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Abstract: The mechanical discontinuities in the upper crust (i.e., faults and related fractures) lead
to the uprising of geothermal fluids to the Earth’s surface. If fluids are enriched in Ca®* and
HCOj37, masses of CaCO;s (i.e., travertine deposits) can form mainly due to the CO, leakage from
the thermal waters. Among other things, fissure-ridge-type deposits are peculiar travertine bodies
made of bedded carbonate that gently to steeply dip away from the apical part where a central
fissure is located, corresponding to the fracture trace intersecting the substratum; these morpho-
tectonic features are the most useful deposits for tectonic and paleoseismological investigation, as
their development is contemporaneous with the activity of faults leading to the enhancement of
permeability that serves to guarantee the circulation of fluids and their emergence. Therefore, the
fissure ridge architecture sheds light on the interplay among fault activity, travertine deposition,
and ridge evolution, providing key geo-chronologic constraints due to the fact that travertine can
be dated by different radiometric methods. In recent years, studies dealing with travertine fissure
ridges have been considerably improved to provide a large amount of information. In this paper, we
report the state of the art of knowledge on this topic refining the literature data as well as adding
original data, mainly focusing on the fissure ridge morphology, internal architecture, depositional
facies, growth mechanisms, tectonic setting in which the fissure ridges develop, and advantages of
using the fissure ridges for neotectonic and seismotectonic studies.
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1. Introduction

In geothermal areas with carbonate reservoirs, thermal springs and travertine de-
position have inseparably combined the effects of brittle deformation at shallow crustal
levels ([1,2], and references therein]). When the high pCO, hydrothermal fluids are flowing
from a spring, CO; rapidly degases due to the lower atmospheric pCO,. This leads to
oversaturation near the surface zone with respect to the calcite that therefore precipitates
close to the spring, according to the well-known reaction: 2HCO3~ + Ca?" = CaCO;
+ C02 + HzO

The high encrusting capacity of fluids at the surface and along the conduits at a
relatively shallow depth implies that renewed permeability has to be guaranteed by tectonic
activity in order to maintain the flowing of fluids. Curewitz and Karson [3] described
two different primary mechanisms controlling the permeability’s maintenance through
time in fault zones permeated by hydrothermal fluids. These mechanisms guarantee the
(i) dynamically or (ii) kinematically maintained permeability. The first case (i) implies
faults that form and sustain the propagation of newly formed fractures in the rocks. In
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this case, the fracture propagation at both tip-zones and wall-zones, linked to the stress
concentration, and related thermal springs leads away from the main fault. The second case
(ii) can be characterized by faults with intermittent movement that progressively re-open
pre-existing filled fractures (i.e., veins) along the fault. This implies that thermal springs
are active during periods of tectonic activity, following the seismic cycle of faults ([4], and
references therein).

The neologism “travitonic” was introduced by Hancock, et al. [1], after suggestion by
Prof. Robert Folk following the idea proposed by Muir-Wood [5], to fix the concept that
travertine deposition and tectonic activity are inseparable processes. Among others [6,7],
the paper by Hancock, et al. [1] opened a new perspective for neotectonic studies, shedding
light on a new research approach based on decoding travertine deposits for tectonic
analyses. Thus, since 1999 several researchers have applied the “travitonic” concept
to seismotectonics and neotectonic investigation in geothermal areas around the world.
Among the travertine bodies deposited from hydrothermal fluids discharged from thermal
springs, fissure-ridge-type travertine deposits [8] have attracted most researchers, being
the most prominent spring-related travertine deposit formed along the traces of brittle
structures and therefore consolidating the strict link between travertine deposition and
faulting [9,10]. It was later shown that the fissure ridge’s shape and internal architecture
can reveal much about the geometry and kinematics of the main structure hidden by the
travertine body [11].

Fissure ridges consist of elongated travertine masses with an apical fissure that follows
the long axis of the body. Two symmetrical or asymmetrical walls made up of bedded
travertine are typically dipping away from the central fissure (Figure 1). The internal
part of the fissure is often cut by a network of sealed fractures, almost parallel to the long
axis of the ridge, normally filled by banded Ca-carbonate (i.e., calcite and/or aragonite),
almost parallel to the vein-walls (the so called “banded travertine” in [9,10]). These
veins developed within the fault zone and represent conduits along which geothermal
fluids move towards the surface [12,13]. Therefore, their analysis, in terms of geometry,
age (using U/Th, U/Pb, and *C geochronology), and geochemical properties, provides
information about the structural features and timing of the fault system, and on the fluid
path from depth to surface [1,13-16]. Furthermore, travertine deposited in a fissure ridge is
characterized by distinct petrographic and geochemical features preserving information
on the parent fluids and ancient depositional conditions. The shape of the fissure ridge
body depends on the flow rate, carbonate precipitation rate, and surface topography upon
which deposition took place.

Central fissure

Fissure Ridge
Root Vein System
(Hypogean Setting)

Open fissure
Vertical banded

lyphased)
Sill-like banded Ca('zg {f)n?cg vein

Ca-carbonate vein

Figure 1. Diagram showing the anatomy of a fissure-ridge-type travertine deposit.

S0, here below we describe the state of the art and updated knowledge on the fissure
ridges, summarizing a large amount of information recently published on different fissure
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ridges described in various geothermal areas of the world. In different sections, we deal
with: (i) the fissure ridge morphology; (ii) travertine facies developing on the wall-slopes;
(iii) growth mechanisms, (iv) banded Ca-carbonate vein features crossing the fissure ridge
and its substratum; and (v) tectonic environments in which fissure ridges have been
described to develop. We also aim to emphasize how these results update the potentiality of
the fissure-ridge-type travertine deposits for neotectonics and seismotectonic investigations.

2. Fissure Ridge Morphology and Internal Architecture

Several fissure ridges have been described around the world by many authors, devel-
oped from the Mesozoic period [17,18] to the present [9,10,19-37]. Furthermore, the recent
exploration of planets of the Solar System has also highlighted the possible existences of
fissure-ridge-type travertine deposits and associated mounds in extra-terrestrial settings,
as was “described” for Mars [38—41].

A fissure-ridge-type travertine deposit consists of a local relief caused by aligned
thermal springs supplying the carbonate-rich waters (Figure 2a). Fissure ridges are de-
scribed as straight or curvilinear in plain view and can be up to 2.5 km long, 400 m wide,
and 25-30 m high. In section, a typical fissure ridge (Figure 2b) shows a triangular shape
symmetrically or asymmetrically divided by a central fissure that separates the whole ridge
into two walls. These latter are made of bedded carbonate (bedded travertine) dipping
away from 5° to 90° from the central fissure running along its long axis. The central
fissure corresponds in depth to a bundle of veins ranging from some millimeters to a few
meters in width (Figure 2¢), filled by vertical laminated palisade or fibrous calcite and /or
aragonite (named "banded travertine" in [9,10]). In some cases, the apical fissure is open
(Figure 2d), becoming subject to receiving detrital components deriving from the travertine
walls (i.e., pieces of travertine with dimensions from cm to dm) along with remains of
animal bones [42]. At the Mammoth Hot Spring area (United States), one fissure is even
accessible, representing a constructional type of a cave (‘Devil’s Kitchen’; [43]).

South-West

/"annm

Bahded
Ca

Figure 2. (a) General view of the Terme San Giovanni fissure ridge (Rapolano Terme, Italy); (b) Profile
of a fissure ridge (Turkey) showing the central fissure partially filled by the banded Ca-carbonate
vein; (c) Detail of the inset in b; (d) Fissure crossing the apical part of the ridge (Terme San Giovanni
fissure ridge, Rapolano Terme, Italy).
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The Ca-carbonate banded veins come upwards from the bedrock, which is hidden
below the bedded travertine (Figure 3a-b). They have a sub-vertical geometry (Figure 3c)
and develop on the walls of the fissure by upwelling thermal waters that afterwards
flow out at the top of the ridge, promoting its progressive construction (Figure 3d,e). Ca-
carbonate banded veins can also grow as sill-like structures and injection veins [11,15,31],
giving rise to a more or less complex vein network (Figure 3f,g). Thus, the internal
architecture of the ridge, its morphology (both in cross-section and in plain view), and the
banded vein-bedded travertine relationships can reveal much about the fissure ridge’s
evolution and brittle deformation affecting the substratum [11].

€enQzoic:
limestone
(bedrock)

Enlarged-in:h)

East ] North

Figure 3. (a,b) Banded Ca-carbonate vein filling a fracture affecting travertine deposits and their
substratum (from Bagno Vignoni, Italy); (c¢) An example of a vertical banded Ca-carbonate vein
crossing travertine deposits (Denizli Basin, Turkey); (d) Cross-cutting relationships within a banded
Ca-carbonate vein (Sant’Antimo quarry, Italy); (e) Multiple symmetrical banded Ca-carbonate veins
(Denizli Basin, Turkey); (f,g) Christmas-tree-shape banded Ca-carbonate veins crossing travertine
deposits (Akkoy, Turkey).

Fissure ridges are symmetric or asymmetric and, consequently, the opposite flanks
forming the walls of bedded travertine are extremely variable in extension and dip-
ping attitude. Fissure ridge end-members can be proposed on the basis of their sym-
metry/asymmetry (Figure 4): the symmetric ridge, developing on a horizontal substrate,
has specular walls with respect to the central fissure and shows a right triangle shape;
the asymmetric one, developing on a slope (i.e., a fault surface), mainly consists of only
one wall that evolves in a slope travertine depositional system that grows mainly due to
progradation. Examples are known in a plethora of areas, including: Pamukkale (Turkey),
Mammoth Hot Spring (United States), and BeSeriova (Slovakia).
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Figure 4. End-members of fissure-ridge-type travertine deposits and related diagrams.

We propose the term ‘fissured slope’ to indicate this end-member asymmetric fis-
sure ridge (Figure 4). Geometrical parameters such as wall width (a max and a min)
and maximum height can be plotted in cartesian diagrams to better quantify the ridge’s
morphological shapes.

In some cases, the fissure running along the long axis of the ridge is subject to a rapid
dilatation, in the order of a few fractions of a millimeter per year [44]. This fact can be
interpreted as the result of two effects, possibly also combined: (i) a dilatation effect induced
by the creeping movement of extensional faults, induced by their mechanical properties
and geometry (Figure 5); and (ii) a fan-like expansion linked to localized subsidence of
the substrate in response to the increasing weight of the travertine body giving rise to the
gravitational collapse of the ridge.

Figure 5. Incipient fissure affecting the apical part of the neoformed travertine deposit (Terme San
Giovanni fissure ridge, Rapolano Terme, Italy). (a) the fissure is affecting artefact installed on the top
in the 1950s. (b) the fissure is dissecting travertine deposited in recent times.
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a) Fissure ridge-type deposit

This second hypothesis has been proposed by some authors [32,33] to explain V-shape
banded calcite veins crossing the topmost part of some fissure ridges. In their view, fissure
ridges grew preferentially during warm and/or humid periods and were cut by banded
Ca-carbonate veins during arid periods. So, paleoclimate oscillations rather than tectonics
must have controlled the amount of fluid discharge influencing the opening of the feeding
fractures by an increased pore pressure.

The height of the ridge is surely controlled by the fluid pressure (as discussed below),
but their width and slope inclination can be the consequence of two combined effects: the
fluid salinity and flowing velocity. If the salinity is high, the ridge tends to become tall and
narrow; if the flowing velocity is high, the ridge tends to be low and wide at its base.

Finally, systems of fissure ridges can be distributed in an echelon formation, such as
those from Golemezli [20], Cambazli [27], and Sicakgermik [25,42], Turkey, suggesting fault
arrays related to first-order fault zones, or in irregular shapes, therefore meaning that they
contain few well-ordered tectonic structures.

3. Fissure Ridges vs. Mounds

Fissure-ridge- and mound-type deposits are end-members of tectonically driven
morpho-tectonic features developing in the proximal zone of the travertine depositional
system [45]. Fissure ridge development is favored along the trace of a fault affecting
exposed bedrock [1], as deformation produces a continuous dilatational fracture along
which fluids can uprise, forming aligned springs and associated ridge-shaped deposits
(Figure 6a). Nevertheless, although aligned, the springs active on the ridge can produce
localized cm- to dm-wide mound-type deposits (i.e., cones). Such evidence might be
related to the fluid rate; if it is high (on the order of one liter per second, or more), water
supersaturated with CaCOj3 flows laterally and produces localized fan slope depositional
systems that can coalesce, contributing to an increase in the ridge wall (Figure 7). If the
fluid rate is modest (in terms of less than a liter per second), travertine accumulates nearby
the spring, forming a cone. These mound-shaped deposits are spaced from dm to m of each
other along the apical part of the ridge (Figure 7). However, the progressive dilatation of
the central fissure during the ridge’s evolution dissects the cones, which therefore became
inactive (Figure 7); as a consequence, a new spring activates nearby, forming a new cone
that follows the trend of the fault (Figure 8).

b) Mound-type deposit
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Figure 6. Diagram showing the geological setting favoring the formation of the fissure ridge (a) and mound-type (b)

travertine deposits. See the text for more information.
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Low-flow springs

Low-flow springs

High-flow spring

High-flow spring

Figure 7. Diagram and photographs illustrating the formation of cones aligned along the fissure at
the top of the ridge and the lateral slope depositional setting in relation to the flow spring. See the
text for more information.

Propagating

ssure

Figure 8. (a) Example of neoformational cones developed at the top of a fissure ridge cut by the
propagating fissure (Terme San Giovanni fissure ridge, Rapolano Terme, Italy); (b) detail of the box
indicated in (a).

Fissure ridge development is inhibited if the fault affects unconsolidated deposits. In
this case, the fault-related permeability becomes extremely compartmentalized and fluids
can emerge only in isolated points aligned along the fault trace (Figure 6b). If this is the
case, isolated travertine mounds (cones, pinnacles, and towers) might develop (Figure 9).
Mounds from Shigiang [46] and Rongma, China [47] are good examples of this process.
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Figure 9. Photographs illustrating coalescing (a) and isolated mound-type deposits from the Yellow-
stone National Park (United States) (b).

Diameters of travertine mounds have normally been described to range from some
decimeters to a few meters [8,46-51]; at the same time, their height can reach 14 m (e.g.,
“Liberty Cap” in Yellowstone National Park, United States [8]). The most impressive mound
can be found in Iran (Zendané Soleyman) and is characterized by a height of ca. 100 m and
a diameter of a few hundred meters [43].

It is obvious that any mound alignment occurs along the trace of the fracture sup-
plying the geothermal fluids, as is the case for mounds from Hisaralan, Turkey [49] and
lacustrine carbonate chimneys from Lake Abbé, Djibouti [52], still underlining the localized
influence of fault/fracture-induced permeability on the control of the spring’s localization
in unconsolidated sediments.

4. Facies

Deposition on the flank of the ridges is due to the physical /chemical changes in the
thermal water flowing from the spring. CO, leakage and bacteria activity saturate the fluid
in Ca and HCO;3, thus inducing the Ca-carbonate (i.e., travertine) deposition. Different
primary and secondary facies of travertine forms (epigean facies, Figure 10) depend on
many factors, such as: (i) temperature maintenance, (ii) the flow rate, (iii) turbulence, (iv) the
concentration of dissolved inorganic carbon, (v) pH, (vi) salinity, and (vii) the presence
of Mg, Sr, and Mn. Biological factors, consisting of a distribution of benthic microbial
biofilms, macro- and microphytes, and the slope gradient [53-56], can also influence the
modality of carbonate deposition. They are also known as “bedded travertine” [9,10] and
comprise sub-horizontal to very steep well-bedded and laminated lithofacies of variable
lateral extent that pinch out from the central portion of the ridge. According to Gandin and
Capezzuoli [57], they can be roughly described as generally characterized by an irregular
alternation of laminae (or bands) of crust and detrital facies (Figure 10).

Crust facies can be subdivided into abiotic crystalline (characterized by dendritic/
palisade macrocrystals and indicative of high-energy flows on steep slopes) [54] and
microbially mediated crusts (or microbialites, characterized by microcrystalline carbon-
ate/limemud entrapped by filaments or cohesively fixed by EPS mucilage). Crystalline
facies are mostly located in the central, higher portion of the ridge, where they show highly
inclined bedding and a compact fabric (Figure 11a). In the lower and distal smoother to
sub-horizontal parts of the ridge, the lithofacies” association shows a generally dominating
porous fabric formed by laminar microbialites (bindstone, dendrolite, and crustone) locally
associated with crystalline (typically foam and raft, Figure 11b,c), indicating slow flow on
microterraced or gently undulating low-angle slopes (Figure 11d).

Granular facies are also typical of the distal portion, where autochtonous elements
(intraclast, peloid, and coated grain) are transported and deposited, often together with al-
lochtonous elements (skeletal /bioclast and extraclast) due to energy dissipation (Figure 11e).
Here, a transition to typical tufa fabrics can occur due to the progressive cooling of the
thermal water or mixing with surface rainwater.
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PRIMARY

SECONDARY (post-Depositional)

Figure 10. Diagram representing the main travertine facies associated with fissure ridges. See the
text for their description.

Figure 11. (a) Example of crystalline facies formed by dentritic, feather-like calcite crystals (Bagni San
Filippo, Italy); (b) section of gently undulating, terraced, low-angle slopes with a dominant porous
fabric formed by alternation of laminar microbialites (bindstone, dendrolite, and crustone) locally
associated with crystalline ones (typically foam and raft) (Akkoy, Turkey ) (black scale = about 40 cm);
(c) example of highly porous laminar microbialites from a low-angle slope of Bagni San Filippo (Italy);
(d) section of a small pool filled with alternation of crustones and microbialites (flowing water toward
the left—Rapolano terme, Italy); (e) autochtonous encrusted skeletal grain (coated stems in the life
position) often observed in a distal environment (Cambazli, Turkey); (f) lateral passage from a fracture
(on the left) and bedded travertine (alternation of crustones and microbialite—on the right). Notice
the deformation of the bedded travertine and the secondary white cements developed in the opened
voids (Akkoy, Turkey); (g) example of a karstic feature filled with secondary deposits (speleothems
and terrigenous deposits) commonly developing in the late evolutionary stage (Bagno Vignoni, Italy)
(black scale = about 70 cm); (h) example of seismically induced, soft sediment deformation structures
from Rapolano Terme (Italy).
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The rapid lateral juxtaposition or shifting of all these depositional facies [21,58] is
a consequence of several microenvironments (waterfalls, pools, microterraced slopes,
fans, and smooth slopes) rapidly developing one upon the other and determining un-
dulating geometries (Figure 11b,f) along the slope gradient; note that these latter are
deposition-related geometries that are not the consequence of syn-diagenetic folding (i.e.,
non-tectonic) [59]. The vertical accretion of the slope gradient causes diversion of the water
flow that therefore can give rise to non-conformities where paleosoils and karst phenomena
can develop (Figure 11f,g), bounding every single depositional unit. This early, secondary
(affecting already-deposited sediments) feature can also be affected by seismically induced
brittle [60,61] and soft sediment deformation structures (Figure 11h) [62] and an early
diagenesis feature [63] that can be more impactful (together with karst) in the late evolution
of the depositional system.

The deposition rate is generally very high-ranging, from some centimeters to a few
meters per year [53], but it results are influenced by the climate (rainfall) and tectonics
(earthquakes) in a short period.

5. Growth Mechanisms

Among the other causes (climate influencing the water table, CO, pressure fluctua-
tions within the reservoir) [15,64], tectonic pulses, often accompanied by seismic shocks
and ground shaking, are the main factors triggering the activation or reactivation of thermal
springs in a fissure ridge [1,65]. In fact, earthquakes have a major role in renewing perme-
ability by opening (or re-opening) fractures in rock masses. This process can be promoted
in passive or active modes: (1) the passive mode implies a transient wave coming from a
far epicenter, passing through the fault zone and associated fissure ridge, which reopens
the sealed fractures; and (2) the active mode implies the (re-)activation of that fault along
which fluids are flowing and the fissure ridge is developing. In this case, faults are active in
areas with anomalous heat flow and geothermal gradients and therefore reasonably consist
of aseismic structures or are characterized by a very scarce seismicity.

Some fissure ridges are the result of prolonged activity of the associated fault. The
prolonged activity implies, in some cases, the deformation of the travertine walls (i.e.,
tilting, faulting, and fracturing) and the migration of the central fissure. The migration
of the central fissure is the result of the natural evolution of the fault zone along which
the fissure ridge is developing. In this case, a new fissure can develop in a ridge wall,
producing a new fissure ridge overgrowing the older one. This produces non-conformities
within the bedded travertine, in some cases with bedded travertine dipping in opposite
ways (Figure 12).

Figure 12. Different banded Ca-carbonate veins cutting travertine deposits migrating through time
and giving rise to diachronous fissure ridges (Akkoy, Turkey). (a) panoramic view of the Ak-koy
fissure ridge and the main fissure running at its top. (b) buried fissure ridge related to the pro-gressive
ridge migration.

Fault kinematics influence the geometry of the minor structures within the fault
zone [66] with an impact on the fluid flow’s localization. At the same time, the evolution of
a fault zone can provide the migration of the main slip zone, for example jumping toward
the hanging wall or foot wall, with direct effects on the final shape and internal architecture
of the fissure ridge [11].
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One part of the geometric and kinematics aspect, which varies on a case-by-case basis,
is the over-pressured fluid that plays a primary role in determining the growth of a fissure
ridge. In fact, thermal waters flowing at the surface can occur if (and only if) fluids have
enough pressure. This can occur in particular hydrogeological settings where enough
permeability and fluid pressure coexist. After a tectonic pulse, fluid within a fault zone that
exceeds the hydrostatic pressure can flow after permeability is restored; the geothermal
reservoir will then be hydraulically connected to the surface through re-opened fractures
and fluids will run along the ridge, depositing travertine. In other cases, fluids can be
compressed within the fault zone, therefore giving rise to sudden over-pressure, possibly
producing hydrothermal eruptions and/or localized hydrofracturing [67].

As documented by various authors, abrupt co-seismic and post-seismic changes in
water well levels [68-70] can be related to transient seismic waves, which are able to (i)
promptly increase the pore pressure at depth [5,71] or (ii) trigger fluid pressure drops re-
lated to instantaneous permeability increases in the rock volumes [72,73]. In geothermal sys-
tems, earthquakes have been observed to perturb/trigger geyser eruptions [74] and cause
mud-volcano development [75-77] or the abrupt activation of thermal springs [78-80].
Brogi and Capezzuoli [80] documented a clear relationship between earthquake-induced
shaking and abrupt propagation of the fissure at the crest of a fissure ridge, permeability in-
creases, and consequent (re-)activation of localized fluid discharge. This also demonstrates
the notable impact of a low magnitude (<M=3.6) seismic event produced by a seismogenic
fault about 20-25 km away from the fissure ridge.

As previously mentioned, all these factors depend on the recharge capacity of the
reservoir [81], in which the anthropogenic impact (in terms of fluids exploitation) plays a
fundamental role. Climate factors, therefore, are important factors due to their influence
on the amount of meteoric water infiltrating at depth and the CO, accumulation within the
reservoir [15].

Thermal spring (re-)activation on a fissure ridge after a period of quiescence reasonably
occurs at the less-elevated ridge end due to the fact that this part drops underneath the
elevating water table level. The flow rate depends on the fluid pressure and does not
allow the potentiometric surface to rise above the level of the spring. This is in apparent
contradiction to the longitudinal profile of a fissure ridge, which shows a higher portion in
the central part, implying the fact that the potentiometric surface must have risen to the
top of the ridge and, therefore, must have exceeded the level of the spring at the lower end
of the ridge.

The explanation of this apparent incongruence is related to the mechanism providing
the growth cycle of a fissure ridge that develops after a single tectonic pulse. Tectonic
activity gives rise to fault reactivation, which increases the permeability mainly at the tips
of the fault segment, where new fractures can guarantee fault propagation (Figure 13a). At
that time, over-pressured fluids trapped in the reservoir at depth are channeled along the
new fractures, feeding thermal springs located at the extremities of the ridge, as these are
the lowermost points available for resurgence owing to hydraulic pressure. Hydrothermal
fluids leave the dissolved CO,, triggering the precipitation of travertine that accumulates
at ridge margins. The progressive travertine deposition tends to seal the fractures and
prevent continuous fluid discharge. Nevertheless, the destruction of permeability at the
ridge margins favors the rise of the potentiometric surface, which will feed thermal springs
located along the fissure and at a higher elevation (Figure 13b). The potentiometric surface
will fluctuate or not depending on the fluid pressure condition. However, progressive
travertine deposition and the related destruction of permeability result in the progressive
migration of the thermal spring up to the top of the ridge, guaranteeing travertine depo-
sition in the higher portion of the ridge (Figure 13c). The complete sealing of fractures
feeding thermal springs inhibits travertine deposition and defines the end of the growth
cycle. The following tectonic pulse(s), coupled with the availability of thermal water owing
to favorable climatic conditions, can renew the permeability, offering the opportunity for
repeated growth cycles and giving rise to progressive ridge development. In the case
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of a tectonic pulse during an arid period, newly opened fractures are exposed to the air;
therefore, banded travertine is prone to alteration by microbial activity and the evolution
of the ridge is interrupted.
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Figure 13. Schematic illustration of the conceptual mechanism controlling the development of a
travertine fissure ridge based on the interplay between potentiometric surface level fluctuations
and fracture sealing. (a) The fissure ridge during a tectonically quiescent period; at that time, the
permeability is totally destroyed as a result of fracture sealing by Ca-carbonate veins. (b) After a
tectonic pulse, the fault reactivates, re-opening previously sealed fractures and allowing for the
over-pressured fluids to rise. Fluid discharges at the tip zones; here, flow is favored by the hydraulic
gradient. (c,d) Progressive fluid flow seals the fractures at the ends of the ridge; consequently, the
springs have to migrate toward the higher portions of the ridge up to the highest part (d). At
that time, fracture sealing progressively inhibits fluid flow and the travertine deposition stops. A
subsequent period of travertine deposition and fluid flow can be guaranteed by a new tectonic pulse
(from [11], re-drawn).
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6. Banded Ca-Carbonate Veins (Banded Travertine Auct.)

Banded Ca-carbonate veins fill most of the fissures crossing the fissure ridge and their
substratum (Figures 2 and 14). Their development through time is due to progressive
calcite/aragonite deposition by the flowing thermal waters. Banded veins have been
described within the ridge substratum to be up to 12 m thick [13]. Banded veins within
the fissure ridges, such as the Cukurbag fissure ridge [11] and the Ziga fissure ridge [82] in
Turkey, are thinner, up to 4-6 m, and resemble well-laminated calcareous sinter as defined
by Koban and Schweigert [83] and Fliigel [84].

Figure 14. Banded Ca-carbonate veins filling the fracture network of the substratum of a fissure ridge
and corresponding to the feeders of the spring. Examples from Golemezli (a-d) and Kamara area
(e-g), Denizli Basin (Turkey).

Banded Ca-carbonate veins crossing the fissure ridges have been described by several
authors from different geothermal areas [11,13,23,25,65,82,85-89]. These veins have a micro-
laminated fabric (Figure 15) that, coupled with the syntaxial growth mechanism, indicates
they are the consequence of repeated crack-and-seal events [90], thus implying iterate
cycles of fracture opening followed by periods of carbonate deposition. In the root of the
fissure ridge and in its substratum, Ca-carbonate banded veins fill a network of fractures
that accompany the brittle deformation associated with the fault that feeds the thermal
spring(s) from which the fissure ridge developed (Figure 1). This results in a hypogean
setting [2,9,14,15,35,91-95] characterized by vertical or sub-horizontal (sill-like) mutually
crosscutting bundles of cm-thick, onyx-like crystalline calcite/aragonite veins exhibiting
sharp contacts with host rocks (Figure 14). Their syn-tectonic formation is evidenced by (i)
displacement of pre-existing veins, (ii) the presence of interbedded, intraclastic cemented
breccia deriving from fracturing of previous veins, the occurrence of lithons of the hosting
rocks, (iv) mechanical striations of the previous veins, and (v) shear structures [2,13].

The texture of the Ca-carbonate banded veins is similar for both veins crossing the
fissure ridge and its substratum. The multiphasic vein infill is generally organized into
finely laminated crystalline calcite/aragonite bands (Figure 15) that are sometimes multiple
colors depending on the water’s geochemistry, with the typical primary fabric formed by
alternating accretion/overgrowth of elongated, blocky crystals and microsparite-micrite
bands. They are interpreted as originating from the vein walls in phreatic conditions and
characterized by moderate CO, degassing (Type A) or intense degassing likely related to
a rapid re-opening of fractures after a period of clogging (Type B). Accessory fabrics are
represented by dendritic, tree-shaped crystalline levels [36,96-98] and bituminous/organic
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veneers coating the crystal terminations and representing short-lived situations in phreatic
conditions without crystalline precipitation.
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Figure 15. (a) Example of a banded Ca-carbonate vein composed by three superimposed veins;
(b) SEM image of the Mn-oxide lamina characterized by a subrounded shape of different shades
of gray. Brighter gray suggests a higher Mn-oxide concentration. (c) Micrograph (crossed polars)
showing detail of Mn-rich laminae. (d) Micrograph (crossed polars) of a PAM1 sample showing
bands made up of calcite and (Sr)-aragonite (from [36], re-drawn).

The deposition of aragonite is favored by a rapid precipitation rate, a high pCO,
level, and an elevated Mg/Ca level [99]. Owing to the rapid precipitation rate, the banded
travertine veins can minutely record deposition that occurred during short time spans
and are represented by thick crystalline layers. The presence of a biological alteration at
the top of many laminae suggests that fracture walls can periodically be exposed to the
air, and so the vein surface was altered by biological activity. This implies that, in some
cases, the opening of a vein was not accompanied by instantaneous water flow. In some
cases, debris and fragments of travertine coming from the wall ridge can be found within
the veins, thus underlining the existence of periods of quiescence and non-deposition
paraconformity (hiatus).

In different tectonic domains, the growth rates of individual veins were calculated
to be in the range between 0.01 and 0.11 mm/year without taking into consideration the
paraconformity (hiatus) between the alternating bands [8,23,25,32,65].

Moreover, radiometric dating of some banded travertine veins crossing the Cukur-
bag fissure ridge [15] indicates that a single band, that shows no growth discontinuities
(hiatuses), of about 40 cm in thickness is representative of about 400 years. In line with the
previous studies, therefore, Karabacak, et al. [65] infer that the time span of precipitation of
a 1 cm thick Ca-carbonate band ranges between 20 and 300 years.

The intimate association of banded Ca-carbonate veins with seismicity and their triggering
of the mobilization of CO,-rich fluids have been extensively demonstrated [15,23,65,92,100].
In this sense, banded travertine vein networks most probably represent the best near-surface
product of CO,-driven hydrothermal eruptions in seismically active zones [14,15,65].

Karabacak, et al. [65] sum up the precipitation of Ca-carbonate bands in three de-
scriptive periods in relation to seismicity (Figure 16): (1) a co-seismic period, which is
represented by the expulsion of abundant depressurized /supersaturated hot water, re-
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sulting in the rapid precipitation of whitish microcrystalline carbonate as a single band
on both walls of the fracture; (2) a post-seismic period, which involves the continuation
of saturated fluid discharge with a relatively slow flow rate and the light-transparent
macrocrystalline calcite bands precipitating with slow degassing rates until the fracture
is completely plugged; and (3) an inter-seismic period in which stagnant flow conditions
mean that the lack of carbonate precipitation forms a hiatus with the former carbonate
band. Thus, microcrystalline carbonate crystals (i.e., the nearest location of the band to
the fracture wall) provide a great opportunity to directly date the event horizons of each
individual period of seismic unrest.
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Figure 16. Diagram showing the conceptual mechanism forming the banded Ca-carbonate veins
during a seismic cycle. See the text for more details.
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Uysal, et al. [101] document trace element and O isotope data of the vein system
interpreted as associated with seismic cycles involving fluids with different trace element
compositions and CO, contents. They reached the same conclusion: initial carbonate
precipitation occurred during a single seismic cycle due to the CO, degassing from the
fluid. This was followed by carbonate precipitation from the remaining water, which was
relatively impure with higher trace element contents. U-series dating in conjunction with
the geochemistry of carbonate veins can therefore offer the possibility to constrain ages for
both seismic and inter-seismic events.

Additional information from Matera, et al. [36] refers to the deposition of aragonite
bands during co-seismic periods. Aragonite deposition instead of calcite deposition is
controlled by different factors: (i) the high temperature of water [102-104]; and (ii) the high
content of Mg [105,106] and Sr [107] in the hydrothermal fluid. Nevertheless, aragonite
deposition is also controlled by the rate of CO, degassing [102] and, thus, the partial
pressure of CO, [108] induces a high level of supersaturation and an increase in pH, both
triggering the rapid deposition of aragonite.

Pulses of tectonic activity can therefore trigger a high CO, degassing rate and a partial
pressure fluctuation, causing disequilibrium due to the kinetic effect, with a sensible impact
on the signature of stable isotopes. Aragonite, in fact, displays a larger 5'>C variation than
§180. Aragonite deposition occurs under disequilibrium conditions, isotopically light car-
bon dioxide preferentially escapes, and, as a consequence, the 1*C and 80 contents when
depositing CaCOj increase in the same direction [14,15,36]. In contrast, isotope values of
calcite crystals during inter-seismic periods normally suggest that the isotopic composition
of fluids remains constant during the formation of calcite crystals, and (possibly) that crys-
tals form under isotopic equilibrium. Tree-shaped black structures containing manganese
dioxides, which are based on [MnQg] octahedra units linked in chains to form a framework
structure containing monodimensional tunnels with specific sizes, can also develop during
the inter-seismic periods [36]. The black tree-shaped structures mainly consist of todorokite
and possibly cryptomelane and/or hollandite and are strictly associated with bacterial ac-
tivity that promotes the precipitation of Mn-oxides. Precipitation produces aggregates with
a high Mn concentration (Mn-oxides), even from water with a low Mn?* concentration (in
the parts per million range) [97]. This process is very likely promoted by pH changes that
strongly depend on temperature and CO, degassing rate variations. Values of pH above 5
and oxidizing environments promote the precipitation of Mn-oxides [109]. Tree-shaped
Mn-oxide structures are, therefore, indicative of a low-temperature fluid depleted in CO,
occurring after rapid CO, degassing and mixed with meteoric waters, therefore suggesting
a phase of transition after a fast CO, degassing event during which hydrothermal waters
mix with more surficial ones, causing a temperature decrease.

Uysal, et al. [110] suppose that the CO,-driven hydrothermal eruption process may be
related to global and regional dry periods, especially during the late Quaternary. Moreover,
Karabacak, et al. [89] found out that the oxygen isotope records of Ca-carbonate bands
correlate well with those of marine and sub-terraneous carbonates.

In sum, some authors [9,33,62,110,111] relate the banded Ca-carbonate veins and
travertine deposition to paleoclimate effects. However, tectonic activity is the most funda-
mental factor determining fracture opening and related permeability in the rock masses,
which are indispensable to promoting the hydraulic connection of the reservoir to the
surface. Accordingly, fissure ridges are the most significant travertine masses in tectonic
investigations, especially when both the banded and bedded travertines are exposed.

7. Tectonic Settings Favoring Fissure Ridge Development

Extensive documentation of the tectonic environments in which fissure ridges de-
velop has been published in recent years, and it has been highlighted that fissure-ridge-
type travertine deposits are associated with different classes of active faults as reported
in Table 1.



Geosciences 2021, 11, 278

17 of 25

Table 1. Reported fissure ridges in the world.

Locality Fissure Ridge Name References
Terme San Giovanni [26,80]
Semproniano [35,95]
Bagni San Filippo [110]
Italy Rapolano Terme [21,44,58,67,112-115]
Tano [36]
Bagno Vignoni [116]
Tivoli [6,32,33]
Bal (Balkayasi1) (Caberkamara, Gediz basin) [20]
Canbazli (Ahmetli, Gediz basin) [27,29]
Cukurbag (Denizli) [9-11,31,33,117]
Cukurbag “little-sister” (Denizli) [118]
Kamara (Denizli) [2,20,33]
AKkkoy (Denizli) (Karakaya and Hanife hills) [20,117]
Golemezli (Denizli) [13,119]
“Fissures at Pamukkale plateau” [9,10,19]
Denizli basin [1,14,15,23,31,101,110,120]
Camlik (Bagkale, Van) [121]
Akhtiytik (Eregli, Konya) [122]
Ortakoy (Sivas) [123]
Turkey Resadiye (Tokat) [65,124,125]
Sicak Cermik Delikkaya, Sarikaya (Sivas) (Sivas) [25,125,126]
Akkaya (Eskipazar, Karabiik) [88]
Kayabasi, Kusdili (Kirsehir) [22,28]
Hacilar, Elmal1 (Bingol); Baltasi, Karakocan(Elazig) [127,128]
Balkaya, Sarihidir (Avanos, Nevsehir) [89]
Ziga (Ihlara, Aksaray) [82,129]
Yenicag, Cigdem, Uctepeler, Cepni (Bolu) [85]
Tripolis (Barbaros Quarry) [2]
Yaprakhisar-Ziga [130]
Eregli (Konya) [122,131]
Balkaya, Sarthidir (Avanos, Nevsehir) [89]
Bolu and Yenicag Basins [65,85,124,132]
Mammoth Hot Springs (Wyoming) and Bridgeport (California) [8,30]
United States of America Utah [16,93]
Rio Grande [133]
Sutto [134]
Hungary Tata [135]
Slovakia Drevenik [60,61]
Tunisia Gafsa [136]
Ab-e Ask [137-139]
Lake Urmia [140]
Iran Qorveh-Takab [141]
Sahand Volcano [142]
Sanandaj-Sirjan zone [37]
Areentina Macizo del Deseado [143]
& Cerro Negro [17]
Kenya TurkanaBasin [144]
Chile Barrancas Blancas [145]
Scandinavia Pechenga Greenstone belt [146]
Germany Bottingen and Laichingen [147]
Japan Futamata hot spring [148]
Morocco Tafilalet [149]
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De Filippis and Billi [31] invoke the fundamental role of pre-existing fracture patterns
in both travertine masses and their bedrock, or the gravitational collapse of the travertine
walls, in controlling travertine deposition due to the fluid pressure improvement. Therefore,
in their view, tectonic activity plays a secondary role in the development of the fissure
ridges, whereas climate, gravitational, and morphological processes are considered to be
primary factors. However, in most cases, travertine fissure ridges have been intimately
linked to faults. Normal fault and strike—slip fault systems, or both co-existing in a common
stress field, have been described in many places and are considered to be able to control
travertine deposition, especially in Italy and Turkey (Table 1).

However, the development of fissure ridges has been described in a wide range of
tectonic settings as classified below:

1.  along traces of normal faults [19,26,131,133,140];

2. on the hanging wall of a normal fault [130];

3.  instep-over zones between adjacent normal fault segments (i.e., relay-ramps) [20,27,
29,119];

4 in a shear zone [25];

5. in the damage zones or splay zones of strike-slip faults [88,121];

6.  in the distributed deformation zone across strike—slip faults [65,124,125];

7. along strike-slip fault segments [11,85,122,127,136];

8.  in releasing step-over zones linking strike-slip faults [85];

9.  inrestraining step-over zones linking strike—slip faults [85,128];

10. the deformation zone of a thrust fault [123];

11.  at the tip of regional fault zones [112];

12.  on extensional fractures aligned tangentially to the volcanic conduits [82,89,129].

8. Advantages of Using Fissure Ridges for Neotectonic and Seismotectonic Studies

A major advantage of investigating fissure-ridge-type deposits is that they are inti-
mately related to a fault that produced (actively or passively, see the previous section)
permeability at the time of its development. Permeability maintenance might be related
to episodes of increased earthquake faulting following the suggestion of Brogi, et al. [2,
and references therein] that, during earthquakes, co-seismic strain will re-open cracks
previously sealed by Ca-carbonate precipitation, thus expelling geothermal fluids from
the reservoir to the surface. A new cycle of carbonate deposition occurs along the wall
slopes or within neoformational fractures (i.e., banded Ca-carbonate veins) and each Ca-
carbonate band corresponds to a permeability enhancement period and possibly to a
tectonic pulse [1,5,150].

This background, coupled with the fact that Ca-carbonate can be dated by the U-series
method and the 1*C method and integrated by palaeomagnetic signatures [34], allows us
to consider fissure-ridge-type travertine deposits as favorable (almost unique) deposits for
neotectonic and seismotectonic studies.

Information from paleoseismicity is also possible; in fact, our understanding of the
recurrence of earthquakes at timescales longer than instrumental and historical records can
provide considerable advantages through U-Th dating of Ca-banded calcite veins forming
in fissure-ridge-type travertine deposits, which are able to record more than 400 ka of an
earthquake’s history [100].

In a fissure ridge along the North Anatolian Fault, this hypothesis was tested directly
for the first time with robust historical earthquake records and paleoseismic data [65].
The results suggest that the events recorded in Ca-carbonate veins indicate an epicenter
with a distance of <200 km and high-intensity (I > VI) paleoearthquakes; thus, this tool
has advantages over traditional paleoseismological methods for the understanding of
long-term earthquake behavior. In this view, it should be possible to use age determination
to reconstruct the seismicity and its recurrence [23,65,100], the fault dilatation rate [82], the
age of a fault [36,65,112,116], an assessment of the slip rate [124], and relationships between
faulting and fluid properties in geothermal fields [2,13,35,86,94,132,151-154].
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9. Concluding Remarks and Neotectonics/Seismotectonics Implications

Travertine is a useful proxy for the reconstruction of the fluid features in geothermal
areas. The presence of travertine, as well as the associated Ca-carbonate vein network
in the substratum, suggests a widespread hydrothermal circulation within a carbonate
reservoir at depth.

Fissure ridge occurrences and aligned mounds indicate that fluid resurgence is (or
was) tectonically controlled by faults and/or fractures.

Analyses of a fissure ridge can reveal much about the tectonic regime that favored
(or is favoring) the maintenance of permeability and, therefore, the fluid flow. Isotopic
analyses and determination of the age of the bedded travertine forming the ridge and
each band forming the Ca-carbonate veins crossing the ridge and the substratum have a
twofold fallout: they allow us to date the main tectonic pulses, helping us to reconstruct
the paleoseismic history of the area, and the climate fluctuations/fluid-rock interactions
generated by the geothermal fluids.

The dilatation of the central fissure and the age and thickness of the banded veins
indicate the deformation rate.

Finally, the growth of fissure-ridge-type travertine deposits with active thermal springs
implies the existence of active faults.
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