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Elemental data from travertines are a treasure of depositional and diagenetic information. However, correct in-
terpretation requires proper data acquisition and treatment. This study shows how results from elemental anal-
yses complement sedimentological and other geochemical, i.e. isotopic, data and thereby contribute to our
understanding of fossil travertines. Multivariate statistical element analyses, after multiple travertine digestion
methods, demonstrate the link between elements, their mineralogical phases, and ultimately their origin. This
study reveals that carbonate-phase related elements in travertines (Sr, S, Ba, Mg and Na) originate dominantly
from thefluid source rocks. In combinationwith the δ18O and δ13C signatures, they are thus key geochemical var-
iables for comparison of different travertine geobodies. Geochemical data analysis (elemental concentrations and
isotope signatures), as illustrated here for the Turkish Ballık travertines, supports interpretation with regard to
fluid source rock, distance from the vent and relative intensity of processes like evaporation and degassing. For
fossil travertines, geochemical data can thus provide crucial insights for understanding the hydrologic system.
In particular when information is restricted to borehole data, like in subsurface reservoirs, their application
could be decisive.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Spring-related continental carbonates precipitate from supersatu-
rated spring waters, mainly due to CO2 degassing. Two main groups
are distinguished based on the origin of the water: Hydrothermal
springs are associated with “travertines”, while precipitates from
lower temperature karstic waters with more macro-biotic influence
are considered “calcareous tufa” (e.g. Pedley, 1990; Ford and Pedley,
1996). For fossil deposits the temperature and origin of the water can
be more difficult to deduce. Capezzuoli et al. (2014) distinguished

typical “travertine” from “tufa” fabrics. These authors recognised the
continuity between the two endmembers and introduced the term
“travitufa”. For fossil deposits, premature conclusions on classification
can be avoided by applying the term travertine sensu lato (s.l.)
(Pentecost, 2005), thus incorporating both travertine (s.s.) and tufa. It
is in thisway that the term travertine is applied in this study. Distinction
can be made based on the source of CO2, as commonly deduced from
stable isotope signatures. For meteogene/epigenic/epigean travertines,
the CO2 has a meteoric origin (vegetation, soil and atmosphere), while
for a contribution of CO2 from a deep, thermal origin, travertines are
considered as being thermogene/endogenic/hypogean (Pentecost,
2005/Crossey et al., 2006/Teboul et al., 2016; respectively). Amore elab-
orate discussion on terminology can be found in Pentecost (2005),
Capezzuoli et al. (2014), Claes et al. (2015) and Della Porta (2015).

Recently there has been growing interest in travertines because of
their potential application as hydrocarbon reservoir analogues (e.g.
Ronchi and Cruciani, 2015; Claes et al., 2017a) and as palaeoclimate
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archives (e.g. Ihlenfeld et al., 2003; Garnett et al., 2004; Fairchild and
Treble, 2009; Yan et al., 2012; Wang et al., 2014), for example attesting
CO2 leakage (e.g. Kampman et al., 2012). Several studies prove the ap-
plication of combined sedimentological-geochemical studies in under-
standing travertine 3D geobody architecture, the hydrologic system
and diagenesis (e.g. Croci et al., 2016; Claes et al., 2017b; Frery et al.,
2017; Rodríguez-Berriguete et al., 2017; Török et al., 2017,
Mohammadi et al., 2019). However, the geochemical data of these stud-
ies are limited to stable and radiogenic isotope data. Despite their po-
tential, studies on major and trace element concentrations in
travertines are virtually lacking (cf. Teboul et al., 2016). Studies that
do incorporate elemental analyses, often tend to focus on the water el-
ement content in active systems (e.g. Minissale et al., 2002; Crossey
et al., 2006; Renaut et al., 2013). For fossil systems, most studies in liter-
ature only exploit a specific element or a narrow band of the full ele-
mental spectrum (e.g. Cidu et al., 1990; Garnett et al., 2004; Sant'Anna
et al., 2004: Bonny and Jones, 2008). Few studies have assembled a
larger multi-element dataset (e.g. Pentecost, 1993, 1999; Pisarskii
et al., 1998; Fouke et al., 2000; Kallis et al., 2000; Mallick and Frank,
2002; D'Alessandro et al., 2007; Kele et al., 2008, 2011; Gradzinski
et al., 2013; Özkul et al., 2013; Asta et al., 2017) but do not statistically
appreciate their datasets. Pavlovic et al. (2002), Leybourne et al.
(2009) and Arenas et al. (2010) did analyse their datasets by multivar-
iate analyses. Elements resulting from detrital phases, however, are
discussed together with elements from the carbonate phase. Further-
more, the element compositions reported throughout the literature cor-
respond to variable, oftenweak acid, dissolution/digestion and different
measurementmethods (see overview in Annex 1). Thesemethods have
differing extents of digestion and thus a different contribution of
(mainly) detrital phases. In review books (e.g. Pentecost, 2005) all
these results are discussed together, without separation of the data ac-
cording to the applied dissolution/digestion methodology. A major ad-
vancement recently has been made by Teboul et al. (2016), who
combined results from proper analyses with literature. They were able
to deduce specific elements, like Ba and Sr, which can be used in dis-
criminating the rock lithologies prevailing in the hydrogeological or
palaeo-hydrogeological setting. The reasons why these elements are
more useful in comparison to others, and how these elements can pro-
vide information within a site, unfortunately were not addressed.

Consequently, this study reaches beyond filling the gap of travertine
elemental data but aims to answer the following research questions:

- What is the impact of the digestion method on the measured ele-
mental concentrations? And which method is recommended?

- Which elements can be used best for comparison between different
travertine bodies? What are the chemical reasons behind these re-
corded signatures?

- Are the elemental signatures mainly related to the parental fluids,
the depositional environment (i.e. lithofacies), the distance from
the spring and/or the diagenetic alterations?

To address these research questions multivariate analyses are intro-
duced here for fossil travertine research. The goal is to fully appreciate
large datasets and to capture the parameter variability.

2. Geological setting of the Ballık area case study

As a case study, travertines from the Ballık area (Denizli, SWTurkey)
were sampled. The area lies on the northern edge of the Denizli basin,
which is known for its numerous travertine occurrences (Fig. 1). The
best example is the world heritage site of Pamukkale (Fig. 1; Kele
et al., 2011). Özkul et al. (2013) provided a recent overview of the trav-
ertine occurrences in the Denizli basin, including U-series and thermo-
luminescence (TL) dating. The Ballık area is the largest and oldest
travertine site in the Denizli basin, with an estimated volume of
0.94 km3 over an area of ~4.8× ~2.8 km2 (Özkul et al., 2013; Pleistocene

age N1.07 Ma cfr. Lebatard et al., 2014). Five key quarries (Ece, Faber,
Çakmak, Ilık and Alimoğlu) that are part of the Killik dome in the Ballık
areawere selected for this study (Fig. 2). The study benefits from earlier
sedimentological, diagenetic and isotope geochemical data of traver-
tines from the Ece, Faber and Çakmak quarries (Claes et al., 2015; El
Desouky et al., 2015; De Boever et al., 2017; Claes et al., 2017a;
Mohammadi et al., 2019). The dataset is now enlarged with additional
sedimentological mapping of the travertines from Çakmak, Ilık and
Alimoğlu (Fig. 2), extra stable isotope analyses of samples from the Ilık
and Alimoğlu travertines, and elemental characterisation of samples
from all five quarries. The exposed travertine in the quarries reaches a
thickness of N60 m. Based on a recent core, at least 60 m of additional
travertines below the Faber quarry is proven (unpublished internal re-
port, TraRAS project). The Killik dome area is ~1.3 by ~0.8 km2 (Fig. 2).
The environment of precipitation evolved fromdominantly subaqueous
in awater column to precipitation in a thinwaterfilm, as represented by
the sub-horizontal and biostromal reed facies and the cascade, waterfall
and biohermal reed facies, respectively (Claes et al., 2015). More infor-
mation on the geological setting, the sedimentology, fluid system and
the structural context of the Ballık area can be found in Van Noten
et al. (2013, 2019), El Desouky et al. (2015), Claes et al. (2015), De
Boever et al. (2017) and Mohammadi et al., 2019. Additional data on
their petrophysical properties (porosity, permeability, acoustic proper-
ties, …) can be found in Soete et al. (2015), De Boever et al. (2016)
and Claes et al. (2017a).

3. Methods

3.1. Field mapping and sampling

Detailed photographs of all the quarry walls of the different excava-
tion levels were printed and used in the field as background pictures for
detailed line-drawings of the lithofacies. Hand samples were collected
along, in total, 9 semi-continuous vertical sections, in analogy to bore-
holes in subsurface reservoirs. Three samples were collected per exca-
vation level, which resulted in a vertical sample density of one sample
every 2–3 m, or about 50 samples in each of the 5 quarries.

Based on the detailed drawings of the quarry walls and on the sam-
pled sections, an overall 3D geobody facies distribution has been con-
structed. To gain better insight into the spatial distribution of the
facies, based on the line drawings the facies were projected on the
quarry walls using 3D drawing software (SketchUp Make, Trimble In-
corporate, Sunnyvale, California), as shown in Fig. 2.

3.2. Trace element analyses

Homogenized bulk samples were measured using Inductively
Coupled Plasma – Optical Emission Spectroscopy (ICP-OES). This ap-
proach has the advantage of measuring multiple elements relatively
fast and simultaneously for large sample sets. ICP-OES is awet analytical
method, which requires the rock samples to be dissolved in acid.

Representative ~1 cm3 pieces were cut from the samples, avoiding
weathered or altered zones of the sample. Sample representativity
was assured by petrographical thin-section analyses. After drying, pow-
dering and physical mixing using a ceramic mortar (DIN EN 60672 C
110) and a tungsten carbide micro-mill, three different acid combina-
tions were tested, i.e. a 1 acid digestion (HCl), 2 acid digestion (HCl
and HNO3) and 4 acid digestion (HNO3, HClO4, HF, HCl) method (De-
tailed description in annex). For the digested samples of all three
methods, a Varian 720-ES instrument (Varian Medical Systems, Incor-
porated, Palo Alto, California, U.S.A.) suppliedwith double-pass glass cy-
clonic spray chamber, concentric glass nebulizer SeaSpray and an
“extended high solids” torch was used to determine the concentrations
of the following 23 elements: Al, As, Ba, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn,
Na, Ni, P, Pb, Rb, S, Si, Sr, Ti, V and Zn (Further details onmethodology in
annex).
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There are some inherent differences to themethods of digestion that
need to be considered. Weaker acids at lower temperature will not or
only partly attack chemically more stable minerals, like silicates (e.g.
Gleyzes et al., 2002). 1 M HCl is the most intuitive limestone digestion
method since it is applied in mineralogy to differentiate calcite and do-
lomite from other minerals. Carbonates will dissolve. However, partly
dissolved oxy-hydroxides and elements adsorbed to the surfaces of
clays and organic matter will also contribute to the elemental concen-
trations. For the 2 acid method HCl is combined with HNO3, which is a
powerful solvent for sulphides, phosphates and organic matter. The 4
acid method completely dissolves the clays. Besides HCl and HNO3,
the latter method also uses HClO4 and HF. HClO4 is a very powerful ox-
idizing and dehydrating agent. It has a high boiling point and replaces
other acids in their salts. HF reacts with silicates to form the very unsta-
ble volatile silicon tetra-fluoride SiF4 (consequently it is not possible to
determine Si concentration for 4 acid method). At the end 1 M HCl is
used again as a leach. In summary, especially the contribution of

non‑carbonate phases to the elemental concentrations is expected to
depend on the acid strength and the duration of the reaction.

3.3. Multivariate statistics on trace elements

The data were statistically analysed using R software (R core Team,
2013). Several standard statistical functions are, however, only applicable
to unconstrained, normally distributed data. This assumption generally
does not hold for geochemical data since they are expressed as relative
values (% or ppm). The geochemical data are “closed” (Aitchison, 1986).
Therefore, prior to the multivariate analysis, element concentration
values were transformed. For compositional data, both centred log ratio
(CLR; Aitchison, 1986) and isometric log ratio (ILR; Egozcue et al., 2003)
transformations are common. Correlation between the transformed data
cannot be interpreted as correlations between the original variables
(e.g. Filzmoser and Hron, 2009). In order to establish which elements
are linked by the same process or origin, elemental Ward hierarchical

Fig. 1. Geological map of the Denizli basin (from Claes et al., 2015). Striped rectangle, about in themiddle of the figure, indicates the location of Fig. 2A. Locations of wells and springs from
Özkul et al. (2013).
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cluster analyses and Principal Component Analyses (PCA)were executed.
CLR preserves collinearity and thus the direct link to the variables. ILR
avoids collinearity and gives more stable results for PCA (Filzmoser and
Hron, 2009). For interpretation of the ILR PCA results, the data have to
be back-transformed to the CLR space (Filzmoser et al., 2009). For each
of the plots provided, it is explicitly statedwhich transformation and anal-
yses have been performed. For further information on data treatment of

the compositional data, the reader is referred to Van den Boogaert and
Tolosano-Delgado (2013) and references therein.

3.4. Stable isotope analyses

Travertine subsamples for stable isotope analysis were obtained
using a dental drill. Given the heterogeneous nature of travertines on

Fig. 2. (A)Overviewof theBallık area,with thefivequarries included in this study indicated: Ece (E), Faber (F), Çakmak (C), Ilık (I) andAlimoğlu (A).Mapmodified fromGoogle Earth, after
Claes et al. (2015). (B) Overview of LiDaR scanned quarries inside the Killik dome. (C) Overview of the lithofacies mapped on the quarry walls of the quarries of the Killik dome inside the
topography (fromGoogle Earth), constructed in SketchUpMake (Trimble). (D) Schematic representation (not to scale) of the internal facies architecture along the A-A' transect indicated
in C. (E) Legend. The faults shown in A are not indicated in (B) and (C).
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micro-scale, the most homogeneous parts of the rock framework were
drilled. Cement samples were avoided for this study. Stable oxygen
and carbon isotopic signatures of the samples were determined at the
‘Friedrich-Alexander-Universität’ (Erlangen-Nürnberg, Germany). Car-
bonate powders were reacted with 100% phosphoric acid at 70 °C in a
Gasbench II connected to a ThermoFinnigan V+ mass spectrometer
(Thermo Fisher Scientific Incorporated, Waltham, Massachusetts,
U.S.A.). All values are reported in per mil (‰), relative to Vienna Pee
Dee Belemnite (V-PDB) by assigning a δ13C value of +1.95‰ and a
δ18O value of −2.20‰ to the standard NBS19. The analytical standard
deviations for δ13C and δ18O are 0.04‰ and 0.05‰, respectively.

4. Results

4.1. Sedimentology

Four main travertine carbonate facies were identified, intercalated
with more marly as well as conglomeratic facies. A short overview of
the main facies characteristics is given below and in Figs. 2 and 3. A
more detailed macroscopic and microscopic petrographic description
can be found in Claes et al. (2015).

The mapped lithofacies (Fig. 2) show that an aggradational sub-
horizontal or flat pool travertine facies (Fig. 3A) is present in the
lower part of all quarries, extending at least 1500 by 500m,with amin-
imal exposed thickness of 7 m. The sub-horizontal travertines are dom-
inated by peloidal fabrics (Fig. 3E). From the Ece and Faber quarry
towards the middle of the dome, in the Çakmak and Ilık quarry
(Fig. 2), the occurrence of dendritic crusts in the sub-horizontal traver-
tine facies increases. It is covered first by the biostromal reed facies
(Fig. 3B) in the Ece quarry with locally more plant growth resulting in
phyto-related fabrics (Fig. 3F). For the other quarries the sub-

horizontal travertines are overlain by cascade (smooth slope and
micro-terraced slope) travertines (Fig. 3C), characterised by dendritic
crusts (Fig. 3C andG). The geobody vertically changes into a sloping sys-
temwith first a gently crenulating, crinkly steady sloping cascade facies,
evolving into a steeper sloping cascade facies and a strongly irregular
steep sloping waterfall facies (Fig. 3D). Cascade travertines consist of
isopachous beds, while the waterfall beds are anisopachous and even
discontinuous, associated with primary cave development. The sloping
facies are dominant in the Kıllık dome quarries (Fig. 2). The cascade fa-
cies, for example, extends over the entire dome, i.e. several km2 in area,
with a thickness of 15 to 30 m. Locally small pool facies were observed
in between the cascade build-ups. In the central part of the Çakmak
quarry and in the southeast of the Alimoğlu quarries patchily distrib-
uted decametre scale biohermal reed carbonates developedwith lateral
cascade andwaterfall facies. Despite these complexmorphologies, some
clear systematic patterns exist. The general dip of the slopes from the
cascade and waterfall facies is to the northwest in the Ece and Faber
quarry. In the Çakmak quarry the slope direction tilts towards the
west and eventually to the southwest in the Ilık quarry. In the Alimoğlu
quarry the layers are dipping dominantly southwards, thus closing the
domal structure (Fig. 2). The up to 20 m thick waterfall facies shows a
pronounced prograding trendwithin the Ece, Faber and Çakmak quarry
(Claes et al., 2015). On top of the waterfall facies, the decreasing steep-
ness results again in the development of cascade facies. Reed facies sub-
sequently levels up the domal deposits. The upper aggradational
biostromal levelling up reed sequence has a lateral extension over
N1000 m with a thickness ranging between 1 and 20 m. The travertine
body is locally intercalated by lacustrine to palustrine varve-like marls,
in which some high energy fluviatile conglomerates with imbricated
clasts occur (Khatib et al., 2014; Claes et al., 2015). This is most pro-
nounced as a maximally 17 m thick package in the Faber quarry, that

Fig. 3. Representative images of the four dominant travertine lithofacies with their dominant fabrics. (A) Sub-horizontal flat pool facies dominated by peloidal travertines with fenestral
pores, and to less extent dendritic crusts. (B) Reed travertine facies dominated by phyto travertine fabrics with moulds of plants in growth and erosional position. (C) Cascade facies
characterised by smooth sloping crusts of micritic dendrites, interlayered with peloidal travertines. (D) Waterfall facies characterised by its primary cavities, and dominated by phyto
and dendrite crust travertines. (E) Microscopic image of peloidal travertine with peloidal micrite surrounded by spar crystals. (F) Microscopic image of phyto travertines with peloidal
fabrics between encrusted reed moulds. (G) Microscopic image of undulating crusts consisting of micritic dendrites. (E–F) Modified from Claes et al. (2015).
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quickly thins out over ~170 m to a thickness of ~8 m. Although this li-
thology reflects a high external input into the spring-fed system, transi-
tional lithologies between travertines and marls were included in the
sampling for both elemental as well as stable isotope analyses. Overly-
ing sands and conglomerates were not included.

In linewith the Ece, Faber and Çakmak quarries (Claes et al., 2015; El
Desouky et al., 2015; Claes et al., 2017a; Mohammadi et al., 2019), early
diagenetic fabrics were also commonly observed for samples from the
Ilık and Alimoğlu quarries, e.g. the sparites in the peloidal travertines
(Fig. 3E). Since these fabrics mainly result from syn-sedimentary fluids
(e.g. El Desouky et al., 2015), the difference in geochemical signature
of these early diagenetic with primary fabrics is small (e.g. Andrews
and Brasier, 2005; Rainey and Jones, 2007; Claes et al., 2015). Macro-
scale diagenetic alteration is limited and the depositional pore network
is largely maintained. Angular crystal terminations point to a preserva-
tion of the original calcite mineralogy (Ross, 1991; Claes et al., 2017a).
No aragonite was observed. In addition, of importance for the elemental
analyses is that no salts, and only rarely a quartz grain was observed in
the petrographic analyses. SEM observations reveal some clays, mainly
in the marly lithologies intercalating the travertines.

4.2. Elemental data and their digestion method dependency

1 M HCl insoluble residue (quartz, clays and some organic matter)
was never N11% (marl-conglomerate lithologies) and on average b5%.
The 2 (and 4) acid residues were below the weight detection limit. In
general, all elemental concentrations are the highest in the 4 acid
method and the lowest in the 1 acid method (Table 1, and annex). The
relative increase of the concentrations, from the 1 over 2 to 4 acid
method, however, differs strongly for the different elements. Taking
the recovery percentages into account between the 1 and 4 acid
method, elements with a N60% increase on average include Al, Fe, K,
Na and Ti. Elements like Mg, Mn and P differ on average by b30% and
Ba, S and Sr by b20%. Ba, Mg, Mn, P, S and Sr are found to show practi-
cally no different concentrations between the 1 and 2 acidmethod. Sur-
prisingly, Si concentrations (data in annex 3) are often higher in the 1
acid method compared to the 2 acid method results.

In order to deduce a common origin for the elements, PCA analyses
were performed (Example in Fig. 4). The PCAs point out that the largest
variability of the data (Component 1, N50%), is caused by the relative
contribution of two opposing element groups. The relationship or

alignment of the vertices of variables in the compositional PCA plot is
governed by their relative covariance (e.g. Kynclova et al., 2016). Al-
though the covariances of the ILR or CLR transformed data should not
be interpreted as covariances of the untransformed data, they can be
used as a distance measure for clustering. Ward hierarchical cluster
dendrograms based on this relative covariance thus enable a grouping
of the decisive elements (Fig. 5). Independent of the digestion method
and clustering algorithm the same two groups are recognised. Group I
with Ba, Mg, Na, S, and Sr can be distinguished from Group II containing
Al, Fe, Si and Ti. The other elements show a weak or changing associa-
tion in function of the applied digestion method with these main
groups. This is most pronounced for K, which is strongly associated
with Group I in the results from the 1 acid analysis and strongly associ-
ated with Group II for the 4 acid analysis. Mn and P show a weakened
correlation with increasing acid strength.

These groups are very similar to the groups that were recognised for
the acid-strength-related recovery percentages, at the beginning of this
paragraph. The concentrations of Group I on the average differ by b30%
for the different digestion methods, with the exception of sodium. The
Sr concentrations for the 2 acid method on the average are only ~10%
lower than the concentrations measured for the 4 acid digestion
method. Elements related to Group II also tend to show higher impreci-
sions for the 1 acid and 2 acid digestionmethod (Appendix 1: Annex 2).

4.3. Stable carbon and oxygen isotopes

For the general cluster, so not taking statistical outliers into account,
δ18O ranges from about −9 to about −6‰ V-PDB (average −7.2‰ V-
PDB), while δ13C ranges from about −2 to about 3‰ V-PDB (average
+0.5‰ V-PDB). The Ilık and Alimoğlu data, corresponding to the south-
ernmost quarries, however, seem to be characterised by δ18O and δ13C
signatures at the high end of the cluster. For the carbonates of these
two quarries, δ18O on average are−7.3 and−6.7‰ V-PDB respectively,
while δ13C are on average +0. 7 and +1.2‰ V-PDB. In particular δ13C
signatures also seem to show a decrease towards the top of the quarries.

4.4. Lithofacies dependency evaluation of the geochemical data

The elemental variation of the lithofacies depends largely on the li-
thology (Fig. 7). The elements of Group II are significantly higher for
themarl-conglomerate facies then for the different travertine carbonate

Table 1
Results of the elemental analysis of a selected dataset (n = 20) from the Ece quarry, measured according to the three different digestion methods. Concentrations in μg/g.

Sample Facies 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid

Al Fe Ba Mg Na

EC10HC001 Sub-horizontal 14 18 27 27 35 34 7 9 9 1687 1831 2108 111 115 137
EC10HC003 Sub-horizontal 16 27 39 15 29 32 7 8 9 2137 2154 2548 78 136 159
EC10HC005 Sub-horizontal 9 17 4502 11 31 2660 7 7 27 1762 1750 3081 53 90 314
EC10HC006 Sub-horizontal 36 70 238 43 104 173 7 8 9 1745 1813 2185 46 104 137
EC10HC008 Reed 41 61 284 78 129 289 6 8 8 2055 2051 2470 69 121 160
EC10HC009 Cascade 47 83 207 41 96 143 7 8 9 2167 2113 2575 63 112 151
EC10HC010 Cascade 92 165 550 106 188 314 6 7 9 2199 2173 2650 56 111 170
EC10HC011 Cascade 42 81 165 37 85 120 9 11 12 1598 1695 2010 62 116 139
EC10HC012 Cascade 17 18 22 18 29 32 5 6 6 2009 2040 2449 73 100 133
EC10HC013 Cascade 8 24 43 8 32 43 4 7 7 1464 1928 2452 57 109 147
EC10HC016 Cascade 6 8 4 11 22 26 5 6 7 1730 1761 2225 39 88 124
EC10HC018 Cascade 14 18 52 16 31 48 6 6 8 1530 1601 2028 41 85 129
EC10HC019 Cascade 9 9 21 16 21 28 7 6 7 2077 1849 2293 61 91 137
EC10HC020 Waterfall 56 102 272 77 146 234 7 7 9 1885 1912 2419 61 106 156
EC10HC022 Waterfall 94 167 538 154 264 456 6 7 9 1712 1757 2212 56 80 152
EC10HC023 Waterfall 49 60 170 70 80 135 7 8 9 1542 1541 1969 64 72 143
EC10HC024 Waterfall 70 80 279 178 211 343 8 8 10 1453 1475 1903 40 69 135
EC10HC025 Waterfall 35 50 156 64 85 165 6 7 9 1381 1491 1859 56 75 146
EC10HC029 Reed 38 48 115 66 79 102 6 7 8 1383 1354 1867 43 61 126

Median 36 50 165 41 80 135 7 7 9 1730 1813 2225 57 100 143
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lithofacies. The Group I elements are less influenced by this contrast and
show some weak dependency and difference between the travertine
lithofacies. Concentrations of S, Sr and Mg seem to be higher for the
sub-horizontal and reed facies, with reed lithologies resulting in the
highest values, in contrast to the cascade and waterfall facies. The wa-
terfall facies often displays the lowest Group I element results. Sr
seems to give the most distinct values for the travertine lithofacies.
However, even for Sr, the elemental signatures of the lithofacies do
not differ significantly (not even after transformation) and so not only
the depositional environment but also other controlling factors need
to be considered.

For the stable isotopes (also Fig. 7), the marl-conglomerate (carbon-
ate matrix), cascade and sub-horizontal facies show a similar δ18O sig-
nature, while that of the reed, and more pronounced the waterfall
facies, show lower values. Only the difference of the waterfall facies is
statistically significant on a 0.05 level. For δ13C, slightly more pro-
nounced differences can be observed. Samples from sub-horizontal
and reed facies show significantly higher and lower δ13C values, respec-
tively, compared to the other facies. It should be noted that the sub-
horizontal travertines mostly occur in the lowest quarry parts and the
reed facies mostly in the upper quarry parts.

5. Discussion

In order to evaluate how elemental data can complement sedimen-
tological and other geochemical (e.g. isotopic) data in understanding
fossil travertine systems, first a discussion on the element groups and
an evaluation of the impact of the digestion method on the different el-
ement signatures are necessary. Consequently, this will first be
discussed in paragraphs 5.1 and 5.2, followed by a conclusion on the op-
timal digestion method for an elemental comparison between traver-
tines (Section 5.3). Subsequently, the proper elements of the dataset
can be used, together with sedimentological and isotopic data, for inter-
pretation towards their site-specific origin (Section 5.4) and processes
controlling variation within sites (Section 5.5).

5.1. Carbonate (Group I) and non‑carbonate related elements (Group II)

Independent of the digestionmethod, twomain element groups can
be distinguished for the travertines. Group Iwith Ba, Ca,Mg, S, Na and Sr
can be related to the carbonate fraction of the samples, while Group II,

containing Al, Fe, Si and Ti, can be related to the non‑carbonate fraction
(Salminen et al., 2006; Lovrenčić Mikelić et al., 2013; Fig. 5). Other ele-
ments show a weaker or changing association with the main groups
and a stronger dependence of their concentration in function of the di-
gestion method.

Elements can be incorporated in different sites in carbonates
(Fairchild and Treble, 2009). Group I elements reflect on the one hand
cations (such as Mg2+, Sr2+ and Ba2+) that can substitute Ca2+ in the
calcite lattice and on the other hand the substitution of the sulphate an-
ions (SO4

2−) for the carbonate group (CO3
2−). Sodium (Na+) in the car-

bonate phase is usually located at the interstitial sites in the crystal
lattice.

Group II elements are typically associated with non‑carbonate
phases. Aluminium, for example, is not incorporated in the calcite
lattice and tends to correlate with iron in weathered material and al-
teration products of feldspar minerals, i.e. clays and oxi-hydroxides.
Potassium is known to be associated with clays and is important in
many plant metabolisms (e.g. Armengaud et al., 2009). The incorpo-
ration of manganese depends largely on its presence in the source
rock and the redox conditions during transport and precipitation.
Given the oxidizing conditions, the largest proportion is typically
held in secondaryMn4+ oxides, that form either discrete concretions
or surface coatings, or co-precipitates with Fe (oxi/hydroxides)
(Salminen et al., 2006). Formation of iron and manganese oxides
within the carbonates was locally observed in the field (Claes et al.,
2015). Manganese less commonly results from detrital influx
(Salminen et al., 2006). Noteworthy is that clays and Fe/Mn oxi/hy-
droxides often form aggregates in sedimentary systems. In sedimen-
tary rocks, nickel is mostly held in detrital ferromagnesian silicate
minerals, detrital primary Fe oxides, hydrous Fe and Mn oxides,
and clay minerals (Salminen et al., 2006). In this case, weathering
and erosion of the Lycian ophiolites in the hinterland (Alçiçek et al.,
2007) can lead to the increase of Ni in the detrital material. A higher
detrital input in the system is thus associated with elevated concen-
trations of Group II elements. Relatively major concentration differ-
ences of iron between the 1 and 2 acid method can be explained by
the presence of iron oxides (Caboi et al., 1991). To a smaller extent,
Group II elements can also be partly incorporated into the carbonates
as submicrometre size colloids (=solid inclusions), aqueous inclu-
sions and/or at defect sites in the crystals (Fairchild and Treble,
2009).

1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid 1 Acid 2 Acid 4 Acid

S Sr K Mn P

1003 1084 1247 280 740 784 77 25 22 2 3 3 15 15 31
1418 1423 1707 734 751 832 28 35 28 1 2 b2 19 19 40
1396 1382 1216 711 713 587 18 24 1129 2 2 25 23 23 90
1012 1044 1248 632 666 720 25 43 71 4 5 6 31 31 57
1401 1395 1633 524 537 604 30 40 80 18 18 26 38 36 59
1631 1583 1948 636 631 710 29 44 67 5 5 6 56 50 86
1369 1326 1637 559 564 630 42 64 156 4 5 7 35 33 57
1490 1546 1822 994 1064 1143 29 43 55 3 4 4 19 20 41
1564 1573 1895 546 568 620 25 28 23 2 3 3 20 20 38
1199 1592 1975 469 624 709 27 33 29 2 3 3 35 41 68
1230 1249 1536 549 570 642 14 27 19 2 2 3 28 27 48
1147 1199 1499 536 562 647 17 23 27 3 4 5 31 29 54
1562 1391 1696 724 655 736 25 26 24 4 4 5 34 30 50
1255 1267 1566 630 641 733 27 48 82 9 10 13 49 46 75
1049 1040 1291 684 687 775 35 56 140 24 25 33 80 74 111
1113 1087 1398 695 701 810 30 31 57 11 11 14 52 47 77
897 890 1150 531 529 626 29 36 84 9 9 12 57 54 89
955 1022 1273 666 709 798 21 26 50 20 21 28 99 95 137
663 639 1051 501 482 640 24 26 42 12 13 14 77 69 113
1230 1267 1536 630 641 710 27 33 55 4 5 6 35 33 59
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5.2. Digestion method dependency and elements with changing (strength
of) group association

The influence of the non‑carbonate fraction could be expected to be
low for the almost purely calcitic travertines with a low non‑carbonate
fraction (b2 wt%; Soete et al., 2015). However, for carbonate research in
general, the large extent to which the non‑carbonate content controls
litho-geochemical patterns has long been known (e.g. Swennen et al.,
1986). Therefore, it is often opted to use a weak acid digestion or sequen-
tial extraction method in order to obtain geochemical information from
the carbonates only. Even for theweak 1 acidmethod applied here, partly
dissolved oxy-hydroxides and elements adsorbed to the surfaces of clays
and organic matter contribute to the elemental patterns. In addition, the
measured concentrations of non‑carbonate related elements are less pre-
cise (see Annex 2). For weaker acids, often applied in sequential extrac-
tion procedures, these problems remain and additionally incomplete
carbonate dissolution occurs (e.g. Gleyzes et al., 2002). Besides the labori-
ous and time-consuming nature of sequential extraction procedures,
there are also problems of non-selectivity of reagents and readsorption
phenomena (Rendell et al., 1980; Howard and Vandenbrink, 1999).

By applying different digestion methods, however, it is possible to
get more information on the association with the different speciation
of some elements. The changing association of K from Group I to
Group II in the weak to strong acid digestion, and the weakened corre-
lation of Mn and P, with increasing acid strength, illustrate the multiple
origins of these elements (Fig. 5). K partly relates to the carbonates,
while the Mn\\P association possibly could be related with the pres-
ence of traces of organic matter (Total Organic Content in general low,
i.e. below 0.35%). When the non‑carbonates are brought into solution
due to the use of a stronger acid, the previous elemental concentrations
are overruled by the non‑carbonate input. Manganese, for example, is
also known to be concentrated in erosional crusts and palaeosols
(Salminen et al., 2006).

Aluminium can be taken as a representative element of Group II
since it is most typically associated with the fine-grained detrital frac-
tion. This is clearly reflected by its increase in concentration in the 2
acid, and evenmore in the4 acid digestion results. A stronger acid diges-
tion clearly increases the elemental concentrations for elements bound
to thenon‑carbonate fraction,while those of the carbonate phase gener-
ally remain constant. A surprising exception is the silica concentration,

Fig. 4. Robust Principal Component Analysis plot of the two first components based on the ILR-transformed 1 acid dataset. Group II elements (Red) plot on the negative side of component
1, while Group I elements (Blue) plot on the positive side. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5.Ward hierarchical cluster dendrograms of the CLR transformed data of Table 1. Loadings from the PCA are used as a distancemeasure. For all datasets similar clusters are obtained.
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as it is lower for the 2 acid compared to the 1 acid results (Annex 3). This
indicates extraction from the solution during the preparation of the
measurement solutions, likely byflocculation. Also, even for the carbon-
ate phase related elements, a (smaller) increase in elemental concentra-
tions is observedwith increasing acid strength. This can be explained by
clayminerals that tend to coat carbonate grains and could protect them
from dissolution (Rauch and White, 1977), also known as the “clay
shielding effect”.

5.3. Digestion methodology for comparison between travertine sites

For the trace elements, results of the incomplete digestion methods
are highly dependent on the procedure used. Unless the element spe-
cific “offset” of the results with regard to a complete digestion is deter-
mined, this implies that they are unsuited for absolute geochemical
comparison of most elements between travertine occurrences, and car-
bonates in general. Even when the same weak digestion acids are used,
a standardisation is an absolute necessity since possibly factors like di-
gestion time and temperature also can influence the extent of digestion,
resulting in higher imprecisions. Complete digestion methods, like the
applied 4 acid method, do enable an absolute comparison. Unfortu-
nately, almost no complete digestion results of spring-related traver-
tines are reported in literature. When applying complete digestion
methods, elemental concentrations of clay-related elements will domi-
nate the elemental spectrum in function of the external influx into the
system. Although purely chemical separation of the different fractions
is thus difficult, they can be deduced by statistics, emphasising the

importance of data processing in geochemistry. The only way to evalu-
ate geochemical differences related to deposition that remains is by sta-
tistical isolation of the carbonate fraction associated elemental
concentrations (Group I), in this case Ba, Ca, Mg, Na, S and Sr.

5.4. Carbonate phase related elements (Group I) and stable and radiogenic
isotopes as tracers of the fluid source rocks

Besides precipitation rate, the elemental concentrations in the
water, and thus indirectly their availability in the stratigraphic column,
will influence the carbonate element (Group I) concentration variation
in the travertines. This is reported for example for Sr by Turi (1986),
Irion and Müller (1968) and Pentecost (1993). In Italy, Minissale et al.
(2002) reported on elevated and correlated concentrations of Sr and
SO4

2− in thermal springs, caused by the interaction of circulating
groundwater with Triassic evaporitic bearing carbonates. Minissale
(2004) was able to relate the progressive increase in Sr and S to spring
temperature and to the length and depth of the hydrological circuits in-
side the Sr-rich anhydrite-bearing limestones. Teboul et al. (2016) also
selected Ba and Sr as geochemical tracers to discriminate the source
rocks of travertines. In conclusion, the carbonate-related elements
(Group I), togetherwith isotope results, are themost suited for compar-
ison between travertine sites.

By comparison of the stable isotope data of this study with reported
signatures fromother studies (Fig. 6), it is clear that the Ballık signatures
generally plot in the zone delineated for hypogean (Teboul et al., 2016),
thermogene (Pentecost, 2005), or endogene (Crossey et al., 2006)

Fig. 6. δ18O - δ13C stable isotopeplot of samples of theKillik dome according to sampling location (quarry name). Results fromEce and Faber fromClaes et al. (2015) and for Çakmak fromEl
Desouky et al. (2015). Source rock background regions based on Teboul et al. (2016).
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travertines with carbonates and/or igneous rocks (except carbonatites
and ultramafics) as source rocks (Teboul et al., 2016). The data of the
Ballık area are in line with the low Ba (b100 ppm) and high Sr
(N400 ppm) typical for source rocks consisting of mixed limestones,
evaporites and dolomites. Stable carbon isotope signatures and stron-
tium isotope ratios indicated the Lycian nappes as fluid source rocks
for the Ballık travertines (Fig. 8; Claes et al., 2015; El Desouky et al.,
2015). The reported relative quantities and covarying concentrations

of Group I elements can be readily explained by interaction of deep
fluids with their host rocks. The Triassic limestones from the Lycian
nappes consist largely of dolomitic limestones (Alçiçek et al., 2007),
possessing relatively high magnesium and highest sodium concentra-
tions of all marine sedimentary rocks reported in the study area. The al-
ternation of the dolomitic limestone with gypsum is typical for the
Kaleboğazı Formation. Several nodules of calcite pseudomorphs after
anhydrite and diagenetic sulphur minerals are observed in this

Fig. 7. Boxplots of samples of different lithofacies for different elements (2 acid sample set) and δ18O and δ13C. Data are displayed as individual points when values are outside the range
defined by [Q1–1.5 ∗ IQR, Q3 + 1.5 ∗ IQR]. With Q1 = 25% quartile, Q3 = 75% quartile, IQR = interquartile range.

127H. Claes et al. / Sedimentary Geology 386 (2019) 118–131



formation (Gündoğan et al., 2008). The relatively elevated concentra-
tions of Sr, S and Na can thus be related to the interaction of the fluids
with the evaporites that are intercalated in the dolomitic limestone suc-
cession that is leached in the subsurface. Also the presence and concen-
tration of barium is strongly controlled by its abundance in the bedrock.

Özkul et al. (2013) give an overview of elemental concentrations
(among which Sr) related to hot springs in the Denizli basin. Elemental
concentrations of the Ballık samples are among the lowest in the basin.
The highest concentrations are reported for the Çukurbağ and
Pamukkale sites (Fig. 1; Özkul et al., 2013). By comparisonwith local ge-
ology (e.g. Alçiçek et al., 2007; Simsek, 1984; Sun, 1990), rather than a
temperature dependence, this seems related to the residence time and
to the extent to which anhydrite-bearing limestone reservoirs are pres-
ent in the subsurface, similar to Minissale (2004) in Italy. The variation
of Sr values within the Ballık area, illustrates the geochemical variability
over a relatively short (kilometre) distance. Rather than to the deposi-
tional environment (lithofacies), the basin-scale variation of the Group
I elemental concentrations in spring-related travertines can be related
to the fluid characteristics.

5.5. Geochemical spatial distribution within the Ballık travertine body

Element concentrations in source waters may vary through space,
i.e. along the flow path (e.g. Kele et al., 2011), and time. In addition to
these two controlling factors, elemental distribution can be overprinted
by diagenesis. The superposition of these three controls potentially
leads to complex elemental distributions. The variation within deposits,
however, is much smaller than between sites, as illustrated by the uni-
formity in elemental signatures between the different lithofacies
(Fig. 7). However, the elemental distributions, given their compositional
nature, should be transformed (CLR or ILR) before interpretation. In ad-
dition, elemental data should be combined with stable isotope and sed-
imentological data.

The limited diagenetic alteration of the Ballık travertines and the re-
lation of the geochemical parameters to the occurrence of the waterfall
facies suggest a depositional scenario behind the geochemical data dis-
tributions. Even for travertines with more extensive (early) diagenetic

alteration, the carbon and oxygen stable isotopic data do not seem to
be dominantly influenced by the diagenetic effects (e.g. Chafetz and
Guidry, 2003; Claes et al., 2017b). In active settings of spring-related
carbonate precipitation, Sr concentrations decrease downstream from
the vent (e.g. Fouke et al., 2000; Kele et al., 2011; Sturchio, 1990). Down-
stream increase of δ13C has alsowidely been reported as a result of con-
tinuous enrichment by degassing and evaporation (e.g. Gonfiantini
et al., 1968). Based on these observations, the main ancient vent loca-
tion(s) (highest Sr concentrations of the otherwise rather uniform sig-
nature, and the lowest δ13C values) would be located in the middle of
the Killik dome, in line with sedimentological observations (Claes
et al., 2015) and present-day topography (Fig. 2) that largely reflects
the palaeo-dome topography. The estimated vent location(s) then likely
occurred somewhere near the highest point of the dome, which unfor-
tunately is not exposed. Degassing and evaporation, however, would
also lead to downstream increasing δ18O signatures, especially if pre-
sumed cooling of the waters would take place (e.g. Fouke et al., 2000).
Taking the estimated vent location into account, relatively proximal
reed and slightly more distal waterfall facies show relatively depleted
δ18O, while the other facies show relatively higher values. The relation
between facies and their stable isotope signatures can best be explained
by the competition between degassing and evaporation (Fig. 9). The
combination of these processes has a positive influence on both the
δ18O and δ13C signatures (e.g. Pentecost, 2005; Turi, 1986). However,
the effect of degassing on δ13C compared to δ18O is much more pro-
nounced while, with respect to evaporation, the effect on the δ18O is
more pronounced than that on the δ13C. The waterfall facies are
characterised by steep anisopachous and even discontinuous layers
that reflect an environment of high turbulence. The high turbulence
will lead to fast degassing, that dominates over other processes like
evaporation. The result is a relatively higher increase in δ13C compared
to δ18O (Fig. 9). The cascade facies, formed on smoother slopes, and es-
pecially the reed and sub-horizontal facies represent environments
where more slowly flowing and even standing waters occurred. In
these locations, evaporation will be more pronounced (Fig. 9). In the
distal facies, the effect of these processes will be accumulated, resulting
in the highest δ18O and δ13C values, e.g. in the distal sub-horizontal fa-
cies (Fig. 9). In addition, the different extent of disequilibriumprecipita-
tion (more pronounced proximal to the vent; Kele et al., 2011) could
further accentuate this depositional shift in isotopic signatures.

Fig. 8. The range of 87Sr/86Sr ratios of the travertine precipitates in the Ballık area (El
Desouky et al., 2015; Claes et al., 2015) plotted in the marine 87Sr/86Sr curve through
time (McArthur and Howarth, 2004), in comparison with the possible carbonate source
rocks as deduced from the lithostratigraphy of the SW of the Denizli basin (Alçiçek et al.,
2007; Claes et al., 2015). The arrows indicate the overlap between the data of the Ballık
area and stratigraphic candidate fluid source rocks, highlighting the Lycian Nappes.
Figure modified after El Desouky et al., 2015.

Fig. 9.Combined plot of the δ18O and δ13C values for the different facies based on boxplots.
Outliers and the Marl-Conglomerate facies have not been plotted. The positive effects of
degassing and evaporation are indicated. Degassing is more pronounced for δ13C.
Evaporation is more pronounced for δ18O. Based on these trends a presumed vent
signature is indicated.
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In conclusion, geochemical trends within a travertine body, can best
be explained by the evolution of the fluid characteristics from proximal
to distal settings. On the level of lithofacies, their slopes and conse-
quently the turbulence and associated degassing will strongly affect
the geochemistry, in line with observations from active settings (e.g.
Arenas et al., 2014; Kele et al., 2011). The degassing effect of turbulent
water is most pronounced in the steep sloping environment of the wa-
terfall facies. On smoother slopes and particularly in sub-horizontal en-
vironments, evaporation will becomemore dominant. These effects are
relatively small on the elemental signatures and more pronounced for
stable isotopes. A great potential may lie in the combination of elemen-
tal and stable isotope datawith clumped isotope geochemistry (e.g. Kele
et al., 2015), so that a better environmental constraint on these pro-
cesses can be acquired.

6. Conclusion

Geochemical analyses can be a strong asset in understanding the de-
positional history of spring-related travertines. However, choosing the
correct laboratorial methodology and statistical data analysis is of crucial
importance. This study demonstrates that element concentrations in
travertines strongly depend on the digestion methods used. This is par-
ticularly explicit for elements related to the non‑carbonate fraction.
While for weak acids clays will only partly dissolve, stronger acids will
lead to a higher elemental contribution due to a more complete dissolu-
tion. Even for carbonate phase related elements, an increase in elemental
concentrations is observed with increasing acid strength (likely due to
the “clay shielding effect”). This implies that elemental concentrations
from different mild acid digestion methods cannot be compared to
each other, or to results of stronger acid digestion methods. For multiple
element comparisons of different travertine systems, a standardised and/
or full digestionmethodology should be applied, like the 4 acid digestion
method used in this study. In order to compare travertine systems inde-
pendent of external factors acting on the system, only trace elements de-
rived from the carbonate phase should be considered which can be
separated based on statistical analysis.

Two important element groups are distinguished. Group I (Ba, Ca,
Mg, Na, S and Sr) represents elements related to the carbonate fraction,
with elemental variationmainly dependent on the interaction intensity
and the concentrations in the element source rock. Group II elements
(Al, Fe, Si and Ti) represent the oxides and detrital influx in the system.

Group I elements of the Ballık travertines are interpreted to relate to
the interaction of the precipitating waters with the Lycian Nappes, in
particular the Kalebogazi Formation, consisting of dolomitised lime-
stones containing evaporites.

The present study points out that dominantly carbonate phase re-
lated element signatures (like Sr, S and Ba), in combination with stable
isotope data (δ18O and δ13C), are key geochemical parameters for com-
parison between travertine geobodies.

Geochemical data reveals elevated Sr concentrations and lowest
δ13C signatures towards the top and centre of the Kıllık dome. Most
likely, this indicatesmain ancient spring locations, in linewith sedimen-
tological observations and topography. The distributions of δ18O and
δ13C are controlled by the cumulative effect and competition between
degassing and evaporation.

This study illustrates the application of statistics in understanding
and interpreting geochemical trends towards depositional processes.
The methodology of this study can be similarly applied to other (even
older and subsurface) fossil travertine depositsworldwide. A potentially
higher influence of diagenetic effects should, however, be considered.
Nonetheless, by integrating elemental data with other geochemical
and petrographical data, crucial information on deposition and diagen-
esis can be acquired. This applies particularly to subsurface reservoirs,
where information is limited to borehole data, therefore geochemical
data can be decisive in understanding travertine systems.
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