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Anisotropy of magnetic susceptibility analysis of the Cantera Ignimbrite, San
Luis Potosi, México: flow source recognition
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Anisotropy of magnetic susceptibility (AMS) was selected as the key technique to find the source of the
widespread Cantera Ignimbrite and to seek its possible relationship with the San Luis Potosı́ Caldera. Eighteen
sites (372 specimens from 155 cores) from the Oligocene Cantera Ignimbrite were sampled. AMS was measured
on a KLY2 Kappabridge. AMS data were processed with Anisoft 3 software using Jelinek statistics as well as
‘SpheriStat’ principal components and density distribution. Mean susceptibilities range from 290 to 5026× 10−6

SI (average = 2526 × 10−6 SI). The anisotropy degree (Pj) ranges from 1.005 to 1.055, with only one site
displaying a value of 1.134 (Pj average = 1.031). AMS ellipsoid shapes are mostly oblate, with the T -factor
ranging from 0.843 to 0.144 (T average = 0.529), although one site is mainly prolate (T = −0.005), and three
additional sites have an important proportion of prolate specimens. Magnetic fabrics of most sites shows k3 axes
around nearly circular distributions and k1-k2 axes around elongated-girdle distributions defining sub-horizontal
foliation planes; exceptions to this are related to sites with a significant percentage of prolate specimens. Flow
directions inferred from AMS analysis indicate several ignimbrite sources located along selected NW-SE linear
features (faults and fractures such as El Potosino Fault) as well as along the rim of the caldera structure. The
geometry of volcanic outcrops, the NW-SE faulting-fracture system, as well as the AMS results suggest that this
is a caldera structure resembling the trapdoor-type (Lipman, 1997).
Key words: Anisotropy of magnetic susceptibility (AMS), magnetic fabric, inference of flow source, Cantera
Ignimbrite, San Luis Potosi Volcanic Field (SLPVF), Tertiary, Mexico.

1. Introduction
It is common to associate voluminous ignimbrites with

calderic structures (ring fissure eruptions) although in some
cases the sources may be related to straight linear frac-
tures as proposed by Ekren and Byers (1976) for an ig-
nimbrite from Nevada, Wright and Walker (1977) for the
Acatlan Ignimbrite from Jalisco (Mexico), and Aguirre and
Labarthe (2003) for ignimbrites from the Sierra Madre Oc-
cidental. Intense explosive volcanism may also occur in ex-
tensive volcanic fields without calderic structures (Ekren et
al., 1983).
Several techniques have been developed as paleocurrent

indicators in attempts to locate the source vent of ign-
imbrites, for example those based on facies distribution or
measurable petrofabric elements—such as grain or crystal-
lographic preferred orientations, fluidal textures (e.g. Elston
and Smith, 1970; Rhodes and Smith, 1972; Suzuki and Ui,
1982), and those based on magnetic fabric (Ellwood, 1982;
Knight et al., 1986; Hillhouse andWells, 1991; Cagnoli and
Tarling, 1996; Palmer andMacDonald, 1999; Alva-Valdivia
et al., 2005). In all cases the results usually indicate that
the local paleoslope and paleogeographic elements may in-
fluence the flow direction inferred with these techniques,
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making the identification of the source vent difficult.
The magnetic fabric of rocks is usually evaluated by

AMS measurements, focusing on the distribution of the
AMS principal axes: concentration of k3 (minimum) axes
means well defined magnetic foliation; and clustering of
k1 (maximum) axes means well defined magnetic lineation.
In ignimbrite studies, foliation, lineation and imbrication
of foliation have been found closely related with flow di-
rections and local flow dynamics—e.g. laminar or turbu-
lent flow—(Inconorato et al., 1983; Knight et al., 1986;
MacDonald and Palmer, 1990; Hillhouse and Wells, 1991;
Cagnoli and Tarling, 1996; Palmer and MacDonald, 1999;
Ort et al., 1999, 2003; Alva-Valdivia et al., 2005).
Cantera Ignimbrite outcrops reveal two semicircular and

concentric morphologic features cut out on one side by
a complex fracture-normal faulting system. The aim of
this study is to provide arguments to elucidate whether the
Cantera Ignimbrite had one central source, a calderic linear
ring fissure source or straight linear fissure source based on
the AMS study and considering basic facies distribution and
pre-existing topography.

2. Setting and Geology
The Cantera Ignimbrite is the most voluminous and

widely outcropping volcanic unit of the San Luis Potosi
Volcanic Field (SLPVF). This field, of Oligocene age, is lo-
cated mostly in the southwest corner of the state of San Luis
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Fig. 1. Location of San Luis Potosi Volcanic Field (SLPVF) and studied area.

Potosi (Fig. 1) and overlies a Cretaceous basement (Fig. 2).
The oldest volcanic rocks over this basement are andesites
alternating with continental clastics (Labarthe et al., 1982).
The units below the Cantera Ignimbrite (Portezuelo Latite
and San Miguelito Rhyolite) show very prominent dome
structures that constituted significant parts of the landscape
during the emplacement of the Cantera Ignimbrite. There
are several overlying ignimbritic and rhyolitic units (Fig. 2).
The rhyolitic units are also characterized by some smaller
domes (El Zapote Rhyolite). The entire ignimbrite-rhyolite
sequence is affected by a NW-SE trend of fractures and nor-
mal faulting. Large graben structures of NE-SW trend (e.g.
Valle de Reyes Graben) resulted in the uplift this region
with respect to adjacent areas to the east.
The Cantera Ignimbrite has been important from a his-

torical and economic point of view, since it has been used
for construction of the most important colonial buildings
of the city of San Luis Potosi. It has been studied and
mapped (scales 1:50000 and 1:25000) by several authors
(Labarthe and Tristán, 1978; Labarthe and Jiménez, 1993,
1994; Labarthe et al., 1995) and dated as 29±1.5 Ma
(Labarthe et al., 1982). However, the source of the ign-
imbrite has not been precisely determined. Labarthe and
Jiménez (1992, 1993) considered one source area along the
NW-SE fracture lineaments, fractures that later controlled
the normal faulting of the region. Furthermore, Aguirre and
Labarthe (2003) recently proposed a fissure related origin
for the Sierra Madre Occidental ignimbrites, including the
SLPVF. On the other hand, the SLPVF shows two concen-
tric semicircular morphologic features that suggest a partic-
ular caldera-like structure.
The caldera-like structure was detected by an external

half ring of scarps and outcrops of the Cantera Ignimbrite
and of the older San Miguelito Rhyolite. In this ring
younger domes (Zapote Rhyolite) are also found. The in-
ternal half ring is quite evident by the semicircular lineation
of several older domes (San Miguelito Rhyolite), dated as
29.2±0.8 to 32.7±1.0 Ma (Torres-Hernández, 2008). This
structure is cut, at the northeastern portion, by an intense
NW-SE complex fracture—normal faulting system (Fig. 3).

Fig. 2. Stratigraphic column with position and relative thickness of the
Cantera Ignimbrite in relation to adjacent ignimbrite and rhyolitic units
in the studied area. Thickness and folding of underlying basement is
schematic.

Most of the normal faults of this system are downthrown to
the SW, but one important inferred fault seems to be down-
thrown to the NE. The presence of Cretaceous basement
to the SW of this fault (see outcrops north of the town of
Calderon and around La Estrella in Fig. 3) and the absence
of this basement to the NE, suggests that the time of this
fault was different than the others, probably more recent.
The bedding and flow planes of the eastern Cantera Ig-

nimbrite outcrops affected by the NW-SE faulting system
generally dip slightly to the NE. In this area Labarthe and
Jimenez (1992, 1993) suggest some relationship between
the flow source and NW-SE lineaments. On the other side,
bedding and flow planes from western Cantera Ignimbrite
outcrops, which lie outside the caldera rim, generally show
a slight dip to the W and SW, without important fractures
or faulting.
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Fig. 3. Geologic map of SLPVF showing sampled sites and Cantera Ignimbrite outcropping, underlying and overlying volcanic units, the Cretaceous
basement and structural features. Location of rhyolitic domes is also shown; those of older age were important paleogeographic features during
Cantera Ignimbrite emplacement. PF = Potosino fault, SJF = San Jose Fault, BF = Bledos Fault.

3. Cantera Ignimbrite Description
The Cantera Ignimbrite is constituted by two members:

a lower non-welded one, grayish white to pink, rich in
ash (35–40%) and white pumice (15–20%), with acciden-
tal lithics of rhyolite and sandstone, and relatively few phe-
nocrystals (5–15%), and an upper highly welded member,
pink to light brown and with a relative high content in phe-
nocrystals (20–30%). The members are easily identified by
their morphology; the lower one is constituted by rounded
hill landforms and the upper one by steep slope landforms
with columnar structures and better developed bedding and
flow planes than in the lower member. Sampling was per-
formed at different levels from the upper member since it is
harder and then easier for sampling and has fewer lithics.
Three kinds of facies have been recognized (Torres-

Hernández, 2008): proximal (facies I), intermediate (II) and
distal (III). The proximal facies are characterized by co-
ignimbrite breccias, massive structures and poorly defined
bedding or flow planes. The intermediate facies present
well defined bedding and flow planes and the typical pres-
ence of small size accidental lithics (<2 cm), usually along
preferred horizons. Distal facies also show well defined
bedding and flow planes, but they do not contain accidental
lithics. They present characteristic lenses of pumice frag-
ments and some surge deposits.
In the NE outcrops, the facies from sites near the Poto-

sino Fault and the nearest fault to the north are mainly prox-
imal; meanwhile, in the remaining areas, facies are mostly
intermediate. In the western outcrops in the zones near-
est to the caldera rim, massive structures from proximal-
intermediate facies are dominant; three sites are outflow ig-
nimbrites and one (LL9), is inflow. They can be observed
to the south of Villa de Arriaga and on the eastern side of

Mesa Moreno. In summary, half of all sampled sites are
from intermediate facies, around 25% are from proximal-
intermediate facies and the other 25% of the sites are from
distal or intermediate-distal facies (relation of sites and fa-
cies are in Table 2).
Petrographic studies indicate that in the upper member

crystal abundance is: sanidine > quartz > biotite >

plagioclase (oligoclase), and in the lower member the rel-
ative abundance is quartz > sanidine > plagioclase >

biotite. Plagioclase and biotite are in relatively higher pro-
portions in the upper member. The matrix is partially devit-
rified in the lower member to highly devitrified in the upper
member.
Opaque mineralogy studies identified hornblende, mag-

netite, titanomagnetite, pseudobrookite and rutile, as well as
hematite, titanohematite, ilmenite, maghemite and goethite.
Pseudobrookite, hematite and titanomagnetite crystals are
the most common opaque minerals observed. Hornblende
crystals show alteration rings to rutile and bands of pseu-
dobrookite. In other cases hornblende shows alteration
to titanohematite, which is particularly important in the
case of the IC site. Pseudobrookite crystals show lamel-
lar texture and sometimes lamellar intergrowths with rutile
surrounded by goethite. Hematite crystals show anhedral
forms and are irregularly altered to ilmenite. Sub-rounded
and homogeneous-sized ilmenite crystals (55–90 μm) are
sometimes altered to pseudobrookite (Fig. 4).
Magnetic experiments of the whole Cantera Ignimbrite

sequence have been performed and will be fully reported
elsewhere (Alva-Valdivia, personal com.). They include
Curie temperature estimations, isothermal remanence mea-
surements, and hysteresis loop analyses. Preliminary
results indicate pseudosingle domain (PSD) grains with
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Fig. 4. Transmitted (A) and reflected (B and C) light microphotographs. (A) This photograph of PS site shows the fragmentary character of the
phenocrystals: quartz (Q), sanidine (S) and plagioclase (P), englobed in a partially devitrified matrix (M). Bar in lower right corner is 200 μm.
(B) The photograph shows a subrounded ilmenite crystal from CL site, partially altered to pseudobrookite and surrounded by rutile. (C) A partial
view of a tabular crystal of pseudobrookite from LALAB site that is substituted by rutile along lamellar planes; toward the upper left corner of the
photographs (border of the crystal), this substitution acquires a skeletal structure. Bars in lower right corner of B and C are 20 μm.

low coercivity and the influence in some cases of super-
paramagnetic grains. Curie temperatures are usually be-
tween 570◦ to 610◦C, showing usually only one reversible
phase. In some cases two phases can be detected, the
lower one indicating a Curie temperature of maghemite of
around 360◦C. Curie temperature experiments reveal that
after heating, higher susceptibility values are characteris-
tics in several samples, suggesting the formation of new
phases. The results of these experiments are consistent with
the mineralogy of opaque minerals reported above, since
they suggest magnetite and titanomagnetite and, in addi-
tion, maghemite-titanomaghemite that was not identified by
microscopic means.

4. Sampling and Laboratory Procedures
One-hundred and fifty five core samples were drilled with

a gasoline-powered tool from 18 sites in the Cantera Ig-
nimbrite distributed all around the SLPVF (Fig. 3). Sites
were selected according with their accessibility for drilling,
choosing areas with more matrix than lithics and by look-
ing for the least chemical alteration in order to obtain a bet-
ter defined magnetic fabric related with the flow process.
Other criteria for selecting sampling sites were choosing
them from areas affected by the NW-SE faulting system
and also from places considered to be around the caldera
rim. One of last sites (LL9), that was clearly identified as
an inflow ignimbrite was particularly selected in order to
observe its magnetic fabric in comparison with the others
sites. At each site 7 to 10 cores were drilled depending
on outcrop conditions, and oriented with a magnetic com-
pass. Most cores were 10–12 cm long and in the laboratory
2 to 3 specimens were cut from each core, giving a total of
372 cylinder specimens (2.5 cm diameter and 2.2 cm high).
Bedding or flow plane data were measured as well at each

site with a magnetic compass for later structural corrections.
AMS was measured using a KLY-2 bridge (AGICO,

Brno). Results were processed with Anisoft 3 software us-
ing Jelinek statistics (Jelinek, 1978), and performing struc-
tural correction. SpheriStat software was used for apply-
ing Gaussian counting point density distribution statistics
(E = 3 ∗ Sigma; Robin and Jowett, 1986) and to fa-
cilitate plotting all the AMS data in high quality stereo-
diagrams: the susceptibility axes and their means, point
density distribution curves, bedding and magnetic foliation
planes (Fig. 5). Additionally, the SpheriStat principal com-
ponent statistic was performed. This is not shown in the
tables since it considers values of each main axis indepen-
dently, which is not suitable for the AMS analysis but, in
spite of this, it permits us to check alternate statistic param-
eters. Two sets of AMS data were analyzed to determine the
ignimbrite flow source: (a) only geographical corrected data
(not shown) and (b) structural corrected data. The struc-
tural correction was made based on bedding and flow planes
clearly observed in the field. A comparative analysis of in-
ferred flow from the two sets of data was performed in order
to confirm field observations that indicate that the Cantera
Ignimbrite emplacement pre-dates the NW-SE trend fault-
ing.

5. Anisotropy of Magnetic Susceptibility Results
For a better analysis of the AMS data, sites were divided

into three groups according to their geographical and struc-
tural location. (a) Northern Group: 10 sites affected by the
intense NW-SE faulting system. Although some sites of
this group seem to be inside the caldera-like structure, for
others their position in relation to the caldera is not clear be-
cause of the faulting of the northern border of the caldera.
(b) Eastern Group: 4 sites clearly located outside of the
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Fig. 5. AMS structural corrected data and point density distribution circles plotted on equal-area projections—of lower hemisphere—. Inferred flow
directions based on these data are also shown. (A) Sites from North group. (B) Sites from West group. (C) Sites from East group.

eastern part of the caldera-like structure, and very near to
a NNE-SSW normal fault system which forms the western
wall of the Villa de Reyes Graben. (c) Western Group: 4
sites around the S-SW border-scarp of the caldera structure,
3 outside of and 1 inside the caldera.
5.1 Susceptibility and AMS parameters
The susceptibility and AMS parameters employed here

are those of Jelinek (1981): T for shape and Pj for
anisotropy degree. In Table 1 the averages of these param-
eters per site are shown, as well as the percentage of pro-
late specimens at each site. Mean susceptibility of all sites
is 2522 × 10−6 SI, ranging from 290 to 5026 × 10−6 SI.
The anisotropy degree (Pj) average of all sites is 1.032, and

ranges from 1.005 to 1.055 (only one site, IC, has higher
Pj = 1.134). There are no particular relationships between
mean susceptibility and anisotropy degree or with their geo-
graphical/geological location. The anisotropy shape is pre-
dominantly oblate and the T -factor average is 0.529, rang-
ing from 0.843 to 0.144; in most cases there are no or very
few prolate specimens per site. Contrastingly, there are a
few sites with predominance of or an important contribution
of prolate anisotropy shapes: half of the specimens at one
site are prolate (LL9, T average = −0.005) and another
three sites have a significant proportion of prolate speci-
mens (21% to 36%). For these sites a separated T aver-
age of oblate and prolate specimens is presented in Table 1.
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Table 1. Susceptibility and AMS parameter averages per site (n = specimen number). Mean susceptibility is in SI units. Pj is Jelinek’s anisotropy
degree and T is Jelinek’s shape factor (ranging from +1 to −1, positive are oblates, negative are prolates). Where percentage of prolate specimens is
higher than 21% positive and negative T values are averaged separately.

Table 2. Statistical analysis of structural corrected AMS directions (n = number of specimens per site). Short and long name of sites is described as
well as bedding plane and facies (I = proximal, II = intermediate and III = distal). In each site 2 statistics (Stat column) are shown, J : Jelinek’s
statistic (Jelinek, 1978); D: Gaussian counting (E = 3 ∗ Sigma) point density distribution (Robin and Jowett, 1986). k1 is maximum AMS axis and
k3 is the minimum. α is confidence ellipse: minimum and maximum axes (see text for further explanation). Directions of k3 that are not in bold are
those with more elliptical than circular distribution.
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Major proportions of prolate shapes are found at sites from
Western and Eastern groups, whereas most oblate shapes
are in the Northern group.
5.2 Statistical analysis
Statistical results of each site are shown in Table 2, where

sites are listed according to the groups described above. For
each site two different types of statistics are shown: (a) the
Jelinek statistics (1978, obtained from Anisoft 3 program),
showing the means of maximum (k1) and minimum (k3)
principal susceptibility axes and their corresponding con-
fidence ellipses; and (b) the Gaussian counting point den-
sity distribution (E = 3 ∗ Sigma; Robin and Jowett, 1986;
obtained from SpheriStat software), which usually shows
one maximum density area that almost always corresponds
with the k3 directions (with only one exception to this that is
the LL9 site, the only one with mainly prolated specimens).
Density distribution diagrams (Fig. 5) also show 2 to 4 sec-
ondary maximum distribution areas, placed ∼90◦ apart one
from another, and along sub-horizontal planes at 30◦ to 5◦

from the horizontal. These maximum secondary areas usu-
ally correspond to k1 and k2 directions. Values presented in
Table 2 of point density distribution statistics correspond-
ing to the k3-mean in each site, represent the central point
of the area within the higher density distribution curve. The
values corresponding to the k1-mean are the central point
of the area within the maximum secondary areas of density
distribution curve which are nearer the k1-mean detected by
Jelinek statistics. Point density distribution graphs in Fig. 5
also show the plotting of principal axes and their means ob-
tained with Jelinek statistics.
All sites, except LL9, show well-defined magnetic fab-

rics. The dominant magnetic fabric is characterized by k3
axis as the best concentrated one, tending towards a circu-
lar distribution according with the following description:
(a) In 50% of sites both minimum (α-min) and maximum
(α-max) axes of confidence ellipse present values lower or
equal to 10◦, the average ratio between values of both axes
(α-min/α-max) is 0.6 (a perfect circular distribution would
give a ratio of 1). (b) In 28% of sites the α-min values are
lower than 10◦ and the α-max are between 10◦ and 20◦; the
average ratio between both values is 0.6. (c) In 22% of sites
(CL, LAR, LA10 and LL9) the α-min values are between 8◦

and 23◦ and the α-max values between 15◦ and 51◦ show-
ing a clear elliptical to girdle k3 distribution (ratio between
both values is usually lower than 0.5).
On the other hand, k1 and k2 axes usually have elliptical

to girdle distributions along sub-horizontal planes: (a) the
α-min values are usually lower than 12◦ (83% of cases) or
between 19◦ and 25◦ (17% of cases); the α-min average
is 10◦. (b) The α-max values are usually around 30◦ and
40◦ (α-max average = 39◦). The average ratio of α-min
values/α-max values is = 0.3.
5.3 Inferred flow directions
Flow direction was inferred mainly from magnetic folia-

tion imbrication as can be seen in the point density distribu-
tion graphs (Fig. 5) where the general geometry of the mag-
netic fabric can be observed. Inferred flow directions are
summarized in Table 3 with annotations of a qualitative es-
timated error in degrees, dip of foliation and the position—
when parallel or orthogonal—of k1 and k2 in relation with

Table 3. Flow inference from the structural corrected AMS data. Inferred
flow directions can be graphically seen in Fig. 5. Error of the flow
direction is qualitatively estimated (see text); in sites with an * this
error was difficult to obtain. The position of k1 and k2 (= parallel
or � orthogonal) in relation with the flow inferred is described; bold
k1 values mean sites with well developed lineation. Dip of magnetic
foliation is given according to k3 mean and k1-k2 axis distribution. In
some sites two opposite inferred flow directions are given because no
sense of flow can be inferred. Site with a second direction in parenthesis
is an alternate possible inference.

the inferred flow. In most cases the imbrication of magnetic
foliation is clearly observed: magnetic foliation is present
at 5 to 30 degrees from horizontal plane, but sometimes,
mainly in the case of the lower dipping foliation planes, the
imbrication is not so clearly defined (as in the LM site).
Hence flow directions are not inferred in these sites. In or-
der to estimate the errors of the azimuths of the inferred
flow directions, an option is to consider values of k3 con-
fidence ellipses projected from the center of the stereodia-
gram to the horizontal plane. Difficulties for estimating the
error with this option come when k3 confidence ellipse is
over and around vertical positions. A graphical and hence
qualitative estimate, considering also the distribution of the
other axes (as observed in density distribution curves), was
here performed in order to select an angular value for deter-
mining the possible error in the inference of flow directions.
For similar shape of confidence ellipses (or maximum dis-
tribution circles), the more close to the central part of the
stereodiagram they are, the higher the error values (as in
LM site).
The site with the least organized fabric (LL9) shows a

different magnetic fabric pattern, in which the k1-mean is
slightly more concentrated than the k3 mean and prolate
anisotropy shapes are dominant. Here the k3 axes lie mostly
around a sub-vertical plane and k1 mean is near to the pole
of this sub-vertical plane, suggesting that the k1 (longest)
axes were rolling in perpendicular positions in relation to
the flow. Hence, in this site, a flow direction can be obtained
but it does not determine the sense of flow (as in the other
cases), since no foliation neither imbrication can be ob-
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Fig. 6. Flow directions inferred from AMS data on simplified geological-structural map. The � symbol shows the position of older domes as in Fig. 3.

served. The LAR site which also has an important propor-
tion of prolate specimens (36%, averaging T = −0.628),
presents a type of fabric between the LL9 fabric (k3 with
an elongate distribution) and the general fabric described at
first (k3 axis with almost circular distributions). The flow
direction inferred in this site based on k3 mean is 230◦, al-
ternatively it may be 160◦ according to the orientation of
the plane that defines the elongated distribution of the k3
axes. Another site with significant number of prolate spec-
imens, the LA10 (34% prolate, averaging T = −0.302),
also presents k3 axes with an elongated distribution, but
with the magnetic foliation imbrication clearly defined, a
feature that supports the inference of flow direction. There
are other sites that present slightly elongated k3 distribu-
tions but they are mostly oblate and with well defined im-
brication planes (CL, MM, LTC).
Comparison of flow direction inferences based on non-

structural and structural corrected data indicates that very
different interpretations about the source flow can be ob-
tained from each set. Inferences from the structural cor-
rected set (Fig. 6) indicate flow sources that are more in ac-
cordance with other geological indicators—such as facies
distribution and position of caldera structure—than those
flow sources inferred from the non structural corrected set.

6. Discussion of AMS Results and Inferred Flow
Directions

The predominant oblate shape present in the Northern
group suggest that within these sites the magnetic fabric is
mainly a result of low shear component during the flow pro-
cess, tending to a more fluid flow probably. This seems to
be in accordance with the expected kind of flow that cor-
responds to the dominant intermediate facies of these sites.
On the other side, the prolate shapes of the Western and the

Eastern Groups may suggest a more important shear com-
ponent during the flow; probably a more viscous flow or a
flow partially stopped by a physical barrier. This coincides
with the structural location of these sites around the caldera
rim (West group), or with the dominant distal facies proba-
bly near the flow border or near a paleo-topography barrier
(East group). Alternatively a particular magnetic mineral-
ogy that have not been detected until now could have pro-
duced the differences in the oblate and prolate shapes found
in the different groups.

Northern group. The average of flow inference directions
obtained from the non corrected data set, points towards
the SW, which is opposed to the expected direction con-
sidering the position of the caldera structure which should
have been a topographic height. Meanwhile, the flow in-
ference directions average obtained from the structural cor-
rected data set, points mainly towards the NE (with several
exceptions; Fig. 6), which broadly agrees with the expected
direction considering the position of the caldera structure.
Exceptions to this appear from sites that lie on a structural
block between El Potosino and San Jose Faults, where the
flow is parallel to the faults and facing towards the NW in
places near the older San Miguelito rhyolite where there
should have been a local tongue-shaped paleogeography
(see geometry of outcrops in Fig. 3). In addition near these
sites some pyroclastic dikes aligned parallel to the faulting
and related to the Cantera Ignimbrite are present as well as
other younger pyroclastic dikes (from Panalillo Ignimbrite,
Torres-Hernández et al., 2006). Another exception to the
general NE flow direction inferred is the PSJ site (extreme
NE side) with a south flow direction probably due to the
influence of the big dome located to the N-NW that should
have stopped the flow or simply due to its position very near
the border of the ignimbrite flow (Figs. 3 and 6). Despite the



C. I. CABALLERO-MIRANDA et al.: AMS OF THE CANTERA IGNIMBRITE, MÉXICO 181

general flow direction inferred towards NE, flow directions
do not seem to point out a central source origin. Instead,
linear source areas are suggested; one of them might corre-
spond to El Potosino Fault and/or to the nearest fault to the
north for ESC, LTC and PRES sites. LTC proximal facies
with co-ignimbrites suggest that this site is beside or very
near to its source. The same source area or alternatively an-
other linear source area corresponding to a northward fault
seems to be the origin of the flow for LC, ALC, CL and
probably PSJ sites.

Western group. All sites from this group are located
along the caldera border. Massive facies in 2 of the 4 sites
of this group did not allow performing any structural cor-
rection. Magnetic fabrics of these sites have important con-
tributions of prolate shapes, probably due to the influence
of the caldera rim which should have acted as a barrier and
produced additional shear during the flow processes. The
site within the caldera (LL9) do not present any magnetic
foliation at all; instead, their k3 axes lie along a vertical
plane (perpendicular to the caldera rim), and presents a rela-
tively more developed lineation (parallel to the caldera rim).
Our interpretation to this is a flow direction perpendicular
to the caldera rim, flow in which the k1 axes were rolling
as in a turbulent flow probably because the rim acted as
a barrier (Figs. 5(B) and 6). The site outside the caldera
(LA10) shows somewhat similar magnetic axes distribution
with a relatively well-defined lineation also parallel to the
caldera rim and k3 axis with an elliptical distribution but
still defining a foliation dipping to the SW, direction that is
considered as the flow direction. At the other 2 sites the
flow inference direction points to the NW, to the inside of
the caldera, and to the SW, parallel the caldera rim, as in the
LA10 site. The conclusion of this group is that the caldera
rim was the linear source area of the flow for all these sites.

Eastern group. The average of flow inference directions
obtained from structural corrected data points away from
the height that formed the caldera structure: to NE and SE
(here we are considering the alternate inference direction
of the LAR site). As in the Northern Group, the source of
flow is more likely to be linear than have originated from
central areas, corresponding to fractures where later normal
faults were been developed. AGU and CE sites should both
have the same linear source area corresponding to faults lo-
cated at the south of their location. For the LAR site, the
source area was probably the same than AGU and CE or
alternatively another linear source located in a southern po-
sition of this site (the Potosino Fault continuation?). The
flow direction inferred from magnetic fabric and the pres-
ence of significant prolate shapes may be related with the
older dome located at the NW that should act as a pale-
ogeographic barrier. In the IC site, flow direction inferred
from magnetic fabric and observed distal facies suggest that
flow might have come from the caldera rim. The IC higher
Pj values do not seem to be related to any flow dynamics
or emplacement features in particular but to its mineralogy
rich in tiny hornblende crystals, partially altered to hematite
as can be seen in microscopic studies. The abundance of
hematite probably influenced the dominant oblate shapes of
this site.

7. Conclusions
Inferred flow directions analysis from AMS data sets,

with structural correction and without structural correction,
indicates that the first data set is the one that best agrees with
the expected overall direction, considering paleogeographic
elements, such as the rhyolitic domes of the previously
formed San Miguelito Rhyolite and the proper positioning
of the caldera structure whose external border should have
had a relative higher topography.
The flow directions inferred from AMS analysis, consid-

ering the facies distribution, of the sites from the Northern
Group and the three northern sites from de Eastern Group,
indicate several linear sources located in different positions
along the El Potosino Fault or parallel fractures near to it.
The other sources inferred in this work are along the rim of
the caldera structure.
The caldera structure described as related to the Cantera

Ignimbrite is also related to the older and younger rhyolitic
and ignimbritic units (from San Miguelito Rhyolite to Up-
per Panalillo ignimbrite and even some younger Miocene
units not shown in Fig. 3, detailed description in Torres-
Hernández, 2008). The geometry of this caldera, according
to its associated volcanic outcrops, the NW-SE faulting-
fracture system present in the eastern side, as well as the
AMS results presented here, suggest a caldera shape similar
to that of the trapdoor type caldera of Lipman (1997), which
was described as related to an asymmetrical pluton. In this
case the magmatic chamber was apparently emplaced in a
previously NW-SE faulting-fracture system as can be as-
sumed from the distribution of the Cretaceous basement. In
this structure some volcanic flows rose up from the caldera
structure meanwhile the rest came from the NW-SE fracture
system, along which later developed faults downthrown to
the SW, a geometry that may be related with the collapse of
the magmatic chamber. The first or main trapdoor fracture
could have been located where the San Jose Fault is now,
later shifting near and parallel to the El Potosino fault. Fur-
ther detailed field studies are needed to constrain more this
proposal or modify it according to any new findings.
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