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ABSTRACT
Extreme marine inundation events (i.e. severe storms and tsunamis) denote a major hazard to
coastal communities around the globe. In order to assess this hazard, long-term (beyond the
instrumental and historic records) information on the magnitude and frequency of these events is
critical. The coastal sedimentary record, together with other proxies, is now being tested to
distinguish and reconstruct evidence of ancient inundation events. Recent studies commonly
use anisotropy of magnetic susceptibility (AMS) parameters without statistical evaluation of the
lateral variability of sedimentary layers. Here, we provide results from tested sedimentary layers.
Moreover, we discuss the most recent strategies to identify deposits produced by major inunda-
tion events using the full battery of rock magnetic properties of sediments in Careyes Bay on the
Jalisco coast, Eastern Pacific, a tectonically active coast subject to hurricanes. Oriented samples of
lagoonal sediments were taken from a dug pit at Las Salinas site. The sampled stratigraphic
sequence was basically composed of an upper sand and lower clay units. The upper part of the
Las Salinas profile shows a drop in magnetic susceptibility by 50%. Two distinct magnetic fabrics
are clearly identified. Fabric from the upper part of the profile most probably reflects a sedimen-
tary structure which was originated in a more dynamic environment than the magnetic fabric
recognized in the lower part of the profile. Hysteresis parameters also show variation in behaviour
between the upper and lower parts of the profile. We propose here that the origin of the upper
sand unit at the study site is most probably related to an extreme marine inundation event.
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1. Introduction

The magnetic signature of extreme marine inundation
deposits emerges as a valuable tool to fully understand
these events in the context of the coastal environment.
It remains problematic to distinguish whether the sedi-
ment laid down by a marine inundation was deposited
by either a tsunami or storm event (e.g. Kamatani 1982;
Tuttle et al. 2004; Kench et al. 2006, 2008; Morton et al.
2007; Jankaew et al. 2008).

Several studies show that not one but a series of
diagnostic criteria must be used to reveal the differences
between tsunami and storm deposits (e.g. Morton et al.
2007; Kortekaas and Dawson 2007; Richmond et al. 2011).
However, only a few studies used a combination of

proxies to match these criteria to try to identify the
nature of high-energy marine inundation deposits
(Ramírez-Herrera et al. 2007, 2012, 2014; Chagué-Goff
et al. 2011, 2012). The use of multiple proxies is even
more important in distinguishing the differences
between tsunami deposits and other high-energy inun-
dation events. Studies on marine inundation deposits
have begun recently on the Mexican Pacific coast
(Ramírez-Herrera et al. 2005, 2007, 2009, 2012, 2014).

The study area is situated on the active Mexican con-
tinental margin, where both storm and tsunami inunda-
tions occur. Whereas storm inundations have a climatic
cause, tsunami inundations are related to submarine land-
slides and/or seismic events. Tsunamigenic earthquakes in
the area are related to the active zone where the Cocos
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plate and Rivera microplate subduct beneath the North
American plate. Over recent years several studies have
dealt with the characteristics of the subduction zone,
such as seismicity and tectonics along the Mexican active
margin and the potential of this area to produce tsunami-
genic earthquakes (e.g. Ramírez-Herrera and Urrutia-
Fucugauchi 1999; Núñez-Cornú et al. 2002; Ferrari et al.
2012; Manea et al. 2013); however, several questions
remain unanswered. Of particular interest to our study
are the events of 3 June 1932 (Ms 8.2) and 9 October
1995 (Mw 8.0) – tsunamigenic earthquakes that hit the
study area. The earlier event was described in historical
records (Corona and Ramírez-Herrera 2012a, 2012b) while
the more recent event was instrumentally recorded
(Borerro et al. 1997; Ortiz et al. 1998).

Magnetic studies have emerged as important tools for
the identification of tsunami deposits. Initial attempts to
incorporatemagnetic studies as proxy in tsunami deposits
studies were performed recently (Font et al. 2010;
Wassmer et al. 2010). Since then, magnetic proxies such
as magnetic susceptibility (MS) measurements or aniso-
tropy of magnetic susceptibility (AMS) have become an
innovative tool used in tsunami deposit studies (e.g.
Ramírez-Herrera et al. 2012, 2014; Cuven et al. 2013; Font
et al. 2013; Schneider et al. 2014). However, the potential
of magnetic proxies in marine inundation deposit studies
is still under consideration. Therefore providing new mag-
netic data of inundation deposits in new ways will con-
tribute to improving the usefulness of such studies in
order to characterize the internal properties of sediments.

2. Material and methods

Oriented samples of lagoon sediments were collected
from a dug pit at Las Salinas marsh, site 004, on the
Jalisco coast, Mexico (Figure 1). The coastal stratigra-
phy at the site consists of four upper sand units while
the lower part consists of two clay units. We will refer
to these units henceforth as the upper sand and
lower clay unit for general comparison to the mag-
netic properties analysis. The upper sand unit has a
sharp basal contact that varies locally in depth. For
detailed description, see the stratigraphic profile in
Figure 2.

2.1. Magnetic methods

At the locality Las Salinas 004, samples for magnetic
studies were collected in two ways: (1) samples for
AMS analysis were collected from four individual
depth horizons at 7–9, 13–15, 21–23, and 43–45 cm,
where eight samples were collected from each depth
interval to verify lateral variability (horizontal distance

between individual samples was about 3 cm); (2) along
a continuous vertical profile every 2 cm, starting from
1 cm below the surface to a depth of 45 cm (22 samples
in total). These samples were used for the other detailed
rock magnetic measurements and age determination,
which are described below. All AMS measurements
were conducted at the Institute of Geophysics of the
National Autonomous University of Mexico, using the
KLY-2 Kappabridge device (applied field of 423 A/m).

The remaining rock magnetic measurements were car-
ried out at the Palaeomagnetic Laboratory of Burgos
University (Spain). Low-field MS (x), expressed in m3 kg–1,
was measured using a KLY-4 Kappabridge (AGICO, applied
field of 300 A/m and noise level 3 × 10−8 S.I.) and normal-
ized by the mass of the sample. Frequency-dependent
susceptibility (xfd) was obtained using a MS2 meter
(Bartington, with dual frequency 0.47 and 4.7 kHz) on
the basis of the equation xfd = 100 × (xlf – xhf)/xlf, where
xlf and xhf are the magnetic susceptibilities measured at
low and high frequency, respectively. This parameter is
commonly used in rock magnetic environmental studies
to evaluate the contribution of fine-grained ferrimagnetic
particles lying within the superparamagnetic/single-
domain (SP/SD) threshold size (Dearing et al. 1996). In
order to characterize the mineralogy and the magnetic
properties of ferromagnetic particles, a variable field trans-
lation balance (VFTB) was utilized based on the following
measurement sequence: (1) isothermal remanent acquisi-
tion curve (IRM or Mr) up to 1 T; (2) hysteresis loop (±1 T);
(3) backfield demagnetization curves to measure the coer-
civity of remanence; and (4) in-field thermomagnetic
curve (M–T). The thermomagnetic experiments were per-
formed in air up to 700ºC and cooled to room temperature
in an applied field of 38 mT, at a heating and cooling rate
of 30ºC min–1. Curie temperatures were determined using
the two-tangent method (Grommé et al. 1969). Hysteresis
parameters, such as saturation magnetization (Ms), satura-
tion remanence magnetization (Mrs or SIRM), and coercive
field (Bc), were calculated from hysteresis loops after sub-
tracting the paramagnetic contribution and remanence
coercivity (Bcr) from backfield curves. These parameters
were measured using the RockMagAnalyzer 1.0 sofware
(Leonhardt 2006). In addition, six representative samples
were submitted to IRM stepwise acquisition experiments
up to 2 T using a M2 T-1 pulse magnetizer. IRM acquisition
curves were fitted by a linear combination of cumulative
log Gaussian functions (GLC), each corresponding to a
single magnetizable mineral phase (Robertson and
France 1994). The statistical analysis was carried out fol-
lowing Kruiver et al. (2001) and Heslop et al. (2002).
Obtained magnetic components are characterized by
three parameters: saturation magnetization (SIRM), mean
coercivity (B1/2), and dispersion of cumulative log-normal

2 J. ČERNÝ ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 B

er
ke

le
y]

 a
t 1

4:
54

 1
8 

A
ug

us
t 2

01
5 



distribution (DP). Note that themagnetization values were
normalized by the mass (unit Am2 kg–1).

The temperature dependence of MS was determined
in both air and argon for selected samples up to 700ºC
using a CS3 furnace attached to a KLY-4 Kappabridge, at
a heating and cooling rate of approximately 11ºC min–1

and in a field of 300 A/m.
AMS in low field was measured at room temperature

using a KLY-2 Kappabridge. Principal susceptibility
directions K1, K2, and K3 correspond to maximum,
intermediate, and minimum susceptibility directions

respectively. Based on these principal directions, the
following AMS parameters were calculated: shape para-
meter, T (Jelinek 1981); degree of anisotropy, P (Nagata
1961); mean MS, Km; shape factor, q (originally named as
the azimuthal anisotropy quotient; Granar 1958); mag-
netic lineation, L (Khan 1962); and magnetic foliation, F
(Khan 1962). AMS data were analysed using the Anisoft
4.1 software. The correct mathematical typography is
used to distinguish between scalars (italics) and
vectors (bold) throughout this paper to avoid
misunderstanding.

Figure 1. (a) Tectonic and seismic setting of the Pacific coast of Mexico: MAT, Middle American Trench; FZ, fracture zones; EPR, East Pacific
rise; EGG, El Gordo Graben. Different-coloured dots indicate rupture areas and years of most important subduction seismic events since the
beginning of the last century. Thin black dashed lines indicate fracture zones; the thick black dashed line with arrowheads shows the
subduction zone; the thick red dashed line shows the location of the EPR. The boundary between the Caribbean and North American
plates is shown by a dashed line and question mark as it is not well defined. The solid red box shows the location of the satellite image
below (not to scale); (b) satellite image of the investigated area with marked position of the sampling site 004 Las Salinas.
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2.2. Radiometric dating

Detailed interpretation of the timing of marine inunda-
tion events recorded in the sedimentary record requires
accurate dating. The generally accepted way to date
sediments deposited over the last 100–150 years is to
use 210Pb radionuclide (Krishnaswamy et al. 1971;
Sanchez-Cabeza and Ruiz-Fernández 2012).

210Pb is a natural radionuclide of the 238U radio-
active chain, with a half-life of t½ = 22.23 ± 0.12
years; its activity in sediments (210Pbtotal) is the sum
of the 210Pb produced in situ (210Pbsup) from the radio-
active disintegration from its parent radionuclide 226Ra
(t½ = 1600 years), and the 210Pb supplied mostly from
the atmosphere (unsupported or excess 210Pb =
210Pbxs) derived from the decay of 222Rn, which
emanates from soils (Sanchez-Cabeza and Ruiz-
Fernández 2012). 210Pb dating is based on the 210Pbxs
activity depth profile, which should show a logarithmi-
cally decreasing trend with depth as a result of the
radioactive decay over time, according to the radio-
active decay law:

210PbðzÞ¼210Pbð0Þe�λt;

where 210Pb(0) is the surface activity, 210Pb(z) is the
activity at depth z, and λ is the decay constant
(0.03118 year−1). This equation assumes a constant sup-
ply of 210Pb and particles to the sediments, as well as a
negligible post-depositional migration of 210Pb within
the column (Appleby 1998).

210Pb dating is often supported by the marker
137Cs (t½ = 30.14 years), since the use of both radio-
tracers improves accuracy by providing two indepen-
dent means of measuring the same burial processes
occurring within a given sediment core. The artificial
radionuclide 137Cs (t½ = 30.5 ± 0.8 year) is present in
the environment mainly due to fallout from the atmo-
spheric testing of thermonuclear weapons. Significant
fallout on a global scale began shortly after the initial
testing in the early 1950s, peaked in 1963, and then
rapidly declined following implementation of the
international treaty banning such tests (DeLaune
et al. 1978). Therefore, undisturbed sediments around
the world are expected to show a 137Cs activity profile
in which the first detectable activities correspond to
the decade from 1950, the maximum 137Cs activity to
the period 1962–1964, and a decreasing trend
thereafter.

The activities of 210Pb, 226Ra, and 137Cs were deter-
mined in sediment samples of Sal-005 collected in 1 cm
steps between the surface and 15 cm depth following the
procedure of Sanchez-Cabeza and Ruiz-Fernández (2012).

3. Results

All data were classified by their corresponding lithology
into two sets that represent the upper sand unit and the
lower clay unit. The upper sand unit was sampled
between 1 and 17 cm, whereas the lower clay unit
was sampled between 17 and 45 cm depth.

Figure 2. Stratigraphic section at Las Salinas 004 site. Numbers along the profile represent depth in centimetres.
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3.1. Thermomagnetic studies

Thermomagnetic curves (M–T) were measured for
every stratigraphic level. Two slightly different patterns
are related to upper and lower units (Figure 3).
Samples from the lower unit exhibit the highest mag-
netization values, with the exception of sample 004–02
(3–5 cm). These samples are characterized by the pre-
sence of two phases in the heating curve: magnetite,
with a Curie temperature of about 580ºC, and another
lower-temperature phase with Curie temperature
between 350–380ºC, which could correspond to titano-
magnetite, titanohematite, or (titano)maghemite. On
the other hand, in the upper unit the Curie tempera-
ture values for the high-Curie temperature phase are
similar to those calculated in the lower unit. However,
the curves show a smooth decay for the low-tempera-
ture phase with a Tc around 400ºC, but this is not
present in some of them. All samples showed lower
magnetization after heating to 700ºC, and only mag-
netite (mean Tc = 570ºC) is observed.

The temperature dependence of MS was performed on
two samples, one each representing the upper and lower
units. Slight differences are also visible on the plot in
Figure 11(b) (see Section 4). Both curves show an inflection
point between 575 and 585°C. Moreover, the lower layer
curve shows increasing MS at the beginning, followed by a
gradual drop between 270 and 530°C and then a sharp
decrease with an inflection point between 575 and 585°C.

3.2. AMS

The magnetic fabric from the upper part of the profile (I,
sampled at 7–9 and 13–15 cm horizons) shows subhor-
izontal K1 and K2 mean directions, whereas the mean
K3 is oriented vertically. Fabric I is more scattered in
comparison with the results of AMS from the lower part

of the profile (II, sampled at 21–23 and 43–45 cm hor-
izons). The mean direction of K1 in the case of magnetic
fabric II is oriented in azimuth 217°, but mean K3 direc-
tion is tilted from the vertical line by about 35° and K2

by about the same angle from the horizontal plane. The
mean MS of samples related to magnetic fabric I (blue
and green squares, Figure 4) is lower than the mean MS
of samples related to magnetic fabric II (red and yellow
squares, Figure 4). Axial confidence cones at the 95%
level for the upper and lower units overlap, which
makes mean axes K2 and K3 of both units barely distin-
guishable. Nevertheless, the characteristics of these fab-
rics are different: the deviation of mean axes in the
lower unit is much less than in the upper one and the
confidence ellipse is more or less isometric, while the K2

and K3 confidence ellipses of the fabric I are elongated.
The Jelinek P–T diagram indicates that the dispersal of
the shape parameter, T, increases with a decreasing
degree of anisotropy, P (Figure 4).

Due to observations of variability in the horizontal
direction (i.e. across profile), the AMS was measured on
samples from four horizons (see Supplementary Material
at http://dx.doi.org/10.1080/00206814.2015.1075230 for
primary data). The boundaries for maximal and minimal
parameter values, as well as their standard deviations,
were established separately for each horizon. The range
of parameter values is given by horizontal changes in
sediment properties (Figure 5).

3.3. MS and hysteresis parameters

Rock magnetic parameters exhibit variation in beha-
viour depending on the layer involved. Magnetic para-
meters, such as MS (χ), saturation remanence
magnetization (Mrs), and saturation magnetization
(Ms), show similar variations with depth (Figure 6). At

Figure 3. Thermomagnetic curves for all samples along the Las Salinas section. Samples corresponding to the lower layer show
higher values of M in comparison with those from the upper layer.
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Figure 5. Horizontal variability of parameters based on eight samples for each sampled depth-interval vs. profile-depth at Las Salinas
004 site. Maximal (red), minimal (blue), and mean (black) values of individual parameters as well as standard deviation (horizontal
black lines) are shown. Km – mean bulk magnetic susceptibility in SI units; P – degree of anisotropy; T – shape parameter; q – shape
factor; L – magnetic lineation; F – magnetic foliation.

Figure 6. Rock magnetic parameters vs. depth. Key: mass specific magnetic susceptibility (x), frequency-dependent susceptibility
(xfd), and other hysteresis parameters (Mrs, Ms, Bcr, and S−200).

Figure 4. AMS results in relation to stratigraphy: I – upper horizon; II – lower horizon. Principal susceptibility directions (K1, K2, K3) in
geographic coordinate system are plotted to equal area projection on the lower hemisphere. Green, blue, yellow, and red squares in
Jelinek plots represent results of samples from depths 7–9, 13–15, 21–23, and 43–45 cm. For stratigraphy explanation, see Figure 2.
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the top of the upper unit, the values reach their
maximum followed by a relatively rapid decrease
yielding the minimum number of parameters in the
middle part of this layer. Approaching the bottom of
this unit, the values increase again. This behaviour
differs from that observed in the lower unit. In this
part of the profile, the values of χ, Mrs, and Ms are
more homogeneous with almost no variations,
although a minimum at 32 cm may be observed
mainly in the susceptibility profile. Therefore, the
observed variations in magnetic properties are
roughly controlled by the lithology, being the concen-
tration of ferromagnetic minerals lower in the upper
sand units than in the deeper clay units.

Although frequency-dependent susceptibility values
are very low (Figure 6), less than 3% in the whole profile,
the most important variations can be observed in the
upper unit. These values indicate that the contribution of
superparamagnetic (SP) ferrimagnetic minerals is minor
along the entire profile and mainly in the upper part.

A well-marked difference in remanent coercivity
values (Bcr) can be distinguished between the upper
and lower units (Figure 6). The values in the upper
unit are somewhat lower and exhibit greater variation
than those in the lower unit. Whereas the mean coer-
civity value in the upper unit is 51.1 mT, the lower
unit shows a mean of 59.1 mT. The specific parameter,
S−200 was calculated on the basis of the equation
S−200 = ((–IRM−0.2 T/SIRM) + 1)/2 following Bloemendal
et al. (1992), and computed using RockMagAnalyzer 1.0
software (Leonhardt 2006). IRM−0.2 T and SIRM denote
the isothermal remanent magnetization at a reversed
field of 0.2 and 1 T, respectively. This parameter roughly
yields the relative contribution of high-coercivity miner-
als in a mixture with ferrimagnetic minerals. Because
high-coercivity minerals do not fully saturate at the
maximum applied field of 1 T, it is quite possible that
the value is biased due to the proportion of these high-
coercivity minerals. The values of S−200 in the upper unit
vary between 0.89 and 0.82, and in the lower unit
between 0.84 and 0.79 (except at depth 42 cm). This
difference in coercivity can also be observed from
Figure 7, suggesting a higher contribution of a hard
magnetic phase in the lower unit. Samples 004–4 (7–
9 cm) and 004–6 (11–13 cm), from the upper unit, with
highest Bcr values and extreme values of Mrs/χ, are seen
in Figure 7.

The magnetization and coercivity ratios (Mrs/Ms and
Bcr/Bc, respectively) were plotted on Day plots (Figure 8
(a) and (b); Day et al. 1977). The values of the hysteresis
ratio for two representative samples of layers 004–04
(7–9 cm) and 004–19 (37–39 cm) are indicated in the
Day plots. Two different trends corresponding to each

unit can be distinguished, both in the magnetite
pseudo-single-domain (PSD) area. Samples from the
upper unit follow the theoretical hysteresis trend for
the SD+MD (multi-domain) mixing model curve, but
plotted parallel and above it (Figure 8(b)). However,
samples from the lower unit mainly exhibit variations
in the Bcr/Bc ratio. Although in terms of Bcr/Bc there is an
overlap, most samples from the lower unit show higher
coercivity ratios than the upper one. The observed
behaviour can be explained as a mixture of SD and
multi-domain (MD) magnetite and/or titanomagnetite
particles, since the values are closer to the SD+MD
trend (Dunlop 2002). The displacement from the theo-
retical trend probably cannot be explained by a contri-
bution of SP magnetite and/or titanomagnetite grains,
since the obtained values of frequency dependence
susceptibility (χfd) indicate that the presence of these
grains is not significant. Saturation remanence/satura-
tion magnetization ratios Mrs/Ms and coercivity ratios
Bcr/Bc are Mrs/Ms = 0.5–0.9, Bcr/Bc = 1.02–1.17 for MD
haematites (Fe2O3) and Mrs/Ms = 0.5–0.7, Bcr/Bc = 1.45–
1.62 for SD Fe2O3 (Özdemir and Dunlop 2014).
Therefore, if samples also include Fe2O3 grains, and
depending on their relative concentration, the shape
of the distribution of the hysteresis parameter ratios
on the Day plot would be affected.

The hysteresis loops and isothermal remanent acqui-
sition curves (Mr or IRM) for two representative samples
from both upper and lower units are plotted in Figure 8
(c) and (d). The hysteresis loops are plotted before and
after correction for paramagnetic contribution. Despite
the presence of high-coercivity minerals, from visual
assessment the corrected hysteresis loops show no evi-
dence of a mixture of minerals of varying coercivity.

Figure 7. Bi-plot of saturation remanent magnetization/sus-
ceptibility (Mrs/χ) vs. the coercivity of remanence (Bcr). Two
exceptional samples for the upper unit are indicated.
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However, the obtained values of Bc may have been
affected by bias. Isothermal remanent acquisition curves
(Mr) do not saturate at the maximum applied field of 1 T in
the whole profile, since the high-field slope is steeper for
samples from the lower layer. In order to improve the
determination of the magnetic carries, additional IRM
acquisition curves up to 2 T by conducting pulse magne-
tometry on the field were performed. In this case, we
show the IRM acquisition plots and gradient curves for
three examples corresponding to the upper layer (7–
9 cm), lower layer (37–39 cm), and the contact between
them (17–19 cm) (Figure 9). Since this experiment was
carried out on the twin samples shown in Figure 8, small
differences can be observed in IRM values. Modelling of
IRM acquisition data clearly discriminates two magnetic
phases in all samples. The main magnetic carrier is a low-
coercivity phase (component 1) with mean coercivity (B1/2)

values between 53.2 and 58.9 mT, probably corresponding
to (titano)magnetite/(titano)maghaemite. The high-coer-
civity phase (component 2) with B1/2 values between
273.5 and 335 mT may be attributed to Fe2O3, since this
phase is also identified in the thermomagnetic experi-
ments. Comparing the curves, certain differences can be
observed. First, although the SIRM values (total concentra-
tion of ferromagnetic minerals) are higher in the lower
unit than in the upper, the relative contribution to each
sample of the low-coercivity phase is higher in samples
from the upper layer (sand units). Second, the contribution
of the high-coercivity phase is greater and slightly harder
(magnetically) in the lower layer (clay units) than the
upper. On the other hand, the wide shape of these two
peaks indicates major variations in grain size and/or com-
position of the iron oxide crystals, suggesting detrital
components.

Figure 8. Results of hysteresis studies: (a) hysteresis parameters Mr/Ms and Bcr/Bc plotted on a Day plot in logarithmic scale (Day
et al. 1977) for samples from upper (solid diamonds) and lower units (open squares), modified from Dunlop (2002). Dashed lines
represent mixing curves for mixtures of single-domain (SD) with superparamagnetic domain (SP) or multi-domain (MD); (b) detailed
Day plot in lineal scale with the theoretical mixing curves for SD+MD and SD+SP. The results of two representative samples are
indicated in the plot; (c) hysteresis loops for upper unit sample; and (d) lower unit sample with insets of loops corrected for
paramagnetic contributions and isothermal remanent magnetization curves.
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3.4. 210Pb and 137Cs chronologies

210Pb (210Pbtotal,
210Pbsup, and

210Pbxs) and
137Cs activ-

ities are shown in Figure 10. 210Pbxs and
137Cs activity in

Sal-005 showed atypical profiles, which precludes the
use of these data to obtain geochronology. However,
two relevant observations can be drawn: (1) 210Pbxs
activity is detectable in sediments up to 15 cm depth,
which implies that these sediments are younger than
110 years (equivalent to five times the half-life of 210Pb);
(2) there is also detectable activity in 137Cs in several
sections of the core (higher than the minimal detectable
activity of 2 Bq kg−1) above 6 cm depth, which implies
that these sediments were deposited since the 1950s

(when atmospheric nuclear testing began and the arti-
ficial radionuclide 137Cs became detectable globally).

4. Discussion

Recently published papers, and not only those focused
on the study of marine inundation deposits, generally
use AMS parameters with no statistical evaluation of
lateral variability (or dispersivity) in the properties of
sedimentary layers (e.g. Wassmer et al. 2010;
Goguitchaichvili et al. 2013; Schneider et al. 2014;
Zeeden et al. 2015). AMS parameters are always calcu-
lated from values of principal susceptibilities (K1, K2, and

Figure 9. IRM component analysis was carried out following Kruiver et al. (2001) and Heslop et al. (2002) for three representative
examples of the upper unit (004–4), the contact layer between the upper and lower units (004–9), and the lower unit (004–19). Plots
A–C and D–F correspond to the linear acquisition plots (LAP) and the gradient acquisition plots (GAP), respectively.
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K3). However, differences between maximal and mini-
mal values are very small and it should be taken into
account that any minor change can strongly affect AMS
properties, at least in the case of sedimentary layers
deposited by high-velocity currents where significant
horizontal variations are expected (reorientation of
non-spherical grains due to turbulent flow, grain size
variations, presence of rip-up clasts, etc.).

Two different ways of sampling were used for this
purpose. The standard method of sampling along a ver-
tical profile was used for determination of the main car-
riers of MS (thermomagnetic curves) and the observation
of variations with depth in MS, frequency-dependent sus-
ceptibility, and hysteresis parameters. The secondmethod
of sampling in the horizontal direction was used for a pilot
study of horizontal variability of AMS parameters.

4.1. Magnetic minerals and their source

Thermomagnetic curves (x–T) showed differences
between two units, and these helped to determine the
two main carriers of MS. Temperatures between 575 and

585°C correspond to the Curie point of magnetite, but
lower Curie temperatures may correspond to several
minerals with variable Ti content, such as titanomagnetite,
titanomaghaemite, or titanohaematite. We assume that
the source of minerals with a variable content of Ti was
probably volcanic material produced by volcanoes related
to the Mexican active margin. This idea is strongly sup-
ported by comparison of our results to previous thermo-
magnetic studies on tephra samples (Figure 11). Tephras
were analysed in the neighbouring Michoacán area,
where titanomagnetite was identified (Ortega et al. 2002).

Titanomagnetite represents a complete solid solution
between two marginal members – magnetite (Fe3O4)
and ulvöspinel (Fe2TiO4). The Curie temperature of tita-
nomagnetite depends on the proportions of Ti and Fe,
and may vary between −150 and 580°C (Akimoto et al.
1957; Nagata 1961). The wide range of Curie tempera-
tures between 350 and 585°C in the lower unit most
probably reflects sediment containing both magnetite
and titanomagnetite with a variable range of Ti from 0
to 30% of the component. Such curve characteristics, as
in tephras, where a gradual drop can be observed,

Figure 10. 210Pb (210Pbtotal,
210Pbsup, and

210Pbxs) and
137Cs activity depth distribution profiles from Sal005. 210Pbsup was determined

as 226Ra (assuming secular equilibrium between the two radionuclides), and 210Pbxs was obtained from the difference between
210Pbtotal and

210Pbsup.
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possibly followed by a sharp decrease, is typical for
volcanic material with finer grains of titanomagnetite
and is a result of diffusive fractionation (Zhou et al.
2000). Therefore, the final proportions of Ti and Fe in
titanomagnetite most probably depend on the initial
content of Ti and Fe in the melt as well as the rate of
cooling. For this reason, the character of the curve
should be considered rather than the exact Curie tem-
peratures. Nevertheless, it is not possible to exclude
participation of other sources for pure magnetite.

Similar characteristics of the heating curves of the
tephra-II sample (Figure 11(a)) and lower unit (repre-
sented by sample 004–21; Figure 11(b)) are evident.
Titanomagnetite with a variable Ti content was demon-
strated in a tephra-II sample (Ortega et al. 2002), and we
assume that this is also responsible for the variable
range of Curie temperature in sample 004–21.
However, titanomagnetite is not the only potential
mineral which might be considered as the main carrier
of MS in this case. Titanohaematite also represents a
complete solid solution between Fe2O3 and ilmenite
(FeTiO3), where Néel temperatures may also vary over
a wide range between −220 and 675°C depending on Ti
content (Nagata 1961; Stacey and Banerjee 1974).
However, the gradual, uninterrupted drop of the curve
related to sample 004–21, followed by a sharp decrease
due to the Curie temperature of magnetite, suggest
that: (1) the mineral with a variable Ti content is part
of a magnetite–ulvöspinel complete solid solution (i.e.
titanomagnetite); and (2) the major proportion of mag-
netite grains might be of the same origin as titanomag-
netites, and we consider this as possible evidence that
material of volcanic origin significantly contributed to
the main carriers of MS in the studied sediments at Las
Salinas site. In addition, in a few samples mainly from

the lower unit, it is possible to identify a phase with
Curie/Néel temperature above 650ºC, probably Fe2O3.

The magnetic parameters show variation in beha-
viour between the upper and lower layers. The rough
correlation among χ, Mrs, and Ms (Figure 6) indicates
that the concentration of ferrimagnetic minerals (mag-
netite and/or titanomagnetite) dominates such variation
in this profile. Differences among these three para-
meters, mainly in the upper unit, could be due to the
contribution of high-coercivity minerals and/or to varia-
tion in grain size distribution. Indeed, higher discrepan-
cies between χ and Ms can be observed in the upper
unit between 8 and 12 cm, precisely where the contri-
bution of ferrimagnetic minerals is minimal and the
relative contribution of high-coercivity minerals (Fe2O3

and/or titanohaematite) has a well-defined maximum,
as indicated by the S−200 ratio (Figure 6). For example,
sample 004–06 (11–13 cm) shows the highest value of
SIRM/χ and higher coercivity compared with other sam-
ples from the upper unit (Figure 7), probably indicating
a major contribution of Fe2O3 (Thompson and Oldfied
1986). On the other hand, sample 004–04 (7–9 cm)
exhibits the lowest value of SIRM/χ, possibly related to
an increase in the relative contribution of MD magnetite
and/or titanomagnetite. Therefore, variable fractions of
high-coercivity minerals (probably Fe2O3 and/or titano-
haematite) and (titano)magnetite grain size distribution
are detectable along the upper unit, as also observed in
Day plots (Figure 8).

In the lower unit, the absolute concentration of soft
magnetic minerals is higher than in the upper (Figure 6).
Increase in the ratio S−200 with depth indicates that the
relative concentration of Fe2O3 (and/or titanohaematite)
decreases correspondingly. In addition the parameter
Bcr is quite uniform, showing a slight decrease with

Figure 11. Heating curves of magnetic susceptibility vs. temperature for: (a) tephra samples from Michoacán (after Ortega et al.
2002, modified); (b) sediment samples from the upper and lower layers. The thermomagnetic curves from both tephra and sediment
samples have a very similar character, especially samples tephra-II and 004–21 from the lower unit (measured under argon
atmospheric conditions).

INTERNATIONAL GEOLOGY REVIEW 11

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 B

er
ke

le
y]

 a
t 1

4:
54

 1
8 

A
ug

us
t 2

01
5 



depth. The major concentration of high-coercivity
minerals is found in the lower unit, since the values of
S−200 in this unit are lower than in the upper (the only
exception being the bottom of the profile). This beha-
viour was also observed from statistical analysis of
the IRM (Figure 9), since the percentage of the high-
coercivity component is higher in the lower than in the
upper unit and decreases with depth.

4.2. Variability of AMS parameters and mean
susceptibility

The horizontal variability of AMS parameters in sedi-
mentary layers is usually underestimated; indeed, it
can be very low in some sediments. However, without
testing of individual beds/horizons it cannot be deter-
mined whether it significantly affects the results or not.
The only way to be certain is to test by collecting
several samples in the same horizon. This test is even
more suitable when a high lateral variability is expected,
as in the case of marine inundation deposits. To under-
stand the problem of lateral variability of AMS para-
meters, it must be understood that (1) the AMS
ellipsoid of sediments has almost a spherical geometry
and (2) AMS parameters are always enumerated from
the length (K1, K2, and K3) of vectors K1, K2, and K3

representing principal susceptibility directions (semi-
axes of the AMS ellipsoid). In general, the degree of
anisotropy (P = K1/K3) of depositional sedimentary fab-
rics usually has values less than 1.05 (i.e. anisotropy
<5%; Weiler 2007). This means that the difference
between the maximal susceptibility K1 and K3 is usually
less than 5%, and the ellipsoid is almost represented by
a spherical geometry. Therefore, the lateral variability of
AMS parameters in sedimentary layers can be significant
as in the case of Las Salinas site.

Two almost equivalent parameters, T and q, are gen-
erally used in recently published papers. These para-
meters describe the geometry of the AMS ellipsoid
(−1 ≤ T < 0 – prolate; 0 < T ≤ 1 – oblate; q > 0.63 –
prolate; q < 0.63 – oblate). Results from Las Salinas
locality show an extreme range of T and q parameter
values representing both oblate and prolate shapes
(Figure 5). This implies that we can randomly obtain
parameter values representing an oblate or prolate
shape of the AMS ellipsoid without statistical evaluation
of the shape in each horizon. As our results suggest,
testing of horizontal variability in sedimentary layers
should be performed before final interpretations.

Only the Km value provides reliable results without
wider statistical horizontal analysis in this case, but from
the geological point of view, if we plot Km value against
depth, it gives us almost the same information as the

other measurements of total MS. Maximal horizontal
variability of the other parameters in relation to depth
is obvious from the results. The range is given by the
generally overlooked lateral variability of sediments.

4.3. AMS fabrics

Even though samples were taken from four individual
horizons, only two magnetic fabrics were distinguished.
The data from the two uppermost horizons related to
depths of 7–9 and 13–15 cm show overlapping of K1,
K2, and K3, directions as well as data in both Jelinek
diagrams (blue and green squares, Figure 4). The similar
patterns of AMS and lithology are reasons why it was
possible to unify these as fabric type I. The second
magnetic fabric type shows even better overlapping of
K1, K2, and K3 directions in the equal area projection.
On the other hand the data in the Jelinek diagrams
related to depths 21–23 and 43–45 cm show two indi-
vidual clusters (yellow and red squares, Figure 4).
However, a slight upwards increase in Km values sug-
gests possible vertical changes in incoming clay-sized
particles rather than dynamical changes in flow para-
meters. These changes are subtle and are not observa-
ble in sedimentary records. Moreover, magnetic fabric I
shows a much higher dispersal of the shape parameter
T and a relatively lower degree of anisotropy P in com-
parison with magnetic fabric II (Jelinek P–T diagram,
Figure 4). Such differences are related to lithology
(sand – higher dispersal of T and lower P values; clay –
lower dispersal of T and higher P values).

Previous studies of magnetic fabrics in relation to
depositional processes have shown that the clustering
of K1 directions is related to the flow direction or incli-
nation of the slope during deposition, and the orienta-
tion of mean K3 direction is usually perpendicular to the
bedding, tilted in the direction of the flow or scattered
in the case of primary sedimentary fabrics (e.g. Rees and
Woodall 1975; Ellwood and Ledbetter 1977; Taira and
Scholle 1979; Taira 1989; Tarling and Hrouda 1993).
Therefore, we consider the mean K1 direction as a
representative direction of flow for fabrics I and II.
However, both horizons related to fabric II show a sig-
nificant inclination of the K3 direction of about 35° from
vertical in a direction perpendicular to the flow direc-
tion (represented by K1; Figure 4). Assuming that the
bottom clay unit was not affected by any post-deposi-
tional deformation, we have to consider that the mag-
netic fabric resulted solely from sedimentary processes.

Sedimentary processes potentially leading to origina-
tion of the fabric with lateral imbrication have been
described in coarse-grained sediments, such as gravel
or sand in braided rivers, where traction played a

12 J. ČERNÝ ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 B

er
ke

le
y]

 a
t 1

4:
54

 1
8 

A
ug

us
t 2

01
5 



significant role (e.g. Williams and Rust 1969; Teisseyre
1975; Allen 1983; Yagishita 1997). However, we cannot
use such an explanation for clay sediments as long as
they are deposited in a horizontal plane. Assuming that
the lagoon was supplied with freshwater streams from
inland, then the water must have been drained towards
the sea and water channels could have been developed.
In recent analogues, such channels can have steep rims
and they can provide ideal conditions for the origin of
laterally imbricated fabric in clays. Rills with high-sinu-
osity configuration can be developed also in flat tidal
areas composed of silt and clay. In such an environ-
ment, the rills can migrate laterally and form point
bars with accretionary surfaces dipping at angles of
over 20° (Vilas et al. 1999). Considering the position of
the lagoon and sampling site Las Salinas 004 (Figure 1),
we may also speculate about the described tidal area
scenario. Visualization of magnetic fabric II in a block
diagram shows prolongation of magnetic carriers paral-
lel to magnetic lineation (indicating flow direction) and
lateral imbrication indicated by inclination of magnetic
foliation (Figure 12).

Magnetic fabric I has almost the same orientation of
mean K1 direction (Figure 4) but a significant reorienta-
tion tendency to perpendicular position, and a higher
degree of scattering of K2 and K3 suggests that this unit
was deposited in a higher-energy environment than the
lower one (e.g. Ellwood and Ledbetter 1977; Taira and
Scholle 1979; Tarling and Hrouda 1993). Such relation
between flow direction and direction K1 was also
reported in recent studies of tsunami deposits (e.g.
Wassmer et al. 2010; Cuven et al. 2013; Schneider et al.
2014). The slightly lower MS of the fabric cannot justify
greater scatter in the orientations of the principal sus-
ceptibility directions in this case. The MS is still suffi-
ciently high and cannot be considered as the reason for
measurement error.

4.4. Age of the deposits

The upper sand unit (1–18 cm) was dated by 210Pb and
137Cs radionuclide chronology. Although these techni-
ques did not provide specific dates, the presence of
210Pb in excess activities in the upper 15 cm of the
core indicated that the sediments are younger than
110 years, and thus the upper section could be the
result of either tsunami (1932 or 1995) that affected
this area, or even of one of the several storms that
have also hit this section of the coast during the last
110 years. However, the 1995 event produced by an
earthquake measured as Mw 8.0 and a tsunami with a
maximum run-up of 5.1 m was relatively small, and it is
unlikely that it could have produced a 17 cm sand layer
900 m from the coast. The 1932 event (Ms = 8.2) was a
larger tsunami that flooded several locations on the
Jalisco and Colima coast, including the study site.
Therefore, this is perhaps the most likely candidate for
the deposition of the upper sand layer. We cannot
exclude the possibility of storm deposits; however,
based on the distance of the deposit from the shore
(almost 1 km), it is very unlikely that this deposit was
laid down by a storm.

5. Conclusions

Even though magnetic studies alone cannot help
solve the question of whether a marine inundation
deposit was laid down by a tsunami or a storm
event, these can significantly help to answer other
important questions. The results from Las Salinas
showed that magnetic studies may help us under-
stand the following. (1) Material of volcanic prove-
nance was a significant source of magnetic minerals
in the lower clay layer. (2) Magnetic fabric related to
the lower unit suggests that the unit developed lateral
imbrication. Although such structures have been
poorly studied, sedimentology indicates that the unit
was deposited in a low-energy environment not
related to a tsunami event. (3) Statistical evaluation
of principal susceptibility directions suggests that the
upper unit was deposited in a higher-energy environ-
ment than the lower unit. (4) As indicated by the
results from Las Salinas, the lateral variability of AMS
parameters at an outcrop scale may be very wide. The
usage of only a single value of certain AMS parameter
without statistical evaluation cannot be considered
representative for a certain depth and may give ran-
dom and false results. This implies that the variability
can sometimes be very significant, and testing of
horizontal variability in sedimentary layers should be
performed before final interpretations. (5) Despite the

Figure 12. Schematic visualization of magnetic fabric II recog-
nized in the lower unit. The magnetic fabric suggests that
lateral imbrication of magnetic particles was developed in the
sediment.
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uncertainties in data, we believe that the origin of the
upper unit at the study site is most probably related
to the tsunami event of 3 June 1932.
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