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ABSTRACT

During the late Pleistocene, a large Pli-
nian eruption from Nevado de Toluca vol-
cano produced a complex sequence of py-
roclastic deposits known as the Upper
Toluca Pumice. This eruption began with a
phreatomagmatic phase that emplaced a
hot pyroclastic flow (F0) on the east and
northern flanks of the volcano. Eruption
decompressed the magmatic system, almost
immediately allowing the formation of a 25-
km-high Plinian column that was dispersed
by winds predominantly 708 to the north-
east (PC0). Next, three other Plinian col-
umns were dispersed in a northeast to east
direction, reaching heights of 39, 42, and 28
km, resulting in fall layers (PC1, PC2, and
PC3), respectively. These Plinian phases
were interrupted several times by phreato-
magmatic and collapse events that emplaced
pyroclastic flows (F1, F2, and F3) and surges
(S1 and S2), mainly on the eastern and
northern flanks of the volcano. The eruption
ended with the extrusion of a crystal-rich
dacitic dome at the vent.

The juvenile components of the Upper
Toluca Pumice sequence are white, gray,
and banded pumice, and gray lithic clasts
of dacitic composition (63%–66% SiO2)
and minor accidental lithic fragments. The
fall deposits (PC1 and PC2) covered a min-
imum area of 2000 km2 and constitute a to-
tal estimated volume of 14 km3 (;6 km3

DRE [dense-rock equivalent]). The mass
eruption rate ranged from 3 3 107 to 5 3
108 kg/s, and total mass was 1.26 3 1013 kg.

Charcoal found within Upper Toluca

†E-mail: arcejl@tonatiuh.igeofcu.unam.mx.

Pumice yielded an age of 10,500 14C yr B.P.
(12,800–12,100 14C calibrated yr B.P.),
somewhat younger than the earlier report-
ed age of ca. 11,600 14C yr B.P. This new
age for the pumice falls within the Younger
Dryas cooling event. The eruption emplaced
1.5 m of pebble-sized pumice in the City of
Toluca region and ;50 cm of medium to fine
sand in the Mexico City region. Distal lahar
deposits derived from the Upper Toluca
Pumice event incorporated mammoth bones
and other mammals in the basin of Mexico.
A future event of this magnitude would dis-
rupt the lives of 30 million people now living
in these cities and their surroundings.

Keywords: Plinian eruption, stratigraphy,
volcanic hazards, Younger Dryas, Nevado
de Toluca, Mexico.

INTRODUCTION AND PREVIOUS
WORK

Nevado de Toluca volcano (1980693099N;
9984593099W; 4680 m above sea level) is the
fourth highest peak in Mexico (Fig. 1). It is
located 21 and 80 km southwest of the cities
of Toluca and Mexico, respectively, in the
central sector of the Trans-Mexican volcanic
belt. Nevado de Toluca volcano has a complex
elongated crater 2–2.5 km in diameter that has
attracted the attention of scientists since the
beginning of the twentieth century (Ordoñez,
1902; Otis, 1907; Flores, 1906; Waitz, 1909).
The first studies that attempted to decipher its
volcanic history were carried out in the 1970s
(Bloomfield and Valastro, 1974, 1977; Bloom-
field et al., 1977; Cantagrel et al., 1981). In
those studies the age of the volcano was de-
termined as late Pleistocene, and three large

volcanic eruptions were recognized: a Vulca-
nian eruption that occurred at ca. 28,000 yr
B.P. and two Plinian eruptions that resulted in
deposition of the Lower Toluca Pumice (ca.
24,000 14C yr B.P.) and the Upper Toluca Pum-
ice (ca. 11,600 14C yr B.P.). A new set of studies
has added further information on different as-
pects of the volcano, including stratigraphy (Ma-
cı́as et al., 1997; Arce, 1999; Cervantes, 2001),
flank collapses (Capra and Macı́as, 2000), struc-
tural geology (Garcı́a-Palomo et al., 2000), and
overall geology (Garcı́a-Palomo et al., 2002).
The latest revised stratigraphy of Nevado de
Toluca, by Macı́as et al. (1997), Capra and
Macı́as (2000), and Garcı́a-Palomo et al.
(2002), indicates that the volcano has had a
complex volcanic history of construction and
destruction of central dacitic domes and sector
collapses. These authors identified at least two
episodes of sector collapse that occurred be-
fore 50,000 yr B.P. and that emplaced deposits
on the southern flanks of the volcano. After-
ward, explosive activity forming pumice flows
and block-and-ash-flow deposits took place at
ca. 42,000, 37,000, 32,000, and 28,000 yr B.P.
(Garcı́a-Palomo et al., 2002). A third sector
collapse destroyed the eastern wall of the cra-
ter, producing its present horseshoe shape and
a debris avalanche deposit exposed on the east
and northeast flanks of the volcano. This de-
posit underlies the Lower Toluca Pumice, a
product of a Plinian eruption dated at ca.
24,500 yr B.P. After deposition of the Lower
Toluca Pumice, Macı́as et al. (1997) and
Garcı́a-Palomo et al. (2002) recognized at
least other four explosive events at ca.
,14,000, 12,100, 10,500, and 3300 yr B.P., of
which the 10,500 yr B.P. event is represented
by the Upper Toluca Pumice.
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Figure 1. (A) Location of Nevado de Toluca volcano and some important cities within the Trans-Mexican volcanic belt (TMVB).
Abbreviations of city names: G—Guadalajara; C—Colima; Mo—Morelia; Q—Querétaro; To—Toluca; MC—México; V—Veracruz.
Abbreviations of caldera names: LP—La Primavera; LA—Los Azufres; CA—Amealco; HU—Huichapan; LH—Los Humeros. (B) Sketch
map of Nevado de Tuluca volcano and the Lerma Basin (Caballero-Miranda et al., 2001).

Bloomfield and Valastro (1974) defined the
Upper Toluca Pumice sequence as two fall
members (Lower and Upper Members), sep-
arated by a thin brown ash layer and capped
by associated deposits, which they named
‘‘pink valley-fill lahars.’’ On the basis of an
average of four 14C dates on material collected
beneath and above the Upper Toluca Pumice
deposit, they estimated the age of the Upper
Toluca Pumice eruption at ca. 11,600 14C yr
B.P. The detailed study by Bloomfield et al.

(1977) on the deposit stratigraphy and erup-
tive mechanisms has served as a benchmark
for volcanologists and has been used as an ex-
ample of Plinian activity in important text-
books of volcanology (Fisher and Schmincke,
1984; Cas and Wright, 1988).

In this paper, we present a reevaluation of
the stratigraphy of the Upper Toluca Pumice
sequence and its distribution around the vol-
cano determined through detailed field work.
With this information, plus granulometry and

component analyses, we estimate heights,
mass eruption rates, and volumes of the erup-
tive columns. We then reinterpret the chro-
nology of the Upper Toluca Pumice eruption,
showing that it consisted of four major Plinian
events, each followed by the generation of py-
roclastic flows and surges. Finally, we discuss
the significance of establishing the age of the
Upper Toluca Pumice sequence that has been
widely used as a stratigraphic marker in cen-
tral Mexico in the reconstruction of paleoen-
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Figure 2. Composite stratigraphic column of the Upper Toluca Pumice (UTP) sequence
and its correlation with the Bloomfield and Valastro (1974) stratigraphy.

vironments during late Pleistocene–early Ho-
locene time. New 14C dates of charcoal
fragments found within the basal part of the
Upper Toluca Pumice sequence and in pits
drilled in the nearby Lerma Basin suggest
that the eruption occurred at 10,500 14C yr
B.P. (12,800–12,100 14C calibrated yr B.P.),

about 1000 yr later than the 11,600 14C yr
B.P. age proposed by Bloomfield and Valas-
tro (1974, 1977). The calibrated age of the
Upper Toluca Pumice eruption falls within a
global cooling event, the Younger Dryas, and
is therefore an excellent time marker for that
event.

DEPOSIT STRATIGRAPHY

We studied 290 stratigraphic sections of the
Upper Toluca Pumice, from which we con-
struct a composite stratigraphic sequence of
the deposit. Commonly, it overlies a dark-
gray, organic-rich, disseminated charcoal–
bearing paleosol for which Bloomfield and
Valastro (1974) proposed an average 14C age
of 11,600 yr B.P. In areas as high as ;4200
m, the Upper Toluca Pumice deposit underlies
moraine and rock-glacier deposits (Heine,
1994). The pumice unit is also widely covered
by a variety of fine-grained lahars, which con-
tain disseminated charcoal fragments that
range in age from 8000 to 2000 14C yr B.P.

The Upper Toluca Pumice sequence is com-
posed of several pyroclastic fall (PC0, PC1,
PC2, and PC3), pyroclastic flow (F0, F1, F2,
and F3), and pyroclastic surge (S1, and S2)
units (Figs. 2 and 3). In general, all fragments
found in the deposit (pumice and juvenile and
accidental lithic clasts) are dacitic in compo-
sition (63–66 wt% SiO2, Table 1) and contain
crystals of plagioclase, hornblende, enstatite,
and minor biotite. The stratigraphic sequence
from base to top is described in the following
sections.

Basal Pyroclastic Flow (F0)

F0 extends as far as 7 km east and north
from the volcano. It is gray and up to 140 cm
thick at site 70 (Fig. 4). It is massive within
gullies and in few places is overlain by a thin
gray pyroclastic surge (site 262, Fig. 2). This
thin surge is exposed on topographic heights
with a maximum thickness of 4 cm. F0 con-
sists of gray and banded pumice fragments (up
to 21 cm in diameter) and lesser amounts of
white pumice, and juvenile, and accidental
lithic fragments, embedded in a sandy matrix
of crystal, pumice, and lithic fragments (Fig.
5). At site 70, the upper surface of F0 has
impact sags of pumice up to 25 cm in diam-
eter belonging to the overlying fall layer PC0.
Disseminated charcoal fragments from F0
yielded AMS (accelerator mass spectrometry)
dates of 10,445 6 95 14C yr B.P. and 12,090
6 40 14C yr B.P. (Table 2).

Fall (PC0)

PC0 is a gray fall unit exposed as far as 20
km from the vent. It is normally graded and
has a maximum thickness of 27 cm at site
285. PC0 is composed of subangular, gray,
white, and banded pumice (50 vol%), red ac-
cidental lithic clasts (11.9 vol%), juvenile lith-
ic clasts (15.7 vol%), and crystals and glass
(22 vol%) (Fig. 6). This unit corresponds to
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Figure 3. General view of the most representative section of the Upper Toluca Pumice
sequence at site 75 on the eastern slope of Nevado de Toluca ;7 km from the vent (location
in Fig. 4; unit abbreviations explained in Fig. 2). See person for scale.

TABLE 1. MAJOR ELEMENTS OF WHOLE-ROCK CHEMICAL ANALYSIS OF THE UPPER TOLUCA PUMICE JUVENILE SAMPLES

Sample 185AP
w-pumice

58Liti
j-lithic

58pmz
w-pumice

70-FBL
j-lithic

70-FBp
g-pumice

75utp
w-pumice

96
dome

185AJ
j-lithic

185BJ
j-lithic

185BP
w-pumice

185CP
w-pumice

185DP
w-pumice

SiO2 63.27 65.70 63.24 65.46 64.26 64.08 64.28 64.41 64.67 63.41 63.59 64.19
Al2O3 16.37 16.07 17.11 16.49 16.21 16.34 16.08 15.92 15.88 16.15 15.99 16.43
Fe2O3 4.00 4.11 4.33 4.26 3.95 4.34 4.16 4.08 3.79 4.00 3.90 3.99
MnO 0.06 0.07 0.07 0.07 0.08 0.08 0.08 0.06 0.06 0.06 0.06 0.06
MgO 1.70 1.73 1.74 1.67 1.63 1.70 1.73 1.83 1.64 1.71 1.67 1.68
CaO 4.13 4.15 4.30 4.10 4.12 4.22 4.21 4.19 4.05 4.21 4.18 4.19
Na2O 4.31 4.32 4.24 4.61 4.43 4.38 4.46 4.43 4.49 4.35 4.43 4.39
K2O 1.89 2.75 2.73 2.11 1.98 1.86 1.86 2.05 1.96 1.88 1.87 1.95
TiO2 0.63 0.63 0.66 0.63 0.61 0.62 0.60 0.63 0.59 0.62 0.61 0.60
P2O5 0.18 0.17 0.18 0.18 0.17 0.16 0.20 0.18 0.21 0.18 0.18 0.17
LOI 2.78 1.73 2.93 1.24 1.62 2.35 0.96 2.00 1.48 2.90 2.73 2.60
Total 99.32 101.43 101.53 100.82 99.06 100.13 98.62 99.78 98.82 99.47 99.21 100.25

Note: Whole-rock analyses determined by Fusion ICP-OES (Inductively Coupled Plasma-Optical Emission System) method performed at the Activation Laboratories,
Ontario, Canada. The samples were collected along the Upper Toluca Pumice sequence. Six samples are white pumice (w-pumice), one is gray pumice (g-pumice), four
are juvenile lithic clasts (j-lithic), and one more is the Ombligo Dome.

the base of the Lower Member of the Upper
Toluca Pumice of Bloomfield and Valastro
(1974) and Bloomfield et al. (1977). We con-
sider PC0 as a separate unit, however, because
it has a sharp contact with the overlying PC1

fall layer. The top layer of PC0 is a thin,
brown, continuous ash (up to 6 cm thick), rich
in crystals (mainly hornblende and plagio-
clase), and sand-size pumice and lithic
fragments.

Fall (PC1)

PC1 correlates with the main part of the
Lower Member of Bloomfield and Valastro
(1974) and Bloomfield et al. (1977). PC1 is
white, clast-supported, and inversely graded,
with a maximum thickness of 180 cm at site
285 (Fig. 4), located 4 km east of the crater.
PC1 consists of white (;60 vol%), gray, and
banded pumice (;1 vol%), accidental altered
and gray juvenile lithic clasts (;17 vol%),
and crystals and glass (;22 vol%) (Fig. 6).

At sites 75, 78, 212, 290, and 131, an ir-
regular, brown layer (;40 cm thick) is within
PC1 (Fig. 7). This layer consists of pebble-
size, rounded pumice, and lithic fragments
embedded in a pinkish-brown, silty matrix. It
has cross-bedding and laminated structures, as
well as centimeter-size lenses, and it is inter-
preted as a surge deposit. The thickness of this
surge deposit decreases with distance and dis-
appears ;10 km from the volcano.

Pyroclastic Flow/Surge (F1/S1)

F1/S1 is a sequence composed of a series
of pyroclastic flows and pyroclastic surges
(Figs. 2, 3, and 8).

F1
F1 is preferentially distributed on the east-

ern and northeastern slopes of the volcano,
reaching as far as 13 km from the crater. F1
consists of four pink, massive, pyroclastic
flow deposits, separated by pyroclastic surge
layers (S1); the entire sequence has a maxi-
mum thickness of 8 m (site 205). Bloomfield
and Valastro (1977) described the F1 deposits
as ‘‘pumiceous lahars’’ between their Lower
and Upper Members of the Upper Toluca
Pumice; we interpret the F1 deposits as typical
pumice-rich pyroclastic flows. Each flow unit
consists of pebble-size, rounded pumice and
subangular, lithic clasts as well as a few boulder-
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Figure 4. Topographic map of Nevado de Toluca showing the location of selected stratigraphic sites mentioned in the text. Contour
interval is 100 m. The dotted pattern represents the distribution of the pyroclastic flow deposits (F0, F1, F2, and F3). The black dots
in the inset map represent samples of El Ombligo Dome and post–Upper Toluca Pumice moraines taken for 36Cl dating.
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Figure 5. Detailed photograph of F0 in contact with PC0, at site 70 where F0 is ;50 cm
thick (unit abbreviations explained in Fig. 2). Notice the bomb sag structures on top of
F0.

size clasts embedded in a sandy matrix. In
several sections, F1 has well-preserved struc-
tures, such as reverse grading of lithic frag-
ments, normal grading of pumice, and pumice-
rich segregation lenses at the base of flow
units (site 75).

S1
S1 is widely distributed on the east and

northeast slopes of the volcano as far as 22
km from the crater. It has an average thickness
of 22 cm, although it is as thick as 1 m at
some locations where it developed dunes, an-
tidunes, and cross-bedding. At sites 80, 185,
and 177, where F1 pinches out, or was not
deposited, S1 is a useful marker to distinguish
between PC1 and PC2 fall layers. Internally,
S1 is a pinkish-brown, pyroclastic surge, subdi-
vided into three layers, from base to top: (1) a
5-cm-thick layer rich in sand-size pumice, lithic
fragments, and crystals set in a silty matrix; (2)
a 12-cm-thick layer composed of pebble-size
pumice fragments embedded in a silty matrix;
and (3) a 5-cm-thick layer composed of sand-
size pumice, lithic fragments, and crystals set
in a sandy matrix. S1 corresponds to the layer
described by Bloomfield and Valastro (1974)
as a layer of coarse ash, loosely cemented with
pinkish-brown clay.

Fall (PC2)

PC2 is the thickest fall layer of the Upper
Toluca Pumice sequence and correlates with
the Upper Member of Bloomfield and Valastro
(1974) and Bloomfield et al. (1977). PC2
crops out widely on the northeast slopes of the
volcano, in the Lerma Basin, and as far as the
Tlapacoya Archaeological Site in the Chalco
Basin ca. 90 km northeast from the volcano
(Metcalfe et al., 1984; Garcı́a-Bárcena, 1986;
Lozano-Garcı́a et al., 1993; Newton and Met-
calfe, 1999; Gonzalez et al., 2001; Caballero-
Miranda et al., 2001), where the unit’s thick-
ness is 15 cm. Studies in the basin of Mexico
described a 30-cm-thick horizon, originally
called ‘‘pómez tripartita’’ (Mooser, 1967),
which correlates to the Upper Toluca Pumice
(Bloomfield and Valastro, 1977; Lambert,
1986). Other paleoenvironmental studies in
the Chalco Basin have also reported this ho-
rizon (Lozano-Garcı́a and Ortega-Guerrero,
1994; Lozano-Garcı́a et al., 1993).

PC2 has a maximum thickness of 8 m (site
285) at 3 km east from the vent. PC2 consists
from bottom to top of a lower reversely grad-
ed layer, a thin ash, and a massive upper part.
The thin ash layer is a pinkish-brown, surge
deposit exposed on the north and east flanks
of the volcano, as far as 7 km from the crater.

It has a maximum thickness of 15 cm and is
composed of pebble- to sand-size pumice,
lithic fragments, and crystals embedded in a
silty matrix (Figs. 2 and 8). It develops dune
and antidune structures, as well as pumice
lenses (site 285). PC2 can be discriminated
from PC1 by its characteristic white color and
because its uppermost part (;10% of the total
thickness) is enriched in red, hydrothermally
altered, lithic clasts (40%–50% volume).

We collected three samples of the PC2 layer
to perform component analysis; the first two
were collected from the lower part of the de-
posit below the surge (Fig. 6). At the base, it
has abundant white pumice clasts (61 vol%)
compared to the accidental and juvenile lithic
fragments (13 vol%), crystals (26 vol%), and
banded pumice (,1 vol%). In the middle,
PC2 becomes enriched in white pumice frag-
ments (75%) compared to the base, whereas
lithic clasts (2 vol%) and crystals (21%) de-
crease. The upper part of PC2 contains less
pumice (56 vol%) and more lithic fragments
(18 vol%), and crystals (25 vol%).

Pyroclastic Flow/Surge (F2/S2)

F2/S2 consists of a pyroclastic flow (F2)
and pyroclastic surge (S2) sequence (Fig. 8).

F2
F2 is distributed on the eastern and northern

slopes of the volcano as far as 14 km from
the crater. F2 reaches a maximum thickness of
2 m at site 75 (Fig. 3) and is a pink-brown,
massive, pyroclastic flow deposit, rich in pum-
ice fragments. It consists of pebble-size pum-
ice and accidental and juvenile lithic clasts,
embedded in a sandy matrix. F2 is easily dis-
tinguishable from the other pyroclastic flow
deposits because it consists of a single unit
and is the thinnest.

S2
S2 has a maximum thickness of 20 cm and

crops out as far as 7 km from the volcano. It
is a pale-pink to gray surge deposit, composed
of sand-size rounded pumice, juvenile, and ac-
cidental lithic clasts. S2 exhibits laminae and,
in some places, cross-bedding.

Fall PC3

PC3 is the uppermost fall layer of the Upper
Toluca Pumice sequence; it is ochre colored
and extends as far as 20 km from the vent.
The full thickness of PC3 is observed at very
few sites because of erosion. Site 263 shows
the most complete record for PC3, where it
reaches 50 cm. There, it has reverse and then
normal grading and consists of at least three
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Figure 6. Frequency and composition histograms of the Upper Toluca Pumice deposit sampled at section 212, located 4 km from the
volcano (location in Fig. 4). Clear vertical variations of the median diameter (Mdf) and sorting (sf) are observed among pyroclastic
fall deposits. Notice the increment of either juvenile or accidental lithic fragments atop PC1 and at the base of PC2 (unit abbreviations
explained in Fig. 2). Pyroclastic flow and surge deposits have distributions typical of these types of deposits.

subhorizons separated by thin ash layers. A
sample taken from site 212 contains fewer
pumice fragments (51 vol%) compared to
PC2, and an increase in red hydrothermally
altered and juvenile clasts (28 vol%), whereas

the content of crystals and glass remains sim-
ilar (21 vol%). PC3 has a distinctive base (10
vol% of the total thickness), because it is en-
riched in red, altered, lithic clasts (;50% vol-
ume) similar to the top of PC2 (Fig. 6)

Pyroclastic Flow (F3)

F3 is an irregularly dispersed, pink, mas-
sive, pyroclastic flow deposit, exposed as far
as 13 km from the volcano. F3 has a maxi-
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Figure 7. Aspect of the fall layers intercalated with surge horizons observed at site 76
located 7 km northeast of the crater (see Fig. 4 for location). At this site is a surge horizon
that is up to 40 cm thick and interrupts PC1 (unit abbreviations explained in Fig. 2). For
scale, the shovel is 60 cm long.

mum thickness of 7 m at site 261. It is com-
posed of at least two flow units, capped by
thin, ash layers, very similar to F1. The main
constituents of F3 are pebble-size to boulder-
size, rounded pumice and gray and red lithic
clasts, set in a sandy matrix.

El Ombligo Dome

El Ombligo Dome is exposed inside the
summit crater of Nevado de Toluca volcano.
The dome splits the interior of the crater into
two small basins filled by El Sol (Sun) and La
Luna (Moon) lakes and rises 120 m above the
crater floor. This endogenous dome is a crystal-
rich, porphyritic dacite (64.25 wt% SiO2) with
phenocrysts of plagioclase, enstatite, and
hornblende set in a microlitic groundmass.

GRANULOMETRY

Over 60 dry granulometric analyses were
performed from samples of the Upper Toluca
Pumice sequence. The sampling was carried
out along the dispersal axis of the deposits in
three main outcrops in which the most com-
plete sequence of the sequence is exposed:
sites 212, 224, and 237 located 4, 12, and 17
km, respectively, from the vent (Fig. 4). The
samples were sieved in 1f intervals, from
24f (16 mm) to 4f (0.0625 mm).

In the diagram of median diameter Mdf vs.
sorting (sf) of Walker (1971), the Upper To-
luca Pumice deposits (fall, flow, and surge)
plot well within the fields described for each
type of deposit (Fig. 9A). Sorting increases
and the median diameter decreases with dis-
tance from the vent (Fig. 9B). As a whole the
fall samples have an unimodal distribution,
with enrichment in the fine fractions. The me-
dian diameter (Mdf) for the fall deposits rang-
es between24f and 3f, and they have well
to moderate sorting values (sf) from 0.5f to
2.5f; the pyroclastic flow deposits show a
Mdf 5 21f to 1f and a sf from 1.5f to
3.2f, and the surge deposits have values for
Mdf from 23f to 3f and a sf from 1f to
3f.

DISPERSION OF FALL LAYERS

The Upper Toluca Pumice deposit repre-
sents one of the largest Plinian volcanic events
that occurred in central Mexico during the past
40,000 yr, comparable only to the ca. 14,000
14C yr B.P. Plinian eruption of Popocatépetl
volcano (Siebe et al., 1996; Siebe et al., 1997).
The Upper Toluca Pumice is widely exposed
to the northeast of the volcano in the Lerma
Basin, Sierra de las Cruces, and as far as the
Tlapacoya archaeological site, located 90 km
northeast from the vent near Chalco Lake in

the basin of Mexico (Fig. 10). With reference
to the composite stratigraphic column (Fig. 2),
the 30 cm of the Upper Toluca Pumice layer
reported at the Tlapacoya excavation site
(Mirambell, 1967, 1978; Liddicoat et al.,
1979, 1981; Lambert, 1986) or a maximum of
37 cm (Gonzalez et al., 2001) represents the
combined thicknesses of PC1 and PC2 fall
layers.

Isopach and Isopleth Maps

Some 290 stratigraphic sections were de-
scribed in detail, from which we obtained fall
thicknesses and maximum clast dimensions in
order to determine the Upper Toluca Pumice
distribution and to construct isopach and iso-
pleth maps for each fall horizon (Figs. 11 and
12).

PC0 has a 708NE dispersal axis with some
preserved outcrops as far as 14 km from the
vent. It covers an area of 157 km2 within the
5 cm isopach. PC1 has the most pronounced
dispersal axis, which is oriented 808NE, and
covers an area of 2000 km2 within the 10 cm
isopach that reaches 90 km from the vent (Fig.
10). The dispersal axis for PC2 is directed
558NE; the deposit covers an area of 2000 km2

within the 10 cm isopach, which extends 90
km from the vent. Finally, PC3 exhibits a
weak 358NE dispersal axis; PC3 has outcrops
at sites located 20 km from the vent and blan-
kets an area of 438 km2 inside the 10 cm
isopach.

Isopleth maps were constructed from the
average of the long axes of the five largest
dense lithic clasts measured in the field (Fig.
12). PC0 and PC1 display semicircular distri-
butions around the volcano, although they are
slightly elongated to the north. The isopleths
of PC2 and PC3 layers are semicircular
around the vent, slightly elongated to the east-
northeast.

Pyroclastic Flow Distribution

The pyroclastic flow and surge deposits
(F0, F1, F2, F3, S1, and S2) represent impor-
tant products of the Upper Toluca Pumice se-
quence, covering vast areas mainly on the
northern, northeastern, and eastern flanks of
Nevado de Toluca volcano (Fig. 4). The de-
position of these flows was topographically
controlled; they show preferential distribu-
tions along axes of main ravines. As a whole
the pyroclastic flows and surges filled the
main ravines with deposits averaging 10 m in
thickness, at distances of 14 km from the cra-
ter, covering an area of ;75 km2.
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Figure 8. Correlation of stratigraphic columns, showing the lateral variations of deposits along the
main dispersal axis. See Figure 4 for column locations and Figure 2 for unit abbreviations.

VOLUME OF THE DEPOSIT

Bloomfield et al. (1977) were the first to
calculate the volume of the Upper Toluca
Pumice sequence. They considered that the se-
quence covered an area of 2000 km2 (includ-
ing redeposited pumice) and estimated a bulk
volume of 2.3 km3 within the 40 cm isopach
and a total dense-rock equivalent (DRE) vol-
ume of 1.54 km3. We calculated the volume
of the fall layers (PC0, PC1, PC2, and PC3),
by using the methods proposed by Pyle (1989,
1995) and Fierstein and Nathenson (1992) and
the corrections of Carey et al. (1995). These
methods indicate that layer PC0, the smallest
deposit of the Upper Toluca Pumice sequence,
has a total volume of 0.33 km3. PC1 has a

calculated volume of 4.3 km3 and a theoretical
maximum thickness of 204 cm. PC2, the
thickest layer of the sequence, has a total vol-
ume of 13 km3. The uppermost layer, PC3,
consists of 0.79 km3 of tephra. Considering an
average tephra density of 1000 kg/m3 and a
magma density of 2500 kg/m3, we calculated
a DRE volume of ;7.3 km3 and a total mass
of 1.8 3 1013 kg for the Upper Toluca Pumice
erupted through Plinian activity. The total vol-
ume of the irregularly dispersed pyroclastic
flow and surge deposits for which we do not
have detailed isopach maps was calculated at
;0.75 km3 by considering a covered area of
75 km2 and a mean thickness of 10 m within
gullies. Therefore, the Upper Toluca Pumice
sequence consists of ;8 km3 DRE of tephra,

a significantly larger amount than the 1.54
km3 DRE volume calculated by Bloomfield et
al. (1977).

COLUMN HEIGHTS AND ERUPTION
RATES

Bloomfield et al. (1977) calculated the
height of the Upper Toluca Pumice Plinian
column (considering both the Lower and Up-
per Members together) at 42 km above the
volcano. However, they did not describe the
method used. In this work, we calculated the
column height, and the mass eruption rate
(MER) for each fall layer. We used the models
of Carey and Sparks (1986) and Sparks
(1986); we based our calculations on individ-
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Figure 9. (A) Median diameter vs. sorting diagram of Walker (1971) that shows the dif-
ferent fields of pyroclastic fall, flow, and surge deposits and selected Upper Toluca Pumice
samples. (B) Diagram of distance from the vent vs. sorting for the fall deposits. The Upper
Toluca Pumice fall layers show a typical increase in sorting (lower sf values) with distance
from the vent. See Figure 2 for unit abbreviations.

ual maps and considered the downwind and
crosswind range and the relationship between
column height and MER. Not all the isopleth
maps were well contoured for the fall
horizons.

The eruptive column that deposited PC0
reached 25 km height. The fact that the PC0
unit is normally graded and is capped by fine
ash suggests that the column decreased in
height with time and possibly ceased erupting.
A 39-km-high Plinian column deposited layer
PC1, and reverse grading of clasts indicates
that the energy of the column increased with
time. The presence of a surge horizon inter-
bedded with PC1 likely represents a brief pe-
riod of instability. This column ended with an
abrupt collapse that generated pyroclastic flow
and surge deposits (F1/S1), as supported by
the widespread distribution and impressive
thickness of the deposits. In contrast, a tran-
sitory overpressure event at the conduit would
have produced thin deposits interbedded with-
in fall layers. For PC2 we measured the lithic
size in three levels, the base (first 15 cm); the
middle (which is coarsest); and the top (last
10–15 cm). The eruptive column apparently
changed little as column heights are calculated
as being 39, 42, and 38 km for the base, mid-
dle, and top, respectively. The eruptive col-
umn then collapsed to form pyroclastic flows
and surges (F2/S2). Finally, PC3 was em-

placed by a 28-km-high eruptive column that
was rather unstable, as suggested by the asym-
metric grading of the deposit and at least three
subhorizons separated by ash layers. This col-
umn also collapsed to produce a thick pyro-
clastic flow deposit (F3). The column heights
for PC0, PC1, PC2, and PC3 correspond to
mass fluxes of 5 3 107 kg/s to 5 3108 kg/s;
the peak rate occurred in the middle of PC2.
Compared with other prehistoric and modern
eruptions that have occurred in Mexico, the
Upper Toluca Pumice eruption of Nevado de
Toluca is one of the largest reported so far
(Fig. 13).

By assuming a magma density of 2500 kg/
m3 and a continuous mass discharge for each
eruptive column, we can estimate the duration
of the Plinian events. Then, by considering a
mass of 3.25 3 1011 kg and a MER of 5 3
107 kg/s, the eruption that produced PC0 can
be calculated to have lasted 1.8 h, and the
eruption responsible for PC1 lasted 4 h (mass
of 4.25 3 1012 kg and a MER of 3 3 108 kg/
s). The event that caused PC2 had the longest
duration, 7 h (mass 1.3 3 1013 kg and a MER
of 5 3 108 kg/s), and the eruption of PC3
lasted 2.5 h (mass of 7.5 3 1011 kg and a
MER of 8 3 107 kg/s). By integrating the du-
ration of these four Plinian columns we ob-
tained a total time interval of 15 h for the
eruptions that formed Upper Toluca Pumice.

However, this period represents a minimum
time because we do not know the duration of
inter-Plinian processes because they are not
recorded in the stratigraphy. For instance, the
inter-Plinian event during the 1982 eruption of
El Chichón volcano, Mexico, lasted six days
(Sigurdsson et al., 1984; Carey and Sigurds-
son, 1986), while at Mount Pinatubo, Philli-
pines, in 1991, lasted five days, however, the
climactic Plinian event at Mount Pinatubo,
lasted 9 hours, erupting 5 km3 of magma
(Wolfe and Hoblitt, 1994; Paladio-Melosantos
et al., 1994).

AGE OF THE ERUPTION AND ITS
SIGNIFICANCE AS A

STRATIGRAPHIC MARKER

14C Dating

During the past three decades, the Upper
Toluca Pumice has been used by many work-
ers as a stratigraphic marker in volcanological
studies (Cantagrel et al., 1981; Macı́as et al.,
1997) and in paleoenvironmental studies of
the basin of Mexico (Mooser 1967, 1969;
Lozano-Garcı́a et al., 1993; Lozano-Garcı́a
and Ortega-Guerrero, 1994; Caballero-Miranda
and Ortega-Guerrero, 1998; Ortega-Guerrero
and Newton, 1998) and the Upper Lerma Ba-
sin (Metcalfe et al., 1991; Newton and Met-
calfe, 1999; Caballero-Miranda et al., 2001).

Bloomfield and Valastro (1974, 1977) at-
tempted to define the age of the Upper Toluca
Pumice by 14C dating of dispersed charcoal frag-
ments and bulk samples of underlying organic-
rich soils (Table 2). Four charcoal samples
from a thin layer below the Upper Toluca
Pumice gave a mean of 11,580 6 100 14C yr
B.P. (Bloomfield and Valastro, 1974), and a
sample of humic clay below the Upper Toluca
Pumice in the Sierra de las Cruces yielded
11,630 6 100 14C yr B.P. (Bloomfield and Va-
lastro, 1977). Bloomfield (1973) also reported
three dates for paleosols buried by the Ten-
ango Basalt (above the Upper Toluca Pumice)
(8390 6 130; 8440 6 440; 8700 6 180 14C
yr B.P.), and one charcoal sample above the
Upper Toluca Pumice (8390 6 100 14C yr
B.P.) from a location in the south of Sierra de
las Cruces (Bloomfield and Valastro, 1974),
all of which represent minimum ages of the
event (Table 2).

On these grounds Bloomfield and Valastro
(1977) proposed an age of 11,600 14C yr B.P.
for the Upper Toluca Pumice eruption. They
considered any younger 14C dates only as min-
imum ages. In our view the age of 11,600 14C
yr B.P. represents a maximum age for the
event.

The paleosol beneath the Upper Toluca
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Figure 10. Regional isopachs for combined thickness of PC1 and PC2 fall deposits of the Upper Toluca Pumice (unit abbreviations
explained in Fig. 2). The map shows the distribution of these layers and the location of the cities of Toluca and Mexico.

Pumice was strongly eroded during the erup-
tive emplacement of pyroclastic flows and
surges, which left irregular patches of soil de-
pending on its location with respect to valleys
and ridges. In this study we also report two
dates obtained from the uppermost part of the
paleosol (11,595 6 180 14C yr B.P. and 11,830
6 342 14C yr B.P.) (Figs. 14 and 15).

If we use the maximum and minimum dates
of Bloomfield and Valastro (1974, 1977) and
Bloomfield (1973), the Upper Toluca Pumice
is then bracketed between 11,950 6 100 and
8700 6 180 14C yr B.P. For some environ-
mental reason the Upper Toluca Pumice se-
quence is poor in charcoal fragments in con-
trast with the white pumice flow deposit (Figs.
14 and 15) (Macı́as et al., 1997), a complex
sequence of sub-Plinian fall, surge, and flow
deposits erupted from Nevado de Toluca at ca.
12,100 14C yr B.P. (Fig. 16) that contains
abundant charcoal fragments, including entire
tree logs (Garcı́a-Palomo et al., 2002; Cervan-
tes, 2001). At site 161 the white pumice flow

is covered by a dark-gray paleosol dated at
11,595 6 180 14C yr B.P. age, and both layers
are cut by the erosion of pyroclastic flows of
the Upper Toluca Pumice (Fig. 15). These Up-
per Toluca Pumice flow deposits have dissem-
inated charcoal fragments that yielded AMS
(accelerator mass spectrometry) dates of
12,120 6 85, and 12,195 6 103 14C yr B.P.,
which clearly correlate with the age of the
white pumice flow deposit. This correlation
further indicates the erosive power of the Up-
per Toluca Pumice pyroclastic flows that pick-
ed up and incorporated old charcoal fragments
from the white pumice flow deposit. There-
fore, at this site the age of the Upper Toluca
Pumice must be younger than 11,595 6 180
14C yr B.P. The white pumice flow correlates
with the Lower Almoloya Tephra described by
Newton and Metcalfe (1999) in the Chicona-
huapan Lake plain (Fig. 16).

At site 70, one of the most complete ex-
posures of the Upper Toluca Pumice sequence,
we found small cylinder-shaped charcoal frag-

ments within the basal pyroclastic flow F0
(Fig. 5). We dated two of these samples at
different laboratories, yielding contrasting
AMS dates of 10,445 6 95 14C yr B.P. (A-
9173) and 12,090 6 40 14C yr B.P. (WW-
1876). By correlating these dates with those
at site 161 it seems clear that the older date
matches the age of the white pumice flow,
whereas the younger date might correspond to
the approximate age of the Upper Toluca
Pumice event. Another radiocarbon date ob-
tained from organic-rich material sampled be-
neath the Upper Toluca Pumice at La Isla II
(location shown in Fig. 4) drilled in the Upper
Lerma Basin yielded a maximum age of
10,820 6 365 14C yr B.P. (Caballero-Miranda
et al., 2001). This date correlates with the
younger date found at site 70 (10,445 6 95
14C yr B.P.) (Fig. 2).

Siebe et al. (1999) described a series of la-
har deposits associated with the Tutti Frutti
Pumice (Siebe et al., 1997) or Pumice with
Andesite (Mooser, 1967) that contain seven
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Figure 11. Proximal isopach maps of Upper Toluca Pumice fall layers, in which a general north to northeast dispersal axis is observed.
Dots represent selected data. Thickness of isopachs is in centimeters. See Figure 2 for unit abbreviations.

specimens of Mammuthus columbi near the
eastern shores of Texcoco Lake (Tocuila) (Fig.
10), in the basin of Mexico. Studies by Gon-
zalez et al. (2001) suggest, however, that these
lahar events are associated with the Upper To-
luca Pumice deposit, as they have an age no
older than 10,600 6 75 14C yr B.P., and not
with the Tutti Frutti Pumice. Outside the
Mammoth trench at Tocuila, the in situ Upper
Toluca Pumice has a maximum thickness of
44 cm (Gonzalez et al., 2001). Other workers
have reported dates from organic-rich materi-
als below the Upper Toluca Pumice at Chalco
Lake with maximum ages of 12,520 6 135
14C yr B.P. and 12,800 6 90 14C yr B.P. (Lozano-

Garcı́a et al., 1993) that clearly represent older
dates for the event (Fig. 16).

In summary, the youngest charcoal (10,445
6 95 14C yr B.P.) found within the Upper To-
luca Pumice sequence, the ages bracketing the
Upper Toluca Pumice in several pits in the
Lerma Basin (10,820 6 365 and 9950 6 180
14C yr B.P.), and the age of the lahars at To-
cuila strongly suggest that the Upper Toluca
Pumice erupted at ca. 10,500 14C yr B.P.

The Age of El Ombligo Dome as Defined
by 36Cl Exposure Dating

There is no record of post–Upper Toluca
Pumice pyroclastic activity on Nevado de To-

luca, with the possible exception of a minor
event dated at ca. 3300 14C yr B.P. (Macı́as et
al., 1997). The formation of El Ombligo Dome
likely represents the closing episode of the Up-
per Toluca Pumice event. Therefore, dating the
dome potentially helps to define the age of that
event. An age determination was attempted by
means of surface-exposure dating based on the
in situ accumulation of the cosmogenic nuclide
36Cl (Phillips, 1995). Exposure ages were de-
termined by following procedures described in
Zreda et al. (1999) and using CHLOE software
(Phillips and Plummer, 1996) and 36Cl produc-
tion rates calculated by Phillips et al. (1996).
36Cl was determined by AMS (accelerator mass
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Figure 12. Proximal isopleth maps of Upper Toluca Pumice fall layers; notice that only PC2 layer shows a northeast-trending axis of dispersion.
Dots represent selected data. The maximum diameter of lithic clast is shown by contours in centimeters. See Figure 2 for unit abbreviations.

spectrometry) at PRIME Lab, Purdue Univer-
sity; major elements by X-ray fluorescence
spectrometry; U and Th by neutron activation
analysis; B and Gd by neutron activation
prompt gamma analysis; and Cl by isotope-di-
lution mass spectrometry.

Sample TOL97–01 was collected at 4260 m
from glacially polished bedrock on the eastern
slope of El Ombligo, approximately midway
between the base and top of the dome (Table
3 and Fig. 4). Glacial polish and striations
clearly indicate the presence of a glacier some
time after the formation of the dome. The ex-
cellent preservation of the polish also indicates
that negligible postglacial erosion can be as-
sumed in the calculations of exposure age. The

calculated zero-erosion exposure age is 9100 6
500 36Cl yr B.P., which represents a minimum
age for the dome in calendar years (36Cl years
are equivalent to calendar years). Two boulders
from moraines overlying the Upper Toluca
Pumice were dated at 7400 6 300 36Cl yr B.P.
(TOL97–02) and 7700 6 300 36Cl yr B.P.
(TOL97–03); both dates assume no erosion of
the boulder surface (Table 3, Fig. 4).

The Age of the Upper Toluca Pumice
Eruption in the Context of the Glacial
Chronology of Central Mexico

The Upper Toluca Pumice eruption took
place at 10,445 6 95 14C yr B.P., i.e., some

time between 12,800 and 12,100 cal. yr B.P.
This age corresponds to the period of marked
glacier retreat dated at 13,000–12,000 36Cl yr
B.P. on Iztaccı́huatl volcano, located 100 km
to the east (Vázquez-Selem, 2000). The post-
Upper Toluca Pumice main moraines mapped by
Heine (1994) on the valley draining the crater of
Nevado de Toluca are coeval to Milpulco-1 mo-
raines of Iztaccı́huatl (ca. 12,000–10,000 36Cl
yr B.P.). The exposure age of glacial polish
from El Ombligo Dome (9100 36Cl yr B.P.) is
consistent with the end of the Milpulco-1 ad-
vance. The exposure ages of moraine boul-
ders near the crater of Nevado de Toluca
(samples IZ97–02 and IZ97–03) indicate that
a glacier formed again inside the crater dur-
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Figure 13. DRE (dense-rock equivalent) volume vs. column height of some historic and
late Pleistocene volcanic eruptions in Mexico. Compared with other prehistoric and mod-
ern eruptions occurring in Mexico—such as the A.D. 1982 event of El Chichón volcano,
Chiapas (Carey and Sigurdsson, 1986); the 1913 event of Volcán de Colima, Colima (Sau-
cedo, 1997); the ca. 1000 yr B.P. Jala Pumice of Ceboruco volcano (Gardner and Tait,
2000); the 6500 yr B.P. La Virgen eruption of the Tres Virgenes volcanic complex (Capra
et al., 1998); the 14,770 6 480 yr B.P. Tepic Pumice of Volcán San Juan, Nayarit (Luhr,
2000), and the ca. 23,000 yr B.P. Quetzalapa Pumice eruption (Rodrı́guez-Elizarrarás et
al., 2002)—the 10,500 yr B.P. Upper Toluca Pumice (UTP) eruption of Nevado de Toluca
volcano appears to be one of the largest eruptions reported so far.

ing the early Holocene (Milpulco-2 advance
of Iztaccı́huatl).

The Upper Toluca Pumice as a Younger
Dryas Stratigraphic Marker

The Upper Toluca Pumice age likely falls
within the first half of the Younger Dryas
chronozone (11,000–10,000 14C yr B.P.), a pe-
riod of climatic deterioration during the late
glacial interval recorded around the North At-
lantic and probably of global extent. The
Greenland ice cores indicate that the Younger
Dryas extended from 12,820 6 100 to 11,640
6 250 cal. yr B.P. (GISP2 core) or from
12,700 6 100 to 11,550 6 90 cal. yr B.P.
(GRIP core) (Anderson, 1997).

The Younger Dryas chronozone is also
characterized by large volcanic eruptions.
Some of the best-recorded events are the 1
km3 eruption of Katla (Iceland) that deposited
the North Atlantic ash zone (NAZ1) at 10,600
14C yr B.P. (Ruddiman and McIntyre, 1973;
Mangerud et al., 1984); the 5 km3 eruption of
Laacher See volcano in northern Germany that
occurred at ca. 11,000 14C yr B.P. (Bogaard
and Schmincke, 1985); and two major erup-
tions from Glacier Peak volcano, northern
Cascades Range, United States, dated at
12,750 and 11,000 14C yr B.P., the last of
which produced between 5 and 9 km3 of teph-
ra (Porter, 1978; Beget, 1984; Mehringer et

al., 1984; Gardner et al., 1998). Therefore, the
Upper Toluca Pumice can be considered as a
Younger Dryas time tephra. This correlation
adds to its value as a stratigraphic marker in
central Mexico.

DISCUSSION

The Upper Toluca Pumice deposit is an in-
structive example of Plinian-type deposits, be-
cause it has all varieties of pyroclastic mate-
rials that represent the dynamic eruption
processes and thus documents the processes
that took place in the magma chamber, in the
crater, and in the plume.

Nevado de Toluca Volcano Prior to the
Upper Toluca Pumice Eruption

At ca. 12,100 14C yr B.P., a Plinian–sub-
Plinian eruption occurred at Nevado de To-
luca volcano (Garcı́a-Palomo et al., 2002;
Cervantes, 2001) that produced a series of
tephra fall deposits that were dispersed on the
east-southeast flanks of the volcano. The
eruption ended with the collapse of the col-
umn that produced two massive pumice-rich
pyroclastic flows that traveled along the Ar-
royo Grande ravine as far as 14 km from the
summit (white pumice flow unit of Macı́as et
al., 1997). The pyroclastic flows burned the
vegetation along their path, incorporating tree

trunks and small branches. The presence of
trees suggests that the volcano was covered
with arboreal vegetation at altitudes of at least
3200 m above sea level or higher, despite the
fact that the eruption took place during the
Hueyatlaco-2 glacier advance event recorded
at Iztaccı́huatl volcano (Vázquez-Selem,
2000).

By the time of the Upper Toluca Pumice
eruption, climatic conditions apparently were
inadequate (cold and dry) for arboreal vege-
tation to develop at elevations above ;3000
m, which explains the absence of charcoal
fragments and wood trunks in the Upper To-
luca Pumice deposits. Because we have not
found deposits related to a dome-destruction
event in the stratigraphy of the Upper Toluca
Pumice deposits, we then assume that the
eruption occurred under open-vent conditions
similar to the present morphology of the
crater.

Development of the Upper Toluca Pumice
Eruption

On the basis of the composite stratigraphic
section and the relationships between individ-
ual Upper Toluca Pumice deposits, we have
recognized four phases of the eruption.

The eruption began when a gas-rich dacitic
magma opened its way through the rock that
obstructed the volcanic conduit. This process
triggered a magmatic explosion that opened
the volcanic conduit and produced a hot py-
roclastic flow (F0). The pyroclastic flow prob-
ably melted parts of the glacier that filled the
crater, incorporating water vapor into the hot
clouds. The pyroclastic flow was dispersed to
the eastern and northeastern slopes of the vol-
cano where it charred wood fragments, sug-
gesting that it had temperatures above 300 8C.
However, it had a plastic surface, as evidenced
by the development of impact sags of pebble-
size pumice clasts from the following event.
This explosion decompressed the magmatic
system, allowing the establishment of a 25-
km-high Plinian column that dispersed a thin
fall layer (PC0) northward from the volcano.
This column waned completely, ending with
the emplacement of fine ash that constitutes
the top of the PC0 fall layer.

After some time, the magmatic system de-
veloped a second eruptive column that
reached an altitude of 39 km and was dis-
persed to the east by strong winds. This col-
umn emplaced a widespread fall layer (PC1)
that reached as far as 90 km from the volcano
at sites such as Tlapacoya and Tocuila, in the
basin of Mexico. The plume increased its in-
tensity (from 3 3 107 to 1 3 108 kg/s) through
time, although it was interrupted by a phrea-
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Figure 14. Representative stratigraphic column of the white pumice flow deposit (WPF),
at site 161, located near town of Tlanisco (location in Fig. 4). In this column we show the
relationship between Upper Toluca Pumice and white pumice flow deposits, as well as the
pink block-and-ash-flow deposit (BAF).

tomagmatic explosion that produced pyroclas-
tic surges that were dispersed on the northern
and eastern slopes of the volcano. Deposition
of the PC1 fall layer ended with coarse pum-
ice fragments, which is abnormal during sed-
imentation of volcanic plumes where sorting
of clasts controlled by gravity occurs. Under
these conditions we might expect finer frag-
ments on top of PC1. Therefore, the evidence
suggests that the deposition from an eruptive
plume was suddenly interrupted by a column
collapse, a fact that is also evidenced by the
particle size difference—fragments found atop
PC1 are larger than those at the bottom of
PC2. This collapse produced hot pyroclastic

flows and surges (F1/S1), which were em-
placed onto the north, east, and southern
slopes of the volcano.

The third and most voluminous phase of the
Upper Toluca Pumice eruption began with the
formation of a 42-km-high Plinian column
dispersed by predominant winds to the north-
east of the vent. A marked increase and then
decrease in the intensity of the column were
recorded in the stratigraphy through asym-
metric grading (reverse-normal) of the PC2
fall layer. When the Plinian column reached
its peak intensity, recorded by the largest clast
fragments toward the middle of the deposit,
the column was partly interrupted by a phrea-

tomagmatic explosion that produced a pyro-
clastic surge emplaced on the northeast slope
of the volcano. However, the feeding of the
eruptive column never ceased, as evidenced
by the presence of a fine-ash layer interbedded
within the PC2 layer in distal areas. The final
stage of this eruptive column was character-
ized by strong erosion of the volcanic conduit
that stripped parts of the walls (the uppermost
10% of the total thickness of PC2 is rich in
red-altered lithic fragments); the juvenile
clasts decreased in grain size as at the base of
PC2. The juvenile clasts atop PC2 have fairly
constant densities and vesicularity indexes,
features that are unique to magmatic activity.
Contrarily, phreatomagmatic or phreato-Plinian
activity at this stage of the eruption would in-
crease the generation of fine ash and the den-
sity of the pumice fragments coupled with a
suppression of their vesicularity (number and
size of bubbles). However, these features do
not vary among pumice fragments of PC0,
PC1, and PC3, which support their common
genesis by pure magmatic activity. This phase
ended with the collapse of the Plinian column
to form a small-volume pyroclastic flow (F2)
and a pyroclastic surge (S2) that were depos-
ited mainly on the eastern slope of the vol-
cano. The collapse was probably caused by
widening of the vent or collapse of some parts
of the conduit walls.

The minor chemical variations of the mag-
ma (3 wt% in silica) and the absence of min-
eral disequilibrium signs suggest that during
this last stage of the eruption, overpressuri-
zation of the volatile-rich dacitic magma was
enough to produce a vertical pyroclastic mix-
ture that rose 28 km to form a Plinian column.
The eruptive column increased its intensity
through time as shown by the reverse grading
of the PC3 fall layer and by the presence of
considerable amounts of reddish, altered lithic
fragments, similar to the topmost part of the
PC2 layer. However, this column was highly
unstable, which we infer because deposit PC3
is interrupted by at least three centimeter-thick
fall horizons. The column finally collapsed,
producing pyroclastic flows that were em-
placed on the northern and eastern slopes of
the volcano. We attribute the abundant pres-
ence of the reddish, altered lithic fragments
inside PC2 and PC3 to temporal fluctuations
of the fragmentation level that caused widen-
ing of the conduit walls. In other words, dur-
ing the establishment of the eruptive column
that emplaced PC2, the eruption rate reached
its peak while the fragmentation level migrat-
ed downward to reach altered parts of the vol-
canic conduit (reddish-colored lithic frag-
ments). The Upper Toluca Pumice eruption
ended some time later with the extrusion of a
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Figure 15. Photograph of the white pumice flow (WPF) and Upper Toluca Pumice se-
quence (unit abbreviations explained in Fig. 2) relationship at site 161. Notice the paleosol
that is dividing the sequences. Scale is the 60-cm-long shovel. BAF—block-and-ash-flow
deposit.

TABLE 3.36Cl AGE DETERMINATIONS AND CHEMICAL COMPOSITIONS

Sample Material 36Cl/Cl
(10–15)

Cl
(ppm)

B
(ppm)

Gd
(ppm)

U
(ppm)

Th
(ppm)

Exposure age
(36Cl k.y.)

e5 0 e5 5

TOL-97–01 Bedrock (P) 222 6 12 196 7.0 3.5 2.0 0.0 9.1 6 0.5 8.4 6 0.4
TOL-97–02 Boulder 298 6 13 137 10.0 3.5 1.0 0.0 7.9 6 0.3 7.4 6 0.3
TOL-97–03 Boulder (P) 2088 6 74 10 0.5 0.5 2.0 3.0 7.6 6 0.3 7.7 6 0.3

Note: Exposure ages are calculated using erosion rates (e) of rock surfaces of 0 and 5 mm/k.y. Reported error
of exposure age corresponds to the analytical uncertainty of36Cl/Cl determination.

dacitic crystal-rich lava dome (El Ombligo) in
the center of the Nevado de Toluca crater.

During the early Holocene the area was
subjected to intense erosion processes that re-
mobilized large amounts of pyroclastic mate-
rial deposited by the Upper Toluca Pumice
eruption. All around the volcano, but espe-
cially on its western and northwestern slopes,
the Upper Toluca Pumice deposit is poorly or
not preserved. The deposit was generally re-
mobilized as lahars with a wide age span.

Hazards Implications

The 10,500 14C yr B.P. eruption of Nevado
de Toluca disrupted the environmental condi-
tions of the Upper Lerma Basin and basin of
Mexico because the eruptive plumes emplaced
150 cm of pebble-size pumice and 50 cm of
medium- to fine-sand pumice in these two ar-

eas, respectively. Deposition of large amounts
of tephra caused partial damming of the lakes,
a drastic change in the environmental conditions,
and input of flood deposits derived from remo-
bilization of material from the surrounding
mountains in the Upper Lerma Basin (Caballero-
Miranda et al., 2001). Siebe et al. (1999) con-
cluded that disarticulated mammoth bones and
other mammal fossils discovered in the town
of Tocuila outside the City of Texcoco in the
basin of Mexico were embedded in lahar de-
posits dated between 12,615 6 75 and 10,220
6 75 14C yr B.P., which they attributed to the
ca. 14,000 14C yr B.P. eruption of Popocatépetl
volcano. Studies by Gonzalez et al. (2001)
suggest that this flood event is rather associ-
ated with the Upper Toluca Pumice eruption
of Nevado de Toluca, as revealed by the pres-
ence of abundant pumice and glass that match
its chemistry. The age of the youngest char-

coal fragments in the deposit (Siebe et al.,
1999) suggest that these flood events are syn-
chronous or postdate the age of the Upper To-
luca Pumice eruption, as proposed by Gon-
zalez et al. (2001).

Nevado de Toluca is currently quiescent. Its
most recent eruptive activity occurred at ca.
3500 14C yr B.P. (Macı́as et al., 1997), and it
may be capable of producing a Plinian erup-
tion in the future. A Plinian eruption of the
magnitude of the Upper Toluca Pumice event
would have catastrophic consequences for the
;30 million inhabitants of the area (repre-
senting more than one fourth of the total pop-
ulation of the country). Large metropolitan ar-
eas such as the cities of Toluca and Mexico
would be affected by raining ash exceeding
.50 cm in deposit thickness, enough material
to produce the collapse of roofs. The remo-
bilization of material and the generation of la-
hars would have a strong impact on the Upper
Lerma Basin and downstream on the Lerma
river basin, one of the most important drain-
ages of the country.

CONCLUSIONS

A detailed review of the available radiocar-
bon dates in the literature for the Upper Toluca
Pumice and new dates indicates that the re-
sponsible Plinian eruption occurred at ca.
10,500 14C yr B.P. The calibrated age of the
eruption (12,800–12,120 cal. yr B.P.) falls
within the Younger Dryas global cooling
event, establishing the Upper Toluca Pumice
deposit as an important stratigraphic marker in
central Mexico.

The Upper Toluca Pumice eruption was
caused by pressurization of the dacitic magma
chamber (63%–66% SiO2) that produced a
complex sequence of pyroclastic events. The
event developed four Plinian columns that
reached altitudes of 25, 39, 42, and 28 km
followed by the generation of pyroclastic
surge and flow deposits. The widespread Pli-
nian fall layers covered a minimum area of
2000 km2. The eruption emitted a total DRE
magma volume of 8 km3 at eruption rates of
5 3 107 to 5 3 108 kg/s and a total mass of
1.8 3 1013 kg.

The far-reaching nature of the Upper Toluca
Pumice and its new estimated volume rank
this eruption as one of the largest ones re-
corded in central Mexico during the late Qua-
ternary. The present nature of the Nevado de
Toluca crater and its eruptive history suggest
that a Plinian eruption might be the most po-
tential scenario in the future. Such an event
would put the 30 million people living in the
cities of Toluca and Mexico at risk.
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Figure 16. Correlation of Upper Toluca Pumice at proximal, medial, and distal locations where 14C ages have been obtained. UTP—
Upper Toluca Pumice; WPF—white pumice flow; BAF—pink block-and-ash-flow deposit.
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de México, Instituto de Geofisica, v. 22B, p. 15–22.

Newton, A.J., and Metcalfe, S.E., 1999, Tephrochronology
of the Toluca Basin, central Mexico: Quaternary Sci-
ence Reviews, v. 18, p. 1039–1059.
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