
1.  Introduction
Earthquakes are known as one of the triggering mechanisms for generating turbidity currents since the 
classic study of Heezen and Ewing (1952). However, events other than earthquakes (i.e., sea level changes, 
rapid sediment loading, volcanism, gas hydrate dissociation, flash floods, storms, etc.), could potentially 
trigger sediment delivery from continental shelf and slope to the abyssal plains. Discriminating between 
different triggering mechanisms from analysis of sediment cores is a complex task, which needs a multidis-
ciplinary approach to define age, structure, and composition of mass flow units (Sumner et al., 2013). Given 
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these limitations, the study of turbidites is a powerful tool for reconstructing the long-term earthquake his-
tory of tectonically active continental margins (Goldfinger et al., 2014 and references therein), and could po-
tentially extend the earthquake records further back in time than historical catalogs, encompassing several 
seismic cycles. This approach was applied to the Calabrian Arc, one of the most seismically active region in 
the Mediterranean Sea, where frequent earthquakes and associated tsunamis represent the most common 
triggering mechanism for massive sediment remobilization in the deep basins (Kastens, 1984; Köng, Zara-
gosi, Schneider, Garlan, Bachèlery, San Pedro, & 2017; Köng, Zaragosi, Schneider, Garlan, Bachèlery, San 
Pedro, et al., 2016; Polonia, Nelson, et al., 2017; Polonia, Panieri, et al., 2013; Polonia, Romano, et al., 2015; 
San Pedro et al., 2017).

In turbidite studies, geochemistry is often used to reconstruct the sediment provenance, travel paths and 
sedimentary depositional processes (Rothwell & Croudace,  2015). However, varying factors such as cli-
mate, sea level, energy of sediment transport, redox conditions, and diagenesis in the depositional or 
post-depositional environment, may control the sediment geochemistry, altering the primary signatures 
(De Lange, 1986; Szczuciński, 2020). A detailed reconstruction of such syn- and post-depositional processes 
is necessary for a reliable characterization of seismically triggered turbidite deposits (hereafter called seis-
mo-turbidites: ST). To address this issue, we focused on sediment cores that sampled STs emplaced during 
major historical Calabrian Arc earthquakes of 1908, 1693, and 1169 CE (Figure 1), whose stacked units were 
referred to different processes taking place during individual seismic events (Polonia, Nelson, et al., 2017; 
Polonia, Panieri, et al., 2013). Our main goal is to verify whether geochemical data of a given ST are diag-
nostic of co-seismic depositional processes. We used data collected from an X-ray fluorescence core scanner 
(XRF-CS), intensities of X-ray tomography (HU), and organic carbon (OC) data to: (a) identify geochemical 
proxies useful to distinguish pelagic sediments from the muddy turbidite tails; (b) characterize the geo-
chemical composition of the STs and analyze the interplay between sedimentary processes and diagenesis; 
and (c) obtain information on sediment source and sedimentary processes during a ST event in different 
depositional settings. The results of this work in the Ionian Sea will have implications for similar studies in 
other tectonically active confined basins.

2.  Geological Setting and Previous Work
In the Ionian Sea, one of the most seismically active regions in the Mediterranean, Africa-Eurasia plate 
convergence is accommodated within the subduction complex along both compressive and transtensive 
lithospheric faults (Polonia, Torelli, Artoni, et  al.,  2016; Polonia, Torelli, Gasperini, et  al.,  2017). Plate 
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Figure 1.  (a) Bathymetric map of the Ionian Sea with location of sediment cores CALA-04, CALA-05, and CQ14_02 (yellow dots) described in this study. 
White lines indicate major canyon systems (1–4) from the Messina Straits region down to the abyssal plain. (b) Chirp profile acquired during collection of core 
CQ14_02 in the slope basin directly fed by a canyon system. (c) Chirp profile acquired during collection of cores CALA-04 and -05 across the external Calabrian 
Arc accretionary wedge. The vertical axis on the right includes approximate depth assuming a constant sound speed of 1,500 m/s.



Geochemistry, Geophysics, Geosystems

convergence is associated with uplifting of coastal mountains in Calabria and northeastern Sicily, enhanced 
erosion, and seismic activity resulting in repetitive mass failures from the basin margins.

Five turbidite beds, deposited in the Ionian Sea during the last millennia, were studied to determine the 
likely triggering mechanism, provenance, and depositional processes (Polonia, Nelson, et al., 2017). Using 
radiocarbon and chronostratigraphic age models, it was possible to link turbidite deposition with three ma-
jor tsunamigenic historical earthquakes, that is, the Mw 7.24 1908 CE Messina, Mw 7.41 1693 CE Catania, 
and Mw 6.6 1169 CE Eastern Sicily. Two additional turbidites were only detected in a perched slope basin 
directly fed by a canyon system, and appear to have been triggered by two relatively minor events, the Mw 
6.23 1818 CE and Mw 6.67 1542 CE earthquakes (Figure 2).

Textural, micropaleontologic, geochemical and mineralogic analyses show that the STs have four cyclically 
ordered sediment units deposited during each tsunamigenic earthquake: the STa basal stacked sand unit; 
the STb homogenite unit; the STc tsunamite/seiche laminite unit; and the topmost STd tsunamite backwash 
unit (Figure 2). Such subdivision led to formulate a conceptual model for the development of tsunamigenic 
earthquake-triggered STs in a confined basin, where the stacked deposition of different units record the 
effect of sedimentary processes following seismic shaking: multiple slope failures, waning flows of the tur-
bidity currents, water mass seiching and the slow settling from a suspension cloud created by tsunami wave 
erosion and sediment re-suspension (Polonia, Nelson, et al., 2017).

3.  Materials and Methods
To examine STs structure and to gather information on sediment remobilization processes during large 
earthquakes, we used a multidisciplinary approach involving the geochemical and physical analyses of sed-
iment cores collected in separate basins. Different parameters, such as grain size, magnetic susceptibility, 
CAT scan images and geochemical elemental data were acquired and integrated with stratigraphic analyses, 
to unravel the relationships between sediment composition, provenance, sediment structures, and ultimate-
ly the sedimentary depositional processes.

Gravity cores (CALA-04 and CALA-05) were collected during the CALAMARE cruise while the piston core 
(CQ14_02) was collected during the CALAQUAKE survey, carried out on board of R/V Urania in 2008 and 
2014, respectively. Coring stations were selected after analysis of morphobathymetric maps and seismic 
reflection profiles, to sample turbidite layers at locations representative of different structural and depo-
sitional settings, and least affected by direct river inputs. Specifically, CALA-04 was collected in the open 
abyssal plain at 3,845 m water depth, CALA-05 in a more protected basin not far from the abyssal plain at 
3,814 m water depth, and CQ14_02 in a slope terrace (3,356 m water depth) directly fed by canyons from the 
Messina Strait area (Figure 1).

Grain size analyses were carried out on small sample taken every centimeter interval, along the entire sec-
tion for cores CALA-04 and CALA-05, and at basal coarser units for core CQ14_02, while the more homoge-
neous upper units in this core were sampled at 2 cm of interval. Analyses were performed using a Beckman 
Coulter LS-230 (size range 0.04–2000 μm) for cores CALA-04 and CALA-05, and a MALVERN Mastersizer 
2000 (size range from 0.02 to 2,000 μm) for core CQ14_02. Results were presented in mean diameter (MD).

Total carbon (TC) and total nitrogen (TN) were performed on bulk sediments using a FISONS NA2000 
Element Analyzer coupled to a Finnigan Delta Plus mass spectrometer. Total organic carbon (TOC) was 
determined on acidified sediment (HCl, 1.5M) to remove carbonates. TOC and TN contents are report-
ed as weight percent (wt%) on dry weigh. C/N was calculated as molar ratio between TOC% and TN% 
(14/12 × TOC/TN). The accuracy, calculated on atropine analyses, is ±0.61% and ±0.11% for carbon and 
nitrogen, respectively, while precision is 2.45% and 1.92%. Determination of CaCO3 was done using this re-
lationship: CaCO3 = 8.33 × (TC% − TOC%) (Hedges & Stern, 1984; Siesser & Rogers, 1971). The mass spec-
trometer, fitted with a CONFLO interface for continuous flow measurements, was used for measurement of 
stable carbon isotopes in organic matter (δ13Corg), after acidification.

All core sections were scanned by a medical Core Axial Tomography scan system, under X-ray energy of 
120 kV and pitch of 0.3. The final images (CAT scan) have a voxel size of 0.5 × 0.5 × 1 mm³ with slice thick-
ness of 1 mm. The intensity of the transmitted X-ray beams is expressed as Hounsfield Unit (HU), which 
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Figure 2.  Correlation between turbidites in cores CALA-04, CALA-05, and CQ14_02 (Figure 1 for location). For 
graphical reasons the scale of core CQ14_02 is twice relative to the other cores. During the last 2,000 years more than 
90% of sedimentation in these cores is represented by seismically triggered resedimented beds. The red dashed line 
represents the top of the Homogenite/Augias Turbidite (HAT), which was emplaced after the 365 CE earthquake and 
tsunami (Polonia, Bonatti, et al., 2013; Polonia, Vaiani, & De Lange, 2016). Modified from Polonia, Nelson, et al. (2017).
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follow the relation: HU = (μm − μw)/(μw) × 1,000 where μw is the linear attenuation coefficient of the water, 
and HU depends on properties of the material (m) of X-ray absorption.

High-resolution magnetic susceptibility (MS) logs were acquired with a Bartington, model MS2, equipped 
with a 100 mm loop sensor at sampling interval of 5 mm.

Geochemical data of core CALA-05 were collected by using an Avaatech XRF-CS at GRC-University of 
Barcelona under two different settings, 10  kV (10  s measuring time) and 50  kV (30  s measuring time). 
CALA-04 and CQ14_02 were scanned using an Avaatech XRF-CS at ISMAR CNR-Bologna, under 10 kV 
(10 s measuring time), 30 kV (20 s measuring time) and 50 kV (30 s measuring time) settings. Measure-
ments were performed with a step size of 1 cm along the cores. Since the main purposes of this work are to 
reconstruct depositional processes, to discriminate between different sediment sources and traveling paths, 
and to assess diagenetic processes, we selected diagnostic elemental ratios which traditionally track detrital 
alumino-silicates, mainly the clay minerals (e.g., Al, Si, and Rb) and heavy minerals (e.g., Zr, Fe, and Ti), 
carbonates (e.g., mostly biogenic; Ca and Sr), diagenesis overprint (e.g., redox-sensitive elements: Fe, Mn, 
and S), and porosity or interstitial water content (Cl and S) (Chester, 2000) (see Table S1 for a summary of 
main assumptions used in our analysis).

The Pearson product-moment correlation coefficient (Pearson's r) was used to measure the linear relation-
ship between CaCO3, OC, C/N, δ13Corg, grain size and total elemental intensities (Al, Si, S, K, Ca, Ti, Mn, Fe, 
Br, Rb, Sr, and Zr) and element ratios. For core CALA-04 and CQ14_02, Pb, Cu, and Zn were also considered 
as additional elements. The linear correlation was considered statistically significant to p-values <0.05.

A principal component analysis (PCA) based on Pearson correlation coefficients was applied to evaluate the 
contribution of each one of the 17 diagnostic elemental ratios to the identification of major geochemical 
trends in the cores, to assess the correlation between variables, and to visualize the overall relationships of 
the samples within the data set, including recognition of samples with anomalous geochemical behavior 
(outliers). Specifically, PCA is a multivariate exploratory technique that reduces a larger set of variables 
into a smaller set of uncorrelated “artificial” variables, called “principal components” (PC), which account 
for most of the variance in the original variables (Besse, 1992; Bryant & Yarnold, 1995; Davis, 1986). The 
dimensional reduction of the data provided by PCA is particularly useful for XRF-CS data, with a large set 
of elements and elemental ratios.

The contribution of each original variable to the variation of the PC (i.e., the variable loading) was used to 
identify the elemental ratios that contribute the most to the variation observed in the score plots, allowing to 
better differentiate the samples along a geochemical gradient. Elemental ratios with similar factor loadings 
(close together in PCA loadings plots) were considered as indicators of the same geochemical affinity. In 
the same way, the values of the factors scores were used to recognize samples with similar multivariate geo-
chemical profile. By assessing the degree of overlap between sample groups within the PCA scores plots, it 
is possible to assess if the ST units have similar or different geochemical compositions. Since in the PCA the 
directions of the scores plot correspond to the directions in the loadings plot, it is possible to correlate the 
variables to different groups observed in the scores plot. Statistical calculations and graphics representations 
were processed using STATISTICA v.13 (TIBCO Software Inc, 2018), PAST v 3.25 (Hammer et al., 2001) and 
R (R Core Team, 2020) statistical softwares.

4.  Results
XRF-CS data, combined with CAT scan, HU, core photographs, MS, MD, C/N, and δ13Corg logs, are shown 
for each core in Figures 3–5. Different ST units and pelagic layers are represented by different colors.

The multiproxy analyses of sediment cores suggests that pelagic and ST units show significant differences 
in geochemical trends (Figures 3–5). We also note the existence of significant correlations between geo-
chemical and sedimentological/physical properties of STs in the cores. Starting from the depositional model 
proposed by Polonia, Nelson, et al. (2017), we summarize the main geochemical characters among each 
discrete subunit forming the STs and pelagic sediments.
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4.1.  Physical and Geochemical Patterns of Sediment Units

Pelagic sediment units “P” (light blue in Figures 3–5) are marked by relatively high carbonate related ele-
ments (Ca/Ti and Sr/Ti) and total carbonate content (CaCO3), and low values of the elements ratios indica-
tive of detrital heavy mineral fractions. They have MD of about 7 Φ, C/N < 10, δ13Corg > −24‰ VPDB, and 
peculiar features observed in CAT scan images, such as dark gray levels with abundant patches of organic 
matter and bioturbation (Figures 3–5).

Major ST beds (ST1, ST2, and ST3) in the different cores have similar characters. The coarse ST basal parts 
(STa units), with grain size varying between coarse silt to very fine sand, are marked by pulses with C/N > 10 
and δ13Corg < −25‰ VPDB (Figures 3–5). The basal units show generally a sharp increase in elements ratios 
characteristic of coarse detrital input (i.e., Zr/Ti, Ba/Ti, and Fe/Ca), high values of MS and HU, low Ca/
Ti and carbonate content and high Sr/Ca. Within this STa units, we note distinct layers characterized by 
fluctuations in grain size and element ratios (Figures 3–5): increased Zr/Ti, Ba/Ti, and Sr/Ca correspond 
with peaks of MD, MS, HU, and C/N, and with low values of Ca/Ti and Al/Ti, the latter increasing with a 
decrease in the grain size. These trends are less evident in core CALA-05, where turbidite beds are thinner 
and variations are shown only in the HU trend with a millimetric resolution.

The overlying fining upward homogenite (STb) parts show a sharp decrease in MD, MS and HU, while C/N 
fluctuates slightly between 8 to 9 and δ13C between −24‰ to −25‰ VPDB (light gray units in Figures 3–5). 
In CALA-05 ST2b, two peaks in C/N up to a ratio of 13 and δ13Corg values as low as −26‰ VPDB are ob-
served. In CQ14_02 ST2b, C/N is below 9, δ13C is about −25‰ VPDB and this is associated with a gradual 
upward decrease in Zr/Ti, Ba/Ti, Sr/Ca, and Fe/Ca and a slight increase in Al/Ti. Prominent positive peaks 
of Ba/Ti, Sr/Ca, Fe/Ca, S/Ti and Cl/Ti are observed in middle part of CALA-05 ST3b.

The topmost units STc and STd show relatively high values of Mn, Fe, and Ba/S, moderate increments in 
Al/Ti and a decrease in S/Ti and Cl/Ti. The ST1c unit in core CALA-04, in particular, is characterized by 
relatively low values of C/N (around 8) and δ13C (around −25‰ VPDB), and by an increment of Fe/Ti and 
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Figure 3.  Log of core CALA-04. From left to right: CAT scan with HU in light blue color, photograph with high-resolution magnetic susceptibility in red, MD 
and subdivision in individual ST units (a–d) and pelagic units identified by different colors, C/N (green) and δ13C curves (red) with organic matter mainly of 
marine (white layers; C/N < 10 and δ13Corg > −25‰ VPDB) and terrestrial origins (green and brown layers; C/N > 10 and δ13Corg < −25‰ VPDB), XRF-CS data 
plot along the study sample.



Geochemistry, Geophysics, Geosystems

Mn/Ti. On the other hand, topmost STd1 unit in core CQ14_02 shows a further increment in C/N (ranging 
from 6 up to 25) and δ13Corg (−25‰ to −24‰ VPDB), as well as by correlative peaks of MD, MS, and HU.

Cl/Ti and S/Ti trends are very similar along the STs in the studied cores, and the S/Cl ratio is almost con-
stant throughout the cores in CALA-04 and CALA-05 (Figures 3 and 4) with increments in STa units and 
a progressive decrease in the uppermost units. In core CQ14_02 the ST1a unit is marked by peaks of S/Cl 
(pink bars in Figure 5), C/N > 12, and increases in MD and lower MS values, all associated with the pres-
ence of abundant Posidonia oceanica, a marine plant living in very shallow water.

ST1/2 and ST2/2 are thinner than ST1, ST2, and ST3, and are present only in core CQ14_02, which shows a 
more expanded record of STs. Both ST1/2 and ST2/2 turbidite beds exhibit higher values of Ca/Ti, CaCO3, 
and Sr/Ti relative to the other STs. ST1/2 shows the same four units as in the other turbidite beds (Figure 5) 
all of them high in Sr/Ti and Ca/Ti; unit STc and STd has an increase in Fe and Mn. C/N is >10 in the STa, 
and C/N < 10 in units STb, STc, and STd.

ST2/2 which is the only turbidite bed related to a non-tsunamigenic earthquake does not show any turbidite 
stacks in unit STa and lacks STc and STd; moreover, transitions are more gradual compared with other tur-
bidites (Figure 5). Concerning geochemical patterns, unit STa is high in Zr, Ba, Ca, Sr, and low in Al, while 
unit STb is high in Ca, Sr, and Al. C/N values are always <10 and δ13Corg values are >−25‰ VPDB except 
for low values at its base.
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Figure 4.  Log of core CALA-05. From left to wright: CAT scan with HU in light blue color, photograph with high-resolution magnetic susceptibility in red, MD 
and subdivision in ST (ST1, ST2, and ST3) with individual ST units (a–c) and pelagic units identified by different colors, C/N and δ13Corg curves with organic 
matter mainly of marine (white layers; C/N < 10 and δ13Corg > −25‰ VPDB) and terrestrial origins (green and brown layers; C/N > 10 and δ13Corg < −25‰ 
VPDB), XRF-CS data plot along the study sample.
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4.2.  Statistical Analysis

4.2.1.  Relationships Among Variables

Pearson correlation analyses was performed for each core, using XRF-CS (as elemental ratios), grain size, 
carbonate content, TOC, C/N, and δ13Corg data. The three matrices with the values of Pearson product-mo-
ment correlation coefficients are presented as supplementary material in Tables  S2–S4. The statistically 
significant correlation (p-value <0.05) between sedimentological/geochemical descriptors and the main 
elemental ratios are represented in Table 1. Sand percentage correlates positively with C/N and negatively 
with carbonate content, δ13Corg and TOC, except for core CALA-05 in which no significant correlation was 
found between MD and TOC. All cores also presented positive correlation between sand percentage and Zr/
Rb, Zr/Ti Ba/Ti, and Sr/Ca, while clay percentage correlated positively with Ba/S and Ca/Ti. Total carbonate 
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Figure 5.  Log of core CQ14_02. From left to right: CAT scan with HU in light blue color, photograph with high-resolution magnetic susceptibility in red, MD 
with subdivision in STs (ST1, ST2, and ST3) with individual ST units (a–d) and pelagic beds shown with different colors, C/N and δ13Corg curves with organic 
matter mainly of marine (white layers; C/N < 10 and δ13Corg > −25‰ VPDB) and terrestrial origins (green and brown layers; C/N > 10 and δ13Corg < −25‰ 
VPDB), XRF-CS data plot along the study sample. Pink bars on S/Cl plot indicate layers with abundant Posidonia oceanica, a marine plant leaving in shallow 
water.
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content and δ13Corg are strongly and positively correlated with each other. Carbonate-rich sediments and 
higher values of δ13Corg are directly correlated with Ba/S, Mn/Ti, Ca/Ti, Sr/Ti, and inversely correlated with 
Fe/Ca, Mn/Ca, and S/Cl, except for the core CALA-05. The concentration of TOC is relatively high in silt 
(core CALA-04) and clay-sized sediments (core CQ14_02), and in cores CALA-04 and CALA-05 positively 
correlates with C/N and negatively with δ13Corg (both indicators of terrigenous organic carbon). Unlike the 
other cores, in core CQ14_02 the TOC correlates positively with CaCO3, as well as with Ba/S, Mn/Ti, Ca/Ti, 
and Sr/Ti, which are pelagic carbonate source and redox indicators. Negative correlations between TOC 
and Zr/Rb, Zr/Ti, Ba/Ti, and Sr/Ca in cores CALA-04 and CQ14_02 are related to high sandy detrital input 
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Sr/Ti
Cl/Ti
S/Ti

Ba/S
Mn/Ti
Ca/Ti
Sr/Ti

Fe/Ca
Mn/Ca

S/Cl

Fe/Ca Zr/Rb
Ba/Ti
Sr/Ca
Fe/Ca
Mn/Ca

S/Cl

SAND C/N C/N CaCO3 
TOC 
δ13C

CaCO3 
TOC 
δ13C

TOC SILT C/N C/N CLAY 
CaCO3

MD SAND 
δ13C

δ13C SAND

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
S/Cl

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
Fe/Ca
S/Cl

Ba/S
Al/Ti
Fe/Ti
Fe/S 

Mn/S

Ba/S
Fe/Ti
Fe/S
Mn/S
Mn/Ti
Ca/Ti

S/Cl Ba/S
Mn/Ti
Ca/Ti
Sr/Ti

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
Cl/Ti

Fe/Ti Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
Fe/Ca
Mn/Ca

SILT TOC CaCO3 
δ13C

CaCO3 
δ13C

CaCO3 
δ13C

C/N δ13C CLAY 
CaCO3

CaCO3 SILT 
CLAY 
CaCO3

MD SAND 
SILT TOC 

C/N

SILT 
TOC 
C/N

MD 
SAND 
C/N

Fe/Ca
Fe/S

Mn/Ca

Ba/Ti
Mn/Ca

Ba/S
Fe/Ti
Fe/S
Mn/S
Mn/Ti
Ca/Ti

Zr/Rb
Zr/Ti
Sr/Ca
Mn/Ti
Ca/Ti
Sr/Ti
Cl/Ti
S/Ti

Ba/S
Fe/Ti
Ca/Ti
Sr/Ti

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
Fe/Ca
S/Cl

Ba/S
Fe/Ti
Mn/S
Mn/Ti
Ca/Ti
Sr/Ti
Cl/Ti
S/Ti

Ba/S
Fe/Ti
Mn/Ti
Ca/Ti
Sr/Ti
Cl/Ti
S/Ti

Ba/S
Ca/Ti
Sr/Ti

Ba/Ti
Fe/Ca
Mn/Ca

S/Cl

Ba/Ti
Fe/Ca
Mn/Ca

S/Cl

CLAY CaCO3 
δ13C

CaCO3 
TOC 
δ13C

C/N C/N C/N MD 
SAND 
TOC

TOC MD 
SAND

CLAYδ13C δ13C SILT  
CLAY 
CaCO3 

δ13C

Ba/S
Al/Ti
Fe/Ti
Fe/S
Mn/S
Mn/Ti
Ca/Ti
Sr/Ti

Ba/S
Fe/Ti
Ca/Ti
Sr/Ti

Ba/S
Mn/S
Mn/Ti
Ca/Ti

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
S/Cl

Zr/Ti
Ba/Ti

Mn/Ca

Zr/Rb
Zr/Ti
Ba/Ti
Sr/Ca
Fe/Ca
Mn/Ca

S/Cl

Zr/Ti
Ba/Ti
Sr/Ca

S/Cl Ba/Ti
S/Cl

Fe/S Fe/Ca Mn/S
Mn/Ti
Ca/Ti

Table 1 
Statistically Significant Correlation (p-value <0.05) Between Sedimentological/Geochemical Descriptors and the Main Elemental Ratios
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commonly characterized by low organic matter preservation. The input of terrigenous or coastal sediments 
in turbidite units, suggested by the increase of C/N and decrease of δ13Corg, is more frequently associated 
with increases in the Ba/Ti and S/Cl ratios.

Principal component analysis variable loadings (PCA) was applied to analyze the relationships among the 
set of 17 XRF-CS elemental ratios for each core, based on the Pearson correlation matrices, as summarized 
in Figure 6. Grain size classes, carbonate content, TOC, C/N, and δ13Corg, which were not directly included 
into the PCA calculations, are represented in the figure as additional variables. The first three PCs obtained 
for each of the cores explain over 75% of the total variance of the XRF-CS elemental ratios and allow to 
visualize four groups of variables. These groups have similar composition in the three cores and their distri-
butions in the PC axes suggest that each one can be associated to previously defined depositional ST units.

4.2.2.  Relationships Among Samples

The PCA - sample scores results were used to discriminate pelagic layers and the ST units, as presented in 
Figure 7. These results are in general agreement with the description of the units based on the individual 
analysis of other physical, sedimentological and geochemical descriptors plotted in Figures 3–5.

Figure 7a shows the sample score distributions for core CALA-04. The pelagite unit is well discriminated 
from the ST units mainly by the increase in Ca/Ti. The ST units are distributed following a regular gradient 
from STa (associated with higher values of Sr/Ca, among other indicators) STb, STd and at the end, to STc 
(higher values of Fe/S and Fe/Ca). Due to the lower values of Sr/Ti, the pelagite unit P1 is more alike to STa 
samples than the other pelagic layers. Each of the turbidite events described downcore (ST1, ST2, and ST3) 
can also be recognized along the gradient established between these PC axes. ST1a and ST2a have higher 
values of Sr/Ca than ST3a, which better discriminates them from the STb samples. Considering that higher 
values of Zr/Rb are associated with coarser (silt-fine sand) size fraction, a grain size gradient is also observed 
among the STs in core CALA-04, with ST2a being sandier, ST1a intermediary and ST3a less sandy.
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Figure 6.  Correlation-scaled loading plots showing the influence of the 17 XRF-CS variables on the first components (PC 1, PC 2, and PC 3) obtained by PCA 
and the relationship among these variables on each core.



Geochemistry, Geophysics, Geosystems

Figure  7b shows the sample score distributions for the CALA-05 core. The Ca/Ti gradient established 
through the PC2 distinguishes pelagite from the STs units, with highest values of this ratio in the pelagite 
unit P3. STa and STb samples are poorly differentiated from each other, which may be due to the small num-
ber of cases belonging to STa (layer with a reduced representation in this core). It is interesting to mention 
that samples from the depth range 36–38 cm (marked in Figure 7b) are not quite similar to those of any 
other ST unit. Nevertheless, the higher values of Fe/Ca, S/Ti, and lower of the Fe/S make this interval closer 
to the characteristics expected for STa. A gradual increase in the importance of Fe/S characterizes the STc 
and STd units.

Figure 7c shows the sample score distributions for the CQ14_02 core. Like the two other cores, pelagic beds 
are well discriminated from the ST units, reinforcing the distinct geochemical attributes of these layers. The 
STa unit has highest sample representativeness and also highest intra-group variability in this core. This 
heterogeneity is associated to an increase mainly in the values of Fe/S and Al/Ti (positive PC1 scores) in the 
first stage of deposition of the ST1a (samples between 75 and 133 cm depths), which makes this interval to 
present a geochemical behavior closer to STc and STd units. STb units are poorly discriminated in this core 
probably due a mixture of marine (more negative PC1 scores) and terrigenous (more positive PC1 values) 
origin of the sedimentary material. Most of the STc and STd samples can be distinguished from the STa and 
STb by the higher Fe/S values and slightly increase in the Ca/Ti. Although not as evident as the one found 
for CALA-04, it is possible to identify a gradient from continental to pelagic affinity moving up in the ST 
sequence from STa to STc. In addition to the three turbidites described for all the cores (ST1, ST2, and ST3), 
records of two other events found in CQ14_02 (ST1/2 and ST2/2) can also be recognized based on the results 
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Figure 7.  PCA score plots obtained from the reduction of the 17 XRF elemental ratios to three principal components (which together explain >75% of total 
variance) used to discriminate pelagic layers and turbidite beds and to characterize each ST unit (STa, STb, STc, STd) in the different cores (A: core CALA-04, B: 
core CALA-05, and C: core CQ14_02).
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of the PCA. The samples from both these events present a geochemical behavior different from the other 
STs, with transitional characteristics (PC scores) between STc and pelagic layers.

5.  Discussion
Geochemistry is a powerful tool in reconstructing the sediment sources (detrital vs. endogenic or con-
tinental vs. marine) and transport paths of mass flow units. Applications of geochemistry in submarine 
paleoseismology include the analyses of inorganic tracers (Chagué-Goff et al., 2017; Goff et al., 2018; Po-
lonia, Panieri, et al., 2013; Schwestermann et al., 2020; Yakupoğlu et al., 2019), radionuclides (Çağatay 
et al., 2012; McHugh, Kanamatsu, Seeber, Bopp, Cormier, & Usami, 2016; McHugh, Seeber, et al., 2020; 
Sakuna-Schwartz et  al.,  2015), organic carbon (Bao et  al.,  2018) and organic contaminants (e.g., PAHs 
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Note. Yellow (STa and STb): earthquake-triggered sediment units and process; Gray (STc): earthquake/tsunami 
triggered sediment unit and process; and Light blue (STd): tsunami backwash sediment unit and process.

Table 2 
Summary of Seismo-Turbidites (STs) Units
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Giuliani et al., 2017; Pongpiachan & Schwarzer 2013; Tipmanee et al., 2012). The same tracers are widely 
used also in tsunami research onshore and in the marine environment (Chagué-Goff et al., 2017 and ref-
erences therein).

In this study, we used high-resolution XRF-CS data from the Ionian Sea cores, together with organic geo-
chemical and sedimentological proxies to characterize the individual ST units (Table 2 and Figure 8). This 
was performed in two steps: (a) correlation between geochemistry, sediment structure and composition 
and (b) application of statistical analyses to assess the relationships between geochemical patterns and 
sedimentary processes associated with the ST units, including the distinct sources, modes of deposition and 
diagenesis.

5.1.  Geochemical Proxies of Ionian Sea STs Units

Pelagic sediments of the Ionian basin are represented by biogenic ooze rich in planktonic foraminifera, 
pteropods and shell debris (Polonia, Panieri, et al., 2013; San Pedro et al., 2017). These sediments are inter-
bedded with turbidite beds which represent up to 90% of sedimentary succession deposited during the last 
2 ka (Polonia, Panieri, et al., 2013). Our data show that the pelagic units (blue layers in Figures 3–5) are 
univocally identified in the studied cores by correlative peaks of Ca/Ti, Sr/Ti, and CaCO3, δ13Corg < −24‰ 
VPDB, and low HU. On the other hand, the STs are commonly relatively enriched in detrital siliciclastic 
material eroded from Sicily and Calabria (Polonia, Panieri, et al., 2013). However, the STs structure and 
composition may vary in the different cores mainly because of different depositional settings (proximity to 
submarine canyons, location in isolated basins or open abyssal plain) as well as varying sediment sources, 
energy of the triggering event and transport paths.

5.1.1.  Basal Stacked Sandy Unit STa

In all the studied cores, the STa basal units are characterized by stacked coarse sediment inputs interbedded with 
finer layers (Figures 3–5). The staked layers can be distinguished by their thickness, composition, and geochem-
ical signature. In cores CALA-04 and CQ14_02 located in the abyssal plain and perched basin fed directly by 
canyon systems, the STas are thicker than those in more protected basins (core CALA-05), and contain several 
coarser-grained pulses, which suggest different arrival time of stacked sediments and amalgamated deposition. 
Direct correlations between Zr, Ba, Fe peaks, and MS, MD, and HU trends, indicate the enrichment of coarse 
silt to fine sand size detrital siliciclastic material, whose composition can be traced back to the metamorphic 
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Figure 8.  Schematic diagram of the variability of selected XRF-CS elemental ratios through the depositional units and their relationship with other 
geochemical descriptors (C/N, δ13Corg, and MD: mean diameter). The x-axis expresses the ratios transformed in the z values. The X¯ represent elemental ratio 
means calculated from the distribution of all values throughout the three cores (all units together). The boxes indicate the confidence interval for the mean and 
the whiskers the mean ±2 standard deviations calculated for each depositional unit.”
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basement of Calabria and to the volcanoclastic material from Mt. Etna. Such coarser sediment inputs alternate 
with layers represented by lower values of MS, MD, and HU showing higher content of Ca/Ti, CaCO3, and Sr/
Ca typical of a source region rich in carbonate rocks such as the Malta escarpment and/or the shallow Sicily 
channel (Figure 1).

The coarse basal STas in all cores are low in Al/Ti relative to the other sub-units, except in ST1a in core 
CQ14_02 and middle part of ST3a in core CALA-04 (Figures 3 and 5). In core CQ14_02, the unit ST1a has 
a coarser grain size than the equivalent units in the other cores. The opposite trends of carbonate content 
and Sr/Ti in this core suggests association of Al in coarse aluminosilicate minerals, mainly plagioclase (e.g., 
Sun et al., 2017). The upper part of ST3a in core CALA-04 consists of coarse silt-size material, characterized 
by high Sr/Ca and low Al/Ti, suggesting relative enrichment in biogenic carbonate, which is most likely to 
be the Sr-rich aragonitic pteropod shells (Gaetani and Cohen, 2006; Keul et al., 2017). High Cl/Ti in this 
subunit is related to the high porosity.

Variations of major elements from ST1/2 and ST2/2 of core CQ14_02 (Figure 5) do not correlate with grain 
size changes at the base of the STs which appears to be related to the absence of thick coarse pulses during 
these events. The high levels of Ca, Sr, and CaCO3 are rather constant throughout these STs, and similar to 
those of the pelagic units, suggesting remobilization of surficial slope pelagic sediment by earthquake shak-
ing (e.g., Kioka et al. 2019; McHugh, Kanamatsu, Seeber, Bopp, Cormier, & Usami, 2016; McHugh, Seeber, 
et al., 2020) or seismic shaking affecting only a limited area with a carbonate lithology. This agrees with the 
reconstruction of the triggering events related to the 1818 CE Catania (ST1/2) and 1542 CE Siracusa (ST2/2) 
earthquakes whose epicenters are relatively close to the coring site and whose magnitudes are relatively low 
(Mw 6.23 and Mw 6.77, respectively) (Polonia, Nelson, et al., 2017).

In core CALA-05, collected in a confined basin setting, only relatively thin and fine STa beds were recorded 
(Figures 1 and 4). Here, geochemical data do not show any pulse, but only increasing of Zr, Ba, and Fe at 
the base of the units immediately above the undisturbed pelagic layer. However, the pulses are evident in 
the very high-resolution HU record, sensitive to the mm-scale laminations (white-gray bands on the CAT 
images in Figure 4). This implies that the stacked units forming the coarse base of the STs, although thinner 
than elsewhere, are recorded in the perched, isolated basin also.

5.1.2.  Homogenite STb Unit

A sharp decrease in Zr and Ba mark the base of the STb units, which are also characterized by a fining up-
ward trend (Figures 3–5). Gradual upward decrease in Zr/Ti, Zr/Rb, and Ba/Ti, and increase in Al/Ti sup-
port the fining upward trend and larger amount of clay minerals (mainly illite). The relative trends of Ca/
Ti, Sr/Ti, Sr/Ca, and CaCO3 depend on the relative amount of detrital siliciclastic and biogenic carbonate 
material in STb units. In case of high proportion of remobilized surficial biogenic material, Sr/Ti and Ca/
Ti show similar upward decreasing or increasing trends with high Sr/Ca (e.g., ST1b in cores CALA-04 and 
CQ14_02), whereas if siliciclastic and volcaniclastic detrital material containing plagioclase predominates, 
Sr and Ca show opposite trends, and the carbonate content is relatively low (e.g., ST2b in core CQ14_02 and 
CALA-05). The high positive excursions of Sr/Ca and Ba/Ti, and of low Al/Ti in the middle of in ST3b in 
core CALA-05 strongly suggest input enriched in aragonitic pteropod shells, which are relatively abundant 
is shallow water (shelf) sediments. Similar enrichments of Fe/Ti and S/Ti in the same zone are indicative of 
the subsurface development of a diagenetic front in the pteropod-rich porous layer (shown by high Cl/Ti) 
(Figure 4). Relatively thick pelagic unit P2 overlying the ST3 show that sufficient time was available for the 
diagenetic process to take place below the seafloor.

In all cores, the unit STb also exhibits a decrease of C/N (always <10) and an increase of δ13Corg (>−25), 
which suggests a sedimentary organic matter of marine provenance (Figures 3–5). With some rare excep-
tions (e.g., ST3b in core CALA-05) geochemical elemental profiles indicate that differential settling is the 
dominant driving process in this unit (Figures  3–5). This agrees with a previous interpretation that the 
“homogenite” sediment results from remobilization of sediment by multiple turbidity currents, which de-
posit first the STa basal sand-coarse silt stacks and then the STb homogenite mud from the waning turbidity 
currents (Polonia, Nelson, et al., 2017). Similar homogenite ST deposits have been described in different 
settings (Beck et al., 2007; Chapron et al., 1999; Van Daele et al. 2014). The macroscopic view of this type 
of sediment units is homogeneous (Kastens & Cita, 1981; Stanley, 1981), but detailed analysis show that 
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it is graded and has laminations in CT scans which is typical for homogenite/unifite deposits (Tripsanas 
et al., 2004). The homogenites suspension clouds, in fact, are traveling from different sources with different 
arrival times providing chemical variations and laminations.

5.1.3.  Tsunamite/Seiche Laminite and Tsunamite Backwash Units (STc and STd)

The STc and STd units in the studied Ionian Sea cores are commonly characterized by depletion in Cl, 
likely related to a general decrease in porosity, and enrichment in Fe and Mn associated with reddish color 
changes (Figures 3–5). The same geochemical and color changes in turbidites were previously described as 
typical of the turbidite cap in other regions (Chaillou et al., 2007; Jarvis et al., 1998; McHugh, Kanamatsu, 
Seeber, Bopp, Cormier, & Usami, 2016; Thomson, Jarvis, et al., 1998; Van Os et al., 1993). The color change 
was explained by a general paleo-oxidation sedimentary model for turbidites rich in organic carbon (>0.5% 
OC) where the consumption of oxygen is driven by the oxidation of organic matter with a subsequent pro-
duction of CO2 (Buckley & Cranston 1988, Thomson, Jarvis, et al., 1998; Wilson et al. 1985). Dissolved Fe2+ 
and Mn2+ in the reduced sediments diffuse upwards until they meet the downward diffusing oxygen, where 
they are oxidized and precipitated as oxyhydroxides (Rothwell & Croudace 2015, and reference therein). In 
the general paleo-oxidation model S enrichment is expected below the oxidation front (Thomson, Higgs, 
Croudace, et al., 1993), while above the redox front a peak of Mn/Ca should be present and correlated with 
a decreasing pattern of Mn/Ti (Boyle 1983; Thomson, Higgs, Jarvis, et al., 1986; Thomson, Jarvis, et al., 1998 
and references therein). Comparison between the upper part of the Ionian Sea STs and the oxidation mod-
el suggests that STc and STd units are related to processes other than oxidation: (a) STc show mm-sized 
white and red laminae, different from those of classical redox model where no lamination is described (Fig-
ures 3–5); (b) the OC and CaCO3 decrease only slightly (in a range of 0.1%–0.2%, and 2%–3%, respectively) 
much less than that predicted by the oxidation model (Thomson, Higgs, Croudace, et al., 1993); (c) S/Cl, 
has a constant trend throughout the ST units (Figures 3–5), implying the absence of an anoxic zone and a 
consequent negligible effect of secondary diagenetic processes throughout the turbidite beds; (d) Mn/Ca 
shows a pattern comparable to that of Mn/Ti, except in core CALA-05, in which there is a contrasting pat-
tern (Figure 4); and (e) Al and Ca increase in the uppermost unit STd, characterized by a coarser sediment 
input in the final stages of deposition (Figures 3–5).

To determine whether Fe and Mn variations in STc and STd could be related to diagenetic or different sedi-
mentary processes, we can also consider the Fe/Ca, Al/Ti, and Sr/Ca, good tracers for sediment input from 
shelf and upper slope areas as shown in the basal units. In cores CALA-04 (ST1 and ST2) and CQ14_02 
(ST2 and ST3) an increase in Fe/Ca and Mn/Ca in the basal part of units STd is commonly accompanied by 
increase in Sr/Ca and Al/Ti, Ba/S, Sr/Ca, Fe/S in the upper part of unit STd (Figures 3–5). This suggests that 
the Fe and Mn enrichments in STd unit are likely due to detrital input rather than diagenesis. Such detrital 
input is possibly related to the tsunamigenic nature of major earthquakes in this area, with the tsunami 
backwash currents providing terrestrial sediments in suspension and leaving a fine tsunamite backwash on 
top of the ST deposit (Table 2 and Figure 8). ST2 in core CALA-04, triggered by the 1693 CE earthquake/
tsunami, shows a Fe peak in unit STc and a Mn peak near the base of unit STd (Figure 3). These Fe and Mn 
peaks are related to digenetic enrichment in a redox front. Since diagenetic Mn and Fe-enrichment takes 
time and need a very low sedimentation rate, we speculate that settling of the tsunamite backwash (unit 
STd) from water column took a considerably long time (some months). This is in agreement with a deposi-
tional model where at the end of the turbidite depositional process very fine grained, predominantly detrital 
sediments in low concentration does not favor flocculation and rapid deposition (Lavallee et al., 2019). This 
is further supported by the observation that even nearly two months after the catastrophic Haiti earthquake, 
a 600-m-thick plume of sediment was still suspended in the water column from 1,100 m down to the seabed 
(McHugh, Kanamatsu, Seeber, Bopp, Cormier, Usami, et al., 2011).

In our reconstruction, laminated STc units are caused by basin-wide seiching of the confined water mass 
whose forward and backwards movements can be related to the tsunami oscillator flow (Pattiaratchi & 
Wijeratne, 2009), to the horizontal component of earthquake surface waves (McGarr, 1965) or a combina-
tion of both (Polonia, Nelson, et al., 2017). For the historic 1908 CE earthquake, there is evidence of seiching 
in the Ionian Sea after the earthquake and related tsunami (Polonia, Nelson, et al., 2017) when mass move-
ments are described as decreasing oscillations with a period of 12–14 min and amplitudes of 5–6 m lasting 
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for 5 h after the main tsunami wave (Baratta, 1910). This evidence supports our interpretation that seiching 
oscillations in the confined Messina Straits area appear to be responsible for the deposition of STc units. 
Seiching bottom currents may rework sediment, resulting in multiple lamina and no textural grading. On 
the other hand, the coarser and shallow water input within STd unit is possibly related to tsunami triggered 
turbidity currents as proposed for the 2011 Tohoku-Oki earthquake (Arai et al., 2013) and to the tsunami 
backwash.

5.2.  Sediment Unit Characterization by Multivariate Statistical Analysis of XRF-CS Data

There are only few examples in the literature regarding the investigation of earthquake-triggered sedimen-
tary processes using PCA analysis and XRF-CS data (Chagué-Goff et al., 2017 and references therein). A 
multivariate statistical approach similar the one adopted in this paper was recently applied by Schwester-
mann et al. (2020) to characterize the main lithological units and STs in the Central Japan Trench.

In the present study, PCA analysis integrating only XRF-CS data corroborated prior results based on one-
by-one interpretations of a larger set of physical and geochemical variables, allowing a statistical and 
less time-consuming discrimination of successive depositional units over time. Although this approach 
has proven to be an efficient option, the sole analysis of these ratios may lead to some challenges in the 
interpretation of downcore geochemical variability, considering the large changes in the elemental expres-
sion of the different turbidite units among the cores. Thereby, the application of the selected XRF-based 
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Figure 9.  C/N versus δ13Corg for the different ST units in core CALA-04. Black circles: STa; gray diamonds: STb; orange diamonds: STc; red squares: STd. The 
base diagram from Lamb et al. (2006). Numbers within the plots represent depth in cm of each sample within the core.

Figure 10.  C/N versus δ13Corg for the different ST units in core CALA-05. Black circles: STa; gray diamonds: STb; orange diamonds: STc; red squares: STd. The 
base diagram from Lamb et al. (2006). Numbers within the plots represent depth in cm of each sample within the core.
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elemental ratios as proxies in paleoseismological studies can be more effective when integrated with other 
lithological and geochemical descriptors (carbonate content, TOC, C/N, and 13Corg).

Figure 8 synthetizes the set of XRF-CS elemental ratios highlighted by the PCA analysis and organic geo-
chemical variables suggested in this research as the ST proxies. The pelagic unit consists predominantly of 
biogenic constituents with lesser amounts of fine siliciclastic material and has a geochemical signature that 
is characterized mostly by high Sr/Ti and Ca/Ti. The unit is associated to higher contents of carbonate and 
clay, relatively high values of δ13Corg (>−24‰ VPDB) and low C/N (<10). The abrupt changes from pelagic 
units to coarse STa basal stacked sand unit are well expressed by the peaks of Sr/Ca and Fe/Ca at the base of 
STa. STa is also characterized by coarser sediments (sand), and high C/N value (>10), whereas STb—homo-
genite graded mud is characterized by relatively low carbonate and sand contents. A decreasing gradient in 
the Zr/Rb and Sr/Ca is observed from basal layers toward the top in each main event deposit (ST1, ST2, and 
ST3), with increasing trend in Al/Ti (related to clay minerals) and Fe/S (related to fine grain size and redox 
conditions). STc (tsunamite/seiche laminate) and STd (tsunamite backwash) units are enriched in Fe/S. 
They are related to carbonate-rich, muddy sediments and have geochemical composition inversely correlat-
ed to that of the STa unit. The ST layer with the lowest proportion of terrigenous input is STc, as suggested 
by the geochemical variability of the different ST units in the PCA plots. The statistical descriptions of the 
element ratios for each individual core are present as supplementary material (S5) while the deposition 
processes that explain this condition are discussed in the following section.
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Figure 11.  C/N versus δ13Corg for the different ST units in core CQ14_02. Black circles: STa; gray diamonds: STb; orange diamonds: STc; red squares: STd. The 
base diagram from Lamb et al. (2006). Numbers within the plots represent depth in cm of each sample within the core.
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5.3.  Source to Sink Processes and Canyon System Activation During Seismic Shaking: Evidence 
From Organic Geochemistry

C/N and δ13Corg data from the different ST units in the three cores are interpreted in order to reconstruct 
different sources for TOC (Figures 9–11) as proposed by Lamb et al. (2006). Samples from coarse layers 
in STa units show characteristic sediment pulses whose C/N and δ13Corg values suggest riverine/coastal 
(brown layers in Figures 3–5) and/or terrestrial OC inputs (green layers in Figures 3–5) intercalated 
with beds/laminae containing organic matter of relatively high marine affinity. This result confirms 
that STa units are stacked (amalgamated) ST with sediments entrained by multiple turbidity currents 
from different slope failures which reach the coring sites at different times via separate travel paths 
(Figure 1). Sediments from units STa and STd are shifted toward terrestrial affinity, as corroborated by 
the enrichment of detrital elements (Zr, Ba, Fe/S, and Mn/S) and Sr/Ca (Figures 3–5). Units STb and 
STc have relatively high δ13Corg values and low C/N < 10 implying a mainly marine provenance. The 
STd units are associated with relatively low δ13Corg peaks, shifted toward coastal/freshwater and terres-
trial characteristics as supported by shallow water foraminifera and coarser grain size content (Polonia, 
Nelson, et al., 2017).

In core CALA-04 all STs show a basal sandy unit STa with a terrestrial or riverine affinity (Figure 9). In 
ST1 the basal sand shows C3 terrestrial plants (green field); for ST2, only the most basal sample falls in the 
terrestrial field while other STa samples have a coastal/riverine affinity (orange, yellow and red fields); ST3a 
samples fall in the terrestrial field with the exception of the basal samples suggesting a more marine affinity, 
perhaps from a local slump. Because the CALA-04 deposition site is fed directly by shallow water canyon 
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Figure 12.  PCA biplot obtained from the reduction of the 17 XRF elemental ratios to three principal components used to discriminate pelagic layers and ST2, 
ST1/2, and ST2/2 and to characterize ST unit (STa, STb, STc, and STd) in core CQ14_02. ST1/2 and ST2/2 which are triggered by low magnitude earthquakes 
have geochemical characters similar to the pelagic sediments suggesting remobilization of surficial slope sediments.
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system 1 (Figure 1), the terrestrial/coastal composition implies that canyon 1 was activated during all major 
Italian earthquakes in 1908, 1693, and 1169 CE. Units STc and STd do not show a clear and uniform trend 
in terms of organic matter origin. However, samples from unit ST1d (orange diamonds in Figure 9) show a 
geochemical character similar to sub-unit ST1a with a pronounced terrestrial affinity probably from tsuna-
mi erosion and backwash sedimentation (Table 2).

In core CALA-05 (only indirectly fed by canyon system 1) the terrestrial and coastal content are less abun-
dant (Figure 10). However, ST2 shows a more terrestrial source in this protected basin compared to the slope 
basin with core site CQ14_02, which is fed by canyon 2 (Figure 11). Apparently, the 1693 CE earthquake/
tsunamis produced more intense effects in canyon system 1 rather than canyon system 2 where ST2 con-
tains OC with a more pronounced marine affinity (Figure 11). ST3 in core CALA-05, on the other hand, has 
a composition similar to the pelagic sediments, which implies that during the 1169 CE earthquake/tsunami 
only limited shallow water sediment reached this more protected basin.

Core CQ14_02, in a proximal basin fed directly by canyon system 2, has a more terrestrial signal as 
shown by the high C/N ratio in ST1, which was emplaced during the 1908 CE Messina earthquake/
tsunami (Figure  11). The terrestrial composition probably reflects the vigorous activation of canyon 
system 2 passing through the epicentral area of the 1908 CE earthquake, where co-seismic submarine 
landslides have been proposed (Billi et al., 2008; Polonia, Nelson, et al., 2017). With absence of STc and 
STd units, ST2/2 is the only ST that was triggered by a non-tsunamigenic earthquake. Its basal STa unit 
has C/N values lower than 8 and hence, fall in the marine or coastal fields (Figure 11). Seismic shaking 
was capable of triggering the transport of coastal material discharged on the continental shelves by 
river floods during interseismic periods, but apparently did not transport terrestrial C3 plants to the 
deep basin. This observation supports the interpretation that tsunami wave propagation and backwash 
did not occur during the seismic event. The PCA score plots obtained from the reduction of XRF-CS 
elemental ratios, show that ST1/2 and ST2/2 are geochemically more similar to pelagic sediments com-
pared to ST2 (Figure 12). These plots indicate that the low magnitude triggering earthquake produced 
only remobilization of surficial slope sediment but not multiple slope failures as is the case for stronger 
earthquakes.

Organic geochemical data correlates well with Sr/Ca, and exhibits marked peaks and increments that cor-
responds with detrital matter of terrestrial affinity (Figures 3–5). This correlation suggests that Sr/Ca is a 
powerful tool to identify shallow water sediment input, mainly from aragonitic pteropod shells, which are 
remobilized from shelf and upper slope areas during the ST events.
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Figure 13.  CAT scan, MS, grain size, Zr/Rb, and Sr/Ca for ST2 in the different cores (a) CALA-04, (b) CALA-05, and (c) CQ14_02. The brown and green bands 
represent riverine/coastal and terrestrial inputs respectively as deduced through the analyses of C/N and δ13Corg (See Figures 3–5).
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5.4.  Depositional Setting and Sedimentary Processes

The geochemical signature of the STs investigated by this study suggests that composition of the basal 
stacked beds in STa is directly linked to sediment sources and the proximity of canyon systems. However, 
STc and STd units have similar thickness and composition in all cores, which indicates that their deposition 
is controlled by basin-wide processes not affected by the local bathymetric setting (Figures 3–5).

We selected ST2, which is correlated with the 1693 CE MW = 7,41 earthquake, to verify if and how geochem-
ical data, CAT scans, MS and grain size can be used to unravel differences in event stratigraphy related to 
the coring site (Figure 13). The ST2a unit in the abyssal plain (core CALA-04, Figure 3) is represented by 
two stacked STa sub-units (40–45 and 33–40 cm), which both contain terrestrial sediment and high Sr/Ca 
(Figure 13). In core CALA-05 the basal part of unit STa has a marine affinity while the upper basal turbidite 
stack has a predominant continental source for the organic matter (Figures 13b and 10). This difference 
suggests that in the confined basin setting a first local slump occurred in relatively deep water before the 
arrival of the shallow water detrital input. In core CQ14_02, ST2a consists of two stacked coarse sub-units 
(179–188 and 188–198 cm) that are characterized by high values of MD, MS and sand %. C/N is always >10 
and the shallow water detrital sediment of the two stacks is confirmed also by an elevated Sr/Ca profile. 
These observations suggest that only the basins disconnected from the canyons record a first local input 
of sediments with marine affinity, while basins fed directly by canyons received continental sediment that 
were deposited by the early stage turbidity currents. The comparison of ST structure and composition at 
different depositional sites may thus be used to unravel triggering mechanisms and processes. ST3 in cores 
CALA-04 and -05, for example, shows anomalous grain size and geochemical trends (Figures 3 and 4) rel-
ative to ST1 and ST2 and possibly a different triggering mechanism other than an earthquake (i.e., mega 
storm or slope failure). To resolve this issue, we analyze correlative STs in separate basins. In core CQ14_02, 
which is fed directly by a canyon system and where the turbidite beds are coarse and thick, ST3 has similar 
characteristics to ST1 and ST2 (Figure 5). This implies that different depositional sites may provide different 
records for the same process depending on the scale of slope failures and energy of the sedimentary process 
in each specific morphological setting. The marine character of ST3a in core CALA-05 may be related to the 
relatively low magnitude Mw 6.6 of the triggering 1169 CE earthquake, which was probably below a “peak 
ground velocity threshold” for generating slope failures, turbidity currents and their typical ST signatures 
in a confined basin not directly fed by a canyon system. This underlines the importance of site selection for 
paleoseismological studies, where the event stratigraphy is more expanded and continuous. This is particu-
larly important for large earthquakes that may produce seafloor erosion and removal of previous STs or for 
low magnitude earthquakes, which do not produce thick sedimentary records.

6.  Conclusions
We analyzed X-ray fluorescence (XRF-CS), organic carbon (OC), isotopic data and their statistical analyses 
to define the geochemical signature of ST, deposited during historical earthquake/tsunami events in the 
Ionian Sea. Our findings show that diagnostic XRF-CS ratios provide information on co-seismic deposition-
al processes and sediment provenance. After integrating information on physical properties, particle size 
distribution, and geochemical composition, we conclude:

1.	 �Pelagic deposits are identified by correlative peaks of Ca/Ti, Sr/Ti, and CaCO3, δ13Corg < −24‰ VPDB, 
C/N < 8, by low HU and characteristic PCA plots, implying a background sediment consisting of biogen-
ic constituents with lesser amounts of fine siliciclastic material.

2.	 �STs contain detrital siliciclastic material derived from the continental margins, and commonly consists 
of a coarse basal stacked sand (STa), a homogenite (STb), a tsunamite/seiche laminite (STc), and a tsu-
namite backwash (STd) units. However, the sedimentary structures and composition of these units vary, 
depending on depositional setting (e.g., proximity to submarine canyons, isolated basin vs. open abyssal 
plain), varying sediment sources, energy of the triggering event and transport paths.

3.	 �STa basal units are characterized by stacking of coarse sediments with variable composition. A source 
of terrigenous or coastal sediment is indicated by the increase of C/N, Zr/Ti, Ba/Ti, S/Ti, and decrease 
of δ13Corg. A high Sr/Ca ratio indicates sediment input with abundant aragonitic pteropod shell material 
from shelf and upper continental slope areas.
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4.	 �STb homogenite units, that are deposited during the waning flow of ST currents, are characterized by 
fining upward gran-size and enrichment of clay minerals with high Al.

5.	 �STc and STd units consists of sediments of mixed marine and terrestrial sources with similar composi-
tion and structure in the different basins. Laminated STc units can be related to basin-wide seiching of 
the confined water mass. STd units include terrestrial sediment of tsunami wave erosion and backwash 
origin. The absence of the topmost reddish units (e.g., as in ST2/2), probably indicate that the triggering 
earthquake was not tsunamigenic.

6.	 �C/N and δ13Corg data from the different ST units in the three cores provide a powerful tool for identifica-
tion of the sources and sedimentary processes.

7.	 �A magnitude “threshold” of ∼Mw = 6–7 is required for generating slope failures, turbidity currents and 
the typical ST records in Ionian Sea confined basins that are not directly fed by a canyon system. Major 
earthquakes produce stacked turbidites while earthquakes less than Mw 6–7 only remobilize surficial 
slope sediments with marine indicator ratios (high Ca/Ti and Sr/Ti) similar to pelagic sediments.

8.	 �ST2/2, which does not contain STc and STd units, is the only ST that was triggered by a non-tsunamigen-
ic earthquake. Its basal part shows C/N always lower than 8 and falls in compositional range of marine 
or coastal sediment implying that tsunamigenic earthquakes are more efficient to deliver terrestrial C3 
plants material to the deep ocean relative to non-tsunamigenic events.

9.	 �The analysis of XRF-CS data from the Ionian Sea sediment shows that the elemental ratios were amena-
ble to the statistical dimensional reduction. The first three principal components helped to identify four 
groups of variables that could explain the marine or terrestrial/coastal affinities. Ca/Ti, Sr/Ti, Zr/Rb, 
Fe/S, and Fe/Ca were selected as potential geochemical tracers to define the genetically different units 
in the ST beds and to correlate STs in separate basins. These proxies can be used also for preliminary ST 
characterization, in absence of other analytical data.

10.	�The interpretation of compositional features of the ST deposits allowed evaluating local effects relat-
ed to the basin physiography and inferring sedimentary processes in different depositional settings to 
reconstruct source to sink processes and recognize geological characteristics of ST deposition, such as 
sediment provenance, sorting and diagenesis.

Data Availability Statement
All digital data used for this work will be available at ftp://ftp.ismar.cnr.it/outgoing/permanent_ro/
GEOCHEM_SEISMO_TURBIDITES.
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