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Resumen 
 

Estructura cortical de Isla Socorro, Archipiélago Revillagigedo (Océano 

Pacifico Oriental), atreves de la interpretación de datos geológicos-

geofísicos. 

 
PALABRAS CLAVE:  Isla Socorro, datos de gravedad, datos magnéticos, gravedad 

satelital de alta resolución, Deconvolución de Euler, modelación directa e indirecta, 

cámara magmática 

 

 Isla Socorro es un edificio volcánico que se encuentra en el Pacifico Oriental, justo 

en la intersección de la Fractura de Clarión y el Dorsal de los Matemáticos, 

aproximadamente a 600 km de la costa mexicana. El volcanismo superficial (por 

encima del nivel del mar) de Isla Socorro comenzó ~540 ka y el cual ha continuado 

hasta el presente, demostrado por la última erupción submarina en 1993. El 

volcanismo subaereo es particularmente silícico, el cual se atribuye a una cámara 

magmática somera, probablemente en la parte superior de la corteza oceánica o 

dentro del mismo edifico volcánico. De la parte submarina de la Isla Socorro se sabe 

muy poco en términos geológicos, pero basado en los depósitos superficiales más 

antiguos, se infiere que este compuesto de basaltos. En este estudio se analiza la 

estructura profunda de Isla Socorro, esto a partir de una integración geológica-

geofísica. La información geofísica consiste de datos aeromagneticos de alta 

resolución, así como de una integración de gravedad terrestre y gravedad satelital 

de alta resolución, los cuales fueron procesados e interpretados en el programa 

Geosoft de Oasis Montaj Inc. El análisis e interpretación de la información de 

gravedad y magnética revelan un sistema extensional el cual tiene relación con las 

estructuras tectónicas de la región. El gradiente horizontal y Deconvolucion de Euler 

de los datos magnéticos indican la presencia de estructuras radiales que sugieren 

la presencia de un nido de calderas. La modelación directa e indirecta permitió la 

caracterización de un cuerpo de baja densidad y susceptibilidad que se interpreta 

como la fuente del volcanismo asociado con los depósitos recientes de Isla Socorro. 
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Abstract 
 

Crustal Structure of Isla Socorro, Revillagigedo Archipelago (Eastern Pacific 

Ocean), derived from the interpretation of geological-geophysical data 

 

KEY WORDS: Isla Socorro, magnetic data, gravity data, high-resolution satellite 

gravity, Euler Deconvolution, 2D forward modeling, 3D inverse modeling, magma 

chamber  

 

Isla Socorro is an oceanic island located in the Eastern Pacific Ocean, at the junction 

of the Clarion Fracture Zone and Mathematician Ridge, approximately 600 km west 

of the Mexican coastline. Subaerial volcanism commenced ~540 ka and has 

continued to the present as demonstrated by the latest submarine eruption in 1993 

and current fumarolic activity. The subaerial volcanic activity is predominantly silicic 

and has been attributed to a shallow magma chamber, most likely in the upper-

oceanic crust or within the volcanic edifice. Practically little is known about the 

submarine portion of the island, but based on the oldest subaerial deposits, it is 

inferred to be composed mostly of basalt. In this study, the subsurface structure of 

Socorro was analyzed based on an integration of geological and geophysical data. 

The geophysical data consist of high-resolution airborne magnetic data as well as 

an integration of terrestrial gravity and high-resolution satellite gravity, which was 

processed and analyzed on the Geosoft software of Oasis Montaj. The study 

revealed important information about the composition, structure and origin of the 

volcanic edifice. The analysis and interpretation of the gravity and magnetic data 

indicate the existence of extensional systems associated to the principal tectonic 

structures of the Revillagigedo area. The horizontal gradient and Euler deconvolution 

of magnetic data reveal the presence of linear features interpreted as caldera 

structures. A low density and susceptibility body was identified through the 2D 

forward and 3D inverse modeling techniques, which can be associated to a high-

temperature zone above the curie point, thus, we propose this body as the source 

of recent volcanic activity in subaerial Isla Socorro.
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Chapter 1. Overview

1.1 Introduction 

Isla Socorro is located in the East Pacific Ocean, approximately 600 km off the coast 

of Mexico (Fig. 1a). It is part of the Revillagigedo Archipelago, which is a group of 

four volcanic islands and numerous seamounts. The islands; Socorro, San 

Benedicto, Clarion and Roca Partida, can only be access by Mexican Navy vessels 

once a month, and special permits are necessary for civilians seeking to travel for 

research or academic purposes.   

Socorro, the focus of this study and largest island of the archipelago, lies at 

the intersection of the Clarion Fracture Zone and the Mathematician Ridge. The 

Mathematician, an abandoned mid-ocean ridge, ceased spreading approximately 

3.5 Ma, when activity shifted to the East Pacific Rise (Mammerickx et al. 1988). The 

islands of Revillagigedo represent post-abandonment volcanism (Batizta & Vanko 

1985). 

Isla Socorro, the subaerial portion of a large shield volcano, only represents 

2 percent of the total volcanic edifice (Paoletti et al. 2016; Fig. 1b). Socorro rises 

from the seafloor, at a depth of approximately 3 km, and reaches its highest peak at 

approximately 1050 m above sea level (Fig. 1c). Throughout its geologic history, Isla 

Socorro has experienced both effusive and explosive volcanism, but the majority of 

rocks exposed in the subaerial portion are alkaline to peralkaline in composition, 

which more commonly result from explosive eruptions (Bohrson et al. 1996; Bryan 

1966).  

Peralkaline rocks show unusual petrologic characteristics, having molar 

excess of (Na2O + K2O) over Al2O3, which is the opposite to rocks in the earth´s crust 

(Macdonald 1974). Due to its unique petrologic characteristics as well as it´s tectonic 

setting, Isla Socorro has become the subject of various geologic and geophysical 

studies.  
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1.1 Previous Work 

Bryan (1964, 1966, 1970, 1976) published the first studies concerning the geologic 

characteristics of Isla Socorro. Most of his research focused on describing the 

volcanic and eruptive mechanisms of contemporaneous felsic and mafic rocks on 

the island. Based on geochemical and petrologic data, he proposed fractional 

crystallization of a basaltic magma at a shallow depth as the primary eruptive 

mechanism of rhyolites and basalts in the subaerial portion of Isla Socorro. In the 

1990´s, Bohrson and Reid (1995, 1996, 1997, 1998) published a series of papers 

focusing on geochemical and radiometric data of the area. Based on the radiometric 

data and stratigraphic relations, they identified three eruptive phases in the subaerial 

history of the island. Moreover, based on the comparison of the eruptive rates of Isla 

Socorro with other oceanic islands, Bohrson et al. (1996) suggested that the 

volcanism associated with Isla Socorro is not exclusively the product of residual 

postabandonment magmatism, hence, proposed a mantle plume as an alternative 

magmatic source (Bohrson et al. 1996). 

 

c) 

Fig. 1 a) Location of study area. b) Topography of the island c) Elevation model of total 
volcanic edifice, derived from an integration of topographic data (30m resolution) and 
bathymetric data (80m resolution). The dashed line in blue represents seal level. 
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The most relevant and recent geophysical study was contributed by Paoletti 

et al. (2016), which focuses on the interpretation of airborne magnetic and 

radiometric data. They made the first investigations of the subsurface structure of 

the island from geophysical data obtained in 2009 by the Geological Survey of 

Austria. Based on the airborne magnetic data, they identified a heat source located 

at an approximate depth of 4-5km as well as two pipe-like structures with a high-

susceptibility response located within the north and south quadrants of the island.  

Other oceanic islands and volcanic areas have also been studied through the 

use of magnetic and gravity methods. Variations of these fields can be associated 

to lithologic or structural variations of the subsurface geology. These variations can 

be interpreted as feeding-systems within a volcanic edifice, collapsed structures 

such as calderas, and heat sources associated with possible magma chambers or 

hydrothermal systems. For instance, Finn and Williams (1987) were able to 

determine the bulk magnetic properties of Mt. St. Helens and delineated a buried 

body associated to structure filled with crystalline magma. Araña et al. (2000), 

through the use of gravity and magnetic methods, identified a collapsed structure 

based on magnetic and gravity lows located in the central part of Tenerife (Canary 

Islands) in the Atlantic Ocean. Moreover, the internal density and susceptibility 

distribution of Isla Isabel was characterized based on the interpretation of integrated 

magnetic and gravity data (Alvarez et al. 2017) 

The present study aims to investigate the subsurface structure of Isla Socorro, 

through the interpretation of geological and geophysical data, with the objective of 

addressing the following question: 

What is the source of magmatism associated to the recent volcanism at Isla 

Socorro? 

 

1.2 Hypothesis 

Isla Socorro has been built by explosive and effusive volcanism, which resulted in a 

complex geologic arrangement of mafic and silicic rocks. The crustal structure and 

magmatic plumbing system can be characterized through gravity and magnetic 

methodologies. 
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1.4 Objectives 

• Characterize structural features through magnetic and gravity methods. 

• Model the subsurface structure of Isla Socorro through forward (two-

dimensional) and inverse (three-dimensional) modeling techniques 

• Identify and characterize the magma chamber and magmatic plumbing 

system  
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Chapter 2.  GEOLOGY 

 

2.1 Regional Geology 

The Revillagigedo archipelago is located in the eastern Pacific Ocean, approximately 

400 km west off the East Pacific Rise. The Revillagigedo archipelago is comprised 

of four oceanic islands (Isla Socorro, Clarion, San Benedicto & Roca Partida) of 

volcanic origin and numerous seamounts, which originate from post-abandonment 

magmatism of a failed mid-ocean ridge spreading center (Mammerickx 1988). 

The four islands are peculiarly alkaline and all, excluding Roca Partida, exhibit 

anomalously high magmatic volumes in the Pacific, as they have volumes in the 

upper 1-2 percent of Pacific seamounts and oceanic islands on Pliocene age oceanic 

crust (Bohrson & Reid 1995). The region remains volcanically active as 

demonstrated by latest submarine eruption of Socorro in 1993, (Siebe et al. 1995), 

and the 1952 eruption of San Benedicto described by Richards (1959). 

 

2.1.1 Geologic summary of the Archipelago 

Isla Clarion, with an age range of early Pliocene, is located 400 km west of Isla 

Socorro and it is the oldest of the archipelago. Volcanic activity on the island is 

divided in two periods, which derived in the exposure of basalts, trachytes, 

trachyandesites and volcanic tuffs (Bryan 1967). 

Isla Socorro, the largest of the archipelago and closest to the Mexican 

mainland, is characterized by trachytes, comendites, and pantellerites that make up 

90 percent the subaerial bulk of the island (Bryan 1966). The rocks on Socorro are 

visible as lava flows, fall deposits, ignimbrites, cinder cones, and domes. Isla Socorro 

is the second oldest of the four islands with an age range of early Pleistocene. 

San Benedicto, the youngest of the Islands, is located approximately 50 km 

NE of Isla Socorro, and it is comprised of alkali-calcic rocks, with soda trachyte 

related units as the most abundant (Richards 1959). These rocks are expressed as 

lava flows, pyroclastic cones, highly weathered domes, and tuff deposits.  
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Roca Partida is the smallest of the islands with a length of roughly 250 m, and 

a width of 70 m. The island only reaches 35 m above sea level and it is comprised 

by trachyandesites (Richards 1964). No geologic age range has been established 

for Roca Partida. 

 

2.2 Local Geology 

 

2.2.1 Topography and Geography 

Isla Socorro is the largest island of the Revillagigedo Archipelago, ascending 3 

kilometers from the ocean floor to its highest peak, Cerro Evermann, approximately 

1050 meters above sea level (Fig. 2). The island is the subaerial expression of a 

large shield volcano with an extent of approximately 130 km2 , and a basal radius of 

24 km (Paoletti et al. 2016). Paoletti et al. (2016) suggested that the total volume of 

the volcano, assuming it to be a perfect cone, is approximately 2400 km3 with the 

subaerial portion only representing 2 percent of the total edifice.  

 

 
 

Fig. 2 Topobathymetry of Isla Socorro (VE: 1.5). Solid black line represents zero elevation. The 
subaerial part is characterized by rough surfaces expressed as sharp ridges and valleys. 

 

The topography of Isla Socorro is characterized by constructional landforms 

of structural and volcanic origin. The elongated rough ridges observed on Isla 

Socorro are remnants of jagged lava flows and layered pyroclastics, while the radial 

features represent pyroclastic cones and domes. A radial steep escarpment located 

in the south-eastern quadrant, at about 600-m elevation is believed to be the 
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remnant of a collapsed caldera wall (Bryan 1966). Bryan suggests that the western 

part of the caldera was downfaulted along a north-south rifting zone based on the 

trend of post-caldera vents. 

Isla Socorro is located in the eastern Pacific Ocean, at the northern end of the 

Mathematician Ridge, an abandoned mid-ocean spreading center, and just below 

the Clarion Fracture Zone. Socorro is approximately 600 km off the pacific coast of 

Mexico at approximately 18°48′N, 110°59′W. 

 

2.2.2 Eruptive History 

The volcanic and eruptive evolution of Isla Socorro is characterized by a long history 

of effusive and explosive stages, which generated a complex geology arrangement 

of mafic and silicic rocks (Bryan 1966; Bohrson and Reid 1995; Bohrson et al. 1966). 

Based on the presence of a caldera wall, stratigraphic relations, and radiometric age 

dating, the eruptive history of the volcanic edifice has been divided into pre-caldera, 

syn-caldera and post-caldera stages (Bryan 1966; Bohrson et al. 1996; Fig. 3). 

 

Pre-Caldera Phase  

The pre-caldera stage, was dominated by effusive eruptions that formed the 

submarine edifice, which based on the composition of the oldest rocks exposed on 

Isla Socorro (alkali basalt transitional to tholeiite), it is assumed to be composed 

primarily of basalt (Bryan 1966). This effusive phase transitioned to an explosive 

period, which culminated with the formation of a caldera structure by the collapse of 

the roof-support of a shallow magma chamber (Bryan 1966).  The explosive 

eruptions led to the formation of alumina-deficient quartz trachyte transitional toward 

pantellerite, though, true pantellerites are absent within the pre-caldera rock 

sequences (Bryan 1966). 

The pre-caldera basalts are limited to an exposed outcrop at the base of a 

cliff on the southeast of the island, which underlies the oldest pre-caldera silicic lavas 

(Bohrson et al. 1996). Pre-caldera peralkaline rhyolites and trachytes are found in 

the eastern and northwest zones of the island (Paoletti et al. 2016).  Based on argon-

argon dating, a relative age of ~540ka was determined for the oldest peralkaline 
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deposits, marking the start of the subaerial volcanic activity on Isla Socorro (Bohrson 

et al. 1996).  

 

Syn-Caldera phase 

The syn-caldera, phase, defined by Bryan (1966) from stratigraphic relations, refers 

to rock assemblages formed during the process of caldera formation. Based on 

argon-argon ages of rock samples from the caldera wall, Bohrson (Bohrson et al. 

1996) suggests a 384±5 to 367±5 (ka) age range for the syn-caldera deposits. The 

remnant of the caldera rim can be observed at around 650 m of elevation towards 

the southeast of Cerro Evermann. The absence of the western-side of the caldera 

rim has been attributed to downfaulting along a north-south rifting zone, though, 

there is no clear evidence to support this hypothesis (Bryan 1966).  

 
Post-Caldera Phase 

The post-caldera phase, characterized by both, effusive and explosive eruptions, 

initiated ~180 ka and has continued to the present as demonstrated by the 1993 

submarine eruption 3k west of Isla Socorro (Siebe et al. 1995; Bohrson et al. 1966) 

The post caldera silicic rocks can be located in the northern, western and southern 

sections of the island, while post-caldera basalts are mainly restricted to the 

southeast.  Based on radiometric age dating and stratigraphic relations, post-caldera 

mafic and silicic rocks erupted contemporaneously, suggesting the presence of a 

stratified magma chamber (Bohrson et al. 1996).  
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2.2.3 Geologic Units 

Pre-Caldera Units 

 

Lower el Muerto Member 

The Lower El Muerto Member is the oldest pyroclastic unit (Carbadillo-Sanchez 

1994), which is distributed along the eastern shoreline and overlie the oldest basaltic 

deposits found on Isla Socorro (Bryan 1966; Fig. 4). These pyroclastic deposits, 

mainly crystalline tuffs, are composed of ash-sized crystals with scarce lithic 

fragments.  In general, exposed rocks of this unit reach a thickness of approximately 

45 meters, and in some areas, it underlies a compact layer of obsidian.  The obsidian 

layer transitions to vesicular glass with abundant crystal inclusions in a lateral sense 

(Carbadillo-Sanchez 1994).  This layer ranges from 8 to 1 meter in thickness and 

separates the Lower El Muerto Member from the Upper El Muerto Member 

(Carbadillo-Sanchez 1994). 

 

Upper El Muerto Member 

The Upper El Muerto Member, or Playa Blanca according to Carbadillo-Sanchez 

nomenclature, is a sequence of thick crystalline tuffs interbedded with layers of 

Fig. 3 Age interpretation of 
eruptive phases, based on 
argon-argon age dating of 
feldspar separates from 
whole rock samples 
(modified from Bohrson et 
al. 1996). 
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welded and non-welded ignimbrites, as well as lithic tuffs (Carbadillo-Sanchez 1994; 

Paoletti et al. 2016). The Upper El Muerto Member is characterized by a lithic-basal 

layer consisting of approximately 30% poorly-sorted subrounded pumice fragments 

and a crystalline-ash matrix (Carbadillo-Sanchez 1994). 

The non-welded ignimbrites are matrix supported with poorly-sorted 

subrounded blocks of gray pumice (Carbadillo-Sanchez 1994). The matrix is mainly 

composed of fine ash while the pumice fragments consist of devitrified glass and few 

crystal inclusions (Carbadillo-Sanchez 1994). The welded-ignimbrites consist of 

lithic fragments and elongated pumices with a well-developed eutaxitic fabric 

(Carbadillo-Sanchez 1994).   

 

Syn-Caldera Units 

 

Playa Norte Member 

The Playa Norte is the oldest group of peralkaline lava flows recognized in Isla 

Socorro, and it is composed of porphyritic lava flows of up to 10 meters in thickness 

(Carbadillo-Sanchez 1994). The Playa Norte member is found within the eastern 

quadrant and northwest sector of the island.  It has a distinctive light green 

weathering color with a characteristic red oxidation layer in the inward direction 

(Carbadillo-Sanchez 1994). The lavas contain an assemblage of feldspar and 

pyroxene crystals up to 5mm long, surrounded by a dark-green non-vesicular matrix 

(Carbadillo-Sanchez 1994). 

 

El Bosque Member  

El Bosque member is a sequence of interlayered lava flows and crystalline 

pyroclastic deposits (Carbadillo-Sanchez 1994). The lava flows have maximum 

thicknesses of 5 meters that are covered by intense vegetation and present strong 

weathering (Carbadillo-Sanchez 1994). This unit exhibits extensive rheomorphism; 

therefore, a clear distinction between the lava flow and pyroclastic flow components 

was hard to establish (Carbadillo-Sanchez 1994). 
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Post-Caldera Units 

 

Felipe Member 

The Felipe Member lava flows are the most well-preserved lavas on Isla Socorro, 

which erupted from vents on the northeastern and southwestern flanks of the 

Evermann dome complex (Carbadillo-Sanchez 1994). Rocks within this unit are the 

more recent peralkaline-trachytic lava flows of the post-caldera phase (Carbadillo-

Sanchez 1994). The morphology of the lava is characterized by rough, blocky 

surfaces, and easily detectable flow lineations (Carbadillo-Sanchez 1994). 

 

Palma Sola Member 

The Palma Sola member is the most recent crystalline pyroclastic deposit of 

peralkaline composition found on Isla Socorro (Carbadillo-Sanchez 1994). The 

lithologic characteristics of this member are almost identical to the crystalline tuffs of 

the Upper El Muerto Member, except for the presence of elongated obsidian 

fragments up to 20 cm long. (Carbadillo-Sanchez 1994).   

 

Lomas Coloradas 

The Lomas Coloradas are the only basaltic lavas exposed on Isla Socorro and are 

restricted to the southeast quadrant of the island.  The basalts have been erupted 

from fissures and are characterized by a pahoehoe morphology, with well-developed 

lava tube systems (Bohrson et al. 1996). A common pattern is observed in these 

lava-flows, the more superficial flows show aphanitic textures, while a porphyritic and 

less vesicular texture is common in the basal horizons of these lavas (Carbadillo-

Sanchez 1994). Based on stratigraphic relations between the Lomas Coloradas and 

post-caldera rhyolites, it is evident that these erupted contemporaneously (Bohrson 

et al. 1996).  

 

 

 



 

12 

 

 

The Cabo Henslow Member 

The Cabo Henslow Member was defined by Paoletti et al. (2016) based on 

morphological and textural evidence suggesting that this unit is associated to a 

surtseyan eruption, producing a series of localized surge and fall deposits. 

 

Air-Fall 

The most prominent air-fall deposit is found near the summit of Cerro Evermann, 

consisting of a series of parallel layers of crystalline ash (Carbadillo-Sanchez 1994). 

Carbadillo (1994) suggests that these deposits can be associated to the ash-cloud 

portion of the pyroclastic flows of the post-caldera phase.  

 

Cinder Cones and Domes 

The cinder cones are characterized by slopes of 25 to 50 degrees and a high 

symmetry (Carbadillo-Sanchez 1994). Ejecta material from these cinder cones is 

distinguished by bombs and spatter structures displaying crystalline and vesicular 

textures (Carbadillo-Sanche 1994). The cinder cones appear to have a preferential 

alignment, suggesting they were erupted along fissure vents. The domes of Isla 

Socorro are composed of comendite or pantellerite, and represent the latest stage 

in volcanism, when magma is more degassed and crystal rich, thus, forming high-

viscosity lavas (Carbadillo-Sanchez 1994; Paoletti et al. 2016). In general, domes 

erupted at low elevations are greater in size than those erupted at higher elevations 

(Carbadillo-Sanchez 1994). 
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2.2.4 Structural Geology 

Brittle deformation dominates the subaerial portion of Isla Socorro, with the most 

prominent structural feature being the remnant of a caldera wall in the central portion 

of the island.  It was first described by Bryan (1966), and it is defined by a steep 

escarpment of 60 m found southeast of dome Evermann at approximately 600 m 

elevation (Fig. 4). This forms a semi-circular ridge in its eastern portion while the 

western part is absent, most likely by downfaulting along a N-S rifting system (Bryan 

1966). 

Poletti et al. (2016) identified the caldera rim and suggested another caldera 

rim structure based on the horizontal gradient maximum of residual magnetic data 

(Fig. 5). This other caldera structure might be related to the oldest pyroclastic 

deposits of Isla Socorro, thus, indicating the possibility of a nested caldera system 

on the island (Paoletti et al. 2016). 

Fig. 4 Geologic map of Isla 

Socorro, which is a composite of 
geologic mapping by Bryan 
(1996), Carbadillo-Sanchez 
(1994), Bohrson and Reid (1997), 
and Paoletti et al. (2016) The 
solid line is the known caldera rim 
(adapted from Paoletti et al. 
2016). 
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Three major zones of fractures were identified by Bryan (1966), based on the 

interpretation of topography, relative ages, vent and dome alignments (Fig. 6a). The 

first system is defined by parallel north-south rifts that run across the center of the 

island, while the second one is dominated by northwest-southeast fractures (Bryan 

1966). The third system is formed by an east trending fracture regime. Based on 

cross-cutting relations, Bryan (1966) suggests an initial east-west rifting system 

related to movements along the Clarion Fracture Zone that were later offset and 

superimposed by a contemporaneous north-south and northwest systems, most 

likely related to the Mathematician Ridge. 

The structural interpretations made by Bryan (1966) were validated by 

Carbadillo-Sanchez (1994; Fig. 6b).  Carbadillo presented further structural evidence 

based on field work and aerial photograph interpretations. A normal fault in the north-

central portion of Isla Socorro is evident, most likely associated to late movements 

along the north-south rifting system. A bow-shape structure on the western part of 

the island is defined by a 30 m scarp facing the summit area, and based on its 

location, this structure is probably related to magma movement that cause the 1993 

eruption (Carbadillo-Sanchez 1994). 

Fig. 5 Known caldera rim (solid 
line) and inferred caldera rim 
(dashed line) from interpretation 
of the horizontal maxima of 
magnetic data (from Paoletti et al. 
2016). 
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6.1 Tectonic Setting 

 

Isla Socorro is located at the intersection of the Mathematician Ridge and the Clarion 

Fracture Zone, approximately 400 km west of the East Pacific Rise (Fig. 7). Based 

on submarine topography and fracture patterns of the subaerial portion, the geologic 

evolution of the island appears to be controlled by these tectonic regimes (Bryan 

1966). 

 

 
 

The Clarion Fracture Zone approaches the continental margin with an east-

northeast trend and shifts to a northwest trend at its intersection with the 

a)                                                        b) 
Fig. 6 a) Fracture pattern 
deduced by Bryan (1966), 
b) fracture pattern from 
Carbadillo-Sanchez 
(1994).  Western side of 
the caldera most likely 
down faulted along the N-
S rifting system (from 
Carbadillo Sanchez 1994) 

Fig. 7 Location of Isla Socorro (IS) in 
relation to the major tectonic features in 
the eastern Pacific Ocean. Socorro lies 
at the intersection of the Clarion 
Fracture Zone (CFZ) and the 
Mathematician Ridge (MR), 
approximately 400km west of the East 
Pacific Rise (EPR) (modified from 
Farmer et al 1993). 
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Mathematician Ridge, where it becomes the Rivera Transform. Based on the 

bathymetric characteristics, length, and magnetic lineaments, this fracture zone was 

present before the tectonic reorganization that commenced 12.5 Ma ago and 

culminated with the formation of the present northern East Pacific Rise (Mammerickx 

and Klitgord 1982). 

The eastern Pacific Ocean, prior to 11 Ma, was dominated by a simple 

tectonic system involving a divergent system (Pacific-Guadalupe spreading ridge) 

that separated the Pacific and Guadalupe plates, and a convergent system along 

the North American plate (Mammerickx and Klitgord 1982; Fig 8a) 

During the Miocene, between 12.5 Ma and 11 Ma, the Guadalupe plate 

fragmented into two different plates, the Rivera and the Cocos plates (Mammerickx 

and Klitgord 1982; Fig 8b). This event caused a reorientation and fragmentation of 

the Pacific-Guadalupe spreading center, and based on bathymetric evidence, this 

system extended southward along the entire Mathematician Ridge (Mammerickx 

and Klitgord 1982). This suggests that the Mathematician Ridge is a remnant 

fragment of the Pacific-Guadalupe spreading center.  

 

 
 

Fig 8. Tectonic reorganization 
of the eastern Pacific Ocean 
from early Miocene to the 
present (modified from 
Mammerickx and Klidgord 
1982). 
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The regional magnetic lineaments and bathymetric data suggest that the 

Mathematician ridge system failed progressively in the northward direction 

(Mammerickx et al. 1988). The northern end of the Mathematician ridge, where the 

Revillagigedo archipelago sits, was abandoned approximately 3.5 Ma when activity 

moved to the East Pacific Rise (DeMets & Traylen 2000). The most accepted 

mechanism of spreading center jumps is associated to the shift of the poles of 

rotation caused by the fragmentation of plates (DeMets & Traylen 2000). This 

tectonic rearrangement induces a reorientation of the spreading ridge, which is 

accomplished by the propagation of the new spreading ridge at the expense of old 

ones (Mammerickx et al.1988). 
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Chapter 3. THEORY OF POTENTIAL METHODS 

 

3.1 Gravimetry 

Gravity surveying or `gravity´ method, as it is commonly known, is a geophysical 

technique used to investigate the subsurface geology through variations in the 

Earth´s gravitational field derived from density contrasts of underground rock. These 

variations in the gravitational field can be caused by bodies whose density differs 

from that of the surrounding rock or by the structural array of subsurface geology. 

Therefore, the gravity method is one of the most used geophysical techniques in 

engineering, natural resources exploration, and geological research. 

 

 

3.1.1 Density of Rocks  

Gravity surveying focuses on gravitational field variations resulting from density 

contrasts in the subsurface geology, thus the importance of recognizing the factors 

controlling or affecting the density of rocks. The mineral composition of a rock is the 

main factor influencing density in all rock types, but there are other physical 

properties that can have an effect on it, which can be directly related to the type of 

rock.  

In sedimentary rocks, composition, age and depth of burial, are the main 

factors influencing density. Sediments that have remained buried for longer periods 

of time and at greater depths have a greater chance to consolidate and lithify. 

Consequently, these rocks are denser due to the high levels of compaction, and 

reduced levels of porosity.  

Igneous and metamorphic rocks are generally denser than sedimentary 

rocks. For igneous rocks, one of the factors controlling density is the amount of silica.  

Density increases with the decreasing silica content; therefore, mafic rocks tend to 

be denser than felsic rocks. The geologic origin of igneous rocks is another factor 

influencing density, as plutonic rocks are usually denser than their volcanic 
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counterparts. In metamorphic rocks, density increases with increasing metamorphic 

grade and decreasing content of felsic materials. 

 

3.1.2 Physical Basis 

The gravity method is based on two laws derived by the physicist Isaac Newton; 

primarily his Universal Law of Gravitation and the Second Law of Motion. The Law 

of Gravitation states that the attractive force between two known masses is directly 

proportional to the product of their masses, and inversely proportional to the square 

of the distance between them. This relationship is given by: 

 

F = G
m1m2

r2                   Eq.1 

 

where G, the gravitational constant, has the value 6.672x
10−8m3

Mg
xs2. 

 

The second law of motion states that a force (F) is directly proportional to a known 

mass times its acceleration.  

 

F = m ×  acceleration                     Eq.2 

 

if the acceleration is vertical or has a vertical component, it is due to gravity. 

 

The last two equations can be combined into the following relationship: 

 

F = G
m1m2

r2  = F = m ×  acceleration (g); therefore g =
G x M

r2                                  Eq.3 

 

where g is the magnitude of the acceleration due to gravity. It is directly proportional 

to the mass of the earth (M) and inversely proportional to the square of the earth’s 

radius. This relationship applies for a perfect sphere in which gravity would be 

constant, but the earth’s symmetry approximates that of an ellipse of rotation; 

consequently, gravity varies around the earth.  
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3.1.3 Gravity of the Earth 

The earth´s gravitational field is not constant and varies from one point to another. 

There are five main factors causing such variations in the magnitude of gravity: 

latitude, elevation, topography, density variations of the subsurface, and earth tides. 

In general, the average change in the gravitational field from the equator to the poles 

amounts to approximately 5 Gal and the effect of elevation is as much as 0.1 Gal 

(Telford et al. 1990; Reynolds 1997). 

The variation of gravity from the equator to the poles is caused by the earth´s 

rotation. Firstly, the earth´s rotation produces a centrifugal acceleration that is 

maximum at the equator and reaches zero at the poles. This acceleration acts 

against the acceleration due to gravity, and consequently, decreasing the value of 

gravity (Fig. 9). Secondly, due to the centrifugal force, the earth is flattened at the 

poles and bulged at the equators. This asymmetry causes the diameter of the 

equator to be greater than the polar one, and thus the magnitude of gravity is less at 

the equator. 

 

 
  

Although the gravitational field varies over the earth´s surface, it has an 

equipotential surface in which gravity has an equal value. This surface, called the 

geoid, is horizontal and at right angles to the pull of gravity everywhere, and it is 

used as a reference surface in gravity surveying (Fig. 10). The geoid can be defined 

Fig.9 Resultant gravity 
(g) from adding the 
gravitational acceleration 
vector (ga) and the 
centrifugal acceleration. 
Centrifugal acceleration 
decreases towards the 
poles (from Reynolds 
1997).  



 

21 

 

as the average sea level over the oceans and land that would lie on canals if they 

were cut throughout the earth. In most surveys, gravity data is reduced or corrected 

to the geoid by applying various gravimetric corrections. 

 

 
   

 

3.1.4 Gravity Corrections 

As previously mentioned, gravity surveying is only concerned with gravity variations 

due to density contrasts of the subsurface geology; therefore, gravity data must be 

corrected for variations unrelated to the subsurface characteristics of the study area. 

Gravity data can be corrected by reducing it to a common datum or surface.  

Reducing gravity data to a common datum, which is usually the geoid, allows the 

association of gravity anomalies to geological bodies or structures in the subsurface. 

Data reduction is achieved by applying various spatial and temporal corrections. 

 

Drift Corrections 

Gravity reading variations at the same location, or base station, are mainly caused 

by two factors; the instrumental drift and tidal effects.  The instrumental drift is caused 

by the slow elastic creep in the spring, as a consequence of temperature changes 

or by internal characteristics of the gravimeter. On the other hand, the change in 

gravity readings due to tidal effects is associated to the orbital motion of the moon 

and sun, which can cause gravity to vary up to 0.3 mGal throughout a period of 12 

hours (Mussett & Khan, 2000). 

To correct for these changes, it is necessary to repeat measurements at the 

same station over an interval of time and determine the reading error. After the error 

Fig. 10 Reference geoid 
(modified from Telford et 
al. 1990). 
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is determined, a simple linear correction is applied to all gravity readings within the 

time interval. 

 

Latitude Correction 

As previously stated, the rotation and symmetry of the earth cause gravity to vary 

from the equator to the poles, so before gravity can be interpreted in geological terms 

it must be corrected for such asymmetry of the earth. The latitude correction is 

achieved by applying the following equation: 

 

gλ = 978031.8(1 + 0.0053024sin2λ − 0.0000059sin22λ)mGal                    Eq.4 

 

where 𝜆 is latitude.  This equation, known as the International Gravity Formula, 

calculates a theorical gravity value at the given station, which is then subtracted from 

the observed gravity (𝑔𝑜𝑏𝑠). 

 

Free-Air Correction 

Gravity varies inversely with the square of the distance, so it is required to correct 

for changes in elevation by reducing station readings to a common datum (geoid). 

The free-air correction is given by Equation (5) and it is added to the field reading 

when the station is above the datum or subtracted if station is below it. 

 

ẟgfa = 0.3086h                 Eq.5 

 

where h is in meters. 

 

Bouguer Correction 

The Bouguer correction is used to account for the extra mass between the field 

stations and the datum surface. This correction removes the rock above the datum 

that would exert an extra gravitational pull, which would result in overestimated 

gravity readings. The bouguer correction calculates the extra pull as if the reading 
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station was centralized in a horizontal plateau with no irregularities (topography), and 

it is given by the following: 

 

ẟgb = 0.04192ρh                   Eq.6 

 

where ρ is in Mg/𝑚3 and ℎ is in meters. The bouguer correction is subtracted from 

the observed gravity values. 

 

The bouguer correction in offshore areas is given by the following: 

 

ẟgb = 0.04192(ρr − ρw)h                Eq.7 

 

Terrain Correction 

Since the bouguer correction assumes an infinite horizontal slab with no 

irregularities, the terrain correction accounts for the gravity variations due to the 

surface topography near a reading station. A mountain above a gravity station will 

cause the gravity reading to be less due to the opposite gravitational pull exerted on 

the station by the mountain. Similarly, a valley near the field station will reduce the 

value of g as the lack of mass reduces the normal downward pull of gravity; therefore, 

the terrain correction is added to the observed value of gravity.  

There are various methods for calculating the terrain correction, but the most 

common method consists of a graticule of segmented concentric circles, known as 

Hammer chart (Fig. 11), which is laid on top of a topographic map of the study area. 

The center of the chart is positioned on top of the gravity station and the average 

elevation at each sector is determined. This elevation is subtracted from the 

observed elevation values, and the gravitational effect at each segment is 

determined based on terrain correction table. 
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3.1.5 Gravity anomaly 

The end result of gravity data reduction is known as bouguer anomaly, which is a 

gravity field reflecting lateral variations in density of the subsurface geology. The 

bouguer anomaly should be negative if a low-density body is within a high-density 

medium. Conversely, a high-density material in a low-density medium should result 

in a positive anomaly. The bouguer anomaly can be defined by the following 

expression: 

 

Bouguer anomaly= observed value of g – latitude correction + free air correction – 

bouguer correction + terrain correction 

 

The bouguer anomaly expression in offshore areas becomes: 

 

Bouguer anomaly= observed value of g – latitude correction – free air correction + 

bouguer correction + terrain correction 

 

 

 

 

Fig. 11 Example of a 
Hammer char overlying a 
topographic map (from 
Telford et al. 1990). 
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3.2 Magnetometry 

The magnetic method is similar to the gravity method, but it is usually more complex 

because variations of the magnetic field are more erratic and localized. This 

geophysical technique is normally used to investigate small-scale features and 

regional structures through variations in the geomagnetic field derived from 

susceptibility contrasts of the subsurface geology.  

 

3.2.1 Magnetic Properties of Rocks 

Since the magnetic method focuses on variations of the geomagnetic field, it is 

important to understand the magnetic properties of rocks. The magnetic 

susceptibility of a mineral or rock is the most important magnetic property, and it is 

defined as the ability of a rock to become magnetized when exposed to an external 

field.  The intensity of such magnetization is directly proportional to the strength of 

the field and can be described by the following: 

 

MI = χ x H                   Eq.8 

 

where the magnetic susceptibility (χ) is unit-less and H is the external field. 

 

The magnitude of a rock´s susceptibility is mainly controlled by the magnetic 

minerals present and their concentration. 

 

Induced and Remanent magnetization  

The total magnetization of a rock is the result of two factors: induced and remanent 

magnetism (Fig. 12). The induced magnetization occurs when a rock is exposed to 

an external field and becomes magnetized in the direction of the external field. The 

remanent magnetization is the magnetism of a rock acquired at the time of its 

formation, which persists through time regardless of changes in the magnetic field. 

Induced magnetization normally controls the direction and magnitude of the total 
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magnetization of rock. The remanent magnetism can be achieved through some of 

the following processes: 

 

a) Thermal remanent magnetization (TRM), occurs when magnetic minerals are 

cooled below the Curie point, and the magnetization is ``locked´´. This is the 

common magnetization process of igneous rocks. 

 

b) Detrital remanent magnetization (DRM), takes place when fine-grained 

particles are slowly settling under the presence of an external field, and thus 

causing magnetic particles to align with the direction of the field. This is the 

usual remanent magnetization of fine-grained sedimentary rocks.  

 

 

c) Chemical remanent magnetization (CRM), which takes place when mineral 

grains grow in size or change crystal structure through chemical reactions. 

This process commonly affects sedimentary and metamorphic rocks. 

 

 

 
 
 

The most common magnetic element is iron and combined with other elements 

such as sulfur or oxygen give rise to the magnetism of rocks (Mussett & Khan, 2000). 

Depending on the response of such compounds to the presence of an external field, 

these can be divided into diamagnetic, paramagnetic, and ferromagnetic 

substances. 

 

Fig. 12 Total magnetization of a 
rock depends on two factors: 
induced magnetization and 
remanent magnetization 
(modified from Reynolds 1997). 
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a) Diamagnetic materials are those characterized by weak negative 

susceptibility. This arises from electrons orbiting in a specific way that 

produces a magnetic field opposing the applied field. Graphite, quartz, and 

halite, are the most common diamagnetic substances.  

 

b) Paramagnetic minerals have incomplete electron shells, with the electrons 

producing weak magnetic moments in the direction of the external field; 

therefore, it generates a positive susceptibility. The most common 

paramagnetic materials are amphiboles, pyroxenes, garnets and biotite. 

 

c) Ferromagnetic substances are characterized high susceptibility, which is a 

consequence of the strong atomic interaction and overlap of the electron 

orbits. The spinning of the electrons creates magnetic moments that can be 

aligned parallel or antiparallel to each other. If the moments are aligned 

parallel, but their net moment is not zero, these substances are known as 

ferrimagnetic. Pyrrhotite and magnetite are the most common ferrimagnetic 

minerals.  Conversely, when the magnetic moments are aligned antiparallel 

and their net moment is almost zero, these substances are antiferromagnetic. 

 

3.2.2 Physical Basis 

The physical basis of the magnetic method is partially based on Coulomb´s Law. 

Instead of electrical charges, two magnetic poles separated by a distance create a 

force between them, which can either be repulsive or attractive depending on the 

nature of the poles.  This relationship is given by the following: 

 

𝐹 =
m1m2

4πμr2
                  Eq.9 

 

where 𝑚1 and 𝑚2 are the magnetic poles; 𝜇 is the magnetic permeability of the 

medium between the poles, and 𝑟 is the distance between them. If the polarity of the 
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poles is the same, the force will be repulsive, and if the polarity differs, the force will 

attract the poles towards each other. 

Magnetic fields cannot be seen or touched, but can be observed when a 

magnet is placed on a sheet covered with iron filings. The iron filings will align with 

the magnetic field produced by the bar magnet.  The magnetic field lines, known as 

“magnetic flux”, will point in the direction of the magnetic field at any given point, and 

their density will determine the strength of the field.   

 

3.2.3 The Earth’s Magnetic Field 

 The strength of the present magnetic field varies from 30,000 nT at the magnetic 

equator to 60,000 nT close to the magnetic poles (Musset & Khan 2000). The 

magnetic field measured at any point over the earth’s surface is the result of the 

following three components: the main field, the external field, and the crustal field. 

 

Main Field 

The main field, or geomagnetic field as it is commonly known, behaves as a large 

dipole magnet displaced approximately 300 km from the center of the earth towards 

Indonesia, presenting an inclination of approximately 11.5 degrees to the earth’s 

rotational axis (Telford et al. 1990; Reynolds 1997; Fig. 13b).  The magnetic flux lines 

diverge vertically from the magnetic south and converge vertically downward in the 

magnetic north (Fig. 13a). 

 

 

 

a)                                                                             b) 

Fig. 13 Schematic diagram of the earth’s magnetic field. 
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The geomagnetic field is produced by convection currents in the liquid outer 

core sustained by a self-excited dynamo mechanism. Although the origin of such 

dyanamo is not well comprehended, the most accepted theory suggests that the 

convection is controlled by the cooling of the inner core, the buoyancy of the 

iron/nickel liquid outer core, and the spin of the earth along its axis.  

 

External and Crustal Field 

The external field accounts for a small portion of the total magnetic field, and it 

originates from electrical currents in the ionized layers of the upper atmosphere. The 

crustal field refers to the field generated by the remnant and induced magnetization 

of crustal rocks, and it is relatively smaller in magnitude than the main field.  

 

Elements of the magnetic field 

The magnetic field is a vector quantity, and it is normally described by the scalar 

magnitude of the total field F, and its direction in dip and azimuth (Fig. 14). The dip, 

known as magnetic inclination I, is the angle between the total magnetic field vector 

and the horizontal plane, which is measured positive north of the magnetic equator 

and negative towards the south. The azimuth of the total magnetic field, known as 

declination D, is the angle made by the total field vector and the geographic north, 

which is considered positive to the east and negative to the west. 

The magnetic field vector can also be defined by the vertical component Z 

and the horizontal component H (Fig 14). The horizontal component H can be 

expressed by the horizontal-north and horizontal-east components. 
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Temporal Variations  
 

The magnitude of the magnetic field experiences both temporal and space 

variations, which could be caused by external and internal factors.  These variations 

are described in the following segments, starting with variations of small time-span 

and concluding with those occurring over longer periods of time. 

a) Diurnal variations occur over a period of less than 24 hours and are 

associated to the interaction of the solar wind and ionosphere. The 

variations have their peak near the local noon and can reach up to 50 nT 

(Reeves 2005). 

b) Magnetic Storms cause isolated disturbances in the magnetic field that 

can reach amplitudes up to 1000 nT (Telford et al. 1990). These changes 

tend to be erratic and localized, but generally occur within a cycle of 27 

days caused by sunspot activity (Mussett and Khan 2000; Reeves 2005). 

c) Secular variations occur over periods of hundreds of years and have 

effects in both, magnitude and position of the magnetic field. These 

variations are derived from changes in the convection currents in the outer 

core. 

Fig. 14 Elements of the magnetic 
field (modified from Reynolds 1997). 
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3.2.4 Magnetic Corrections  

Corrections in magnetic surveys are fewer and less complicated than gravity 

surveys, but must be applied to allow the correlation of magnetic maps to the 

geological characteristics of the study area. 

 

Diurnal Variation Correction 

The most important correction is done to account for diurnal variations, and it is done 

similarly to the drift correction in gravity surveys. A base station is set away, but 

easily accessible from the survey area, and the diurnal variation is measured over 

regular intervals. The diurnal changes are then added or subtracted to the observed 

survey readings. 

 

Geomagnetic Correction  

The geomagnetic correction is the equivalent of the latitude correction in gravity 

surveying. This correction removes the latitude effects by subtracting the theorical 

magnetic value of the main field. The field subtracted is the International 

Geomagnetic Reference Field (IGRF), which is a mathematical model of the main 

field based on observations from magnetic observatories around the world.  The 

IGRF is revised every five years to account for the secular variations of the main 

field. 

 

3.2.5 Magnetic Anomaly  

After all corrections have been applied, the end product of magnetic data reduction 

is known as magnetic anomaly. Magnetic anomalies tend to be more erratic and 

localized than gravity anomalies, and can be calculated at any point over the surface 

by applying the following: 

 

∆𝐹 = 𝐹𝑜𝑏𝑠 − 𝐹𝐼𝐺𝑅𝐹
−

+⁄ ∆𝐹𝑑𝑖𝑢              Eq.10 
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where  𝐹𝐼𝐺𝑅𝐹 is the value of the IGRF;  ∆𝐹𝑑𝑖𝑢 is the diurnal variation and 𝐹𝑜𝑏𝑠 is the 

observed value. 
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Chapter 4.  METHODOLOGY 
 

The aim of this chapter is to explain in detail the methodology applied during this 

research. Previous gravimetric and magnetomectric studies realized in volcanic 

areas have allowed the characterization and modeling of the subsurface geology. 

For this research, the crustal structure of Isla Socorro was investigated through 

interpretation of gravity, magnetic and geological data. The subjects to be explained 

in the following sections include: data acquisition, data processing, development of 

anomalies, and inverse/forward modeling techniques.  

 
4.1 Data Acquisition 

The first phase of the project consisted in the acquisition of digital elevation data of 

Isla Socorro, satellite geophysical data, aeromagnetic data, and terrestrial gravity 

data, as well as the collection of geologic information. 

 

4.1.1 Digital Elevation Data 

 

Topography 

The DEM (Digital Elevation Model) of the subaerial part of Isla Socorro was obtained 

through the USGS (United States Geological Survey) database. The model obtained 

is known as the ASTER (Advanced Spaceborne Thermal Emission and Reflection 

Radiometer) Global Digital Elevation Model, which is a collection of high-resolution 

imagery provided by NASA (National Aeronautics and Space Administration) in 

conjunction with Japan´s Ministry of Economy, Trade and Industry. The elevation 

data available for Isla Socorro was downloaded in two separate GeoTiff sets with 

~30m resolution, which were collected in October 17, 2011. The data sets are 

projected in geographic coordinates and referenced to the WGS84 ellipsoid.  

 

Bathymetry  

High-resolution bathymetry of Isla Socorro is not available through public agencies; 

therefore, bathymetric data for the submarine portion of the island was acquired 

through private geospatial data providers. Since the data was to be utilized for 
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research purposes, the company Tcarta provided free bathymetric data of the area 

of study that covers the entire submarine edifice of Isla Socorro. The bathymetry was 

provided in a Geotiff format referenced to the WGS84 ellipsoid with a spatial 

resolution of ~80 meters. 

 

4.1.2 Geologic Data 
 

The geologic data utilized in this research was collected from the current literature 

of Isla Socorro, specifically, from the latest geological fieldwork performed by Paoletti 

et al. (2016). The work by Paoletti et al. (2016) is an enhancement of previous 

geologic work on Socorro (Bryan 1966; Carbadillo-Sanchez 1994; Bohrson and Reid 

1997), through field mapping, aerial and satellite imagery. 

 

4.1.3 Satellite Gravity Data 

 

The satellite data obtained is known as the GGMplus (Global Gravity Model plus), 

which is an ultra- high resolution model of the earth’s gravity field developed by 

Curtin University (Perth, Western Australia) and the Technical University of Munich 

(Germany). The GGMplus is a composite of satellite data (GOCE & GRACE), the 

Earth Gravitational Model 2008 (EGM2008), STRM topography, and forward 

modelling techniques, offering gravity data at ~200m spatial resolution or less in 

some areas (Hirt et al. 2013). 

The GGMplus is freely available at the California Institute of Technology 

gravity extraction module, which delivers the four functionals of the model (gravity 

accelerations, radial and horizontal field components, and quasigeoid heights) in a 

CVS extension file. The data downloaded (radial component) contains 

approximately 22600 data points that cover the subaerial part of Isla Socorro and 

reach the -2000m isosurface of the volcanic edifice (Fig. 15). 
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4.1.4 Ground Gravity Survey 

 

A ground gravity survey was carried out by students of the San Luis Potosi Institute 

of Scientific Research and Technology (IPICYT) in May 2015 with a CG5-Scintrex 

gravimeter, which has an operating range of 8000 mGal and offers a resolution of 

0.001 mGal. Three mobile base stations were established to apply a three- level drift 

correction. The survey began at the INEGI (Instituto Nacional de Estadistica y 

Geografia) geodetic gravity station located in San Luis Potosi, Mexico at 

22°09’13.99783” N and 101°01’10.00763” W, serving as the first base station. The 

second base station was established in the port of Manzanillo, Colima, while the last 

one was established at the naval station of Isla Socorro. 

Due to the hard topography of the terrain and poor accessibility, the survey 

was limited to 420 gravity readings (Fig. 16), most of them on the south-east and 

central part of Isla Socorro. The layout of the survey consisted of a station spacing 

of ~100m, and the positioning was performed with a GARMIN GPS 78 that offers a 

3 to 5 m horizontal accuracy and a ± 10 elevation accuracy.  

Fig. 15 Extent of GGMplus 
data (red mesh). Data 
covers great part of the 
submarine portion of Isla 
Socorro.  
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4.1.5 Airborne Magnetic Data 

 

The magnetic data (reduced magnetic field) was provided by the Geological Survey 

of Austria (GSA), which carried out an airborne geophysical and ground electric 

survey in 2009 (Paoletti et al. 2016).  The survey covered an area of 200 square 

kilometers and was performed by a M117-helicopter carrying a magnetic sensor 

(cesium magnetometer) with a sensitivity of 0.01 nT (Paoletti et al. 2016). The survey 

consisted of E-W flight lines with a spacing of 100 m between them and a magnetic 

sensor-terrain clearance of 100 m, but due to the rough topography of the island, 

these parameters were not completely fulfilled in some areas of the survey (Paoletti 

et al. 2016; Fig. 17). Consequently, an area north of the summit dome complex was 

not surveyed. The positioning was implemented with a laser altimeter, two differential 

GPS sensors, flight path recordings, and advanced algorithms to remove the effect 

of vegetation (Paoletti et al. 2016). 

Fig. 16 Gravity stations of terrestrial 
survey performed in Isla Socorro. 
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4.2 Data Processing 

The second phase of the present study consisted in the processing and reduction of 

geophysical data. Once data was reduced, the anomaly maps could be interpreted 

in geological terms. The respective anomalies, bouguer and magnetic, were 

obtained through a series of reducing techniques that are explained in the following 

sections.  

 

4.2.1 DEM & Geologic Data Processing 

 

The digital elevation model and bathymetry data, were processed in the 

geographical information system ArcGIS 10.3 to obtain a topobathymetric grid of the 

area. The master grid, including bathymetry and topography data, was integrated 

with the geoprocessing tools of the software. The geology of Isla Socorro (Paoletti 

et al. 2016) was digitized in ArcGIS as well, and exported as a shapefile to be utilized 

in the software Oasis Montaj from Geosoft Inc.  

 

4.2.2 Gravity Data Reduction 

 

The GGMplus and terrestrial data were reduced to bouguer gravity; however, due to 

their nature of origin and data coverage, the reduction process differed for both data 

Fig. 17 Flight lines 
(red) of aeromagnetic 
survey performed at 
Isla Socorro by the   
Geological Survey of 
Austria. The darker 
solid black line 
represents subaerial 
Socorro. 
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sets. Once the data was reduced, an integration of the ground gravity data and the 

GGMplus model was performed.  The reduction and integration process are 

explained in the following subsections.  

 

Ground Survey Data Reduction 

A three-level drift correction was applied to the data, and the set of spatial 

corrections, described in Chapter 3, were applied to obtain the bouguer anomaly. 

The reduction was performed with the database tools of Geosoft, and after all 

corrections were applied, the data was gridded with the minimum curvature 

interpolation method. 

 

GGMplus Data Reduction 

Since the GGMplus data contains onshore and offshore gravity points, the data was 

divided into two data sets (onshore gravity and offshore gravity data). The land and 

offshore gravity data were reduced separately by applying the respective formulas 

described in Chapter 3. Once both data sets were reduced, the data sets were 

integrated into a single database, and a bouguer anomaly grid was produced with 

the minimum curvature interpolation method. 

 

Ground Survey & GGMplus Integration 

In order to integrate the ground survey and Ggmplus data, a statistical analysis was 

performed. Firstly, the grid obtained from the ground survey was sampled against 

the GGMplus grid. The analysis showed that GGMplus readings were 42.68 mGal 

to 79.20 mGal below terrestrial gravity readings with a mean difference of 62.09 

mGal. The mean value was taken as a constant systematic error in the GGMplus 

data; thus, it was added to the GGMplus to equal or approximate ground gravity 

data. This process reduced the difference (or error) between GGMplus and ground 

gravity to a minimum of -17.56 mGal and a maximum of 18.94 mGal, with the mean 

value minimized to 1.83 mGal.  This leveling technique allowed a smooth integration 

of both data sets. Once the integration was complete, an integrated bouguer 

anomaly grid was obtained with the minimum curvature interpolation method.  
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4.2.3 Magnetic Data Reduction 

 

The residual magnetic data provided by the Geological Survey of Austria underwent 

the following processes: 1) removal of spikes and gaps in the data; 2) repositioning, 

which consisted of the removal of wrong coordinates, correction of GPS data, and 

revision of flight altitude; 3) the diurnal variation correction was applied based on 

readings from a base station located on the island; 4) the subtraction of the 

International Geomagnetic Reference Field (IGRF) (Paoletti et al. 2016).  Lastly, the 

residual data was gridded with the kriging interpolation method applied in the 

Geosoft software.  

 

4.3 Filtering Processes 

 

Potential field data is normally visualized as images or maps that can be enhanced 

through the application of digital filters. These filters work on the space domain and 

wavenumber domain, and are used to improve visualization or to obtain outcomes 

that approximate a physical characteristic or quantity (Reeves 2005).  The filters 

applied to the magnetic and gravity data were executed with the filtering extension 

MAGMAP of Oasis Montaj and are described in the following sections. 

 

4.3.1 Gaussian Regional/Residual 

 

The Gaussian Regional/Residual filter is a filter utilized to remove the regional 

component of potential field data. The basis of this filter resides on the fact that 

potential field data, is an expression of a regional component, a residual component 

and noise, which are expressed differently in the wavenumber domain.  Longer 

wavelengths are attributed to deeper sources, while shorter wavelengths are derived 

from local shallower sources and noise in the data.  

The gaussian regional/residual filter, with a wavenumber of 0.25 was applied 

to obtain the residual bouguer gravity of Isla Socorro. This wavenumber value was 

selected based on the spectral response of the total bouguer gravity. The variations 
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of the residual gravity field can be attributed to density contrasts in the upper oceanic 

crust.  

 

4.3.2 Reduce to the Magnetic Pole 

 

In order to accurately interpret the residual magnetic data, the Reduce to the 

Magnetic Pole filter was applied. This process recalculates magnetic anomalies to 

those that would be observed in a complete vertical magnetic field and directly above 

their causative bodies. The filter utilizes the following equation: 

 

L(θ) =
[sin(I)−i∙cos(I)∙cos(D−θ)]2

[sin2(Ia)+cos2(Ia)∙cos2(D−θ)]×[sin2(I)+cos2(I)∙cos2(D−θ]
                             Eq.11 

 

where I is the magnetic inclination, 𝐼𝑎 the inclination for magnitude correction, and D 

the geomagnetic declination. 

 

4.3.3 Horizontal Derivatives 

 

The first horizontal derivative filter measures the spatial rate of change of the 

potential field (gravity or magnetic) in the horizontal plane (x-direction & y-direction). 

This filter emphasizes abrupt changes in the potential field, which could be caused 

by the structural arrangement of the subsurface geology, primarily faults and 

geologic contacts. 

 

4.3.4 Vertical Derivatives 

 

The first vertical derivative filter calculates the vertical gradient of the potential field, 

which enhances shallow geologic sources at the expense of deeper ones, and gives 

a better resolution to closely-spaced sources. 
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4.3.5 Analytical Signal 

 

The analytical signal filter is applied to potential field data in order to delineate the 

sources of anomalies and provide an approximation to their depths.  The analytical 

signal is calculated by taking the square root of the sum of the squares of derivatives 

in the x, y, and z directions.  It can be expressed mathematically by the following 

equation: 

 

𝑎𝑠𝑖𝑔 = √ 𝑑𝑥2 + 𝑑𝑦2 + 𝑑𝑧2                        Eq.12

  

        

4.3.6 Upward Continuation 

 

The upward continuation filter recalculates the potential field as if the observations 

were taken on a higher elevation plane.  This process emphasizes regional features 

while attenuating short wavelength observations derived from local sources and 

noise. 

 

4.4 Qualitative Interpretation 

 

Once the potential field data was processed and filtered, a qualitative and 

quantitative analysis was performed. The qualitative interpretation focuses on the 

characterization of geophysical data and its correlation with the geological and 

structural features of the survey area.  For this research, the qualitative interpretation 

was based on the description and characterization of geophysical lineaments and 

geophysical domains of both data sets, magnetic and gravimetric. 

  

4.4.1 Lineaments 

 

Lineaments are linear or semi-linear features present on the surface and subsurface 

of the earth.  These lineaments can offer valuable insights about structural features 
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of the subsurface geology as well as past or present tectonic regimes. For this 

research, geomorphic and geophysical lineaments were detected in order to make 

an integrated geological-geophysical interpretation of the study area. 

 

Geomorphic lineaments  

 Geomorphic lineaments are linear features expressed on the earth’s surface as 

faults, fracture zones, linear-ridges or valleys, as well as intrusive/extrusive bodies 

presenting a linear array.  

The geomorphic lineaments of the present study were identified through the 

use of satellite imagery and from past geologic field work on Isla Socorro (Bryan 

1966). Lineaments were digitized and exported as shape files to be correlated with 

the geophysical lineaments. 

 

Geophysical lineaments  

 A geophysical lineament is an abrupt linear or near-linear contrast, in the gravity 

and magnetic field, which can be an expression of geologic discontinuities from 

faulting or other structural features.  Such lineaments are better detected on 

horizontal gradient and vertical-derivative maps. In the present study, gravity and 

magnetic lineaments were identified and digitized on the local maxima of the 

horizontal gradients, in conjunction with other enhancement filters, of the bouguer 

gravity data and reduced to the pole residual magnetic data.  

 

Trend of Lineaments  

In order to determine a possible correlation between lineaments (geomorphic & 

geophysical) and the regional tectonic fabric of the study area, these were processed 

to enhance visualization and detect possible preferential regimes. The process was 

performed with the software Stereonet 8 developed by Rick Allmendinger. The 

geophysical maps containing the digitized lineaments were imported into stereonet, 

and the lineaments were plotted as lines. To enhance visualization, a rose plot was 

created with the same software. 
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4.4.2 Geophysical Domains    

 

Geophysical domains are areas with a specific geophysical response, in this case, 

density and susceptibility observations. These domains can be associated to the 

geology of the area, but not strictly associated to lithological units. The definition of 

a domain is often useful for the extrapolation of geologic units in covered areas or at 

depth (Reeves 2005). In this study, the geophysical domains, both gravimetric and 

magnetic, were identified through various filtered and enhanced anomaly maps of 

the gravity and magnetic data. 

 

4.5 Quantitative Interpretation 

 

Quantitative interpretation focuses on numerical estimates of the approximate depth 

and dimensions of the underground bodies generating the field anomalies, with the 

primary purpose of creating an integrated geological-geophysical model. These 

conceptual models aim to visualize the unknown subsurface geology based on the 

geophysical data. Modeling is non-unique, and thus, infinite solutions can 

approximate the observed anomalies.  In order to obtain the most accurate and 

plausible model of the subsurface, physical and mathematical limits can be applied, 

based on the known geologic information of the study area.  

 

4.5.1 Depth Estimation Methods 

 

Depth estimations can aid interpretation of potential field data as well as geophysical 

modeling. The depth estimation methods utilized in this research are described in 

the following sections.  
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Radially Average Power Spectrum 

The power spectrum is the visualization of potential field data in the wavenumber 

domain as spectra of a wavenumber and phase (Spector and Grant 1970; 

Bhattacharyya and Leu, 1975, 1977; Pal et al.1979; Escanero-Figueroa, 1986; 

Reeves 2005). To simplify interpretation, the power spectrum is often visualized as 

a radially averaged plot of energy against wavenumber.  These plots demonstrate 

that high energy is derived from deep sources at low wavenumbers, and low energy 

comes from shallow sources and noise at high wavenumbers.  According Spector 

and Grant (1970), when a statistical population of gravity and magnetic sources exist 

around a general depth, the expression of those sources on a power spectrum plot 

is a straight line. These tangent lines can be observed and be used to determine the 

approximate depths of anomalies. This method was applied in the present study 

through the radially average power spectrum tool of Geosoft. The depths can be 

calculated from the slope of the tangents or can be observed in a secondary depth 

plot that originates along the power spectrum plot. 

 

Gradient-Amplitude Method 

The gradient-amplitude method, described in Mussett and Khan (2000), offers 

estimates of the maximum depth at which the top of a body could occur to produce 

the anomaly.  The method can overestimate depth of sources, but provides a 

parameter for later interpretations and modeling. This method is applied through the 

following equations: 

 

𝑑 ≤ 0.86 ×
𝛿𝑔𝑚𝑎𝑥

(
𝑑𝑔

𝑑𝑥
)𝑚𝑎𝑥

   this for a 2D body           Eq.13 

 

𝑑 ≤ 0.65 ×
𝛿𝑔𝑚𝑎𝑥

(
𝑑𝑔

𝑑𝑥
)𝑚𝑎𝑥

   this for a 3D body                               Eq.14 

 

where 𝛿𝑔𝑚𝑎𝑥 is the peak height of the anomaly, and (
𝑑𝑔

𝑑𝑥
) 𝑚𝑎𝑥 is the maximum slope 

of the anomaly. 
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Euler Deconvolution Method 

The Euler deconvolution method, achieved through the Euler 3D software extension 

of Geosoft, processes gridded data and automatically locates the depth of magnetic 

and gravity sources. The Euler Deconvolution method is based on the Euler 

homogeneity equation, which utilizes a structural index to correlate a potential field 

(gravity and magnetic) and its gradient components in all directions to suggest an 

approximate depth of the sources (Thompson 1982). The structural index is a 

measure of the rate of change of the field with distance from the source (Table 1). 

 

Structural Index N Magnetic Field Gravity Field 

0.0 Contact Sill/dyke/step 

0.5 thick step ribbon 

1.0 sill/dyke pipe 

2.0 Pipe sphere 

3.0 Sphere  

 

 

 

The Euler deconvolution method was applied to the gravity and magnetic data of Isla 

Socorro.  The Euler solutions were utilized as basis and constrains for 2D and 3D 

geophysical modeling.  

 

4.5.2.  Modeling 

 

The modeling techniques utilized in this research included forward and inverse 

modeling. Forward modeling is accomplished by creating a model and calculating its 

theoretical anomaly in order to be compared with the observed anomaly. The model 

parameters can be adjusted to obtain a better fit between observed and calculated 

anomalies. Contrarily, inverse modeling is performed by calculating a model that 

would generate a given observed anomaly. Such models can also be constrained 

Table 1.  Structural Index for the given geometries (modified from 
Oasis Montaj) 
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through mathematical limits to obtain more plausible results of the subsurface 

geology. 

Forward modeling was performed through the GM-SYS extension software of 

Oasis Montaj Inc. (2007).  Two models were created along a NW profile, utilizing 

both gravity and magnetic data.  For the inverse modeling, two 3D geophysical 

inversion models were generated through the VOXI modeling extension of the same 

software. Based on the current geologic knowledge of the study area and preliminary 

interpretations, mathematical limits were applied to all models in order to obtain a 

better representation of the subsurface.   
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Chapter 5. RESULTS 

 

The results presented in this chapter are based on the qualitative and quantitative 

interpretation methods described in Chapter 4, with the main purpose of obtaining 

geological and structural knowledge of the subsurface of Isla Socorro. The 

interpretations of this research rely on the characterization of lineaments, zoning of 

potential field data (domains), estimation of depths, and inverse/forward modeling. 

Such interpretations can allow to improve the configuration or extrapolate the 

geology into areas where there is no available information or where outcrops are 

poorly exposed, as well as to set limits to the depth, size, and volume of the sources 

causing the anomalies. 

 

5.1 Characterization of Anomalies 

 

The qualitative interpretation of the geophysical anomalies observed in Isla Socorro 

is offered in the following sections, which involves the general description of the 

physical characteristics of such anomalies as well as their overall configuration.  

 

5.1.1 Gravity Data 

 

Bouguer Gravity from Ground Survey 

The bouguer anomaly map, obtained from the terrestrial survey, mainly covers the 

central portion and southeast of Isla Socorro, as well as two isolated sections in the 

northern and western quadrants of the island (Fig. 18). It is characterized by a 

circular gravity low in the central sector as well as an elongated gravity high in the 

southeast. This gravity high appears to be semi-discontinuous and has a general 

northeast trend. The other two isolated sections appear as gravity highs with similar 

field values. The bouguer gravity ranges from 71 to 125 mGal, with the highest 

values restricted to the edges of the island.  
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Integrated Ground and GGMplus Bouguer Gravity 

Although this integrated data still includes the regional component, it was used for a 

general and preliminary interpretation. The integrated bouguer gravity, obtained from 

the integration of terrestrial data and GGMplus model, is characterized by a circular 

pattern (Fig. 19). A distinct gravity low lies in the central section of the map, which 

coincides with the limits of the subaerial edifice. The gravity highs, restricted to the 

outer portions of the map, have a ridge-like pattern and present an evident radial 

discontinuity. The gravity values range from 72 to 313 mGal. 

Fig. 18 Ground bouguer 
gravity. A prominent 
gravity low is located in 
the central portion of 
Socorro where the 
current fumarolic activity 
takes place. 
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Integrated Residual Bouguer Gravity   

The residual gravity, associated to density changes in the upper crust, is 

characterized by irregular ridge-like negative and positive anomalies in the subaerial 

portion of Isla Socorro (Fig. 20).  These features appear to have an even distribution 

throughout, and a general trend towards the northwest and west.  

In the offshore portion, delimited by the solid white line in Fig. 20, gravity lows 

and highs are expressed as semi-circular positive and negative anomalies of small 

extent. The southwest section is characterized by elongated positive and negative 

anomalies that are truncated by apparent perpendicular discontinuities. A northwest 

trend is evident for these gravity structures. A similar structure is located towards the 

north, but its trending northeast.  In the southeast, gravity lows and highs show a 

clear elongation towards the north. The data ranges from -8.63 to 4.09 mGal. 

Fig. 19 Integrated ground and GGMplus gravity. The gravity field is characterized 
by a gravity low in the central portion, which coincides with the limits of the subaerial 
edifice. In general, the gravity field increases radially outwards. 
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Integrated Residual Bouguer Gravity Upward Continuation 1k 

The upward continuation (to 1000m) of the integrated residual bouguer gravity, 

which emphasizes regional and deeper structures, is characterized by a broad 

spectrum of gravity highs and lows (Fig. 21). In general, the gravity lows, in blue, 

display a semi-rounded morphology and are restricted to the subaerial portion of Isla 

Socorro as well as to the immediate vicinity in the west, southeast and northeast.  

The gravity low located southeast of the subaerial boundary is characterized 

by an elongated arrangement that appears to curve around the southeastern tale of 

the subaerial section. This negative anomaly presents a highly geometric shape.  

The outermost sections of the map are characterized by elongated gravity 

highs of great horizontal extent. The positive anomaly in the northern section 

Fig. 20 Integrated residual gravity. Black solid line marks the subaerial part of Socorro. 
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presents a semi-discontinuous elongation towards the northeast that merges with a 

positive anomaly trending northwest. The gravity high located in the southwest 

sector presents an elongation in the northwest direction. This appears to be 

truncated parallel to strike as well as perpendicularly. The data ranges from -4.50 to 

2.76 mGal. 

 

 
 

 
 

 
 
 
 
 
 
 
 

Fig. 21 Integrated residual gravity with an upward continuation to 1000m.  The 
upward continuation on the data emphasizes regional structures and minimizes 
noise. 
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5.1.2 Magnetic Data 
 
Residual Magnetic Field 

The Residual Magnetic Field presents a dipolar anomaly of approximately 2000 nT 

in amplitude (Fig. 22). The negative portion of this anomaly can be observed in the 

southern quadrant of the subaerial portion of Isla Socorro, while the magnetic high 

is located towards north quadrant.  The negative anomaly displays an elongation in 

the W-E direction. This negative anomaly is characterized by a broad ridge-like form.  

A magnetic high located south of the subaerial boundary of Isla Socorro is 

characterized by an elongated shape that appears to curve at the southern tip of the 

island.  The residual magnetic field ranges from -657 to 1273 nT. 

 

 
 
 
 
 
 
 

Fig. 22 Residual magnetic field of Isla Socorro area. The white solid 
line bounds the subaerial volcanic edifice. 
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Pole- Reduced Residual Magnetic Field 

The pole reduced map, where anomalies are located directly above their sources, is 

characterized by a magnetic low in the central portion of the island (Fig. 23). This 

anomaly displays a wide ridge-like form with an elongation towards the north. The 

magnetic low is surrounded by a positive (bright pink) radial anomaly. This positive 

anomaly lies along the onshore-offshore boundary of Isla Socorro. Such anomaly, 

presents a discontinuous ridge-like form that is completely truncated in the northwest 

by a magnetic low. In the southeast, a magnetic low presents an apparent 

discontinuous elongation trending northeast. This structure coincides with the gravity 

low identified in the integrated residual gravity continued at 1000 m.   

 

 
 
 
 
 
 
 

Fig. 23 Reduced to pole of the residual magnetic field. Characterized 
by a wide magnetic minimum on the central sector of subaerial Socorro. 
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5.2 Geophysical Lineaments 

 

Geophysical lineaments on both, gravity and magnetic datasets, were identified and 

digitized to determine a possible association with the known structures of Isla 

Socorro, as well as to obtain information regarding unknown structural features in 

the submarine portion. 

 

5.2.1 Gravity Lineaments  

 

Gravity lineaments were identified based on the local maxima of the total horizontal 

gradient (HG) of residual gravity data (Fig. 24a).  The HG is widely used to delineate 

sharp contrasts in potential field data associated to faults, unconformities and 

intrusive contacts (Abderbi et al. 2017).  The local maxima of the horizontal gradient 

represent the steepest parts of potential field gradients, which are linked to near-

vertical physical boundaries such as faults (Grauch et al. 2001; Pilkington and 

Keating 2004; Verduzco et al. 2004; Cooper and Cowan 2006; Abderbi et al. 2017).  

A total of 103 lineaments were identified and their general orientation was 

visualized through the use of a rose diagram (Fig. 24b). Three preferred orientations 

are dominant. The principal preferred orientation is NNE, oscillating between 0° and 

10° towards the east. The second preferential direction is W-E, while the third one 

has an approximate NW trend between 300 and 320 degrees. These preferred 

orientations appear to correlate with the strike of the elongated gravity anomalies 

observed in the integrated residual gravity (Fig. 20). 
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5.2.2 Magnetic Lineaments  

 

A total of 150 lineaments were delimited based on the local maxima of the horizontal 

gradient of residual magnetic data (Fig. 25a). In general, the majority are linear 

features, but some circular lineaments can be observed within the east and 

southeast quadrants of the subaerial portion of Isla Socorro. The lineaments are 

generally located on the highest gradients of the magnetic field between 0.428 to 

0.986 nT/m. 

The magnetic lineaments appear to have a similar orientation pattern to the 

gravity lineaments with the exception of the pronounced NW regime observed in the 

gravity data. A NNE orientation, oscillating between 0° and 10°, dominates the 

magnetic data, while a second preferential W-E trend is also observed (Fig. 25b). 

One of the curved lineaments located in the central sector coincides with the 

known caldera rim identified by Bryan (1966), while a second curved lineament 

a) 

b) 

Fig. 24 a) Horizontal gradient of residual gravity field. Black solid lines are the local maxima 
of the horizontal gradient. b) Rose diagram showing the preferential lineaments orientation. 
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towards the east sector also coincides with a proposed buried caldera structure 

(Paoletti et al. 2016). 

 

 
 
5.2.3 Euler Deconvolution Lineaments 

 

Lineaments were identified for the gravity and magnetic data through the Euler 

deconvolution method (Fig. 26). The lineaments were calculated utilizing an error 

tolerance parameter of 10%. A smaller tolerance will result in fewer but more reliable 

results. Both lineaments display a similar orientation patterns to the lineaments 

identified through the horizontal gradients.  

The Euler solutions of the potential field data indicate maximum depths of 430 

+/- 40 and 780 +/- 80 meters for the gravity and magnetic lineaments respectively. 

The Euler solution for the gravity data show a similar orientation tendency to the 

lineaments identified through the horizontal gradient (Fig. 26a). 

 Two radial lineaments, ranging from 200 to 300 m in depth, can be observed 

on the Euler solutions of the magnetic data (Fig. 26b). These radial features can also 

a) 

b) 

Fig. 25 a) Horizontal gradient of pole-reduced residual magnetic data. Black solid lines are 
the local maxima of the horizontal gradient. b) Rose diagram showing the preferential 
lineaments orientation. 
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be observed on the local maxima of the horizontal gradient of the magnetic data. 

These lineaments coincide with the location of the caldera structures proposed by 

Bryan (1966) and Paoletti et al. (2016). 

 
 

 
5.3 Geophysical Domains 

 

5.3.1 Gravity Domains 

 

Four domains were identified on the upward continued gravity. These were 

differentiated based on qualitative characteristics and structural patterns. 

 

Domain I 

This is located in the central portion of the data (Fig 27a), and it is characterized by 

a gravity low ranging from – 4.50 to -0.36 mGal. This domain presents a broad-like 

form with an apparent elongation trending north.  It also presents a long wavelength 

compared to the other domains as well as a short wave-amplitude (Fig. 27b).  

a) 

b) 

Fig. 26 a) Euler solutions of gravity field, employing a structural index of 0.5. b) Euler solutions 
of the magnetic field utilizing a structural index of 0.5. 
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Domain II 

This is associated to a gravity high that ranges from 0.52 to 2.76 mGal. It is 

characterized by elongated and somewhat discontinuous series of gravity highs with 

a high level of symmetry; thus, they appear to be structurally controlled. Within the 

southwest quadrant, the elongation is trending northwest whilst within the north 

quadrant the trend is towards the northeast. 

 

Domain III 

Domain III are small areas located on the outer sections of the data. These are 

gravity lows that could be considered subdomains of Domain II.  

 

Domain IV 

Domain IV is characterized by elongated negative anomalies with the lowest gravity 

values of the data. This domain is located on the southeast and northeast of the map 

and it is characterized by high symmetric forms with abrupt discontinuities. 

 

 

 

 
 
 
 
 

b) 

a) 

Fig. 27 a) Identified domains (dashed line) on the residual gravity data with an upward 
continuation to 1000m. b) domains along gravity profile A-A’. 
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5.3.2 Magnetic Domains 

 

Two domains were identified for the pole reduced magnetic field (Fig. 28a). 

 

Domain I 

These areas are characterized by magnetic lows that range from 64 to -901 nT. One 

of the zones within this domain is located in the central portion of the subaerial edifice 

where the current active geothermal field is found. It displays a broad-ridge form with 

an elongation trending towards the north and extends to the west. Other parts of this 

domain are located within the northwest, northeast, south, and southeast, which are 

also displaying low susceptibility values. 

 

Domain II 

It is characterized by a ring-like shape that enfolds the central section of domain I. 

This magnetic zone presents high susceptibility values expressed as narrow ridges 

that follow a circular pattern. The magnetic field within this domain ranges from 241 

to 1149 nT (Fig. 28b). 

 

 

    

 

a) 

b) 

Fig. 28 a) Identified domains (dashed line) on residual magnetic field b) domains along 
magnetic profile A-A’. 
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5.4 Depth to Anomalies 

The central sector of Isla Socorro, where the geothermal field is located, is 

characterized by both low gravity and magnetic values. Three distinctive 

methodologies were utilized to determine the approximate depth to the source of this 

central anomaly. 

 

5.4.1 Gradient-Amplitude Method 

 

 

 

 
The gradient amplitude method was performed with Equation 13, which offers an 

approximation to the maximum depth to the top of the body generating the anomaly.  

The depth estimation along the gravity profile was 430 +/- 10 m, this below sea level. 

For the magnetic profile, the depth estimation was 500 +/-10 m. 

 

5.4.2 Radially Average Power Spectrum 
 
The spectral analysis of the magnetic and gravity data shows similar depths to the 

source of the central anomaly. Two depths can be observed along the power 

spectrum of the gravity data. The estimated depths are 1.2 km and 0.6 km for the 

deeper and shallower sources respectively (Fig. 30a). In the power spectrum of the 

magnetic data, the deeper sources are located at approximately 1.25 km, while the 

Fig. 29 Gradient amplitude method applied along a profile trending NW-SE. Top profile is the 
gravity response, while the bottom is the magnetic response. 
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shallower sources are found at less than 0.5 km (Fig. 30b). The uncertainty of the 

depth results is always less than the depth of the shallow sources. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
5.4.3 Euler Deconvolution  
 
The Euler solutions for the central anomaly of the gravity and magnetic data are 
depicted in Figure 31.   
 

 
 

Fig. 30 a) Average power spectrum of the gravity data. b) Average power spectrum of the 
magnetic data. 

a) b) 

Fig. 31 a) Euler solutions of the 
gravity field for a spherical body. b) 
Euler solutions of magnetic data for 
a spherical body. 

a) b) 
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The Euler solutions of the gravity data indicates a depth for the source of the central 

anomaly of approximately 1180 +/-50 meters for the central anomaly (Fig. 31a). The 

calculated depth is for a spherical body, which could be related to a possible 

magmatic body associated to a magma chamber. The calculated depth on the 

magnetic data ranges from 1040 +/-50 to 1180 +/-50 meters (Fig. 31b). The 

estimated depths were calculated with an error parameter of 5% and utilizing a 

structural index for a spherical body.  All depth solutions with error estimates above 

the error parameter are discarded. 

 
5.5 Geophysical Modeling 

The geophysical models obtained in this research are presented in the following 

subsections. Since remnant information (magnetization, inclination and declination) 

of the study area is unavailable, the magnetic and gravity models were made 

separately to reduce ambiguity. Only density and induced susceptibility values were 

utilized on the models as well as common geologic features found on slow-spreading 

ridge centers (e.g. oceanic crust characterized by normal faulting). 

 

5.5.1 Forward Modeling  

Magnetic and gravity models were generated along profile AA’ (Fig. 32b). The profile 

is characterized by a magnetic high that coincides with a gravity high on the right 

side of the profile between 2000 and 3000 meters (Fig. 32a). The central portion is 

also distinguished by both, a magnetic and gravity low.  

 

 

 

 

 

 

 

 

 

 

a) 

b) 

Fig. 32 a) Gravity and magnetic 
data along profile AA’. b) 
Location of profile AA’. 
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Gravity Model 

The 2D gravity model reaches a depth of approximately 7km below sea-level (Fig. 

33). The volcanic edifice rises from the bottom of the ocean-floor at about 3km and 

reaches 1000 m above sea level.  For the sub-aerial portion of Isla Socorro, a density 

of 2.7g/cm3 was used, which falls within the density range of rhyolitic rocks. The 

submarine portion of the island (brown) was modeled utilizing a density of 2.8g/cm3, 

which is a common density for basalt. The oceanic crust in the model is subdivided 

in three layers; pillow basalts, sheeted dykes and gabbro.  

The pillow basalts, which is the uppermost layer, has a density of 2.9 g/cm3, 

while the basalt dykes were modeled with a density of 3.0 g/cm3. The gabbro layer 

has a density of 3.1 g/cm3. The density contrasts of these layers give the oceanic 

crust an average density of 3.0 g/cm3. A pipe-like structure with a density of 

3.05 g/cm3  was modeled within the submarine portion of Isla Socorro. A body with 

a density of  2.5  g/cm3 ascends from below 7km and reaches a depth of 2km. The 

low-density body elongates outwardly towards the NW at its intersection with the 

pipe-like structure.  An isolated body with a density of 2.0  g/cm3 is located towards 

the SE of the profile A-A’ (right section of the model). 

 
 

 

 

Fig. 33 Gravity model of Isla Socorro along profile AA’. The densities are 

presented in  g/cm3.  
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Magnetic Model 

The 2D magnetic model reaches a depth of approximately 7km below sea level (Fig. 

34). The volcanic edifice rises from the bottom of the ocean-floor at about 3km and 

reaches 1000 m above sea level.  For the sub-aerial portion of Socorro, a magnetic 

susceptibility of 0.10 (in cgs) was used, which falls within the susceptibility range of 

rhyolitic rocks. The submarine portion of the island (brown) was modeled utilizing a 

magnetic susceptibility of 0.18 (in cgs), which is within the susceptibility range of 

mafic rocks. The oceanic crust in the model is subdivided in three layers; pillow 

basalts, basalt dykes and gabbro.  

The pillow basalts layer has a magnetic susceptibility of 0.18, while the basalt 

dykes were modeled with a susceptibility of 0.2 (in cgs). The gabbro layer has a 

susceptibility of 0.17 (in cgs). The magnetic susceptibility contrasts of these layers 

give the oceanic crust an average susceptibility of 0.183 (in cgs). A pipe-like 

structure with a susceptibility of 0.19 (in cgs) was modeled within the submarine 

portion of Isla Socorro. A body with a susceptibility of 0 is located below the pipe-like 

structure and reaches a depth of more than 7km. Two other bodies with susceptibility 

of 0 are located on the left and right side of the model. 

 

Fig. 34 Magnetic model of Isla Socorro along profile AA’. The magnetic susceptibility values are 
presented in cgs.  
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5.5.2 Inverse Modeling  
 

The inversion results of the gravity and magnetic data are presented in the following 

subsections. Based on the geologic knowledge of the area, upper and lower 

constrains were applied to the inversions in order to obtain a more accurate 

representation of the density and susceptibility distribution of the subsurface of Isla 

Socorro. 

 

Gravity Inversion 

The gravity inversion is depicted in Figure 35, which was obtained through the 

inversion of the residual bouguer gravity with an upward continuation to 1km. A fit 

error of 0.076 was achieved for the density inversion. 

 

 
 

Once the 3D voxel was acquired, the first approach was to obtain a vertical section 

of the inversion along the profile utilized for the 2D forward models (profile AA’). The 

geometry of the density distribution of the 3D inversion has similar characteristics to 

the 2D gravity model (Fig. 33).   

The central portion of the section is characterized by a medium to low density 

feature (in green) that emerges from below 7km and stops just below zero elevation.  

This feature has a pipe-like geometry and contains a clear discontinuity within its 

center. This discontinuity or body has low density values (in blue), and it is located 

between a depth of 1km to 5km approximately. The pipe like structure appears to be 

Fig. 35 Gravity 
inversion results. 
The cell size in the 
x and y direction is 
500 m. Cell size in 
the downward 
direction is 250m.   

N 
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surrounded on both sides by two elongated bodies of a high-density value. Two 

bodies with a low density (in blue) appear on the outermost portions of the vertical 

section. 

 

 

 
 

 

 

 

 

 
Density Geosurface Analysis  
 
The 3D density distribution was analyzed through the identification of geosurfaces. 

For the purpose of this research, a geosurface is a three-dimensional body 

representing a single constant density value (single isosurface) or an interval of 

densities (collection of multiple isosurfaces). Three primary density geosurfaces 

were identified based on their density value or range; high density, intermediate 

density and low density. 

 

High Density Structure 

This structure is characterized by density values between  2.67  g/cm3 and 

3.22 g/cm3. The geosurface represents the higher-range densities within the edifice 

of Isla Socorro. This high-density geosurface has a ridge and valley morphology with 

a circular tendency. The central portion of this density geosurface is completely 

Fig. 36 Cross-section of the 3D density inversion along profile AA’ 
(utilized for 2D forward models). 
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hollow, which suggests that the central space is occupied by a deep structure with a 

different range of densities (Fig. 37).  

 
 

 
 

Intermidiate Density Body 

This body is located within the central hallow- space of the high-density structure 

(Fig. 38a). The intermediate density values range from 2.62 g/cm3 to  2.65 g/cm3. 

This geosurface is characterized by a pipe-like configuration that arises from below 

7km and reaches approximately zero elevation. Its volume is centralized bellow  

subaerial Isla Socorro and presents a high cylindrical symmetry (Fig. 38 b; Fig.38c).  

 

Fig. 37 3D density geosurface representing the distribution of high-range 
densities. The solid black line indicates the location of subaerial Socorro. 

a) 

N 
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Low Density Body 

A geosurface was generated to enhance the low-range density values of the gravity 

inversion. The geosurface was clipped in the x and y directions to only visualize low-

density features in the central portion of the volcanic edifice. The low-density body 

detected is encased within the intermediate-density pipe structure (Fig. 39a). 

This low-density feature has an irregular-sphere form with an apparent 

elongation in the vertical plane, as well as tube-like extension in the upper part 

(Fig.39c). The low-density structure is located just below subaerial Isla Socorro, 

ascending from a depth of approximately 6km and reaching a depth of around 1.3 

km below sea level. This body represents density values between 1.78 g/cm3 and 

2.55 g/cm3, which has an approximate volume of 13 +/-1 km3.  

 

 

Fig. 38 3D density geosurface representing the distribution of intermediate density 
values.  a) Location of intermidiate-density geosurface relative to high-range 
density geosurface. b) South-southeast view of geosurface within the volcanic 
edifice. c) East-northeast view of geosurface (VE=1.3 for elevation model). 

b) 

c) 

N 

N 
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a) 

b) 

c) 

Fig. 39 3D density geosurface representing the distribution of low-density values. 
The data was clipped in the x and y directions to focus on the central portion of 
the volcanic edifice.  a) Location of low-density geosurface relative to 
intermediate-range density geosurface. b) North-northeast view of geosurface 
within the volcanic edifice. c) south view of geosurface (VE=1.5 for subaerial 
elevation model). 

N 
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Magnetic Inversion 
 

The magnetic inversion is depicted in Figure 40, which was obtained through the 

inversion of the reduced to pole residual magnetic data. A fit error of 1.037 was 

achieved for the susceptibility inversion. 

 

 
 

 

Once the 3D voxel was acquired, the first approach was to obtain a vertical section 

of the inversion along the profile utilized for the 2D forward models (profile AA’). The 

susceptibility distribution of the 3D inversion has similar characteristics to the 2D 

magnetic cross-section (Fig. 34).   

The central portion of the section is characterized by a medium to low 

susceptibility feature (in green) that emerges from approximately 7km y and reaches 

the upper-most part of the cross-section (Fig. 41). This feature has a cone-like 

geometry with the narrow part emerging from the basal portion and widening 

upwardly. This intermediate susceptibility body displays a discontinuity within its 

center, which is expressed as a low susceptibility feature. This discontinuity or body, 

has low susceptibility values (in blue), and it is located between a depth of 1km to 

5km. 

The intermediate and low susceptibility bodies located in the central portion 

are surrounded on both sides by high-susceptibility features. These structures show 

an apparent vertical elongation. The bodies ascend from below a depth of 7km and 

reach zero elevation. 

Fig. 40 Magnetic 
inversion results. 
The cell size in the 
x and y direction is 
500 m. Cell size in 
the downward 
direction is 250m.  

N 



 

71 

 

There are two more low-susceptibility bodies that can be distinguished in the 

cross section. The one located on the right section appears to display a semi-vertical 

elongation while the low-susceptibility body located on the left portion shows a 

circular configuration. 

 

 

 
 

 

 
 
 
Susceptibility Geosurface Analysis  
 

The 3D susceptibility distribution was analyzed through the identification of 

geosurfaces. In this case, a geosurface is a three-dimensional body representing a 

single constant susceptibility value (single isosurface) or an interval of 

susceptibilities (collection of multiple isosurfaces). Three principal susceptibility 

geosurfaces were identified based on their susceptibility value or range; high 

susceptibility, intermediate susceptibility and low susceptibility. 

 

High Susceptibility Structure 

The high-susceptibility structure (Fig. 42) represents the overall distribution of high-

range susceptibility values within the volcanic edifice.  This structure is characterized 

by susceptibility values between 0.004 and 0.69. This high-susceptibility feature 

shares similar morphological characteristics to the high-density structure identified 

on the density inversion.  The prominent hallow space that is present on the high-

Fig. 41 Cross-section of the 3D susceptibility inversion along profile AA’ 
(same profile utilized for 2D forward models). 
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density geosurface is also observed on the high-susceptibility structure. The high-

susceptibility distribution ascends from a depth of approximately 7km and reaches 

zero elevation. It appears to have a vertical elongation that follows a circular pattern 

around the hallow space in the central sector. 

 
 

 

 

 

 

 

Intermediate Susceptibility Body 

The intermediate- susceptibility structure is located right below subaerial Isla 

Socorro, and it is enclosed by the high-susceptibility structure (Fig. 43a). The 

intermediate-susceptibility values range from -0.05 to 0.001 (in cgs). This geosurface 

is characterized by a pipe-like configuration that arises from below 7km and reaches 

approximately zero elevation +/-200 meters (Fig. 38b). The pipe-like structure is 

thinner in its basal part and bulges in the upward direction (Fig.38b; Fig38c).    Its 

volume is centralized bellow subaerial Isla Socorro (Fig. 38 b; Fig.38c).  

 

 

Fig. 42 3D susceptibility geosurface representing the distribution of high-range 
susceptibilities. The solid black line indicates the location of subaerial Isla Socorro. 
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Fig. 43 3D susceptibility geosurface representing the distribution of intermediate 
susceptibility values within the volcanic edifice.  a) Location of intermidiate-
susceptibility body relative to high-range susceptibility geosurface. b) South-
southeast view of geosurface within Isla Socorro. c) East-northeast view of 
geosurface (VE=1.3 for elevation model). 

a) 

b) 

c) 

N 

N 
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Low Susceptibility Body 

A geosurface was generated to enhance the low-range susceptibility distribution of 

the magnetic inversion. The geosurface was clipped in the x and y directions to only 

visualize low-susceptibility features in the central portion of the volcanic edifice. The 

low-susceptibility body detected is encased within the intermediate-susceptibility 

structure (Fig. 44a). 

This low-susceptibility body is characterized by susceptibility values ranging 

between -2.3 and -0.10 (in cgs). This low-susceptibility body has an irregular sphere 

shape with an apparent bulge in the horizontal plane caused by its N-S elongation 

(Fig. 44b; Fig. 44c). It is located between a depth of 4.8km and 1km (+/- 200 m). It 

is positioned directly below subaerial Socorro and has an approximate volume of 14 

+/- 1 km3. 

 

 

 
 

 

a) 

b) 
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Fig. 44 3D susceptiility geosurface representing the distribution of low-
susceptibility values. The data was clipped in the x and y directions to focus on 
the central portion of the volcanic edifice.  a) Location of low-susceptibility 
geosurface relative to intermediate-range susceptibility geosurface. b) North-
northeast view of geosurface within the volcanic edifice. c) south view of 
geosurface (VE=1.5 for elevation model). 

c) 
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Chapter 6. DISCUSSION 

 
The geologic characteristics of various volcanic edifices have been studied based 

on the interpretation of magnetic and gravity data. The integration of magnetic and 

gravity data can reveal structural and geologic features in volcanic fields that can 

help decipher their origin and volcanic evolution. (Napoli et al. 2017). In order to 

study the subsurface structure and better understand the volcanic origin of Isla 

Socorro, an integrated gravity and magnetic research was performed. The results 

were presented in the previous chapter, and the aim of this one is to explain their 

geological meaning and possible correlation to the tectono-volcanic environment of 

the area of study. 

 
  

6.1 Structural Framework 
 

Based on the alignment of vents and domes, Bryan (1966) and Carbadillo-Sanchez 

(1994) proposed three fracturing patterns on subaerial Isla Socorro. The geophysical 

lineaments obtained through the horizontal gravity (Fig. 24) and horizontal magnetic 

(Fig. 25) gradients, as well as the lineaments derived from the Euler deconvolution 

(Fig. 26), agree with the structural pattern deduced by Bryan (1966) and Carbadillo-

Sanchez (1994). 

The preferential orientation of both geophysical lineaments, gravimetric and 

magnetic, coincide with the overall tendency of two major tectonic systems in the 

vicinity of Isla Socorro (Fig. 45). The E-W lineaments coincide with the general trend 

of the Clarion Fracture Zone, whereas the N-S lineaments display the same general 

orientation observed in the north-tending Mathematician Ridge. 

 This suggests that the volcanic evolution of Socorro was tectonically 

controlled by these two systems. The geophysical lineaments most likely represent 

extensional structures such as normal faults that facilitated the upward movement of 

magma, which formed and shaped the volcanic edifice. The normal faulting 

framework can also be observed in the 2D gravity and magnetic models, which is 

common in areas near slow-spreading centers (Favela & Anderson 1999).  
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Caldera Structure 
 
A caldera structure is located in Isla Socorro, and it can be traced at about 600 m in 

elevation just southeast of Mount Evermann. It was first identified by Bryan (1966) 

and it is defined by a steep circular scarp that is exposed on its eastern portion, 

whereas the western portion is absent.  

Poletti et al. (2016) identified the caldera rim and suggested another caldera 

rim structure based on the horizontal gradient maximum of residual magnetic data 

(Fig. 5). This other caldera structure might be related to the oldest pyroclastic 

deposits of Isla Socorro, thus, indicating the possibility of a nested caldera system 

(Paoletti et al. 2016). 

In this research, two circular lineaments were identified through the local 

maxima of the magnetic horizontal gradient and the Euler deconvolution solutions 

(Fig. 46a). The smaller lineament coincides with the location of the known caldera 

rim, whereas the eastern-most lineament agrees with the caldera structure proposed 

by Paoletti et al. (2016) (Fig. 46a). Furthermore, these structures also overlap with 

two lineaments found on the Euler solutions of the magnetic data (Fig. 46b). The 

N 

Fig. 45 Major tectonic systems 
around the Revillagigedo area. 
The orientation of the 
geophysical lineaments 
coincides with orientation of 
the two major tectonic 
structures adjacent to Socorro.  
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easternmost lineament is most likely an older caldera. The top of this older caldera 

structure is located at a depth of approximately 300m (Fig. 46b). 

 

 
 

 
 
 

 
 
The absence of the western-side of the caldera rim has been attributed to 

downfaulting along a north-south rifting zone, though, there is no clear evidence to 

support this hypothesis (Bryan 1966). The geophysical lineaments identified in this 

research suggest that the western part of the caldera was downfaulted along a north-

south extensional system located in the western part of the island (Fig. 46b).  

 
6.2 Origin of Volcanic Activity on Isla Socorro 

 

The complex geology of subaerial Isla Socorro has been attributed to the existence 

of a shallow magma chamber. The presence of a caldera structure indicates that a 

magma reservoir is present at the upper oceanic crust or within the volcanic edifice 

(Mahood 1984). This is also supported by the contemporaneous basaltic and silicic 

rocks found in Isla Socorro, as well as the phase equilibria of peralkaline rocks that 

suggest that mafic and silicic magma coexisted at a shallow depth (Bohrson and 

a) 
 
 

b) 

Fig. 46 a) Caldera structures identified on the local maxima of the magnetic horizontal 
gradient. b) Caldera structures found on the Euler solutions of the magnetic data (inside 
the rectangle). 



 

79 

 

Reid 1995). A shallow magma chamber also explains the presence of hydrothermal 

activity and hot gaseous emissions in the central portion of Isla Socorro (Taran et al. 

2002, 2010). 

The magnetic and gravity results obtained in this research have provided 

valuable knowledge regarding the existence of a shallow magma chamber. The 2D 

magnetic and gravity models show a centralized magma chamber that stretches 

from1km to about 5km below sea level (Fig. 33; Fig. 34). In both models, the magma 

chamber underlies a plugged conduit of a high density and susceptibility, which could 

be achieved by the crystallization of iron-rich magma. The magma chamber appears 

to extent laterally but remains within the limits of the subaerial edifice. This 

interpretation agrees with the eruptive mechanism proposed by Bryan (1966). He 

suggested plugging of the central conduit as the primary mechanism for the outward 

and downward migration of recent volcanic activity in Isla Socorro. 

Moreover, a 3D model of the magma chamber is proposed based on the 

inversions of the gravity and magnetic data. The magma chamber based on the 

density inversion is depicted in red, whereas the blue polygon represents the magma 

chamber derived from the susceptibility inversion (Fig. 47). The magma chamber 

based on the density inversion extents ascends from a depth of ~6km and reaches 

a depth of ~1.3km below sea level The density values of the proposed magma 

chamber fall between 1.78 g/cm3 and 2.55 g/cm3, which is comparable to the 

inferred 2.4 g/cm3 magma density value of the Sete Cidades volacanic complex 

(Kueppers et al. 2019). Sete Cidades is a volcano located in Sao Miguel island, 

which is part of the Azores Archipelago. Sao Miguel island, like Isla Socorro, is 

structurally controlled by tectonic features associated to the Terceira rift system 

(Carmo et al. 2015; Kueppers et al. 2019) 

Similarly, the magma chamber based on the susceptibility inversion rises from 

a depth of ~4.8km and reaches a depth of ~1.2km. These depths agree with the 

magma location of 6.7± 1.5 km and 4.5km, proposed by Briole et al. (2009) and 

Paoletti et al. (2016) respectively.   
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Fig. 47 Proposed magma chamber based on the density (red) and susceptibility 
(orange) inversion.  

N 

N 

N 

top view 

southeast view 

southwest view 
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The volume of the magma chamber obtained through the density inversion is 

approximately 13+/-1 km3, whereas the magma chamber from the susceptibility 

inversion has an approximate volume of 14+/-1 km3. Differences of configuration, 

position and volume between the magma chamber models could be due to various 

factors. The variation can be explained by the fact that the inversion results represent 

different physical properties; susceptibility and density. Moreover, the magnetic data 

was obtained from an airborne survey, whereas the gravity data is a composite of 

terrestrial and satellite data.  This difference in resolution could account for the 

differences between the susceptibility and density inversion results.  

 The gravity and magnetic inversions revealed a broad vertical structure 

located in the central portion of Isla Socorro. This pipe-like structure surrounds the 

proposed magma chamber in both types of data, gravity and magnetic. This central 

conduit has higher density and susceptibility values than the proposed magma 

chamber, suggesting a clear discontinuity in the temperature gradient. The vertical 

conduit was probably the main feeding system that formed the submarine portion of 

Isla Socorro, which based on the 2D and 3D geophysical models, is mainly 

composed of high- susceptibility and high-density rocks such as basalts. The magma 

source of this feeding system is located far below 8km, most likely in the mantle. 

Based on these observations, the magma chamber identified and characterized in 

this research, is the remaining heat source of a feeding conduit that has cooled and 

solidified in its peripheral portion. We are proposing this remaining heat source as 

the magma source of volcanic activity in subaerial Isla Socorro. 
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Chapter 7. CONCLUSIONS 
 

The purpose of this research was obtaining information on the subsurface structure 

of Isla Socorro, through the analysis and interpretation of integrated geologic and 

geophysical data. The gravity and magnetic data have revealed valuable information 

about the structural framework of Isla Socorro and its relation to the surrounding 

tectonic environment of the Revillagigedo Archipelago. Moreover, the magma 

source for the volcanic activity in the subaerial portion of Isla Socorro has been 

proposed, based on the presence of a low-susceptibility and low-density body 

located at a shallow depth. 

 The structural arrangement of the island was identified based on the analysis 

of geophysical lineaments. The gravity and magnetic lineaments display two 

preferential patters that coincide with the general orientation of the major tectonic 

structures of the Revillagigedo archipelago (Fig. 45). These lineaments are 

interpreted as extensional rift systems that allowed the extrusion of magma. This 

confirms previous geological studies suggesting that the volcanic evolution of Isla 

Socorro was structurally controlled by the Clarion Fracture Zone and Mathematician 

rift system (Bryan 1966; Carbadillo-Sanchez 1994). 

The horizontal gradient and Euler solutions of the magnetic data revealed the 

presence of two curved linear structures (Fig. 46). The first structure coincides with 

the previously proposed caldera rim, whereas the other one concurs with a caldera 

structure suggested by Paoletti et al. 2016.  The presence of such structures agrees 

with previous studies suggesting that Isla Socorro, just like other peralkaline oceanic 

islands, is characterized by a nested caldera system (Bohrson et al. 1996; Paoletti 

et al. 2016) and could be evidence of multiple Plinian eruptions generating the large 

ignimbrite bodies. 

Moreover, the integration of geological and geophysical data allowed the 

identification and characterization of a magma chamber extending from 

approximately 6 +/- 1 km to 1.2 km below sea level. This agrees with previous work 

suggesting the presence of a shallow magma chamber (Bohrson et al. 1996; Taran 

et al. 2002, 2010; Paoletti et al. 2016). The magma chamber models, as well as the 



 

83 

 

evidence indicating a nested caldera structure, can help refine our understanding of 

the volcanic evolution and eruption processes of Isla Socorro. 

Differences between the gravity and magnetic models can be explained by 

the contrasts in data resolution as well as the level of uncertainty of the integrated 

gravity data. Such ambiguities should be removed or minimized with future 

geophysical and geological work. Nonetheless, the integration of gravity and 

magnetic data, coupled with the known geologic information of Isla Socorro, has 

proven its usefulness in modeling the subsurface structure of the volcanic edifice. 

Other oceanic islands successfully studied through the use of potential methods 

include Tenerife (Araña, 2000), Aeolian Islands (Blanco-Montenegro, 2007) e Isla 

Isabel (Alvarez et al. 2017).  The results presented in this research could be used as 

the basis of future geologic studies focusing not only on past volcanic processes, but 

also on the assessment and mitigation of future volcanic hazards for Isla Socorro 

and other oceanic islands. 
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