
1. Introduction
Pyroclastic density currents (PDCs) represent one of the most dangerous natural hazards on Earth, and stratovol-
canoes like Unzen in Japan, Mt. St. Helens in USA, and Popocatépetl in Mexico give examples of devastating 
events in the last millennia (e.g., Christiansen & Peterson, 1981; Siebe et al., 1996; Yamamoto et al., 1993). They 
originate from volcanic eruptions when mixtures of hot gases and fragmental particles (ash, lapilli, blocks, and 
boulders) become buoyant and move laterally (Cole et al., 2015; Lube et al., 2020). PDCs are density-stratified 
flows composed of a basal dense granular flow and an over-riding dilute ash cloud. The term block-and-ash 
flow is often used for the basal dense granular flow (e.g., Pensa et al., 2019). Given the great destructiveness 
posed by PDCs, the understanding of their formation mechanism and behavior is important for hazard predic-
tion. PDCs can be characterized by multiphase flow transport regimes and gas-particle interactions, spanning 
from fast and high-energy surges to slow and dense flows, which produce a wide variety of deposit characteris-
tics (e.g., Lerner et al., 2022). The Plinian eruption, for example, occurs in pulses that mostly start with minor 
ash falls and ash flows and reach their peak with the deposition of pumice falls, the emplacement of hot ash 
flows, and finally extensive mudflows (e.g., Siebe et al., 1996). Since 1994, the observed reawakening of the 
Popocatépetl volcano causes a threat to nearby populations as huge emissions of ash and fumarolic gases (Love 
et al., 1998) together with subsequent episodes of rapid dome growth at the summit crater were reported (e.g., 
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Gómez-Vázquez et al., 2016). This present-day activity is associated with mild to moderately explosive Vulca-
nian activity, and ashfall frequently reaches Mexico City and the city of Puebla located 60 and 45 km from the 
volcano, respectively (Mangler et al., 2019). In the Holocene, explosive activity proceeded effusive phases of the 
Popocatépetl eruption that lasted around 35 years and had a significant impact on habitants in the pre-Hispanic 
times (Ramírez-Uribe et al., 2022).

The magnetic mineralogy of pyroclastic deposits is controlled by Fe-Ti oxides intergrown with olivine-pyroxene 
phenocrysts crystallized between 870 and 1,000°C in the magma chamber or subvolcanic dike intrusions (e.g., 
Mangler et al., 2020; Mollo et al., 2013; Sosa-Ceballos et al., 2012), Fe-Ti oxides conserved in the clasts from 
the volcanic dome structure before the explosive collapse (e.g., Saito et al., 2003, 2004), a juvenile component 
that was crystallized from lava and then quenched during eruption and deposition (e.g., Jackson & Bowles, 2014; 
Lied et al., 2020), and processes after the deposition, such as magma degassing, which may cause a reduction of 
the oxide assemblages, or fluid-induced alteration causing a low-temperature (<350°C) maghemitization (e.g., 
Dunlop & Özdemir, 1997; Oliva-Urcia et al., 2011). The most important magnetic minerals in volcanic rocks 
belong to the solid solution series of titanomagnetite (Fe3-xTixO4) with magnetite (x = 0) and ulvöspinel (x = 1) 
as end-members. The chemical composition of homogeneous titanomagnetite in volcanic rocks depends on Ti/
(Ti + Fe) ratio as well as oxygen fugacity and temperature of the melt. If titanomagnetite crystallizes in equilib-
rium with ilmenite, an increase in oxygen fugacity, as well as a decreasing Ti/(Ti + Fe) ratio, causes a decreasing 
ulvöspinel component in titanomagnetite (Lattard et  al.,  2006). Also increasing cooling rate and crystalliza-
tion temperature decrease the ulvöspinel component in titanomagnetite (e.g., Mollo et al., 2013). A good proxy 
to evaluate titanomagnetite composition is the Curie temperature (TC) determined from temperature-dependent 
magnetic susceptibility [κ(T)] measurements (e.g., Lattard et al., 2006). But magnetic properties of pyroclastic 
deposits are not only controlled by the titanomagnetite composition, but also by the amount of the ferrimagnetic 
minerals and their grain size (e.g., Dunlop & Özdemir, 1997).

Saito et al.  (2003, 2004) have shown that Fe-Ti oxide minerals from block-and-ash flow deposits of the Yufo 
volcano, Japan, can be used to unravel the oxidation processes in the lava dome before an eruption. These authors 
have discriminated three different Fe-Ti oxide mineral assemblages (type A: homogeneous titanomagnetite; type 
B: exsolved titanomagnetite with lower ulvöspinel component and composed of two to three phases, and type 
C—highly oxidized up to hematite) and suggested that types B and C result from oxidation processes of type A 
in the outer shell of a lava dome. Outer parts of the dome, where lava intruded and caused an endogenous growth 
under low effusion rates, were distinguished from exogenous dome growth with high effusion rates. While the 
first mechanism causes higher oxidation of primarily homogeneous Fe-Ti oxides (types B and C), the latter is 
characterized by nonoxidized homogeneous Fe-Ti oxides (type A). These types A–C are described for pyroclastic 
deposits worldwide (e.g., Alva-Valdivia et al., 2019; Lerner, Cronin, & Turner, 2019; Lerner, Cronin, Turner, 
et al., 2019).

Emplacement temperatures of PDCs can range from cool depositions in lahars or other collapses not primarily 
related to an eruption (e.g., gravitational collapse triggering mudflows) to temperatures >800°C (e.g., Lerner, 
Cronin, Turner, et al., 2019). They can be evaluated in several ways like direct measurements of temperature-depth 
profiles (e.g., Banks & Hoblitt, 1996), using satellite images (Denniss et  al., 1998; Wooster et  al., 2000), by 
studying characteristic features, such as carbonized material, the reflectance of charcoal or bone fragments 
(Mastrolorenzo et al., 2001; Pensa et al., 2015; Sawada et al., 2000), or indirectly using paleomagnetic techniques 
(e.g., Alva-Valdivia et al., 2019; Paterson et al., 2010). Paleomagnetism uses a recorded magnetic signal known 
as thermoremanent magnetization, and emplacement temperatures of pyroclastic deposits are typically derived 
from oriented clasts that can originate from the magma chamber (juvenile clasts), from conduit walls (accessory 
clasts), or be ripped up along the flow path (accidental lithics; Alva-Valdivia et al., 2019), but also from the ash 
matrix (e.g., Lerner, Cronin, Turner, et al., 2019). When rocks are cooled from a temperature higher than the TC 
of constituting magnetic minerals, the minerals acquire a new magnetization parallel to the Earth's magnetic field 
at the time of emplacement. This method can be applied up to the TC of the constituent ferrimagnetic phase (e.g., 
Paterson et al., 2010; Lerner, Cronin, & Turner, 2019, Lerner, Cronin, Turner, et al., 2019). For the PDC at Mt. 
Taranaki, New Zealand, a hot lava dome collapse is suggested based on paleomagnetic investigations of ash and 
clasts (Lerner, Cronin, & Turner, 2019). Alva-Valdivia et al. (2019) have reported three emplacement temperature 
ranges (320–370°C, 400–460°C, and >500°C) for the phreatomagmatic Cerro Colorado tephra deposits, Mexico, 
and many of their κ(T) curves show significant nonreversible behavior, which may indicate different thermal 
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profiles due to stratigraphic variation of titanomagnetite within the PDC deposit (Bowles et al., 2018). Nonrevers-
ibility may be due to maghemitization (Oliva-Urcia et al., 2011), high-temperature nonstoichiometry (Brachfeld 
& Hammer, 2006), cation ordering processes below the titanomagnetite binary solvus (Jackson & Bowles, 2014), 
or vacancy-enhanced nanoscale chemical clustering in the octahedral sublattice (Bowles et al., 2019).

Because cation order/disorder in pure magnetite only affects the Fe 2+ and Fe 3+ cation distribution in the octahe-
dral sites (tetrahedral sites only have Fe 3+), different quenching histories give the same TC, and TC from labora-
tory heating and cooling runs are reversible. Harrison and Putnis (1999) have shown that this is not the case for 
synthetic magnesioferrite (MgFe2O4) and Lattard et al. (2006) have documented thermomagnetic irreversibility 
for synthetic titanomagnetite (Fe3-xTixO4). These authors suggested that either cation vacancies or interactions 
of magnetic and cation ordering have an influence on TC. Jackson and Bowles (2014) documented for the first 
time significant nonreversibility of TC from pumice and ash flow samples of the Mt. St. Helens volcano, USA, 
and first argued that this nonreversibility is related to cation ordering that might be affected by the emplace-
ment temperature and cooling rate of volcanic sequences containing homogeneous titanomagnetite. The same 
group of researchers has studied the atomic-scale processes responsible for the TC variations and suggested that 
vacancy-enhanced nanoscale chemical clustering on the octahedral sites within the titanomagnetite sublattice 
is more consistent with their X-ray magnetic circular dichroism and Mössbauer spectroscopy study (Bowles 
et al., 2019) than a reordering of cations. Their data also suggest that Mg substitution mainly occurs on octahedral 
sites, while Al substitution occurs on both octahedral and tetrahedral sites. Both cations are ubiquitous in small 
concentrations in magmatic titanomagnetites (e.g., Bowles et al., 2013; Lied et al., 2020; Macías et al., 2020). 
In addition, changes in TC are enhanced in their studied synthetic samples by oxidation at low temperatures 
(150°C). Nanoscale unmixing in titanomagnetite is documented in a study by Lied et al. (2020) from pyroclastic 
maar deposits. After κ(T) was measured up to 700°C in argon, the nanostructures were no longer present and a 
homogeneous titanomagnetite was produced again with significantly lower TC in the cooling curve compared to 
the heating curve. Therefore, cooling history seems to play an important role in TC's irreversibility.

Magnetic minerals record both rock magnetic and paleomagnetic information. The aim of this study is to investi-
gate if magnetic mineralogy is also suited to separate different eruptive sequences from PDCs. For this purpose, 
we measured the temperature dependence of magnetic susceptibility on four profiles comprising different erup-
tive sequences from the last 14 kyr of the Popocatépetl volcano to test if varying TC can be related to the type of 
pyroclastic deposits. We combined our investigations with magnetic susceptibility and its field dependence and 
hysteresis properties as well as with magnetic mineralogy investigations through reflected light and scanning 
electron microscopy. This approach can be complementary to the paleomagnetic directional analysis for emplace-
ment temperature determination and help to unravel the history of the volcanic material and its emplacement 
conditions.

2. Geological Setting
The Popocatépetl volcano is located in the eastern part of the Trans-Mexican Volcanic Belt, an approximately 
east-west-aligned zone that extends for more than 1,000  km from the Pacific coast to the Gulf of Mexico 
(Figure 1). The mostly calc-alkaline composition of the volcanic products results from the subduction of the 
Cocos plate beneath the North American plate and dacitic to andesitic volcanism occurred in the region at least 
since the Oligocene time and continues to present. The Popocatépetl stratovolcano lies about 70 km SE of Mexico 
City and is considered one of the most active volcanoes in the country (Ramírez-Uribe et al., 2022).

Current models of the plumbing system of the Popocatépetl volcanic complex suggest at least two (mafic 
and evolved) long-lived interconnected magmatic environments in the mid to upper crust. Mangler 
et  al.  (2020) suggest that high-Mg orthopyroxene  +  clinopyroxene  +  Cr-spinel  ±  sulfide crystallized from 
the mafic magma at 1,000–1,115°C, whereas evolved, shallower melt produced plagioclase  +  low-Mg 
orthopyroxene + clinopyroxene + Fe-Ti oxides + apatite ± sulfides at long-term storage temperatures of around 
970°C. In addition, mixing and hybridization between these two magmas were described (e.g., Sosa-Ceballos 
et al., 2012). Lavas and pumices were fed from this reservoir documenting a range of eruption styles (effusive 
vs. explosive). A complex preeruptive recharge and mixing dynamic is testified by zoned pyroxene crystals 
of vast textural diversity (e.g., Mangler et al., 2022; Ramírez-Uribe et al., 2022). Mineral chemical studies on 
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orthopyroxene in pumice from the 1,200 years BP Plinian event (named P1) record magma recharge until days 
before an eruption (Mangler et al., 2022).

The current volcanic structure of Popocatépetl is built on cones that were destroyed by the vast cataclysmic events 
when an older volcano collapsed producing a debris avalanche (Figure 1; Siebe et al., 2017). Deposits from this 
type are associated with Plinian eruptions at about 22,000–24,000 years BP. A further major phreato-Plinian 
eruption occurred about 14,000 years BP (named P14) and is associated with the emplacement of the Plinian fall 
deposits “Tutti-Frutti” (Siebe & Macías, 2006). These characteristic deposits are used as a stratigraphic marker in 
the area of Mexico City and consist mainly of two heterolithologic fall breccia, including dacitic orange pumice 
with granodiorite, hornfels, arenite, and xenoliths from the local basement (Siebe & Macías, 2006; see Figure 2a, 
profile 1, P14).

The Holocene eruptions (Figure 1) started with minor ashfall and ash flows and peaked in an episode of Plinian 
pumice fall, pyroclastic hot ash flows, and lahars, which mark the end of the sequence. The Upper Pre-Ceramic 
Plinian Eruptive Sequence (UPCPES) is the oldest of the recent Plinian eruptions (ca. 5,000 years BP) and will be 
referred to in our study as P5 (Siebe & Macías, 2006). According to Arana-Salinas et al. (2010), P5 is the result of 
three main eruptive phases, including Vulcanian eruptions producing block-and-ash flows from a growing dome, 
phreatomagmatic explosions triggered by water-magma interaction (surges), and Plinian eruptions with pumice 
and ash deposits. The Lower Ceramic Plinian Eruptive Sequence (LCPES) occurred approximately 2,150 years 
BP and will further be named P2. The pumice fall from both eruptions is characterized by ochre-brown ande-
site pumice with dark gray scoria and light green siltstone clasts (Siebe & Macías,  2006), making a distinc-
tion between P5 and P2 in the field difficult. The deposition of the Upper Ceramic Plinian Eruptive Sequence 
(UCPES, referred to as P1) occurred ca. 1,200 years BP and is characterized by three Plinian pulses (UCPES1-3 
in Figure 1a) that led to the deposition of pink-gray andesite pumice. These different sequences (P5, P2, and 
P1) consist of nearly the same chemical and mineralogical andesitic composition, which suggests a long-lived 
magma chamber (Siebe & Macías, 2006) in line with recent petrological studies (Mangler et al., 2020, 2022; 
Ramírez-Uribe et al., 2022 and references therein). Examples of the sampled stratigraphic sequences associated 
with the most recent major Plinian eruptions at Popocatépetl are shown in Figure 2. Since the last major Plinian 

Figure 1. (a) Map of sampling site location. Shaded areas indicate areas covered by Plinian pumice-fall deposits of various ages, whereas arrows indicate dispersal 
directions of these deposits. (b) Simplified stratigraphic profile of the Popocatépetl deposits of the last 14,000 years (modified after Siebe and Macías (2006)). Profile 
1 (POP1) at the “Christmas Tree” with the so-called “Tutti-Frutti” pumice); profile 2 was taken from Manantial; profile 3 (POP3a,b) was located between the police 
station at the top and La cantera de los fluchos, and profile 4 (POP4a,b,c) at La cantera de los fluchos. Abbreviations: UCPES—Upper Ceramic Plinian Eruption 
Sequence (ca. 1,200 years. BP); LCPES—Lower Ceramic Plinian Eruption Sequence (ca. 2,150 years. BP); UPCPES—Upper Pre-Ceramic Plinian Eruption Sequence 
(ca. 5,000 years. BP); GPES—Glacial Plinian Eruption Sequence (ca. 14,000 years. BP). The inset map shows the Trans Mexican Volcanic Belt; open triangles—
volcanoes; solid squares—cities; red box—study area shown in the main map.
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Figure 2. Changes in magnetic susceptibility (black) and field dependence (red) parameter (left column) and transition temperatures (right column) with depth for 
the different profiles along the Paso de Cortés road. Stratigraphic positions are shown in the field photographs and data profiles. Filled symbols in the right columns 
represent the transition temperatures of the dominant phase, whereas open symbols describe the minor phases derived from κ(T) curves. Red and blue indicate 
temperatures obtained from heating and cooling curves, respectively. The field dependence parameter (χHd) was calculated according to Equation 1. Small blue arrows 
with letters (on the right) indicate the location of κ(T) curves shown in Figure 3. For an explanation of abbreviations, see Figure 1.
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event about 1,200 years BP, the Popocatépetl volcano has produced only moderate eruptions. Ongoing activ-
ity, which commenced in 1994, is characterized by dome emplacement and destruction cycles that formed and 
destroyed 38 lava domes in 28 years so far (Gómez-Vazquez et al., 2016).

3. Materials and Methods
3.1. Field Sampling

Pumice, ash fall, and block-and-ash flow deposits of four profiles along the road Paso de Cortés, which is located 
between Popocatépetl in the south and Iztaccíhuatl in the north (Figure 1a), were collected in 2016. Those profiles 
cover eruptive sequences of P14, P5, P2, and P1 of the Popocatépetl's last 14,000 years of eruptive history, and 
some of the profiles were composed of different stratigraphic levels (named 4a, 4b). For all profiles, we measured 
magnetic susceptibility with a hand-held susceptometer (SM30) and took samples every 10 cm. The pyroclastic 
material (ash matrix, pumice, and lithic clasts) was scratched from the outcrop (see markings in Figure 2a) using 
wood or plastic spoons and transported in plastic bags. The maximum size of pumice and lithic clasts was around 
2 cm in diameter, but for measurements, pieces below 0.3 cm were used. In total, we collected about 100 samples 
from the profiles, which had a maximum length of approximately 2 m.

3.2. Optical Microscopy and SEM

From the whole collection, we prepared 37 polished thin sections for transmitted and reflected light investiga-
tions. Microscopic observations were performed with a Leitz Orthoplan polarizing microscope. To better char-
acterize magnetic mineral assemblages under reflected light, ferrofluid and oil immersion were used. Scanning 
electron microscopy (SEM) with back-scattered electron (BSE) imaging was combined with EDX to obtain also 
information on the qualitative mineral chemical composition of the Fe-Ti oxides assemblages. The carbon-coated 
polished thin sections were investigated with an FEI Quanta 650 FEG ESEM with an accelerating voltage of 
15 kV and a working distance of 10 mm at the Laboratory for Electron Microscopy at KIT.

3.3. Magnetic Experiments

Bulk magnetic susceptibility was measured for all profiles in situ with a hand-held susceptometer (SM30) and 
then for each sample with a KLY-4S Kappabridge (Agico) in the laboratory. This instrument coupled with a CS-2 
furnace was also used for the temperature-dependent magnetic susceptibility [ĸ(T)] measurements in the temper-
ature range from −192°C or room temperature to 700°C to determine possible changes in magnetic mineralogy. 
The high-temperature heating and cooling runs were measured in an inert argon atmosphere to prevent oxidation 
during the measurement. Curie temperature was estimated based on the peak-tangent method proposed by Lied 
et  al.  (2020; an example is given in Figure S4 in Supporting Information S1) and is further called transition 
temperature. The difference between values obtained from heating and cooling curves is given as ΔTC. Field 
dependence of the magnetic susceptibility was measured using the Kappabridge (KLY-4S) in the field range 
between 2 and 450 A/m and then normalized by mass. The field dependence parameter (χHd) was calculated 
according to de Wall (2000):

𝜒𝜒Hd [%] = [(k300 − k30)∕k300] × 100 (1)

where k300 and k30 are magnetic susceptibility measured at 300 and 30 A/m, respectively.

Hysteresis parameters were measured using an AGFM Micromag 2,900 apparatus in fields up to 1.2 T. The IRM 
curves were analyzed using the component analysis by Maxbauer et al. (2016). Three parameters describe the 
magnetic components obtained from the statistical analysis: SIRM proportional to the mineral content in the 
sample, the mean coercivity (B1/2) at which half of the SIRM is reached, and the dispersion parameter (DP) 
corresponding to the individual cumulative log-normal distribution. All measurements were made at the Institute 
of Applied Geoscience, KIT, except for hysteresis data that were measured at the paleomagnetic laboratory of the 
Geophysics Institute at UNAM.
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4. Results
4.1. Magnetic Properties

Depth distribution of magnetic susceptibility (ĸ) and its field dependence (χHd), as well as transition temperatures 
from κ(T) curves along all studied profiles, is shown in Figure 2. Both magnetic susceptibility measured in the 
field and the laboratory display approximately the same trend; thus, only the field measurements are shown (in 
black). Magnetic susceptibility values show a large variation but do not exceed 5 × 10 −3SI. The lowest values of 
ĸ correlate with the highest values of χHd reaching up to 20% and are observed especially in pumice-fall deposits 
of P1 and P2 (Figure 2; profiles 2 and 4c). For most of the other deposits, the field dependence parameter is lower 
than 10% and commonly mimics trends of ĸ. For three pumice samples from profile 4a (Figure 2b), only magnetic 
susceptibility was measured, which was in the low paramagnetic range and therefore excluded from any further 
measurements.

The κ(T) measurements typically revealed two to four different transition temperatures (TT) present in all samples 
(Figure 2, right column). Low-temperature runs rarely show evidence for the Verwey transition (Figure 3), indi-
cating a lack of stoichiometric magnetite. The lack of the Verwey transition in the few low-temperature κ(T) 
curves done in this study (Table S1 in Supporting Information S1) suggests more than 3.5 atomic% of Ti in 
the  crystal lattice (Kosterov et al., 2009; Kozłowski et al., 1996). High-temperature susceptibility measurements 
yield TT mostly between 0 and 200°C, 250–400°C, and >400°C, which indicate the presence of magnetic phases 
with various Ti concentrations (all ĸ(T) data sets are available in Data Sets S1–S4 in Supporting Information S1). 
According to formula 1 given in Lattard et al. (2006), we have calculated the content of ulvöspinel (XUsp) that 
is changing in a wide range from XUsp = 0.06–0.18 for TT > 500°C through XUsp = 0.44 for TT ∼ 300°C and 
XUsp = 0.68–0.78 for TT < 100°C. The thermomagnetic curves are generally reversible above 550°C and become 
quasi-reversible (Figures 3a, 3b and 3d) or nonreversible (Figures 3c, 3e and 3f) at lower temperatures. Tran-
sition temperatures are more or less comparable within the same eruption sequences (Figure 2, right column), 
displaying a characteristic κ(T) behavior for the different pyroclastic deposits (Figure 3). Transition temperatures 
indicated on cooling runs are typically lower or similar to those observed on heating curves (Figure 2, right 
column, Figure 3). In a few pumice sections (see, e.g., profile 2 in Figure 2a), cooling runs show higher TT than 
the heating runs.

The magnetic minerals were further characterized by hysteresis parameters (Figure 4). All measured loops are a 
mixture of paramagnetic and ferromagnetic signals, but once the slope correction is done, a clear ferromagnetic 
component is obtained. Hysteresis loops display a wide range of shapes from very narrow through wasp-waisted 
and pot-bellied. When plotted on the Day diagram (Figure  4e), most of the samples are placed in the PSD 
(vortex) area. For most of the samples, hysteresis parameters show a strong variation except for pumice depos-
its, which show the highest Hcr/Hc ratios and the most congruent cluster (Figure 4e; squares). The data on a 
squareness-coercivity plot (Figure S1 in Supporting Information  S1) show a linear trend, suggesting that all 
samples have similar magnetic minerals but varying grain sizes. Plotting the trends for low Ti-magnetite and 
TM60 (Wang & Van der Voo, 2004), our data plot between the trends, suggesting that the samples are likely 
oxidized. Moreover, there seems to be no apparent trend in the distribution of hysteresis parameters with depth 
(Table S2 in Supporting Information S1) except for coercivity (Hc), which is rather constant throughout all profiles 
(<20 mT) and reaches the lowest values for pumice sections (<5 mT; Table S2 in Supporting Information S1).

The isothermal remanence magnetization (IRM) acquisition curves were found to be similar for all pyroclastic 
deposits and reach saturation at fields below 250–300  mT, which suggests the dominance of low coercivity 
(titano-)magnetite minerals of pseudo-single-domain (PSD) grain size. The IRM modeling indicated at least 
three components in these samples (Figure 5 and Table S1 in Supporting Information S1). C1 is a soft component 
with B1/2 ∼30–70 mT and dispersion parameter (DP) 0.25–0.40 (log units) that is the major contributor to the 
total IRM (>40%); C2 is a relatively hard component with B1/2 >200 mT, DP ranges between 0.10 and 0.30 and 
the contribution of this phase is usually not exceeding 15%. Component C3 is very soft with B1/2 usually below 
20 mT and DP in a range of 0.20–0.40. This component has various contributions depending on the type of 
pyroclastic deposits from less than 15% for most block-and-ash flows and up to 40% for pumice samples. Some 
samples also show a fourth component (C4) with coercivity either between 20 and 70 mT or over 100 mT and 
quite wide DP (0.20–0.40). The content of C4 is widely varying up to 40% (Figure 5g). Profile 4 shows a scatter 
of mean coercivity values (Figure 5). Component 1 is classified as low-Ti titanomagnetite (likely exsolved), C2 



Geochemistry, Geophysics, Geosystems

DUDZISZ ET AL.

10.1029/2022GC010340

8 of 18

is indicated as (ilmeno)hematite, C3 as high-Ti titanomagnetite (homogenous), and C4 as titanomagnetite or 
titanomaghemite with intermediate content of Ti of varying grain size. Whereas C2 cannot be seen directly on 
ĸ(T) curves, the remaining components can be separated and correlated with TT (Figures 5a, 5c, 5e, 5h and 5j). 

Figure 3. (a–f) Thermomagnetic curves κ(T) for representative samples normalized to κ at room temperature. Arrows indicate heating and cooling runs. The last three 
digits in the sample ID (e.g., POP4C-010) indicate the depth in cm shown in Figure 2. T1,2,3 indicate transition temperatures of the dominant phase (bold) and minor 
(italic) phase.
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It should be noted that component C1 dominating the IRM properties is often used for emplacement temperature 
determination of pyroclastic deposits (e.g., Lerner, Cronin, & Turner, 2019). However, this component is not 
always the major contributor to magnetic susceptibility.

Figure 4. (a–d) Representative examples of room temperature hysteresis loops from the studied profiles; (e) Mrs/Ms versus Hcr/Hc for all profiles plotted on the Day 
diagram (Day et al., 1977). The solid line indicates the hysteresis loop before correction for paramagnetic minerals, and the dashed green line represents the corrected 
loop. The last three digits in the sample ID (e.g., POP4C-010) indicate the depth in cm shown in Figure 2.
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4.2. Fe-Ti Oxide Mineral Assemblages

Reflected light and scanning electron microscopy revealed that, as expected, the pyroclastic deposits consist of 
a heterogeneous mixture of lithic clasts and glass fragments (Figure 6). The Fe-Ti oxides are generally xenomor-
phic to hypidiomorphic and show variation in grain size from <10 μm to approximately 100 μm. They belong to 
the titanomagnetite (tmt) and ilmenohematite (ilhm) solid solution series and show various stages of oxidation 
related to deuteric oxidation. Homogenous titanomagnetite and ilmenohematite grains (Figures 6a–6e) display 
a low degree of oxidation and thus can be assigned to the C1 and R1 oxidation states for titanomagnetite and 
ilmenite, respectively (Haggerty, 1976, 1991). These grains typically exhibit cracks, which may indicate fractur-
ing during the dome collapse and eruption. Larger grains of Fe-Ti oxides are mostly intergrown with plagioclase 
and pyroxene phenocrysts, which also show cracks (Figures 6a and 6d). Smaller grains of homogenous titano-
magnetite frequently show vermicular intergrowth with pyroxene (Figures  6b and 6c). This type was mainly 
observed in pumice samples and is indicative of the more evolved magma from the shallow magma reservoir 
(e.g., Mangler et al., 2020). Additionally, ilmenohematite with titanomagnetite lamellae of the composite type 
as well as of the sandwich type occurs, indicating a higher state of oxidation (C3-4, R2-3, Figures 6e and 6f). 
Although those grains seem to be homogenous under the reflected light, the application of ferrofluid revealed 

Figure 5. Examples of κ(T) curves (a, c, e, h, j) and corresponding IRM decomposition plots (b, d, f, i, k) for representative samples of different pyroclastic deposits 
from profile 4 using Max Unmix software (Maxbauer et al., 2016). The values of B1/2 for each component are indicated on the plots. (g) Contribution of each 
component to total IRM. Color-coding was applied to correlate transition temperature with matching IRM components (e.g., comp. 1 corresponding to T3 is given in 
blue). Please note that component 2 (pink/magenta) is not observed in ĸ(T) curves. The last three digits in the sample ID (e.g., POP4C-010) indicate the depth in cm 
shown in Figure 2. Arrows indicate heating and cooling runs. T1,2,3 indicate transition temperatures of the dominant phase (bold) and minor (italic) phase.
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Figure 6. Scanning electron microscope (a, b, d, e, g, h, j, k, m, n, p, r) and reflected light (c, f, i, l, o, s) photographs of representative grains from different pyroclastic 
deposits reflecting different oxidation stages. Mainly homogenous grains of Fe-Ti oxides (a–f) were classified as type A, whereas exsolved (g–l) and oxidized grains 
(m–s) can be attributed to types B and C, respectively (according to the classification scheme of Saito et al. (2007)). For better distinction of the Fe-Ti-oxides, ferrofluid 
and oil immersion were used for reflected light microscopy. Abbreviations: ilhm—ilmenohematite, hem—hematite, tmt—titanomagnetite, and Cl-ap—chloroapatite. 
EDS spectra of red spots in (a), (h), and (n) are shown in Figure S2 in Supporting Information S1.
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thin exsolution lamellae of titanomagnetite in ilmenohematite (Figure 6f). The homogeneity of these Fe-Ti oxide 
grains and low degrees of oxidation suggests that these minerals were formed in the inner part of the lava dome 
(type A according to Saito et al., 2007) and/or in the shallow magma chamber before an eruption. However, a 
great majority of the titanomagnetite grains also show exsolution-lamellae of ilmenite/ilmenohematite along 
{111} that are either thick (up to 30 μm, Figure 6i) or very thin (∼1 μm, Figures 6g, 6h, 6j and 6k) and can be 
assigned to the trellis  type with oxidation level C2 or C3 (Haggerty, 1976, 1991). Iron sulfide (Figure 6g) or thin 
hematite exsolution (Figure 6l) is also present. Grains with lamellae exsolution are suggested to be the result of 
oxidation of homogenous titanomagnetite grains and can be classified as type B according to Saito et al. (2007). 
Figures  6m–6s show Fe-Ti oxide grains with dissolution features and pronounced exsolution indicating very 
high oxidation stages (type C, Saito et al., 2007). In these cases, titanomagnetite mostly shows oxidation in the 
form of thick trellis-type ilmenite lamellae and broad composite-type lamellae together with secondary hematite. 
Figure 6n even shows ilmenite-rutile (or pseudobrookite) exsolution lamellae. According to Haggerty (1991), 
these oxidation states correspond to stage C4/R4 or higher. EDS spectra indicate a large variation in Ti concen-
tration with a minor contribution of Al as well as Mg and Cr (Figure S2 in Supporting Information S1).

5. Discussion
Our rock magnetic and magnetic mineralogy study of the Plinian eruptive sequences over the last 14,000 years 
from the Popocatépetl volcano has shown a complex ferrimagnetic Fe-Ti oxide mineral assemblage, especially 
for the P5, P2, and P1 with at least two, commonly three, or more different TC (named as transition temperatures 
in Figures 2 and 3), indicating different titanomagnetite compositions. The TC distribution (Figure 2) agrees well 
with IRM modeling (Table S1 in Supporting Information S1) and the microscopic observations, which reveal 
homogenous titanomagnetites with high or intermediate Ti content and exsolved titanomagnetite grains with 
compositions near the endmember magnetite (Figure 6 and Figure S2 in Supporting Information S1). The latter 
feature is typical for high-temperature oxidation of titanomagnetite in igneous rocks (Haggerty, 1976, 1991). 
According to Bowles et al. (2015), oxyexsolution of magnetic phases into low-Fe ilmenite and low-Ti magnet-
ite and the relative reversibility of thermomagnetic curves (Figure  3) indicate deposition with little or no 
low-temperature post-emplacement alteration that can sometimes affect pyroclastic deposits (Lerner, Cronin, 
Turner, et al., 2019). Therefore, homogeneous titanomagnetite (type A) and exsolved titanomagnetite (type B−C) 
in different proportions are the most abundant ferromagnetic minerals in the PDCs.

The determined TC from ĸ(T) curves show a good correlation with components obtained through IRM modeling 
from hysteresis data (Figure 5). Three main components are observed, which we interpret as high-coercivity 
Ti-poor (exsolved) titanomagnetite (C1), higher coercivity ilmenohematite (C2; the strongest oxidized Fe-Ti 
oxide), and low coercivity Ti-rich titanomagnetite (C3; homogeneous). In addition, some samples show a 
medium coercivity component (C4), most likely related to intermediate titanomagnetite/titanomaghemite, which, 
however, is not easy to distinguish from the exsolved Ti-poor titanomagnetite (Figure 5). In nearly all samples, 
component 1 clearly dominates the hysteresis properties and the remanent magnetization (Table S2 in Supporting 
Information S1). This high-coercivity phase with TC close to 580°C is found and used in many paleomagnetic 
studies related to the determination of the emplacement temperature (e.g.Alva-Valdivia et  al.,  2019; Lerner, 
Cronin, & Turner, 2019; Lerner, Cronin, Turner, et al., 2019). Hysteresis parameters for most of our investigated 
pyroclastic deposit types indicate pseudo-single domain behavior with varying magnetization and coercivities 
(Figure 4 and Figure S1 in Supporting Information S1).

Jackson et  al.  (1998) demonstrated that the field dependence of magnetic susceptibility in titanomagnetite is 
dominantly controlled by the composition, and linear regression (R 2 = 0.97) exists between TC and log χHd (de 
Wall, 2000). We observed that a strong scattering of this relation (Figure S3 in Supporting Information S1) is 
typical for volcanic rocks with mixed homogeneous and exsolved titanomagnetite assemblages, which agrees 
with observations of Vahle and Kontny  (2005). A combination of TC determination and field dependence of 
magnetic susceptibility helps to qualitatively distinguish the amount of the different contributions, although 
other factors besides composition, such as the measurement temperature, grain size, and anisotropy (Vahle & 
Kontny,  2005), might contribute to a scattering of the Tc−χHd relation. Titanomagnetite with a TC  <  100°C, 
observed in the sequences with high χHd (Figure 2), shows around room temperature a peak-type behavior (e.g., 
Lattard et  al.,  2006). Field dependence of this peak is significant as shown in Vahle and Kontny  (2005; see 
their Figure 4) and therefore might indicate an erroneously high concentration of the homogeneous Ti-rich 
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titanomagnetite. Therefore, χHd can give a first trend, for example, in pumice deposits but the component analysis 
obtained through IRM modeling is much more reliable. Titanomaghemite does not show a field dependence in 
magnetic susceptibility at all (e.g., Vahle & Kontny, 2005). We relate the nonreversible intermediate transition 
temperatures in the range of 300–500°C to titanomaghemite (Figures 2, 3b and 7, yellow ovals) and assume that 
they do not contribute much to χHd.

A clear dominance of high TC is observed in the P14 sequence and in profile 3a of the P5 sequence, suggesting 
that the volcanic material in the block-and-ash flow originates from the collapse of an endogenous lava dome 
(Figure 7). In profile 4a of the same P5 sequence, we also observe lower TC in accordance with homogeneous 
titanomagnetite, indicating lateral changes in the P5 block-and-ash flow (Figures 2 and 7). This block-and-ash 
flow (see profile 4a in Figures 2b and 7) shows significant and systematic nonreversibility of the TC for the 
homogeneous Ti-rich titanomagnetite (Figures 3e and 6d) with ΔTC (TC heating−TC cooling) up to 130°. The Ti-poor 
oxy-exsolved titanomagnetite grains are unaffected and show reversible TCs in the heating and cooling runs. 
Interestingly, this block-and-ash flow deposit (Figure 2, profile 4a) shows a decrease in magnetic susceptibility 
and field dependence of magnetic susceptibility and an increase in ΔTC of the Ti-rich titanomagnetite from the 
bottom to the central part. This homogeneous titanomagnetite shows a different behavior than those of most other 
sequences because the irreversibility of TC is the largest (compare T1 in Figures 3c and 3e).

Curie temperature irreversibility can be either due to vacancy-enhanced nanoscale chemical clustering (Bowles 
et al., 2019) or maghemitization (e.g., Lied et al., 2020; Oliva-Urcia et al., 2011). Their distinction is difficult 
because cation vacancies (□) follow independent of process the paired substitution 3Fe 2+ = 2Fe 3+ + □ (Jackson 
& Bowles, 2018). Cation vacancies can be due to oxygen fugacity at titanomagnetite crystallization temperatures 
(e.g., Lattard et al., 2006) or due to low-temperature oxidation. This issue could be solved by the chemical analy-
sis, high-resolution transmission electron microscopy, or X-ray magnetic circular dichroism (Bowles et al., 2019). 
One approach is also the use of progressive heating-cooling cycling experiments (Jackson & Bowles,  2018, 
and references therein), which shows reversible changes in ΔTC, indicating that no bulk chemical alteration 

Figure 7. Schematic compilation of TC and correlation with primary melt composition and post-emplacement processes for pyroclastic density deposits of the 
Popocatépetl volcano. Abbreviation: Te—emplacement temperature; * cation vacancies from crystallization of the melt or due to maghemitization.
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is involved for vacancy-enhanced nanoscale chemical clustering below the 
titanomagnetite binary solvus for compositions between 0.25  <  x  <  0.6 
(Bowles et al., 2019).

For sample POP4-80, we performed heating-cooling experiments in an inert 
Ar atmosphere at heating/cooling rates of 10  K/min in 100°C steps up to 
700°C, which is the temperature that is generally used for κ(T) measure-
ments. We observed that up to 500°C, which is the limit of the titanomagnet-
ite binary solvus for intermediate compositions, the heating, and following 
cooling curves are all reversible. But at 600 and 700°C, TC decreases progres-
sively (Figure 8), likely indicating that the closure temperature is overstepped. 
We interpret this behavior in the way that the natural sample was rapidly 
quenched from a temperature >700°C. In this sample, we also observe a 
distinct increase in magnetic susceptibility in the temperature range between 
580°C and the peak-type behavior below approximately 250°C in the cool-
ing curve for experiments ≥500°C. We suggest that this feature is related 
to a new formation of tiny magnetite grains from hematite (observed under 
reflected light microscopy) during the measurement in an Ar atmosphere and 
is not related to an exsolution texture in titanomagnetite as the titanomagnet-
ite remains homogeneous after the experiment. These data clearly confirm 
that ΔTC is sensitive to the thermal history of titanomagnetite in PDCs.

The basal pyroclastic surge deposit of the P5 sequence in profile 4a is reported to be formed from an initially 
phreatomagmatic explosion with a short but intense activity (Arana-Salinas et al., 2010; Siebe et al., 1996), which 
is in line with rapid cooling of the material. Generally, Plinian volcanic eruptions are reported to be emplaced at 
higher emplacement temperatures than phreatomagmatic eruptions (e.g., Fontana et al., 2011; Lesti et al., 2011; 
Porreca et al., 2008), but if the pyroclastic material gets into contact with glacial ice or water-filled gullies, the 
cooling rate can be significantly changed. Similar nonreversible behavior of TC was previously not only observed 
in pyroclastic deposits from Mount St. Helens, USA (Bowles et al., 2013) but also in the Mýtina Maar, Czech 
Republic (Lied et al., 2020), where phreatic phases were also reported as a (pre-) eruptive stage (Cashman & 
Hoblitt,  2004; Mrlina et  al.,  2007). In all these deposits, a significant amount of juvenile clasts is observed, 
suggesting that not only eruption style but also the contribution of different composed juvenile material might 
play a role in the nonreversibility of TC.

Interestingly, we observed lateral and vertical (within and across different lithological deposits) changes in the 
magnetic mineralogy (Figures 2 and 7), suggesting spatially and temporally different emplacement conditions 
during the same and following events. In the block-and-ash flow of the P5 sequence seen in profile 3a, we 
recognized a higher amount of exsolved titanomagnetite compared to the block-and-ash flow deposit of the 
younger P2 sequence in profile 3b, which is characterized by a significant amount of homogeneous titanomag-
netite (Figure 7). This observation suggests more endogenous (P5) or exogenous (P2) lava dome material that 
collapsed during the PDC generation. While in the lower P5 sequence, TC between approximately 490°C and 
580°C indicates an ulvöspinel component (Xusp) of 0.20 to pure magnetite, the higher (and younger) P2 sequence 
contains a more distinct contribution of homogeneous titanomagnetite with TC of approximately 170°C (Xusp of 
0.61) and 300°C (Xusp of 0.44; according to formula 1 given in Lattard et al., 2006). We relate these different 
compositions of the homogeneous titanomagnetite to the mafic and more evolved magma reservoir, respectively. 
Moreover, the presence of Cr in the Ti-Fe oxides observed in our study is in line with previous reports on magma 
mixing (Sosa-Ceballos et al., 2014). Field-dependent magnetic susceptibility (χHd) in the block-and-ash flow of 
sequences P5 and P2 is similar (4%–8%) and does not clearly indicate a higher concentration of homogeneous 
titanomagnetite (Figure 2).

A different pattern is observed in the pumice fall and flow of the P2 sequence (profile 2), in which high χHd 
values between 10% and 20% indicate a significant contribution of homogeneous titanomagnetite (Figure 2b). 
This is also the case in the pumice fall and flow of the P1 sequence (profile 4c), in which high χHd values of 
around 20% occur. In these samples, even two or three Ti-rich titanomagnetite compositions dominate, one with 
a TC < 100°C and others with TCs between 200 and 300°C, in agreement with the high χHd. These TC indicate Xusp 
between 0.76 and 0.44 (Lattard et al., 2006) and likely indicate different Ti/(Ti + Fe) ratios or oxygen fugacity 

Figure 8. Repeated progressive heating-cooling cycles of sample POP4-80 
at heating/cooling rates of 10 K/min in 100°C steps up to 700°C (measured 
in argon). Solid and dashed lines indicate heating and cooling curves, 
respectively.
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of the melt (Figure 7), which is in line with petrologic studies of Mangler et al. (2020) suggesting at least two 
long-lived, interconnected magmatic environments as well as hybrid conditions between these two. In sequences 
with high χHd values, homogeneous titanomagnetite has a significant contribution to the remanent magnetization 
(see Table S1 in Supporting Information S1) although the magnetic susceptibility (induced magnetization) is low 
(Figure 2 and Table S2 in Supporting Information S1). Within the P2 sequence, we clearly observe a change from 
evolved to possibly hybrid magma environments in the basal deposits with an additional mafic magma compo-
nent in the upper sequences (Figure 7). Intermediate titanomagnetite compositions with slightly irreversible TC 
(yellow in Figure 7) are interpreted to reflect maghemitization although a distinction from vacancy-enhanced 
nanoscale chemical clustering is difficult based on κ(T) curves only. This type was not observed in pumice from 
the P1 sequence. Pérez-Rodríguez et  al.  (2019) argued from paleomagnetic and rock magnetic data that the 
emplacement temperatures of the P1 and P2 sequences from the Popocatépetl volcano were hot, above the TC 
of magnetite (580°C), because the original magnetization of the clasts is reset. This means that all clasts carry 
a thermoremanent magnetization throughout the whole blocking temperature spectrum aligned with the field at 
the time of cooling. In our study, most Ti-poor, intermediate, and Ti-rich titanomagnetite from the P1 sequence 
show reversible TC (Figures 2, 3a, and 7), suggesting cooling along an equilibrium path (see Figure 6 in Jackson 
& Bowles, 2014), which agrees well with the paleomagnetic investigations (Pérez-Rodríguez et al., 2019).

6. Conclusions
We performed bulk, field, and temperature-dependent magnetic susceptibility; determined the hysteresis prop-
erties; and combined these data with microscopic observations from different pyroclastic eruptive sequences 
of the Popocatépetl volcano in order to obtain information on the primary titanomagnetite composition and the 
volcanic material history (Figure 7). Our study showed that exsolved titanomagnetite with TCs between 500° 
and 580°C is the most important carrier of the magnetization, which is mainly used in the paleomagnetic studies 
for emplacement temperature determination. We have shown that magnetic susceptibility, microscopy, and TC 
help to unravel distinct magnetic features that are related to the emplacement processes during the pyroclastic 
deposition and may aid as a complementary approach to the paleomagnetic directional analysis for emplacement 
temperatures. The most characteristic magnetic features in our study are reversible TCs that are either related to 
homogeneous or exsolved titanomagnetites in line with a high crystallization or emplacement temperature that 
allowed a cooling along the equilibrium path. The exsolved titanomagnetite can either come from an endogenous 
dome collapse or a hot emplacement and subaerial oxy-exsolution after deposition. We recognized an increase 
of homogeneous titanomagnetite (component C3 from IRM modeling) from older P5 to younger P1 sequences 
with reversible TCs in the lower part and little nonreversibility of the intermediate titanomagnetite in the upper 
part of the sequence, which might indicate subtle maghemitization. Pumice deposits can be characterized by low 
values of magnetic susceptibility, high field dependence, and reversible TC correlated with a high concentration 
of Ti-rich titanomagnetite. The highest scattering of magnetic parameters is observed in block-and-ash-flow 
deposits of P5 sequence that also exhibit high ΔTC, interpreted to indicate rapid quenching, presumably because 
of a phreatomagmatic explosion (Arana-Salinas et al., 2010). Therefore, we were able to show the potential of 
the combination of different susceptibility measurements along with hysteresis measurements for the distinction 
of different eruptive sequences and propose this approach as an alternative or addition to study emplacement 
processes in pyroclastic deposits. Titanomagnetite composition crystallized from melt and post-crystallization 
processes like high-temperature oxidation, rapid cooling, or maghemitization can be discriminated.
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