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An improved method for determining and characterizing
alignments of pointlike features and its implications
for the Pinacate volcanic field, Sonora, Mexico

Timothy M. Lutz
Department of Geology and Astronomy, West Chester University, West Chester, Pennsylvania

James T. Gutmann
Department of Earth and Environmental Sciences, Wesleyan University, Middletown, Connecticut

Abstract. We present an improved method for determining statistically significant alignments
of pointlike features. One of the principal such methods now in use, the two-point azimuth
method, depends on a homogeneous distribution of points over the region of interest. Modifi-
cation of this approach by use of the relatively new statistical technique of kernel density esti-
mation permits treatment of heterogeneous point distributions without introducing substantial
dependence on choice of the grid employed in the test for significance of apparent preferred
orientations. The improved method can selectively reveal alignments on different spatial scales
and can suggest the locations of alignments as well as their orientation. We use this method to
analyze the spatial distribution of 416 vents, largely of Pleistocene age, in the Pinacate vol-
canic field, Sonora, Mexico, just east of the northern end of the Gulf of California. Apart from
a few sets of aligned cinder cones, the distribution of Pinacate vents appears nearly random on
aerial and space photography. However, when treated statistically, old Pinacate vents exhibit
structural control trending approximately N10°E throughout the field and in all its subareas. In
contrast, vents with ages estimated by comparison with dated cones to be younger than about
0.4 Ma show not only the N10°E control but also N20°W and N55°W alignments significant
at the 95% confidence level. The N10°E alignment probably reflects the current Basin and
Range horizontal stress regime in this particular area, which is atop the mantle magma source
of the Pinacate lavas. The N55°W direction is related to a major regional fracture of that ori-
entation passing through the middle of the field and possibly related to normal faults associated
with opening of the adjacent Gulf of California. The distribution of vents relative to the frac-
ture trace is consistent with magma having been guided upward along a SW dipping fault
plane. The origin of the N20°W alignment is unknown but of pre-Pleistocene heritage. We
found no evidence to support control of the Pinacate vent alignments parallel to rifting or trans-
form directions in the adjacent Gulf. Intrusion along N20°W and N55°W fractures at or since
about 0.4 m.y. ago could reflect either a shift in the crustal stress field or an increase in magma

pressure in Pinacate conduits that allowed magma to ascend along structures that were not

parallel to the maximum horizontal compressive stress.

Introduction

The spatial distribution of volcanic vents reflects both
magma source distribution and control of magma ascent by
regional stresses and structures. Methods for detecting and
characterizing volcanic vent alignments provide information
about one aspect of volcanic vent distributions. The two-point
azimuth method [Lutz, 1986] has been used to determine the
orientations of alignments [Wadge and Cross, 1988, 1989;
Connor, 1990; Connor et al., 1992]. The method involves the
frequency distribution of the azimuths defined by lines con-
necting all possible pairs of vents. As originally employed,
this method did not find the locations of the alignments or the
scale of the alignments, nor did it take into account other as-
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pects of the spatial distribution, such as heterogeneities in vent
density unrelated to alignments.

Other methods take into account other aspects of vent
alignments. The Hough transform method [Wadge and

Cross, 1988; Connor, 1990; Connor et al., 1992] and the
strip-filter method [Zhang and Lutz, !QRQ'I have heen used to

strip-filter method [Zhang ar 989] have been used
determine the locations of ahgnments as well as alignment di-
rections. Two-dimensional Fourier analysis has also been
applied to volcanic vents [Zhang, 1991; Connor, 1990] and
can yield some information about vent alignment directions
and locations, although the locations of the alignments sug-
gested can have a spuriously regular spacing because of the
periodic functions involved. Connor [1990] integrated many
of these methods and applied spatial cluster analysis as a
means of separating clusters of vents that could result from
time-space patterns in volcanic activity within a large field.

In some cases, the various methods of seeking alignments,
applied to the same data, can provide an overall picture of
alignment directions and locations. However, none of these
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methods explicitly takes into account the fact that alignments
within a volcanic field can develop at different spatial scales.
The possibility that different methods could separate align-
ments on different scales in some circumstances was sug-
gested by Zhang and Lutz [1989]. In the present study, we
develop refinements to the two-point azimuth method that can
selectively reveal alignments on different scales and can sug-
gest the locations of alignments as well as their orientation.
By providing a quantitative basis for studying scales of align-
ments, these refinements may provide greater insight into the
mechanisms by which alignments form. For example, the in-
fluence of regional structures on the distribution of vents in
volcanic fields can be compared with the more local effects of
dike emplacement on the formation of lines of vents.

Two-Point Azimuth Method Using Kernel
Density Estimation

Lutz [1986] presented a method to estimate the statistical
significance of alignments of points based on the statistics of
the azimuths of line segments connecting every possible pair
of points in a set. This procedure is generally known as the
two-point azimuth method [Wadge and Cross, 1988, 1989,
Connor, 1990]. Peaks in the frequency distribution of the
azimuths are expected to result from preferred alignments of
points in response to structural control [Lutz, 1986]. The azi-
muths at which peaks occur correspond to compass directions
in which points tend to be preferentially aligned.

To determine whether peaks in the frequency distribution
result from significant alignments of points, the observed dis-
tribution is compared to frequency distributions from Monte
Carlo simulations for which points are assigned randomly to a
region with the same shape as the real area of interest [Lutz,
1986]. If the data points are approximately homogeneously
distributed, the simulated points can be generated based on a
homogeneous Poisson model. Luiz [1986] suggested that if
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the data points were inhomogeneously distributed, the region
could be divided into subregions in which the points were
nearly homogeneous.

A more general strategy is to compare the observations to a
Monte Carlo model that incorporates variations in the areal
density of the points. A three-dimensional analog of this ap-
proach was used by Fehler et al. [1987] in applying a three-
dimensional extension of the two-point azimuth (TPA)
method to earthquake hypocenters. Wadge and Cross [1989]
used this approach in two dimensions in their study of vol-
canic vents in the Pinacate field. In these implementations,
the region is subdivided into cells on a rectangular grid, and
each cell is assigned a Poisson density equal to the number of
observed points divided by the area of the cell. The set of cell
densities that covers the entire region is called the density
model for the region. Randomly assigning points to the re-
gion based on the Poisson probabilities will statistically re-
produce variations in areal density on scales larger than the
cell size.

A weakness of density models defined by grid cells is that
the cell densities depend on the placement of the grid relative
to the points. Small shifts in the location of the grid (Figure
1) or changes in orientation can yield significantly different
models. Thus, for a defined cell size the model is arbitrarily
dependent on grid placement. A further weakness is that the
scale on which a grid model smoothes heterogeneities is the
same as the scale on which the density model is defined. Asa
result, the densities may vary abruptly from cell to cell. This
is clearly an artifact of the modeling procedure, since the ac-
tual density of points might be a smoothly varying function of
position and any actual discontinuities would only coinciden-
tally be related to the cell edges.

The kernel density estimator used in this paper yields areal
density models that are not strongly affected by the deficien-
cies of the grid cell method. Silverman [1986] reviews the lit-
erature on the relatively new field of kernel density estimation.

3133
31313

Figure 1. Effect of grid placement on grid cell density estimates. (top right) Areal density (points/unit area)
for a grid placed on a set of points (top left). (bottom right) Areal density that results if the grid is translated
down and to the left by % of the grid spacing in each direction (bottom left).
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The concept of a kernel estimator can easily be visualized in
one dimension (Figure 2). Imagine that a symmetrical func-
tion, called the kemel function, is placed at the coordinate of
each datum. The sum of the kemel functions over all the data
is an estimate of the density. In mathematical terms, the re-
sulting density model can be thought of as the convolution of
the data with the kernel function.

The half width / of the kemel function determines the de-
gree to which individual data are resolved (Figure 2). A range
of widths provides a set of models (e.g., Figures 2a-2d). In
this example, data, or groups of data, which are separated by
more than 2h are perfectly resolved by the model (e.g., all data
in Figure 2a; groups 142, 3+4+5, and 6 in Figure 2¢). Data
separated by less than about 1.4h are not resolved (e.g., no
data or groups in Figure 2d). Thus increasing h yields
smoother models that only resolve the larger-scale features of
the data.

When applied to points in a plane, the kemel function
smoothes the data in two dimensions. We use the two-
dimensional analog of the quadratic kemel shown in Figure 2,
the bivariate Epanechnikov kemel [Sifverman, 1986]. This
kernel function has a high statistical efficiency and involves a
relatively low degree of computational effort. The density
model consists of the density values in every cell of a rectan-
gular grid that spans the sample region. The linear density in
any particular cell is the sum of the kemel functions of all the
data, evaluated at that cell's center.

The advantages of the kerne] estimator derive from the fact
that the scale on which the model is gridded can be independ-
ent of the width of the kernel used to smooth the data. In par-
ticular, the grid cells can be made much smaller than the half
width of the kernel function. If the grid spacing is less than h,
the maximum half width of the kemel, the density model is
insensitive to the orientation and location of the grid. The grid
spacing can be made as small as practicable, given computer
resources and speed.

A.
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Figure 2. Kemnel density estimation for univariate data using
quadratic Epanechnikov functions; kernel half width 4 is indi-
cated in Figures 2a, 2b, and 2c. The data are indicated by
heavy vertical bars. Curves indicate the density obtained by
summing the kemnel functions of the six data. In Figure 2a,
the kernel half width h is 40% of the distance between the
closest points. In each of the succeeding models (Figures 2b,
2c, and 2d) the kernel width is increased by a factor of 2.
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Although methods exist to choose an optimal kernel width
with regard to particular measures of statistical performance,
they do not interest us here. Rather, it is the fact that kernel
models with different values of & can capture different features
of the data (e.g., Figure 2) that makes them extremely valu-
able tools to obtain density models for the TPA method. To
illustrate this point, we construct a set of 65 points within a
circular region (Figure 3) so that there are (1) narrow, discon-
tinuous alignments of points in a N-S direction separated by
about 1 km, on average; (2) wider NW trending bands of
points that are separated by about 5-10 km; and (3) a broad
(30-40 km) band of points trending NE.

By selecting different values of h, the density models
(Figure 4) resolve features of the data at different spatial
scales. For a density model using /=1 km (Figure 4), most
points in Figure 3 are resolved individually or in pairs, and
even the smallest-scale alignments are visible as N-S "strings"
of high-density peaks, or elongated "hills" of high density. If
h is increased to 5 km, the N-S alignments are not resolved as
well (Figure 4).

For each density model in Figure 4, the corresponding two-
point azimuth (TPA) analysis is presented in Figure 5. The
TPA method looks for differences between data and Monte
Carlo simulations based on a density model of the data. If the
density model, and therefore the simulations, reproduces the
data almost exactly, no differences will be found. This can be
seen in the results of the TPA analysis for /=1 km in Figure 5,
in which the N-S alignment of the points is not significant
relative to the simulated points. The TPA analysis detects dif-

LN L L N (N N DL N H B |
30 20 10 O 10 20 30

km

Figure 3. Locations of 65 points used to demonstrate the in-
fluence of kernel half width 4 on density models (Figure 4)
and TPA analyses (Figure 5). Points are arranged in short
(two to three points) N-S alignments and NW trending bands
and form an overall NE trending group. The density models
and simulations for the TPA method are carried out within the
region enclosed by the circle.
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Figure 4. Contour line representations of kernel density models for the points in Figure 3. Values of / are in-
dicated next to each model. The contours are estimates of point density corresponding to 10%, 30%, 50%,

70%, and 90% of the maximum density.

ferences between the data and the simulations if the align-.

ments in the data are more closely spaced than the kernel half
width used in the density model. When 4 is 2 km, the N-S
alignments in the data (separated by about 1 km) become
significant relative to the simulations (Figure 5). Confidence
levels are estimated empirically from the Monte Carlo simu-
lations [Lutz, 1986].

The density model for #=5 km (Figure 4) clearly reveals the
wider, NW bands. Consequently, when this model is used to
simulate points for the TPA analysis, significant NW align-
ments are not found; only the smaller-scale N-S alignments
appear (Figure 5). For /=10 km and #=15 km the NW bands
are not separated well (Figure 4). TPA analyses using these
models show that a NW peak is significant at the 95% confi-
dence level (Figure 5).

Models with /=20 km and #=30 km (Figure 4) show that
these kemnels are wide enough to broaden the overall NE
elongation of the points. As a result, the TPA analysis reveals
a significant NE alignment for models with these values of A
(Figure 5). Alignments of points along this band are qualita-
tively different from the N-S and NW alignments because
there is no intrinsic NE pattern except the elongation of the
outcrop region. As a result, the NE peak on the TPA fre-
quency distribution is broad, in contrast to the sharper N-S
and NW peaks.

For the purposes of this example, we use the region en-
closed by the circle in Figure 3 for Monte Carlo simulations so
that the alignment effect induced by the NE band of points can
be compared with the other alignments. If a region is used
that fits the data more closely, the NE TPA peak can be elimi-
nated by reducing the shape effect, as demonstrated by Lutz
[1986).

If multiple alignments are present in a group of points, a
very strong alignment with one characteristic width may di-
minish the apparent significance of narrower, smaller-scale
alignments. For example, the N-S and NW alignments are
not significant when the largest kernels are used (Figure 5).
This occurs because individual large-scale alignments typi-
cally contain many more points than smaller-scale alignments
and the heights of peaks in the frequency distribution are
roughly proportional to the square of the number of points
[Lutz, 1986]. Thus, at large kernel sizes, when alignments on
all scales can compete, the wider bands with the most points
dominate the frequency distribution.

This synthetic example (Figures 3-5) demonstrates how the
spacing of alignments revealed by the two-point method is
related to the width of the kemel. If the kemnel is narrow
enough to resolve alignments well, so that they are evident in
the density model, the two-point azimuth method will not de-
tect them. On the other hand, a model in which 4 is large
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km

Figure 4. (continued)

enough so that the alignments are "blurred” will generally
permit them to be detected by the two-point method. As a
general rule, TPA analysis based on a density model with h =
h* detects alignments that will appear most clearly in density
models with 4 < h*, where h* is some particular value of A.
Thus the physical locations of the data forming significant
alignments are revealed by density models constructed with
somewhat smaller values of 4. The minimum value of 4 at
which peaks in the TPA frequency distribution become statis-
tically significant is comparable to the characteristic band
width or spacing between bands.

A comparison of results obtained using the original TPA
method to TPA analysis using kernel density estimation
shows that the revised method is not merely an incremental
improvement. The frequency distribution in Figure 5 for A=c0
corresponds to the original TPA analysis. Note that the origi-
nal method does not detect either of the two smaller-scale
alignments, whereas the revised method provides information
about the locations and scales of all three alignments.

Pinacate Volcanic Field

The Pinacate volcanic field lies in northwestern Sonora,
Mexico, in the Basin and Range Province and just east of the
northern end of the Gulf of California. The Pinacate is under-
lain by Precambrian crust, up to 1.7-1.8 Ga, and lies very near
a line that marks the western limit of that crust, a line that

Model data (n= 865)
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Figure 5. TPA frequency histograms for the points in Figure
3 normalized to the frequencies that result from simulations
based on the density models in Figure 4. The frequency scale
shows numbers of alignments with azimuths that fall within
10° histogram cells. Hatched portions of histogram cells ex-
ceed the 95% significance level.



17,664 LUTZ AND GUTMANN: PINACATE VENT ALIGNMENTS

coincides with the apparent southward extension of the San The volcanic field comprises some 1500 km? of alkali ba-
Andreas fault system [Anderson and Silver, 1981]. The trace  saltic rocks, including hundreds of cinder cones and nine maar
of the Mojave-Sonora megashear crops out east of the craters (Figure 6). The structure and-eruptive cycle of the cin-
Pinacate, where it trends northwesterly and is believed to pass  der cones and the geology of the largest maar were described
north of the volcanic field (T. Anderson, personal communi- by Gutmann [1976, 1979]. Lynch {1981] determined K-Ar
cation, June 1993). ages from the field and showed that the area contains two sets

10 km

Figure 6. Skylab 3 photograph of the Pinacate volcanic field. Heavy fiducial marks along the east and west
sides are approximately along the trace of the inferred N55°W fracture zone.
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of lavas: the older Santa Clara basalt-to-trachyte series, rang-
ing in age from more than 1.7 Ma to 1.1 Ma, and the younger
Pinacate series, of which the oldest dated unit is 1.2 Ma. The
youngest Pinacate series vents appear to be no more than a
few thousand years old.

In the southern part of the volcanic field, the Santa Clara
series forms a trachyte shield massif that is deeply eroded in
many places and mantled by the younger lavas of the Pinacate
series [Lynch, 1981]. The southemn half of the field is domi-
nated topographically by the Sierra Pinacate, which rises to
1206 m (at Pinacate Peak) above the Gulf of California about
35 km to the southwest. The numerous cinder cones and
maars of the Pinacate field, including most, if not all, of the
vents referred to in this report, belong to the Pinacate series.

Further details and a general description of the volcanic
field are provided by Lynch and Gutmann [1987]. Align-
ments of Pinacate cinder cones were studied previously by
Wadge and Cross [1989], who reported the presence of N-S
directional control.

:Procedure for Locating and Characterizing Vents

The vents were located on aerial photographs (approximate
scale 1:62,500) and plotted on Mexican SPP (Secretaria de
Programacion y Presupuesto) topographic maps (1:50,000;
20-m contour interval). Vents were omitted if they could not
be located within about 100 m or if they occur off the 1:50,000
topographic base maps, are outliers on the borders of the field
far from other vents, or are very small and possibly pseudo-
craters. Multiple vents from a single eruptive center were
mapped individually where well defined. The locations of 416
vents were determined.

The vents were classified into one of three age categories
(young, intermediate/ indeterminate, and old) based on the
degree of erosional modification and on stratigraphic relation-
ships observed on stereo pairs and in the field. Several factors
make age estimation difficult and uncertain. Variation in the
aspect ratios of Pinacate cones probably resulted locally from
syneruptive processes and not just from erosion. Some
Pinacate cinder cones contain a higher proportion of erosion-
resistant, agglutinitic ejecta than others. Differences in cinder
cone structure, in emplacement of dikes and sills, and in the
degree of dismemberment by breaching flows [Gutmann,
1979] add further variability and uncertainty. Our classifica-
tion doubtless involves some errors in such a large population
of cones, but this problem could only be solved by very nu-
merous absolute age determinations. Our "young" versus
"old" characterizations should be valid for most vents.

Young cones are those which show well-defined cone
shape and relatively modest dissection by erosion. The slopes
of these cones can have deep rills but generally lack the
sharply curving, large gullies that develop on the old cones.
The outward dipping parts of their agglutinitic ruffs
[Gutmann, 1979] may be removed by erosion, but the cone
rims commonly remain well defined. Based chiefly on these
criteria, 120 vents are tentatively identified as young. The
shapes of cones in the old category have been substantially
modified by erosion and are cut by deep, curving gullies; and
their associated flows are thickly mantled with younger mate-
rial (erosional or airbome debris or lava flows). About half
the vents (204) are classified as old. Age assignments quali-
fied with a question mark carry a relatively high uncertainty.

The 92 vents that are classified as of intermedi-
ate/indeterminate age either have characteristics that are in-
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termediate between cones of the old and young categories or
are so small or so concealed by younger units that their rela-
tive age cannot be estimated. Many of the vents in this cate-
gory probably are of intermediate age but some vents that are
quite old or quite young might be included as well.

Electronic supplement Table 1! gives the locations of the
416 vents together with K-Ar ages from Lynch [1981] and
Slate et al. [1991]. The ages of three dated cinder cones in the
young category range from 0.14 to 0.34 Ma, and the ages of
two cones in the old category are 0.46 and 0.48 Ma. The
source vents for several Pinacate flows ranging in age back to
1.2 Ma [Lynch, 1981] could not be located. Two cones with
intermediate characteristics have K-Ar ages in the range of
0.41-0.46 Ma consistent with an intermediate age. It seems
likely that the ages of vents in the young category are gener-
ally less than about 0.4 Ma, while the ages of those in the old
category are chiefly more than about 0.4 Ma.

Results

We analyze the young and old vents separately to assess
whether or not controls on vent location were the same for
both age groups. Changes in the orientation of the horizontal
principal stresses could have occurred on the 10%-10° year
timescale as a result of tectonic processes operating along the
Gulf of California-San Andreas plate boundary. Furthermore,
the magma pressure in Pinacate conduits might have changed
relative to the magnitude of the horizontal stresses. For ex-
ample, an increase in magma pressure could allow magmas to
ascend along fractures with new orientations [Delaney et al.,
1986].

A map of the vents (Figure 7) shows that the Pinacate field
is not uniformly populated with vents. A notable feature of
the vent distribution is a northwest trending band, densely
populated with vents, that runs through the center of the field.
Immediately south of this band, and parallel to it, is a region
with relatively few vents. These features suggest that the
parts of the Pinacate field to the north and south of the region
with few vents might be different from one another. For ex-
ample, the north and south regions might be underlain by
basement rocks that experienced different tectonic histories.
We test this possibility by analyzing vents in the north and
south regions separately.

We use a similar set of parameters in each analysis to make
the results easier to compare. The density models are com-
puted with a grid spacing of 0.75 km, small enough to ensure
insensitivity to the location and orientation of the grid for the
range of kemnel widths (A= 5-15 km) used. Each vent was as-
signed a radial location uncertainty. Our conclusions are in-
sensitive to the exact value of the uncertainty on a range from
0 to 500 m; an uncertainty of 50 m is used for the results pre-

'An electronic supplement of this material may be obtained on a
diskette or Anonymous FTP from KOSMOS.AGU.ORG. (LOGIN to
AGU's FTP account using ANONYMOUS as the username and
GUEST as the password. Go to the right directory by typing CD
APEND. Type LS to see what files are available. Type GET and the
name of the file to get it. Finally, type EXIT to leave the system.)
(Paper 95JB01058, An improved method for determining and charac-
terizing alignments of pointlike features and its implications for the
Pinacate volcanic field, Sonora, Mexico, by T.M. Lutz and J.T.
Gutmann). Diskette may be ordered from American Geophysical
Union, 2000 Florida Avenue, N.W., Wasington, D.C. 20009; $15.00.
Payment must accompany order.
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Figure 7. Map of 416 Pinacate vent locations used m this

study; UTM coordinates of vents are given in electronic sup-
plement Table 1. Line A-B indicates the boundary between
the north and south regions.

sented here. The azimuthal frequency distributions are tabu--

lated in 10° bins. Directions of vent alignment referred to in
this study are considered to have uncertainties of +10° (i.e.,
N10°E indicates alignments oriented N-S to N20°E).

Results for all of the old vents demonstrate a N10°E orien-

tation of vent alignments (Figure 8a). Results for old vents in .

the south region (Figure 8b) and the north region (Figure 8c)
both confirm the presence of significant alignments oriented
approximately N10°E. In the south region, alignments are
only detected with 4 2 5 km, and the peak remains narrow for
h up to 15 km, suggesting that the alignments are separated
by less than 5 km. In the north region, the alignments are
only detected for # = 7.5 km, and the width of the peak in-
creases rapidly with increasing 4. These results show that the
alignments in both regions have the same orientation and sug-
gest that the stress conditions and orientations of crustal frac-
tures were the same in both regions. The differences between
the results might be related to differences in the type of frac-
tures that formed. For example, the thick Santa Clara vol-
canic pile that underlies the southern part of the field might
have fractured differently from the crust to the north.

Results for the young vents reveal a different and more
complicated picture. Alignments are detected with several
different orientations, roughly N10°E, N20°W, and N55°W.
When all young vents are considered, significant N10°E and
N20°W alignments are revealed (Figure 9a). A N55°W peak
is present consistently for all values of /4 but does not exceed
the 95% confidence level.

Analysis of the young vents in the north and south regions
separately reveals that the N55°W alignment is associated

LUTZ AND GUTMANN: PINACATE VENT ALIGNMENTS

with the NW trending band of vents that crosses the field
(Figure 7). The vents in the north region, which include this
band, show a significant N55°W alignment (Figure 9c) but
young vents in the south region do not (Figure 9b). However,
if the 34 young vents in the band are included in the south re-

gion, the N55°W alignment appears (Figure 10).
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Figure 8. TPA frequency histograms for old vents: a. All old
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lying points are excluded from Figures 8b and 8c. The fre-
quency scale shows numbers of alignments with azimuths that
fall within 10° histogram cells. Hatched portions of histo-
gram cells exceed the 95% significance level.
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Discussion

The relative motion between the Pacific and North Ameri-
can plates in this area is expressed by the axis of spreading in
the Gulf (N52°E) and transform motion (N38°W). The pre-
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vailing trend of the Basin and Range mountain blocks in the
vicinity is approximately N35°W. None of these directions
appears as a statistically significant frequency peak in any of
the TPA plots of Pinacate vents. It appears that current plate
margin tectonism did not directly control the alignments of the

Pinacate vents.
The presence of short, N-S lines of penecontemporaneous

vents in the Pinacate was noted by Lynch [1981]. Wadge and
Cross [1989] studied the spatial distribution of Pinacate vents
located on satellite images using the TPA method [Lutz, 1986]
and the Hough transform method. They concluded that only
N-S alignments of vents are present. There are two main rea-
sons why the results of the present study differ from those of
Wadge and Cross. First, their data consisted of vent locations
without relative ages. Alignments trending N20°W and N55°
W are found only in the young vents. When all vents are
analyzed together without regard to age, only the N-S align-
ments are detectable (Figure 11). Second, Wadge and Cross
modified the TPA method by introducing a rectangular grid
with an 11-km spacing to obtain a density model. As shown
earlier in this paper (Figure 1), grid models of this type are
highly dependent on location and orientation. Although they
do not specify the orientation of their grid, the presence of N-S
grid lines could have accentuated the evidence for N-S align-
ments and made it more difficult to detect alignments in other
orientations.

Origin of Vent Alignments

The presence of significant alignments suggests that the lo-
cation of volcanic vents was controlled. In the large majority
of TPA analyses performed as part of this study, significant
alignments are detected only for # 2 5 km. This fact suggests
that the alignments do not generally consist of "perfect lines”
of vents but that instead the vents form bands. The values of 4
at which significant alignments occur suggest that the bands
are either many hundreds to a few thousand meters wide or
that individual bands are separated by that much. We con-
clude that alignments in the Pinacate field are associated with
broad linear zones in the basement rocks, or mantle, that con-
trolled the production of magma or guided its ascent and not
with laterally extensive dikes. This conclusion is consistent
with the observation that linear arrays of vents are not promi-
nent in the field or in air photos.
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Pinacate volcanic field.

A map of the areal density of vents with # = 3 km reveals
the variations in density that accompany the significant
alignments (Figure 12a). The relative areal density of
Pinacate vents is contoured from 1.0 vents/unit area (where
density is highest) to 0.1 vents/unit area. The contours clearly
display the band of vents that largely makes up the N55°W
alignment. In addition, "ridges" and strings of "hills" can be
seen that follow the N20°W and N10°E trends. These obser-
vations suggest that the structural control resulted in bands of
vents that are a few kilometers across, possibly reflecting
fairly wide fracture zones or other linear features.

The features of vent distribution shown in Figure 12a are
also reflected in the Hough transform results of Wadge and
Cross [1989, Figure 7]. However, it is not possible to make a
rigorous comparison between their results and ours because
the Hough transform results depend on values selected for
each of five parameters, and Wadge and Cross show results
for only one set of these.

Lynch [1981] and Wadge and Cross [1989] suggest that
the N-S alignments may reflect tension associated with shear
along the San Andreas transform fault system west of the vol-
canic field. We suggest it is also possible that this extension
may reflect tectonic processes associated with the Basin and
Range mantle source region of these lavas. The Pinacate vol-
canic field is elongated N-S, and Lynch [1981] noted that 75%
of Pinacate eruptive centers lie in a broad, N-S trending belt.
Figure 12b shows the relative areal density of Pinacate vents
computed for #=7.5 km, a width at which discrete fault zones
are largely smoothed out of the density distribution.  N-S
elongation of the magma source is suggested by this vent
density plot. In this view, the Pinacate volcanic field may re-
flect a local "boil" in the mantle, somewhat akin to a hot spot
but more localized in space and time, that is more related to
Basin and Range extension than to the spreading and trans-
form activity a short distance to the west.

The N20°W alignment corresponds with the trend of the
long axis of the Santa Clara trachyte shield. The elongation of
that massif indicates that N20°W control was important when
the shield was formed, more than 1.1 Ma [Lynch, 1981]. The
origin of this control is unknown at present. Judging from the
TPA plots, N20°W directional control of the young vents ap-
pears stronger in the south region than in the north region.
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However, none of the TPA results or the density maps support
the idea that the southern and northern parts of the Pinacate
are underlain by structurally dissimilar basement terrains.
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Figure 12. Maps of relative areal density of vents in the
Pinacate field; contours are at intervals of 10% of the maxi-
mum density, from 10% through 90%. (a) A =3 km; (b) h=
7.5 km.
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The strong N55°W directional control shown by relatively.

young vents in the north region probably reflects in large part
a belt of 34 vents that extends across the field from the vicinity
of Crater Elegante to and beyond MacDougal Crater. Ex-
posed in the walls of Sykes Crater, one of the young maars in
this belt, is a steeply dipping and laterally extensive dike
trending about N56°W. The minimum values of 4 at which a
significant N5S5°W peak appears suggest that the alignment is
due to a belt or belts about 5 km wide. Adjacent to and SW of
this belt is a parallel zone that is largely devoid of vents.

If the N55°W trending belt is extended northwestward
about 20 km along strike, it intersects the southeastern end of
the Tinajas Altas Mountains. R. Merriam (personal commu-
nication, August 1992) mapped a fault there that cuts pre-
Cretaceous gneiss and granite and Cretaceous batholithic
rocks and trends N50°-55°W. Donnelly [1974] also shows a
fault in the southeastern Tinajas Altas Mountains and indi-
cates that it is down to the southwest. Fenby and Gastil
[1991] show a major regional fault here trending N55°W.

This fault is interpreted by Gastil and Fenby [1991] as a
southwest dipping, listric normal fault believed to be related
to a pre-5 Ma detachment associated with opening and tec-
tonic filling of the Gulf of California. The N55°W fracture
zone cutting the Pinacate field evidently may be an extension
of this detachment fault. Its southwest dip likely accounts for
the zone of few vents that is parallel to and southwest of the
belt of abundant vents: Pinacate magmas would have been
guided northeastward along the SW dipping fault as they as-
cended. Structural control of ascending magmas has been ex-
amined theoretically by McDuffie et al. [1994], who conclude
that structures could redirect dikes as much as 3-5 km later-
ally. The width of the belt devoid of cones is within this
range. Exploitation of faults by magmas as pathways to the

"surface has also been suggested by Draper et al. [1994] for
the San Francisco Volcanic Field.

The time at which Pinacate vents began to exhibit signifi-
cant N55°W and N20°W control is poorly constrained. Ow-
ing to the uncertainty of individual cone age assignments and
the large number of cones involved, it seems unlikely that the
timing of the change can be closely defined, even with many
more absolute age calibration points. Presently available data
indicate that the N-S directional control was joined by N55°W
and N20°W influences about 0.3-0.5 m.y. ago.

Delaney et al. [1986] explored the relationship between
horizontal principal stresses and magma pressure as it influ-
ences the orientations of fractures utilized by ascending mag-
mas. They concluded that if the difference between the hori-
zontal principal stresses is small relative to magma pressure,
vertical dikes can intrude not only along planes perpendicular
to the least compressive stress but also along fractures at
lesser angles to that stress. Judging from the several short N-
S lines of contemporaneous vents [Lynch, 1981], least com-
pressive stress in this area evidently is oriented close to E-W.
Thus magma ascent along N20°W and N55°W fractures
could reflect either an increase in Pinacate magma pressure, a
decrease in the horizontal principal stress difference, or both.
Of the 15 K-Ar ages reported for Pinacate series lavas by
Lynch [1981] and Slate et al. [1991], it is interesting to note
that seven are in the range 0.41-0.48 Ma. Although this con-
centration could be an artifact of sampling, it is consistent
with the occurrence of especially vigorous Pinacate magma-
tism, and possible high magma pressure, at about 0.4-0.5 Ma.
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Implications for Other Methods

Connor [1990] and Connor et al. [1992] have applied clus-
ter analysis to separate volcanic fields into spatial clusters,
each of which can be analyzed using TPA, Hough transform,
or other methods. A key aspect of this method is that it lets
researchers explore the possibility that different clusters of
vents could have different alignment directions. Connor
[1990] and Connor et al. [1992] analyze clusters that remain
stable to perturbations across a limited range of search radius,
and thus study clusters of essentially a single size scale in a
given field. Cluster analysis also tends to produce clusters
that are roughly equidimensional, as shown by Connor et al.
[1992, Figure 5]. The improved TPA method explicitly con-
siders heterogeneities in vent density across a range of scales,
and kernel density maps (e.g., Figure 12) suggest clusters of
many sizes and shapes. However, kemel density analysis
does not provide an unambiguous method to separate one
cluster from another. Thus cluster analysis and kernel density
maps have some complementary aspects.

The Hough transform method [e.g., Wadge and Cross,
1989; Connor, 1990] has been used to determine the locations
of the vents that form alignments. The Hough transform re-
quires that values be selected for five parameters, several of
which must be chosen subjectively or are determined by ex-
perience [Wadge and Cross, 1989; Connor, 1990]. Further-
more, Hough transform analysis is sensitive to the number of
vents used in the analysis and to the shape of the vent cluster.
Kemel density maps provide similar information and involve
fewer "educated guesses" about parameter values.

Two-dimensional spectral analysis has been used to iden-
tify alignment directions and locations [e.g., Connor, 1990].
Phase maps [e.g., Connor, 1990, Figures 6-8] provide infor-
mation similar to the kemnel density maps. However, phase
maps are constructed directly from the high amplitude, peri-
odic, Fourier functions and thus might contain fluctuations in
density that are anomalously regular.

The analysis of the Pinacate vents makes clear the corre-
lated but different functions of density modeling and TPA.
Vent density models at any value of & usually reveal many
possibly significant spatial variations in density. Which of
these, if any, are significant cannot be determined by inspec-
tion of the density map alone. TPA provides a means to
evaluate the significance of alignments that appear on the
density maps.

Conclusions

This study develops and demonstrates a refinement of the
two-point azimuth (TPA) method that has several advantages.

The new method can more accurately determine alignments
of pointlike features that are heterogeneously distributed.
Kemel density modeling of the data removes ambiguities that
can be introduced by other approaches.

Alignments on different spatial scales can be detected and
characterized.

The locations of the vents in broad alignments are indicated
by kemel density maps.

Vent locations in the Pinacate volcanic field reflect a
change in stress conditions at about 0.3-0.5 Ma. During this
time there was an increase in the ratio of magma pressure to
the difference between the principal horizontal stresses. As a
result, new structures in orientations not perpendicular to the
minimum horizontal compressive stress were exploited.
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-Among these was a N55°W trending fracture zone that may
be a SW dipping listric fault associated with opening of the
Gulf of California [Gastil and Fenby, 1991]. Structural con-
trol of magma ascent in the Pinacate field resulted in bands of
vents perhaps as much as a few kilometers wide, and it did
not produce numerous extremely linear chains of vents. At
least one of these bands represents a major fault zone. The
. northerly elongation of the field itself may reflect the geometry
of its mantle magma source region.
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