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ABSTRACT

Results of a gravity survey of Socorro Island are used to investigate the volcanic structure of an oceanic is-
land in the Mathematician Ridge, Eastern Pacific Ocean. The volcanic activity during the Quaternary is divided into
pre-, syn-, and post-caldera stages, associated with a partly preserved caldera characterized by dominant alkali
basalts and silicic peralkaline flows and domes. Recent Holocene activity includes basalt flows and cones of the
Lomas Coloradas field. Bouguer anomalies correlate with the volcanic structure and topographic features, with
low values over the summit caldera, intermediate-wavelength, intermediate-amplitude anomalies over the slope,
and high-amplitude anomalies in the Lomas Coloradas. The regional anomaly field shows trends over the Ever-
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mann shield volcano, with broad positive anomalies over post-caldera deposits. The residual field shows small-
wavelength anomalies over the caldera, caldera rim, slope, and pre- and post-caldera deposits, with isolated pos-
itive anomalies over pre-caldera volcanics and younger post-caldera deposits. Upward and downward analytical
continuations, along with the first and second vertical derivatives, constrain the anomaly sources. Forward 2.5-D
models with different geometries and density contrasts enable analysis of subsurface structure and stratigraphy.
Basal sequences for the shield edifice are formed by basaltic and pyroclastic layered sequences. The residual grav-
ity response is associated with units on top of the basal sequence and with post-caldera activity. From the gravity
models, we estimate a post-caldera subsidence depth in the range of ~100 m that correlates with an estimated ~2
km? erupted volume and ~4.5 x 3.8 km caldera.

Keywords: Gravity Anomaly Models; Evermann Caldera Subsidence; Post-Caldera Volcanic Sequence; Eastern Pa-

cific Ocean

1. Introduction

Geophysical methods have long been used to inves-
tigate the structure and stratigraphy of volcanoes and
volcanic terrains'*4l. Gravity modeling has been ap-
plied to investigate the structure and evolution of mid-
ocean ridges, seamounts, and volcanic islands (5-91 Here
we present the results of a gravity survey of Socorro Is-
land in the eastern Pacific Ocean (Figure 1). Socorro
Island is characterized by the Evermann shield volcano
and is the largest of a group of islands of the Revil-
lagigedo Archipelago in the Eastern Pacific Ocean. The
islands represent the emerged members of seamounts
along the Mathematician Ridge at the Clipperton frac-
ture zone 10111,

Oceanic islands have been extensively studied to
understand their formation and evolution within the
oceanic crust, particularly in relation to plate tectonic
processes such as mid-ocean ridge spreading, mantle
plumes, and lithospheric structure?. These studies
have led to the distinction between mid-ocean ridge
basalts and ocean island basalts, which reflect con-
trasting magmatic sources and tectonic settings[13-1°1,
In this context, the Mathematician Ridge represents a
short-lived and tectonically complex spreading system
associated with plate reorganization in the eastern Pa-
cificl®1, This geodynamic setting provides the frame-
work for investigating Socorro Island, where gravity data
can help constrain crustal structure, magmatic evolution,
and the relationship between volcanic construction and

tectonic processes.

The Socorro Island is characterized by silicic al-
kaline and peralkaline volcanism, which separates it

16-18] * Sea floor

from other islands in the Pacific Basin!
spreading activity ended ~3.15 Ma ago, when activity
shifted from the Mathematician ridge to the East Pa-
cific Rise 119201 Volcanic activity in the Revillagigedo,
formed by Clarion, Roca Partida, San Benedicto, and So-
corro, has continued to the present, as evidenced by the
basaltic eruptions in the southern sector of Socorro with
the 1952-1953 Barcena eruption in San Benedicto, the
1993 submarine activity west of Socorro, and Evermann
fumarolic activity [21-241,

Geophysical studies of Socorro and other islands
in the Revillagigedo Islands are needed to understand
the crustal structure, stratigraphy, and volcanic activ-

1.1241 proposed the presence of a shal-

ity. Bohrson et a
low magma chamber associated with the caldera, proba-
bly beneath the edifice or deeper in the upper oceanic
crust. The Evermann prolonged activity with the pre-
and post-caldera eruptions and spatial distribution of
volcanic vents support a long-lived thermal anomaly and
active magmatic plumbing system in Socorro.

Despite the evidence for long-lived magmatic activ-
ity and the proposed presence of a shallow magma reser-
voir beneath the Evermann caldera, the crustal structure
and subsurface density distribution of Socorro Island re-
main poorly constrained. In particular, the geometry of
caldera-related structures and the relationship between
pre- and post-caldera volcanic units are still uncertain.
In this study, we use gravity data to investigate the in-
ternal structure of Socorro Island, focusing on the Ever-
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mann shield volcano and associated volcanic formations, matic plumbing system and the volcanic evolution of this

with the aim of providing new constraints on the mag- oceanic island (Figure 2).
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Figure 1. (a) Tectonic map of the central-eastern Pacific basin showing major tectonic elements of the East Pacific Rise, trans-
form fracture zones, and the Middle America trench, and location of the Revillagigedo Archipelago formed by the Socorro, San
Benedicto, Roca Partida, and Clarion Islands, part of a large group of seamounts in the northern Mathematician Ridge; (b)
Schematic plate tectonic reconstructions for magnetic anomalies 5B, 4’-5, 3’4, and 2’-3, showing the plate boundary reor-
ganizations with fragmentation of the Guadalupe plate and formation of the Cocos and Rivera plates ™.
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Figure 2. (a) Schematic map of Socorro Island, showing the distribution of the pre-caldera units and the Evermann and Lomas
Coloradas field. The area surveyed in the gravity study is located within the rectangle, forming the central-southern sector of
the island; (b) Geologic map of the central-southern sector?¥, indicating the location of gravity stations (see text for details).
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2. Socorro Island

Seamounts and oceanic islands in the central-
eastern Pacific record the interaction between seafloor
spreading, intraplate volcanism, and plate reorganiza-
tion processes?®l. The Mathematician Ridge and the
Revillagigedo Islands are tectonically significant as they
document the fragmentation of the Guadalupe Plate
and the formation of the Cocos and Rivera plates dur-
ing major plate reorganizations over the past ~25 Myr,
recorded in bathymetric features and magnetic anomaly

(10111617201 Plate reconstructions

lineation patterns
corresponding to magnetic anomalies 5B (~15 Myr),
4'-5 (~9 Myr), 3’-4 (~6.5 Myr), and 2’-3 (~3.5 Myr)
are shown in Figure 1b. The latest reorganization, at
about magnetic anomalies 2'-3, involved abandonment
of the northern Mathematician Ridge as the Pacific-
Cocos plate boundary, changes in relative plate motions,
and the opening of the Gulf of California %]

Within this tectonic framework, Socorro Island
rises from the seafloor at some 3000 m depth 19261, The
island exhibits an irregular elliptical morphology, with
topography controlled by the subaerial exposure of the
Evermann shield volcano, with a summit elevation of
~1120 m above sea level, and is characterized by a partly
exposed caldera rim (Figure 2). Subaerial activity is
characterized by alkaline and peralkaline magmas and
marked by pre-, syn-, and post-caldera major phases.
In the central-southern sector, post-caldera activity in-
cludes the Lomas Coloradas field, composed of basaltic
lava flows and cinder cones with associated lava and
spatter flows (Figure 2). The study area is located in
the central-southeastern sector of the island, from the
summit caldera sector to the coastline. In this area, it is
possible to investigate the volcanic structures and strati-
graphic units associated with the pre-, syn-, and post-
caldera eruption phases, as well as the development of
the Lomas Coloradas activity. The Navy Station, located
in the southeastern sector of the island, provides sup-
port and logistics for the study.

Geologic mapping has been reported for the
central-southern portions of the island 14?41, The stud-
ies, combined with geochemistry and radiometric dat-
ing, have documented the activity buildup, with the

changing patterns of magmatic activity from dominantly
explosive to effusive, leading to the formation of a

[16,18,24

caldera and post-caldera volcanism 1. Bohrson et

124 proposed that a change in magma degassing is as-

al.
sociated with the caldera formation, marking the change
in the character of the activity. Calderas occur in dif-
ferent tectonic settings and are characterized by a wide
range of sizes, magma compositions, and eruptive histo-
ries. Calderas can form by the collapse/subsidence of
volcanic structures above magma chambers during or af-
ter large eruption episodes. Their studies have attracted
considerable interest, and in the past decades, a combi-
nation of field-based geological, geochemical, and geo-
physical surveys and analogue and theoretical modeling
has contributed to the understanding of calderas and
caldera-forming mechanisms!?7-281, At the same time,
major questions still remain, with some caldera types
and volcanic environments remaining less well investi-
gated.

Peralkaline calderas appear related to high exten-
sion rates, like the East African rift, some convergent
margins (e.g., New Zealand), and intra-plate volcanic is-
lands (e.g., Canary Islands) [2%3%. Volcanic environments
with low magma production rates require relatively long
repose periods with magma stored in shallow cham-
bers!?731, The end of active rifting in the Mathemati-
cian Ridge, with a jump in seafloor spreading to a new
location in the East Pacific Rise, occurred ~3.15 Myr
ago 1% raising questions about volcanic activity, par-
ticularly the thermal anomaly, magma supply rates, and
caldera formation in Socorro Island.

The eruptive history of subaerial activity has been
documented from Ar/Ar dating!?*l. Dates on peralka-
line rhyolites and trachytes range from ~540 to 370 kyr,
documenting several explosive eruption episodes with
intervening repose periods of ~30 kyr. Dates on post-
caldera flows are around 182 to 15 kyr; with an intra-
calderarhyolite dome and rhyolite flows southeast of the
caldera wall giving dates of around 150 and 152 kyr, re-
spectively. The caldera-forming eruption likely occurred
at ~370 kyr, contemporaneous with the emplacement of
rhyolitic ash-flow tuffs. This event was followed by a pro-
longed period with no recorded major explosive events,

prior to the onset of post-caldera volcanic activity. If the
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caldera formed at a later time (i.e., before ~180 kyr), it
may have involved magma withdrawal or migration at
depth, resulting in caldera collapse?*. The caldera rim
is partly exposed as an arcuate topographic feature. In-
side the caldera wall, there are lava flows of Cerro Ever-
mann, silicic domes, and alluvium-fill deposits. On the
flank, outcrops of pre- and syn-caldera deposits extend
towards the shoreline. Close to the caldera wall, there
are several inferred basaltic vents.

Post-caldera activity is predominantly represented
by silicic peralkaline flows and domes of Cerro Ever-
mann, and by lava flows and cinder cones of Lomas
Coloradas, which also includes some trachyte domes
near the coastline. Radiometric dates for basalt flows
range between 150 and 70 kyr, documenting contempo-
raneous eruptions of silicic and basaltic magmas in So-
corro?Y, Farmer et al.[?3] reported radiocarbon dates
for lacustrine deposits of about 4690 and 5040 yr BP
within the Lomas Coloradas volcanic sequence. These
dates provide evidence for Holocene activity with al-
kalic basalt eruptions from low-elevation fissures and
cones in the southeastern sector. The geologic map-
ping by Bryan® and Bohrson et al.[?*] identifies sev-
eral flow units (marked by numbers) and several young
basaltic vents, which cover the pre- and syn-caldera de-
posits. Outcrops of these deposits are mapped on the
southwestern and northeastern sectors, with smaller
outcrops in the central zone (Figure 2b).

a)
Evermann summit |

Geophysical surveys of Socorro Island have been
reported, providing constraints on the regional struc-
ture and volcanic activity. They include aeromagnetic,
gravity, gamma ray, and paleomagnetic studies[32-3¢],
Paoletti et al.[®® interpreted a magnetic low in the cen-
tral sector in terms of a hot, deep magma body, some
5 km below sea level. The aeromagnetic anomalies
were interpreted in terms of a nested caldera struc-
ture. Tapia et al.*®! focused on the extensional sys-
tems and caldera structure, marked by semi-circular re-
gional gravity and magnetic anomalies, supporting the
presence of a thermal anomaly associated with a deep

magma reservoir.

3. Materials and Methods

The gravity survey was conducted along two sec-
tors crossing the summit caldera area, the slope, and the
zone of Lomas Coloradas (Figure 3). We used a LaCoste
& Romberg model-G gravity meter for the survey, with a
tie station located at the Navy Base Camp. The locations
of the stations were determined using a Garmin GPS me-
ter. The altitude was estimated from the GPS measure-
ments, complemented with the (National Institute of Ge-
ography) INEGI topographic database and calibration at
the tie station. The geologic map of the southeastern sec-

[24]

tor by Bohrson et al.!“*! provides a reference to the vol-

canic structures and stratigraphy (Figure 3b).

Figure 3. Cont.
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Figure 3. (a) Socorro Island, Revillagigedo Archipelago, view from the southeast toward Evermann volcano. The Lomas Col-
oradas volcanic field is highlighted in red, while the summit and the caldera rim are visible in the background; (b) Three-
dimensional oblique topographic view of Socorro Island showing the location of the gravity profiles surveyed. Colored triangles
indicate individual gravity stations along profiles S-A1 and S-A2, which cross key volcanic features including the caldera rim and

volcanic flanks.

The gravity stations are distributed following the
topographic relief, along paths rather than forming
straight lines. Profile S-A1 is about 6 km long, cross-
ing the slope, pre-caldera deposits, and the Lomas Col-
oradas field. It includes 13 stations distributed at ap-
Profile S-A2 is about 5

km long, crossing the caldera deposits, caldera rim, and

proximately 500 m intervals.

slope with syn- and post-caldera units. The survey in-
cludes 18 gravity stations with spacing ranging from 200
m to 500 m, following local topography, conditions, and
accessibility constraints, which preclude the acquisition
of uniformly spaced measurements.

The gravity readings were reduced to calculate the
Free Air and Bouguer gravity anomalies3738], A stan-
dard density of 2.67 g/cc was used to determine the
Bouguer anomalies 3], There are no stations of the grav-
ity network in the Revillagigedo Islands, and a tempo-
rary station was established and occupied for the sub-
sequent survey campaigns. Reference to the gravity net-
work in the mainland is planned as part of the reference

network gravity program [0,

4. Results

The Bouguer gravity anomalies fall in the range be-
tween -3 mGals and 25 mGals. The range is character-
istic of oceanic islands, in contrast to the large negative

Bouguer gravity anomalies over continental areas and
volcanic arcs [*1],

Profile S-A1 (oriented NE-SW) shows two broad
anomalies over the northeastern sector of the pre-
caldera and post-caldera deposits and over the Lomas
Coloradas field. Anomaly along profile S-A2 (oriented
NW-SE) shows a correlation with the structure, with
an anomaly corresponding to the caldera rim and short
wavelength anomalies along the flank over the pre-
caldera and post-caldera deposits.

The regional anomaly field estimated using second-
and third-degree polynomial fits gave similar results,
with anomaly trends and a broad positive anomaly over
the Lomas Coloradas (Figure 4). The corresponding
residual fields after subtracting the regional polyno-
mial fields show smaller wavelength anomalies over the
caldera, slope, pre- and post-caldera deposits (Figure
4c). The residual field shows a positive well-defined
anomaly in the northeastern sector of the pre-caldera
deposits and smaller amplitude isolated anomalies over
the Lomas Coloradas. These anomaly patterns correlate
with results from the upward and downward analytical
continuations and first and second vertical derivatives,
providing insight for qualitative analysis of anomaly
sources (Figure 5). Upward continuation up to 500 m
reference level (Figure 5a) delineates a trend over the
caldera rim and slope, a broad maximum at the south-
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eastern sector; and a small amplitude high in the north-
eastern sector of pre-caldera deposits. Downward con-
tinuation down to 100 m (Figure 5b) and 200 m (Figure
5c) reference levels delineates the anomaly over the
caldera deposits and rim, and three maxima over the
post- and pre-caldera deposits. Downward continua-
tion to the 200 m level separates the three maxima, iso-
lating the anomaly over the northeastern sector of pre-
caldera deposits. The downward-continuing field cor-
relates with the first vertical derivative field, constrain-
ing the relative depths of anomaly sources from gradient
analysis.

Samples from outcrops were collected along tran-
sects at 24 sites. Bulk density was determined using the
fluid immersion method, with three representative sam-
ples analyzed at each sampling site. Measured densities
range from 1.7 to 3.02 g/cc. Samples were grouped into
four categories based on their geographic location and
lithology. Mean density values for each group are 2.38,
2.47,2.70, and 2.80 g/cc, respectively (Table 1).

For the analysis and contour visualization, data

were interpolated into a regular grid using inverse dis-
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tance weighting and kriging and contoured with Surfer.
To further evaluate the interpolation methods, the eleva-
tion data were interpolated and compared with the digi-
tal terrain map [*?1. Both methods reproduce the main to-
pographic patterns, with kriging yielding smoother con-
tours; therefore, gravity anomaly maps were constructed
using the kriging method. The Bouguer gravity anomaly
maps display spatial variations in amplitude and wave-
length across the study area (Figure 4). Lower anomaly
values are observed in the central part of the island,
whereas intermediate values occur toward the slopes,
and higher anomaly amplitudes are observed in the south-
ern sector. In the northeastern sector, a localized grav-
ity high with amplitude comparable to that observed in
the southern sector is identified (Figure 4a). To separate
long- and short-wavelength components, the data were
processed using second and third-degree regional polyno-
mial fitting, first and second vertical derivatives, and up-
ward and downward analytical continuations*3-#71, Up-
ward continuations were calculated for reference levels
of 0.5 and 1.0 km. Downward continuations were calcu-

lated for reference levels of 0.1 and 0.2 km.
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Figure 4. (a) Bouguer gravity anomaly of the central-southern sector of Socorro Island; (b) Regional gravity field for third-
degree polynomial; (c) Residual anomaly field after subtraction of third-degree polynomial.
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Figure 5. Analytical continuations of the gravity field. (a) Upward continuation to 500 m; (b) Downward continuation to 100
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Table 1. Summary of rock density measurements by lithologic group and sampling location.

Group Number of Samples Location Lithology Mean Density (g/cc) Std. Dev. (g/cc)
1 9 Evermann Caldera Rim Basalts 2.80 0.55
2 6 Pre-caldera deposits Peralkaline tr._':lchytes 2.47 0.41
and rhyolites
3 3 Bafiuelos Volcano Basalts 2.70 1.40
4 6 Lomas Coloradas Vesicular basalts 2.38 0.20

was made using the WinGlink geophysical software. The
residual field after subtraction of the regional field is

5. Forward Modeling

The shallow structure and stratigraphy are further used for forward modeling. Different geometries and

analyzed using forward 2.5-dimensional (2.5-D) polyg-
[47-50]

density contrasts were examined, and synthetic anoma-

onal models Calculation of synthetic anomalies lies were fitted to observed anomalies.
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There are no drilling and log data, and model
parameters are defined by fitting the calculated and
observed anomalies[*3*>%7] " Initial model parameters
were constrained from the geological studies['%?4 and
qualitative analysis of the Bouguer anomalies, regional-
residual fields, upward and downward analytical contin-
uations, and first vertical derivative calculations.

The gravity models were determined considering
density values constrained by the range of densities from
surface rock samples. Groups 1 to 3 (Table 1) show
consistent density values, suggesting comparatively ho-
mogeneous conditions at the scale sampled. In con-
trast, the relatively high-density variability observed in
Group 4 likely reflects the combined effects of a limited
number of samples and significant lithological and textu-
ral heterogeneity, particularly related to variable vesic-
ularity and alteration within basaltic units. It is sug-
gested that, while surface-derived rock density measure-
ments may not fully represent subsurface volumes due
to scale-dependent heterogeneity®1->31, adequate spa-
tial and lithological sampling can nevertheless provide
robust first-order constraints for gravimetric model pa-

rameterization [>4.

Accordingly, the densities adopted
in the models fall within the variability observed in the
measured dataset, rather than relying on fixed mean val-
ues for each lithological group, and are intended to rep-
resent effective bulk densities at the scale of the grav-
ity data. Under these assumptions, the resulting models
provide a consistent first-order fit to the observed grav-
ity anomalies, supporting the use of the selected density
range for the subsurface density structure.

Models for profiles S-A1 and S-A2 explore differ-
ent arrangements of subsurface bodies associated with
the volcanic features and pattern of gravity anomalies
(Figure 6). Profile S-A1 shows a broad positive 5 mGal
anomaly over the Lomas Coloradas volcanic field and a
smaller amplitude anomaly over the post-caldera units
in the northern part of the profile. Profile S-A2 shows a
minimum on the summit caldera depression, a ~4 mGal
high on the caldera rim, followed by a minimum on the
outer caldera side on top of pre-caldera deposits. On
top of the post-caldera sequences, there is a series of
small amplitude, large wavelength positive and negative

anomalies. The larger amplitude anomaly ~7 mGals
is in the southeastern area over post-caldera deposits
north of the Lomas Coloradas. The different sets of mod-
els assume lateral contrasts with distinct large bodies
as sources of the positive anomalies on top of the pre-
caldera sequence. The basal layer is assumed to form
the volcano structure. Depths to the top of this layer
range from ~200 m to ~500 m below sea level, with most
models around 200-300 m below sea level. The top of
this layer was kept with low relief, although models with
abrupt relief were also tested.

Polygonal models (PM) are calculated to analyze
the structure and stratigraphy. The results for two sets
of models are presented (Figure 6). PM4-5 type mod-
els incorporate 4- or 5-polygonal bodies (layers). For
profile S-A1, a large body (black; 1.4 g/cc) sits beneath
the Lomas Coloradas field with a lateral contrast to the
pre- and post-caldera sequences (light gray and cross-
hatched; 0.92 and 1.6 g/cc) in the northern sector of the
profile (Figure 6a). For profile S-A2, a large body ac-
counts for the caldera wall deep structure (black), and
two bodies (cross-hatched) account for the anomalies
on the flank over the post-caldera sequences (Figure
6b). Other model types evaluated incorporate an addi-
tional number of polygonal bodies and a layered basal
sequence that results in slightly thinner shallow bodies.
Examples of PM-7 type models are shown in Figure 7.
Models for profile S-A1 show a similar body (black) be-
neath the Lomas Coloradas field; bodies for the north-
ern part of the profile can be represented by different ge-
ometries assuming vertical density contrasts (light-gray
units), which appear more consistent with the geologi-
cal considerations (Figure 7a). Models keep the basal
sequence tilting towards the coastline with smooth re-
lief, in contrast to the other set of models (Figure 6).
Models for profile S-A2 are modeled with shallow bod-
ies (light-gray units) with larger lateral extent (Figure
7b). The basal sequence is formed by layers that tilt fol-
lowing the slope of the volcanic structure. The caldera
depression is modeled assuming a shallow depression.
The caldera rim is modeled by a body representing the
structural wall. The anomalies on the flank are modeled
by shallow bodies (Figure 6).
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Figure 6. Geophysical 2.5-D models for profiles S-A1 and S-A2. These models incorporate 4-5 layers; density contrasts are
indicated for the units. (a) Profile for the pre- and post-caldera deposits; (b) Profile for the caldera, rim, and slope. The observed
and synthetic gravity anomalies are indicated by the blue and red curves, respectively (see text for discussion).
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Figure 7. Geophysical 2.5-D models for profiles S-A1 and S-A2. These models incorporate 7 layers; density contrasts are indi-
cated for the units. (a) Profile for the pre- and post-caldera deposits; (b) Profile for the caldera, caldera rim, and slope. The
observed and synthetic gravity anomalies are indicated by the blue and red curves, respectively.
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Models for profile S-A1 over Lomas Coloradas show
a pre-caldera sequence covered by post-caldera flows
(Figures 6a and 7a). PM-7 models are preferred be-
cause they keep the basal layers with a regional tilt to-
wards the coastline. Thickness and depth to the top of
the source bodies depend on the density contrasts and
on the number of bodies incorporated. The source bod-
ies account for the isolated anomalies over the northeast-
ern sector beneath the Bafiuelos volcano and the Lomas
Coloradas cinder cone field (Figure 2b). Source bodies
require further constraints and appear located on the
thick southward-dipping sequence of the shield volcano.

Models for profile S-A2 assume a local basement
formed by the units constituting the shield volcano,
with bodies associated with the volcanic units on top
(Figures 6b and 7b).
basal layers with flat relief and regional tilt that follow

PM-7 models incorporate the

the volcano’s structure. The models for the caldera de-
pression, rim, and slope consider source bodies of dif-
ferent geometries and density contrasts. The residual
gravity anomaly shows a low over the caldera depres-
sion, followed by a high over the caldera rim. This is
followed by a series of maxima and minima over the
flank. In the area covered by the pre-caldera deposits
and post-caldera flows, residual anomalies show a broad

minimum and a larger amplitude maximum.

6. Discussion

Socorro Island is formed by volcanic activity, with
a shield volcano constructed on the ocean floor in the
northern sector of the Mathematician ridge. Bathymetry
in this area of the Revillagigedo Archipelago is shal-
lower, associated with the ridge and the Rivera and
Clarion fracture zones, and characterized by numerous
seamounts (Figure 1). The island subaerial topography
is dominated by the Evermann structure, and the post-
caldera deposits (Figures 2 and 3). Post-caldera activ-
ity includes dominantly silicic peralkaline lava flows and
domes, and some alkali basalt flows and cones inside the
caldera and slope. The Lomas Coloradas in the south-
eastern sector includes dominantly alkaline basalt flows
and cones. Volcanological studies and geological map-

ping have raised questions related to the structure of

the volcanic edifice, subsurface stratigraphy, characteris-
tics of the magma reservoir inferred at relatively shallow
depths beneath the caldera and the associated plumbing
system, and structures related to the Holocene volcan-
ism [16:18.24]

Our gravity survey conducted over the eastern area
of Socorro Island was directed to explore the shallow
[2433]  The

Bouguer gravity anomaly and regional and residual

crustal structure and volcanic stratigraphy

fields correlate with the volcanic topography. The re-
gional field shows a gravity low over the caldera summit
and rim, a gravity trend over the slope, and a broad high
over the Lomas Coloradas field. The residual anomaly
shows several isolated highs and lows that correlate
with surface features, with three maxima over the Las
Tetas and Bafiuelos volcanoes, and groups of cinder
cones (Figure 2b). The caldera area is marked by a grav-
ity low and a high, characterizing the summit caldera de-
pression and wall structure.

The Bouguer anomaly shows caldera depression
marked by a -2 mGal negative anomaly, interpreted as
resulting primarily from low-density alluvial-fill and py-
roclastic deposits infilling the caldera. The caldera wall
is marked by a 5 mGal high anomaly, which appears to be
associated with a deep structural feature. The depth of
the caldera depression in the forward models depends
on the geometry of subsurface layers and density con-
trasts. The caldera structure and the extent of collapse
are related to eruptive dynamics and the erupted magma
volume!?’, Models incorporating a large caldera wall
structure result in large depth estimates for collapse or
subsidence (Figure 6). The Model assumes that the cen-
tral portion of the volcanic structure was affected by
faulting. The caldera wall is only exposed in the south-
ern sector; in the northern part, it might be affected by
faulting and buried by lava flows (Figure 2). However,
no evidence for a fault has been documented in the ge-
ologic mapping studies?*]. Models assuming a caldera
wall not affected by significant faulting show caldera de-
pression depths of around 100 m.

Complex caldera structures show collapse depres-
sions, some associated with nested structures formed

27,28,53]

by multiple explosive episodes! . In silicic per-

alkaline complexes, nested calderas have been recog-
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nized 4.

column document explosive events that might have re-

In Socorro, tuff units in the stratigraphic

sulted from caldera-forming events. The shape and size
of the caldera are inferred from the partial rim expo-
sures and topography. Bohrson et al.[?¥] reconstructed
an elongated caldera structure with a NW-SE orienta-
tion, some 4.5 x 3.8 km in size, which is comparable

[54], (28] reviewed

to other peralkaline calderas Acocella
the relations between caldera diameter and subsidence
(Figure 8). For caldera diameters of around ~4 km, the
depth of subsidence varies up to a few hundred meters,

depending on the erupted volume of magma and evolu-

tionary stage. Stage 4 calderas are associated with large
magma volumes, whereas stage 2 calderas usually in-
volve small volumes. Bohrson et al.[**! estimated a mini-
mum volume for the caldera, in the order of 2 km? (dense
rock equivalent). This will place the caldera within the
range of a few hundred meters of subsidence, compat-
ible with depth estimates of around ~100 m as in PM-
7 type models (Figure 7). Bohrson et al.[?*] remarked
that the erupted volume might be larger, with possible
nearby ocean deposits and/or buried by younger units.
The uncertainties emphasize the need for further geo-

physical data on subsurface stratigraphy.
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Figure 8. Correlation diagram for subsidence depth and caldera diameter %%,
Note: The symbols represent different evolutionary stages (see text). For caldera diameters of around ~4 km, the depth of subsidence varies up to a few hundred
meters, depending on the erupted volume of magma and evolutionary stage. In the case of the Evermann caldera, Bohrson et al.[**! estimated a minimum volume
in the order of 2 km®, which places the caldera within the range of a few hundred meters of subsidence (indicated by the arrows), compatible with depth estimates

from the gravity models of around ~100 m.

The estimates for erupted volume and subsi-
dence depth for Socorro are comparable to peralkaline
calderas, with intermediate diameters of less than 12 km
and subsidence depths of <300 m[275556] The caldera
wall heights range from a few tens to hundreds of meters;
for example, the Pantelleria caldera has a wall height
of about 90 m, with an estimated erupted volume of 7

km3. The calderas in the Canary Islands are an excep-

tion, with much larger sizes, erupted volumes, and sub-
sidence depths likely representing complex calderas con-
27291 The re-

gional models for the entire volcanic edifice consider

structed by multiple eruption episodes!

a shield-like structure similar to basaltic volcanoes in
Hawaii. Models for Hawaiian shield volcanoes incorpo-
rate shallow magma chambers, with caldera formation

due to magma withdrawal and extension related to the

12
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magma intrusions and surface collapse 2”571, The mod-
els with small collapse depths and reduced summit col-
lapse zones may be more representative of Socorro Is-
land (Figure 8). The model incorporates asymmetric
collapse and sill intrusions resulting in flank eruptions,
which may also be related to faulting and extension of
the shield. Post-caldera magma intrusion into the cen-
tral zone above the magma chamber may result in up-

541 ' which ac-

liftand resurgence (e.g., Pantelleria caldera
counts for the Evermann summit. The magma intrusion
is responsible for the prolonged volcanic activity regis-
tered in the southeastern island sector.

The broad positive anomaly over the Lomas Col-
oradas corresponds to a 2 x 1.5 km zone with mono-
genetic cones and lava flows!*¥l, The ~12 mGal max-
imum in the northeastern sector corresponds to the
Bafiuelos cone, over a 0.5 x 0.25 km zone (Figure 2b,
4a, and 5b). The broad anomaly over Lomas Coloradas
separates into smaller wavelength isolated anomalies in
the first vertical derivative and downward continuation
maps. Downward continuation to 100 m shows two
positive anomalies, corresponding to volcanic features
(Figure 7). The southern anomaly corresponds to Las
Tetas volcano, and the southeastern one is over a group
of small cinder cones. Correlation of the patterns in the
downward-continued fields provides insight into the rel-
ative depths of the source bodies (e.g., Figure 5). The up-
ward and downward continuations, and the first vertical
derivative anomaly maps, delineate the response associ-
ated with the caldera depression and rim.

Paralkaline calderas are usually shield-like, simi-

s[275556] Calderas form-

lar to explosive basaltic caldera
ing on oceanic island shield volcanoes develop through
stages of collapse and filling. Walker[®”] proposed that
intruding magma produces shield expansion with sur-
face extension and collapse, which, along with magma
withdrawal, results in caldera formation. The morphol-
ogy can be modified by resurgent activity and post-
caldera deformation. Size and morphology of calderas
are highly variable depending on eruption style, magma
composition, eruptive history, collapse mechanism, and
post-caldera activity[?7]. Acocella?® identified four

stages of caldera development from analogue model-

ing and field observations, characterized by (stage 1)
downsag, (stage 2) reverse ring fault, (stage 3) periph-
eral downsag, and (stage 4) peripheral normal ring
fault. 28

ter/subsidence ratio relates to the evolutionary stage

Acocella?®l proposed that the caldera diame-
(Figure 9). For caldera diameters of around ~4 km,
the depth of subsidence varies up to a few hundred
meters, depending on the erupted volume of magma
and evolutionary stage. In the case of the Evermann
caldera, Bohrson et al.[?* estimated a minimum volume
in the order of 2 km3, which places the caldera within
the range of a few hundred meters of subsidence (indi-
cated by the arrows in the diagram), compatible with
the depth estimates from the gravity models of around
~100 m.

Data on stratigraphy and thickness of the volcanic
sequences have been used to estimate eruption volumes
and rates?*. Subaerial pre-and syn-caldera rates are
in the order of ~1-5 107° km3/yr, which are in the
range of those documented for mantle plume oceanic is-
lands. On the other hand, minimum growth rates for So-
corro of about > 7 x 10~ km3/yr are much higher than
growth rates for non-hotspot volcanoes in the Pacific.
The erupted volumes and growth rates relate to volcanic
evolution and mantle source [17:2527.5859],

Forward models with contrasting geometries and
density contrasts are tested. Models in Figures 6 and 7
show the structures that fit the observed anomalies and
geological considerations. Models show distinct struc-
tures for the shallow volcanic units, which can be eval-
uated with additional modeling and drilling data. The
results show non-uniqueness in the solutions for poten-
tial field models. The end models that fit the observed
anomalies show the effect of considering four and seven
source units for the analysis. The inclusion of source
bodies is reflected in the shallow structure in the caldera
rim zone and slope. This is associated with possible un-
detected units and internal density variations resulting
from changes in fracture density or porosity. Generally,
the effects of the non-uniqueness in potential field mod-
eling increase with the sought- after special resolution.
Modeling can be further evaluated by drilling and stud-
ies with additional techniques.
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Figure 9. Regional gravity models for Socorro Island. (a) Location of profile crossing the central zone and the Evermann volcano.
Gravity anomaly models with (b) and without (c) faults in the southeastern sector, both including dike intrusions in the volcanic

edifice (see text for discussion).

Based on analysis of the upward and downward
analytical continuations, the first and second vertical
derivatives, and regional-residual separation, the source
bodies of the residual anomalies correspond to shallow
contrasts. Shallow anomaly sources correlate with the
surface geological observations. Initial geometries in
the modeling were constructed from qualitative assess-
ments of geologic data and regional and residual fields,
analytical continuation fields, and gradient maps. The
downward range of flow units of the Cerro Evermann,
reaching the coast, may represent analogs of the older
pre-caldera sequence. The basal sequence may be mod-
eled by a single thick unit of uniform density. Alterna-
tively, it may be formed by basaltic lava flows and pyro-
clastic units, which result in layered sequences with ver-
tical density contrasts. Different geometries were con-
sidered for the basal sequence. Topographic relief for
the top surface of these basal units may contribute to the
gravity anomalies. Alternatively, the gravity response
may be due to units on top of the basal sequence, asso-
ciated with the underground conduit system in Lomas
Coloradas. Other differences among the models are re-
flected in the thickness of the units, with thicker units in
PM-4-5-type models compared to thinner units in PM-7-

type models (Figures 6 and 7).

The regional structure of the volcanic island has
been examined using modeling of satellite and airborne
al3536l The re-

gional pattern shows curved semicircular anomalies

magnetic and gamma-ray survey dat

that constrain a large caldera complex. The magnetic
anomaly shows a central minimum, associated with a
hot magma body lying at depth in the crust, estimated
at around 5 km b.s.1.[3°1, To further analyze the volcanic
structure in the central zone, models are calculated for a
regional profile crossing the central zone. The models al-
low examining the stress field, post-caldera activity, un-
derground conduit system, dike intrusions, and faulting
of the edifice >0, The profile crosses above the Ever-
mann caldera (Figure 9a). It is about 15 km long and
oriented NW-SE. The topography of the volcanic edifice
is steep on its NW side as compared to that on the SE side,
which is also mirrored in the bathymetry with low-angle
slopes in the southeastern sector['!l. The Bouguer grav-
ity anomaly for the central-southern sector of the island
shows a regional anomaly trend that correlates with the
topography of the volcanic edifice, with anomalies over
the caldera and the post-caldera Lomas Coloradas. Dif-

ferent geometries and density contrasts are used in the
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models, which incorporate major structural elements of
the shield volcano, including a shallow magma cham-
ber and a volcanic conduit system associated with post-
caldera activity. Two models are included in Figure 9b,c
that show the volcanic edifice structure, radial and cir-
cumferential fracture patterns, magma conduit system,
sills, and faulting. The caldera rim is exposed on the
southeastern side. It is buried or not preserved on the
northwestern side, which is associated with a regional
fault. In the models, the occurrence of dikes, faults, and
shallow magmatic activity in the Lomas Coloradas vol-
canic field was analyzed.

Recent studies in the Clipperton-Clarion zone in the
Central Eastern Pacific have been investigating the ex-
tensive deposits of sulphides and polymetallic nodules,
with deep-sea mining exploration projects®1-64l, The
abyssal plain at depths around 4-5 km is characterized
by a unique biodiversity with organisms adapted to the
deep cold conditions [%3¢4], The polymetallic nodules are
rich in nickel, cobalt, copper, manganese, and zinc, with
mineral contents of interest for mining activities. The
zone has been relatively unexplored, including studies of
the oceanic crustal structure, age, magnetic anomalies,
faulting, and volcanic features![®l. This is partly due to
the challenges of marine geophysical projects and the lo-

gistical and technological requirements.

7. Conclusions

The Bouguer gravity anomaly shows a gravity low
over the Evermann caldera with intermediate wave-
length and amplitude trends over the slope and high
amplitude anomalies in the Lomas Coloradas field.
The residual field reveals positive anomalies in the
northeastern sector of the pre-caldera deposits and
small-amplitude isolated anomalies over the Lomas Col-
oradas field. The anomalies are followed in the up-
ward and downward analytical continuations and in the
first and second vertical derivatives, which constrain
the depths and shapes of the anomaly sources. Forward
2.5-D models enable analysis of volcanic structure and
stratigraphy. The basal sequence can be modelled as a
single, thick unit of uniform density, or alternatively as
a basaltic and pyroclastic layered sequence with verti-

cal density contrasts. Gravity response may be due to
units on top of the basal sequence, associated with the
conduit system for post-caldera and Lomas Coloradas
activity.

The gravity models provide constraints on post-
caldera volcanic activity. The positive anomaly over the
Lomas Coloradas delineates a zone measuring 2 x 1.5
km, characterized by monogenetic cones and lava flows.
The small maximum in the northeastern sector corre-
sponds to the Bafiuelos cone, over a 0.5 x 0.25 km zone.
The broad anomaly over Lomas Coloradas separates into
small-wavelength isolated anomalies in the first verti-
cal derivative and downward continuation maps. Pat-
tern correlation in the downward-continued fields con-
strains the relative depths of the source bodies. Down-
ward continuations to 100 m and 200 m show two posi-
tive anomalies, corresponding to volcanic features. The
southern anomaly corresponds to the Las Tetas volcano,
and the southeastern one is over a group of small cinder
cones.

The caldera depression is marked by a -2 mGal low,
and the caldera wall by a 5 mGal high associated with
deep structures. Depth estimates of caldera depression
depend on subsurface geometry and density contrasts
that record collapse related to eruptive dynamics and
magma volume. Models incorporating a large caldera
wall yield large collapse depth estimates. The caldera
wall is exposed in the southern sector; in the northern
sector, it might be affected by faulting and/or buried by
lava flows. Preferred models show subsidence depths
of around 100 m. Shallow estimated depths for sub-
sidence appear compatible with an erupted volume of
around 2 km? and an estimated size of 4.5 x 3.8 km for
the caldera, within the ranges documented for caldera
structures.
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