

−100

−50

0

50

100

N
2
6
0
.5

°E
 D

is
p

la
ce

m
en

t 
(m

m
)

C

PDEL

RIB1

RCHA
BVF1

VFDC

PCNG

FRNS

HTN1

QBN1

−26˚ −25.5˚ −25˚

37.6˚

37.8˚

38˚

−3 −2 −1 0 1

0 10
km

A

37.6

37.7

37.8

37.9

38.0

L
a
ti

tu
d

e 
(˚

)

0 10 20

Depth (km)

B

Figure 3. A - Location of the CGPS stations PDEL, RIB1, RCHA, BVF1, VFDC, PCNG,

FRNS, HTN1 and QBN1 located in São Miguel Island. Red circles are recorded earthquakes (MC

≥ 2), concentrated between Fogo and Furnas volcanoes. Dashed line is the profile SM1 modeled

in this study for the area. B - Time-series of the CGPS stations movement relative to predicted

ITRF2008 Eurasian motion (Altamimi et al., 2012), transformed onto the direction away from

predicted Eurasian motion (N260.5◦E). The times-series are shifted from top to bottom to dis-

play the CGPS stations movement from the west (PDEL) to the east (QBN1). The vertical gray

bars are the monthly number of earthquakes in the area (MC ≥ 2).
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Figure 4. Horizontal velocities of CGPS stations located on Flores (A), Graciosa (B), São

Miguel (C), Terceira (D), São Jorge (E), Faial (F) and Pico (G). In figure A, the black arrow

represent the velocity from Table 1 relative to predicted ITRF2008 North American motion. In

figures from B to G, the black and white arrows represent the velocities from Table 1 relative

to predicted ITRF2008 Eurasian and Nubian motions, respectively (Altamimi et al., 2012). The

ellipses represent the 1σ confidence level and the green triangles are the CGPS stations.
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Figure 5. Results of kinematic plate boundary modeling of the horizontal velocities for Cen-

tral Group (A) and São Miguel Island (B). The velocity arrows show observed corrected from

Mogi source (blue, 2σ confidence ellipses), predicted from data inversion using Okada dislocations

(red), and residuals (green). The dislocations CG1 (A) and SM1 (B) are shown with dashed

black lines. Mogi source is shown with black star (A).
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Table 1. Equipment Changes in CGPS Stations

Station Date Receiver Type Antenna Type Antenna Height (m)

AZGR
2008/07/26 TRIMBLE NETR5 TRM55971.00 NONE 0.000
2012/04/31 TRIMBLE NETR9 TRM55971.00 NONE 0.000

BVF1 2007/07/18 TRIMBLE NETRS TRM29659.00 NONE 0.498

FLRS 2009/01/01 LEICA GRX1200GGPRO LEIAT504GG NONE 0.498

FRNS 2008/04/16 LEICA GX1230GG LEIAX1202GG NONE 0.498

HORT 2013/01/01 LEICA GX1230GG LEIAR25 NONE 0.000

HTN1
2005/05/23 LEICA RS500 LEIAT504 NONE 0.861
2006/02/15 TRIMBLE NETRS TRM29659.00 NONE 0.571
2007/07/18 LEICA GRX1200 LEIAT504 NONE 0.571

NOV1 2003/02/23 LEICA RS500 LEIAT504 LEIS 0.483

PCNG
2012/08/01 LEICA GRX1200 LEIAT504 NONE 0.485
2013/02/15 LEICA RS500 LEIAT504 NONE 0.485
2014/07/23 LEICA GR25 LEIAT504 NONE 0.485

PDEL
2001/11/06 LEICA CRS1000 LEIAT504 NONE 0.000
2002/12/19 LEICA RS500 LEIAT504 NONE 0.000
2008/04/06 LEICA GRX1200GGPRO LEIAT504GG NONE 0.000

PTRP 2010/05/19 LEICA GRX1200GGPRO LEIAT504GG LEIS 0.000

QBN1 2003/02/21 TRIMBLE 5700 TRM29659.00 TCWD 0.485

QEMD 2012 11 01 LEICA GRX1200GGPRO LEIAT504 LEIS 0.000

RCHA
2005/02/01 ASHTECH Z-X ASH701975.01A NONE 0.932
2005/12/14 TRIMBLE NETRS TRM29659.00 NONE 0.932

RIB1
2002/05/07 LEICA RS500 LEIAT504 LEIS 0.485
2015/06/12 LEICA GR25 LEIAT504 LEIS 0.485

SRPC 2003/02/25 LEICA RS500 LEIAT504 LEIS 0.485

TERC 2008/09/18 LEICA GRX1200GGPRO LEIAT504GG LEIS 0.000

VFDC 2009/07/14 LEICA GRX1200+GNSS LEIAX1203+GNSS NONE 0.000
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Table 2. Discontinuities of the CGPS Time-Series in East, North, and Up Components

Station Date Event N(mm) E(mm) U(mm) SDc(mm)

AZGR 2009/06/27 Equipmenta 2.0 3.1 7.8 0.3
AZGR 2013/11/17 Equipmenta 1.1 -1.2 4.4 0.3
AZGR 2015/06/25 Equipmenta -0.0 -1.0 13.2 0.2
BV F1 2011/11/20 Deformation -6.1 -0.8 2.5 0.4
PDEL 2006/12/12 Equipmenta 6.7 2.9 1.7 0.3
PDEL 2008/04/06 Equipment 2.3 -0.4 11.5 0.3
PDEL 2012/10/17 Equipmenta -4.6 -4.4 -2.1 0.2
PCNG 2014/07/23 Equipmentb 2.1 -7.2 -9.9 0.4
RCHA 2005/12/14 Equipmentb -21.7 -2.4 1.3 0.7
RCHA 2011/10/20 Deformation -7.1 -4.4 5.1 0.4
RIB1 2005/06/05 Deformation 11.4 -9.4 -7.7 0.6
SRPC 2013/01/20 Equipmenta -0.7 -5.6 -0.9 0.3
HTN1 2006/02/15 Equipment 1.8 1.1 7.4 0.6
HTN1 2007/07/18 Equipment 6.7 -4.3 -0.6 0.5

a Unreported equipment change.
b Possible influence from volcano deformation.
c Global Standard Deviation.

Table 3. Annual Amplitudes and Phases of the CGPS Time-Series in East, North, and Up

Components

Amplitude (mm) Phase (◦)
Station N E U N E U

AZGR 1.8 1.0 1.4 165.3 23.3 -156.0
BV F1 1.8 1.0 1.1 172.4 16.4 178.8
FLRS 1.7 2.2 1.9 163.7 -17.5 -65.5
FRNS 2.1 1.1 1.8 171.6 1.9 173.3
HTN1 2.2 0.8 3.7 -165.1 17.6 142.9
NOV 1 1.5 1.4 0.7 170.9 3.2 164.9
PBOI 2.7 1.2 2.8 164.7 81.8 130.8
PDEL 2.0 1.0 2.1 163.2 -2.6 174.4
PIED 2.2 1.3 0.5 159.5 2.7 -92.0
PCND 2.5 0.9 1.6 173.2 20.1 94.1
PCNG 2.1 1.5 0.7 145.2 24.4 -161.0
PTRP 2.2 1.3 2.2 143.0 42.1 141.9
QBN1 1.9 1.4 1.2 157.5 20.9 -178.3
RCHA 2.4 1.2 1.1 162.3 46.7 136.9
RIB1 1.8 1.4 1.3 164.5 17.8 152.8
SRPC 2.1 1.0 2.1 151.1 52.9 158.9
TERC 2.3 1.2 1.4 145.1 -5.9 -102.3
V FDC 2.2 1.3 0.4 158.7 35.4 -172.5
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Table 4. Eurasian-Nubian Plate Motion for Plate Motion Models ITRF2008, GEODVEL2010

and MORVEL2010

Full Plate Velocities (mm yr-1)
Model East North Speed Azimuth (◦)

ITRF2008 4.2+0.1
−0.0 0.6+0.3

−0.1 4.3+0.1
−0.0 81.9+0.7

−3.9

GEODV EL 4.8+0.1
−0.0 0.5+0.3

−0.1 4.8+0.1
−0.0 83.5+0.7

−3.9

MORV EL 4.0+0.3
−0.0 1.2+0.7

−0.1 4.2+0.4
−0.0 72.7+1.7

−8.0

Plate motion is calculated at the average loca-
tion of all CGPS stations located to east of MAR
(-26.556◦E 38.187◦N).
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Figure 1. Time-series of the vertical component of PDEL station for the period between May

2000 and January 2017, relative to ITRF2008 reference frame with A) all solutions from Bernese

5.2 processing before the time-series analysis using FODITS program, B) solutions with filtered

out discontinuities and outliers found from FODITS program analysis, and C) filtered solutions

from discontinuities, outliers and seasonal signals found from FODITS program analysis.
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Figure 2. Time-series of the CGPS stations in east, north, and up components for the period

between May 2000 and January 2017, relative to ITRF2008 plate motion model. The time-series

of FLRS site are relative to predicted North American plate motion, while all others are relative

to predicted Eurasian plate motion.
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