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1 | INTRODUCTION

Precise dating of Late Pleistocene to Holocene paleo-seismologi-
cal records is crucial to detect neotectonic deformation, unmask-
ing the long-term seismic behaviour of continental domains. The
need for this information is even more crucial in low-seismicity re-
gions characterized by long recurrence times in the range of 10°
to 10* years or more (Ben-Zion, 2008; Scholz, 1968). However, it
is often difficult to date neo-tectonic events, or even to find them
in the geological record, because geomorphic features have very

low preservation rate that yields to a systematic underestimation

| Daniele Sechi® | Chun-Yuan Huang*® |

Precise dating of the activity of Late Pleistocene to Holocene neo-tectonic struc-
tures is crucial to quantify the rate of deformation in low-seismicity regions. Sardinia
is a relatively stable continental fragment set in the middle of the tectonically ac-
tive Western Mediterranean belt. This paper provides evidences of significant up-
lift of northwest Sardinia that support an ongoing tectonic activity since the Marine
Isotopic Stage 7 (MIS 7; ca. 220 ka). In particular, it documents for the first time Late
Pleistocene to Holocene tectonics based on luminescence dating of travertine seal-
ing a major NNE-SSW fault.

of the effective seismic potential (i.e., Leonard & Clark, 2011). A
possible way for this drawback might be the use of Pleistocene
marine markers (tidal notches, marine terraces, shallow marine de-
posits) and travertine. The first is not necessarily syntectonic de-
posits. However, because they mark the position of paleo-sea levels
with little uncertainty, they are potential tracer of even minimal
uplift or subsidence in coastal areas where can be used to derive
fault slip-rates and Earthquake Recurrence Intervals (Muhs et al.,
2014; Robertson, Meschis, Roberts, Ganas, & Gheorghiu, 2019;
Rovere et al., 2016; Saillard et al., 2017; Santoro, Ferranti, Burrato,
Mazzella, & Monaco, 2013).
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Travertines are continental carbonates that precipitate from
deep CO,-rich fluids pumped along crustal faults as long as the frac-
tured zone remains permeable, which is only possible during tectonic
activity or shortly after given the fast growth rate of these rocks (i.e.,

Brogi, Capezzuoli, Buracchi, & Branca, 2012; Hancock, Chalmers,

BAItuneI, & Cakir, 1999; Kano et al., 2018; Ozkul et al., 2013).

This paper provides compelling evidences to support neotecton-
ics (Late Pleistocene to Holocene) in Sardinia, a low-seismicity con-
tinental fragment set in the middle of the western Mediterranean
collisional belt (Figure 1).

Extensive luminescence dating of shallow-marine deposits cor-
relative to late Middle and Late Pleistocene highstands evidenced
post-MIS7 uplift and localized deformation accommodated by
NNE and NW faults. The latest events could be as young as middle
Holocene based on luminescence age dating of syntectonic traver-
tine sealing a major NNE-SSW fault.

2 | GEODYNAMICS AND GEOLOGICAL
SETTING

The western Mediterranean region has been interpreted as a seg-
mented back-arc basin opened in response to lithospheric stretching
during an eastward migration of the Apennines subduction zone (i.e.,
Cloetingh et al., 2005; Dewey, Helman, Knott, Turco, & Hutton, 1989;
Doglioni, Gueguen, Harabaglia, & Mongelli, 1998; Jolivet & Faccenna,

BZOOO). Overall, extension migrated eastward trough time from about

COLOUR online, B&W in print

30 Ma yielding to the progressive opening of, from west to east, the

Alboran, Balearic-Provencal basins and Tyrrhenian Sea (Figure 1),

——- extensional faults
— strike-slip faults
4—4_ main thrust front Q
¥— velocity vector
+ earthquake (M > 5)
Volcanics (<2 Ma) |.

FIGURE 1 Structural sketch map of W Mediterranean, together
with main seismic and Quaternary magmatic features of the region.
The position in the study area is indicated by a black rectangle
(Figure 2)

which has opened at a rate of about 30 to 50 mm/year (i.e., Faccenna,
Becker, Lucente, Jolivet, & Rossetti, 2001). Geophysical constraints
and kinematic models, based on GPS-data, however, indicate that
Africa is still moving towards the stable Europe yielding to aver-
age N-S velocities between 3 to 15 mm/year (Faccenna et al., 2001;
Serpelloni et al., 2007). The Corsica-Sardinia (C-S) block (Figure 1)
separates the Balearic-Provencal basin from the Tyrrhenian Sea and
represents a continental fragment detached in the Late Oligocene/
Early Miocene from southern Europe. C-S block is characterized by
a deeply incised topography with several peaks exceeding 2000 m
above present sea level-a.p.s.l., a relatively thick crust in the interior
(30-35 km), transitional margins (15-20 km) and a lithospheric man-
tle not exceeding a 60 km thickness (Finetti, 2005).

Most of the seismicity (peak magnitude in the range of Mw 5-8)
observed in the W Mediterranean, together with Quaternary volca-
nism, is localized along the Alps and Apennines (Figure 1). Conversely,
the C-S block is almost devoid of any appreciable historical seismicity
and shows only a few compressional earthquakes (Mw <5) offshore
of S Sardinia, plus other strike-slip or compressional in the N and NE
sectors (Barhouni et al., 2013; Serpelloni et al., 2007; Vannucci &
Gasperini, 2004). Moreover, the preservation of Marine Isotopic Stage
5e (MIS5e) marine markers in Sardinia, close to the mean global eustatic
position (ca. 6 m a.p.s.l.), is commonly taken as an evidence for tectonic
stability of the island, frequently used as a reference site to calibrate
Quaternary sea-level fluctuations (i.e., Antonioli et al., 2017; Lambeck
etal,, 2011; Rovere et al., 2016). Nevertheless, the presence of several
Middle-Upper Pleistocene marine markers above the present sea level
along with rare and low magnitude earthquakes and high-resolution
GPS dataset warn to a possible tectonic instability of Sardinia (Cocco,
Andreucci, Sechi, Cossu, & Funedda, 2019; INGV, 2018).

The study area is located on the North-West Sardinia coast. It
consists of a southern large bay (Porto Conte) bounded by two highs
(~200 m a.p.s.l.) Punta Giglio and Capo Caccia promontories made of
Mesozoic limestone (Figure 2). North and south of the bay, the coast
is characterized by small coves and bays where incipient pocket
sand and gravel beaches occur. The Quaternary strata drape Permo-
Triassic sedimentary rocks, mainly quartz-rich sandstones and con-
glomerates (redbeds) and Triassic-Jurassic limestones/dolostones.
Two sites, Cala Viola (cv) and Le Bombarde (bo) have been selected
for this study because Quaternary strata and diffuse travertine en-

crustations are well preserved (Figure 2).

3 | METHODS

A detailed sedimentological analysis on the Quaternary successions
of Cala Viola (cv) and Le Bombarde (bo) areas was performed to define
the depositional environment on which these deposits developed.
Second, the analysis of faults has been conducted on both outcrops
and aerial/satellite images. Third, the main sedimentary bodies, as
well as a travertine deposits, were dated using both quartz OSL and k-
feldspar pIRIR 4, luminescence and U/Th-Pb methods. Dating has al-

lowed us to define the stratigraphic position of the main sedimentary
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FIGURE 2 Simplified geological map of NW Sardinia, showing the main faults and Quaternary deposits. The black rectangles (Figure 3a,b)
indicate the position of cv and bo sampling sites, respectively. Points numbered from 1 to 28 indicate the position of MIS5e (blue) and MIS7
sea-level markers (Table S2). The spatial variation of marker elevation a.p.s.l. is summarized below the map

bodies and marine terraces, the depositional age of travertine and,
point out the sedimentary and tectonic evolution of the area through
time. A brief discussion of the reliability of the derived ages is also
presented (see Supporting Information). The transition shoreface-
foreshore (or outerframe/sand run-fair weather berm sensu Pascucci,
Martini, & Endres, 2009) is used as paleo sea-level marker because,
in the Mediterranean Sea, normally placed at O = 30 cm above the
present sea level (Pascucci et al., 2018). The estimated paleo sea-
level elevation is based on the equation provided by Rovere et al.
(2016). These data have been compared with those published in the
study area and referred to MIS5e: tidal notches (Ferranti et al., 2006;
Palombo et al., 2017), coastal speleothems (Tuccimei et al., 2012), la-
goon deposits (Zucca et al., 2014), algal build-up (Sechi et al., 2018)
and shell layer (Ratto, Montis, Depalmas, Rendeli, & Melis, 2016).

4 | RESULTS

4.1 | Quaternary stratigraphy

In the selected cv (Figures 3 and 4) and bo (Figure 5) sites well-
developed and preserved marine terraces are present. These
deposits have been referred to as MIS7 and MIS5e interglaci-

als on the basis of stratigraphic correlation and OSL age dating

(Supporting Information). The studied MIS7 and MIS5e terraces
are commonly associated to shallow-marine (shoreface and
beachface) deposits accumulated in small pocket-beach systems.

In cv site MIS7 terrace lies on dune and or alluvial fan depos-
its referred to MIS8 (Figure 3b-e). It is composed of poorly sorted
coarse conglomerates with few interlayered sands grading upward
to plane-bedded sandstones and openwork pebbly conglomerate
(Figure 3c-e). These deposits are interpreted as the outerframe
(shoreface) and sand run-fair weather berm (beachface) of a coarse
gravel pocket beach, respectively.

The MIS5e terrace lies on Permo-Triassic bedrock (Figures 3b and
4b). It is composed of well-sorted and well-rounded cobble to pebble
conglomerates passing upward to plane laminated sandstones with dif-
fuse open work pebbly layers (Figure 4a,c). This transition is interpreted
as the boundary outerframe-sand run of a sand and gravel pocket beach.

In the bo site (Figure 5a) the MIS7 terrace lies on Mesozoic lime-
stones (Figure 5b), and is composed of openwork, pebble and gran-
ule conglomerates with dispersed shells (entire and in fragments).
It is interpreted as the fair-weather berm part of a gravelly pocket
beach (Figure 5¢,d).

The MIS5e terrace lies on MIS6 continental deposits SAR-OSL
dated at 197 + 41 (Pascucci at al., 2014) (Figure 5b). The marine de-
posit is composed of well-sorted low angle cross-laminated medium

to coarse-grained sandstones with dispersed well-rounded pebbles
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FIGURE 3 Field logs measured at Cala Viola (cv) site. (a) Location map of the logs and main faults. Progressive numbers indicate the
position of logs according to labels of 3B; (b) Measured logs; (c) General view of the conglomerates composing MIS7 marine terrace. The
outerframe (shoreface) and the berms are always indicated in the figure. (d) Location of sample CVL4 just above the boundary outerframe/
sand run (shoreface-foreshore), log 12; (e) Lateral view of the MIS7 marine terrace (log 11). Ages are in ka (see Supporting Information for

more details)

FIGURE 4 Sedimentary facies ﬂ
(@)
terrace. (a) Location of sample CVL3 -'J
immediately above the boundary :

outerframe/sand run (shoreface-

terrace; (c) Close detail of the boundary
outerframe/sand run. All ages are in ka
and referred to SAR-OSL; that is, quartz
(see Supporting Information for more
details)

and shells (Figure 5e,f). These sandstones have been interpreted as

the foreshore of a pocket sandy beach.

4.2 | Faults

Four are the major faults controlling the structural evolution of the
studied area: Le Bombarde (LB), NW-SE oriented, Porto Ferro (PF),
Villassunta (VA) and Punta Giglio (PG), these latter almost NNE-SSW
oriented (Figure 2a,b).

The LB fault zone separates the Mesozoic platform carbonate,
exposed in the Capo Caccia and Pta Giglio promontories (footwall),
from the Paleozoic Permian redbeds and Quaternary sediments ex-
posed in the plains between Torre del Porticciolo and Fertilia. The
latter two faults (VA, PG) are roughly dip-slip and bound the Conte
Bay graben (Figure 2b). Therefore, the studied paleo-beach systems
are preserved in two fault-bounded triangular domains delimited by
NW-SE and NNE-SSE conjugate faults (LB, PF, VA, PG; Figures 2a,b
and 6a).

5 | GEOCHRONOLOGY

The ages of selected paleo-beach systems (Table 1) were deter-
mined by applying different luminescence protocols on both quartz
(OSL) and k-feldspar (IR5,, PIRIR ,5,) grains (See Table S4). The beach
system exposed towards the south of the bo site (sample BOMO,

Figure 5), yield two undistinguishable luminescence ages (207 + 20

NW

waves cut

and 205 + 17 ka, Table 1) that confirms the inferred MIS7 age of this
deposit. The alluvial fan capping both the MIS5e and MIS7 beach
systems at bo site has an age of 83 + 4 ka (BOM3, Figure 5; Table 1)
and thus referred to MIS5a/4. At cv site, ages of the paleo-beach
confirm their attribution to MIS7 (230 * 14 ka, CVL4) and MIS5e
(136 + 8 ka, CVL3; Figure 3, see also Table S4).

Luminescence along with U/Th-Pb dating has been tentatively

applied also to constrain the formation age of a syntectonic im-
pure travertine mound precipitated just at the intersection be-
tween the LB and PF faults in the cv site (Figure 6b). Sample CVL2
gave two undistinguishable luminescence ages of 3.6 + 0.2 and
3.7 £ 0.5 ka (Table 1). Two U/Th-Pb uncorrected ages (samples
CVL5, CVL6) obtained along the same fault are 32.9 + 6.5 ka and
31.5 £ 3.5 ka, respectively, supporting the Holocene age of trav-
ertine (Table 1). These U/Th-Pb ages have to be considered only
as rough lower limit because of the diffuse presence of detrital Th
in the system yield to severe aging (See Supporting Information)
(Shen et al,, 2003, 2012).

6 | ELEVATION OF PALEO-SEA LEVEL
MARKERS

In the northern cv site, in the footwall of a minor fault parallel to
LB, the outerframe-fairweather berm boundary of the MIS7 terrace
is at 3.0 m a.p.s.l.(log 12, Figure 3). According to the equation pro-
vided by Rovere et al. (2016) the paleo Relative Sea Level (pRSL) is of
2.9 £ 0.2 m a.p.s.l. In the bo site the MIS7 beachface lies between O
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FIGURE 5 Field logs measured at Le Bombarde site (bo). (a) Location map of the logs and main faults. Progressive numbers indicate the
position of logs according to labels of 5B; (b) Measured logs; (c) Location of sample BOMO inside the berms (backshore), log 8; (d) Detail of
the transition between MIS7 marine and MISé alluvial deposits (log 8); (e) Location of sample BOM3 and of Bombarde Bay 128 + 11 (this last
after Pascucci et al., 2014); (f) Detail of a fault cutting MIS5 marine terrace; note the several centimetres downthrown (arrow indicates 1€
for scale = 2 cm in diameter). All ages are in ka and referred to SAR-OSL; that is, quartz. When preceded by k are post- pIRIR,45ages; that is,
k-feldspar (see Supporting Information for more details)
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'€ FIGURE 6 (a) Aerial view and location
g_ map of the travertine outcrops (red dots)
= and Porto Ferro (PF) fault at Cala Viola
= site (cv). Faults arrays are enhanced

g by light red colour. (b) Location of the

< samples CVL2. The derived ages of

()
£ 3.6+0.2and 3.7 + 0.5 are respectively

S referred to SAR-OSL (quartz) and IR,
¢ (k-feldspar)and expressed in ka. (c) Details

g of travertine crust on the Porto Ferro

S (PF) fault
o

o

TABLE 1 Luminescence SAR-OSL

ik

*4 O Travertine outcrops

(a) made on quartz grain; pIRIR290 and Deposits Sample ID Zs (m) Zsh-fr (m) Method Age (ka)
IRSL50 (b) made on k-feldspar grain, and Travertine CvL2 — — SAR-OSL 3.6+0.2°
BU/Th absolute age dating IRy, 37405
Beachface CVL3 3.5 3 SAR-OSL 105°
IRy, 53+ 4°
PIRIR 54 136+ 8
Beachface cvL4 3 2 SAR-OSL 237°
IRy, 92+ 6P
PIRIR o0 230+ 15
Beachface BOMO 1.5 1 SAR-OSL 207 £ 20
IRsg 112+ 8°
PIRIR o0 210+ 18
Colluvium BOM3 3 — SAR-OSL 60?
IR, 70+ 6
PIRIR,g0 84+4
Zs = the high of the sample above the present sea level; Zsh-fr = the high of the transition
shoreface/foreshore above the present sea level.
and 1.5 m a.p.s.l. (log 4, 5, Figure 5) and thus the paleo Relative Sea Along the steep Mesozoic limestone cliffs bounding Capo Caccia

Level (pRSL) is of 0.6 £ 1 ma.p.s.l.

promontory and the north side of the Conte Bay, paleo-tidal notches

In cv site, the highest shoreface-beachface boundary of MIS5e attributed to MIS5e are exposed at an average elevation of 3.8 + 0.5 m
beach system has a mean elevation of 3.5 m a.p.s.l. and crops out a.p.s.l. (1-13 of Figure 2; Ferranti et al., 2006) in agreement with the

in the hanging wall of the LB fault (logs9-3, Figure 3). The pRSL is of speleothem of Nettuno cave +4.3 m a.p.s.l. (Tuccimei et al., 2012). The

3.4 +0.2 ma.p.s.l. At the bo site, the foreshore crops out between 0 and average elevation of the notch around Pta Giglio promontory is, instead
2.5 ma.p.s.l. (log 1-6, Figure 5b)., thus, the pRSLis of 1.1 £ 1.5 ma.p.s.l. 5+0.5 ma.p.s.l. (14-21 Figure 2; Palombo et al., 2017) (see Table S1).
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DISCUSSION AND CONCLUSIONS

7 |

Recent high-resolution DGPS measurements evidenced a major
variability of vertical velocities along the western coast of the
island. Here, few sites record localized uplift at moderate rates
(1.6 = 0.6-1.0 £ 0.3 mm/year; Antonioli et al., 2017); yet, the
general trend of the island is consistent with low subsidence
(0.01 mm/year; Ferranti et al., 2006). The mean position of MIS7c
beach systems is globally placed between -27 and -2.5 m below
the present sea level (Grant et al., 2014; Waelbroeck et al., 2002;
Woodroffe & Webster, 2014) (Figure 7). Thus, extrapolating the
inferred mean subsidence rates of Sardinia, MIS7 marine terraces
should be presently submerged between -30 and -5 m. The per-
sistence of these terraces above the present sea level (from O to
+5 m a.p.s.l.; Figures 3 and 5) indicates that the western coast
of Sardinia records, at least locally, a significant uplift (35-10 m)
lasting until about 130 ka (Figure 8). Uplift apparently stops or
migrated by the following interglacial as MIS5e highstands are
mostly close to their expected eustatic position (Figure 8). These
observations, together with the metrical offset of MIS5e marine
terraces provide substantial evidence for vertical movements ac-
commodated by post MIS7 to Holocene faulting, as summarized in
the conceptual model of Figure 8.

Although the vertical displacement of MIS5e markers is rela-
tively small (1-5 m, Figure 2c) it is significant because it exceeds the
uncertainty of both stratigraphic and luminescence dating meth-
ods. Moreover, the elevation of MIS5e markers evidences several
short wavelength (1-10 km) oscillations that cannot fit any simplistic
model of regional-scale differential subsidence, suggesting the exis-
tence of several fault-bounded domains recording differential verti-
cal movements (Figure 2c).

W

MIS7 NW Sardinia
/ —L——— actual
sea level

sea level

MIS5e
/highstands

MIS4/2

travertine

FIGURE 8 Conceptual model for post-MIS7 tectonic activity in
NW Sardinia (not to scale). The green line marks the position of the
actual sea level. The black dashed lines denote paleo-sea level at
different snapshots. Red arrows indicate the rise/fall of water table,
white arrows denote uplift/subsidence patterns. The main faults
are indicated as red lines (dashed lines for activating faults); fault
labels as explained in the text and Figure 2

80 ka 100 120 140 160 180 200 220 240
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Presently, the major faults strike roughly N-S and NW-SE, respec-
tively, and are thus favorably oriented for reactivation as extensional
faults (Figure 1). Yet, it is likely that MIS5e markers capture only a
fraction of recent deformation as large extensional displacements
would have taken marine terraces underwater. All these features
argue for recent, though slow, deformation and cannot be reconciled
with the paradigm of tectonic stability (Figure 8). The alternative is
to admit that the latest interglacials are characterized by unrecog-
nized high-frequency oscillations, which are below the sensitivity of
luminescence.

Moreover, precise luminescence dating of Holocene traver-
tine sealing a post-MIS5e fault is documented for the first time in
Sardinia. This demonstrates a previously unrecognized neo-tec-
tonic activity that should be accounted for in the future revisions of
geodynamic models. The results of this work also demonstrate the
applicability of luminescence to precisely date impure travertines

complementing the U-Th method.
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Figure S1. Quartz luminescence characteristics: (a) pre-heat plateau
test for sample CVL2: white circles show weak plateau between
200°C-260°C. Grey circles show the thermal transferred dose mea-
sured as function of thermal treatment after artificial bleaching of
the signal. The inset shows the behaviour of recycling for the two
tests. (b) Dose recovery pre-heat plateau test for sample CVL3 and
BOMO. The dashed lines denote 10% of uncertainty. (c-e) Sensitivity
dose response curves for sample CVL2, CVL3 and BOMO, respec-
tively. (f) Distribution of recycling ratio for sample CVL2 dashed lines

highlight the limit values of rejection
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Figure S2. Feldspar luminescence characteristics: (a) dependency of
pIRIR290 De on first IR temperature stimulation for samples CVL3
and BOMO. (b) Post-IR IRSL intensity and shape of decay curve per-
formed at 290°C of stimulation; the inset shows the sensitivity cor-
rected growth curve for CVL3 and BOMO samples and the estimated
Natural De. (c) Dependency of IR50 on preheating temperatures.
(d) Decay curve of IR50, the inset shows the sensitivity corrected
growth curve and interpolated Natural De

Figure S3. De distributions of cala viola (CVL) samples: probability
density and radial plots. The red diamonds of probability distribution
and the lines of radial plot were positioned at the CAM (Central Age
Model, Galbraith et al., 1999; 2012). (a) SAR-OSL, (b) SAR-IR50 of
CLV2. (c and d) pIRIR290 distribution of sample CVL3 and CVL4
Figure S4. De distribution of Le Bombarde sample (BOM) probability
density and radial plots

Table S1. Late-Pleistocene sea-level markers used to define the MIS
5e and MIS 7 palaeo sea-level position

Table S2. Dose measurements protocols used in this study. SAR-OSL
protocol after Murray and Wintle (2000, 2003), pIRIR290 developed
after Thiel et al. (2011). For ‘natural’ sample, the given dose = 0. The

rra Nova

whole sequence is repeated for several regenerative doses includ-

ing zero dose and repeat dose (recuperation and recycling). For
SAR-IR50 De steps 3 and 7 were used. Note that the pre-heat tem-
perature used for sample CVL2 was 180°C

Table S3. Summary of samples characteristics, radionuclide concen-
trations, and derived quartz and feldspar doses. Depth = distance
of sample from the surface; GS = grain-size used for luminescence
analysis; WC = water content; Q-Dr; Kf int Dr = K-feldspar internal
dose rate contribution to the total; Tot Kf-Dr

Table S4. Luminescence results

Table S5. Table of U/Th uncorrected ages

Data S1. xxxx
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