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Abstract

Paleomagnetic data from lithic clasts collected from Mt. St. Helens, USA, Volcan
Lascar, Chile, Volcan de Colima, Mexico and Vesuvius, Italy have been used to de-
termine the emplacement temperature of pyroclastic deposits at these localities and
to highlight the usefulness of the paleomagnetic method for determining emplacement
temperatures. At Mt. St. Helens, the temperature of the deposits (Ty.,) at three sites
from the June 12, 1980 eruption was found to be >532°C, >509°C, and 510-570°C,
respectively. One site emplaced on July 22, 1980 was emplaced at >577°C. These new
paleomagnetic temperatures are in good agreement with previously published direct
temperature measurements and paleomagnetic estimates. Lithic clasts from pyroclas-
tic deposits from the 1993 eruption of Lascar were fully remagnetized above the re-
spective Curie temperatures, which yielded a minimum 7y, of 397°C. Samples were
also collected from deposits thought to be pyroclastics from the 1913, 2004 and 2005
eruptions of Colima. At Colima, the sampled clasts were emplaced cold. This is consis-
tent with the sampled clasts being from lahar deposits, which are common in the area,
and illustrates the usefulness of the paleomagnetic method for distinguishing different
types of deposit. Ty, of the lower section of the lithic rich pyroclastic flow (LRPF)
from the 472 A.D. deposits of Vesuvius was ~280-340°C. This is in agreement with
other, recently published paleomagnetic measurements. In contrast, the upper section
of the LRPF was emplaced at higher temperatures, Ty, ~520°C. This temperature
difference is inferred to be the result of different sources of lithic clasts between the
upper and lower sections, with the upper section containing a greater proportion of
vent-derived material that was initially hot. Our studies of four historical pyroclastic
deposits demonstrates the usefulness of paleomagnetism for emplacement temperature
estimation.

Keywords: Emplacement temperature, Mt. St. Helens, paleomagnetism, pyroclastic

deposits, Vesuvius, Volcan de Colima, Volcan Lascar.
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1 Introduction

Pyroclastic density currents are one of the most deadly volcanic hazards (Tanguy
et al. 1998; Witham 2005). Estimating emplacement temperatures for past pyroclastic
eruptions helps to quantify risks in regional hazard assessments. The paleomagnetic
approach to estimating emplacement temperatures was first suggested by Aramaki
and Akimoto (1957), and applied occasionally during the succeeding decades (e.g.,
Mullineaux and Crandell 1962; Chadwick 1971; Wright 1978). Modifications intro-
duced by Hoblitt and Kellogg (1979), and Kent et al. (1981) led to the method that is
used today (McClelland and Druitt 1989; Clement et al. 1993; Bardot 2000; Cioni et al.
2004; McClelland et al. 2004; Porreca et al. 2007; Zanella et al. 2007). The paleomag-
netic approach is as follows. During a pyroclastic eruption, explosive fragmentation of
juvenile magma breaks up some of the existing volcanic structure and creates a deposit
containing fragments of juvenile material and accidental lithic clasts. The accidental
lithic clasts will have originally been magnetized prior to the eruption. If a pyroclastic
density current was emplaced above ambient temperature, the clasts will have been
heated during their incorporation into the deposit and will have then cooled in place
after deposition. This heating and cooling will partially or completely reset the mag-
netization of the clasts. The portion of the magnetization that was reset during the
eruption will be aligned with the ambient Earth’s magnetic field. This produces two
components of magnetization: the original, higher temperature component, which will
be randomly oriented for an assemblage of clasts, and a lower temperature component
that will consistently align with the Earth’s magnetic field at the time of emplacement.
Progressive thermal demagnetization can be used to isolate these two magnetization
components. The highest temperature at which the low-temperature component is still

present provides an estimate of the emplacement temperature of the clast.
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2 Paleomagnetic determination of emplacement tem-
perature

The approach outlined above yields the emplacement temperature of each individual
clast. It may not represent the temperature reached by the deposit as a whole and it
does not take into account the thermal history of the clasts. Clasts that were either
cold or hot, prior to eruption, can be incorporated into a single deposit. Clasts that
were cold will be initially heated in the deposit, and clasts that were originally hot will
cool. There is a temperature at which the deposit will start to cool as a whole; this is
identified by the lowest emplacement temperature of the sampled clasts. This tempera-
ture is defined as the equilibrium temperature by Bardot and McClelland (2000). Cioni
et al. (2004) defined the deposit temperature (7y.,) slightly differently. They noted
that thin pyroclastic deposits, or clasts that are near the boundaries of the deposit,
may experience adverse cooling conditions and that the equilibrium temperature of
Bardot and McClelland (2000) may not represent the true temperature of the deposit.
Instead, they proposed a temperature estimate based on the overlap of the emplace-
ment temperature of each clast at one locality. They exclude outliers of this overlapping
range on the basis of adverse cooling or heating prior to deposition (Cioni et al. 2004;
Zanella et al. 2007, 2008). In the case of a thin deposit, the approach of Bardot and
McClelland (2000) should underestimate the true temperature of the deposit. Where
the sampled deposits are a thermally closed system (i.e., the middle of a thick deposit)
both approaches should yield similar results. We use the definition of Ty, from Bardot
and McClelland (2000) (i.e., the lowest emplacement temperature) to demonstrate the
usefulness of paleomagnetism for estimating emplacement temperatures of pyroclastic
deposits.

Despite a large published literature on pyroclastics, relatively little work has concen-
trated on the temperatures of pyroclastic eruptions, with fewer still using paleomag-

netism. Paleomagnetism has been used to determine the emplacement temperature
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of pyroclastic deposits in 39 published papers (Table 1). The original method pro-
posed by Aramaki and Akimoto (1957) simply involved measurement of the natural
remanent magnetization (NRM) of samples without demagnetization. If the NRM di-
rection was consistent with the geomagnetic field at the time of the eruption, the clast
was interpreted to have been emplaced hot; if not, then the clast was emplaced cold.
Since then the paleomagnetic method of determining emplacement temperatures has
been refined to include improved experimental techniques and data analysis. Hoblitt
and Kellogg (1979) presented the first paleomagnetic emplacement temperature study
to use progressive thermal demagnetization, and Kent et al. (1981) used orthogonal
vector component plots (Zijderveld 1967) to separate the recorded paleomagnetic com-
ponents. Including Kent et al. (1981), only 30 papers have been published using the full
demagnetization method (excluding Zlotnicki et al. (1984) who used paleointensities to
estimate emplacement temperatures). A number of these papers deal primarily with
the magnetic properties of the pyroclastic deposits and only report the emplacement
temperatures in passing. Only 19 different localities have been studied. One quarter
of the publications are based on data from Santorini, and are primarily from the pa-
leomagnetic group at the University of Oxford. Their work on the extensive deposits
of Santorini and the work of the group based at the University of Torino, Italy, repre-
sent the only attempts to document the thermal evolution of a pyroclastic volcano and
changing emplacement temperatures with changing eruptive styles. Paleomagnetism is
therefore an under-utilized tool in volcanology, despite recent efforts by a few groups
to use and promote the method. Below, we outline some of the assumptions, potential
problems, and advantages of the paleomagnetic method for determining emplacement
temperatures with respect to other techniques. We then present results from four volca-

noes to highlight the potential and range of applications of the paleomagnetic method.
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2.1 Non-ideal behaviour

A key assumption behind the paleomagnetic method for estimating emplacement tem-
peratures is that the magnetic remanence acquired at the time of emplacement is a
thermal remanent magnetization (TRM) (Bardot and McClelland, 2000; McClelland
et al., 2004). Formation of a chemical remanent magnetization (CRM) can affect the
blocking temperature spectrum of a sample, and can obscure the emplacement temper-
ature as identified on orthogonal plots of paleomagnetic directions. McClelland et al.
(2004) and Porreca et al. (2007) proposed the use of thermomagnetic curves or mag-
netic susceptibility-temperature curves to detect the possible presence of a CRM. If
a Curie temperature of a clast coincides with its apparent emplacement temperature,
then the magnetic remanence of the sample could be a CRM. Thermomagnetic mea-
surements can be made rapidly and the most common magnetic mineral to acquire a
CRM, maghemite, is readily identifiable on a thermomagnetic curve due to its inversion
to hematite or magnetite during heating.

In addition to the possibility of CRM acquisition, the time-temperature dependence
of magnetization (Néel, 1949) means that if a clast is exposed to a magnetic field for
a prolonged period of time, part of its magnetization will relax and align with the
field. This is called a viscous remanent magnetization (VRM). The same VRM can be
acquired if the clast is exposed to the same magnetic field for a shorter period of time,
but at a higher temperature. This temperature dependence allows VRMs to be removed
by thermal demagnetization in the laboratory. A VRM acquired by sampled clasts will
record the geomagnetic field between the time of cooling and sample collection. For
recent eruptions the VRM direction can be indistinguishable from the paleomagnetic
direction acquired by clasts during emplacement. Therefore, the maximum temperature
at which a VRM is removed in the laboratory provides a lower limit for emplacement
temperature estimates. For a deposit of a given age, there is a minimum emplacement
temperature that can be resolved using paleomagnetism. This is determined by the

demagnetization temperature required to remove the VRM acquired during longest
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period of time that the deposit remains in a constant geomagnetic field. The age-
temperature relation for VRM acquisition at ambient temperature (25°C) for common
carriers of TRM is shown in Fig. 1.

For example, for clasts containing single-domain (SD) magnetite from a 1 Ma de-
posit experience the longest period of stable geomagnetic field during the Brunhes
Chron (780 kyrs), therefore the minimum emplacement temperature that can be es-
timated is ~185°C, for hematite this is ~290°C. Considering the Curie temperatures
of these minerals (580°C and 675°C, respectively) this gives a temperature range of
~400°C over which emplacement temperature estimates can be made. This extensive
age range demonstrates the distinct advantage of the paleomagnetic method over other
approaches.

Another potential source of non-ideal behaviour arises from the presence of mul-
tidomain (MD) grains. When a magnetic grain grows large enough the magnetization
no longer remains uniform as for SD grains and the magnetization is divided up into
regions (domains) of varying magnetization. Such grains have non-ideal paleomagnetic
behaviour (e.g., Bol’'shakov and Shcherbakova 1979; Shcherbakova et al. 2000; Fabian
2003), particularly with respect to paleointensity studies (e.g., Levi 1977). The rema-
nence acquired by MD grains does not unblock at the same temperature at which it
was blocked, which produces what is known as a partial TRM (pTRM) tail (i.e., a
portion of magnetic remanence that demagnetizes above the acquisition temperature;
Bol’'shakov and Shcherbakova 1979). Such tails can commonly only be removed by
demagnetization to the Curie temperature. The presence of a pTRM tail produces an
overlap in the unblocking temperature spectra of different magnetization components
in a sample, which will be evident as curvature on the vector component diagram. If
only a single component of magnetization is present, the overlapping blocking tempera-
tures will record the same direction, and the paleomagnetic directional analysis will be
unaffected. The presence of MD grains will therefore not compromise paleomagnetic

emplacement temperature estimates.
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3 Other methods for determining emplacement tem-
peratures

Estimates of the emplacement temperature for a pyroclastic deposit can be made di-
rectly using a thermal probe or remotely, by satellite. Relatively few direct measure-
ments have been published (e.g., Banks and Hoblitt 1981; Cole et al. 1998; Calder et al.
1999; Druitt et al. 2002), largely because of the risk associated with visiting an active
volcanic region shortly after an eruption. Satellite observations using Advanced Very
High Resolution Radiometer (AVHRR) imagery provide excellent spatial resolution,
but are only capable of measuring temperatures up to ~250°C (Denniss et al. 1998).
Field evidence provides another means of studying the thermal history of a pyroclas-
tic deposit. Features such as gas escape pipes, vesicles within the ash matrix, carbonized
materials and discolouration of lithic fragments provide evidence of high temperature
emplacement. However, these features are often not present or visible and do not always
allow quantitative estimation of emplacement temperature. Other, more quantitative,
methods have also been used. These include oxidation colours of pumice (Tsuboi and
Tsuya 1930), infra-red spectroscopy of wood fragments (Maury 1971), and analysis of
bone fragments (Capasso et al. 2000). Voight and Davis (2000) used the melting points
of plastic bottles to estimate the emplacement temperatures of pyroclastic deposits at
Merapi Volcano, Java, Indonesia. This novel approach has limited usefulness and only
allows temperature estimates up to ~150-250°C. Sawada et al. (2000) investigated use
of the H/C ratio of carbonized wood as a paleo-thermometer. Controlled laboratory
experiments and analysis were used to show that the correct heating temperature is
recoverable with this method. When applied to Holocene pyroclastics, the H/C ratio

method gave results that were consistent with paleomagnetic data (Sawada et al. 2000).
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4 Sampling and experimental procedures

Several localities were studied here to demonstrate the widespread usefulness of the
paleomagnetic method for determining emplacement temperatures of pyroclastic de-
posits. At all localities sampled in this study, oriented hand specimens were collected
using the method described by Tarling (1983). A horizontal line was marked, on a rel-
atively flat surface, on each clast. The strike of this line and the dip of the surface were
measured using a magnetic compass-clinometer. Cores with a diameter of 10 or 20-
mm were then drilled from the clasts in the laboratory. Remanence measurements were
made within a magnetically shielded laboratory using either a 2-G Enterprises cryogenic
magnetometer, or a Molspin Minispin magnetometer at the University of Southampton
or at the University of Oxford. Thermal demagnetization was carried out at 20-50°C
steps using either an ASC Scientific or a Magnetic Measurements thermal demagne-
tizer, both of which have residual fields of less than 50 nT. Following every heating
step, the low-field magnetic susceptibility was measured at room temperature to check
for signs of thermal alteration, using an Agico KLY-4S Kappabridge or a Bartington
Instruments MS2B magnetic susceptibility meter. Additional sister samples were cut
for rock magnetic measurements using a Princeton Measurements Corporation Vibrat-
ing Sample Magnetometer (VSM) at Southampton (maximum field of 1 T) and using
an Agico KLY-2 Kappabridge magnetic susceptibility meter with furnace attachment
at Oxford. Thermomagnetic curves were analysed using the RockMag Analyzer soft-
ware (Leonhardt 2006), and susceptibility-temperature curves were analysed using the

inverse susceptibility method outlined by Petrovsky and Kapicka (2006).

5 Results

5.1 Mt. St. Helens, USA

Mt. St. Helens is located in the Cascade Mountain Range of the western U.S.A.; and

is famous for its devastating eruption on May 18, 1980. This eruptive phase began in
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late March of 1980 with a series of generally short-lived eruptions. A magnitude 5.1
earthquake on May 18 triggered a landslide that caused rapid depressurization of the
northern flank of the volcano, which triggered a lateral surge cloud. Activity continued
at Mt. St. Helens during 1980 and the collapse of eruptive columns generated numerous
pyroclastic density currents and deposits (Smithsonian Institution 1980). Within days
to weeks of the pyroclastic deposits being emplaced, direct temperature measurements
were taken by a group from the United States Geological Survey (Banks and Hoblitt
1981). The full procedure and emplacement temperature analysis was presented by
Banks and Hoblitt (1996). The debris avalanche was emplaced at low temperatures
(<100°C), while the lateral blast deposit was emplaced at slightly higher temperatures
(100-200°C). The pyroclastic deposits were much hotter, and were emplaced at 300°C
to >600°C (Banks and Hoblitt 1996). Although the sites sampled in this study do not
coincide exactly with those of Banks and Hoblitt (1996), the measured temperatures
have been extrapolated based on the available data of Banks and Hoblitt (1996) and
compared with our paleomagnetically determined temperatures.

A total of 113 clasts were collected from 6 different sites on the northern flank of Mt.
St. Helens (Fig. 2). The lithic clasts include basalts, andesites and dacites. Thermal
demagnetization up to around 125°C will remove potential viscous magnetizations, so
low temperature steps are excluded from analysis of the recorded paleomagnetic direc-
tions. The measured samples have both single and multiple components of magnetic
remanence (Fig. 3).

Sites MSH1 and 2 do not record a well-defined paleomagnetic direction (Fig. 4).
Samples with two components of remanence indicate emplacement temperatures in the
330-390°C temperature range. Direct measurements by Banks and Hoblitt (1996) give
the temperature of the May 18 deposits in this area to be ~300-367°C. It seems most
likely that the scattered paleomagnetic directions for these clasts therefore result from
localized reworking and do not result from low temperature pyroclastic emplacement.

Sites MSH3, 5 and 6 all have well-defined paleomagnetic directions that record the

10
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expected geomagnetic field direction during 1980 (Fig. 4). Site MSH4 also records
this direction, but it is poorly defined. However, the statistic 3R? /N, which provides
a test for randomness (Rayleigh 1919), indicates that the paleomagnetic directions are
statistically grouped at the 95% confidence level. The statistic will exceed 7.81 for a
group of non-random paleomagnetic directions; the statistic at sites MSH3-6 exceeds
7.81. At both sites MSH1 and 2, 3R2/N is <5.9, which indicates that no consistent
paleomagnetic direction is recorded.

Sixty-two samples from sites MSH3-6 have paleomagnetic directions that fall within
30° of the 1980 geomagnetic field direction. These samples were used to determine
emplacement temperatures. The majority of samples have single components of mag-
netization, which means they were emplaced above the Curie temperature (7.) of the
constituent magnetic minerals. Curie temperatures of the clasts (Fig. 5a, b and Table
2) are 447-634°C for the juvenile material, and 460-634°C for the lithic clasts.

Sites MSH3, 5 and 6 are all from the deposits emplaced on June 12, 1980. Ex-
trapolation from the data of Banks and Hoblitt (1996) give emplacement temperature
at these three sites of around 540 + 30°C. At site MSH3, the June 12 deposits were
rich in hot (>447-595°C) juvenile material. The sampled lithic clasts were emplaced
at or above T,. T}, can only be constrained to have been hotter than the lowest 7;
for site MSH3 T}, >532°C. This is in good agreement with the direct measurements
of Banks and Hoblitt (1996) (Fig. 6). At site MSH 5, where the juvenile content is
lower, the lithic clasts also record only one paleomagnetic direction. The T, of these
clasts is 509-619°C. Ty, at MSH5 was >509°C. All but one sample at site MSH6 have
single components of magnetization. The Curie temperatures of the lithic samples are
527-634°C. Sample MSH6C1 records two paleomagnetic directions. The intersection
of these two directional components gives an emplacement temperature of 510-570°C.
Although only one sample gives this result, it is considered to provide an accurate esti-
mate of Tg.,. We exclude the possibility of adverse cooling of this particular clast as it

was sampled from a similar level within the deposit as clasts emplaced at temperatures

11
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above T,, and so will have experienced the same cooling conditions. A paleomagnetic
estimate of Ty, = 510-570°C is in excellent agreement with the measured value from
Banks and Hoblitt (1996) of 540 + 30°C (Fig. 6).

The deposit at site MSH4 was emplaced on July 22, 1980, and direct measurements
by Banks and Hoblitt (1996) give an emplacement temperature of >600°C. The sampled
clasts all have single components of magnetization. T, for the lithic clasts range from
577 to 603°C, and for the juvenile material from 623 to 634°C. Tg, is taken to be
>577°C. This estimate also agrees with the measurements of Banks and Hoblitt (1996)
(Fig. 6).

Paleomagnetic emplacement temperatures of Erwin (2001) along with the new data
presented here, and those of Sulpizio et al. (2008) from El Chichén, Mexico are plotted
against available directly measured emplacement temperature data in Fig. 6. These
data illustrate the accuracy of the paleomagnetic method for estimating emplacement
temperatures of pyroclastic deposits and highlight the repeatability of paleomagnetic

measurements.

5.2 Volcan Lascar, Chile

Léscar is a stratovolcano in the Chilean Andes, near the Argentinean border (Fig. 7a).
On April 18, 1993, Lascar erupted for three days, in what was the largest historic erup-
tion in the northern Andes (Smithsonian Institution 1993; Déruelle et al. 1995, 1996).
Two intense eruptions on April 19 produced ejecta columns as high as 22 km. Pyro-
clastic density currents resulted on April 19 and 20 following the collapse of eruptive
columns. The pyroclastic deposits crop out on the volcano flanks up to 8.5 km from
the summit toward the NW and SE (Fig. 7a) and cover an area of ~18.5 km?.

The deposits contain a pumice-rich facies typically found in the frontal lobes and
margins of the deposits and a lithic-rich facies in the interior of the deposits (Sparks
et al. 1997). The pumice facies comprises an andesitic-dacitic juvenile component with

a minor lithic content. The lithic-rich facies incorporates roughly equal proportions

12
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of eroded and vent-derived lithic clasts. These include fragments of the pre-existing
andesitic lava dome, formed in 1992, and clasts from the Tumbres-Talabre lava. Clasts
of Tertiary ignimbrite and pink quartz rhyodacite were also incorporated, although they
are not common (Déruelle et al. 1996; Sparks et al. 1997; Calder et al. 2000).

No direct temperature measurements of the pyroclastic deposits were made; how-
ever, due to its high altitude (5.5 km above sea level) and reduced cloud cover, Léscar
is ideal for satellite observations (Oppenheimer et al. 1993; Wooster and Rothery 1997;
Denniss et al. 1998; Wooster et al. 1998; Wooster 2001). Denniss et al. (1998), using
AVHRR satellite imagery, produced a thermal radiance map of the 1993 Lascar pyro-
clastic deposits (Fig. 7b). Their results indicate a central hot area associated with the
volcanic vent. The distinct shape of the northern deposits is also evident as areas with
elevated temperatures. The southern slopes of Lascar were obscured by the ash plume,
so no temperature estimates are available for these deposits. The available satellite
data indicate that the minimum surface temperature of the deposits was ~185-265°C.
It must be noted this is the maximum temperature range that can be estimated using
AVHRR imagery, so this range provides a minimum estimate of emplacement temper-
ature for the pyroclastic density currents.

A total of 111 clasts, representing 31 sites from pyroclastic deposits on both flanks of
Lascar, were collected. The sampled lithic clasts are andesitic to dacitic in composition.
Little erosion had occurred at Lascar between the eruption in 1993 and our sampling
during early 2006. We could therefore only sample the presently exposed surface of the
deposits. Thermal demagnetization was performed on 124 samples cut from the clasts.
Two main types of demagnetization behaviour are evident (Fig. 8). Most of the samples
have a single magnetization component that is aligned with the 1993 geomagnetic field
direction (Fig. 8a). An additional 18 samples, from dacitic clasts, provide evidence of
self-reversing behaviour; the high temperature component is consistent with the 1993
geomagnetic field direction, but the lower temperature component is anti-parallel to this

direction (Fig. 8b). The 1993 geomagnetic field direction is present up to the Curie
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temperature of these samples, which indicates that the clasts were fully remagnetized
during the 1993 eruption.

Fig. 9a is a stereoplot of the recorded paleomagnetic directions; the paleomagnetic
directions are biased toward the 1993 geomagnetic field direction and its antipode. Fig.
9b is a stereoplot of the recorded paleomagnetic directions that fall within 30° of the
1993 geomagnetic field direction; these clasts are used to estimate the emplacement
temperature. Of the samples with self-reversing magnetizations, 17 have well-defined
normal and reverse polarity components of magnetization (with maximum angular de-
viation, MAD < 15°). A further 11 samples have well-defined high temperature, nor-
mally magnetized components but have poorly defined (MAD > 15°) low temperature
components of magnetization, which fall close to the antipodal direction of the 1993
geomagnetic field. Due to their high MAD values, these low temperature components
of magnetization are excluded from further analysis. A reversal test for the two, well-
defined directions (Fig. 9c¢) yields overlapping ags; cones of confidence, which indicates
that the directions are antipodal. The reversal test of McFadden and McElhinny (1990)
yields an angular separation, 7y, of 5.7°, and a critical angle, ., of 6.5°. This consti-

tutes a positive reversal test (79 < 7.) of quality classification ‘B” (5° < ~. < 10°).

A total of 80 samples (72 independent clasts) unambiguously recorded the Earth’s
magnetic field during the 1993 eruption, which includes samples from 30 of the 31 sites
sampled. The paleomagnetic data for the normal polarity component closely cluster
around the ambient field direction during April 1993 (Fig. 9a, b). The paleomagnetic
inclination is shallower by a few degrees; this inclination error is most likely caused by
clast rotation during compaction of the deposits, as suggested by Hoblitt et al. (1985).

Each clast indicates emplacement temperatures in excess of 7. (Table 3). Ther-
momagnetic curves (Fig. 5c¢, d) yield T, values from 397°C to 641°C, while T, of the
juvenile material ranges from 402°C to 599°C. Although there is no lowest emplacement

temperature on which to base an estimate of Tg.,, the uniformly high temperature of
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both the juvenile material and the lithic clasts suggests a high Ty, value (>397°C).
Despite the consistently high emplacement temperatures at nearly all of the sam-
pled sites, 9 samples yielded noisy data and failed to record the 1993 geomagnetic field
direction. These samples were not included in any further analysis. Another 35 sam-
ples do not record consistent paleomagnetic directions. This normally indicates cold
emplacement. At each site, however, samples were collected from within a limited area
and the distance between samples was typically less than 5 m. This suggests implausi-
ble temperature gradients within the deposit if some samples were emplaced cold and
others hot. A much more likely scenario is that these samples have moved since they
cooled. This interpretation is supported by the fact that only the surface of the deposit

could be sampled.

5.3 Volcan de Colima, Mexico

The Colima Volcanic Complex, located in western Mexico, is a N-S trending volcanic
chain consisting of three volcanoes: Volcan Cantaro, Nevado de Colima and Volcan de
Colima (Fig. 10). Volcan de Colima is currently Mexico’s most active volcano with at
least 52 eruptions since 1560 A.D. (Bretén et al. 2002). Intermittent activity has been
observed since 1998, with vulcanian eruptions, lava flows and growing domes that have
collapsed and generated pyroclastic density currents (Saucedo et al. 2002; Zobin et al
2002; Saucedo et al. 2004, 2005).

Thirteen localities were sampled from areas where pyroclastic eruptions occurred
on June 2005 (VC1-7), January 1913 (VC8-11), and June 2004 (VC12-13). Two areas
associated with the 2005 deposits were sampled where pyroclastic emplacement was
observed, in the northern end of Montegrande gully (VC1-4), and further east in La
Arena gully (VC5-7). Sites VC8-11 were located in the northern end of Zarco river
valley, and samples from the 2004 deposits (VC12-13) were collected from the western
flank of the volcano inside the Rio la Lumbre river valley. Thermal demagnetization

was carried out on 133 samples from 107 clasts, which reveals both single and multiple
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Fig. 11

Table 4
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magnetization components (Fig. 11a). A stereographic projection of all of the low tem-
perature paleomagnetic components, which includes single remanence components, is
shown in Fig. 11b. Only one of the paleomagnetic directions falls close to the geomag-
netic field direction during the respective eruptions that produced the sampled deposits
(indicated by the two stars). The test for randomness is not satisfied (3R?/N = 38.2),
which suggests a bias in the recorded directions toward a downward and southeastward
direction, although no statistically reliable direction can be identified (Fig. 11b). The
recorded paleomagnetic directions all have low MAD values, which indicates that the
scatter of directions is not simply due to noise (Table 4). The lack of a contemporane-
ous geomagnetic field direction indicates that the sampled clasts were emplaced in their
current deposits below the temperature at which the viscous overprint is removed, i.e.,
below ~115°C for the 2004/5 deposits and below ~135°C for the 1913 deposits. The
wet local climate means that pyroclastic debris is frequently remobilized as lahars, often
soon after an eruption (Davila et al. 2007). Therefore, the most probable explanation of
the data distribution is that the sampled deposits represent reworked pyroclastics. The
presence of numerous clasts with two components of magnetic remanence may suggest
that the clasts have undergone reheating/remagnetization at some point in the past,
which supports the hypothesis that the clasts are most likely sourced from pyroclastic
deposits. The wide range of potential emplacement temperatures indicated by these
multicomponent clasts (250-450°C) provides little information about the emplacement
temperature of the reworked deposits because there is no constraint on the origin of the
clasts (i.e., they could be sourced from numerous deposits with varying emplacement
temperature).

Numerous pieces of charred wood and plant debris are visible within the sampled
deposits. The presence of these fragments suggests that the deposits were emplaced
above ambient temperature, while the paleomagnetic evidence indicates that the de-
posits were emplaced at ambient temperature. The possibility of accessory materials

being reworked into cold deposits and giving rise to false emplacement temperature
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estimates highlights the value of the paleomagnetic method for determining pyroclastic

emplacement temperatures.

5.4 Vesuvius, Italy

Numerous investigations have been made of the temperature from the 79 A.D. eruption
of Vesuvius using both paleomagnetic (e.g., Kent et al., 1981) and non-paleomagnetic
methods (e.g., Mastrolorenzo et al., 2001). Kent et al. (1981), in their pioneering work
on developing the paleomagnetic method, investigated lithic fragments and juvenile ma-
terial from pyroclastic deposits in the town of Herculaneum. Their results suggest that
the deposits could not have been hotter than ~400°C. Both Capasso et al. (2000) and
Mastrolorenzo et al. (2001) analysed bone fragments from the bodies of victims killed
by the pyroclastics at Herculaneum. Capasso et al. (2000) estimated that the bones
reached temperatures of up to 350-400°C, while Mastrolorenzo et al. (2001) suggested
higher temperatures of ~500°C. Mastrolorenzo et al. (2001) also used paleomagnetism
to investigate a tile fragment, estimating its emplacement temperature to be 480°C.
Cioni et al. (2004), using paleomagnetism, investigated the temperature of the pyro-
clastic deposits on a much wider scale, and sampled 13 sites around the volcano. Their
results indicate that the pyroclastics were emplaced at temperatures of 180-380°C.
Zanella et al. (2007) investigated the temperature of the 79 A.D. deposits at Pompeii
in detail. These deposits reached temperatures up to 320°C, but were as cool as 180°C
in some areas. This variation of a few hundred degrees over short distances illustrates
the effect that urban areas can have on the temperature of pyroclastics and might ex-
plain the temperature variations documented at Herculaneum. Zanella et al. (2008)
recently investigated the 472 A.D. deposits from Vesuvius. These deposits were uni-
formly hot with Ty, ~260-360°C irrespective of locality and the facies sampled. They
concluded that the uniformity of deposit temperature can be attributed to similar rates
of heat transfer from juvenile to lithic clasts and/or to similarity in deposition regimes

of the different facies. Based on the similar temperatures from both phreatomagmatic
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Fig. 12
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Fig. 13
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and magmatic facies, they also concluded that magma-water interactions had little
influence on Tge,.

At our sampled locality, Pollena quarry (Fig. 12), Cioni et al. (2004) estimated the
emplacement temperature of the 79 A.D. pyroclastics to be 250-310°C, while Zanella
et al. (2008) estimated the 472 A.D. deposits to have been emplaced at 280-320°C.
We sampled 124 lithic clasts from the 472 A.D. deposits at the Pollena quarry, on
the western flank of Vesuvius (Fig. 12). Six sites were sampled from the lithic rich
pyroclastic flow (LRPF) and the F facies described by Sulpizio et al. (2005, 2007). The
sampled clasts are predominantly leucite-bearing tephrites, with occasional andesites
and a syenite (Table 5). Any VRM should be removed by laboratory heating to ~150°C,
therefore data below this heating step are ignored.

Three main types of remanence behaviour are identified, with most samples hav-
ing a single magnetization component (Fig. 13a). A number of samples have more
complicated, multi-component magnetizations (Fig. 13b, ¢). Equal area stereographic
projections of the low temperature magnetization components recorded at the six sam-
pled sites are shown in Fig. 14. There is no consistency in the paleomagnetic directions
at site CP1. Evidence of debris flows at this site raised doubts when sampling as to
whether the site was in-situ; the paleomagnetic data confirm that these samples have
been remobilized. At sites CP3-6 the paleomagnetic directions are biased toward a
northward and downward direction. Only 3 samples were available from site CP2, but
the same trend is still identifiable. At each of these sites, 3R*/N exceeds 7.81 (Fig.
14), which indicates that the paleomagnetic directions are statistically grouped. A
mean paleomagnetic direction was obtained by grouping sites CP2-6 (Dec. = 352.6°,
Inc. = 57.1°, ags = 8.5°, N = 95 R = 70.9, k = 3.9, 3R?/N = 158.6). This direction
is consistent with paleomagnetic directions recorded in previous studies (e.g., Tanguy
et al. 2003; Zanella et al. 2008). To isolate clasts that record a consistent direction,
data from sites CP2-6 were excluded if the paleomagnetic direction was >30° away from

the mean paleomagnetic direction. A total of 63 clasts were thereby used to estimate
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Fig. 14
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emplacement temperatures. At least 3 clasts from each site met this selection criterion.

Thermomagnetic analysis was carried out on all of these clasts (e.g., Fig. 5e, f).
Sample CP4Q has a Curie temperature that coincides with its estimated emplacement
temperature (Fig. 5e). This might be because the sample has a CRM, therefore it
was excluded from further analysis. Sample CP6Q has behaviour that is typical of the
inversion of maghemite to hematite (Fig. 5f). This is strong evidence that maghemite
is the main magnetic mineral and that the magnetic remanence of this lithic clast is a
CRM. This sample was also removed from further consideration.

The three clasts from site CP2 (from the F, facies) were remagnetized above the
Curie temperature of their constituent magnetic minerals. T, values range from 568 to
580°C (Table 5). The small number of samples precludes a reliable estimate of the de-
posit temperature at this locality. Sites CP3 and 4 are from the lower 2 m of the exposed
LRPF within Pollena quarry. Variable emplacement temperatures were estimated from
~280°C to above T.. The majority of clasts have multi-component remanences, which
indicate emplacement between 310 and 460°C. The deposit temperature is constrained
by the lowest temperature experienced by an individual clast. For site CP3, Ty, =
310-340°C, and Ty, = 280-340°C for site CP4. Ty, of the lower section of the LRPF
is 280-340°C. This agrees well with the estimate of Zanella et al. (2008) of Ty, =
280-320°C. This result emphasizes the inter-laboratory repeatability of the paleomag-
netic method. Sites CP5 and 6 are from the upper part of the LRPF. The majority
of clasts from these sites were emplaced above T, but three clasts from site CP5 and
two clasts from site CP6 were emplaced at ~520°C. Curie temperatures at these two
sites range from 533 to 649°C. Ty, is taken to be ~520°C. This estimate is higher than
the 280-320°C estimated by Zanella et al. (2008). The temperature contrast between
the upper and lower LRPF and the data of Zanella et al. (2008) is large (~200°C).
Few samples measured by Zanella et al. (2008) have single magnetization components

that indicate full remagnetization of clasts (~1%); similarly, in this study the lower
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LRPF has relatively few fully remagnetized clasts. This suggests that the majority of
clasts incorporated into this part of the deposit experienced little or no heating prior
to deposition. In contrast, the upper section of the LRPF sampled in this study pre-
dominantly contains clasts that have been remagnetized above T,.. This suggests that
these clasts have undergone considerable heating before deposition. From this we infer
that the upper and lower sections of the LRPF have different sources of lithic clasts.
The clasts from the lower LRPF are sourced from the cold debris on the flanks of the
volcano, while clasts from the upper LRPF are most likely to be vent-derived lithics

that were initially hot.

6 Discussion

Determining the emplacement temperature of pyroclastic deposits can aid in the as-
sessment of volcanic hazards. Establishing the thermal evolution of an eruptive phase
or the entire thermal history of a volcano can help to refine predictions of hazards as-
sociated with future activity. Paleomagnetism provides an under-utilized tool for such
studies. We have used paleomagnetism to investigate the emplacement temperatures
of pyroclastic deposits from historic eruptions of four volcanoes. Mt. St. Helens, USA,
provides an ideal locality to test the paleomagnetic method against direct measure-
ments taken shortly after deposition. Erwin (2001) highlighted the accuracy of the
paleomagnetic method at Mt. St. Helens. We provide additional data, which further
confirms the usefulness of the paleomagnetic method. Our analysis of clasts and juve-
nile material collected from the June and July 1980 pyroclastic deposits confirm the
paleomagnetic determinations of Erwin (2001) and agrees well with the direct mea-
surements of Banks and Hoblitt (1996). The three sampled localities of the June 1980
pyroclastics (MSH3,5 and 6) were emplaced >532°C, >509°C and at 510-570°C. For
the July 1980 pyroclastics (MSH4), Ty, >577°C.

At Léscar, Chile, paleomagnetic data also indicate that the clasts were emplaced

above T, at >397°C. Satellite imagery provides an estimate of Ty, >185-265°C (Den-
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niss et al. 1998). Satellite methods do not allow higher temperature estimates, so
paleomagnetic determinations have proven more useful in this case. The presence, and
inclusion, of samples that exhibit self-reversing behaviour may give rise to uncertainties
with these estimates. Alternating field demagnetization data confirm that the NRM of
the samples in question is affected by self-reversal, which indicates that the self-reversing
mechanism occurred naturally and that it is not an artefact of thermal demagnetiza-
tion. If we consider the directions recorded by the self-reversing and non-self-reversing
samples independently, we can perform a statistical analysis to test if the two directions
are distinguishable (e.g., Butler 1992). The F-statistic indicates that the two directions
cannot be distinguished at the 95% confidence level, where F' = 0.332 << 3.054 (the
critical F' value for the two datasets).

At Colima, Mexico, the opposite end of the spectrum is observed, where the sam-
pled clasts were cold when emplaced into their current deposits. This suggests that
the sampled deposits most likely represent lahars. This illustrates the usefulness of
paleomagnetism for discriminating between different types of deposits, which is useful
when differentiation based on field or satellite observations is difficult.

Results from Vesuvius, Italy, highlight the potential of the paleomagnetic method to
investigate the emplacement temperature of older deposits. Emplacement temperatures
of the individual clasts range from ~280°C to above T, (~533-649°C). The deposit
temperature was ~280-340°C for sites CP3 and CP4 (lower section of the LRPF), and
~520°C for sites CP5 and CP6 (upper section of the LRPF). Few samples from sites
CP5 and CP6 have two magnetization components, which suggests that the deposit
was emplaced close to T,.. We attribute the higher emplacement temperature recorded
from the lower LRPF compared to the upper LRPF to changes in the source of lithic
material. The lower LRPF contains initially cold lithic clasts, while the upper section
contains initially hot clasts that were most likely sourced from or close to the volcanic

vent.
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« ¢ Conclusions

ss2 This study highlights a number of key advantages in using the paleomagnetic method

s63 to determine the emplacement temperature of pyroclastic deposits.

564 1. The paleomagnetic method is as accurate as directly measuring temperatures
565 shortly after deposition. Paleomagnetic sampling has the added benefit of not
566 having to visit an active volcanic region immediately after an eruption.

567 2. The method is repeatable between laboratories, which allows reliable comparisons
568 between different measurements.

569 3. Paleomagnetism provides a wide temperature range for estimating emplacement
570 temperatures, up to 580-675°C, depending on the magnetic minerals present.

571 4. The method has a much wider emplacement temperature range than can be de-
572 termined from satellite data and can be applied in the absence of materials such
573 as wood or man-made materials, which may not always be present.

574 5. The presence of charred materials in reworked deposits provides ambiguity that
575 can be resolved with paleomagnetism, which highlights the possibility that such
576 proxies may give inaccurate emplacement temperature estimates.

577 6. The paleomagnetic method can be used to investigate emplacement temperatures
578 over long time scales. Stable recordings of the geomagnetic field can be carried by
579 single domain magnetic grains over billions of years. This contrasts with direct
580 measurements that are limited to recent and future events. Man-made materials
581 are only available over the past several thousand years, and useful charred wood
582 fragments are unlikely to survive over long time scales.
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Figure 1: Deposit age plotted versus minimum paleomagnetic emplacement temper-
ature as predicted by viscous magnetization theory for hematite, magnetite and part
of the titanomagnetite series (TM10-TM60). The curves are based on theory and
the magnetite data of Pullaiah et al. (1975) and hematite data from Dunlop (1971).
The titanomagnetite series curves are calculated from the Curie temperature scaling
relationship suggested by Pullaiah et al. (1975) using data from Xu et al. (1996).
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Figure 2: Location and map of the pyroclastic deposits from the 1980 eruption of Mt.
St. Helens, with the sampled localities indicated (MSH1-6). Modified after Erwin

(2001).
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Figure 3: Typical stepwise thermal demagnetization behaviour for the Mt. St. He-
lens samples. (a) Sample MSH2M3 has a single component of magnetization. In this
case the clast has been reworked, so the direction does not align with the 1980 geo-
magnetic field direction. (b) Sample MSH6C1 has two components of magnetization.
The intersection of the two components is not clearly defined and covers a temperature
range of 510-570°C. In the vector component diagrams (top), open symbols denote
projections onto the vertical plane, while closed symbols denote projections onto the
horizontal plane. In the equal area stereographic projections (middle), open symbols
denote upper hemisphere projections, while closed symbols denote lower hemisphere
projections.
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of confidence about the mean. Open symbols denote upper hemisphere projections,
while closed symbols denote lower hemisphere projections. Dec. = declination; Inc.
= inclination; ags = semi-angle of 95% confidence; N = number of samples; R = the
length of the mean vector; k = the estimate of the precision parameter, from Fisher
(1953); and 3R?/N = the statistic for randomness from Rayleigh (1919).
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Figure 5: Typical thermomagnetic and susceptibility-temperature curves for samples
from (a, b) Mt. St. Helens, (¢, d) Lascar, and (e, f) Vesuvius. Solid (dashed) lines rep-
resent the heating (cooling) cycle. (a) Clast MSH4S, which has a Curie temperature of
590°C. (b) Clast MSH6F, T, = 527°C. (c) Clast LV7TH, T, = 409°C. (d) Susceptibility-
temperature curve for clast LV21A, T, = 575°C. (e) Thermomagnetic curve for clast
CP4Q, T, = 362, 631°C. The coincidence of a Curie temperature with the emplacement
temperature estimate may indicate that the remanence is of chemical and not ther-
mal origin. (f) Thermomagnetic curve for clast CP6P, which is typical of maghemite
inversion to hematite. The remanence carried by this clast is therefore likely to be a

CRM.
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Figure 6: Paleomagnetic emplacement temperature versus directly measured emplace-
ment temperature for the 1980 pyroclastic deposits at Mt. St. Helens, USA (Erwin,
2001, and this study), and El Chichén (Sulpizio et al., 2008). Both temperatures are
strongly correlated, which indicates that the paleomagnetic approach is an accurate and
viable method for determining the emplacement temperature of pyroclastic deposits.
Small error bars have been removed for clarity; arrows indicate a minimum temperature
estimate. Best-fit line calculated using major-axis linear regression.
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Figure 7: (a) Location map of Lascar volcano along with a simplified geological map
of the deposits from the 18-20 April, 1993, pyroclastic density currents. The geological
map has been modified after Calder et al. (2000). (b) Thermal radiance map of the
1993 Léscar pyroclastic deposits modified after Denniss et al. (1998). The shape of the
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Figure 8: Typical stepwise thermal demagnetization behaviour for the Lascar samples.
(a) Sample LV12E3A has a single component of magnetization that is aligned with the
1993 geomagnetic field direction. (b) Sample LVIA1A exhibits (noisy) self-reversing
paleomagnetic behaviour, in which the high temperature component aligns with the
expected geomagnetic direction and the low temperature component is anti-parallel to
the expected direction. Symbols are the same as in Fig. 3.
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Figure 9: Equal area stereographic pro-
jections of the paleomagnetic directions
recorded by the samples collected at Lascar.
The open star represents the direction of the
Earth’s magnetic field during April 1993,
and the filled star represents its antipode.
(a) All of the recorded paleomagnetic di-
rections. The distribution of directions is
biased toward the direction of the 1993 geo-
magnetic field and its antipode (solid star).
(b) The directions used for emplacement
temperature estimation. The reversed po-
larity component represents data from 18
dacitic samples that exhibited self-reversing
behaviour. Symbols are the same as in Fig.
4. (c) Reversal test for the mean paleomag-
netic direction from the self-reversed sam-
ples compared to the mean direction for the
normal polarity samples from Léascar. The
open square represents the normally magne-
tized component and the grey circle repre-
sents the reversed polarity component with
its declination rotated by 180°; the ellipses
denote the respective ags cones of 95% con-
fidence. The overlapping confidence lim-
its indicate that the directions are indis-
tinguishable from a pair of antipodal direc-
tions. The reversal test of McFadden and
McElhinny (1990) confirms this, and classi-

e fies the test as ‘B’ quality.
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(CVC) within the Trans-Mexican Volcanic Belt (TMVB). The inset contains an ex-
panded view of the CVC; the lines represent the main roads. Modified after Saucedo

et al. (2002).
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Figure 11: (a) Vector component diagrams for samples VC5A2 and VC6K1, which
represent examples of single and multiple component remanent magnetizations, respec-
tively. Symbols are the same as in Fig. 3. (b) Equal area stereographic projection
of the low temperature paleomagnetic directions recorded by the studied samples from
Colima. The two stars represent the expected geomagnetic field directions from 1913,
2004/2005, which are nearly indistinct. There is no statistically identifiable direction
from the measured paleomagnetic data, although there is a general bias toward a south-
eastward and upward direction. Symbols are the same as in Fig. 4.
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Figure 13: Typical stepwise thermal demagnetization behaviour for the Vesuvius sam-
ples. (a) Sample CP5E2 has a single component of magnetization that coincides with
the mean paleomagnetic direction recorded at sites CP2-6. (b) Sample CP3X6A has
two components of magnetization, with the low temperature direction aligning with the
mean direction at site CP2-6. (c) Sample CP4T2 has three components of magneti-
zation; the low temperature direction aligns with the expected mean direction, while
neither higher temperature components have a preferred direction. Symbols are the
same as in Fig. 3.
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Figure 14: Equal area stereographic projections of paleomagnetic directions recorded
at each sample site at Vesuvius. Symbols are the same as in Fig. 4.
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Table 1: Previous studies using paleomagnetism to determine pyroclastic emplacement
temperatures.

Authors Location Year
1. Aramaki and Akimoto Asama, Bandai-san, Ko-Fuji 1957
2. Mullineaux and Crandell Mt. St. Helens 1962
3.  Chadwick Gallatin Mountains 1971
4.  Crandell Mt. St. Helens 1971
5. Crandell and Mullineaux Mt. St. Helens 1973
6. Yamazaki et al. Donzurubo 1973
7. Wright Santorini 1978
8. Hoblitt and Kellogg Mt. St. Helens 1979
9. Kent et al. Vesuvius 1981
10. Zlotnicki et al. Guadeloupe 1984
11. McClelland and Druitt Santorini 1989
12, Downey and Tarling Santorini 1991
13. Tamura et al. Shirahama Group 1991
14. Clement et al. Colima 1993
15. McClelland and Thomas Santorini 1993
16. Pares et al. Catalan Volc. Zone 1993
17. Mandeville et al. Krakatau 1994
18. Bardot et al. Santorini 1996
19. De Gennaro et al. Campi Flegrei 1996
20. Moore et al. Jemez Mountains 1997
21.  Grubensky et al. Oregon Cascades 1998
22.  Smith et al. Mt. Ruapehu 1999
23. Bardot Santorini 2000
24. Bardot and McClelland  Santorini 2000
25. Sawada et al. Mt. Sambe 2000
26. Mastrolorenzo et al. Vesuvius 2001
27. Zanella et al. Vulcano 2001
28. McClelland and Erwin Mt. Ruapehu 2003
29. Saito et al. Yufu 2003
30. Cioni et al. Vesuvius 2004
31. McClelland et al. Taupo 2004
32. Tanaka et al. Unzen 2004
33. Alva-Valdivia et al. San Gaspar 2005
34. Porreca et al. Stromboli 2006
35. Porreca et al. Colli Albani 2007
36. Zanella et al. Vesuvius 2007
37. Zanella et al. Vesuvius 2008
38.  Sulpizio et al. El Chicén 2008
39. Di Vito et al. Vesuvius 2009
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Table 2: Emplacement temperature and paleomagnetic data from Mt. St. Helens,

USA.
Sample Clast Type T. (°C) Dec. (°) Inc. (°) N MAD T. (°C)
MSH3B7  Pumice > 543 28.6 54.9 15 3.8 543
MSH3C4  Pumice > 480 8.9 62.0 14 38 480
MSH3F3 Pumice > 553 17.3 63.4 19 2.4 553
MSH3G6  Pumice > 553 354.0 69.8 19 5.2 553
MSH3H4  Pumice > 541 34.5 58.8 15 2.4 541
MSH3K1  Pumice > 560 41.6 66.0 17 22 560
MSH3L2 Pumice > 563 37.7 73.7 19 5.4 563
MSH3M7  Pumice > 493 2.1 7.7 14 5.5 493
MSH3N1 Pumice > 595 2.3 55.0 19 4.1 544, 595
MSH305  Pumice > 470 32.2 59.0 17 34 470
MSH3P5 Pumice > 527 12.1 54.9 15 3.0 527
MSH3Q1  Pumice > 488 29.2 61.8 15 3.2 488
MSH3S1 Andesite > 532 5.1 56.3 19 4.1 532
MSH3T1 Pumice > 481 36.0 51.7 16 4.7 481
MSH3U1  Andesite > 577 350.7 61.0 17 3.5 577
MSH3V3  Dacite > 535 354.0 50.3 17 125 535
MSH3W5  Pumice > 447 12.5 57.7 19 3.7 447
MSH4F7 Dacite > 603 44.1 45.9 19 4.0 603
MSH4G6  Pumice > 623 350.3 85.7 20 5.2 587, 623
MSH4M1  Dacite > 592 5.0 65.8 17 29 592
MSH4Q1B Dacite > 598 66.2 80.5 20 5.2 598
MSH4S3 Dacite > 590 36.7 73.1 19 3.2 590
MSH4T?2 Pumice > 626 56.0 72.6 19 4.2 593, 626
MSH4U2  Andesite > 577 39.9 61.1 17 27 577
MSH4V2  Pumice > 634 359.7 53.8 19 4.3 634
MSH5B3  Andesite > 509 15.1 53.6 16 1.9 509
MSH5D4  Andesite > 527 349.3 58.3 17 29 527
MSH5E4 Pumice > 567 338.7 68.8 18 3.4 567
MSH5G2  Andesite > 547 6.0 58.4 18 2.5 547
MSH5H1  Andesite > 549 62.7 75.0 19 3.7 549
MSH5K1  Andesite > 619 29.2 57.3 18 3.1 619
MSH5L1 Andesite > 542 353.2 60.7 19 2.9 542
MSH5M4  Dacite > 582 16.5 57.9 19 3.4 582
MSH5N4  Andesite > 538 48.6 63.7 17 3.1 538
MSH502  Dacite > 593 10.7 54.0 18 3.1 540, 593
MSH5P3 Vesicular Basalt > 596 17.8 62.8 18 3.1 596
MSH5Q2  Dacite > 563 356.8 67.8 19 6.4 563
MSH5R2  Andesite > 516 10.5 57.7 19 2.2 516
MSH5S1 Andesite > 535 33.3 67.4 19 6.5 535
MSH5T1 Andesite > 559 357.8 64.8 18 6.7 559
MSH5U4  Andesite > 617 5.8 57.6 16 2.5 553, 617
MSH5V3  Andesite > 519 350.1 74.1 18 3.8 519
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Table 2: (continued)

Sample Clast Type T. (°C) Dec. (°) Inc. (°) N MAD T, (°C)
MSH5W1  Dacite > 607 348.8 78.4 19 3.7 607
MSH6B3A  Pumice > 533 296.7 65.3 18 3.7 533
MSH6C1  Reddened Dacite 510-570* 17.2 81.1 16 124 632
MSH6D3  Andesite > 557 108.0 86.8 17 39 557
MSHG6E12  Pumice > 551 124 63.1 19 4.3 551
MSHG6F3 Andesite > 527 1.5 62.7 16 4.2 527
MSH6G2  Andesite > 553 12.8 65.4 18 3.0 553
MSH6H4  Andesite > 634 37.8 70.1 18 4.1 589, 634
MSH6K?2 Vesicular Basalt > 610 8.0 68.8 18 3.2 610
MSH6L1 Andesite > 602 46.7 70.1 19 2.9 602
MSH6M5  Pumice > 491 32.0 69.1 19 3.4 491
MSH6N2  Pumice > 570 28.5 66.6 19 2.7 570
MSH604  Andesite > 571 30.8 61.4 18 3.4 571
MSH6P4  Andesite > 560 471 78.3 18 3.3 560
MSH6Q1  Vesicular Basalt > 610 41.4 67.2 19 3.7 610
MSH6R6  Dacite > 592 3.6 70.3 19 3.4 592
MSHG6S5 Andesite > 553 26.8 54.1 18 3.9 553
MSH6T2  Pumice > 564 29.4 60.1 19 3.8 564
MSH6U1  Andesite > 592 88.0 68.4 19 2.9 592
MSH6V5  Andesite > 585 39.1 65.7 18 3.1 585
Clast type identification based on microscopy, T. = emplacement temperature, *

denotes an estimate made from the intersection of two directional components; N
= number of demagnetization steps used for the principal component analysis to
determine the paleomagnetic direction for each sample (see Kirschvink 1980); MAD =
maximum angular deviation (Kirschvink 1980); T, = Curie temperature (determined
from the heating cycle of a thermomagnetic experiment). Where two or more Curie

temperatures are listed, multiple magnetic minerals are present in the sample.
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Table 3: Emplacement temperature and paleomagnetic data from Lascar, Chile.

Sample Clast Type T. (°C) Dec. (°) Inc. (°) N MAD T. (°C)
LV1IAIA  Dacitic Pumice > 425 5.5 -19.1 10 10.6 425
LV1A2B  Dacitic Pumice > 425 5.0 -26.5 8 6.4 425
LV3B1 Reddened Andesite > 586 330.1 -24.0 16 6.7 586
LV3D2 Dacitic Pumice > 428 10.6 -12.2 12 13.9 428
LV4A1 Reddened Andesite > 641 15.7 -27.1 20 2.4 251, 469, 641
LV4C2 Andesite > 483 344.2 -25.4 20 5.3 483
LV5A1A  Dacitic Pumice > 420 357.3 -12.9 11 8.2 420
LV5B2B  Dacitic Pumice > 427 339.9 -314 11 10.3 427
LV5C3A  Dacitic Pumice > 447 25.4 -8.2 11  14.8 447
LV6A1 Andesite > 553 2.4 -46.1 20 6.8 553
LV6B1 Andesite > 439 8.3 -18.3 13 3.4 439
LV6C1 Andesite > 543 345.6 -2.8 16 4.9 543
LV6C5B  Andesite > 543 338.7 -5.3 14 2.7 543
LV6D1A  Andesite > 463 5.1 -6.3 18 4.8 463
LV6G5H Andesitic Pumice > 599 11.3 -5.2 20 4.5 599
LV6I2 Andesite > 420 7.2 -7.0 18 5.7 420
LV6I4A Andesite > 420 2.8 -9.9 13 3.3 420
LVTB2 Andesite > 413 0.4 -84 12 4.4 413
LV7G2 Andesite > 543 353.5 -13.0 20 6.9 543
LVTH3 Andesite > 409 4.1 -10.1 20 54 409
LV8A5 Dacitic Pumice > 433 358.9 -15.0 10 7.7 433
LVIA1 Dacitic Pumice > 523 11.7 -3.2 19 5.5 523
LVI9B1 Dacitic Pumice > 427 343.3 1.6 12 6.9 427
LV9D1A  Dacitic Pumice > 427 2.1 -17.0 11 9.7 427
LVIF3 Andesite > 568 5.4 -14.4 15 5.5 568
LV10B3 Dacitic Pumice > 428 8.8 -6.6 11 14.1 428
LV10C5 Dacitic Pumice > 456 10.8 -9.3 13 4.2 456
LV10D1 Dacitic Pumice > 517 348.8 -20.9 20 6.2 517
LV10D3B Dacitic Pumice > 517 330.3 -28.2 15 3.8 517
LV11A1 Andesite > 405 15.5 -13.8 20 5.4 405
LV11B3 Dacitic Pumice > 481 1.0 -27.4 8 7.9 481
LV12A3 Reddened Andesite > 547 359.4 -19.3 19 4.2 547
LV12C1A Dacitic Pumice > 432 4.4 -17.3 10  11.3 432
LV12D3 Dacite > 457 11.3 -16.1 20 3.6 457
LV12E1A Reddened Andesite > 587 8.7 -22.6 20 3.8 587
LV12E3A Reddened Andesite > 587 356.0 -24.4 15 2.8 587
LV13A4 Dacitic Pumice > 427 346.2 -13.9 11 3.6 427
LV14C1A Dacitic Pumice > 436 10.1 -15.2 19 10.9 436
LV15B3 Dacite > 527 10.7 -17.6 20 4.8 407, 527
LV16A1A Dacite > 513 354.1 -3.4 19 14.0 513
LV16A3B Dacite > 513 355.0 -10.1 14 6.6 513
LV16B1A Andesite > 414 7.1 -6.0 17 7.0 414
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Table 3: (continued)

Sample Clast Type T. (°C) Dec. (°) Inc. (°) N MAD T. (°C)
LV16C2 Dacitic Pumice > 417 6.6 -20.1 11 10.0 417
LV17A2 Andesite > 426 355.8 -21.6 20 5.8 426
LV18B2 Andesite > 427 8.1 -6.1 20 7.2 427
LV19B2 Dacite > 534 4.1 -7.3 19 3.2 534
LV19C2 Andesite > 518 353.0 -12.8 19 3.8 468, 518
LV19D2 Andesite > 510 348.9 -9.5 18 6.1 510
LV19E2 Dacite > 523 351.2 -1.8 20 8.1 523
LV19F1 Dacite > 523 358.3 -11.6 20 4.2 463, 523
LV19G1A Dacite > 533 6.3 -15.9 20 6.3 533
LV20B2 Dacite > 527 12.8 -3.3 20 5.7 527
LV20C1 Dacite > 444 359.2 -13.4 20 3.4 444
LV21A1 Andesite > 575 358.4 -8.4 19 3.8 575
LV21B3 Dacite > 397 7.3 -12.8 18 4.2 397
LV21C2 Andesite > 573 3.0 -21.2 19 3.8 573
LV22A1B Dacitic Pumice > 444 353.7 -6.3 11 15.0 444
LV22C2A Dacitic Pumice > 440 18.0 -10.8 9 8.9 440
LV22C2B Dacitic Pumice > 440 15.8 -16.0 9 8.0 440
LV22D2 Andesite > 573 353.5 -30.1 17 7.9 573
LV23A1 Andesite > 417 2.8 -14.6 18 8.3 417
LV23D2 Dacitic Pumice > 417 350.5 -31.7 9 8.0 417
LV24A1 Dacitic Pumice > 447 351.2 -17.8 8 8.5 447
LV24B2 Dacitic Pumice > 483 351.3 -17.7 9 11.2 413, 483
LV25C2B Dacite > 463 17.1 -19.5 20 4.1 463
LV26A1 Dacitic Pumice > 413 16.0 -12.9 8 8.2 413
LV26B Dacitic Pumice > 417 25.5 -20.8 15 3.8 417
LV26B2 Dacitic Pumice > 417 356.4 -23.1 10 7.6 417
LV26D1 Andesite > 401 342.2 -8.8 14 6.5 401
LV27B1 Dacite > 413 0.8 9.1 14 7.9 413
LV28C2 Dacitic Pumice > 443 358.2 -27.9 8 4.2 443
LV28E1 Andesite > 477 357.7 -20.3 16 6.6 477
LV29B3B Andesite > 434 1.1 -4.4 20  12.6 434
LV29C2 Dacitic Pumice > 443 343.9 -8.9 11 134 443
LV29E1A Dacitic Pumice > 452 355.8 -14.9 11 9.0 402, 452
LV30A4 Andesitic Pumice > 543 7.6 -2.0 20 9.9 543
LV30B1 Dacite > 483 0.4 -1.0 20 5.2 483
LV30C4 Dacitic Pumice > 425 358.1 -14.0 12 6.2 425
LV30D2 Andesite > 423 14.1 -39.6 20 6.5 423
LV31C5 Dacitic Pumice > 433 351.3 -6.0 10 7.5 433

Symbols are the same as in Table 2.
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Table 4: Emplacement temperature and paleomagnetic data from Colima, Mexico.

Sample Clast Type Dec. (°) Inc. (°) N MAD
VC1B Dacite 145.2 -39.1 17 1.7
VC1D2 Andesite 91.0 -6.1 3 10.0
VC1E3 Olivine Andesite 98.4 -11.4 13 5.8
VCI1E6 Olivine Andesite 98.3 -194 13 5.2
VCI1F1 Andesite 136.5 -42.1 6 14.7
VC1H1 Olivine Andesite 310.1 -38.1 17 6.9
VC1K2 Andesite 144.3 -36.8 8 8.2
VCI1L Olivine Andesite 42.2 4.1 4 2.6
VC2B1 Dacite 282.8 -32.5 7 10.6
V(C2B2 Dacite 240.8 -1.6 10  10.0
VC2E1 Olivine Andesite 142.8 -28.6 17 5.2
VC2E2 Olivine Andesite 153.4 -29.4 13 2.5
VC2G1 Andesite 126.1 16.7 17 4.6
VC2H Andesite 144.8 -53.3 6 8.6
VC2K Andesite 126.8 -25.6 10 6.0
VC2L1 Reddened Andesite 135.9 -41.4 6 14.2
VC3A1 Andesite 9.9 4.8 13 4.3
VC3C Andesite 9.5 10.6 17 5.3
VC3D1 Reddened Dacite 315.5 79.4 13 9.7
VC3E2 Andesite 33.2 -11.1 17 3.9
VC3F1 Reddened Dacite 28.8 -39.7 13 5.0
VC3H2 Andesite 308.6 -56.4 3 7.5
VC3K4B Dacite 78.0 -9.8 7 5.5
VC3K5A  Dacite 74.5 -17.6 7 5.1
VC3L3 Olivine Andesite 86.2 -41.2 4 13.3
VC4B3A  Andesite 195.0 -50.9 8 11.2
VC4C Andesite 191.2 -48.7 8 3.4
VC4E Andesite 176.0 -27.6 14 8.3
VC4G Olivine Andesite 134.2 -27.1 11 7.1
VC4H1 Andesite 193.3 2.5 13 3.9
VC4K3 Andesite 170.4 -35.3 10 5.5
VC4L Andesite 42.7 -65.6 18 3.7
VC5A2 Olivine Andesite 357.8 -57.0 13 2.5
VC5A4 Olivine Andesite 13.2 -57.3 13 3.8
VC5B1 Dacite 346.3 -52.1 17 1.2
VC5D3 Olivine Andesite 89.3 -36.7 13 4.7
VC5D6 Olivine Andesite 103.2 -40.9 13 4.8
VC5E1B  Reddened Dacite 185.3 -47.2 11 3.6
VC5E3 Reddened Dacite 186.0 -46.2 18 5.4
VC5E4 Reddened Dacite 177.3 -39.8 13 6.7
VC5F1 Reddened Dacite 125.9 -16.0 17 5.3
VC5F2 Reddened Dacite 122.2 42.5 13 5.0

(continued on next page)
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Table 4: (continued)

Sample  Clast Type Dec. (°) Inc. (°) N MAD
VC5F2 Reddened Dacite 122.2 42.5 13 5.0
VC5H Reddened Dacite 29.7 -9.9 17 7.7
VC5K2 Andesite 294.2 -10.8 9 7.4
VC5L Andesite 328.3 -15.3 17 3.8
VC6A1 Reddened Dacite 15.4 -40.2 11 8.8
VC6B Andesite 350.7 -16.6 17 5.0
VC6C Andesite 6.7 27.9 18 8.7
VC6D1 Dacite 33.3 -41.1 9 8.3
VC6E1 Andesite 208.2 8.0 13 4.8
VC6F Andesite 330.1 -13.7 17 3.7
VC6H Dacite 6.6 -48.7 9 9.1
VC6K1 Andesite 17.1 -20.2 10 12.0
VCT7A2 Andesite 11.8 20.3 13 8.7
VCT7A3 Andesite 337.7 25.3 13 8.2
VC7C1 Andesite 119.9 -6.7 13 4.4
VC7D2B  Andesite 21.6 -7.8 13 3.5
VC7D3B  Andesite 25.3 -17.0 13 3.9
VCTE2 Olivine Andesite 359.4 -16.9 13 4.9
VCT7F Olivine Andesite 357.0 -20.5 13 6.5
VC7G Dacite 49.3 -13.8 17 4.7
VCTH Andesite 70.7 -16.2 3 7.2
VCT7K Andesite 8.1 -24.4 17 6.1
VCRA2 Andesite 226.8 -31.9 18 6.4
VC8B2 Dacite 304.7 -13.6 8 12.1
V(C8C2 Andesite 335.6 10.2 9 14.1
VC8D2 Andesite 271.5 9.7 13 5.3
VC8D3 Andesite 265.9 11.9 18 5.1
V(C8G2 Dacite 349.6 -33.3 8 10.0
VCS8L Andesite 280.1 -11.0 9 10.4
VC8M Andesite 332.4 -16.6 9 10.8
VCID2A  Olivine Andesite 103.8 -20.9 8 13.6
VCIF2 Reddened Andesite 215.0 77.2 13 5.9
VCIF'3 Reddened Andesite 230.2 71.9 18 2.3
VCIK Andesite 172.9 -13.9 17 3.2
VCIL Olivine Andesite 198.1 -18.8 17 2.3
VCIM2A  Andesite 149.1 -17.1 13 4.5
VCIM4 Andesite 118.9 15.1 13 8.1
VC10A1 Dacite 219.0 -66.8 7 8.2
VC10B1 Reddened Andesite 50.9 33.9 13 6.6
VC10C Andesite 277.8 -36.9 9 11.2
VC10D Andesite 295.1 -8.3 12 11.2
VCI10E1 Andesite 98.0 -46.7 13 5.8
VC10E2A  Andesite 113.3 -67.8 13 5.0

(continued on next page)
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Table 4: (continued)

Sample Clast Type Dec. (°) Inc. (°) N MAD
VC10F1 Andesite 334.5 15.2 13 3.8
VC10H Olivine Andesite 184.3 1.5 18 3.5
VCI10L2 Andesite 217.9 38.6 13 6.5
VCI10L3 Andesite 157.6 -23.7 13 7.6
VC11A1 Andesite 262.3 -62.4 13 6.8
VC11F1 Reddened Andesite 73.1 30.2 13 1.8
VC11G1 Olivine Andesite 104.2 -80.5 8 14.1
VCI11H1 Olivine Andesite 167.2 -48.1 17 4.5
VC11K1 Andesite 136.6 -42.2 13 3.6
VC11K4 Andesite 137.5 -56.5 13 2.9
VC11L2 Andesite 110.8 -41.2 11 12.7
VC12B1 Andesite 143.9 -29.2 5 5.5
VC12D1 Andesite 131.9 -32.7 7 9.5
VC12D4A  Andesite 131.4 -31.0 7 8.5
VCI12E1 Andesite 163.9 -28.0 8 3.8
VC12G1 Olivine Andesite 157.5 -49.6 9 13.4
VC12H2 Olivine Andesite 96.1 13.1 15 7.6
VC12M1 Andesite 177.7 -44.5 13 4.5
VCI12N1B  Andesite 226.3 -37.4 15 6.4
VC12N2A  Andesite 248.3 -49.5 15 4.6
VC1202 Reddened Andesite 126.9 20.7 16 3.1
VC13B1A Dacite 165.6 -16.8 14 2.6
VC13C1A Olivine Andesite 139.8 -12.6 14 4.6
VC13D1 Reddened Dacite 351.7 37.2 15 4.0
VC13G2A Olivine Andesite 135.1 -31.6 8 12.9
VC13L1 Olivine Andesite 208.7 -43.6 15 6.5
VC13M1A Andesite 145.0 -18.9 13 4.5
VC1302 Andesite 215.5 16.4 15 9.1
VC13P1 Reddened Andesite 42.9 30.9 12 11.0
VC13Q1A  Andesite 165.9 -22.7 6 5.1

Symbols are the same as in Table 2. Clast type identification based on hand specimen

examination.

95



Table 5: Emplacement temperature and paleomagnetic data from Vesuvius, Italy.

Sample  Clast Type T. (°C) Dec. (°) Inc. (°) N MAD T, (°C)
CP2A3 Andesite > 573 335.4 74.6 12 3.1 573
CP2B1 Andesite > 580 342.9 71.6 9 3.2 580
CP2C3 Leucite Tephrite > 568 9.1 48.8 12 1.9 568
CP3A1B  Leucite Tephrite 310-380* 20.9 56.0 6 9.3 602
CP3B6 Leucite Tephrite 420% 3.8 45.6 7 134 607
CP3E2 Leucite Tephrite 380—-420* 9.8 49.6 6 9.5 559
CP301 Andesite > 579 19.7 41.8 14 3.5 483, 579
CP3Q4B  Leucite Tephrite > 548 309.8 52.3 12 8.1 548
CP3S2 Leucite Tephrite 310-340* 347.3 51.2 6 12.1 547
CP3V12A Leucite Tephrite 380* 348.8 31.7 8 10.9 537, 577
CP3X6A  Leucite Tephrite 420-460%* 350.3 53.0 9 7.5 606
CP3Y2B  Leucite Tephrite 460* 9.0 70.3 9 13.1 611
CP4A2 Leucite Tephrite 380-420* 291.9 82.1 8 11.7 594
CP4B2B  Leucite Tephrite 420-460%* 25.8 51.3 10 143 603
CP4E4 Leucite Tephrite > 589 329.1 69.8 14 4.0 589
CP4F2 Leucite Tephrite 490-520* 23.4 86.2 12 116 612
CP4H4B  Leucite Tephrite 340-380* 9.1 48.8 8 14.9 611
CP4I8A Leucite Tephrite 280-340* 3.0 79.3 8 14.2 571
CP4J4B Porphyritic Leucite Tephrite > 599 344.6 54.6 16 4.3 599
CP4P1B  Porphyritic Leucite Tephrite > 610 313.4 43.4 16 4.7 610
CP4T2 Porphyritic Leucite Tephrite 460-490* 341.8 61.9 10 9.8 628
CP4X3 Andesite 380—-460* 326.2 43.9 8 12.7 553
CP4Y6 Porphyritic Leucite Tephrite 380-420* 25.4 42.4 8 12.2 553, 603
CP5A2A  Leucite Tephrite > 568 345.1 51.4 14 39 568
CP5C4B  Leucite Tephrite > 543 358.3 52.7 13 3.5 543
CP5E2 Andesite > 557 8.2 56.3 12 23 557
CP5F2 Leucite Tephrite > 580 340.2 48.6 11 2.8 580
CP5H1 Andesite > 555 339.3 37.4 15 5.1 555
CP5J2 Leucite Tephrite > 572 5.9 54.7 11 4.9 572
CP5K2B  Leucite Tephrite > 572 351.3 42.3 10 2.3 572
CP5L4 Leucite Tephrite > 572 18.3 38.1 15 33 572
CP5N1A  Leucite Tephrite > 569 325.1 49.7 15 51 569
CP5P2 Leucite Tephrite > 548 6.8 56.3 11 3.3 548
CP5Q1 Leucite Tephrite > 589 331.2 60.5 15 4.7 589
CP5S3 Leucite Tephrite 520%* 356.1 60.8 14 4.0 559
CP5U1B  Leucite Tephrite > 560 27.2 65.8 12 27 560
CP5V1 Porphyritic Leucite Tephrite > 563 41.5 78.5 15 4.0 563
CP5X5 Leucite Tephrite 520%* 337.3 73.5 15 5.8 YU
CP5Y2 Leucite Tephrite 520%* 1.2 51.5 13 38 568
CP5Z1 Leucite Tephrite > 562 349.3 59.6 12 25 562
CP6A3 Syenite > 649 6.8 55.9 15 3.1 649
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Table 5: (continued)

Sample Clast Type T. (°C) Dec. (°) Inc. (°) N MAD T. (°C)
CP6B4 Leucite Tephrite > 572 14.1 51.8 11 3.8 572
CP6C2 Leucite Tephrite > 573 357.4 57.2 14 44 573
CP6E4 Leucite Tephrite > 574 359.6 67.2 14 35 574
CP6F1 Andesite > 580 359.6 57.2 11 4.4 580
CP6H1 Leucite Tephrite > 623 15.5 55.2 16 4.7 623
CP6I1 Leucite Tephrite 520* 29.9 66.7 11 13.1 603
CP6K2 Porphyritic Leucite Tephrite > 601 346.5 44.6 15 4.7 601
CP6L1 Leucite Tuff > 607 12.7 62.6 14 3.2 607
CP6M4 Porphyritic Leucite Tephrite > 572 4.6 62.8 13 5.8 572
CP6N2 Leucite Tephrite > 630 339.8 45.5 15 5.1 630
CP603 Porphyritic Leucite Tephrite > 572 356.4 62.0 15 3.8 572
CP6Q3 Leucite Tephrite > 548 0.7 49.5 12 3.3 548
CP6R1 Leucite Tephrite > 609 2.6 40.9 16 6.5 609
CP6S3 Leucite Tephrite > 571 359.4 61.6 16 4.4 571
CP6T2 Leucite Tephrite > 533 344.7 61.2 13 3.1 533
CP6U3 Leucite Tephrite > b87 43.2 56.7 12 29 587
CP6V1 Andesite > 590 347.5 42.1 14 46 590
CP6W2B Leucite Tephrite > 553 348.4 53.3 11 4.2 553
CP6X2 Andesite > 583 353.3 49.4 15 4.3 583
CP6Y1 Leucite Tephrite 520* 359.7 67.9 12 125 543

Symbols are the same as in Table 2.

o7



