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ABSTRACT

Detailed magnetic anomaly surveys
over the central and southern sector of the
Colima rift, western Mexico, are used to
investigate the subsurface structure and
faults and/or fractures in the volcanic ter-
rains formed by activity in the Colima vol-
canic complex (CVC). The CVC is located
within the large north-south Colima rift in
western Mexico. The Colima rift is a major
active tectonic structure, trending perpen-
dicular to the Middle America Trench and
related to subduction of the Rivera and
Cocos plates. Volcanic activity in the CVC
has migrated southward toward the trench.
Analyses of faults and recent deformation
in the CVC and Colima rift are of major
interest in volcano-tectonic studies and for
hazard assessment. Structural analyses and
fault mapping, however, are difficult because
young volcanic and pyroclastic rocks
obscure structural features and stratigra-
phy. Most of the southern Colima rift is cov-
ered by volcanic avalanches and volcaniclas-
tic units, which have resulted in resurfacing
of the volcanic terrains. Here we show that
magnetic anomalies permit identification of
faults and mapping of volcano-sedimentary
and volcanic units. Total magnetic field
measurements spaced every 0.5 km along 8
profiles, with an overall length of 284.5 km
and covering the CVC sector of the Colima
rift, have been obtained. We recognize frac-
tures and fault zones of local and regional
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character from their characteristic mag-
netic anomaly response. Large mapped
structures include the north-south Montit-
lan, northeast-southwest La Lumbre, and
east-west La Escondida faults, which can be
traced across the area from the magnetic pro-
files. Fault magnetic anomalies are modeled
by lateral contrasts in terms of step models
assuming thin dipping elongated zones along
the fault planes. The study shows that faults
in the CVC volcanic terrain can be investi-
gated by magnetic surveying.

INTRODUCTION

Subsurface structure in volcanic areas has
long been investigated by potential field geo-
physical surveys. Magnetic anomaly studies
have been used to investigate magmatic pro-
cesses and their relationships with deep struc-
ture of active volcanoes (e.g., Davis et al., 1983;
Nishida and Miyajima, 1984; Sasai et al., 1990;
Dzurisin et al., 1990; Connor et al., 1993; John-
ston, 1997; Finn et al., 2001). Magnetic meth-
ods are well suited for studying volcanoes of
intermediate to mafic composition because of
the relative abundance of ferromagnetic miner-
als capable of generating magnetic anomalies
(Grant, 1985). The distribution, morphology,
and arrangement of magnetic anomalies are
often related to characteristics associated with
shallow and deep geological structures.

Of particular interest in the study of volcanic
complexes is the occurrence of faults, deforma-
tion features, and weakness zones, which may
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be related to the volcanic activity, volcano col-
lapse, volcanic debris avalanches, and hydro-
thermal and tectonic activity (e.g., Van Wyk de
Vries and Francis, 1997; Ventura et al., 1999;
Podolsky and Roberts, 2008; Vezzoli et al.,
2008). In active volcanic zones, study of fault-
ing may be complicated by resurfacing of faults
and features related to fault activity, including
drainage patterns by lavas, pyroclasts, or debris
avalanches (e.g., Parfitt and Peacock, 2001; Day
et al., 2005; Holland et al., 2006; Podolsky and
Roberts, 2008). Mapping of faults and investi-
gation of fault characteristics, geometry, propa-
gation, and growth fault histories are critical
for understanding volcano-tectonic activity and
hazard evaluation.

There are relatively few studies in the lit-
erature on magnetic anomalies associated with
faults in volcanic sequences. Henkel and Guz-
man (1977) reported that fault zones are char-
acterized by elongated magnetic minima, asso-
ciated with oxidation of magnetite to hematite
within the fault. They documented lower mag-
netic susceptibilities and reduction of the inten-
sity of remanent magnetization in the igneous
rocks across the fractures. Ozima and Kinoshita
(1964) studied the magnetic fabric (measured
by anisotropy of magnetic susceptibility) of
andesitic rocks across a fault zone, and observed
an apparent increase of anisotropy close to the
fault zone. Igneous rocks do not show stress-
induced effects due perhaps to incompetence
under low-temperature and high-pressure condi-
tions. These characteristics have been exploited
to infer deformation histories where rocks of
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varying competence under low strain conditions
are present in major deformation zones (e.g.,
Rathore and Becke, 1980).

In this paper we apply magnetic surveys to
investigate faults and subsurface structure in
the volcanic terrain of the central and southern
sector of the Colima rift and Colima volcanic
complex (CVC), western Mexico. The CVC is
formed by a volcanic chain oriented north-south
that contains three composite volcanoes: Can-
taro, Nevado de Colima, and Colima (Fig. 1).
The study area includes the Nevado de Colima
and Colima volcanoes and extends within and
across the southern Colima rift. Colima is the
most historically active volcano in Mexico
(Robin et al., 1987; Luhr and Carmichael,
1980, 1990; Luhr, 1981; Breton Gonzalez et al.,
2002), and has been extensively studied as part
of the International Decade of Volcanic Hazard
Reduction. The CVC within the rift has been
linked to major fault structures, such as the La
Lumbre fault (e.g., Lopez-Loera and Urrutia-
Fucugauchi, 1996; Gardufio et al., 1998). Study
of faults, deformation, and stratigraphy of the
CVC and Colima rift has been hampered by the
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young volcanic avalanches and pyroclastic and
volcaniclastic rocks that cover the area. For this
study, a network of magnetic profiles was used
to investigate the fault system in the volcanic
complex and the southern sector of the rift zone
(Fig. 2). Our total field magnetic anomaly sur-
vey shows that characteristic magnetic anoma-
lies are related to fault zones in the CVC, and
that subsurface structures and stratigraphy can
be investigated and modeled.

COLIMA VOLCANIC COMPLEX

The CVC is located at the southwestern sec-
tor of the Trans-Mexican Volcanic Belt, where
the volcanic front is closest to the Middle Amer-
ica Trench (Fig. 1) (Urrutia-Fucugauchi and
Del Castillo, 1977; Luhr and Carmichael, 1980,
1990; Rosas-Elguera et al., 1996). Volcanic
activity migrated southward during construction
of the volcanic complex, and Colima volcano is
the only active center at present (Robin et al.,
1987). This volcanic complex is located at the
south-central sector of a large tectonic graben
oriented north-south, ~150 km long and 40 km
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Figure 1. Tectonic map of western Mexico showing the Colima rift and the Colima volca-
nic complex. Black triangles represent major volcanic centers in the area. Major struc-
tural lineaments mark the tectonic depressions of the Colima rift and Tepic-Zacoalco Rifts.
G—Guadalajara City; T—Tepic; MAT—Mesoamerican Trench; EPR—East Pacific Rise;

RFZ—Rivera fracture zone.
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wide (Luhr and Carmichael, 1990), which
defines the Colima rift. The eastern and west-
ern margins of the Colima rift are marked by the
basins of Tuxpan—El Naranjo and the Armeria
Rivers, respectively (Fig. 2). The Colima rift
forms part of a major tectonic structure that
intersects and forms a rift-rift-rift continental
triple junction to the north of the CVC and south
of Guadalajara region (Fig. 1), and that has been
intensively studied (e.g., Luhr and Carmichael,
1980, 1990; Allan and Carmichael, 1984; Allan,
1986; Urrutia-Fucugauchi and Molina-Garza,
1992; Rosas-Elguera et al., 1996; Rosas-Elguera
and Urrutia-Fucugauchi, 1998).

The Colima rift has been considered as
the eastern boundary of the Jalisco block; its
southern segment has a general orientation that
varies north-northeast—south-southwest with
respect to its north-south regional trend. The
local basement of the CVC (Luhr and Car-
michael, 1980, 1990) is formed by volcanic,
volcano-sedimentary, and marine sedimen-
tary rocks associated with a magmatic arc.
The age of the magmatic arc sequence varies
from Neocomian to early Albian (Alencaster
and Pantoja-Alor, 1986). Geophysical studies
have indicated as much as 900 m of volcani-
clastic sediments in the northern sector of the
Colima graben (Allan, 1985). In the southern
sector of the CVC between Colima volcano
and Colima City, sediments may be as thick
as 700 m (Lopez-Loera and Gutierrez, 1977).
The CVC products are characterized by a series
of avalanche debris deposits that create a total
volume between 60 and 100 km?; some of the
largest avalanches may have reached distances
of ~100 km toward the Pacific coast (Stoopes
and Sheridan, 1992; Komorowski et al., 1997).

Reconnaissance studies suggest that fault
and fractures affecting the volcanic structures
show two dominant orientations: north-south,
which coincides with the Cantaro-Nevado de
Colima—Colima volcanic alignment (Aubert
and Lima, 1986; Lopez-Loera and Urrutia-
Fucugauchi, 1996; Rosas-Elguera et al., 1996),
and northeast-southwest, which coincides
with the alignment of the parasitic cinder cone
named Los Volcancitos.

Rock magnetic properties of samples from
the summit area of Colima were reported by
Connor et al. (1993) and Urrutia-Fucugauchi
et al. (1997). Low-field magnetic susceptibili-
ties for five samples from the summit dome and
lava flows range between 2.6 x 10 and 8.2 x
10~ ST units. Corresponding data for remanent
magnetization intensity yield 1.08-3.84 A/m.
Three samples present discrete unblocking tem-
peratures higher than 450 °C to 575 °C, and two
samples present a wide and lower range of dis-
tributed unblocking temperatures.



‘We measured the rock magnetic properties of
50 samples collected along the magnetic tran-
sect between Atenquique and El Playon (Fig. 2;
profile 1-17). The intensity and direction of
remanent magnetization were measured, as well
as low-field magnetic susceptibility (Lopez-
Loera and Urrutia-Fucugauchi, 1999). The
magnetic properties of the volcanic fragments
in the debris avalanche deposits from Nevado de
Colima and Colima have wide ranges of varia-
tion. Samples from the Nevado de Colima ava-
lanche give low-field magnetic susceptibilities
varying between ~3.7 x 10 and 10.6 x 107,
with a mean of 7.2 x 10~ SI units. The rema-
nent magnetization intensities vary from 0.55 to
1.86 A/m, with a mean of 1.2 A/m. The suscep-
tibilities and magnetization intensities are asso-
ciated with magnetic anomaly responses with
ranges of 271 nT to —259 nT and horizontal gra-
dients of 0.754 nT/m to —0.932 nT/m. Samples
from the younger Colima volcano avalanche
deposit show a range for the susceptibility from
1.3x10*t0 8.4 x 10~ and mean of 5.4 x 10~ SI,
and the remanent intensities range from 0.73 to
3.69 A/m with a mean of 2.52 A/m. The mag-
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netic anomaly response vary between 165 nT
and =531 nT and horizontal gradients between
1.196 nT/m and —0.71 nT/m. Andesitic lavas
of Nevado de Colima give susceptibility rang-
ing from 2.5 x 10~ to 10 x 10 SI and mean
of 6.2 x 10 SI, and remanent intensity from
1.35 to 7.33 A/m and a mean of 0.56 A/m. The
magnetic anomaly response varies between
277 nT and —430 nT and horizontal gradients
vary between 1.13 nT/m and -1.03 nT/m.
Samples from historic andesitic lavas in Colima
volcano, eastern caldera wall, show susceptibil-
ity from 4.2 x 10 t0 9.8 x 10~ SI and a mean
of 5.8 x 10 SI, and remanent intensity ranges
from 0.8 to 1.0 A/m; the mean is 0.88 A/m. The
magnetic anomaly response ranges from 742 nT
to =531 nT and horizontal gradients vary from
1.572 nT/m to —1.174 nT/m.

The magnetic polarity of the andesitic lava
flows of Nevado de Colima and Colima is nor-
mal, which is consistent with an age within the
Brunhes chron for the stratovolcanoes. Direc-
tions of the natural remanence for volcanic
clasts of the old and young debris avalanche
deposits show scattered directional angular
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Figure 2. Geologic map of the Colima volcanic complex and the locations of the eight
magnetic profiles (see text and Table 1 for information on profiles).
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distributions (Urrutia-Fucugauchi et al., 1997),
suggesting that emplacement occurred at inter-
mediate to low temperatures. An air-fall ash
deposit also showed a scattered directional dis-
tribution. The vectorial composition and direc-
tional stability of samples were investigated by
alternating field (AF) and thermal demagneti-
zations. AF demagnetization was completed
with an AF demagnetizer up to maximum
fields of 100 nT. Thermal demagnetization was
completed in steps up to temperatures of 550—
600 °C. Magnetic carriers are members of the
titanomagnetite and titanohematite series, with
low and intermediate coercivity, and scattered
and definite unblocking temperature spectra.
In general, samples show high magnetic sta-
bility upon AF and thermal demagnetization,
with mainly univectorial or in some cases
multicomponent magnetizations. Unblocking
temperatures for some samples are in the range
500-575 °C, characteristic of magnetite and
Ti-poor titanomagnetites.

MAGNETIC ANOMALY FIELD DATA

The magnetic surveys in the CVC were
conducted via a network of profiles crossing
the major structural features of the volcanoes
and Colima rift boundaries represented by the
north-south—trending normal faults of the rift.
The magnetic field observations were com-
pleted along 284.5 km distributed in 8 mag-
netic profiles with stations spaced every 0.5 km
(Fig. 2). Diurnal geomagnetic variation effects
have been registered at two base stations in the
study area with Geometrics G-826 and G-856
proton-precession magnetometers (http:/www
.austinex.com/mag801.htm). We calculated the
total magnetic field residual for all profiles using
a least-squares linear fit regional. We applied a
low-pass filter to remove high-frequency shal-
low effects, to enhance effects of the subsurface
structure. Profile data are summarized in Table 1
(see Fig. 2). Magnetic field measurements were
taken across inferred traces of major faults
mapped in the region. Some faults show topo-
graphic expression, recognized from the basin
drainage pattern constructed in the volcano-
sedimentary deposits.

The largest anomalies observed in the mag-
netic profiles correspond to the inferred and
mapped fault zones. The large structures mapped
in the geologic surveys include the Montitlan,
La Lumbre, and La Escondida faults. The fault
zones show characteristic anomalies, which
show larger amplitudes and distinct wavelengths
with respect to the anomalies on the volcaniclas-
tic terrain. Results of the characteristic magnetic
anomalies over the fault traces are summarized
in Figures 3, 4, and 5. The description of the
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magnetic anomaly over the surface trace along
the profiles is given in the following. The char-
acteristic anomalies for the three largest faults
and the different patterns in terms of amplitude
and wavelength can be observed in the magnetic
anomaly profiles. The differences are related to
fault zone characteristics, magnetic susceptibil-
ity lateral contrasts across the fault zones, and
volcaniclastic cover. This is examined from the
forward models for the profiles in the follow-
ing section. The eastern limit of the Colima rift,
marked by the Tuxpan-Naranjo river basin, is
similarly characterized by a magnetic anomaly.

Lopez-Loera et al.

The Montitlan fault trends almost north-south
across the western slope of Colima volcano.
The trace of the fault is inferred from the mag-
netic anomalies in profile 1-1" (Salsipuedes—
El Playon—Atenquique), profile 2-2" (El Penal—
Floripondio—Ciudad Guzman) and profile 3-3
(La Zacatera—Montitlan—Queseria) (Fig. 3). The
La Escondida fault trends east-west across the
Colima rift, south of Colima volcano on the
debris avalanche terrain, and its surface trace
is marked in profile 44" (El Fresnal-Tonila),
profile 5-5" (El Tecuan—San Antonio—Villa de
Alvarez) and profile 6-6" (Ciudad Guzman—

4 Caminos—Llanitos) (Fig. 4). The La Lumbre
fault has a northeast-southwest trend and a well-
marked surface expression affecting the south
flank of Colima volcano, and its surface trace is
constrained from profile 5-5’, profile 1-1’, and
profile 6-6" (Fig. 5).

The magnetic anomaly over the fault zones
appears well defined, marked by sharp short-
wavelength minima, which could be related to
alteration along weakness planes in the vol-
canic and volcaniclastic deposits. Fault char-
acteristics and associated magnetic anoma-
lies are discussed here for the Montitlan, La

TABLE 1. SUMMARY OF MAGNETIC ANOMALY PROFILES IN THE COLIMA VOLCANIC COMPLEX

Magnetic profiles Coordinates Length Orientation Surface Faults
(long, °W; lat, °N) (km) geology
Start End
1-17 103.798 103.499 64
Salsipuedes—El 19.4207 19.5249 SW-NE Qaf, Qca- Montitlan
Playon— W-E Qcb, Qna, La Lumbre
Atenquique Qaf
2-2’ 103.824 103.486 27.5
El Penal- 19.691 19.6674 W-E Qbm, Qna, Montitlan
Floripondio— Qaf
Ciudad
Guzman
3-3 103.733 103.578 24
La Zacatera— 19.4557 19.3885 W-E Qav La Lumbre
Montitlan— No Name
Queseria Montitlan
4-4’ 103.609 103.451 38.5
El Fresnal-Tonila 19.4959 19.3291 SE-NW Qav Naranjo River
La Escondida
5-5’ 103.744 103.705 375
El Tecuan—-San 19.2840 19.4775 S-N Qav La Lumbre
Antonio-Villa La Escondida
de Alvarez
6-6" 103.396 103.494 47.9
Ciudad Guzman 19.4096 19.8241 NW-SE Qaf, Qbm La Lumbre
—4 Caminos— Naranjo River
Llanitos La Escondida
7-7 103.689 103.509 29
Colima—San 19.2379 19.4258 SW-NE Qav La Escondida
Marcos
8-8’ 103.631 103.533 12.5
Nevado 19.5664 19.6292 SW-NE Qnc, Qnb, Three caldera
Antenas— Qna, Qaf faults with no
Camino name
Grullo—Ciudad
Guzman

Note: Surface geology after Luhr and Carmichael (1980, 1990). Units: Qcb—postcaldera andesitic lavas
and breccias from Volcan de Colima; Qav—uvolcanic debris avalanche deposit from collapse of ancestral
Volcan de Colima; Qbm—Iavas and scoriae of basanite to minette composition erupted from cinder cones;
Qnc—postcaldera andesitic lavas and breccias from Nevado de Colima, covered by younger ash- and
scoria-fall deposits in many places; Qca—precaldera andesitic lavas and breccias from Volcan de Colima,
covered by younger ash- and scoria-fall layers in many places; Qnb—precaldera (Stage Il) andesitic lavas
and breccias from Nevado de Colima, covered by younger ash- and scoria-fall layers in many places; Qaf—
Atenquique Formation, volcaniclastics and gravel derived from Colima volcanoes; Qna—precaldera (Stage 1)
andesitic lavas and breccias from Nevado de Colima, covered by younger ash- and scoria-fall layers in many
places; Qaln—andesitic lavas from Nevado; Qalc—andesitic lavas from Colima; Tb—igneous, metaigneous,
and clastic sedimentary rocks; Cz—Cretaceous limestones. W—west; E—east; S—south; N—north; SE—
southeast; SW—southwest; NW—northwest; NE—northeast.
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Escondida, and La Lumbre faults. Modeling
of magnetic anomaly profiles is carried out
assuming step models and thin elongated dike-
like narrow zones, simulating weakness zones
along fault planes.

Montitlan North-South Fault

The deformation and weakness zone that
define this fault have been considered to be
associated with the CVC. The zone extends
from Cantaro to Nevado and Colima volca-
noes up to the Los Hijos del Volcan cones at the
southern sector of Colima volcano. This fault
has been inferred from geological mapping sur-
veys (Rosas-Elguera et al., 1996) and apparently
marked in a study of self-potential anomalies at
the El Playon area (Aubert and Lima, 1986).
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Fault surface trace has been interpreted in
three of the magnetic profiles that have an east-
west orientation (Fig. 3). In profile 2-2’, we inter-
preted the fault as a magnetic low with ampli-
tude of ~850 nT. In profile 1-1’, which crosses
Colima volcano (Salsipuedes-Atenquique), the
fault is identified with a magnetic anomaly of
>1800 nT. In profile 3-3’ the fault is identified
by magnetic anomaly amplitudes of ~379 nT.
The magnetic total intensity values where the
fault is identified show large contrasts, which
may be associated with the thickness of the
volcanic deposits located across the profiles. In
profile 2-2’, the lavas and breccias of Nevado de
Colima are covered by several dozens of meters
thickness of young ash- and scoria-fall layers,
whereas in the crossing with profile 1-1’, these
volcanic products are not as thick. Profile 3-3

shows thicknesses between 500 and 700 m,
according to cross-section layer models of a
resistivity study (carried out by Lopez-Loera
and Gutierrez, 1977). Komorowski et al. (1997),
on the basis of radiometric dating, suggested the
presence of at least 12 different avalanches. That
is a possible explanation for the great thickness
identified in the avalanche deposits toward the
south of Colima volcano.

La Escondida East-West Fault

This fault has an inferred east-west orienta-
tion and is located toward the southern part of
Colima volcano. Its apparent trace is suggested
from Tuxpan-Naranjo river toward the proximi-
ties of Armeria River. Characteristic anomalies
related to the fault have been identified in three

| PH
\ TN
' (Cd.Guzman °

2 2 FAULT |
" INTERPRETED -
e -
< w5

PROFILES

1. Salsipuedes - El Playon - Atenquique
2. El Penal - Floripondio - Cd. Guzman
3. La Zacatera - Montitlan - Queseria

Montitlan
N - S Fault

50 60 70 80 90
Stations (0.5 km)

100 110 120 130

Figure 3. Total field magnetic anomalies observed over the north-south-trending Montitlan fault zone. Diagram shows the anomalies
observed in three profiles of general orientation west-east: profile 1-1’, profile 2-2’, and profile 3-3". Relative positions of profiles and
inferred trends of fault zone are given in the inset.
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of the magnetic profiles. In profile 66", located
toward the east of Colima volcano, a weakness
zone associated with the fault is identified with
an anomaly generated by a magnetic low with
an amplitude of ~487 nT. In profile 4—4’, south-
southeast of Colima volcano, the fault trace is
interpreted to be associated with an anomaly
characterized by amplitudes of ~676 nT. In
magnetic profile 5-5, southwest of Colima
volcano, the fault trace is marked by a magnetic
anomaly with an amplitude of ~745 nT.

La Lumbre Southwest-Northeast Fault

This fault crosses the summit area of Colima
volcano with a southwest-northeast strike. Its
inferred trace extends for more than 100 km,

from the Manzanillo area at the Pacific Ocean
margin to Colima volcano. It was mapped in
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Lopez-Loera and Urrutia Fucugauchi (1996),
and later referred to as the Tamazula fault by
Garduilo et al. (1998) as part of a regional geo-
logical mapping project. We interpret the fault
trace in three of the magnetic profiles in the
CVC area. In profile 1-1" (east-west orienta-
tion that crosses the summit area of Colima vol-
cano), the fault zone shows a magnetic anomaly
of ~745 nT. In profile 5-5" (north-south ori-
entation), the fault trace can be identified by a
magnetic anomaly of ~670 nT. In profile 6-6
(northwest-southeast orientation), the fault trace
is inferred from a magnetic anomaly with an
amplitude of ~368 nT.

MAGNETIC ANOMALY MODELING

The geometry and the magnetic properties
of the sources associated with the anomalies

are modeled using the GM-SYS software (the
GM-SYS inversion routine utilizes a Marquardt
inversion algorithm; Marquardt, 1963) to linear-
ize and invert the calculations. GM-SYS uses an
implementation of this algorithm for magnetic
data processing developed by the U.S. Geo-
logical Survey in the computer program SAKI
(Webring, 1985). The anomalies are modeled by
polygonal bodies with different magnetizations.
A major limitation in the analysis is the lack
of information concerning magnetic property
variations with depth. A problem in construct-
ing quantitative models is the heterogeneity of
magnetic properties observed in the volcanicla-
stic and debris avalanche deposits, where rema-
nent magnetizations reside in volcanic clasts,
producing scattered magnetization directions of
varying intensity. Large variations in magnetic
susceptibility and remanence intensity result

4. El Fresnal - Tonila
5. El Tecuan - San Antonio - Villa de Alvares
6. Ed Guzman - 4 Caminos - Llanitos

La Escondida Fault

25 20 15 10
Distance (0.5 km)

Figure 4. Total field magnetic anomalies observed over the east-west—trending La Escondida fault zone. Diagram shows the anomalies
observed in profiles 4-4’, 5-5" and 6-6". Relative positions of profiles and inferred trends of fault zone are given in the inset diagram.

40

Geosphere, February 2010

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/6/1/35/3337918/35.pdf
bv auest



from hydrothermal alteration and weather-
ing along fault planes. The shape of magnetic
anomalies is dependent on relative orientations
of the magnetization vector and geometry of the
fault plane. Magnetic field contributions from
the surrounding units are also vectorially added
to the magnetic field at the surface. Samples
for rock magnetic studies were obtained for
different lithological units: andesitic flows and
breccias, pyroclastic deposits, and volcanic
debris avalanches (Connor et al., 1993; Urrutia-
Fucugauchi et al., 1997; this work). Averages
for the magnetic susceptibilities and intensity
and direction of remanent magnetization have
been used as initial values for the modeling. The
initial models for the profiles are constructed
based on the geological mapping and cross sec-
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tions in Luhr and Carmichael (1980, 1990) and
Alencaster and Pantoja-Alor (1986). Geological
units correspond to debris avalanche deposits
(Qav), postcaldera andesitic lavas and breccias
(Qcb), basanite to minette lavas and scoria from
cinder cones (Qbm), Nevado de Colima postcal-
dera andesitic lavas and breccias (Qnc), Colima
precaldera andesitic lavas and breccias (Qca),
Nevado de Colima stage II andesitic lavas and
breccias (Qnb), volcanic siliciclastics and grav-
els of the Atenquique Formation (Qaf), Nevado
de Colima precaldera stage I andesitic lavas and
breccias (Qna), andesitic lavas from Colima
(Qalc), andesitic lavas from Nevado (Qaln),
igneous and clastic sedimentary rocks (Tb), and
a Cretaceous limestone sequence (Cz). Profile
data are summarized in Table 1. Most units are

FLT S T ey
4

INTERPRETED . =
) —~ T
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covered by young ash-fall and scoria deposits.
The faults in the CVC volcanic terrains show
magnetic minima (Figs. 3-5) that characterize
the fault zones.

Magnetic anomalies observed over fault
zones have been modeled by lateral contrasts
of magnetization using the step model (Grant
and West, 1965). Initially we modeled the CVC
magnetic anomalies using step geometries,
cutting the volcanic units with different incli-
nations for fault planes cutting the sequences.
Although calculated anomalies were fitted to
observed anomalies, potential problems in
interpretation of the step fault models result
from relatively small contrasts in lateral physi-
cal properties and lack of resolution in vertical
extent of faults. Faults may generally affect
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Figure 5. Total field magnetic anomalies observed over the northeast-southwest-trending La Lumbre fault zone. Diagram shows the
anomalies observed in profiles 1-1’, 5-5’, and 6—6’. Relative positions of profiles and inferred trends of fault zone are given in the

inset diagram.
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rock sequences, resulting in juxtaposition of
units with different magnetic properties across
fault zones, giving magnetic anomalies (e.g.,
Grant, 1985; Grant and West, 1965). In the
CVC volcano-sedimentary terrains with thick
volcaniclastic and avalanche deposits, normal
faulting set the same rock type in contact within
the debris avalanche deposits and no lateral

Lopez-Loera et al.

contrasts. In volcanic areas weakness zones
associated with fractures and/or faults are com-
mon (Day et al., 2005; Holland et al., 2006;
Vezzoli et al., 2008). When rain and surface
waters get underground (percolation) and are
in contact with fractures and fault planes, fer-
romagnesian minerals oxidize, reducing their
susceptibility and magnetic intensity, and cre-

ating an appearance of magnetic lows aligned
with fault trends (Ozima and Kinoshita, 1964;
Henkel and Guzman, 1977; Lopez-Loera and
Urrutia-Fucugauchi, 1999).

The CVC magnetic anomalies are mod-
eled using step geometries and thin elon-
gated dipping bodies along the fault planes.
Model parameters are summarized in Table 2.

TABLE 2. SUMMARY OF MAGNETIC PARAMETERS USED IN THE MODELS

Magnetic Remanence
Units susceptibility Intensity Geology
SI(10) O

Profile 1—1” Salsipuedes—EI Playon—-Atenquique

Qca 1.0 1.8 46 10 Precaldera andesitic lavas and
breccias from Volcan de Colima

Qcb 7.0 7.7 50 30 Postcaldera andesitic lavas and
breccias from Volcan de Colima

Qna 0.5 7.33 23 10 Precaldera (Stage 1) andesitic
lavas and breccias from Nevado
de Colima

Qalc 0.6 1.5 50 10 Lavas from Volcan de Colima

Qaln 5.0 7.3 60 140  Andesitic lavas from Nevado de
Colima

Fault (f,,) 0.1 0.4 22 100  Montitlan fault

Fault (f,) 0.1 4.0 90 10 LaLumbre fault

Profile 2—2’ EI Penal-Floripondio—Ciudad Guzman

Qaf, 0.03 5.0 61 20 West Atenquique Formation lavas

Qbm 3.0 0.1 52 10 Lavas and scoria of basanite

Fault (f,,) 0.1 0.4 20 20 Montitlan fault

Qna 13.0 0.4 67 60 Precaldera andesitic and lavas
from Nevado de Colima

Qaf, 0.01 1.0 7 120  East Atenquique Formation
pyroclasts

Tb 9.0 0.5 16 10 Igneous, metaigneous, and clastic
sedimentary rocks

Cz 0 0 Limestone

Profile 3-3" La Zacatera—Montitlan—Queseria

Qav 44.0 0.6 16 30 Colima volcanic debris avalanche

Fault (f ) 0.1 0.05 46 10 La Lumbre fault

Fault (f,) 0.03 0.005 46 10 Central fault

Fault (f,,) 0.1 0.4 23 40 Montitlan fault

Cz 0 0 Limestone

Profile 4—4" El Fresnal-Tonila

Qavg 9.5 0.6 49 10 Colima volcanic debris avalanche

Fault (f,) 0.01 0.3 35 70 El Naranjo River fault

Qav, 7.5 1.4 39 20 Colima volcanic debris avalanche

Fault (f_,) 0.01 0.4 42 46  La Escondida fault

Qav,, 94.0 1.5 7 20 Colima volcanic debris avalanche

Cz 0 0 Limestone

Profile 5-5" El Tecuan—San Antonio—Villa de Alvarez

Qav 80.0 5.9 16 30 Colima volcanic debris avalanche

Fault (f ) 10.0 3.8 46 10 La Lumbre fault

Fault (f_,) 0.01 0.8 43 40  La Escondida fault

Cz 0 0 Limestone

Profile 6—-6" Ciudad Guzman—-4 Caminos—Llanitos

Qaf 1.6 5.5 87 17 Atenquique Formation lavas

Fault (f ) 0.1 4.0 47 17 La Lumbre fault

Qbm 84.0 57 o4 10 Lavas and scorlg of basanite
erupted from cinder cones

Fault (f,) 0.2 0.5 17 110  El Naranjo River fault

Fault (f,,) 0.1 0.1 46 10 Fault

Fault (f.g) 0.01 0.5 10 70  La Escondida fault

T 10.0 19 13 10 Igneous and clastic sedimentary
rocks

Cz 0 0 Limestone

Note: Inc—inclination; Dec—declination.
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Results of the modeling for the Montitlan fault
in profiles 1-1’, 2-2’, and 3-3" are shown in
Figures 6, 7, and 8, respectively. Models for
the La Escondida fault in profiles 4-4’, 5-5,
and 6-6" are shown in Figures 9, 10, and 11.
Models for the La Lumbre fault in profiles
1-1’, 3-3’, and 6-6" are shown in Figures 6, 8,
and 11. In most cases vertical or near-vertical
fault planes have been initially assumed; dips
of plane were then modified to obtain a tighter

Colima volcanic complex, western Mexico

fit of calculated anomalies. For the modeling,
varying widths for the fault zones were tested
to obtain fit to observed anomalies. These esti-
mates were influenced by the lateral contrasts
arising from the fault displacements assumed
and the geometry of the volcanic units, which
were not constrained independently. Modeling
allows evaluating varying width with depth
for the fault zones, keeping as constraints a
tighter fit to observed anomalies. Faults that do
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not apparently present large lengths across the
Colima rift area are also characterized in the
profiles and models. These faults include fault
fn in profile 3-3” and fault fn in profile 6-6".
Anomalies with larger wavelengths may be
associated with fault zones covered by younger
volcanic deposits or deeper lateral suscepti-
bility contrasts. This can be observed for the
larger fault zones of Montitlan, La Lumbre,
and La Escondida, and other faults inferred in

Figure 6. Model for magnetic profile 1-1".
Top: Observed and calculated magnetic
anomalies. Bottom: Magnetic model.
Observed anomalies correspond to residual
magnetic field (RMF) and after low-pass fil-
ter on RMF data. RMF data were calculated
after removal of diurnal variation effects
and International Geomagnetic Reference
Field. Faults in section are La Lumbre fault.
Magnetic parameters used in models are
summarized in Table 2. Symbols: Qcb—
postcaldera andesitic lavas and breccias
from Colima; Qna—precaldera (stage I)
andesitic lavas and breccias from Nevado;
Qca—precaldera andesitic lavas and brec-
cias from Colima, covered by ash and scoria
in places; Qalc—andesitic lavas and pyro-
clasts from Colima; Qaln—andesitic lavas
from Nevado.

Figure 7. Model for magnetic profile 2-2".
Top: Observed and calculated magnetic
anomalies. Bottom: Magnetic model.
Observed anomalies correspond to residual
magnetic field (RMF) and after low-pass
filter on RMF data. RMF data calculated
after removal of diurnal variation effects
and International Geomagnetic Reference
Field. Faults in the section are Montitlan
fault. Magnetic parameters used in models
are summarized in Table 2. Symbols: Qna—
precaldera (stage I) andesitic lavas and
breccias from Nevado; Qaf—Atenquique
Formation, volcaniclastics and gravel
derived from Colima; Qbm—Ilavas and
scoria of basanite to minette composition
erupted from cinder cones; Cz—Cretaceous
limestone sequence; Th—igneous, metaig-
neous, and clastic sedimentary rocks.
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the magnetic anomaly modeling. This has been
incorporated in the models for the different
profiles, where it can be compared to the mag-
netic response of inferred buried fault zones.
Models present lower resolution in terms of
estimation of vertical extent of model sources,
a limitation in polygonal models. Therefore,
the vertical extent of fault planes is not con-
strained by the magnetic modeling.

Profile 3-3’ La Zacatera —

Lopez-Loera et al.

CONCLUSIONS

The magnetic anomaly survey over the
volcanic terrain in the Colima rift is useful to
investigate the volcano-sedimentary units from
the Colima volcanic complex. Characteristic
magnetic anomalies are observed over the fault
zones in the volcanic terrains of the CVC. We
draw the following conclusions from our study.
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1. The volcanic terrains covered by products
of Colima volcanic complex are characterized
by several fracture and/or fault zones. Resur-
facing due to the thick volcaniclastic lavas,
debris avalanche deposits, and pyroclastic
deposits obscures the structural features and
stratigraphic relationships.

2. Fault zones are shown to be associated with
magnetic anomaly minima, which characterize

Figure 8. Model for magnetic profile 3-3'.
Top: Observed and calculated magnetic
anomalies. Bottom: Magnetic model.
Observed anomalies correspond to residual
magnetic field (RMF) and after low-pass
filter on RMF data. RMF data calculated
after removal of diurnal variation effects
and International Geomagnetic Reference
Field. Faults in section are La Lumbre,
Montitlan, and an unnamed fault referred
to as fn. Magnetic parameters used in mod-
els are summarized in Table 2. Symbols:
Qav—volcanic debris avalanche deposit
from the collapse of ancestral Colima; Cz—
Cretaceous limestone sequence.

Figure 9. Model for magnetic profile 4-4'.
Top: Observed and calculated magnetic
anomalies. Bottom: Magnetic model.
Observed anomalies correspond to residual
magnetic field (RMF) and after low-pass fil-
ter on RMF data. RMF data calculated after
removal of diurnal variation effects and
International Geomagnetic Reference Field.
Faults in the section are La Escondida and
Naranjo River. Magnetic parameters used in
models are summarized in Table 2. Symbols:
Qav—volcanic debris avalanche deposit
from the collapse of ancestral Colima, sepa-
rated for modeling purposes due to the het-
erogeneity of the avalanche deposits into
southern deposits (Qavs), central deposits
(Qavc), and northern deposits (Qavn); Cz—
Cretaceous limestone sequence.



the surface fault traces of the La Lumbre, Montit-
lan, and La Escondida faults (see Figs. 3,4, and 5).

3. The Montitlan and La Lumbre faults form
a fault system that bisects Colima volcano, and
appear to be related to deformation and ava-
lanche events in the volcanic edifice.

4. Magnetic anomalies over the fault zones
are modeled assuming step fault models and

Colima volcanic complex, western Mexico

thin elongated zones along the fault planes, sur-
rounded by the volcaniclastic rocks with distinct
magnetic susceptibilities and remanent magne-
tization intensities (Figs. 7-11).

5. Magnetic anomalies over the fault zones
were initially modeled using step fault models
only, although this type of model shows low
resolution in terms of geometric constraints
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due to relatively small lateral contrasts in mag-
netic properties.

6. Large variations in magnetic susceptibil-
ity and remanence intensity are found in the
avalanche and volcaniclastic products. These
variations result mainly from the relative con-
tributions of clasts and matrix, and the effects of
hydrothermal alteration and weathering.

Figure 10. Model for magnetic profile
5-5’. Top: Observed and calculated mag-
netic anomalies. Bottom: Magnetic model.
Observed anomalies correspond to residual
magnetic field (RMF) and after low-pass
filter on RMF data. RMF data calculated
after removal of diurnal variation effects
and International Geomagnetic Reference
Field. Faults in the section are La Lumbre
and La Escondida. Magnetic parameters
used in models are summarized in Table 2.
Symbols: Qav—volcanic debris avalanche
deposit from collapse of ancestral Colima;
Cz—Cretaceous limestone sequence.

Figure 11. Model for magnetic profile
6-6". Top: Observed and calculated mag-
netic anomalies. Bottom: Magnetic model.
Observed anomalies correspond to residual
magnetic field (RMF) amplitude and after
low-pass filter on RMF data. RMF data
calculated after removal of diurnal varia-
tion effects and International Geomagnetic
Reference Field. Faults in section are La
Lumbre, La Escondida, Naranjo, and fn, an
unnamed fault. Magnetic parameters used
in models are summarized in Table 2. Sym-
bols: Qaf—Atenquique Formation, volca-
niclastics and gravel derived from Colima;
Qbm—Dbasaltic lavas and scoria of basanite
to minette composition erupted from cinder
cones; Cz—Cretaceous limestone sequence;
Th—igneous, metaigneous, and clastic sedi-
mentary rocks.
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