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Abstract

A detailed study of the ~ 2000 years old Xitle-Pedregal de San Angel volcanic field in the southern Basin of Mexico
was undertaken to assess the reliability of the palacomagnetic record as derived from fresh well-preserved and exposed lava
flows. The Xitle vent is on the slope of the Ajusco volcano, which results in a topographic difference of over 800 m in less
than 12 km of horizontal distance. Most sites present a mean direction, with a small within-site dispersion, around the
dipolar direction for the locality, but some sites, particularly in the basin sector of flat relief away from the vent, show
shallow inclinations. Anisotropy of magnetic susceptibility (AMS) shows normal ‘flow’ fabrics with horizontal foliation
planes and small anisotropy degree. AMS lineations correlate with observed flow directions. The magnetic properties vary
systematically across flow units, but directions do not show a consistent pattern. Secular variation effects do not apparently
contribute to the shallow inclinations or directional scatter. Some lava structures like pressure crests and blocky fronts give
shallow inclinations and scattered directions, respectively. The resulting overall mean direction is well defined and close to
the dipolar direction (B = 26, Dec = 359.8°, Inc = 32.8°, k=167, ag5 = 2.2°), but this excludes two apparent directional
groups. The mean direction for one group, with B =19, Dec = 359.0°, Inc = 35.1°, k=247, a4 =2.1°, may be the
representative estimate for the field. Shallow inclinations are considered anomalous and associated to a characteristic specific
to given sectors of lava flows. Palaeointensity determinations have been obtained for six samples from five sites by using the
Thellier and Shaw methods. Results agree well with previous studies, however, the standard deviation calculated for the
mean value remains high after incorporation of the new data. Mean palaeointensity based on five new determinations and
eight early data is N =13, 56.50 + 6.16 mT (and the mean for the overall data set is N =20, 60.50 + 9.21 mT). Results
illustrate some practical considerations and limitations in methodology and the reliability of the palacomagnetic record in
volcanic rocks.

1. Introduction studies in the 1970s (Mooser et al., 1974; Urrutia-

Fucugauchi and Valencio, 1976; Herrero-Bervera and

The Xitle-Pedregal de San Angel volcanic field is
formed by fresh, well exposed basaltic lava flows
that originated from the activity of the Xitle cinder
cone some 2000 years ago in the southern sector of
the Basin of Mexico (Fig. 1). Earlier palacomagnetic

Pal, 1978) reported data for the lava flows with small
within-site dispersions but with different mean direc-
tions. In particular, there were nine sites with inclina-
tions close to the dipolar value and five sites with
inclinations some 10°-12° shallower (Table 1). Only
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one site showed a steep inclination (Herrero-Bervera
and Pal, 1978). The dipolar inclination for the area
varies between 34.93° to 35.06°. The ‘shallow incli-
nation’ group had a mean direction of Dec = 3.4°,
Inc =25.6° (a4 =2.1°, k=558, B=5) and the

‘close to dipolar’ group has a mean direction of
Dec = 358.6°, Inc = 35.0° (ay =2.9°, k=316, B
=9) (Table 1). The two groups are statistically
different (McFadden and Lowes, 1981) and have
cones of 95% confidence that do not overlap. Since

Table |

Summary of paleomagnetic data for the Pedregal de San Angel, southern Basin of Mexico

Site N Dec Inc k Qgs Al Ref.
Previous data

MNN-14 7 6.7 24.7 104 6.0 —-10.3 1
MNN-15 8 3549 38.8 429 2.7 33 1
HP-6 17 358.0 343 301 2.1 -07 2
HP-7 i1 354.6 33.7 86 5.0 -1.3 2
HP-8 9 72 334 St 7.3 -1.6 2
HP-9 8 45 27.1 115 52 -79 2
HP-10 9 6.0 349 118 48 -0.1 2
HP-13 8 355.1 38.9 114 5.2 3.9 2
HP-14 8 356.8 52.3 151 45 17.3 2
HP-15 7 356.1 33.6 62 7.7 1.4 2
JU-1 6 5.0 23.7 72 79 —11.3 3
JU-2 8 3.0 25.7 62 7.1 -93 3
JU-3 8 357.6 26.7 73 6.5 -83 3
JU-4 17 358.4 343 301 2.1 -0.7 3
UM-1 6 356.5 323 276 40 =27 4
Mean (shallow inclination sites) B=35 3.4 25.6 558 2.1 -9.4

Mean (close-to-dipolar sites) B=9 358.6 35.0 316 29 0.0

Overall mean (without HP-14) B=14 0.4 31.7 155 3.2 —-3.3

Overall mean (all sites) B=15 0.2 33.0 97 39 -30

Recent data

CU-1 6 357.0 349 477 31 -0.1

CU-2 6 353.6 36.2 151 45 1.2

CU-3 S 5.3 41.1 217 4.6 6.1

CU-5 5 3479 15.2 293 45 —-19.8

CU-8 15 357.0 36.7 61 5.1 1.7

XT-4 6 359.7 34.6 295 39 -04

XT-6 9 3553 37.0 123 47 2.0

XT-7 6 1.1 329 265 4.1 -2.1

XT-9 7 350.1 31.8 395 3.0 -32

CC-1 7 4.4 322 119 5.5 —-28

IN-4 4 357.6 28.4 41 8.7 -6.6

P-8 8 355.9 29.9 67 6.8 -5.1

XP-6 5 11.4 334 66 9.5 - 1.6

Mean (without CU-5 and XP-6) B=11 3579 342 247 29 —1.8

Mean (without CU-5) B=12 359.0 34.2 189 32 —1.8

Overall mean (shallow inclination sites) B=17 1.5 26.7 338 33 —-8.3

Overall mean (close-to-dipolar sites) B=19 359.0 35.1 247 2.1 0.1

Overall mean B =128 359.2 329 100 2.7 -2.1

Overall mean (without CU-5 and HP-14) B=126 359.8 328 167 22 -22

N, number of samples; Dec/Inc, mean declination and inclination; k, a s, Fisher statistical parameters; A/, inclination anomaly; Ref.,
reference. 1, Mooser et al. (1974); 2, Herrero-Bervera and Pal (1978); 3, Urrutia-Fucugauchi and Valencio (1976); and 4, Urrutia-Fucugauchi

and Martin del Pozzo (1993).
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there were apparently no indications for secondary
components or tectonic effects, the occurrence of the
two groups was difficult to explain.

The overall mean direction for the Xitle-Pedregal
de San Angel field has been obtained by averaging
all sites and it could be considered well defined, with
a4 =3.9° and k=97 (Table 1). However, this ig-
nores the occurrence of the two groups. Furthermore,
the shallow inclination sites came mainly from a
particular area in the university campus (Fig. 1). The
present study grew from an attempt to document this
apparent anomaly and was then extended to investi-
gate the reliability of the palaecomagnetic record in
young fresh volcanic rocks as studied using current
methods.
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Fig. 1. Schematic map of the Xitle—Pedregal de San Angel
volcanic field (adapted from Badilla-Cruz, 1977 and Schmitter,
1953) showing location of new sampling sites (indicated by the
closed circles). For a list of sites refer to Table 1. Approximate
location of sites from previous studies are indicated by the other
symbols. Topographic contours every 100 m and some major
streets and the university campus are added for reference. The
Xitle cinder cone grew on the slope of the large Ajusco volcano
complex and the lava flows were emplaced to the north—northeast
following the topographic relief (see also Fig. 15). The sites
showing shallow mean inclinations are underlined (see Table |
and text).

2. Xitle-Pedregal de San Angel field and sampling

The Xitle-Pedregal de San Angel volcanic field
extends over a wide area in the southern sector of the
Basin of Mexico. Lava flows cover some of the
earlier pyramids and settlements in the region
(Cuicuilco and Copilco archaeological sites). Nowa-
days, Mexico City has extended over the lava field
and the National University, including the Paleomag-
netics Laboratory, is built on top of the flows.

Organic material associated with the eruption of
Xitle volcano was dated early during development of
the radiocarbon method (Amold and Libby, 1951;
Libby, 1955). This date of 2422 + 250 years BP
(before present, AD 1950) (C-200; Table 2) remains
as the most widely quoted age for the Xitle eruption
in subsequent studies; although there have been sev-
eral additional studies reported (available data is
summarized in Table 2), the age has remained a
matter of controversy (Heizer and Bennyhoff, 1958,
1972; Ortega et al., 1993). Some studies have sup-
ported a much younger age for the Xitle; for in-
stance, Cordova et al. (1994) have recently selected
the date reported by Fergusson and Libby (1963) of
1536 + 65 years BP (UCLA-228) which had been
correlated with archaeological remains covered by
the lava. Dates show three apparent groups, roughly
around 2000, 2375, and 4000 years BP (Fig. 2). The
group around 4000 years BP is mainly formed by
dates obtained in the Cuicuilco archaeological exca-
vations from horizons between about 4 and 7 m
below the ground level and lava contact. They can be
related to early archaeological occupation Tlalpan
stages (Fergusson and Libby, 1963). The second
group includes the date by Arnold and Libby (1951)
which was obtained from a soil collected underneath
the lava in Cuicuilco. The date of 2000 years BP for
the first group has also been proposed as the age for
the Xitle eruption (e.g. Heizer and Bennyhoff, 1958,
White et al., 1990). We favour this date as represen-
tative for the eruption, mainly because of the relative
position of the material dated with respect to the lava
and ash. A radiocarbon age determination on a burned
wood fragment we collected beneath the lava (Ortega
et al., 1993) in a quarry to the southeast of the
Universidad Nacional Autonoma de Mexico (UNAM)
campus gives a (C-13 corrected) date of 1960 + 65
years BP (Geochron Laboratory, Krueger Enterprises
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Fig. 2. Histogram of radiocarbon dates that are related to volcanic
units in the southern Basin of Mexico. Note the apparent occur-
rence of three major groups, around 2000, 2375, and 4000 years
BP (see text for discussion).

Inc., USA). This date agrees with the date reported
by White et al. (1990) for a wood fragment from a
nearby site (1960 + 70 years BP; TX-3648) and two
dates reported by Cordova et al. (1994) (TX-7668
and TX-7669). Correction of the conventional radio-
carbon date of 1960 years BP with reference to the
dendrochronological curve (Fig. 3) gives a date of
1890 years BP (AD 60). All conventional radio
carbon dates have been corrected by reference to the
dendrochronological time scales reviewed recently
by Stuiver and Becker (1993) and Stuiver and Pear-
son (1993), and are graphically illustrated in Fig. 3
(also referred to calendar years). Conventional radio
carbon dates agree with the dendrochronological

Table 2

Radiocarbon dates of Xitle-Pedregal de San Angel lava field

Sample C!* (+ o) years BP CalC'* Calendar Reference
M-664 1430 + 200 1309 AD 642 CG-58
UCLA-228 1536 £ 65 1409 AD 541 FL-63
UCLA-205 1790 £ 75 1645 AD 305 FL-63
Y-437 1925 + 60 1870 (1855) AD 70 (AD 95) DGH-59
UCLA-206 1950 + 80 1885 AD 55 FL-63
TX-3648 1960 + 70 1890 AD 60 WROV-90
G-1000 1960 + 65 1890 AD 60 OUN-93
TX-7669 2030 £+ 60 1970 20BC CML-%4
M-663 2040 + 200 1975 25 BC CG-58
TX-7668 2090 + 70 2040 90 BC CML-94
UCLA-208 2100 + 75 2050 100 BC FL-63
UCLA-602 2190 + 80 2150 (2295) 200 BC (335 BO) FL-63
UCLA-603 2230 + 80 2205 (2310) 245 BC (340 BC) FL-63
UCLA-209 2300 + 70 2335 385 BC FL-63
C-200 2422 + 250 2420 465 BC AL-52
M-662 2450 + 250 2450 500 BC CG-58
UCLA-595 2490 + 100 2510 560 BC FL-64
UCLA-594 2560 + 100 2720 770 BC FL-64
UCLA-596 2560 + 80 2720 770 BC FL-64
UCLA-207 2600 + 70 2740 790 BC FL-63
UCLA-597 3320 + 100 3350 1580 BC FL-64
UCLA-599 3850 + 200 4230 2280 BC FL-63
UCLA-598 3820 + 100 4225 2275 BC FL-63
UCLA-600 3930 + 100 4400 2450 BC FL-63
UCLA-210 3980 + 60 4420 2470 BC FL-63
UCLA-212 4050 + 75 4520 2570 BC FL-63
UCLA-601 4110+ 120 4605 2655 BC FL-63
TX-7670 4690 + 70 5450 3500 BC CML-94

Laboratory codes are: UCLA, University of California at Los Angeles; M, University of Michigan; Y, Yale University; C, University of
Chicago; TX, University of Texas at Austin; G, Geochron Laboratories, Inc. References are: AL-52, Amold and Libby (1951); CG-58,
Crane and Griffin (1958); CML-94, Cordova et al. (1994); DGH-59, Deevey et al. (1959); FL-63, Fergusson and Libby (1963); FL-64,
Fergusson and Libby (1964); OUN-93, Ortega et al. (1993); WROV-90, White et al. (1990). The calibrated dates have been referred to the
dendrochronology calibration curves of Stuiver and Becker (1993) and Stuiver and Pearson (1993). Calendar dates are referred to the

standard Julian time scale.
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dates in the interval around 2000 years ago; they
become younger for the interval around 4000 years
and slightly older for the interval younger than 2000
years (Fig. 3).

The lava flows correspond to pahoehoe type and
display a young morphology with well preserved
flow structures and little or no vegetation cover.
Vesicles are very common, particularly towards the
top of the flow units. There are several lava struc-
tures including explosion tubes, lava channels, pres-
sure crests, different types of vesicles and tumuli
(Ordofiez, 1890; Waitz and Wittch, 1911; Badilla-
Cruz, 1977). The composition is basaltic and may be
described as an olivine (augite) basalt (Schmitter,
1953; Badilla-Cruz, 1977). As part of this study, we
have obtained a chemical analysis for a sample from
site. CU-2 which corresponds to a high alumina

basalt. Its calc-alkaline character is similar to data
reported earlier (e.g. Gunn and Mooser, 1970; Pal
and Urrutia-Fucugauchi, 1977; Perez et al., 1979).
Emplacement of lava flows was controlled by the
topography. The Xitle cone grew on the slope of the
Ajusco volcano and lava flowed down the slope to
the N-NE until reaching the basin floor (Fig. 1). In
the basin itself there were hills and rivers that di-
verted the flows and ponded the lava. In the out-
crops, two and sometimes three flow units can be
observed, with thicknesses varying from 2 to 6 m.
Xitle may be described as a small scoria cone with a
diameter of about 500 m and a height over the plain
to the south of about 140 m. The southern rim is
higher than the northern one. Some 100 m westwards
there is a parasitic cone named Xicontle. Thick ash
layers are exposed in the southern plain; layers a few
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Fig. 3. Radiocarbon dates referred to the conventional radiocarbon scale (horizontal axis) and to the dendrochronological corrected and
calendar year time scales (vertical axes). Note that dates in the older group around 4000 years BP get older when referred to the
dendrochronological time scale, whereas dates in the younger group (younger than 2000 years BP) correspond to younger dates in the
corrected scale. Laboratory code identifications and the numerical data are summarized in Table 2.
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centimetres thick can also be found in some sites in
the basin (e.g. in the archaeological sites). There is
no soil or ash between the flow units.

Previous studies have concentrated on the low
areas in and around the university campus. Therefore
sampling was extended into the Ajusco siope to-
wards the Xitle vent (Fig. 1). Examination of these
results then prompted additional sampling campaigns
in the lower areas in order to evaluate some possible
factors affecting the palacomagnetic record and also
to investigate particular structures (e.g. pressure
crests and lava blocky fronts). A total of 14 new
sites, with some five to 15 samples per site, were
collected.

3. Methods and results

Previous studies used magnetic compass orienta-
tion, therefore for this study both solar and magnetic
compass orientations were used in order to evaluate
the influence of the outcrop magnetizations on the
orientation procedures. There were angular differ-
ences of about +5° and up to 16° between the two

J. Urrutia-Fucugauchi / Physics of the Earth and Planetary Interiors 97 (1996) 177196

orientation schemes. Angular differences do not seem
to follow a simple trend as a function of initial
magnetization intensity (Fig. 4). Magnetization direc-
tions used for the site mean calculations (and statis-
tics) below have been corrected using the solar com-
pass orientations. However, site mean directions cal-
culated using the solar and magnetic compass orien-
tations are not significantly different, only within-site
angular dispersion is less for the solar compass.

The intensity and direction of natural remanent
magnetization (NRM) were measured with a Mol-
spin spinner magnetometer attached to an IBM com-
puter. Low-field susceptibility was measured with
the Minisep instrument. Vectorial composition, co-
ercitivity and unblocking temperature spectra were
investigated by detailed step wise alternating field
(AF) and thermal demagnetization. AF demagnetiza-
tion was completed in 8—12 steps up to 100 mT in a
reverse tumbling Schonstedt demagnetizer. Thermal
demagnetization was done in 8—10 steps up to 580°C
in a Schonstedt TSD-1 demagnetizer.

Characteristic magnetization directions were esti-
mated from end-point analysis and the vector plots.
Characteristic magnetizations were obtained from last
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Fig. 4. Angular difference between the solar and the magnetic compass orientation plotted as a function of NRM intensity for individual

samples.
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vector segments going through the origin (some good
and regular examples are illustrated in Fig. 5). Site-
mean directions were calculated by vector addition
giving unit weight to sample directions. Fisher statis-
tics were used to estimate dispersion parameters
(Fisher, 1953; Irving, 1964). Results are summarized
in Table 1. The within-site angular dispersion was
low, with k varying from 41 to 447. The overall
mean direction (B = 12, without site CU-5) is well
grouped, with a k of 189 and ay of 3.2° (Table 1).
However, it is not a great improvement over the
previous estimate. Elimination of site XP-6 that pre-
sents the highest within-site dispersion (k = 66, a,
= 9.5°) improves the grouping (k = 247, a5 = 2.9,
B = 11) (Table 1), but there are no compelling rea-
sons to eliminate this site from the final calculations.

Isothermal remanent magnetization (IRM) acqui-
sition experiments were done with a home-made
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pulse magnetizer. IRM curves vary with the relative
position of the sample within the flow. Samples from
the top portions show saturation at about 400 mT,
where as samples from the bottom show a slight
increase up to 800 mT (e.g. Fig. 6). Comparison of
AF coercivity spectra for NRM and saturation IRM
(Fig. 6(b)) suggest the occurrence of single or
pseudo-single domain magnetic minerals (Lowrie and
Fuller, 1971). Further analysis of coercivity spectra
with estimation of the coercivity (Hc), remanent
magnetization /saturation remanence ratio ( Mr/Ms),
and coercivity /coercivity of remanence ratio
(Hcr/Hc) was completed with the MicroMag sys-
tem. An example of the hysteresis loop and satura-
tion remanence is given in Fig. 7. Curie temperature
estimates were derived from thermomagnetic curves
obtained in a horizontal Curie balance with inducing
fields of around 0.8 T. Just three samples were
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Fig. 5. Examples of vector plots for samples of the Xitle—Pedregal de San Angel lavas, after AF ((a) and (b)) and thermal ((¢) and (d))

demagnetization.
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analysed and the Curie temperature estimated is
around 575°C, corresponding to pure magnetite (Fig.
8). The thermomagnetic curves show irreversible
behaviour, indicating alteration of the sample during
the heating cycle. We also noted that in some sam-
ples, unblocking temperatures were as low as 300°C,
suggesting magnetite of a particular grain size or
maghemite. No thermomagnetic curves were ob-
tained for those samples, but Nagata et al. (1965)
reported three examples with two Curie points of
300°C plus 520°, 530°, and 570°C, respectively, for a
locality close to the archaeological site of Cuicuilco.
In addition, they reported Curie point estimates for
seven samples that ranged from 500° to 570°C (and
two cases with lower Curie temperatures that they
labelled with a question mark without further com-
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ment). Two examples illustrated in Nagata et al.
(1965) display a nearly reversible behaviour during
the heating cycle (also conducted in air).

Ore petrology observations using the oil immer-
sion technique on polished sections were carried out
on samples from one site CU-8. Abundant euhedral
titanomagnetite grains from 20 to 100 pm and up to
150-160, with high deuteric oxidation stages charac-
terize the samples. Titanomagnetite grains show il-
menite and hematite intergrowths with characteristic
Trellis textures. Oxidation corresponds to classes of
C-4 and C-5 for titanomagnetite and R-5 of Haggerty
(1976).

In some of the sites, samples were collected from
the different flow units and also spaced from base to
top of the flow (e.g. Fig. 9). Magnetic properties
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Fig. 6. Examples of isothermal remanent magnetization (IRM) acquisition curves for samples from the upper (above) and lower (below)
portion of a lava flow. Comparison of the coercivity spectra for natural remanent magnetization (NRM) and isothermal remanent
magnetization (IRM). Examples for a (above) sample from upper part of a lava flow and a (below) sample from lower part of a lava flow.
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vary across the flow, with susceptibility and NRM
intensity increasing in the basal section and particu-
larly towards the top (Fig. 9(a)). The coercivity and
unblocking temperature spectra show an apparent
pattern, indicating a relationship with grain size
(and/or oxidation states). However, there is no no-
ticeable pattern in the variation of the directions (Fig.
b)), and clearly no indication of ‘shallow inclina-
tion’ sectors. Results are similar to those reported

185

earlier for several vertical sections by Centeno-Garcia
et al. (1986), which were interpreted in terms of
oxidation degree within the flow units.

Anisotropy of magnetic susceptibility (AMS) was
measured with the Minisep instrument. AMS princi-
pal directions show ‘normal flow’ fabrics with folia-
tion planes almost horizontal and lineation around
the flow direction observed from field indicators
(Fig. 10(a)). The anisotropy degree is small, less
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Fig. 7. Example of a hysteresis loop (a) and [RM curve and back field curve (b) obtained with the MicroMag system. Example from site

CU-8.
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than 2% (Fig. 10(b)) and samples seem predomi-
nantly foliated (Fig. 10(c)). There seems to be no
relationship with NRM directions, so there is no
apparent effect of AMS on remanence directions.
Palaeointensity determinations were completed by
using the Thellier method (Thellier and Theliier,
1959) (as modified by Coe and Grommé, 1973) and
by the Shaw single heating method (Shaw, 1974).
Samples selected for the palaeointensity study were

MAGNETIZATION (ARBITRARY UNITS)
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those that for the particular site (in a previously
demagnetized companion specimen) showed small or
preferably negligible low-coercitivity or low-un-
blocking temperature (viscous) components. We ob-
tained four reliable determinations using the Theliier
method and two using the Shaw method. Examples
of the experimental data using the Thellier and the
Shaw methods are given in Fig. 11 and Fig. 12.
Results are summarized in Table 3. Also tabulated
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i
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TEMPERATURE (° C)
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Fig. 8. Example of two thermomagnetic curves for samples of sites CU-4 and CU-8, showing a Curie point of about 575°C corresponding to

pure magnetite.



J. Urrutia-Fucugauchi / Physics of the Earth and Planetary Interiors 97 (1996) 177-196 187

are the results reported by Nagata et al. (1965) and
Gonzalez-Huesca (1992). The mean value for the six
determinations is 60.04 + 9.62 mT, which is higher
than the mean value calculated for the results re-
ported by Nagata et al. (1965) and lower than that
for the results of Gonzalez-Huesca (1992). The data
reported in Gonzalez-Huesca (1992) appear consis-
tently higher than those in Nagata et al. (1965) and
this study. If sample XT-4.1 is not included in the
average, the mean is N =15, 57.13 + 7.23 mT, quite
close to the mean of 56.11 + 5.89 mT calculated for
the Nagata et al. (1965) samples (Table 3). The mean
for the two sets of samples (N = 14) is 57.79 + 7.64
mT (and the mean without sample XT-4.1 is 56.50
+ 6.16 mT). Samples used for the study come from
sites CU-2, CU-3, CU-8, XT-4, and XT-7 (Fig. 1).
The palaeointensities for samples from the university

100

80+

a0 [ W

SUSCEPTIBILITY (S}
S

20

8)

RELATIVE POSITION (cm)

et | L L J
50 100 150 200 250

SITE CU - 8 VERTICAL PROFILES

NRM INTENSITY {mA/m)

1

A)
o

oo 1
o] 50 100 150 200 250

RELATIVE POSITION (cm)

campus are lower than those for the sites on the
Ajusco slope. Samples studied in Nagata et al. (1965)
come from a locality close to site CC-1, and those
studied in Gonzalez-Huesca (1992) come from a site
inside the campus. From the new data, it seems that
lower values are obtained for the campus lavas.
However, the two samples with lowest values were
determined using the Shaw method (determinations
using the Shaw method appear consistently lower
than those obtained using the Thellier method; this
was also noted by Gonzalez-Huesca (1992), who
applied the two methods in samples from the same
site). However, the data with higher values of Gon-
zalez-Huesca (1992) are for samples in the campus.
At present, it seems difficult to determine with confi-
dence any spatial pattern in the palaeointensity deter-
minations. Nevertheless, what is interesting in the
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Fig. 9. Variation of palacomagnetic properties across a vertical section. (a) NRM intensity, (b) low-field magnetic susceptibility, (c)

declination and (d) inclination. Data for site CU-8.
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palaeointensity data is the dispersion of values ob-
served in the three studies (Table 3). The dispersion
is not reduced by augmenting the number of determi-
nations, and the overall mean for 20 palaeointensities
(which is a high number of determinations for a
single lava flow) shows a relatively high standard
deviation (Table 3).

A mean palaeointensity estimate obtained by
combining the Nagata et al. (1965) and the new data
set shows a distribution approaching a normal gauss-
ian distribution with a small standard deviation. The
mean is N=13, 56.50 + 6.16 mT. Two samples
analysed in Nagata et al. (1965) correspond to pot-
tery (MP-1 and MP-2, Table 3) excavated in the

ACU-3

270

K,
. K:b
180 1016
5
°
101 1022

10 T T 02

F

Fig. 10. Anistropy of magnetic susceptibility (AMS) data for one
of the sites ACU-3 in the university campus. (a) AMS principal
axes k1 and k2; note that the k3 axes are well grouped and close
to the horizontal. (b) Lineation (k1/k2)/foliation (k2/k3) dia-
gram. (c) Histogram for the degree of anistropy (k1/k3).

Cuicuilco site. The corresponding palaeointensity de-
terminations are similar to those obtained for the
volcanic samples, showing similar dispersion with a
low and a high value (Table 3).

4. Discussion

The new data from different parts of the volcanic
field (Fig. 1) show well defined characteristic direc-
tions with small within-site angular dispersions (Ta-
ble 1). Particularly gratifying is the good coherence
of directions over large horizontal distances, from
close to the vent and farther away (over 12 km of
horizontal distance). The overall mean direction (B
=26, Dec = 359.8°, Inc =32.8°, k=167, a, =
2.2°) is characterized by small angular dispersion and
inclination close to the dipolar value for the locality
(see also mean direction calculated for all 28 sites;
Table 1).

This overall mean direction can be considered as
a reasonable result for a lava flow. Closer inspection,
however, shows relatively large apparently consistent
between-site differences, particularly in the mean
inclinations. Discussion below concentrates on these
between-site differences in directions and searches
for possible explanations. First, we examine if the
differences are statistically significant, and then we
explore which directions, if any, may be considered
as anomalous. By analysing the site mean directions
and the apparent geographic dependence, an arbitrary
cut-off inclination value of 30° was chosen to sepa-
rate the data. The mean direction for sites with
inclinations shallower than 30° is Dec = 1.5°, Inc =
26.7° (ag5 = 3.3°, k=338, B="7) and for the other
sites is Dec = 359.0°, Inc = 35.1° (ags = 2.1°, k=
247, B = 19). These two mean directions have cones
of 95% confidence that do not overlap and are
statistically different (McFadden and Lowes, 1981).
To further investigate the site mean directional distri-
bution, directions have been referred to the rotated
space as defined by Hoffman (1984). This procedure
was developed to study transitional data and permits
the investigation of the pattern of angular deviations
from the dipolar direction. Site-mean directions in
the rotated space are given in Fig. 13. In this case,
angular deviations are much smaller than for transi-
tional directions. The sites with inclinations around
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the dipolar value for the area are clearly more nu-
merous. There is unfortunately no independent direc-
tion for reference, and no way to conclusively esti-
mate the corresponding geomagnetic field direction
for the Xitle lava flow (and no way to conclusively
identify any ‘anomalous’ directions). However, esti-
mation of a direction for the locality calculated from
the global virtual geomagnetic pole (VGP) compila-
tion reported by Ohno and Hamano (1992) gives an
inclination of 34.1° and a declination of 4.7° (refer-
ence pole is 85.5°N, 358.0°E, N =11, Ay = 4.4,
for 2000 years BP (radiocarbon time scale); Table 1
of Ohno and Hamano (1992). This calculated direc-
tion agrees better with the direction estimated for the
volcanic field using the results close to the dipolar
inclination value.

With the new data, the difference in the expanded
data set between the shallow inclination and dipolar
inclination sites decreased, but the two apparent

XITLE LAVA FLOW
SOUTHERN BASIN OF MEXICO

NRM (A/m)
10

directional groups remain. The distinction between
the ‘shallow’ and ‘dipolar’ inclination sites which
was clear in the earlier data set is not so simple in
the expanded data set. Nevertheless, there are some
additional indications. Sites with the shallow inclina-
tions correspond to localities farther from the Xitle
vent, in the low altitude, gentle slope (flat) terrain.
This apparent correlation with the terrain character-
istics that influenced the lava emplacement suggests
that the magnetizations might be influenced by the
lava emplacement process. The overall vector mean
(Table 1) has an inclination close to the dipolar
value. Plotting the inclination anomaly (Fig. 14(a))
(AT = observed inclination less the dipolar inclina-
tion) or the site-mean inclinations as a function of
site altitude (or distance from vent) shows a peculiar
distribution as mentioned above, with the occurrence
of ‘anomalous’ sites preferentially located in the low
area, within the university campus and farthest away
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from the Xitle vent (Fig. 15). Within-site dispersion
(0gs) also displays a similar pattern (Fig. 14(b)).
These observations stress the possibility that there
are some effects associated with conditions and
properties of the emplacement process and cooling
history.

Results from one of the sites (CU-5) that presents
a very shallow inclination (15°) show a relationship
with a lava structure. Samples come from a flank of
a pressure crest (in one of the walls of the fissure)
and partial correction with 70% unfolding increases
the inclination and brings it close to the dipolar value
(and overall mean value). This indicates that the lava
was cooling down when still subjected to movement
and so, after the magnetization was fixed, it was
rotated, resulting in a shallow inclination (with small
dispersion and no secondary overprints). However,
there are no comparable structures in the other sites
and from the vesicle pattern (flattened vesicles
aligned along horizontal planes in top part of flows)
it appears the flows are essentially horizontal.

XITLE LAVA FLOW, BASIN OF MEXICO
PALEOINTENSITY - SHAW METHOD

NRM
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Another potential effect in the early results is the
magnetic influence of outcrop in the orientation of
samples. However, while this can contribute to the
within-site dispersion estimates, it is not clear how it
can give rise to preferentially shallow inclinations.
For instance there is no statistically significant dif-
ference between the previous overall mean direction
obtained using magnetic orientation, and the new one
using both solar and magnetic compass orientation.
Within-site dispersions are, however, lower using the
solar compass orientation data. Measurements of the
ground magnetic field anomalies were obtained us-
ing a total-field cessium Geometrics G-826 magne-
tometer at site CU-5 and in the university sculptoric
centre close to site CU-8 (Fig. 1). Measurements
display large amplitude variations with shortwave
lengths, particularly inside the pressure crests, pits
and fractures. Inside the pressure crest at site CU-5,
the field was up to 5000 nT less than immediately
outside the crest. That is, localized anomalies of
some 10-15% of the total geomagnetic field appear
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See Table 3 for a summary of palacointensity data.
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common close to surficial features in the lava flow.
Measurements with a three component fluxgate mag-
netometer not available for this study may be able to
map directional variations over the lava flow and
their influence in the magnetic orientation.

While magnetic properties vary from base to top
of flows, there are no comparable systematic varia-
tion patterns in the NRM or characteristic direction.
This factor may, however, contribute to the observed
scatter, depending on where samples are collected.
Sites in blocky lava fronts do not provide good data.
One such site gave scattered directions, though it
was clearly not a promising site from the start since
blocks appeared to have been rotated.

Secular variation effects or a non-dipole field
component are another candidate to produce system-

Table 3
Paleointensities for the Xitle-Pedregal de San Angel
Sample Paleointensity (mT) Method Ref.
MP-1 65.34 Thellier NKS-65
MP-5 54.15 Thellier NKS-65
M-7 52.81 Thellier NKS-65
M-8 47.44 Thellier NKS-65
M-9 60.42 Thellier NKS-65
M-10 51.02 Thellier NKS-65
M-13 56.84 Thellier NKS-65
M-14 60.86 Thellier NKS-65
Mean N =8 56.11+£5.89
S-9B 76.64 Thellier G-92
S-9C 54.23 Thellier G-92
S-9E 59.33 Thellier G-92
S-9H 79.40 Thellier G-92
S-91 70.03 Thellier G-92
S-9K 119.80 ° Thellier G-92
S-9Git 61.35 Shaw G-92
S-9Sin 37.19 Shaw G-92
Mean N=6 66.83 + 10.09
CuU-2.1 53.10 Shaw This work
CU-8.2 47.25 Shaw This work
CuU-3.2 58.40 Thellier This work
XT-7.2 66.09 Thellier This work
XT-4.1 74.57 Thellier This work
XT-7.1 60.80 Thellier This work
Mcan N =6 60.04 £ 9.62
Mean N=14 57794 7.64 (NKS-65 and

this work)
Mean N=20 60.50+9.2! (all data)
? without S-9K.

References: NKS-65, Nagata et al. (1965); G-92, Gonzalez-Huesca
(1992).

Fig. 13. Plot of site mean directions in the rotated space (al-
gorithm for vector rotation after Hoffman, 1984). See text for
discussion.

atic angular differences. However, in the cases stud-
ied there seem to be no appreciable difference be-
tween flow units at single outcrops. Although the
Xitle eruption was probably witnessed by the local
inhabitants there are unfortunately no written ac-
counts of the activity. Historic eruptions of similar
volcanoes in the Mexican volcanic belt suggest short
periods of activity, of the order of a decade or so
(e.g. 1943-1953 Paricutin or the 1759-1774 Jorullo
eruptions; Bullard, 1976). Further, palaeosecular
variation (PSV) studies, using the angular dispersion
of virtual geomagnetic poles, indicate a low PSV
(comparable to that in the Hawaiian islands) for
central Mexico during the recent part of Brunhes
chron (i.e. past 60 to 100000 years) (Bohnel et al.,
1990; Urrutia-Fucugauchi, 1995). Small PSV may
also characterize the historic period since 1923 AD,
with observatory data (Urrutia-Fucugauchi and Cam-
pos-Enriquez, 1993).

Anomalous shaillow inclinations (some 6° shal-
lower than the observed geomagnetic field) have
been reported earlier, for historic lava flows from
Hawaii, 1950 eruption of Mauna Loa, and 1972
eruption of Kilauea (Castro and Brown, 1987; Tan-
guy, 1990). Several possible explanations were anal-
ysed, including sampling and measurement errors,
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deformation and movements during flow and after
cooling, secondary magnetizations, and shape anisot-

1s not supported by the magnetic field measurements
that showed steeper inclinations and that the volcanic

pile is not substantially different from those of other
volcanoes like Mount Etna and Piton de la Fournaise
where inclination deflections are smaller than 2°
(Tanguy, 1970). Tanguy (1990) noted a relationship
between the inclination and the NRM intensity, where
shallow inclinations corresponded to strong intensity

ropy (high magnetic refraction effects). Deflection
related to the shape anisotropy is generally small, of
the order of a couple of degrees (Coe, 1979). Castro
and Brown (1987) suggested that the effect may
have been enhanced by the accumulation of lava
flows. However, Tanguy (1990) points out that this
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Fig. 15. Changes with altitude and distance from vent. (a) Simplified topographic profile (oriented N-NE; see Fig. 1) from the Xitle volcano
to the university campus, inside the basin. The Xitle volcano is located on the slope of the Ajusco volcano and the lava emplacement was
controlled by the topographic relief.

values. He suggested that the demagnetizing effect in sectors with average intensities, directions could
could be unusually high in some sectors of the be affected by the local field distortion due to strongly
Mauna Loa lava flows. He also suggested that even magnetized neighbouring parts. The results for the
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Fig. 16. Site mean inclinations plotted as a function of ite mean NRM intensities for the new sites studied in the Xitle—Pedregal de San
Angel.
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1972 Kilauea flows show variations along the length
of the flows and within vertical sections (Castro and
Brown, 1987).

Tanguy (1990) found very strong magnetizations,
with values higher than 10 A m™' and up to 35 A
m~! in his studies, but the NRM intensities from the
Xitle-Pedregal de San Angel flows are not that high,
being between about 2.5 and 13 A m~'. The ex-
pected deflection due to the shape of the lava flow
will be too small to account for the angular differ-
ence observed (Coe, 1979; Tanguy, 1990) and some
characteristic specific to certain sectors of the Xitle-
Pedregal de San Angel flow must be involved. There
is, however, a relationship between site mean incli-
nations and site mean NRM intensities (Fig. 16),
with higher intensities corresponding to the shallow
inclinations.

Six palaeointensity determinations using the Thel-
lier and the Shaw methods give a mean of 60.04 +
9.62 mT. Deletion of one sample gives a mean of
57.13 + 7.23 mT, which is close to the mean calcu-
lated for eight samples reported earlier by Nagata et
al. (1965) of 56.11 + 5.89 mT. The angular standard
deviation is relatively high. The combined mean of
the two data sets is 56.50 + 6.16 mT (N =13),
which also presents a high standard deviation that
seems to be a characteristic of the flow (or the
methods). Results obtained in this study give three
lower palaeointensity values for sites in the campus
compared with those three closer to the Xitle vent on
the Ajusco slope. However, two of the low values
have been obtained by the Shaw method, and it may
be a methodological factor involved. Studies directed
to compare the two methods have generally reported
good agreement. For instance, Aitken et al. (1988)
summarized results for 31 samples studied by the
two methods and reported Shaw/Thellier ratios
varying between 0.75 and 1.25, with a mean ratio of
1.01 and a small standard deviation of 0.10. Addi-
tional data reported in Gonzalez-Huesca (1992) give
higher values, with a mean of 66.83 + 10.09 mT
(N = 6). We note that in that study, the two results
obtained with the Shaw method are also lower than
those obtained with the Thellier method. Comparison
of data obtained solely with the Thellier method
shows a large standard deviation. There seems to be
methodological factors involved, as well as factors
related to the magnetic record of the lava flow (see

e.g. Walton, 1988; Aitken et al., 1988). The number
of palaeointensity determinations is relatively high
for a single monogenetic volcano and the overall
mean has a relatively large standard deviation (N =
20, 60.50 + 9.21 mT; Table 3).

Results show that careful analysis needs to be
exercised when interpreting apparently anomalous
data from young apparently ‘quite suitable’ volcanic
lava flows. There are, for example, two directional
groups for the Xitle-Pedregal de San Angel volcanic
field. The group with more sites (B = 19) and which
are distributed along the entire field shows an incli-
nation close to the dipolar value and may be consid-
ered representative for the Xitle-Pedregal de San
Angel. The other group with shallow inclinations is
less numerous (B = 7) and seems to have a restricted
occurrence in a particular location of the volcanic
field.
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