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Abstract 

A travertine fissure ridge and travertine mound are situated ~800m 

from each other at the western margin of the active tectono-volcanic 

Sanandaj-Sirjan zone (western Iran). Despite their close proximity, 

the two geobodies show a difference in morphology, lithofacies, 

lithotypes, diagenesis and geochemistry. Petrographic analysis of the 

fissure ridge carbonates revealed homogeneous sparitic fabrics with 

dendritic structures reflecting precipitation under fast-flowing 

conditions from calcite supersaturated spring water. The mound 

carbonates are much more heterogeneous and display dominantly 
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micritic fabrics with (mainly volcanic) clasts reflecting a lower 

energy flow regime and lower calcite saturation. In contrast to the 

limited diagenetic overprint of the fissure ridge carbonates, the more 

porous mound carbonates are affected by dissolution, cementation, 

and formation of Mn/Fe-oxide/hydroxides, attesting of a strong 

control on porosity by early diagenetic processes. The widespread 

bright luminescent calcite phases especially in sparitic fabrics within 

both geobodies display high Mn concentrations in calcite indicating 

suboxic precipitation conditions. 

The overlapping 
87

Sr/
86

Sr signatures and δ
13

C signatures point to a 

mixture of CO2 that dominantly originated from dissolution of the 

marine carbonate Qom Formation (Oligo-Miocene). The different 

δ
18

O signatures, indicate different upwelling systems caused by 

different substrate settings. The fissure ridge formed on a hard and 

brittle limestone substrate with precipitation from dominantly 

subsurface-sourced fluids. The mound travertine formed on top of 

fairly unconsolidated and fractured volcanic strata. The depleted δ
18

O 

signatures and impure micrite-dominated fabrics of the mound 

travertine reflect precipitation from thermal water that mixed with 

surrounding groundwater. This difference is also reflected in a 

different calculated precipitation temperature, that varies between 4-

21°C for the mound versus 25-50°C for the fissure ridge. 

Our findings show that subsurface geology exerts a major control on 

precipitation processes resulting in differences in travertine 

morphology, sedimentology, diagenesis, and geochemistry, despite 

that the travertine bodies occur adjacent to each other. 
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1. Introduction  

Tufa and travertine (sensu Capezzuoli et al., 2014) form from 

emerging calcium and bicarbonate enriched spring waters (e.g. Guo 

and Riding, 1992, 1994, 1998; Pentecost and Viles, 1994; Ford and 

Pedley, 1996; Pentecost, 2005). Different types of travertine geobody 

architectures are known such as waterfalls, mounds, fissure ridges 

and/or terrace mounds (e.g. Chafetz and Folk, 1984; Pentecost, 2005; 

Jones and Renaut, 2010; Fouke, 2011). These morphological 

variations are controlled by a variety of regional and local factors 

such as topography, tectonic setting as well as volcanic activity, 

substrate lithology, vent location characteristics and discharge rates, 

flow paths and physico-chemical properties of the spring water (e.g. 

Chafetz and Folk, 1984; Altunel and Hancock, 1993a, b; Özkul et al., 

2002; Pentecost, 2005; Della Porta, 2015).  

Mound spring and fissure ridge geobodies are reported to form 

economically important hydrocarbon-bearing successions within the 

Pre-Salt Play (offshore Brazil; Sharp et al., 2013) and Angola 

(Carminatti et al., 2008). Therefore, a detailed study of analogue 

outcrops potentially helps to constrain controls on reservoir 

characteristics. Several travertine analogue studies have been 

published recently (e.g. Ronchi and Cruciani, 2015; Soete et al., 

2015; De Boever et al., 2016; Claes et al., 2017a,b; Erthal et al., 

2017;  Török et al., 2017; Mohammadi et al., 2019). In general, 

fissure ridge geobodies have been studied by many authors, 

especially in terms of morphotectonic features and their connection 
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to brittle structures (e.g. Guo and Riding, 1999; Hancock et al., 1999; 

Uysal et al., 2007, 2009; Brogi and Capezzuoli, 2009, 2014; Temiz 

and Eikenberg, 2011; De Filippis et al., 2012, 2013; Berardi et al., 

2016). In addition, mound structures (Akdim and Julia, 2005, 

Pentecost, 2005; Pedley, 2009) were studied elsewhere in the world 

(e.g. Crombie et al., 1997; Linares et al., 2010, Pola et al., 2014). 

Morphology of mound spring and fissure ridge travertine geobodies 

overlying extensional fracture systems were reported to be related to 

substrate geology (Hancock et al., 1999). However, to the best of our 

knowledge, no one reported on different geobody morphologies that 

occur adjacent to each other and where the importance of the 

geological substrate on geobody development has been addressed. 

With the Pre-Salt context in mind, this becomes even more 

interesting when such geobodies are located in an area with volcanic 

rocks, as addressed by Lottaroli et al. (2012), Sharp et al. (2012), 

Wright, (2012), Teboul et al. (2017) and Eustáquio Moreira Lima and 

De Ros (2019). Additionally, mineralogy and geochemistry of 

travertine rocks are sensitive to particular environmental conditions 

in which they form (e.g. Hancock et al., 1999; Andrews, 2006; 

Keppel et al., 2011). Consequently, detailed analysis of these, often 

heterogeneous, carbonate build-ups can help to better constrain the 

factors controlling relevant properties such as the depositional 

setting, lithotype, diagenesis, and palaeoenvironmental 

reconstruction. 

Travertines are common in Iran with more than 200 sites being 

reported and documented based on geological mapping by the Iranian 

Geological Survey. In the Hamadan-Tabriz volcanic (HTV) arc 
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(Sanandaj-Sirjan zone in western Iran; Fig. 1), several travertine 

geobodies occur. The dominant morphologies are fissure ridges and 

spring mounds. In the study area named Babagorgor, representative 

fissure ridge and spring mound were selected for this study. Both are 

located at ~800m from each other and occur adjacent to basalt and 

andesite volcanics, limestones and alluvial-fluvial deposits. These 

morphologically different travertines can be important archives with 

regard to the controlling parameters that gave rise to these geobodies. 

Despite that some studies provided important insights into the nature 

and types of volcanism in the study area (Sepahi and Athari, 2006; 

Azizi and Jahangiri, 2008; Azizi and Moinevaziri, 2009; Razavi and 

Sayyareh, 2010; Azizi et al., 2013), structural geology (Mohajjel et 

al., 2003; Ghasemi and Talbot, 2006) and some overall knowledge on 

the petrography and stable isotope geochemistry of the HTV 

travertines recently became available (Roshanak et al., 2018), very 

little information about the interplay between geological setting, 

sedimentology, diagenesis and geochemistry is known about these 

travertine deposits. Consequently, this study provides a detailed 

characterization of the mound and fissure ridge carbonates including 

variation and contrast in geobody architecture, fabrics, diagenesis and 

geochemistry in order to address the controlling factors. 

2. Geological setting  

The Iranian plateau is part of the Alpine-Himalayan orogenic belt and 

is divided into eight main structural zones separated by deep faults 

(Stocklin, 1968) (Fig. 1). The Sanandaj-Sirjan Zone (SSZ) is a region 

testifying of a polyphase deformation on the southwestern margin of 

Eurasia (Hassanzadeh and Wernicke, 2016). This structural zone, 
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situated in western Iran, relates to the northward motion of the 

Arabian platform (Zagros Fold Belt) during the Mesozoic and early 

Cenozoic, caused by subduction of the Neo-Tethys oceanic 

lithosphere under Eurasia (Frizon de Lamotte et al., 2011). Based on 

the presence or absence of volcanic activity, this zone is divided into 

a southern and northern part. In the northern part, named 

Hamamadan Tabriz Volcanic belt (HTV), which is of relevance for 

this study, active volcanism took place during the Early Miocene till 

Quaternary (Okay et al., 2010) (Fig. 1). Based on age, morphology 

and rock type, the volcanic deposits in the HTV are characterized by 

Miocene intermediate to acidic volcanic rocks and Plio-Quaternary 

basaltic rocks (Boccaletti et al., 1976; Hosseiny, 1999; Richards et 

al., 2006; Azizi et al., 2014) (Fig. 1). According to Richards et al. 

(2006) and Malecootyan et al. (2007), the Quaternary alkali basalts 

originated from an OIB-type source mantle testifying of an 

extensional tectonic regime, following the late Miocene collision of 

the Arabian and Iranian plates. Oceanic plate rollback and mantle 

upwelling after the Miocene collision are considered to be 

responsible for the extensional regime in the northern SSZ (Azizi et 

al., 2013). 

Besides different kinds of volcanic, metamorphic and sedimentary 

rocks, tens of kilometres of fossil travertines together with active 

geothermal systems are present in HTV. Close to the city of 

Ghorveh, the travertine system is still active showing spring related 

precipitation. The widespread formation of travertine is considered to 

reflect post-volcanic and tectonic activity within the area. The spatial 

distribution of the travertine deposits is scattered and the size of the 

individual travertine occurrences varies from few m
2
 up to km

2
 (Fig. 
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1C). Based on Geological Survey of Iran, the following formations 

occur in the study area: 

- Quaternary sedimentary–igneous rocks consisting of alluvial 

sediments, travertines, poorly-consolidated conglomerates, basanites 

and basalts. 

- Pliocene sedimentary–igneous rocks composed of argillaceous 

limestones, marls, sandy marls, conglomerates, together with tuffs, 

lapilli/pumiceous tuff breccias, lahars, latites, dacites and clays. 

- Late Miocene conglomerates, calcareous sandstones and evaporites 

(Upper Red Formation). 

- Oligocene–Miocene reefal and chalky limestones, as well as 

fossiliferous (especially corals) limestones and evaporites (Qom 

Formation). 

- Eocene conglomerates, calcareous sandstones and evaporites 

(Lower Red Formation). 

- Triassic–Jurassic sedimentary–metamorphic rocks composed of 

quartzites, micaschists, phyllites, slates, (crystalline) limestones, 

breccias and marbles. 

- Triassic metamorphic rocks consisting of meta-andesites, 

amphibolites, black schists, phyllites, meta-gabbros and scapolite 

marbles.  

The studied area, called Babagorgor, is located between 47°32′ and 

48°11′ E and 35°05′ and 35°30′ N, about 6 km NE of Ghorveh 

county in Kurdistan province, western Iran. The Quaternary 

Babagorgor travertine occurrence consists of dominantly inactive 

spring pipes, spring mounds and fissure ridges (Fig. 1D). For this 

study, respectively the largest neighbouring mound and fissure ridge 

deposit, of which the main springs are no longer active as well as two 
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adjacent small travertine springs have been sampled for a detailed 

sedimentological, diagenetical and geochemical study.  

3. Methodology 

Fieldwork was carried out in April and September 2017. A detailed 

macroscopic mapping and description was followed by a 

representative sampling of the main lithologies of both fissure ridge 

and mound structure (Fig. 1D). Microscopic analysis of epoxy 

impregnated (containing a fluorescent dye) thin sections by the use of 

an Olympus BX60 and Leica DM LP Parallel and Crossed Polar 

Optical as well as Fluorescence microscope (respectively abbreviated 

as TL, PL and FL) and Cathodoluminescence (CL: using a modified 

Technosyn 8200MK2 instrument at 10 kV and 300–400 μA gun 

current) led to the characterization of macro- and microfacies, as well 

as the identification of the diagenetic processes. Bulk samples for 

major and trace elements (e.g. Ca, Mg, Fe, Mn, Na, Sr) were 

analysed at the KU Leuven by ICP-OES. A four acids digestion of 

the samples consisted of HNO3 (14M or 65%, sub-boiled), HClO4 

(70%, pro analysis Sigma Aldrich), HF (49%, sub-boiled) and HCl 

(2.5M). The procedure for major and trace element analysis is the 

same as reported in Mohammadi et al. (2019). Stable carbon and 

oxygen isotopes of sparite and micrite which were prepared by 

micromilling allowed to enhance the accuracy of measurements. The 

latter were analysed at KU Leuven on a Thermo Delta V Advantage 

isotope ratio mass spectrometer coupled to a GasBench II. In the 

laboratory, samples were flushed with helium and reacted with 100% 

phosphoric acid to produce CO2 gas. Samples were allowed to react 

for 24 hours at 25°C to reach isotopic equilibrium. Data from each 
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run were corrected using the regression method with LSVEC (δ
18

O = 

−26.7‰, δ
13

C = −46.6‰), NBS-19 (δ
18

O = −5.01‰, δ
13

C = 

−23.2‰), and NBS-19 (δ
18

O = −2.2‰, δ
13

C = +1.95‰) as standards, 

as well as using two in-house CaCO3 standards, which were regularly 

calibrated against NBS-19 and LSVEC. Long-term standard 

deviations were better than 0.1‰. Both δ
18

O and δ
13

C values of 

samples are expressed relative to V-PDB (Vienna Pee Dee 

Belemnite). For strontium isotope analysis, powdered carbonate 

samples were digested in 2.5M HCl after being leached in 1M 

NH4Ac. The Sr fraction was separated from the matrix into 2.5M 

HCl with a Bio-Rad AG50WX8 200-400 mesh cation exchange 

resin, which is Sr-selective. Prior to mass spectrometrical analysis 

with a VG Sector 54-30 multi-collector MS, the sample was loaded 

on Ta-filaments with 1M H3PO4. A 
88

Sr intensity of 1V (1x10-10A) ± 

10 % was maintained throughout the measurement. Correction of the 

87
Sr/

86
Sr ratio for mass fractionation is realised by applying Russel’s 

law and the invariant 
86

Sr/
88

Sr ratio of 0.1194 (Steiger and Jäger, 

1977). FEG EPMA of polished thin sections with a Jeol JXA8530F 

instrument, using energy dispersive spectrometer (EDS) mode (for 

spot analysis) and wavelength dispersive spectrometer mode (WDS) 

(in mapping mode) was also carried out at KU Leuven.  

In this study, the lithotype terminology is based on previously 

published classifications of travertine (Chafetz and Folk, 1984; Guo 

and Riding, 1998; Della Porta, 2015; Claes et al., 2015; Croci et al., 

2016; Mohammadi et al., 2019) and on the Dunham (1962) and 

Embry and Klovan (1971) classification for carbonate depositional 

texture. The term crystalline dendrite refers to layers made up of 
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precipitated calcite crystals, previously labelled as ray crystalline 

shrubs by Folk et al. (1985), crystalline crusts by Guo and Riding 

(1998), crystal shrubs by Chafetz and Guidry (1999), shrubby 

boundstone by Saller et al. (2016) and fascicular calcite crusts by 

Herlinger et al. (2017). 

For water samples, the selected springs were sampled at the vent. In 

the field, pH and water temperature were measured with a portable 

probe, Cond340i. Water samples for δ
18

O analysis were collected in 

12 ml Labco exetainer vials and were measured by equilibration with 

CO2 using an Elemental Analyzer Flash HT coupled to a 

ThermoFinningan Delta V Advantage isotope ratio mass 

spectrometer (EA-IRMS) (described in Gillikin and Bouillon, 2007). 

Water samples for δ
13

C isotopic composition of dissolved inorganic 

carbon (δ
13

CDIC) were collected by filling water directly in 12mL 

Niskin headspace vials (Labco Exetainer) without bubbles. An 

additional 20 μL of a saturated HgCl2 solution was added for sample 

preservation. Prior to the analysis of δ
13

CDIC, a 2mL helium 

headspace was created, and 100 μL of phosphoric acid (99% H3PO4) 

was added in the vial in order to convert all inorganic C species to 

CO2. After overnight equilibration, 200 μL of gas was injected with a 

gastight syringe into an elemental analyzer – isotopic ratio mass 

spectrometer (EA-IRMS; Thermo FlashHT with Thermo DeltaV 

Advantage). The obtained data were corrected for isotopic 

equilibration between dissolved and gaseous CO2 as described in 

Gillikin and Bouillon (2007). Calibration of δ
13

CDIC measurement 

was performed based on the international certified standards IAEA-
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CO1 and LSVEC. The reproducibility of δ
13

CDIC measurement was 

typically better than ± 0.2 ‰.  

Measurements of total alkalinity (TA) were carried out by open-cell 

titration with HCl 0.1 mol L
-1

 according to Gran (1952) on 50mL 

water samples, and data were quality checked with a certified 

reference material obtained from Andrew Dickinson (Scripps 

Institution of Oceanography, University of California, San Diego, 

USA). Typical reproducibility of TA measurements was better than ± 

3 μmol L
-1

.  

4. Results and interpretation  

4.1. Morphological description  

According to the definition of Altunel and Hancock (1996), a fissure 

ridge geobody is a linear elongated travertine structure deposited 

from underground circulating hot waters which is characterized by a 

central extensional fracture extending along the crest of the ridge for 

nearly its entire length, often with associated minor subparallel 

fractures, i.e. parasitic fractures. The main property of the studied 

fissure ridge relates to its symmetrical characteristics with same ridge 

height at opposite sides of the fissure with equal crust thicknesses, 

content, and distribution. The steeply sloping sides typically show 

micro-terracettes. The studied fissure ridge is about 120 m long and 

6-8 m wide, with a height of 6-8 m (Fig. 2). It has a main SSW-NNE 

orientation. The fissure at the ridge crest shows today a maximum 

opening of 20 cm. Parasitic fissures of 10 m length and with the same 

thickness, height and contents as the main fissure are attached to the 

latter. From crest to flanks, the inclination of the ridge starts from 

almost horizontal evolving to 70° forming a steep slope and further 
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evolving into a gentle slope of 10°. The flanks of the ridge show 

well-layered strata of varying thicknesses ranging between 0.5 to 5 

cm with (palaeo)morphologies corresponding to both steep slope 

facies and smooth slope facies with micro-terraces, both consisting of 

crystalline dendrite crusts. The central part, which is closest to the 

fissure, corresponds to the highest elevation and is composed of sub-

horizontal facies consisting of intercalations of micritic laminites and 

encrusted bubbles with banded travertine deposits.  

The mound spring is defined according to Williams and Holmes 

(1978), Pentecost and Viles (1994), Crombie et al. (1997) and 

Linares et al. (2010). It displays a prominent dome-shaped structure. 

The studied mound travertine structure has a height of about 15 m 

and is about 500 m in diameter with circular and pipe-like orifice 

shapes. Mound profiles reflect smooth slope-sides of 20° that 

laterally evolve into horizontal tails. The spring mound system (Fig. 

4) is composed of light and dark coloured laminae with some 

horizontal calcite veins. In some cases, travertine interlayers are 

stained by Mn/Fe-oxide/hydroxides. Layers are often crosscut by 

vertical unfilled fractures, which relate to post-depositional 

gravitational sliding. 

4.2. Petrography and mineralogy 

Fifteen samples were analysed by XRD indicating that the fissure 

ridge carbonates consists of 97 % calcite, while the mound lithology 

contains on average 80 % calcite and 20 % detritals especially clay 

minerals, together with quartz, volcanic clasts (e.g. containing 

pyroxenes, plagioclase and muscovite) and Fe/Mn-oxide/hydroxides 

(as can also be inferred from the geochemical analysis). 
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4.2.1 Lithotypes of the fissure ridge 

The fissure ridge geobody is made up by three lithotypes including 

crystalline dendrite, banded travertine and micritic laminite 

bindstones with gas bubbles. The first lithotype makes up >80% of 

the fissure ridge and the others are restricted to <20% and only occur 

near the fissure. 

Crystalline dendrite is macroscopically characterized by straight 

branching feather-like crystals oriented perpendicular to their 

substrate. Maximum crystal size is 3 cm in length and 1 cm in width. 

Within the crystals an alternation of thin elongated darker and lighter 

colours can be recognized. This lithofacies laterally develops in 

almost all layers of steep and smooth slope micro-terrace lithologies. 

Microscopically almost pure calcite occurs which is made up of 

sparitic tight prismatic coarse crystals (up to 3 cm) with dendritic 

shapes. They display a branching with curved or triangle-shaped 

terminations. The terminations between two bands consist of a dark 

layer of variable thickness which is composed of sub-rounded clumps 

of micritic or fine-crystalline calcite. Depending on where sparitic 

crystals precipitated, they show a variety of textures (e.g. 

morphologies and crystal sizes) (Fig. 6N). Those which precipitated 

along steep slopes represent sharp dendritic profiles with steeply 

triangular crests (Fig. 6C). Those that formed in smooth slope 

settings have more undulating domal shapes with gently convex 

features (Fig. 6D and E). The ones which formed in smooth slope to 

sub-horizontal layers consist of stratiform crenulated to sub-regular 

laminae (Fig. 6F). Inside each lamina several sub-laminae of thick 

sparite and thin micrite occurs (Fig. 6D to H). These sub-laminae 
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possess thick sparitic and thin micritic parts in the stepped slope, 

while, in smooth slope to sub-horizontal settings, sparite thickness 

decreases and micritic laminae thickness increases. The lowest part 

of the fissure ridge, which consists of nearly horizontal layers, 

possesses rounded to sub-rounded crystals (Fig. 6I). All laminae 

show a bright luminescence with zoned pattern. The thin darker 

luminescent zones display high micro-porosity (Fig. 6G and H). This 

lithotype is comparable to the ray crystalline shrubs of Folk et al. 

(1985), calcite feathers crystals (Guo and Riding, 1992, 1998; 

Gandin and Capezzuoli, 2014), and dendrite crystals (Jones and 

Renaut, 1995) crystal shrubs of Chafetz and Guidry (1999). 

Banded travertine crusts appear as glossy laminae within dark and 

light-coloured bands that developed in the central fracture. In some 

cases, they form vertical pipe structures consisting of two 

symmetrical crusts. The thickness of the crusts ranges from 1 to 50 

cm and are laterally semi-continuous along the entire length of the 

fissure (about 120 m). They are distinguishable from micritic 

laminite bindstones by their sharp boundary and distinct difference in 

crystal shape (Fig. 6J and K). Microscopically, the banded travertine 

crusts show a vertical alternation of micron-sized dark micritic 

laminae and millimetre-sized sparitic laminae of fibrous calcite (Fig. 

6L). They show the same bright luminescence as the previous 

lithotype, but without microporous dull luminescent zones. This 

lithotype is also described as ‘banded travertine’ by Altunel and 

Hancock (1993a,b; 1996), Özkul et al. (2002) and Gandin and 

Capezzuoli (2014). 
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Micritic laminites with gas bubble bindstones: macroscopically 

these bindstones consist of micritic laminae with intercalated coated 

bubbles. They commonly are associated with banded travertine (see 

Fig. 6J and K). They are well developed on top of the fissure ridge 

where they form sub-horizontal layers. Microscopically, the coated 

bubbles are embedded in two micrite layers with or without cement 

(Fig. 6M). In most of the study area they show a bright orange 

luminescence together with randomly distributed dull luminescent 

parts. 

4.2.2. Lithotypes of mound travertines 

In the mound geobody, eight lithotypes including Mn/Fe-

oxide/hydroxide stained mudstone, algal mudstone, silty mudstone, 

peloid extraclast packstone, sparitic grainstone, phytoclast 

boundstone, pisoid wackestone/packstone and stromatolite 

boundstone can be differentiated. 

Mn/Fe-oxide/hydroxide stained mudstone makes up dense dark to 

red coloured layers with thicknesses ranging from 20 to 80 cm. This 

mudstone alternates laterally and vertically with algal mudstone. It 

always contains a network structure of Mn/Fe-oxide/hydroxides (Fig. 

7A). Microscopically this lithotype consists of aggregates of dense 

micrite, organized in breccia-like pieces with some rare gastropods 

(Fig. 7B). Fracture and vug porosity which are partially filled first by 

Mn/Fe-oxide/hydroxides and in the central part by equant sparite 

cement are widspread. The cement shows both dull and bright 

luminescence, while the mudstone is non-luminescent. A similar 

lithotype has been reported by Croci et al. (2016). 
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Algal mudstone makes up massive dark layers with a thickness 

ranging from 20 to 60 cm. It alternates laterally and vertically with 

reed rudstone/boundstone and Mn/Fe-oxide/hydroxide stained 

mudstone. Microscopically it consists of aggregates of dense micrite 

with algal structures, structureless micrite with some gastropods and 

ostracods (Fig. 7C). It contains moldic and vuggy porosity that are 

entirely filled by dull luminecent equant sparite cement. This 

lithotype also displays some patchy Mn/Fe-oxide/hydroxide staining 

but in much lower concentration than in the previous lithotype.  

Silty mudstone represents a compact, structureless, massive 

lithology with thick layers and light to grey colour (see Fig. 4F). This 

lithotype shows some variation in thickness from one centimetre in 

proximal parts up to one metre in thickness in the tail of the mound. 

It laterally shows vast extension in the tail. Microscopically, it 

displays silt-sized micrite with extraclasts which usually have a 

volcanic nature originating from surrounding volcanics. Some vuggy 

pores filled by calcite and/or Mn/Fe-oxide/hydroxides also have been 

observed. Here the cement shows both dull and bright luminescence.  

Peloid extraclast packstone consists of light-coloured layers of 

maximum 1 m in thickness. It is laterally well developed and shows a 

fenestral-like porosity. Microscopically, it consists of an aggregation 

of sub-rounded and irregular clotted micrite that occurs adjacent to 

volcanic fragments that are floating in a sparitic matrix (Fig. 7D and 

E). Blocky and equant cement fills up the interparticle porosity. It 

contains some detrital quartz and feldspar grains as well as lithic 

fragments and extraclasts. All carbonate phases display a bright 
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luminescence (Fig. 7F). This lithotype is locally associated with 

pisoid wackestone/packstone. 

Sparitic grainstone at macroscopic scale makes up centimetre thick 

laminae that are laterally continuous over tens of metres. The sparitic 

grainstone is often associated with peloid/extraclast grainstone and 

locally by phytoclast boundstone. Under the microscope this 

lithotype is composed of sub-rounded grains displaying pure sparitic 

fabrics with locally intergranular porosity (Fig. 7G). This porosity is 

entirely to partially filled by a cement possessing a dull 

luminescence, while the granular sparitic grainstone shows a bright 

luminescence (Fig. 7H). 

Phyto-boundstone/rudstone displays up to 50 cm sized, calcite 

coated hollow elongated in-situ and/or fragmented tubes (Fig. 7I). 

The thickness of this lithotype varies from centimetre to metre size. 

Laterally this lithotype can extend over more than ten metres. Under 

the microscope, clotted micrite surrounds the pores (Fig. 7J). These 

strata also contain some clay minerals. The main diagenetic feature 

of this lithotype is dissolution of organic material which produced a 

vast amount of moldic and framework porosity that locally are filled 

by an equant sparite cement with a bright orange luminescence. This 

lithotype has been reported from many Quaternary continental 

carbonate settings (e.g. Della Porta, 2015; Claes et al., 2015; Della 

Porta et al., 2017; Mohammadi et al., 2019). 

Pisoid wackestone/packstone makes up compact laminae with a 

thickness ranging from 2 to 40 cm. It alternates laterally and 

vertically with peloid extraclast packstone. Microscopically its 

constituents show highly diverse textures. The constituent cortex 
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consists of several regular to wrinkly laminae with alternating crystal 

arrangements consisting of micrite, sparite and microsparite (Fig. 

7K). Pisoid sizes vary from 0.4 to 2 mm. These carbonates show 

moldic and interparticle porosity that usually are partially filled by 

equant to blocky cement with a bright orange luminescence. In some 

cases, some meniscus cement formed between pisoid grains.  

Stromatolite boundstone displays fine lacy dark to light coloured 

laminae with a widespread cement between the laminae and some 

evidence of coated bubbles. The stromatolite boundstone formed at 

the top of the mound near the spring location, where this lithotype is 

laterally extended. The total thickness of this lithotype varies 

between 30 to 60 cm. Microscopically it is composed of lacy conical 

micritic laminae occasionally covering bubble-like fabrics (Fig. 7L). 

They possess framework porosity that is partially filled by dull 

luminescent calcite or Mn/Fe-oxide/hydroxides. A similar lithotype 

has also been reported by Barth and Chafetz (2015). 

4.2.3. Diagenesis and pore types 

Several diagenetic features have been observed, such as 

microporosity, micro- and macro-scale fracturing, micritization and 

cementation. The focus in this study lies on the differences of these 

features between the fissure ridge and mound geobody.  

In general, diagenetic features are rare in the fissure ridge, but a 

zonation of bright and darker CL patterns (Fig. 8A and B) and a 

variety of pore types occur. The main pore type consists of interlayer 

porosity, which is horizontally semi-continuous between shrub 

laminae (see Fig. 6C) while framework porosity between the 
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branches is vertically oriented (see Fig. 6D). It occurs together with a 

vuggy porosity usually separating granular shrubs (see Fig. 7I). 

Furthermore, micro-porosity, which developed along crystal 

boundaries (Fig. 8C), is another widespread pore type in fissure ridge 

travertines. The aforementioned pores in the crystalline dendrite 

lithotypes are cemented.  

In the mound geobody, the main diagenetic features consist of 

macro-scale unfilled fractures (mainly formed by gravitational 

sliding), recrystallization, micritization and cementation (Fig. 8A to 

O). Cements display mainly equant, scalenohedral and blocky habit 

that fill the pores partially to entirely (Fig. 8D to H). Macro- and 

micro-scale fractures are common, whereby macro-scale fractures are 

usually not cemented. Micro-scale fractures are cemented or open 

(Fig. 8I). Micritization partially affected sparitic fabrics and usually 

is dull luminescent in contrast to the original fabric that is orange 

luminescent (Fig. 8L). Recrystallization is also a common feature 

(Fig. 8M). The main pore types in the mound geobody consist of 

fenestral-like, interlayer, inter-particle, intra-particle and plant 

mouldic pores. The aforementioned pore types are partially to 

entirely filled by blocky cement (20 to 200 µm in size) as well as by 

prismatic crystals (generally 0.1 to 1 mm in length), which show a 

bright and dull luminescence. 

4.3. Geochemistry  

4.3.1. 
87

Sr/
86

Sr isotopes 

Results of 
87

Sr/
86

Sr isotope analysis from representative fissure ridge 

and mound carbonates together with adjacent volcanic rocks are 
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presented in Table 1. The results for fissure ridge calcites display 

87
Sr/

86
Sr ratios varying between 0.708742 and 0.708930, with an 

average of 0.708815. The results for the mound carbonates range 

between 0.708742 and 0.708946 with an average of 0.708862. The 

samples for volcanic rocks vary from 0.705245 to 0.721002 with an 

average of 0.712505. Notably, the lowest values in the volcanic rock 

samples relate to basalt samples with somewhat higher values in 

granite samples.  

4.3.2. Stable C- and O-isotopes 

The δ
13

C and δ
18

O results of 21 sparite and micrite samples from the 

fissure ridge and 35 samples of micrite and cement from the mound 

geobody travertines are plotted in Fig. 9. The values of the 

components analysed are shown in Appendix 1. In the fissure ridge, 

δ
13

C values possess a mean value of +8.5‰ and range from +7 to 

+10‰ V-PDB. The δ
18

O values range between + 0.53 and -3.4‰ V-

PDB with a mean value of -1.8‰. For the bulk mound carbonates, 

the mean value of δ
13

C is +7.6‰, with a range from +4.0 to +9.9‰. 

The mean δ
18

O value is -7.8‰, with a range from to -9.3 to -5.7‰ V-

PDB. Micrite samples of the mound structure show an overall 

enrichment of δ
18

O and δ
13

C in comparison to values from cement 

phases taken from the same samples (Fig. 9).  

4.3.3 Trace element geochemistry (ICP–OES) 

The results of elemental analysis (Ca, Al, As, Cr, Fe, K, Mg, Mn, Na, 

Ni, P, Rb, S, Sr, and Ti) of 60 samples from both fissure ridge and 

mound geobodies are plotted in Fig. 10. Results of Zn, V, Co, Cu, Pb 

and Li are not shown since their concentrations are low and close to 
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the detection limit. Note that some elements mainly relate to the non-

carbonate content (e.g. Al, As, Cr, Fe) while others are carbonate 

related (e.g. Sr). The elemental compositions clearly differ between 

geobody types, especially for elements that relate to the non-

carbonate fraction. The influence of the latter is reflected by higher 

concentrations in the mound carbonates compared to the fissure 

ridge, as well as their mutual co-variance (Al, As, K, Fe, Mn, Rb, and 

Ti). For the elements that relate more to carbonate phases, they 

possess higher concentrations in the fissure ridge. Sulphur displays 

about the same concentration in both geobodies, while Sr is much 

higher in the fissure ridge. 

4.3.4. Trace element geochemistry (EPMA) 

Cathodoluminescence microscopy shows that all fissure ridge 

carbonates and some of the mound coarse crystalline carbonates 

possess some bright luminescent zones. In an attempt to deduce 

whether the trace elements Mn and Fe, which are known to act 

respectively as luminescence activator and quencher (e.g., Marshall, 

1988; Machel et al., 1991; Machel, 2000; Richter et al., 2003 and 

Boggs and Kingsley, 2006) control luminescence, qualitative EPMA 

analysis was carried out. These measurements in luminescent mound 

samples display rather uniform Ca and Sr concentrations, while high 

Mn values were encountered in bright luminescent zones. Fe and Mn 

concentrations in CL-zonations in banded travertine from the fissure 

ridge show the same distribution of high Mn and low Fe 

concentration in the bright luminescent zones and a reverse pattern in 

non-luminescent zones. However, the zonation in crystalline 

dendrites displays a different pattern. Trace and major element 
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contents both show low concentrations in non-luminescent areas 

which correspond to areas with micro-porosity. The concentration of 

S shows a co-variance with Mn, while Mg shows a reverse pattern to 

Mn (Fig. 11). 

4.3.5. Water chemistry 

Water quality measurements and chemistry analyses collected from a 

fresh water well (A) and a spring (B) at 1 km distance of the 

travertine deposits and two travertine springs adjacent to the studied 

geobodies can be found in table 1. Travertine spring 1 occurs next to 

the fissure ridge at 20 m distance and travertine spring 2 occurs next 

to the mound at a distance of 100m. The in-situ measurements show 

current temperatures of 14°C for water springs A and B, 15°C for 

travertine spring 1 and 18°C for travertine spring 2. Water collected 

form travertine spring 1 has a δ
18

O (SMOW) value of -9.5‰ and a 

δ
13

CDIC (V-PDB) value of 3.7‰. n spring 2 a δ
18

O (SMOW) value of 

-3.1‰ and a δ
13

CDIC (V-PDB) value of -0.6‰ was measured. 

Travertine spring 1 is also rich in alkalinity with 63.4 mmol/kg, while 

travertine spring 2 has an alkalinity value of 23.2 mmol/kg. The latter 

clearly differs from the low alkaline water wells A and B. Of major 

importance however is that the two travertine springs show distinct 

differences in both stable isotope signatures and alkalinity as 

expected based on the differences in sedimentology and 

geochemistry of fissure ridge and mound deposits. 

5. Discussion  

5.1. Depositional environment 
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Outcrop observations and macroscopic description of the carbonates 

allow to interpret the different lithotypes and their setting. They are 

discussed here from top to flank of each geobody. At the top of the 

fissure ridge, a low-angle slope occurs around the fissure. At a lateral 

distance of ~6 m, first a steep slope carbonate facies developed which 

evolves into smooth slope facies carbonates. At the top of the mound, 

the central pond (~15m in diameter) is immediately followed 

laterally by a smooth slope with a dip up to 20°. In contrast to the 

fissure ridge, the mound does not show a systematic order of 

lithotypes, thus reflecting strong lateral and vertical changes (see Fig. 

3 and 5). 

In the centre of the fissure ridge geobody, along the fissure, a banded 

travertine occurs. The sparitic crystalline appearance with clear 

discrete micritic laminae obviously precipitated from the upwelling 

of thermal waters flowing out at the ridge top. These waters likely 

were highly supersaturated with respect to calcite leading to pure 

sparitic calcite precipitation. The existence of micron to millimetre 

sized micrite laminae in the sparite crystals is corroborating with a 

variation in upwelling water discharge. Surrounding the banded 

travertine, micritic laminae with gas bubbles occur. These are the 

first deposits that formed near the vent. Formation in this setting of 

micrite instead of sparite can be explained by the narrow pan shaped 

depressional shape of the precipitation environment, with a lack of 

major turbulence compared to the adjacent slope setting. The 

formation of micritic laminae here agrees with the microbial 

lithotype as reported by Gandin and Capezzuoli (2008). According to 

the latter authors, the conditions in such setting are favourable for 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

24 
 

microbial activity, however, no clear signs of microbes were found in 

the studied micrites. The elongated pan shape depression turns into a 

steep slope that finally smoothens along both sides of the ridge. It is 

made up by crusts that consist of crystalline dendrites. In analogy 

with reported active cases, the latter formed within highly 

supersaturated fast flowing waters with intense CO2 degassing 

(Gonzalez et al., 1992; Jones and Renaut, 1995; Chafetz and Guidry, 

1999; Gandin and Capezzuoli, 2008). The crystalline dendrite 

lithotype displays parallel and non-undulating laminae in the ridge 

flank and thick dendritic shaped crusts along the steep slope and 

within micro-terraces. These thick crusts change into thin dendritic 

shaped crystals and granular sparite at the downside of the steep 

slope. The absence of microbial fabrics/traces together with straight 

and crystalline branching features point to an abiotic origin of these 

fabric. This observation is in line with the studies of Guo and Riding 

(1998), Chafetz and Guidry (1999) and Jones and Renaut (2010) who 

also reported a non-microbial origin of similar sparitic laminar 

lithotypes. The systematic change observed along the flow path 

suggests that the fabric is significantly influenced by substrate 

topography. As the hydrodynamic conditions changed along the steep 

to smooth slope, the physico-chemical (e.g. calcite saturation), CO2 

degassing and water flow saturation decreased. Microbial activity 

may be facilitated inducing a decrease in sparite laminae thickness 

and causing an increase in the formation of thin, dark and 

microporous micritic laminae. Similar laminations with thick sparitic 

and thin microporous micrite laminae have been reported as laminae–

discontinuities by Rodriguez-Berriguete et al. (2018) and likely 

reflect variation in fluid irrigation cycles. 
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At the top of the mound, a stromatolite boundstone occurs displaying 

conical laminae similar to domed and columnar microbialite 

bioherms reported by Arenas and Pomar (2010). The co-existence of 

some coated bubbles, elsewhere attributed to organic decay (Chafetz 

et al., 1991a,b), is in line with the microbially mediated origin of this 

lithotype. Algal mudstone is another lithotype that is mainly present 

within the spring pond. This lithotype is marked by the presence of 

algae floating in carbonate mud. The absence of desiccation features 

supports a subaqueous environment. The lack of sparitic fabrics or 

grain components, which normally evidence fast precipitation, 

implies low fluid flow dynamics to even standing water. Microbial 

mediation in algal mudstone points towards a biological friendly 

environment during precipitation which is also supported by the 

gastropods and ostracods encountered. Conversely, the sparitic 

grainstone lithotype implies highly supersaturated water fluxes in the 

spring pond, also marked by limited microbial influence. This means 

that the water hydrodynamic conditions and possibly its composition 

changed during precipitation which can be attributed to tectonic 

activity in the study area. On the barrage, pisoid 

wackestones/packstones dominantly occur. The pisoids are marked 

by an alternation of sparite and micrite laminae pointing to a cyclic 

variation in physico-chemical environmental conditions during their 

formation. Sparitic laminae indicate higher saturation or faster fluid 

flow while micritic cortexes can be regarded as products of lower 

saturation or interference of microbial activity. However, distinct 

microbial textures have not been observed. The presence of meniscus 

cements suggests temporary vadose-like conditions, which is in line 

with a setting close to the edge of the pond. Phyto-
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rudstones/boundstones usually develop from the pond edge to the 

trail part of the mound, where physico-chemical conditions in the 

water equilibrate with the ambient environment. Through time, the 

thermal water induces active carbonate precipitation around plant 

leafs. During fluid flow in the smooth slope setting, peloid extraclast 

packstones contain rounded to sub-rounded grains floating in a 

micrite to microsparitic matrix suggesting high flow energy. The 

latter is caused by water flowing downslope and consequently the 

occurrence of turbulence in which clump aggregates formed. Decay 

of organic matter is a possible reason for the creation of fine 

fenestral-like pores in the peloid extraclast packstone lithotype. This 

pore type makes this lithotype vulnerable to diagenetic alteration, as 

testified by bright luminescing calcite cements. Also the outer part of 

the allochems are bright luminescent, indicating that they have been 

recrystallized by interaction with the cementing waters.  

At the foot of the mound, where a smooth slope setting occurs, water 

flow slowed down and massive Mn/Fe-oxide/hydroxides stained lime 

mudstone formed. The presence of fragments and fractures can result 

from desiccation, pointing to very shallow water conditions with 

temporary emergence. The Mn/Fe-oxide/hydroxides are likely either 

derived from the alteration and erosion of substrate lithologies and/or 

adjacent volcanic rocks or from leaching of volcanic fragments in the 

mound carbonates during exposure. Their presence in the lime 

mudstone reflects oxidative conditions. However, whether this means 

that the mudstones formed under oxidative conditions, or whether the 

lime mudstone was subsequently oxidized at near surface conditions 

cannot be inferred. At the tail of the smooth slope, the silty mudstone 
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lithotype containing widespread extraclasts occur. Its depositional 

environment can be interpreted to correspond to a shallow pond 

which formed at the edge of a smooth slope reflecting alluvial plain 

conditions. Such an alluvial plain is occasionally influenced by 

subaerial exposure and pedogenesis as reported by Miall (1996) and  

Croci et al. (2016) from comparable settings elsewhere. Furthermore, 

this lithotype is always associated with lime mudstone which also 

supports a low energy water setting. Within such setting it is not 

likely that erosion of volcanic rocks could have taken place. 

Consequently, the extraclasts in this lithotype likely were imported 

during heavy rains. This means that during the development of this 

lithotype, precipitation and sedimentation occurred in a setting with 

mixed thermal and meteoric water. 

5.2. Diagenesis and pore types 

Despite the lack of burial diagenesis, the studied strata have been 

subjected to early diagenetic processes. However, diagenesis differs 

between both geobodies studied. In the mound structure, diagenetic 

overprinting such as the formation of gravitationally induced 

fractures, cementation, and recrystallization is omnipresent. 

Furthermore, the formation of Mn/Fe-oxide/hydroxides can be 

attributed to a reaction between and within the fluid forming the 

travertine mound deposit and its surrounding/bedrock lithologies or 

can be due to meteoric alteration. In some primary micrite phases 

bright luminescent spots occur at locations affected by 

recrystallization (see Fig. 8L). The presence of different kind of 

cement phases can be interpreted as diagenetic fabrics which 

precipitated from spring-water that circulated through the open pore 
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space of partially lithified or unconsolidated travertine. Based on the 

origin of this spring water that likely mixed with meteoric water, 

bright and dull luminescent phases respectively formed (e.g. Fig. 8D 

to H). This interpretation is based on the fact that all primary sparite 

phases show a bright luminescence whereby their formation likely 

reflects spring-water dominance. Dissolution mainly affected 

ostracods and gastropods (see Fig. 8N and M), likely reflecting their 

original aragonite mineralogy. Afterwards, these moulds were filled 

by cement. Locally some matrix partially dissolved producing vuggy 

pores which are likely related to the infiltration of calcite 

undersaturated meteoric water. 

The main diagenetic process in the fissure ridge is micritization 

resulting in widespread micropores in the border of sparite crystals 

within the crystalline dendrite lithotype (see Fig. 6G and H). 

Widespread microporosity is proven by the bright fluorescent colour 

of impregnated samples. In addition, the low total concentration of 

both major and trace elements measured by EPMA supports the 

interference of microporosity during the areal spot analysis (Fig. 11C 

and D). This microporosity development could be due to surface 

weathering. The dark and light-coloured laminae forming zonations 

in banded travertine, however, do not show any microporosity in 

dark coloured phases under the microscope. The regular and 

systematic repetition of dull and bright luminescence suggests that 

these patterns are controlled by a regular natural phenomenon 

possibly related to seasonal variations or cyclicity in spring activity. 

Cementation, which is especially affecting micritic laminites 
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consisting of gas bubble bindstone lithotype, is possibly related to 

fluid infiltration into the porous micritic laminites.  

The widespread diagenetic features characterising the mound setting, 

like gravitationally induced open fractures, the variety of cement 

types and especially Fe/Mn-oxide/hydroxide formation, have not 

been observed in the fissure ridge setting. In contrast, the well-

organized fine zonation in fissure ridge sparites does not appear in 

mound phases. Such a distinct difference in diagenetic features 

between the two geobodies supports the interpretation that diagenetic 

alteration is related to the primary fabric which in its turn is related to 

the initial water chemistry and the geological setting. Accordingly, in 

the fissure ridge, fast precipitation due to high alkalinity fluid and 

high calcite saturation gave rise to a non-porous, consolidated and 

compact lithology that is less susceptible for early diagenetic 

processes and/or gravitational fracturing, while the lower fluid 

saturation and related alkalinity in the mound geobody water resulted 

in a lithology that is less consolidated and more susceptible to early 

diagenetic processes.  

5.3. Geochemistry  

87
Sr/

86
Sr isotope 

In travertine, the Sr isotopic signature reflects the characteristics of 

the precipitating fluids which may be linked to the signature of the 

dissolved parent carbonates (Minissale et al., 2002; El Desouky et al., 

2015; Berardi et al., 2016). Therefore, the Sr isotope results often can 

be used as a fingerprint of the dissolved parent marine carbonate 

sources with reference to the Sr seawater curve of McArthur and 
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Howarth (2004) (Fig. 12) or, ideally, measured data from potential 

source rocks. The average 
87

Sr/
86

Sr ratio of ~ 0.7085 found in the two 

carbonate geobodies, which corresponds to one of the few important 

similarities between both geobodies, is identical to the 
87

Sr/
86

Sr ratios 

of Cenozoic carbonate formations in Central Iran and the Sanandaj-

Sirjan Zone. These carbonates belong to the Qom Formation 

comprising thick successions of marine limestones, marls, evaporite 

and siliciclastics (Reuter et al., 2009). This formation likely acted as 

the main subsurface water aquifer. The reservoir characteristics of the 

Qom Formation are also reflected by the fact that this formation is 

one of the main carbonate petroleum reservoirs in Iran (Reuter et al., 

2009). It should be noted that marine Cambrium carbonates that yield 

a similar Sr-isotopic signature (Fig. 12) can be excluded given their 

absence in the study area. Moreover, most 
87

Sr/
86

Sr ratios of (not in 

situ) volcanic rocks found around the studied gebodies deviate from 

the signature of the travertines, suggesting that fluid-rock interaction 

with nearby volcanic rocks during subsurface fluid circulation was 

minimal. However, the 
87

Sr/
86

Sr ratio reported by Azizi et al. (2013) 

from Quaternary volcanics in the north Ghorveh area (situated about 

10 km from the study area) shows a mean value of 0.705445 which is 

close to that of the studied travertines. Therefore, water/rock 

interaction under near-surface conditions cannot be excluded. Such 

interaction could explain the input of Mn and Fe for example and the 

incorporation of altered volcanic constituents in the mound 

travertines. Given that the variation of the 
87

Sr/
86

Sr ratio of the 

volcanic rocks is higher and their average signature is lower 

compared to that of the travertines, it is considered unlikely that they 

acted as a main source rock.  
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Stable C- and O-isotopes 

Travertine stable C- and O-isotopes are strongly controlled by the 

type of water involved and the precipitation temperature, as well as 

the source rock with which the water interacted and the origin of CO2 

(Guo et al., 1996; Pentecost, 2005; Kele et al., 2011; Della Porta et 

al., 2017). The δ
13

C values are rather similar for both studied 

geobodies, while their δ
18

O values are clearly different. In general, 

the δ
13

C signature mainly relates to sources of dissolved CO2 and 

HCO3
-
 of travertine precipitating waters. It can also partially be 

influenced by water-rock interactions during fluid resurfacing and 

evaporation of CO2 as well as degassing/outgassing of CO2 (Kele et 

al., 2008, 2011).  

Applying the empirical equation of Panichi and Tongiorgi (1976), 

which allows estimating the δ
13

C of the CO2 from the precipitating 

waters for both mound and fissure ridge carbonates samples near 

their vents results in values ranging between -2.8 to +0.3‰. 

According to Hoefs (2004), Kele et al. (2011) and Claes et al. (2015) 

such δ
13

C signature points to thermal decarbonation from a marine 

carbonate origin of the CO2. The δ
13

C values of the carbonates of the 

Qom Formation, between -0.84 and + 1.47‰ (Ballato et al., 2011) 

are in line with these estimates. The measured data for Spring 2 

(Table 2) is in the same range, while that of Spring 1 is higher.  

The positive δ
13

C-signatures in both geobodies are in line with a 

thermogenic origin as described by Pentecost (2005). In the mound 

carbonates, however, more samples occur that are less positive, 

supporting the interpretation of a possible minor contribution by soil 

related CO2 in the meteoric water component. The latter is for 
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example reflected by the lower δ
13

C-value in phyto-

boundstone/rudstone lithotype which precipitated from less saturated 

and cooler waters.  

The δ
18

O signatures are distinct for both geobodies (i.e. -3.4 to 

+0.53‰ V-PDB for fissure ridge and -9.3 to -5.7 ‰ V-PDB for 

mound). This difference is either primary and related to the fluid 

involved in the precipitation of these deposits or it is a consequence 

of diagenetic alteration which has reset the original mound carbonate 

signatures. The latter is examined by analysing both the micrite 

matrix and diagenetic cement phases in the mound geobody (Fig. 

10). In the latter figure, it can be seen that the cement phases are 

more depleted for both carbon and oxygen isotopes (up to 2‰). If the 

cements are related to meteoric diagenesis, we have to assume that 

the δ
13

C signature became carbonate buffered, which is in line with 

the observed diagenetic overprinting. With regard to the slightly 

lower δ
13

C signatures an explanation has already been given above. 

The δ
18

O difference between the mound micrite matrix and cement 

samples is small. The average 6‰ (V-PDB) difference in the oxygen 

isotopic composition between mound and fissure ridge cannot easily 

be related to the diagenetic resetting. Furthermore, the δ
18

O 

signatures are distinct for the nearby springs (i.e. -9.5‰ SMOW for 

Travertine Spring 2 and -3.1‰ SMOW for Travertine Spring 1) and 

suggest primary differences in fluid composition. This difference in 

the ambient fluids can be explained by mixing of a deep subsurface 

sourced fluid with a vast amount of meteoric water giving rise to the 

mound precipitates. The fissure ridge precipitates likely reflect 

deposition from subsurface, rock-buffered fluids. This interpretation 
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agrees with the high alkalinity, δ
13

C and δ
18

O signature of the 

travertine spring 1 nearby the fissure ridge. Under the assumption 

that the spring waters near the two geobodies are somehow 

representative of the original waters giving rise to the fissure ridge 

(however for spring 1 its present-day activity is likely less vigorous 

as for the original fissure ridge spring). Therefore, the δ
18

O signature 

from both water and sediment can be used in the formula proposed 

by Kele et al. (2011) to infer the estimated precipitation temperature. 

The calculated precipitation temperature of the fissure ridge varied 

between 25°C to 50°C, while the temperature of mound water varied 

between 4°C and 21°C. Consequently, fluid flow paths and/or mixing 

with meteoric water were different. The former may be related to 

fluid circulation along faults. Even if no detailed structural geological 

data is available for the study area, it is clear that the development of 

the fissure ridge is controlled by a fault and its associated damage 

zone (Brogi and Capezzuoli, 2009). Moreover, faults aligned along 

the same direction as the fissure ridge have been reported on the 

geological map of the Iranian Geological Survey and by Rahmani 

(2012). Therefore, the mixing of a deep subsurface-sourced fluid 

with a vast amount of meteoric water for the mound carbonates is the 

most likely scenario. 

Trace element geochemistry  

Another major difference between the two geobodies relates to their 

trace element content. The relatively high concentrations of several 

analysed elements (e.g. Al, As, K, Fe, Mn, Rb, P, Ti, Cr, Ni and Mg) 

in the mound carbonates is mainly related to the high percentage of 

petrographically identified non-carbonate phases, especially mafic 
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volcanic components and clay minerals derived from the tuff, lapilli, 

pumiceous strata, marl, conglomerate and lahar and/or similar 

lithologies occurring in the surrounding area.  

Calcareous waters precipitating the mound travertine interacted with 

surrounding usually mafic rocks along their flow path. The latter 

rocks are vulnerable to weathering. Mixing of subsurface waters with 

meteoric water that interacted with eroded rock material can also be 

invoked. In contrast, the lower values of trace elements, with the 

exception of Sr, S and Na in the fissure ridge carbonates, can be 

explained by fast precipitation from highly saturated subsurface 

waters whereby the contribution of surface derived waters that 

interacted with non-carbonate lithologies was minimal. The higher Sr 

and Ca-content relates to more pure calcite phases in the fissure 

ridge. Both  carbonate systems possess relatively high S and Na 

content likely reflects the saline nature of the parent fluid that 

interacted with evaporate-bearing source rocks. As proposed above, 

the lower Sr content in the mound carbonates could be pristine, due 

to a higher degree of mixing with meteoric water or due to diagenetic 

resetting. Fe and Mn likely reflect a different story. Their presence in 

Mn/Fe-oxide/hydroxides visibly present in the carbonates relates to 

the reaction with non-carbonate constituents present around or within 

the travertine mound, especially volcanic constituents. The presence 

of Fe and Mn can also be related to their presence in the main fluids 

that formed the two geobodies. In contrast with the travertines 

reported from several locations around the world (e.g. Kallis et al., 

2000; Mallick and Frank, 2002; Sant’Anna et al., 2004; Sierralta et 

al., 2010; Claes et al., 2015), the studied carbonates generally show 
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an intense luminescence, which makes them rather unique. 

According to Amieux et al. (1989), suboxic conditions facilitate Mn 

incorporation in growing calcite crystals since Mn is a main 

luminescence activator in carbonates, while oxidative conditions 

prohibit the incorporation of Mn in growing calcite crystals (Machel, 

2000; Boggs and Kingsley, 2006). The reason why not all mound 

lithotypes show a bright luminescence is that the fluids that gave rise 

to the mound carbonates is interpreted to be related to the mixing 

with infiltrating meteoric water which is usually oxygen-rich as 

reflected in the precipitation of Mn/Fe-oxide/hydroxides in the 

mound. This mixing also decreased the saturation degree which was 

not sufficiently high to induce fast precipitation, as reflected by the 

impure micritic fabrics. Some bright luminescent phases, however, 

developed during diagenesis in relation to recrystallization of micrite 

under suboxic conditions, which could have occurred due to oxygen 

consumption during organic decay (e.g. from reeds, grasses, algae, 

etc.).  

Crystalline dendrite and banded travertine lithotypes in the fissure 

ridge display intriguing CL zonations. In crystalline dendrite, dull 

luminescence zones mainly correspond to thin microporous laminae, 

which can be related to a lower precipitation rate. This lower 

precipitation rate is likely caused by lower water saturation. The 

EPMA mapping shows that these microporous and non-luminescent 

parts contain the lowest total element concentrations (see Fig. 11). A 

well-developed micro-porosity can be inferred from fluorescence 

microscopy (see Fig. 6G and H). The explanation for the banded 

travertine lithotype, is however different due to the absence of 
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micrite and microporosity in these precipitates. The occurrence of 

systematic dull and bright luminescent zones supports a variation in 

saturation degree possibly caused by seasonal variations. The lack of 

micro-porosity in banded travertine in comparison with crystalline 

dendrite can be due to the subaqueous precipitation environment that 

was less susceptible to near-surface weathering.  

5.4. Main factors controlling variation in sedimentology, 

diagenesis and geochemistry of two neighbouring geobodies  

The main factors controlling the different geobody morphologies and 

characteristic sedimentology, diagenetic and geochemistry features 

can be related to the influence of the bedrock on the hydrology. 

Based on the map provided by the Geological Survey of Iran of the 

study area (see Fig. 1C), a fault separates the non-porous argillaceous 

limestone near the fissure ridge side from volcanic tuff and 

lapilli/pumiceous tuff along the mound side. Since no detailed 

geophysical nor structural data are available no exact information on 

the fault position exists, which is important since both travertine 

geobodies occur adjacent to each other. Brogi and Capezzuoli (2009) 

showed that asymmetrical fissure ridges develop along normal faults 

with vertical displacement, while symmetrical fissure ridges relate to 

fractures and/or transtensional faults without major vertical 

displacement. Accordingly, the Babagorgor fissure ridge with its 

symmetrical outline and same ridge height and structure at opposite 

sides of the fissure with equal travertine thicknesses, content, and 

distribution likely reflect development along a strike slip fault. 

Moreover, according to Hancock et al. (1999) travertine fissure-

ridges mainly develop on hard and brittle bedrock, while isolated 
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thermal springs, such as towers, pinnacles, mounds and tufa cones 

generally form upon unconsolidated, soft and ductile sediments 

(Brogi and Capezzuoli, 2009). Therefore, it is very likely that the 

fissure ridge formed upon a satellite fault of the major strike slip fault 

present in the limestone bedrock, while the mound developed upon a 

tuff and lapilli/pumiceous tuff bedrock present along the other side of 

strike slip fault. This interpretation is in line with the vast presence of 

volcanic fragments in the mound travertines. These volcanic 

fragments do not occur in fissure ridge travertines. The thermal water 

which was sourced from the same deep reservoir for both travertine 

deposits as inferred from the uniform 
87

Sr/
86

Sr analyses, travelled 

along different pathways at some point in the subsurface (Fig. 13). 

As Curewitz and Carson (1997) reported, thermal water upwelling is 

strictly related to permeability. Accordingly, tuff and 

lapilli/pumiceous tuff can be considered as highly porous rock, which 

is even enhanced when they are fractured adjacent to a major fault. 

Such high porosity and permeability provided suitable conditions for 

the mixing of thermal water with groundwater. This can explain the 

6‰ depletion in the δ
18

O value recorded in the mound carbonates 

and the dominance of impure micritic fabrics. In contrast, due to the 

low porosity of subsurface limestones, the fissure ridge related fluid 

experienced limited mixing, thus fissure ridge precipitates likely 

reflect precipitation from dominantly subsurface-sourced fluids.  

Despite the very close proximity between both geobodies, which are 

situated less than 800 m from each other, and notwithstanding that 

the thermal fluids likely originated from interaction with the same 

source rock, a different morphology and fabrics developed as a 
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function of water chemistry in relation to different water-rock 

interactions at near-surface conditions and the mixing with meteoric 

water. This indicates that the bedrock directly influences water 

hydrochemistry, which plays an important role in fabric development 

and the degree of diagenetic overprinting in travertines.  

6. Conclusion  

Detailed morphological, sedimentological, diagenetic and 

geochemical analysis of a fissure ridge and a mound carbonate 

geobody which occur at a distance of ~800 m from each other, reveal 

major differences between both geobodies. The main differences are 

related to their shape and especially their rock fabric, which is 

sparite-dominated in the fissure ridge and micrite-dominated in the 

mound. The complex assemblage of lithotypes in the mound 

contrasts with the rather uniform nature in the fissure ridge. 

However, they have the same dissolved carbonate parent source rock 

as inferred from their similar 
87

Sr/
86

Sr ratio (ranging from 0.70874 to 

0.70893 for fissure ridge and 0.70874 to 0.70895 for mound calcites), 

pointing to Cenozoic carbonate source formations in Sanandaj-Sirjan 

zone - Central Iran). Furthermore, δ
13

C signatures of both geobodies 

(ranging from +7 to +10‰ V- PDB for fissure ridge and from +4 to 

+9.9‰ V-PDB for mound calcites), points to a thermogenic fluid 

origin. However, the δ
18

O values clearly differ and ranges from -3.4 

to +0.53 ‰ V-PDB for fissure ridge and -9.3 to -5.7 ‰ V-PDB for 

mound calcites. Moreover, the variety of diagenetic features in 

mound carbonates, which are almost absent in fissure ridge 

carbonates, indicates that mound fabrics are more susceptible to 

diagenetic alteration. The latter has been explained by their more 
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porous nature. Mixing of mound related-fluids with meteoric water 

during resurfacing is the scenario explaining the δ
18

O difference, 

which is in agreement with the micritic nature of the mound 

geobody. The latter has been related to the inferred lower water 

saturation with respect to calcite. The sparitic fabric in fissure ridge 

carbonates is more in agreement with high calcite saturation.  

 Therefore, the fissure-ridge precipitated from dominantly 

subsurface-sourced fluids without major contribution of meteoric 

water.  This can explain the rather high δ
18

O values of the fissure 

ridge carbonates which is in line with the rather high S and Sr content 

of the fissure ridge carbonates. The presence of two different types of 

bedrock, i.e.  limestone and volcanic rock (tuff and lapilli/pumiceous) 

with different permeability and porosity is proposed to be the main 

controlling factor why the upwelling water chemistry was so 

different.  

Additional support for this interpretation comes from the 

geochemical analysis. Non-carbonate related elemental 

concentrations, such as Al, As, K, Fe, Mn, Rb, P, Ti, Cr, Ni and Mg 

are higher in mound carbonates while calcite-related elements (like 

Sr, S and Ca) are higher in fissure ridge carbonates. Non-carbonate 

related elements were sourced either from the internal alteration of 

the substrate during water upwelling or from the surrounding area as 

a result of weathering and erosion by meteoric water. The source of 

the high Sr and S content in the fissure ridge and mound carbonates 

is explained by the evaporite layers present in the Qom Formation. 

The dominance of bright luminescence calcites in fissure ridge and in 

some parts of mound carbonates is due to the high concentrations of 
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dissolved Mn in the parent fluid, indicating precipitation and/or 

recrystallisation under calcite supersaturated and suboxic conditions.  
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Figure captions 

Fig. 1. A) Simplified geological map of the Iranian plateau with eight 

main structural zones (modified after Hassanzadeh and Wernicke, 

2016). The green rectangle (in the northwestern part of the picture) 

shows the position of the map in B. B) Geological map of the 

Hamadan-Tabriz volcanic belt (HTV) characterized by young 

volcanics (Azizi and Moinevaziri, 2009) where the small red 

rectangle shows the location of the study area. C) Simplified 

geological map of the study area (after Geological Survey of Iran and 

Karimi Nezhad et al., 2014). The black circle is where the mound and 

fissure ridge are situated. D) Google earth image of the Babagorgor 

area. Reddish colour shows mound and related travertine sediments. 

Yellowish colour displays the main fissure ridge together with some 

detached parasitic fissures and the blueish colour represents nearby 

active springs.  

Fig. 2. A) View on the fissure ridge geobody. B and C) Main fracture 

visible at the top of the fissure ridge. D) Centimetre-thick layers of 

banded travertine growth inside the main fracture intercalated with 

micritic laminites. E) Outcrop photo from banded travertine growth 

inside the main fracture. F) Close up view of banded travertine 

growth perpendicular to fissure ridge layer. G) Overview of different 

wavy laminae present along the ridge slope. H) Close up view of 

laminae with straight branching dendritic crystal structure. I) Micro-

terracettes of laminae. J) Close up view of thin laminae at the edge of 

the ridge.  
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Fig. 3. Schematic illustration of the morphology (left) and log (right) 

of the different facies and layers of the fissure ridge. The log location 

is indicated with a vertical black rectangle along the ridge.  

Fig. 4. Field photographs illustrating the mound travertine stratal 

patterns. A) Overview of the mound geobody. B) Overview of 

travertine laminae in the proximal part of the mound. C) Dark, thick 

and packed laminae (blue arrow) evolving into light, thick laminae 

with fenestral-like porosity (green arrow) passing into poorly 

unconsolidated laminae (yellow arrow). D) Laminited succession of 

Mn/Fe-oxide/hydroxides stained mudstone (blue arrow) evolving 

into silty mudstone (green arrow), algal mudstone (yellow arrow), 

cementstone (red arrow) and ending in compact coated reed and 

coated grass laminae (orange arrow). E) Contact of travertine with 

underlying volcanic unit (tuff; red arrow), Mn/Fe-oxide/hydroxides 

stained laminae (blue arrow) and silty mudstone (green arrow). F) 

Close up view of silty mudstone. G) Cement (red arrow) 

incorporation within unconsolidated travertine laminae.  

Fig. 5. Schematic drawing and logs illustrating the lithological 

variation within the mound structure. Log locations are indicated 

with rectangular lines in morphology. 

Fig. 6. Microphotographs (transmitted light TL, polarizing light PL, 

cathodoluminescence CL and fluorescence light FL) illustrating the 

different lithotypes of the fissure ridge (abbreviations: IP = interlayer 

porosity; FP = framework porosity; VP = vug porosity; pores are 

yellow coloured in B, D, K and M, blue coloured in C and F and 

green coloured in G and H). (A) Hand sample photograph of straight 

branching feather-like crystals of dendritic shrubs. (B) Thin section 
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scan (PL) of a subsample from (A). (C) Straight and narrow 

branching feather-like dendritic crystalline dendrites (TL). The white 

arrows show the border between two layers of crystalline dendrite. 

(D) Crystalline dendrite textures showing wavy and banded internal 

zonations (TL). (E) Bright orange – dull luminescent zones in (D), 

pores are black (CL). Black rectangle indicates the area of (G). (F) 

Amalgamated crystalline dendrites together with cement without 

sharp dendritic structure. Black rectangle indicates the area of H. (G) 

Bright fluorescence of micritic laminae of dendrite crystals in the 

area indicated with the black rectangle in E (FL). (H) Bright 

fluorescence in wavy zones of (F) (black rectangular) (FL). (I) 

Granular crystalline dendrite (PL). (J) Hand sample showing banded 

travertine (red arrow) and micritic laminite bindstones together with 

open bubbles (blue arrow) and cement in micritic laminite bindstones 

(green arrow). (K) Thin-section scan prepared from (J) showing 

radial-fibrous calcite (red arrow) developing on micritic laminae 

(yellow arrow) (PL). (L) Alternation of thin micrite and thick sparite 

laminae in banded travertine (TL). (M) Alternating micrite and 

sparite zones in micritic laminite bindstones with gas bubble (TL). 

(N) Morphology variation of crystalline dendrites as a function of 

steep to smooth slope position. 

Fig. 7. Field and microphotographs (transmitted light (TL), 

polarizing light (PL) and cathodoluminescence (CL)) of different 

lithotypes from the mound spring geobody (porosity is yellow 

coloured in G and K and blue coloured in J). (A) Outcrop image of 

widespread Mn/Fe oxide/hydroxide rich mudstone. (B) Mn/Fe 

oxide/hydroxide stained mudstone (TL). (C) Calcite cemented algal 
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mudstone (TL). (D-E) Amalgamation of peloids (red arrow) and 

volcanic fragments (blue arrow) (TL in D, PL in E). (F) Bright 

luminescent peloidal micritic components and matrix (CL), while the 

volcanic clasts do not luminescence. Blue grains are K-feldspars. 

Picture area identical to D. (G-H) Bright luminescent sparitic crystals 

and dull luminescent cement (blue arrow) (black areas in H are pores 

which are partialy to entirely filled by cement) (TL in G, CL in H). 

(I) Outcrop image of phyto rudstone and boundstone. (J) Phyto 

rudstone and boundstone (TL). (K) Pisoid wackestone. Pisoid 

displaying semi-concentric cortexes composed of sparite and micrite 

(TL). (L) Fine lacy stromatolite laminae boundstone. Red arrow 

indicates framework porosity (TL). 

Fig. 8. Microphotographs of diagenetic features (transmitted light 

TL, polarizing light PL, cathodoluminescence CL and fluorescence 

light FL). A, B and C from fissure ridge, the rest from the mound 

travertines. (A) TL and CL of Mn-rich thin zones in banded 

travertine (blue arrow). (B) Zonation in banded travertine (TL and 

CL). (C) Crystal boundaries between sparitic crystalline calcite 

displaying bright fluorescence indicating micro-porosity along the 

crystal boundaries (TL and FL). (D) Thick sparry calcite crystals 

(blue arrow) surrounded by micritic layer (pink arrow) and 

scalenohedral cement (yellow arrow) together with vuggy porosity 

and blocky cement (green arrow) (TL). (E) CL picture of image D 

showing bright orange luminescence in sparry calcite (blue arrow), 

but dull luminescence in both blocky and scalenohedral cement and 

micritic layer. (F) Blocky cement draped by Fe/Mn-oxides/ 

hydroxides (green arrow) (TL). (G) Blocky calcite cement (green 
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arrow) occurring between peloids together with fine grain equant 

cement (pink arrow) surrounding the peloids which show different 

generations of micrite (yellow arrow) (TL). (H) CL picture of image 

G representing dull luminescence in blocky and equant cements 

(green and pink arrow), while peloids and different generations of 

micrite surrounding peloids display a bright orange luminescence 

(blue and yellow arrow). Some volcanic grains (white arrow) display 

a blue luminescence. (I) Desiccation cracks (or pedogenic features: 

i.e. glaebules) in mudstone whereby fragments are coated by Mn/Fe 

oxide/hydroxide (TL). (J-K) Rhomb-shaped crystals with CL-zoning. 

A rhombohedral crystal consists of an inner large yellow luminescent 

crystal an outer part showing dark and thin bright yellow zonations 

(TL in J, CL in K). (L) Micritization displaying a dull luminescent 

centre and a bright luminescent outer sparitic part (TL and CL). (M) 

Replacement of gastropod by sparite cement with bright orange 

luminescence (TL and CL). (N) TL image of a cavity with geopetal 

micrite infilling and equant sparite cement. (O) Detrital material 

(green arrow) surrounded by calcite cement (PL). 

Fig. 9. A) Cross plot of stable carbon versus oxygen isotopes of 

fissure ridge and mound spring carbonates (bulk samples and 

cements).  

Fig. 10. Boxplots of the element concentrations in the fissure ridge 

and mound carbonates.  

Fig. 11. A.TL) Straight and thick sparite alternating with thin micrite 

laminae of sharp branching feather-like dendritic crystalline dendrites 

from fissure ridge. B.CL) Bright luminescence with zonation of (A). 

C.TL) Boundary between banded travertine lamina and micritic 
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laminite bindstones from fissure ridge. (D.CL) Bright luminescence 

with zonation of (C).  (E and F) Relative elemental distribution of 

zoned carbonate crystal, revealing variations in element oxide 

composition. Locations of sample E and F are indicated with green 

rectangular lines in Fig. 11B and D respectively. The picture to the 

left in E and F is back scatter. 

Fig. 12. Range of 
87

Sr/
86

Sr ratios for both mound and fissure ridge 

carbonate samples plotted along the marine Sr-isotope seawater curve 

modified from McArthur and Howarth (2004). The arrow indicates 

the parent carbonate source rocks recognized from the 

lithostratigraphic section as the Qom Formation. On the right side, a 

boxplot of the 
87

Sr/
86

Sr isotope ratio of fissure ridge, mound 

carbonates and adjacent volcanic rocks is given. 

Fig. 13. Conceptual model (not to scale). Meteoric water circulation 

is topography-driven with infiltrations in the nearby mountain area. 

Upwelling of thermal water occurs along a possible strike slip fault 

after having migrated through the main reservoir which corresponds 

to the Qom Formation based on the 
87

Sr/
86

Sr ratio. Based on bedrock 

characteristics near the location where the fluid resurfaces, a mound 

or fissure ridge formed. The latter deposited on tight but fractured 

limestone bedrock which could thus precipitate from the dominant 

original thermal water.  However, the mound formed on porous 

volcanic bedrock. Here the thermal fluid mixed with meteoric 

groundwater, whereby also some of the substrate constituents became 

mixed with the precipitating carbonates.  

Table captions 
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Table 1. 
87

Sr/
86

Sr isotope ratio of 21 samples of fissure ridge, mound 

carbonates and volcanic rocks that occur adjacent to the travertine 

deposits together with the Rb-Sr trace element composition of these 

samples (nm = not mesured). 

Table 2. Temperature, pH, alkalinity and stable isotope signatures for 

water samples from two travertine springs and from a fresh water 

well (Gaslan) and spring (Delbaran). 
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Location Sample Rb 

(ppm.)
 

Sr 

(ppm.)
 

87
Sr/

86
Sr  

Mound IR(M)17ZM004 37 444 0.708742 

IR(M)17ZM009 9 637 0.708880 

IR(M)17ZM015 34 1106 0.708858 

IR(M)17ZM017 17 1111 0.708810 

IR(M)17ZM017 (cement) 14 235 0.708895 

IR(M)17ZM018 31 531 0.708946 

IR(M)17ZM019 8 854 0.708905 

Fissure 

ridge 

IR(F)17ZM003 8 2249 0.708811 

IR(F)17ZM004 10 2298 0.708930 

IR(F)17ZM008 11 3208 0,708794 

IR(F)17ZM009 17 1031 0.708794 

IR(F)17ZM020  10 1104 0.708860 

IR(F)17ZM021  8 2025 0.708817 

IR(F)18ZM046 23 2776 0.708781 

IR(F)18ZM063 13 1149 0.708742 

IR(F)18ZM064 10 1298 0.708804 

Volcanic 

rock 

IR(V)18ZM065 (granite) nm nm 0.721002 

IR(V)18ZM066 (basalt) nm nm 0.707671 

IR(V)18ZM067 (granite) nm nm 0.720688 

IR(V)18ZM068 (basaltic 

lava) 

nm nm 0.705245 

Table 1.   
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Spring T(°C) pH Total 

Alkalinity 

(mmol/kg) 

δ
13

CDIC 

(‰ V-PDB) 

δ
18

O  

(‰ V-SMOW) 

Travertine Spring 1 15 7.3 63.4 3.7 -3.1 

Travertine Spring 2 18 7.1 23.2 -0.6 -9.5 

Fresh water well 

(Ghaslan) 

14 6.9 5 -7.0 -7.9 

Fresh water spring 

(Delbaran) 

14 6.9 3.1 -12.8 -8.0 

Table 2.  
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Appendix  

Appendix 1. The δ
18

O and δ
13

C signatures of the components from 

fissure ridge and mound carbonates. 

Locati

on 

Sample Fabric δ
13

C 

‰ V-

PDB 

δ
18

O 

‰ V-

PDB 

 

 

 

 

 

 

 

 

 

 

 

Fissure 

ridge 

 

 

IR(F)17ZM0

01 

Sparite 8.59 -2.39 

IR(F)17ZM0

02 

Sparite 9.20 -2.22 

IR(F)17ZM0

03 

Sparite 9.80 -2.18 

IR(F)17ZM0

04 

Sparite 9.11 -2.82 

IR(F)17ZM0

05 

Sparite 8.71 -3.36 

IR(F)17ZM0

06 

Sparite 9.73 -3.09 

IR(F)17ZM0

07 

Sparite 8.23 -3.24 

IR(F)17ZM0

08 

Sparite 9.46 -2.66 

IR(F)17ZM0

09 

Sparite 8.85 -3.41 

IR(F)17ZM0

10 

Sparite 9.02 -2.13 

IR(F)17ZM0

11 

Sparite 8.73 -1.87 

IR(F)17ZM0

12 

Sparite 8.18 -2.16 

IR(F)17ZM0

13 

Sparite 9.99 -0.54 

IR(F)17ZM0

14 

Sparite 9.245 -1.377 

IR(F)17ZM0

15 

Micrite 7.29 -1.24 

IR(F)17ZM0

16 

Micrite 7.16 -1.46 

IR(F)17ZM0

17 

Micrite 6.95 -1.71 

IR(F)17ZM0

18 

Sparite 8.44 -0.20 

IR(F)17ZM0

19 

Sparite 7.49 -0.56 

IR(F)17ZM0

20 

Sparite 7.45 -0.11 

IR(F)17ZM0

21 

Sparite 7.20 0.53 

 IR(M)17ZM Micrite 7.76 -7.62 
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Mound 

 

 

001 

IR(M)17ZM

002 

Micrite 9.33 -6.66 

IR(M)17ZM

002 

Cement 7.55 -9.30 

IR(M)17ZM

003 

Micrite 8.89 -6.96 

IR(M)17ZM

004 

Micrite 8.96 -7.59 

IR(M)17ZM

005 

Micrite 4.77 -5.61 

IR(M)17ZM

006 

Micrite 9.19 -7.87 

IR(M)17ZM

007 

Micrite 9.62 -7.53 

IR(M)17ZM

008 

Micrite 8.93 -7.78 

IR(M)17ZM

009 

Micrite 9.85 -7.61 

IR(M)17ZM

010 

Micrite 5.62 -6.26 

IR(M)17ZM

010 

Cement 7.18 -8.45 

IR(M)17ZM

011 

Micrite 9.04 -7.50 

IR(M)17ZM

012 

Micrite 8.61 -7.56 

IR(M)17ZM

013 

Micrite 4.68 -7.85 

IR(M)17ZM

014 

Micrite 6.34 -7.87 

IR(M)17ZM

015 

Micrite 8.48 -7.02 

IR(M)17ZM

016 

Micrite 8.11 -7.50 

IR(M)17ZM

017 

Micrite 8.10 -7.96 

IR(M)17ZM

018 

Micrite 8.01 -7.89 

IR(M)17ZM

019 

Micrite 7.65 -7.47 

IR(M)17ZM

019 

Cement 6.58 -8.86 

IR(M)17ZM

020 

Micrite 7.99 -7.43 

IR(M)17ZM

020 

Cement 6.42 -8.88 

IR(M)17ZM

021 

Micrite 7.59 -6.85 

IR(M)17ZM

021 

Cement 6.53 -8.72 

IR(M)17ZM

022 

Micrite 8.58 -8.95 
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IR(M)17ZM

023 

Micrite 7.94 -7.59 

IR(M)17ZM

023 

Cement 3.94 -8.87 

IR(M)17ZM

024 

Micrite 7.93 -6.72 

IR(M)17ZM

025 

Micrite 7.44 -7.68 

IR(M)17ZM

025 

Cement 6.91 -8.56 

IR(M)17ZM

026 

Micrite 7.32 -7.90 

IR(M)17ZM

026 

Cement 4.34 -9.30 

IR(M)17ZM

027 

Micrite 8.98 -6.91 

Appendix 1. 
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