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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. 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). These veins developed within the fault zone and represent conduits along which geothermal fluids

move towards the surface. Therefore, their analysis, in terms of geometry, age (using U/Th, U/Pb, and 14C

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. 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.
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1. Introduction

In geothermal areas with carbonate reservoirs, thermal springs and travertine deposition have inseparably combined the

effects of brittle deformation at shallow crustal levels ( , 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: 2HCO  + Ca  = CaCO  + CO  + H O.

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  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 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 ( , and references therein).

The neologism “travitonic” was introduced by Hancock, et al. , after suggestion by Prof. Robert Folk following the idea

proposed by Muir-Wood , to fix the concept that travertine deposition and tectonic activity are inseparable processes.

Among others , the paper by Hancock, et al.  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  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 . 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 .

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

So, 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 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. Advantages of Using Fissure Ridges for Neotectonic and
Seismotectonic Studies

A major advantage of investigating fissure-ridge-type deposits is that they are intimately 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 .

This background, coupled with the fact that Ca-carbonate can be dated by the U-series method and the C method and

integrated by palaeomagnetic signatures , 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 .

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 . 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 , the fault

dilatation rate , the age of a fault , an assessment of the slip rate , and relationships between faulting and

fluid properties in geothermal fields .

3. 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.
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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.

References

1. Hancock, P.L.; Chalmers, R.M.L.; Altunel, E.; Çakir, Z. Travitonics: Using travertines in active fault studies. J. Struct.
Geol. 1999, 21, 903–916.

2. Brogi, A.; Alcicek, M.C.; Yalciner, C.C.; Capezzuoli, E.; Liotta, D.; Meccheri, M.; Rimondi, V.; Ruggieri, G.; Gandin, A.;
Boschi, C.; et al. Hydrothermal fluids circulation and travertine deposition in an active tectonic setting: Insights from the
Kamara geothermal area (western Anatolia, Turkey). Tectonophysics 2016, 680, 211–232.

3. Curewitz, D.; Karson, J.A. Structural settings of hydrothermal outflow: Fracture permeability maintained by fault
propagation and interaction. J. Volcanol. Geotherm. Res. 1997, 79, 149–168.

4. Sibson, R.H. Fluid involvement in normal faulting. J. Geodyn. 2000, 29, 469–499.

5. Muir-Wood, R. Neohydrotectonics. Z. Geomorphol. Suppl. 1993, 94, 275–284.

6. Chafetz, H.S.; Folk, R.L. Travertines; depositional morphology and the bacterially constructed constituents. J.
Sediment. Res. 1984, 54, 289–316.

7. Ford, T.D.; Pedley, H.M. A review of tufa and travertine deposits of the world. Earth-Sci. Rev. 1996, 41, 117–175.

8. Bargar, K.E. Geology and Thermal History of Mammoth Hot Springs, Yellowstone National Park, Wyoming; US
Geological Survey: Washington, DC, USA, 1978; pp. 1–55.

9. Altunel, E.; Hancock, P.L. Active fissuring, faulting and travertine deposition at Pamukkale (W Turkey). Z. Geomorphol.
Supp. 1993, 94, 285–302.

10. Altunel, E.; Hancock, P.L. Morphology and structural setting of Quaternary travertines at Pamukkale, Turkey. Geol. J.
1993, 28, 335–346.

11. Brogi, A.; Capezzuoli, E.; Alcicek, M.C.; Gandin, A. Evolution of a fault-controlled fissure-ridge type travertine deposit in
the western Anatolia extensional province: The Cukurbag fissure-ridge (Pamukkale, Turkey). J. Geol. Soc. 2014, 171,
425–441.

12. Kampman, N.; Bickle, M.; Galy, A.; Chapman, H.; Zhou, Z.; Dubacq, B.; Wigley, M.; Warr, O.; Sirikitputtisak, T.;
Ballentine, C. Short-term CO2–fluid–mineral interactions in a CO2 injection experiment, Wyoming. Mineral. Mag. 2011,
75, 1149.

13. Mesci, B.L.; Tatar, O.; Piper, J.D.A.; Gursoy, H.; Altunel, E.; Crowley, S. The efficacy of travertine as a
palaeoenvironmental indicator: Palaeomagnetic study of neotectonic examples from Denizli, Turkey. Turk. J. Earth Sci.
2013, 22, 191–203.

14. Williams, R.T.; Goodwin, L.B.; Sharp, W.D.; Mozley, P.S. Reading a 400,000-year record of earthquake frequency for
an intraplate fault. Proc. Natl. Acad. Sci. USA 2017, 114, 4893–4898.

15. Karabacak, V.; Uysal, I.T.; Mutlu, H.; Ünal-İmer, E.; Dirik, R.K.; Feng, Y.-X.; Akıska, S.; Aydoğdu, İ.; Zhao, J.-X. Are U-
Th dates correlated with historical records of earthquakes? Constraints from coseismic carbonate veins within the
North Anatolian Fault Zone. Tectonics 2019, 38, 2431–2448.

16. Altunel, E.; Karabacak, V. Determination of horizontal extension from fissure-ridge travertines: A case study from the
Denizli Basin, southwestern Turkey. Geodin. Acta 2005, 18, 333–342.

17. Karabacak, V.; Uysal, I.T.; Unal-Imer, E.; Mutlu, H.; Zhao, J.X. U-Th age evidence from carbonate veins for episodic
crustal deformation of Central Anatolian Volcanic Province. Quat. Sci. Rev. 2017, 177, 158–172.

18. Matera, P.F.; Ventruti, G.; Zucchi, M.; Brogi, A.; Capezzuoli, E.; Liotta, D.; Yu, T.L.; Shen, C.C.; Huntington, K.W.; Rinyu,
L.; et al. Geothermal Fluid Variation Recorded by Banded Ca-Carbonate Veins in a Fault-Related, Fissure Ridge-Type
Travertine Depositional System (Iano, southern Tuscany, Italy). Geofluids 2021, 2021.



19. Brogi, A.; Capezzuoli, E.; Aqué, R.; Branca, M.; Voltaggio, M. Studying travertines for neotectonics investigations:
Middle–Late Pleistocene syn-tectonic travertine deposition at Serre di Rapolano (Northern Apennines, Italy). Int. J.
Earth Sci. 2010, 99, 1383–1398.

20. Brogi, A.; Liotta, D.; Capezzuoli, E.; Matera, P.F.; Kele, S.; Soligo, M.; Tuccimei, P.; Ruggieri, G.; Yu, T.L.; Shen, C.C.; et
al. Travertine deposits constraining transfer zone neotectonics in geothermal areas: An example from the inner
Northern Apennines (Bagno Vignoni-Val d’Orcia area, Italy). Geothermics 2020, 85.

21. Karabacak, V.; Ring, U.; Uysal, I.T. The off-fault deformation on the North Anatolian Fault zone and assessment of slip
rate from carbonate veins. Tectonophysics 2020, 795, 228633.

22. Capezzuoli, E.; Ruggieri, G.; Rimondi, V.; Brogi, A.; Liotta, D.; Alcicek, M.C.; Alcicek, H.; Bulbul, A.; Gandin, A.;
Meccheri, M.; et al. Calcite veining and feeding conduits in a hydrothermal system: Insights from a natural section
across the Pleistocene Golemezli travertine depositional system (western Anatolia, Turkey). Sediment. Geol. 2018,
364, 180–203.

23. Berardi, G.; Vignaroli, G.; Billi, A.; Rossetti, F.; Soligo, M.; Kele, S.; Baykara, M.O.; Bernasconi, S.M.; Castorina, F.;
Tecce, F.; et al. Growth of a Pleistocene giant carbonate vein and nearby thermogene travertine deposits at
Semproniano, southern Tuscany, Italy: Estimate of CO2 leakage. Tectonophysics 2016, 690, 219–239.

24. Ronchi, P.; Cruciani, F. Continental carbonates as a hydrocarbon reservoir, an analog case study from the travertine of
Saturnia, Italy. AAPG Bull. 2015, 99, 711–734.

25. Rimondi, V.; Costagliola, P.; Ruggieri, G.; Benvenuti, M.; Boschi, C.; Brogi, A.; Capezzuoli, E.; Morelli, G.; Gasparon,
M.; Liotta, D. Investigating fossil hydrothermal systems by means of fluid inclusions and stable isotopes in banded
travertine: An example from Castelnuovo dell’Abate (southern Tuscany, Italy). Int. J. Earth Sci. 2016, 105, 659–679.

26. Rizzo, A.; Uysal, I.T.; Mutlu, H.; Unal-Imer, E.; Dirik, K.; Yuce, G.; Caracausi, A.; Misseri, M.; Temel, A.; Bayari, S.; et al.
Geochemistry of fluid inclusions in travertines from Western and Northern Turkey: Inferences on the role of active faults
in fluids circulation. Geochem. Geophys. Geosystems 2019.

27. El Desouky, H.; Soete, J.; Claes, H.; Ozkul, M.; Vanhaecke, F.; Swennen, R. Novel applications of fluid inclusions and
isotope geochemistry in unravelling the genesis of fossil travertine systems. Sedimentology 2015, 62, 27–56.

28. Gibert, R.O.; Taberner, C.; Saez, A.; Giralt, S.; Alonso, R.N.; Edwards, R.L.; Pueyo, J.J. Igneous origin of CO2 in
ancient and recent hot-spring waters and travertines from the northern Argentinean Andes. J. Sediment. Res. 2009, 79,
554–567.

29. Janssens, N.; Capezzuoli, E.; Claes, H.; Muchez, P.; Yu, T.L.; Shen, C.C.; Ellam, R.M.; Swennen, R. Fossil travertine
system and its palaeofluid provenance, migration and evolution through time: Example from the geothermal area of
Acquasanta Terme (Central Italy). Sediment. Geol. 2020, 398.

30. Słowakiewicz, M. Fluid inclusion data in calcite from the Upper Triassic hot-spring travertines in southern Poland. J.
Geochem. Explor. 2003, 78–79, 123–126.

Retrieved from https://encyclopedia.pub/entry/history/show/27706


