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Abstract Recent studies have demonstrated that rock-magnetic analysis may provide additional
information to distinguish and characterize extreme marine inundation events such as tsunamis.
Rock-magnetic proxies reinforce and improve the environmental evidences supplied by other methods,
adding some decisive clues for the interpretation of the origin and genesis of the sedimentary deposits.
Here we report rock-magnetic, XRD, and SEM microscopy results obtained in the Palo Verde estuary (Colima
Pacific coast, Mexico) in order to enhance the tools for identification and reconstruction of two tsunami-
induced deposits. The sedimentary sequence includes two sand units, a tsunami deposit (PV1) associated
with the 22 June 1932 tsunami and a deeper sandy layer (PV2) related to a possible paleotsunami that
occurred around 1300 C.E. Both sandy units are topped by finer grained units. Magnetic properties exhibit a
significant correlation with the stratigraphy. High susceptibility (v) and high saturation isothermal
remanence (SIRM) values typical of high concentrations of (titano)magnetite are a distinctive feature of the
most recent sandy tsunamigenic unit PV1 and the overlaying soil. The lower sandy tsunamigenic unit PV2
shows significantly lower v and SIRM values, indicating lower concentration of (titano)magnetite in this unit
and the overlaying clayey-silt unit. The latter also shows a higher coercivity component associated with
(titano)hematite. Magnetic grain-size differences are also observed between PV1 and PV2 suggesting
differences in hydraulic conditions at the time of deposition. The bulk mineralogical composition and
sediment texture of these units also support the hypothesis of different provenances for each tsunamigenic
unit as inferred from magnetic properties.

1. Introduction

Tsunami deposits are generated as a consequence of onshore inundation and backwash flow of large water
bodies and exhibit many distinct characteristics, ranging from variations in the mineral composition and dis-
tribution to particle size range [Atwater and Moore, 1992; Dawson and Shi, 2000; Moore et al., 2006; Morton
et al., 2007; Richmond et al., 2011; Ram�ırez-Herrera et al., 2007, 2012; Goto et al., 2015]. During the last
decade, several multidisciplinary studies have been carried out to identify and characterize extreme inunda-
tion deposits [e.g., Kortekaas and Dawson, 2007; Ram�ırez-Herrera et al., 2007, 2012; Font et al., 2010, 2013;
Engel and Br€uckner, 2011; Wassmer and Gomez, 2011; Shanmugam, 2012; Cuven et al., 2013; Goto et al., 2014,
2015]. Since 2010, magnetic parameters such as magnetic susceptibility and anisotropy of magnetic suscep-
tibility (AMS) have proved highly resolving in tsunami deposit research [Font et al., 2010; Wassmer et al.,
2010]. So far, several studies have applied these techniques in environments in which tsunami or paleotsu-
nami deposits are present [Ram�ırez-Herrera et al., 2012, 2014, 2016; Cuven et al., 2013; Font et al., 2013;
Goguitchaichvili et al., 2013; Schneider et al., 2014; �Cern�y et al., 2016; Kain et al., 2014, 2016; Wassmer and
Gomez, 2011; Wassmer et al., 2015].

On the other hand, some of these studies have also included more detailed magnetic measurements,
strengthening the identification, and characterization of tsunamigenic deposits in stratigraphic records
[Font et al., 2010; Goguitchaichvili et al., 2013; Veerasingam et al., 2014; �Cern�y et al., 2016; Ram�ırez-Herrera
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et al., 2016], and providing useful proxies that reinforce the information supplied by the tsunamigenic signa-
ture detected by more traditional methods (stratigraphical, geomorphological, sedimentological, geochemi-
cal, microfossil, palynological, mineralogical, and archaeological) [e.g., Ram�ırez-Herrera et al., 2007, 2012;
Shanmugam, 2012; Spiske et al., 2013]. The basis for the use of magnetic properties as an environmental
assessment tool is rooted on the principle that magnetic properties are sensitive to the mineralogy, concen-
tration, and grain-size distribution of magnetic particles, which can be altered by geology, transport, sorting,
and postdeposition processes.

The Pacific coast of Mexico (Figure 1a) is seismically active, and the subduction beneath the North American
plate of both the Rivera and Cocos plates has produced large earthquakes and tsunamis in historical time.
Typically, moment magnitude (Mw) 7.3–8.2 earthquakes occur about every 80 years [Singh et al., 1985], and
larger Mw> 8.5 have occurred less frequently (e.g., 28 March 1787 Mw 8.6 earthquake, off the Guerrero and
Oaxaca coast) [Suarez and Albini, 2009]. On 3 June 1932, as a result of the rupture of the Rivera-North Amer-
ica plate interface, a surface-wave magnitude (Ms) 8.2 earthquake was recorded, the biggest one in the last
century. Two aftershocks on 18 June (Ms 7.8) and 22 June (Ms 6.9) followed the main shock [Singh et al.,
1981]. More recently, on October 1995, an Mw 8.0 earthquake hit the southern coast of Colima (Figure 1a).
All of the above mentioned earthquakes produced tsunamis [Cumming, 1933; S�anchez and Farreras, 1993;
Corona and Ram�ırez-Herrera, 2012]. However, the 22 June 1932 event (the second most destructive recorded
in the Pacific coast of Mexico) caused an abnormally large one, considering its Ms 6.9 magnitude [Okal and
Borrero, 2011; Corona and Ram�ırez-Herrera, 2012].

Several studies were already carried out in tsunamigenic deposits at Mexican Pacific coast, which proved
the effectiveness of environmental magnetic techniques for improving the identification of the tsunami-
induced deposits [Goguitchaichvili et al., 2013; �Cern�y et al., 2016; Ram�ırez-Herrera et al., 2016]. The identifica-
tion and characterization of the magnetic minerals in the tsunamigenic units helped to solve questions
about the sediment provenance and the energy of the events. In general terms, different mineralogy as
well as magnetic grain-size characterize these energetic events and distinguish from the background sedi-
ment. The aim of the present study is the magnetic characterization and identification of historical tsunami
deposits, specifically those of the 22 June 1932 event and other prehistoric events in the Palo Verde (PV)
estuary (Cuyutl�an, Colima). The analysis of multiple proxies, including magnetic parameters, is especially
useful in regions as the Pacific coast of Mexico, because the conservation of geologic information is affected
by the inherent environmental characteristics of the tropics and frequent storms (hurricanes). Ram�ırez-
Herrera et al. [2014] identified two probable tsunamis in the Palo Verde estuary analyzing different multi-
proxy data, including both magnetic susceptibility (v) and AMS. We performed new detailed magnetic and
mineralogical measurements and reevaluated these preliminary results, clearly improving the characteriza-
tion of the sedimentary deposit bearing tsunamigenic units.

2. Geological Setting and Sample Materials

The Palo Verde estuary (PV), East of Cuyutl�an, Colima, is located behind a sand-barrier overlain by a series of
sand dunes �7.5 m above sea level (masl) near the PV site (Figures 1b and 1c). Inland, the Laguna Cuyutl�an, a
back-barrier lagoon, is fringed by mangrove swamps. The NW portion of Laguna Cuyutl�an is characterized by
saltpans (locally known as ‘‘Salinas’’). The study site is located behind �7 m sand dunes and in a coastal plain
occupied by mangrove marshes (Figure 1c). Intermediate to basic extrusive igneous rocks characterize the
north of the studied area and granites are locally exposed [Lancin and Carranza, 1976]. Locally, the sands from
the shore are rich in iron oxides [Carranza-Edwards et al., 2009] and the beach berm and intertidal beach zone
show enrichment of heavy minerals [Ram�ırez-Herrera et al., 2014]. This is because the Cuyutl�an lagoon barrier
beach is constructed by sediments originating in the Armer�ıa River, whose mouth lies 7 km southeast of Palo
Verde. Volcanic rock fragments are transported by the longshore currents, which have SE-NW directions
[Carranza-Edwards et al., 2009]. The Colima volcano, the historically most active volcano from Mexico [Sulpizio
et al., 2014] is located 80 km NE of Palo Verde site. This volcano belongs to the Quaternary Colima volcanic
complex [Verma and Luhr, 1993]. Lower Cretaceous andesite outcrops corresponding to this volcanic activity
are found just 3.5 km NE of the study area [Servicio Geol�ogico Mexicano, 2000].

The PV estuary may be considered as well suited for tsunami deposit studies because it provides a vast
amount of information which may be retrieved from a survey performed after the 1932 earthquake and
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tsunami [Cumming, 1933; Corona and Ram�ırez-Herrera, 2012, 2015] and from an investigation of the
well-preserved geological signatures of past tsunamis that has identified the 1932 and a predecessor
tsunami [Ram�ırez-Herrera et al., 2014]. In addition, Corona and Ram�ırez-Herrera [2012] and Ram�ırez-
Herrera et al. [2014] reported tsunami-scour fans connected with the over-wash flow in Cuyutl�an, broken
dune features formed by tsunami erosion, and remnant pedestals located in the estuary a few hundred
meters inland.

Figure 1. Seismotectonic and geologic setting. (a) Mexican subduction zone and seismic rupture areas—RFZ: Rivera fracture zone, EPR: East Pacific rise, circles in red color: rupture areas
of most significant events in the last century. (b) Palo Verde estuary, white line shows trace of topographic profile shown in Figure 1c. (c) Topographic profile and location of trench PV.
(d) Photo showing in situ collection of samples for magnetic properties studies.
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In the present study, samples for magnetic experiments were collected from a trench wall (PV) located
approximately 270 m inland at an elevation of 2.0 masl (18.89878N, 104.03388W) (Figures 1b and 1c). Sam-
pling was performed in situ in the trench using standard acrylic cubes for magnetic property analyses.
Cubes were inserted in the wall from the surface to the bottom of the trench sequentially with no intervals
in between, to recover a complete section of the stratigraphic units (Figure 1d) (for a detailed explanation
of the technique see Wassmer and Gomez [2011], Ram�ırez-Herrera et al. [2012], and �Cern�y et al. [2016]). The
samples measured in this study are the same as those previously used for the AMS analysis by Ram�ırez-
Herrera et al. [2014].

The Palo Verde profile can be divided into five distinct units (Figure 1d) [Ram�ırez-Herrera et al., 2014]. Two of
them are sand beds associated with tsunamigenic events: PV1, at 10–32 cm depth and PV2, between 45.5
and 77 cm. Both units exhibit geological signatures typical of common tsunami deposits (normally graded
sand beds, scattered pebbles near the base, erosional lower contact, increase in abundance marine-
brackish diatoms, low organic content, and increase in elemental concentration of paleosalinity geochemi-
cal indicators) [Ram�ırez-Herrera et al., 2014]. The other units consist of an uppermost sandy soil (0–10 cm)
and a bioturbated orange-brown clayey-silt unit (32–45.5 cm) interbedded between PV1 and PV2 that
shows large differences in grain size, organic content, and geochemical composition [Ram�ırez-Herrera et al.,
2014]. The lowest silty-clayish sand unit (77–91.5 cm) was not completely sampled because it is located
below the water table. Ram�ırez-Herrera et al. [2014] suggested that the sand unit PV1 was linked to the 22
June 1932 tsunami and that PV2 is related to a possible older event that happened around 1300 C.E. (1284–
1389 C.E.).

3. Methods

Samples were collected as explained above from an 80 cm deep trench by using 8 cm3 plastic boxes and
35 samples were obtained. Low-field magnetic susceptibility (v) expressed in mass-unit (m3/kg) was mea-
sured with a Kappabridge KLY4 (AGICO Ltd., applying a 300 A/m field). A dual frequency (470 and 4700 Hz)
Bartington MS2 susceptometer was utilized to evaluate the contribution of fine-grained ferrimagnetic par-
ticles near the SP/SD threshold based on the frequency-dependent susceptibility parameter (vfd% 5 100 3

(vfd/vlf), where vfd 5 vlf – vhf, vlf and vhf being magnetic susceptibilities at low and high frequency, respec-
tively) [e.g., Maher, 1986; Dearing et al., 1996]. Anhysteretic remanent magnetization (ARM) was given to the
samples by demagnetizing them in a peak alternating field (AF) of 100 mT in the presence of a 0.05 mT
direct current (DC) bias field using the 2G cryogenic magnetometer in-line system (2G-enterprise). The ARM
susceptibility (vARM) was obtained by dividing the mass-normalized ARM by the DC bias field. A variable
field translation balance (MMVFTB) was used to perform the following series of experiments: isothermal
remanent magnetization (Mr or IRM) acquisition curves (1 T peak field), hysteresis loops (61 T), backfield
curves in order to measure coercivity of remanence, and magnetization versus temperature (Ms2T) thermo-
magnetic curves in a 38 mT DC field. The latter experiment was performed in air, heating up to 7008C and
cooling down to room temperature with a 308C/min rate. Hysteresis loops after subtraction of paramagnetic
and diamagnetic contributions allowed determination of hysteresis parameters like saturation magnetiza-
tion (Ms), saturation remanent magnetization (Mrs or SIRM), and coercive field (Bc). S2200 ratio was deter-
mined as (1–IRM-200mT/SIRM)/2 [Bloemendal et al., 1992]. The RockMagAnalyzer 1.1 software [Leonhardt,
2006] was used to visualize and interpret these parameters.

Thirteen samples were selected to perform detailed stepwise IRM acquisition curves up to 2 T using a M2T-
1 pulse magnetizer and were consolidated with nonmagnetic plaster for these experiments. Twenty-five to
twenty-seven field steps from 17 to 2000 mT were used to analyze the IRM curves and evaluate the mag-
netic coercivity components [Kruiver et al., 2001; Heslop et al., 2002]. IRM acquisition curves were approxi-
mated by a number of log-Gaussian (CLG) curves, using the IRM-CLG Excel spreadsheet developed by
Kruiver et al. [2001]. Each curve is characterized by its SIRM intensity (IRM at 2 T), mean coercivity (B1/2), and
dispersion parameter (DP) [Robertson and France, 1994]. Thereafter, a composite IRM with 2, 0.4, and 0.12 T
fields applied in orthogonal directions was imparted to the samples and subsequently thermally demagne-
tized in 17 temperature steps from room temperature up to 6808C, following Lowrie [1990].

Several representative samples of the trench (at least two per unit) were selected at depths where relevant
changes were observed in geochemical and magnetic properties as well as sedimentological features. The
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presence of minerals associated with these features was analyzed through Field Emission Scanning Electron
Microscopy (FE-SEM) at the University of Vigo using a JEOL JSM-6700F microscope. The observations were
performed on carbon-coated epoxy resin embedded polished samples using the FE-SEM operating in back
scattering mode (BS). The energy dispersive X-ray spectroscopy probe from the electron microscope was
used to analyze relevant minerals and determine their chemical composition semi quantitatively by means
of an EDS Oxford Inca Energy 300 SEM.

XRD determinations and semiquantitative analyses were performed with a SIEMENS D-5000 diffractometer
at the University of Vigo on representative samples from the modern beach (inter and supratidal areas), and
from the trench (topsoil, PV1, clayey-silt unit, and PV2).

4. Results

4.1. Magnetic Mineralogical Results
Magnetic susceptibility (v), saturation remanence (Mrs or SIRM at 1 T), and saturation magnetization (Ms) are
indicators of magnetic concentration. Observed curve shapes are similar for these studied parameters, with
the exception of Ms in the soil and the uppermost 20 cm of PV1 (Figure 2), indicating that the magnetic sig-
nal is mainly influenced by the concentration of ferromagnetic minerals (in a broad sense). The values of
these parameters are relatively high and homogeneous for most PV1. v decreases sharply at the base of
PV1 and downward into the clayey-silt unit, where a local minimum is reached at the maximum silt horizon.
Then v steadily increases downward along all the PV2 unit. The sharp decrease of the values of magnetic
properties at the bottom of PV1 coincides with the sharp basal contact between the tsunami-induced
deposit and the underlying clayey-silt layer.

Figure 3a shows a good correlation between v and SIRM values (r2 5 0.9813) confirming that ferromagnetic
minerals control the magnetic susceptibility. Two clusters associated with the upper (uppermost soil and
PV1) and the lower (clayey-silt unit and PV2) parts of the profile can be distinguished in the figure. The low-
ermost sample from PV1, located at 31 cm falls into the PV2 cluster and follows the tendency showed by
the samples belonging to the clayey-silt unit. The anhysteretic remanent magnetization (ARM) is sensitive
to the concentration of single domain (SD) ferrimagnetic particles (�0.03–0.06 lm) [e.g., King et al., 1982;
Liu et al., 2012]. The ARM profile (Figure 2) displays quite a different behavior than the parameters described
above, both in the uppermost and in the lowest part of the profile. Therefore, the observed differences
from the other intensity-related magnetic parameters may be due to variations in the concentration of fine
SD ferrimagnetic grains. On the other hand, the concentration of ferrimagnetic grains depends on the

Figure 2. Palo Verde trench stratigraphy, cumulative grain size [Ram�ırez-Herrera et al., 2014] and selected rock-magnetic parameters
related to magnetic mineralogy.
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texture since SIRM and v shows linear
correlation with the sand percentage
(Figures 2 and 3b). However, two
trends with different slopes corre-
sponding to the upper (soil and PV1)
and the lower (clayey-silt and PV2) part
of the profile can be observed (correla-
tion parameter r2 of 0.56 and 0.623,
respectively) (Figure 3b).

The relative concentration of ferrimag-
netic and antiferromagnetic minerals
can be inferred from the S2200 ratio.
Their values are close to 1 indicating
that low coercive magnetic minerals
dominate the magnetic remanence
(Figure 2). However, slight differences
are observed depending on the facies.
Clayey-silt show the lowest values,
indicating that the contribution of
high coercive magnetic mineral is
slightly higher in this unit than in PV1
and PV2. In the bivariate Mrs (SIRM)
versus Bcr plot (Figure 3c), it is possible
to clearly observe two clusters corre-
sponding to the different units: soil-
PV1 and PV2. Samples from the ‘‘PV2
cluster’’ contain less concentration of
ferrimagnetic minerals but display
higher coercivities compared to those
from the ‘‘PV1 cluster.’’ Samples from
the clayey-silt unit show the most
extreme behavior, with the lowest con-
centration of ferrimagnetic minerals
and the highest coercivities. This
slightly higher coercivity in the clayey-
silt unit than in the tsunamigenic units
could be both an effect of the mag-
netic grain size of the ferrimagnetic
minerals (SD grains displaying a higher
coercivity than MD grains) and the
higher contribution of high coercivity
minerals.

4.2. Magnetic Domain-State
Magnetic domain-state distribution
along the profile can be inferred using
frequency-dependent susceptibility
(absolute vfd and percentage vfd%)
and other combined ratios such as
Mrs/v, vARM/v, ARM/Mrs or the hystere-

sis ratios Mrs/Ms and Bcr/Bc (Figure 4). Frequency-dependent susceptibility is commonly used to determine
the concentration of superparamagnetic (SP) ferrimagnetic grains near the superparamagnetic/stable single
domain (SP/SD) boundary [e.g., Forster et al., 1994; Dearing et al., 1996]. vfd% values are very low in the
entire profile, varying between 3.25% in the soil layer and 0.6% in the clayey-silt unit. Although the relative

Figure 3. Biplots of (a) saturation remanent magnetization (SIRM) versus suscepti-
bility (v). (b) Sand percentage versus SIRM. (c) SIRM versus the coercivity of
remanence (Bcr). The samples are well grouped according to their stratigraphy.
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contribution of these fine grains is not significant, the absolute values of vfd in the uppermost part of the
profile (20–31 3 1028 m3/kg) are high and comparable to those obtained in previous environmental studies
[e.g., Maher, 1998; Torrent et al., 2007; B�ogalo et al., 2014; Lyons et al., 2014] in which the pedogenic mag-
netic grain contribution was important.

Small particles of magnetite yield higher Mrs/v, vARM/v, and ARM/Mrs ratio values, whereas low values are
related to coarser grain sizes [e.g., Evans and Heller, 2003; Peters and Dekkers, 2003; Liu et al., 2012]. Suscepti-
bility (v) is a parameter not only affected by ferromagnetic minerals (in a broad sense) but also affected by
diamagnetic, paramagnetic, and SP grains. The most powerful parameter detecting the relative abundance
of fine SD magnetic grains is ARM/Mrs, since remanences exclude these paramagnetic/diamagnetic and SP
contributions. vARM/v and ARM/Mrs profiles show similar behavior with depth. The values of these parame-
ters increase with depth in the tsunamigenic units PV1 and PV2 until 69 cm. The lowest values observed in
PV1 suggest that the relative amount of coarser ferrimagnetic minerals is higher in this unit than in PV2. A
significant shift is observed in the intermediate clayey-silt unit, which could be associated not only with fer-
rimagnetic grain-size variations but also with a minor contribution of high coercivity minerals. The ratio Mrs/

v is quite uniform in PV1, showing values
slightly lower than in PV2 and corroborat-
ing the magnetic grain-size differences
between PV1 and PV2 units observed with
the previous parameters. The values of the
Mrs/Ms and Bcr/Bc ratios are rather constant
in the whole profile, although in PV1 they
are slightly lower than in PV2. The relation-
ship between these two ratios is shown in
a Day plot, together with theoretical mixing
curves for magnetite [Day et al., 1977;
Dunlop, 2002] (Figure 5). The experimental
values fall into the pseudo-single-domain
(PSD) area and samples from units PV1 and
PV2 can be clearly distinguished. The val-
ues of the PV1 unit are well grouped, dis-
playing a more homogeneous behavior,
whereas those of PV2 are more scattered
following the SD 1 MD trend and above

Figure 4. Rock-magnetic parameters which can be related to magnetic grain size versus depth.

Figure 5. Hysteresis ratios (Mrs/Ms versus Bcr/Bc) plotted on a Day plot
[Day et al., 1977] in linear scale for all the studied samples according to the
legend. Theoretical mixing curves SD 1 MD and SD 1 SP for magnetite
[Dunlop, 2002] are showed in the plot. PV1 and PV2 refer to the
tsunamigenic sand units.
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PV1 data. Deviations from the theoretical SD 1 MD trend could be due to several reasons including minor
contributions of high coercivity minerals or variations in the Ti-content of titanomagnetite grains [Dunlop,
2002; €Ozdemir and Dunlop, 2014].

The bivariate vARM versus v plot or King plot [King et al., 1982] (Figure 6a) shows clear differences in grain
size. In this diagram, changes in slope are related to grain-size variations, smaller grains yielding steeper
slopes. Changes along a line of constant slope are indicative of magnetite concentration variations. Samples
from the clayey-silt unit and those from the upper part of PV2 (up to 65 cm) follow a very good linear corre-
lation (r2 5 0.92), indicating a rather homogeneous grain-size distribution in that part of the profile. This
behavior differs greatly from the one showed in the upper layers (soil and PV1) and in the bottom of the
profile. In this case, nonlinear correlation data are probably due both to changes in concentration of magne-
tite and in grain size. In addition, soil and PV1 samples are close to the coarser magnetite PSD-MD grain-
size area whereas those from the lower units (clayey-silt and PV2) are within the SD-PSD region. These
grain-size differences can also be observed in Figure 6b. Two clusters (soil-PV1 units and the lower part of
clayey-silt and PV2 unit) could also indicate that the mineralogy of the upper part of the profile mainly con-
sists of coarser (titano)magnetite grains with lower coercivity whereas in the lower part finer grains of (tita-
no)magnetite are associated with higher coercivities. Samples from the upper part of the clayey-silt unit
with the highest coercivity values are not grouped in any cluster.

4.3. Magnetic Mineral Identification
IRM acquisition data modeling was performed in thirteen selected samples (supporting information Table
S1 and Figure 7). Two distinctive magnetic components were identified by decomposition of the IRM acqui-
sition curves using a cumulative log-Gaussian (CLG) function [Kruiver et al., 2001; Heslop et al., 2002;
Robertson and France, 1994]: (1) a first component M is characterized by its low coercivity. It dominates the
magnetic response, although the contribution percentage and mean coercivity field (B1/2) values are differ-
ent in each unit. The coercivity of this component is lower and very homogeneous in PV1 (B1/2: �43.7–43.9
mT) except for the lower sample (B1/2: �47.9 mT), intermediate in PV2 (B1/2: �47.9–51.3 mT) and higher in
the clayey-silt unit (B1/2: �50.1–55 mT) (see supporting information Table S1).This component could be
identified as detrital (titano)magnetite of different grain size and/or Ti-content; (2) a second component H
of higher coercivity has been identified in the lowest sample of PV1, just at the boundary between PV1 and
the clayey-silt unit, and in the clayey-silt and PV2 units. We want to stress the fact that in PV1 this compo-
nent can only be found in the lowermost sample. The concentration of this second component varies
between 2.6 and 5.9%, being highest in the clayey-silt unit. Its mean coercivity (B1/2) lies between 371.5 and
446.7 mT in the clayey-silt unit and between 346.7 and 398.1 mT in PV2. This component could be related
to fine-grained Ti-hematite.

The results of the thermal demagnetization of three-axial IRMs are showed in Figure 8. Slight differences
can be observed among the soft component (0.12 T) curves, showing in all samples a wide unblocking

Figure 6. (a) Relationship between ARM susceptibility (vARM) and low-field susceptibility (c) in the so-called King plot. The dashed lines cor-
respond to the relationship between vARM and v for magnetite of different grain sizes (given in microns) [King et al., 1982]. T(b) Biplot of
ARM/SIRM versus the coercivity of remanence (Bcr). Samples from the different tsunamigenic units PV1 and PV2 display different trends.
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temperatures spectrum with maxima between 550 and 5808C, typical of magnetite or titanomagnetite with
different Ti-content. In addition, a variable fraction of high coercivity minerals with maximum unblocking
temperature higher than 6508C (2 T component), probably due to a small fraction of hematite, can be
observed in the inset plots. This component appears in all measured samples, even in samples from the soil
and PV1 in which it has not been possible to identify it by statistical decomposition of IRM, probably due to
its very low concentration. The contribution of this high coercivity component is more evident in the
clayey-silt unit.

Figure 7. IRM unmixing analyses [Kruiver et al., 2001; Heslop et al., 2002] for four representative samples from the labeled stratigraphic
units.
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A detailed Curie temperature (Tc) analysis has been carried out along the whole profile (Figure 9). Figure
9a displays Curie point values for every stratigraphic position calculated with the two-tangent method
proposed by Gromm�e et al. [1969]. Two types of thermomagnetic behavior can be observed in the heat-
ing curves: (1) curves of samples from the clayey-silt intermediate unit with two different phases corre-
sponding to (Ti)magnetite (569–5778C) and a high-temperature phase, probably titanohematite (667–
6728C); (2) the remaining curves exhibit a single phase and Curie temperatures typical of magnetite (or
titanomagnetite). In this last case, the Curie temperature for samples from PV1 (between 570 and 5798C)
is around 308C higher than for those from PV2 (between 548 and 5568C), probably due to different Ti-
content. Low-Ti-titanomagnetite/magnetite is identified as the low Curie temperature phase. The differ-
ence in Ti-content identified in the tsunamigenic units PV1 and PV2 could be related to a different origin
of the magnetic grains. Samples from the clayey-silt units and those situated just above and just below
have more variable values (546–5778C). In the cooling curves, Tc values of the low-temperature phase
are very similar throughout the profile, mainly in the PV1 and PV2 units. In addition, the differences
between the Curie temperature values from the heating and cooling curves (DTc) for the (Ti)magnetite
phase are dissimilar in PV1 and PV2 (supporting information Figure S1). DTc is �30–388C for PV1 and
�7–158C for PV2 (with exceptions at 47 and 69 cm). A possible explanation of this behavior could be
that changes in Curie temperature could arise from cation reordering during heating in thermomagnetic
experiments [Bowles et al., 2013].

4.4. Scanning Electron Microscopy (SEM) and XRD Analyses
In general terms, the results show that top soil, PV1 and PV2 consist of lithoarenites formed by intermediate
to basic volcanic rocks including K feldspar and plagioclase, and abundant ferromagnesian minerals, likely
olivine and pyroxenes (Figure 10). The grains are quite angular, poorly rounded and lack of typical subaque-
ous and high-energy surficial marks, particularly quartz grains (Figure 11). The composition and texture of
the framework grains are very similar to the present-day beach. Matrix is thought to be mostly primary. It is
thought that primary matrix in PV1 and PV2 has inhibited the intense alteration of lithic framework grains

Figure 8. Representative examples of thermal demagnetization of three-axial isothermal remanent magnetization (IRM) experiments.
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observed in the clayey-silt unit, which is incipient in the topsoil. The occurrence of montmorillonite in the
clayey-silt unit is interpreted as the result of the alteration of the friable volcanic glass and lithoclasts, and
some feldspar. Fe-rich minerals are recognized by their brighter contrast. They occur both as discrete grains
and forming part of lithic volcanic clasts (Figure 11). Iron, and iron-titanium oxides are frequent in a wide
range on grain sizes, very often as small inclusions in lithic grains that preserve their original igneous tex-
ture. In general terms, surficial textures on silicates lack the sorting and textural characteristics observed in
the beach sediments. It is thought that either they have not been exposed sufficiently to wave action that
their original beach characteristics have been lost by reworking, or a combination of both. Some indication
of chemical leaching is observed, although the sparsity of quartz grains makes difficult to assess the statisti-
cal significance of these observations (Figure 11).

Mineralogical composition between PV1 and PV2 is nearly indistinguishable and very similar to present-day
intertidal beach sand and topsoil. The proportion of quartz and composition of the topsoil and PV1 frame-
work grains is virtually identical (Figure 10). Major differences reside in the occurrence and preservation of a
fine-grained clayey matrix in the topsoil. The composition of PV2 is slightly different, particularly in the iron
oxides. In particular the leucoxene-type textures typical of titanomagnetites and/or ilmenohematite are
more abundant, suggesting a different source. Both magnetic iron oxide grains and magnetic mineral inclu-
sions in rock fragments are less abundant in this unit. Elemental mapping showed a fairly uneven distribu-
tion of Fe in the three studied units (Figure 10).

Figure 9. (a) Curie temperatures (Tc) calculated from the heating and cooling thermomagnetic curves. (b–d) Thermomagnetic curves for
three representative samples. Low-temperature and high-temperature components (comp. 1 and comp. 2) are associated with (Ti)magne-
tite and (Ti)hematite, respectively.
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No evidence of significant diagenesis
that may have explained the observed
differences in the magnetic properties
between PV1 and PV2 was found,
which is consistent with the absence
of early diagenesis promotion such as
high organic matter content (i.e., low
Fe/vlf ratio of Reitz et al. [2004] and
Hofmann et al. [2005]).

5. Discussion

5.1. Characterization of
Tsunamigenic Units
Magnetic parameters correlate with
the sedimentary stratigraphy (Figures
2 and 4), although this behavior is
most evident in those parameters con-
nected with type and concentration of
ferrimagnetic minerals. There are two
most relevant characteristics observed
from the magnetic profiles: (1) the dif-
ference between the upper part (0–
30 cm; soil and PV1 unit) and the units
beneath (30–78 cm; clayey-silt and PV2
units); (2) the sharp change of the
magnetic properties just in the contact
between PV1 and the lower clayey-silt
unit.

Regarding the former first distinctive
characteristic, v, SIRM, Ms, and ARM
values in the soil and PV1 unit are
more than 20 times higher than those

obtained in other sedimentary deposits at the Mexican Pacific coast that include tsunamigenic units [�Cern�y
et al., 2016; Ram�ırez-Herrera et al., 2016]. This higher concentration of magnetic minerals in the Palo Verde
site is attributed to contribution of local volcanic material. In fact, Carranza-Edwards et al. [2009] showed
that beach sands in this area display enhanced iron oxide content. The good correlation between v and
SIRM (Figures 2 and 3a) and the magnetic mineral identification experiments (Figures 7–9) indicate that
these rock-magnetic parameters are mainly controlled by the contribution of ferrimagnetic minerals (mag-
netite and Ti-magnetite) in the whole profile. Small differences between v and SIRM could be associated
with variations in the magnetic grain-size distribution (Figures 4 and 6) and/or minor high coercivity mineral
contributions (Ti-hematite) (Figures 7–9).

The results obtained modeling IRM acquisition data have showed that the characteristics (SIRM, B1/2, and
DP) of the dominant low coercivity component identified as detrital (Ti)magnetite (component M) in PV1
are different from those obtained in other layers beneath. The most distinctive characteristic is its high con-
centration, as is showed by SIRM. The different values in both remanent coercivity (Bcr) and mean destruc-
tive field (B1/2) of this component could be related not only to its diversity in grain size (Figures 4 and 6) but
also to the Ti-content (and maybe the oxidation state). Differences in grain-size distribution between both
PV1 and PV2 units have been detected. Coarser (Ti)magnetite grain contribution is more important in PV1
than in PV2. The values of ARM/SIRM in PV1 are indicators of MD 1 PSD grains, whereas coarser SD domi-
nates PV2 [Dearing et al., 1997; Peters and Dekkers, 2003]. Pedogenic fine-grained magnetite has mainly
been detected in the upper part of the profile (soil and the uppermost PV1). From SEM experiments a sec-
ondary montmorillonite-rich matrix as the result of alteration of volcanic grains and fine-grained Fe-rich
mineral could be detected in the clayey-silt unit. However, frequency-dependent susceptibility parameters

Figure 10. (a) EDX color mapping image of a polish-section from PV1. Red is Mg
and green is Fe. (b) Summary of X-ray diffraction semiquantitative analyses.
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(vfd and vfd%) which are indicative of pedogenic magnetite exhibit in the clayey-silt unit the lowest values
of the whole profile. The high coercivity component (component H) (Figures 7c–7f) has been identified as
fine-grained (Ti)hematite with low Ti-content. Although this component has not been observed in thermo-
magnetic curves of the tsunamigenic units because of its low concentration (Figure 9), its presence in the

Figure 11. Scanning electron microscope images representative of the studied units. (a) Sand grains from the intertidal area of the
present-day beach mounted on SEM stubs. (b) Fe-Ti iron oxide mineral showing the typical Ti-rich exolution lamellae (grey) in magnetite.
The grain is mostly replaced by hematite. (c) Polished section of topsoil. These samples were very friable and the fine-grained matrix
disaggregated and broke during preparation. However the original texture and composition of the matrix can be observed against the
black background of the resin polymer used for consolidation. (d) PV1 unit showing the typical polymictic composition of the source area.
(e) Fine-grained Fe-rich grains included in a volcanoclast. (f) Intense alteration of framework volcanic grains and associated occurrence of
secondary montmorillonite-rich matrix in the clayey-silt unit. Fine-grained Fe-rich mineral are very apparent in the matrix. (g) PV2 unit
showing similar textural and compositional characteristics as PV1. The primary matrix has been better preserved during preparation
(circle). Some of the Fe-rich grains included in the large framework grain on the left have been altered (arrows). (h) Leucoxene showing the
remaining Ti-rich exolution lamellae after alteration of titanomagnetites and/or ilmenite. See the unaltered beach sand grain in Figure 11b.
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clayey-unit and PV2 is evident from IRM experiments (Figures 7 and 8). Since the (Ti)hematite contribution
in PV2 is constant and slightly lower than in the clayey-silt unit and there are no changes in its coercivity
values, we consider that this magnetic phase is not the result of a diagenetic process such as magnetite oxi-
dation. Rather this fine-grained (Ti)hematite of igneous origin could be a product of high-temperature deu-
teric oxidation of (Ti)magnetite, constituting part of the detrital particles in this unit [Dunlop and Ozdemir,
1997].

The distinctive behavior between PV1 and PV2 might be associated with a different origin of these tsunami-
genic units and/or different transportation processes of these magnetic minerals. Because not only the con-
centration but also the coercivity of the magnetic components are nearly constant in the PV1 unit, the
sedimentation of PV1 and PV2 must have taken place under very different morphodynamic conditions. Dif-
ferences in the wave energy and propagation direction, and in their transformation as they interact with
the preexisting topography are sufficient to explain their distinct magnetic properties. Thus, the differences
in the magnetic grain-size between PV2 (finer) and PV1 (coarser) could be related, not only to provenance
but also to the specifics of the sediment dynamics during each event. This means that the event associated
with the PV2 unit must have been different enough to facilitate the deposition of fine-grained magnetic
particles. The coarser more porous sediment texture of PV2 may have favored the percolation of the very
fine-grained magnetic grains through the unit. While the generally finer-grained and fining upward
sequence observed in PV1 may have prevented such distribution of the very fine magnetic grains in the
unit. If they were ever available for deposition during that event.

Most magnetic parameters exhibit a sharp change between PV1 and the underlying clayey-silt unit.
Ram�ırez-Herrera et al. [2014] using a battery of multiproxy data (stratigraphic, particle size, geochemical,
foraminifera, diatom, ostracods, and historical/ethnographic) identified a sharp erosional basal contact
between PV1 and the clayey-silt unit. It was related to probably significant erosion produced by the large
energy of the 22 June 1932 tsunami event. In addition, radiometric dating evidenced a marked hiatus of
about 500 years between PV1 and the underlying unit. The magnetic results could also support this notable
variation in detrital input in PV1 with respect the unit beneath suggested by Ram�ırez-Herrera et al. [2014],
thus further validating the magnetic measurements as very useful proxies to improve the characterization
of tsunamigenic units.

5.2. Provenance of the Tsunamigenic Deposits
Previous studies carried out in this sediment profile also identified some differences between the tsunami-
genic units [Ram�ırez-Herrera et al., 2014]. The AMS study performed in these samples revealed differences
between AMS fabrics along the profile, related to different stratigraphic units. Magnetic fabrics from the
uppermost soil and the clayey-silt unit between PV1 and PV2 were construed as the result of a low-energy
sedimentary environment. However, fabrics from PV1 show a preferential ESE–WNW orientation (1168 azi-
muth) and those from PV2 a stronger E–W orientation (968 azimuth). Therefore, these units were interpreted
as the result of currents flowing in those directions.

Petrology and particle size analysis performed by Ram�ırez-Herrera et al. [2014] on beach sand samples from
the beach berm as well as from the intertidal beach area indicate that these sands are rich in volcanic rock
fragments (mainly andesites). This fact has been also confirmed by the XRD and SEM analyses performed in
this work (Figure 10). In addition, evidences of volcanic features were identified in the sediments during
field sampling.

Taking into consideration previous results from Ram�ırez-Herrera et al. [2014] and the magnetic and mineral-
ogical results obtained in this work, and trying to narrow down the source of the tsunamigenic sedimentary
units we have also measured hysteresis and thermomagnetic curves of (1) pumice and ash samples from
the last eruption of the Colima volcano (located 80 km NE from the Palo Verde trench) occurred before the
22 June 1932 tsunami event (1913 eruption) and (2) three lava flow samples from the Colima volcano (Ar-Ar
ages �34, 49, and 97 ka) (supporting information Figure S2). Thermomagnetic results, observed on ash sam-
ples clearly differ from those of PV1, indicating that the presence of windblown volcanic ashes from the last
eruption of the Colima volcano before 1932 can be ruled out from being responsible for the enhancement
of the magnetic contribution in the PV1 unit. On the other hand, although Ti-magnetite is the main mag-
netic phase in the three lava flow samples, additional information would be necessary to evaluate its poten-
tial influence in the tsunamigenic sedimentary deposits.
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Carranza-Edwards et al. [2009] have shown that much of the differences in beach sand composition along
the Cuyutl�an barrier beach complex are due to the variability of source area rocks and local transport condi-
tioned by wave climate, longshore currents, and local physiography. The mineralogical composition and
texture of the local beach at the study site carried out in this work is consistent with Carranza-Edwards et al.
[2009] results.

However, the compositional and textural differences observed between the PV1 and PV2 units and the
interbedded clayey-silt unit needs the contribution of other mechanisms. The clayey-silt unit composition
and texture can be explained by the action of intense postsedimentary edaphic processes. Montmorillonite
results from alteration of volcanic lithic clasts and feldspar, increasing the quartz ratio relative to all the
other constituents.

Differences in mineralogy between PV1 and PV2 are shown by the change in slope in the sand percentage
versus SIRM diagram (Figure 3b). Furthermore, differences in PV1 and PV2 grain sizes (whole sediment tex-
ture) clearly indicate differences in energy between the two tsunamigenic events. Changes in the propor-
tion of magnetic minerals in the sandy units (Figure 3b) indicate a change in provenance and/or in selective
transport. Within PV1, and especially in PV2 both sand percentage and magnetic mineral concentration
increase with depth. Upward grain-size fining sequences are a clear evidence of hydrodynamic sorting. This
evidence provides a physical context in which magnetic grains sorting very likely occurs. The correlation
between sand percentage and magnetic concentration (SIRM) is modulated by differences in hydraulic
behavior controlled by the higher density of magnetic minerals and other minerals enriched in denser mag-
netic inclusions. These differences are particularly accentuated in the finest grain fraction where sedimenta-
tion is likely governed by Stoke’s law. The hydraulic behavior of sand grains will be controlled by their size/
density ratio under non-Stoke conditions (high turbulence), which results in background magnetic variabil-
ity. Furthermore, the denser and smaller magnetic grains deposited at the last stage of the tsunamigenic
flow may be sieved trough the coarse sand underneath, producing the magnetic grain fining downward
trend showed by the ARM.

The complex patterns of vertical sorting observed in the magnetic mineral assemblages is also further
explained by the complex structure of tsunami-related high-speed flows, as shown by Jaffe et al. [2012],
where suspension graded beds are intermixed within massive or inversely graded intervals. Additionally,
Johnson et al. [2016] have experimentally corroborated that differences in grain size at source or ponded
water depths influence local entrainment, transport, and deposition conditions. Nevertheless, our previous
interpretation does not necessary exclude the possibility of source-area related differences in the hydrauli-
cally sorted material. While overall differences in the magnetic composition between events may have been
controlled at the source or during transport, smaller-scale within-unit variations are more likely hydraulically
controlled during deposition.

There are several processes that can be equally invoked as potential mechanisms to explain different sour-
ces of the tsunamigenic deposits taking into account that there is no prior information about the paleostu-
nami occurred around 1300 C.E. [Ram�ırez-Herrera et al., 2014]: (1) the manner in which tsunamis arrived at
the shore and the backwash pattern; (2) a change in the coast morphology between the tsunami events
associated with PV2 and PV1 that could influence the sediment origin and/or the hydrodynamic energy dur-
ing sedimentation; (3) the energy of the paleotsunami event associated with the PV2 deposit was lower
than that of the later event and the carrying capacity of the sediment-laden back-flow was not big enough
as to rework the onshore deposits accumulated during runup flow. Indeed, Ram�ırez-Herrera et al. [2014]
identified much more marine and marine-brackish taxa in PV2 than in PV1 samples.

6. Conclusions

Rock-magnetic analyses, XRD, and SEM experiments were conducted on samples from a trench located in
the Palo Verde estuary (PV), near Cuyutl�an, in the Colima coastal area, complementing the previous study
carried out in this site by Ram�ırez-Herrera et al. [2014]. Although these authors identified two probable tsu-
namis related to tsunamigenic earthquakes of local origin (sand unit PV1 with the 22 June 1932 tsunami
and sand unit PV2 with a probable paleotsunami that happened around 1300 C.E.), they also opened sev-
eral questions regarding the provenance of deposits and the energy of both events.
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The Palo Verde sedimentary sequence consists of five sedimentary units. Four of them have been magneti-
cally characterized. Strong correlation between magnetic properties and the sedimentary stratigraphy has
been observed. Ferrimagnetic minerals like Ti-magnetite control the magnetic signal and their concentra-
tion positively correlates to the sand content. Moreover, (Ti)hematite is also present in minor concentration
mainly in the layers beneath the PV1 unit. Differences in both concentration and magnetic grain size of the
magnetic phases have been detected between the two tsunamigenic units PV1 and PV2. Magnetic results
such as the highest concentration of (Ti) magnetite in PV1 with respect to the lower units as well as the
sharp contrast of the magnetic properties between this unit and the layer beneath could be related to the
fact that the PV1 tsunamigenic deposit is the result of a very energetic event. Source-area differences (and/
or in selective transport) between PV1 and PV2 deposits are supported by the change in the correlation pat-
tern between sand percentage and magnetic concentration. On the other hand, hydrodynamic sorting
could control the magnetic grain-size distribution in each tsunamigenic unit PV1 and PV2.

Detailed rock-magnetic and SEM techniques have proved to be an interesting complementary approach to
characterize tsunami deposits. Therefore, they should be included together with other tools in a compre-
hensive study to help identify source areas and depositional process energy of tsunamigenic units.
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